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Preparation technology of piezoeleciric composites formed as the tablets under the
pressure, temperature and electrical polarizing field on the base of SnyP;S; material is
presented. Also frequency dependencies of Z (impedance), @ (phase), R (resistance),
X (reactance), C (capacity), D{dissipation factor), &' (real part of permittivity), and "
(imaginary part of permittivitv) were investigated. It was determined that at frequen-
cies 151,0 kHz and 7396 kHz “damped"” resonance is observed. Parameters of the
piezoelectric tablet at frequency 1kHz are following: Z°(specific)=1.92.10°Q-m,
g=1.513rad, R%(specific)=2.91-10"Q:m, X¥(specific)=1.93-10°Q-m, C=2.1.107''F,
D=0.057, €'=38 g"=2. Piezoelectric coefficients dy=12pC/N;  dy=119pC/N;
2:=363-107°V.m/N were determined too. By dynamic method, dependence of d,, from
p was investigated in the range of pressure from 0.1MPa to 70MPa and at different
fixed temperatures from 0°C to 50°C. Linear increasing of value dy, with pressure was
observed. Also, increasing of d, and d{d,}dp coefficient with increasing temperature

was exposed.

1. Introduction

It’s known [1-3], that Sn;P,S8; ferroelectric
monocrystals belong to monocline symmetry.
In these crystals, at temperature
Ty=(339+3)K there is second-order transition
close to tricritical point with change of the
symmetry P.=P2yc. Sn:P;S¢ monocrystals
have high piezoelectric performance criteria
[4:5]. For example, hydrostatic piezoelectric
coefficient d, amounts to more than 300-10°"*
C/N. Hydrostatic voltage coefficient gy, de-
termined according to the equation

(1)

equals to more than 100-10° Vm/N. Relative
dielectric permittivity of the sample(g) de-
fined by the equation

e=C-t/A-g_,

g, =d,/e-g,_,

(2

where C is electrical capacity; ¢ is thickness;
A 1s electrode’s area of the investigated sam-
ple; E.;.=3,35-1[]'u F/m is vacuum permittiv-
ity. Value of & of the sensitive SnyP»Sg
monocrystal element measured at frequency
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| kHz, is about 300. That allows us to use
such monocrystals for elaboration and
construction of arrangements, that measure
small deformations by electrical methods
{piezoelectric sound sensors, seismographs)
and also arrangements for converting
electrical oscillations in mechanics, for
example in ultrasound transmitters.

Production of big monocrystals and mak-
ing piezoelectric elements from them is diffi-
cult and intricate problem. Therefore, it’s es-
sential to investigate production of piezoelec-
tric composites on the base of SnyP:S¢ and to
analyze their properties. This paper is de-
voted to this problem.

2. Preparation of composites

For preparation of Sn;P:Ss composites
polycrystalline material SnyP2S¢ was synthe-
sized [6]. Then it was turned into the fine-
grained powder in the porcelain mortar, After
that, polycrystalline mass Sn;P3S8¢ was rid-
dled in the sieve, whereupon calibrated pow-
der was received.
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Fig. 1 Press-form for preparation of composites

First by ordinary methods using epoxy
resin and hardener piezoelectric tablets with
diameter 12mm and thickness 2mm were
made. Electrodes produced from Ag paste
Degussa were applied on the principal planes
of the tablets. These tablets were polarized in
the electric field E=108 V/mm at temperature
T=70°C over 15 minutes, then samples were
cooled down to the room temperature in the
same field. Unfortunately, investigations of
piezoelectric properties of these tablets indi-
cated that we didn’t obtain epoxy tablets with
effective piezoelectric performance criteria
by this way (table 1,n.61).

Then a method of preparation of samples
in press-form under mechanical stress was
developed. For this method a special press-
form was made (see fig.1). It consists of two
(upper and bottom) parts, which are con-
nected by 2 screws isolated form these parts
by isolation sealing.

For preparation of pressed samples a ho-
mogenous mixture from Sn;P,S¢ powder and
binder in ratio 5:1 was prepared. This powder
mixture was filled into a circular sealing with
internal diameter 10mm and thickness
3.4mm which was placed on an inside plane
of the bottom part of the press. Before this,
we put a thin aluminum circle with linked
Degussa under the sealing. The same circle
was put over the sealing. Then the upper part
of the press-form was put on the sealing and
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both parts were connected and tightened by
clamping bolts.

After that press-form was placed under the
press and it was exposed to the determinate
pressure. Compressed press-form was hold
by bolts. After a time press-form with
pressed sample was placed in the oil tub, in
which heating, polarization and cooling were
made. Press-form and tub allowed us to work
at temperature range from 20°C to 200°C
with applied electrical voltage on the sample
up to 302 V.

Polarization of the sample passed in the
following way. The sample was heated to the
temperature of about 140°C. Then the voltage
nearly 6V was applied on the sample. Over
cooling of the sample, the voltage gradually
increased and at the temperature 77°C the
voltage 302V was established on the sample.
At this voltage the sample was cooled down
to the temperature of (32-37)°C. Then the
voltage was turned off, the sample was short-
circuited and left in the temperature tub for
10-20 hours for cooling down to the room
temperature and for stabilizing of the physi-
cal properties. After that, the sample was
taken out from the tub and from the press-
form and prepared for measurements.

Resistance — temperature graph of the pie-
zoelectric Sn,P;S¢composite sample during
its polarization is shown on the fig.2.

As indicated on the fig.2, resistance of the
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Table 1. Materials parameters
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Sample (natera) [m'gjf:m; EI“:—[-i]k i im'ghcm] (10° Vi) [mﬁq-‘:f?ml
n.61 (SnyP;Se+epox1200) 1,4 % 13 3,5 30,4 106
jgéz Sn 1,7 ) 12 A6 433 199
Lis02 (SnPySetsulphur) | 2. ' 48 38 Ragr 74
Lis03 (SnyPySs+sulphur) 10,2 38 118,8 362,6 43082
S113P, 86 ( monocrystal)! 280(z.) | 32004y | 145(z)) 46400
SnyP»S¢ (monocrystal)”®! 39(e33) 90(dy’) 260(gy’) 23400 |
SnyP, S (texture)!' ! 75 60 90 5400
S;’ff;frﬁ! e 58 04 | 199 :ﬂi
;‘;’;fg;ﬁ;ﬁﬁ” 50 93 210 %020
gﬁ:;fg::;;fxi{u; 35 47 150 UWEL
(EPC856+epox) ¥ 42,9 6,5+0,3 17,1 111
(EPC856+polybutadien) ¥ 28,4 5,7+0,2 23.9 129
(EPC856+guma) ! 7.8 1,4320,3 20,7 30
Vol 6.340,2 5311 s
VK120 P 6,7+0,6 6746 449
Virg1 @ 7,240,2 943 677
Vira2 ©! 6,840,2 8742 592
Vird3 Bl = 6,8+0,4 R8+6 598
pvDFE 10 11 100 1100

(SnzP;S¢+epox) 11 B 150-155

E;?épa;’%‘g; o 55 32 66 Sh
(Pb,Ca)TiO; ceramic 2] 207 65 35 2275
Composite 0-3 PbTi0; ! 37 100 3700
PZT-ceramic!¥ 515 187 41 T667
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Fig.2. Temperature dependence of the electrical resistance (R) of the piezoeleciric composite SnyP;Ss over its po-

larization (sample Lis 03, cooling).

sample greatly increases with cooling, at the
temperatures nearly 381K and 337K in de-
pendence R(1/T) there are kinks and at the
room temperature it increased up to 3-10''Q.

Temperature constant of the composite
was approximately 7300K. Volume ratio of
the SnyP;S¢ material in pressed tablets was
(65-75)%.

In such a way, using special press-form,
polarized tablets of the piezoelectric SnyP,Ss
composite with diameter of about 10mm and
thickness of about (1-1.5) mm with elec-
trodes on the principal planes made from the
Degussa paste were obtained.

3. Measuring devices

For polarization of the sample, heater
Heidolph MR 3001 was used. It was supplied
with the temperature tester Heidolph EKT
J001.Also source of the wvoltage Statron
Power Supply 3241.5 was used. Measure-
ments of the current, running through the
sample during the polanization, were realized
by multimeter True SMS Digital Multimeter
DM-441B (EZ Digital Co.).

Impedance analyzer HP4192A performed
measurements of the impedance characteris-
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tics of the piezoelectric samples.

Piezo dzz-meter ZJ-3C model (Institute of
Acoustics Academia Sinsica) realized direct
measurements of the piezoelectric coefficient
dss.

For investigations of the sample under the
pressure the high-pressure chamber was
worked out. Scheme of the high-pressure
chamber is given on the fig.3.

It consists of corpus, cover and massive
scaling head. Cover serves for leading of
electric contacts to the chamber and for cov-
ering of the working space of the chamber.
Circuit scheme for measurement of the sam-
ples’ physical properties under the pressure is
on the fig.4.

Heating element, thermocouple and in-
vestigated sample were placed into the high-
pressure chamber. Pressure in the chamber
was realized by silicon oil, using mechanical
pump. Temperature in the chamber was regu-
lated by thermocouple. Pressure in chamber
was measured by tensometric pressure sensor
TMG 760 H3G (Cresto), which was con-
nected with the chamber by high-pressure re-
sistant tube. For electric charge and tempera-
ture measurements on the
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Fig. 3 Scheme of the high pressure chamber.
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Fig.4. Circuit scheme for measurement of the physical properties of the sample under the pressure.
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investigated sample, electrometer Keithley
Model 6517 was used. Measurements were
controlled by HPVEE program and results
were registered on PC.

4. Measurements of the impedance properties

Electromechanical coupling factor (k) is
an important characteristic of the piezoelec-
tric sample. It characterizes electromechani-
cal transformation of energies of the piezo-
electric elements and it defined by the equa-
tion:

K =Umeen/Uei , (3)

where [/ is electrical energy supplied on the
sample; Unes is mechanical energy taken
from the sample. If there is transformation of
energies accompanied with i-th component of
an electric field and j-th component of a de-
formation tensor, then we can formulate:

bimd fet sl i)

where d;; is piezoelectric coefficient, which
describes piezoelectric uscillatinns_a?is a
permittivity of stess free sample and s, is ef-

fective coefficient of an elastic compliance
in constant electric field.

In such a way, using electromechanical
coupling factor it’s possible to compare pie-
zoelectric materials, which have different
permittivities and elastic constants.

If we apply variable potential difference to
the piezoelectric element, the mechanical os-
cillations will arise as a result of the inverse
piezoelectric effect. Amplitude of these oscil-
lations will increase up to maximum, when
the frequency of the applied variable voltage
coincides with the natural frequency of the
mechanical oscillations of the element. That
sort of piezoelectric resonator is equivalent to
oscillatory circuit, which consists of series
resistance R, inductance L, capacity C1 in the
first branch and capacity C2 in parallel
branch.

Resonator as well as an oscillatory circuit
has two resonance frequencies: f; is series
resonance frequency or inverse resonance
frequency (at Z=0, where Z is complex im-
pedance of the resonator); and f; is parallel
resonance frequency or voltage resonance
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frequency {at Z=cc); fr is called resonance
frequency, fy is called antiresonance fre-
quency. They are determined by dimensions,
density, and elastic, dielectric and piezoelec-
tric properties of the sample. These frequen-
cies are connected with electromechanical
coupling factor as follows:

Ll 4
7 S (5)
then:
e
E= 1o ©)
2 fe

where 4f = fy-fz. Consequently, measure-
ments of f; and fr allows us to determine an
electromechanical coupling factor, which in
accordance to (4), relates to piezoelectric, di-
electric and elastic properties of the sample.

If the bar-shaped resonator performs the
vibrations in the direction of its length, then
its own resonance is determined by the equa-
tion:

(7

where # is an index of harmonic; / is a
length of the bar; p is density; s!, is elastic
compliance in direction of the length of the
sample.

Resonator, performing vibrations in the
direction of thickness of the sample usually
has the shape of circular or square plate, with
the thickness small as compared with diame-
ter. The resonance frequency of this plate is
determined by the equation:

R (8)

where  is thickness; p is density; C; is an

elastic stiffness in the direction of thickness
of the plate. We investigated frequency de-
pendencies of impedance Z, phase ¢, resis-
tance R, reactance X, capacity C and tangent
of dielectric losses D. Frequency dependen-
cies of real and imaginary part of the permit-
tivity £’ and £ were determined too. Results
of this investigations are on
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Fig. 5. Frequency dependencies of absolute impedance Z, phase ¢, active ohmic resistance R, reactive
resistance X, capacity C, tangent of angle of dielectric losses D, real part of permittivity £’, imaginary
part of permittivity £ for a sample of piezoelectric composite of SnzP;Ss (disk-shaped sample Lis03,
diameter 10,8 mm, thickness 1,46 mm).
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fig.5. As indicated on the fig.5, Z(f) and X(f)
in logarithmic scale linearly decrease with
the increasing frequency. So, it’s possible to
express them in the following linear equa-
tions:

lgZ=ay — a,lgf (9)
IgX= by — bylgf (10)

where ag is a constant, which characterizes
complex impedance of the sample; b is a
constant, which characterizes reactance of
the sample at lgf=0. Equations of linear and
quadratic approximations of experimental
results Z (), ¢ (f), R (), X {f), C {f), D (),
'), &(h are given on the fig.5.
Dependencies Z (f) and X (f) have
insignificant anomalies in the interval of
frequency (151-155)kHz and (740-830)kHz.
Phase ¢ insignificantly increases with
increasing of frequency, and at the same
frequencies there are clear anomalies, and
this is shown by decrease of the phase that
goes to zero here. But, as indicated on the
fig.5, zero isn’t obtained and classical
piezoelectric resonance doesn’t appear, Only
“damped™  piezoelectric  resonance is
observed. That is the evidence for low
electromechanical coupling factor here. From
the fig.5 it’s seen that increasing of the
frequency {f) brings to smooth decrease of
the physical values (R), (D), ("), (g"), which
at frequencies (151-155) kHz and (740-830)
kHz also have anomalies that testify about
“damped™  piezoelectric  resonance in
investigated sample. From the research
results it's seen that in tablets of piezoelectric
SnpP;S¢ composite, classical piezoelectric
resonance and antiresonance isn’t observed.
Assume, that in the interval of frequency
(151-155) kHz the anomaly is caused by the
radial oscillations and in the interval of fre-
quency (740-830) kHz it's caused by the
thickness oscillations of the piezoelectric tab-
let. Let's accept, that the beginning of the
anomaly at 151kHz and 740kHz responds to
the resonance (fr) and the ending of the
anomaly at 155kHz and 830khz responds to
the antiresonance (fa). After correlations (6)
and (&) values of (k) and C,, were calcu-

lated. Our calculations have shown that coef-
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ficient k for radial and thickness oscillations
equals to 0,25 and 0,55 respectively. Elastic
coefficient C3; was calculated after the fol-
lowing relation:

G =i ddpints Sl
For radial oscillations Cy; =0,05-10" N/m?.
For thickness oscillations C33 =1,2-10"N/m?.
Then, after relation (4), piezoelectric
coefficient d;; was calculated. For thickness
oscillations d33=92-10""2 C/N, that is
approximately 10 times higher than our
experimental result (d13=10-10""*C/N). This
disagreement appears because of classical
resonance isn’t observed (fig.5) and fr and £
were determined conditionally.

5. Investigations of the piezoeleciric
coefficients

Magnitudes of piezoelectric coefficient
were obtained by direct measurements. Mag-
nitudes of hydrostatic coefficient dy, were de-
termined by measurement of the charge,
which appeared on surfaces of the sample
under a hydrostatic pressure [8]. Dependence
of the charge density on pressure was repre-
sented by linear equation. Its gradient deter-
mines the hydrostatic piezoelectric coeffi-
cient dp. Hydrostatic voltage piezoelectric
coefficient gy is determined by equation (1).
Permittivity €’ is determined from equation
{2) as a result of measurement of capacity.
Results of the measurement are in table 1,
compared with the values for other materials,
taken from literature. From table 1 follows,
that magnitude of parameter gy, is the highest
for piezoelectric Sn;P2Ss composites.

We also investigated aging processes of
the piezoelectric SnyP,8¢. composite. For
that, during 200 days from the moment of
production, piezoelectric coefficient di; and
physical values Z, R, X, D, C, ¢, £” were
measured at the permanent frequency 1 kHz.
Measured results showed, that for 200 days
parameter di; almost didn’t change and had
magnitude up fo (10-12) pC/N. Physical val-
ues Z, R, X, insignificantly linearly increased
with time. Capacity {C), permittivity f=")
slightly linearly decreased.

By dynamic method after more than one
year keeping of the sample, dependencies of
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piezoelectric coefficient dy on the pressure in
the range of 0.1MPa to70MPa at different
fixed temperatures from the interval 0°C to
50°C were investigated. It was determined
linear increase of the value dy with pressure
and also increasing of the value dy and
d(dy)/dp coefficient with raise of the
temperature. Equations of linear
approximation of the experimental results
du(p) at temperatures 18° and 36°C are

fﬂlIGWiﬂgé[pc /N]=39+0.016-p[MPa], (12)

dn[pC/N]=55+0.074-p[MPa].  (13)

Dependence €'(T) doesn’t depend on
pressure and at temperatures 18° and 36°C it
equals to 36 and 56.

6. Conclusions

On the base of polycrystalline Sn,P;Sg
material and filling agent, using special
treatment during polarization, we have re-
ceived tablets of piezoelectric composite
SnzP;Ss, using special press-form. Physical
parameters of the piezoelectric composite
SnzP:S; are following:

8. References

1. C. D. Carpenter and R. Nitsche, Mat.
Res. Bull., 9, 1097 (1974).

2. Yu. NTyagur and J. Jun, Ferroelectrics,
1997, Vol.192, pp.187-195.

3. Yu. IL.Tyagur, Ferroelectrics, 1998, Vol.
211, pp.299-308.

4, Yu. ILTyagur, E.ILGerzanich and
L.E.Kacher, USSR Certificate
No.1190217, June 8, 1985 (in Russia).

5. M. M. Maior et al., Inorganic materi-

als,1991,Vol.27, pp.503-508 (in Russia).

G. Dittmar and H. Schaffer, Z. Natur-

forsch 29b, 312 (1974).

7. Perelomova N. V., Tagieva M.M., Uc-
zebnoje posobije. / Pod red. M.
P.Shaskolskoj., -M.: Nauka. 1982.-288p.

8. Burianovd, L., Hana, P., Panos, S., Ku-
lek, J., Tyagur Yu. Il.: Piezoelectric, Di-
electric and Pyroelectric Properties of 0-
3 Ceramic-Polymer Composites. Ferro-
electrics, 2000, Vol. 241, pp.59-66.

9. Burianovd, L., Hana, P., Tyagur, Yull.,
Kulek, J.: Piezoelectric Hydrostatic Co-

134

dy3~ 12 pC/N;  e(f=1kHz)=38;

e'(f=1kHz)=2;  dy=119 pC/N;

£y=363-10"V.m/N.

From the received results it’s seen, that
piezoelectric tablets on the base of SnyP;Ss
have competitive criteria. This is also con-
firmed by the results published in the article
[15]. They are the suitable objects for inves-
tigation and working out of sensitive ele-
ments. For improvement of their quantitative
indexes the finalizing of the preparation
technology and the temperature treatment
during polarization is required,

7. Acknowledgements

This work has been performed under sup-
port of the grant GACR 202/00/1245 of the
Grant Agency of the Czech Republic.

The materials of the paper were reported
at VI Ukrainian-Polish and II East-European
Meeting on Ferroelectrics Physics.-Uzhgorod
- Synjak, Ukraine, -September 6-10,2002.

efficients of PVDF and P(VDF-TrFE)
Copolymer Foils at High Hydroestatic
Pressures. Ferroeletrics, 1999, Vol 224,
29-38.

Hilcer, B., Malecki, J.: Elektrety i
polimery. Wydawnictvo Naukove PWN,
Warszawa, 1992, 429.

Maior, M.M, Prits, I.P., Vysochanskii,
Yu.M.: Composite on Basis of Sn;P2Sg
for Hydrophone Applications. ECAPD-
3, Jurmala, 08/2000.

AL A Shaulov, W. A. Smith and R.Y.
Ting, Ferroelectrics 93, 177 (1989).

H. Banno, Ferroelectrics 50, 3 (1984).
E.Roneari, C.Galassi, F.Craciun,
G.Guidarelli, S.Marselli, V.Pavia pro-
ceedings of the 11-th [EEE Int. Sympo-
sium on Applications of Ferroelectrics,
Montereu, Switzerlands, August 24-27,
1998, p.373.

M..M., Maior et al., Ferroelectrics, 2001,
Vol. 249(3-4), pp. 227-236.

Newnham R.E. Composite Electroce-
ramics. Ferroelectrics, 1986, Vol. 68, 1-

10.

11.

12

13.
14.

L

16.



HaykoBuii BichHuk Yxropoxacskoro yHiBepcutery. Cepist ®i3uka. Bumyck 11. — 2002

32. 19. Baresh, R.A. Kompozitni materidly.
17. IEEE Std. 176-1978. IEEE Standard on Praha, SNTL 1988.

Piezoelectricity. 1978.
18. Safari A. Development of Piezoelectric

Composites for Transducers. J.Phys.III,

France 4, 1994, 1129-1140.

OAEPXKAHH/S 1 PIBUYHI BJIACTUBOCTI
IP’E3OKOMIIO3HUTIB HA OCHOBI MATEPIAJY
SIlszS6

10. Tﬂrypl, M. IIpoxonosa?, JL Bypianoaaz, A. Konaxn?,
JI. MaXOHCBKl/lﬁZ, I1. Fana’

'V xropoacekuit HanionanpHu yHiBepcuTeT, 88000 Yakropox, Ykpaina
e-mail: yutyagur@univ.uzhgorod.ua
*Texniunmit ynisepcuter B JliGepui, 46117 JliGepeus-1, Ueckka pecryGiika
e-mail: lidmila.burianova@vslib.cz

IMpenctaBieHa TEXHONOTrIS BUrOTOBREHHS I’€30€JIEKTPHHHUX KOMMNO3UTIB Sn,P,S
y BUFJIAAi TabneTok nin Ai€lo THCKY, TEeMOEpaTypH Ta NOJIAPU3YIOUOTO eNEKTPUUHOrOo
noyia. focaimkeHo gacToTHi 3anexHocri iMnenancy (Z(f)), ¢asu (¢(f)), akTuBHOrO
onopy (R(f)), peaktusHoro onopy (X(f)), enexrpuuHol emuocti (C(f)), daxropy Brpatr
(D(f)), niifcrol gacTuHM nienexrpuuHoi npoHukausocti (€'(f)), yaBHOT yacTHHHU Hie-
NexTpyUyHOT npoHuKnuBocTi (€7(f)). BusiBieHo Ta BU3HAYEHO YaCTOTH «IIOJABJICHOIO»
pesonancy — 151,0 xI'u ta 739,6 kl'u. Ha wacrori 1 «I'm nuromi napamerpu
e30eNnekTpuHOi  Tabnetk SmyP,S¢ € mactynmi:  Z3(specific)~1.92-10°Q-m,
@=1.513rad, R5(specific)=2.91-10’Q:m, X3(specific)~1.93-10°2m, C=~2.1-10"''F,
D~0.057, €'~38, €"~2. Busuaueni m'e3oenexkTpudui koediuieHTu: di3=12pC/N;
dw=119pC/N; ghz363-10‘3V-m/N. Huuamiunum MeronoM Oyno HociimxeHo 3aiex-
HicTe dy Bi THCKY P B inTepBani TickiB Bin 0.1 MITa no 70 MIla npu pi3Hux ¢ikco-
BaHWMIX TeMrepaTypax 3 iHrepBany Bia 0 °C no 50 °C. Crnocrepirascs JigifHu#M pict
BennuunHH dy, 3 THckoM. Takox BenmuuHa dy, i koediuient d(d,)/dp 36inburyeanuce 3
POCTOM TeMIIepaTypu.
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