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Dilatometric studies of the reverse piezoelectric effect in solid solutions
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Studies of the effect of a low-intensity electric field (E < 10kV/cm) on the formation of the inverse piezoelectric
effect in ceramic solid solutions (1—x)Naj/2Bii»TiO3—xBaTiO; (x = 0.05—0.97). In the region of phase transition
Pm3m < P4mm, ceramics with a high concentration of barium titanate are characterized by a large, close to
saturation value of the normalized piezoelectric coefficient d3; (x = 0.95, d3; =~ 750 pm/V, E = 3.3kV/cm). In solid
solutions close in composition to the morphotropic phase boundary (MPB), the derivative d(d3;)/dE increases with
increasing field strength. A correlation has been established between the degree of tetragonality of the crystal lattice
and the behavior/values of field-induced deformation, deformation hysteresis, piezoelectric coefficient, thermal

expansion, and polarization.
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1. Introduction

For several decades, ferroelectric materials based on lead
zirconate titanate (PZT) have established themselves as the
most preferred materials for practical applications, in parti-
cular due to their high piezoelectric efficiency. However,
new legally formulated environmental requirements have
necessitated the replacement of lead-containing materials in
the elements of functional devices of micro/nanoelectronics
based on the direct or reverse piezoelectric effect, and
have prompted the international scientific and technical
community to search for competitive lead-free materials [1].

Significant progress has been achieved, in particular, in
the study of compounds related to BaTiO3 (BT) and formed
upon substitution of Ba?>* by a combination of cations of
different valences, for example Na;,»Bi;,,TiO3 (NBT), and
solid solutions (1—x)NBT—xBT, a number of properties of
which allow them to be considered as promising candidates
for the substitution of lead-containing materials [2-5]. Some
NBT-based compounds have already demonstrated such
important properties as large field-induced deformation [6],
high density of stored electrical energy [7-10).

In lead-containing ferroelectric solid solutions, the most
pronounced piezoelectric properties turned out to be cha-
racteristic of compounds related in the 7—x phase diagram
to the region of the morphotropic phase boundary (MPB)
between ferroelectric phases of different symmetry [11].
Based on this circumstance, researchers of lead-free solid
solutions, including NBT—BT, also focused on compositions
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close to MPB between rhombohedral R3¢ and tetragonal
P4mm phases [12].

Nevertheless, the observed piezoelectric properties of
the NBT—BT system compounds cannot be considered
as optimally competitive [3,13,14], since even near MPB
(x =6-7%), the coefficient ds3 ~ 120—500pC/N still
significantly less than, for example, for lead compounds
(d33 = 500—2500 pC/N) [3].

To improve the piezoelectric properties, various modi-
fications of the composition of solid solutions NBT—BT
were also carried out by adding a third component, for
example K;,Na;,NbOs; (KNN) [15], and other modi-
fiers.  Noteworthy results were obtained for complex
solid solutions (1—x)Big s(Nag sKo.2)o.sTiO3 —xBaTiO3 with
x =0.05 (d3; = 630 pm/V) [16].

Selection of a number of three-component ceramics
as a research object (1—x)(0.8NBT—0.2BT)—xCaTiOs
(NBT—BT-CT) [17], considered promising for use in room
temperature actuators, was based on the assumption that,
since the main cause of large deformations is the phase
transition between nonpolar and polar states, limiting the
range of concentrations of solid solutions to the MPB region
does not look convincing, and the search for compounds
with significant deformation potential the response induced
by the electric field can be extended beyond the limits of the
MPB. The ratio of components in the initial composition of
0.8NBT—0.2BT was due to the high degree of tetragonality
of the structure of P4mm in the concentration range near
x = 0.2, despite the fact that in the phase diagram of
T—x this composition is located quite far from MPB:
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~ (0.94NBT—0.06BT). CaTiO3 was selected as the third
component to reduce the depolarization temperature and
achieve high field-induced deformation at room tempe-
rature. And although moderate values of macroscopic
deformation were obtained, a large jump in the unit
cell parameters during the field-induced phase transition
indicated that compositions (NBT—BT—CT) promising for
optimal electromechanical properties could well be sought
far from MPB.

Despite very active studies over the years of the physi-
cal properties of solid solutions of NBT—BT in a wide
range of component concentrations, many aspects of phase
transitions and the phase diagram of T—x both in the
area of compositions near NBT and MPB, as well as in
compositions with a high content of BT, remain unexplained
so far [18-23].

Recently, we conducted detailed studies of the thermal
expansion of (1—x)NBT—xBT in a wide range of con-
centrations and temperatures, which allowed us to clarify
the specific features of the diagram 7—x and establish
concentration regions corresponding to three groups of
compounds characterized by different behavior of thermal
expansion, polarization [24], dielectric constant and other
properties [19,20].

The first group included solid solutions with x > 0.40 (re-
gion I in Figure 1). The change in BT concentration in the
range of x = 1.0—0.4 is accompanied, firstly, by a relatively
large nonlinear increase in the temperature of the ferro-
electric phase transition of the first order Pm3m « P4mm,
T =400K (x =1.0) - 474K (x =0.4), secondly, by
increasing the degree of tetragonality c¢/a from 1.01 to
1.02 and, thirdly, by decreasing by ~ 20% the coefficient
of thermal expansion of the crystal lattice 8 in the cubic
phase.

A decrease in the concentration of barium titanate in the
second group of solid solutions (x & 0.40—0.15) (region II
in Figure 1) leads to a decrease in temperature 7; and
a further decrease in the coefficient B, but the value
c/a = 1.02 remains almost constant. At the same time,
there is a gradual transformation of the ferroelectric phase
transformation Pm3m < P4mm from the classical type to
the relaxor type, accompanied by an abnormal increase in
the hysteresis of the transition temperature 677: from ~ 1
to 50—-60 K.

In the third group of compounds, a further decrease of x
(region IIT in Figure 1) is characterized by a significant
increase in the temperature stability of the cubic phase
(Ty"), the appearance of successive structural distortions
of two types Pm3m—P4bm—P4mm (x = 0.06—0.15) and
Pm3m—P4bm—R3c (x < 0.06), as well as a decrease in the
degree of tetragonality of the lattice in the P4mm phase and
the relaxor character of the structural transformations [19].

The purpose of this work is to study the inverse
piezoelectric effect in NBT—BT solid solutions belonging
to different regions of the T—x phase diagrams. The nature
of changes in the magnitude and temperature behavior of
the deformation response of the samples as a function of the
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Figure 1. Concentration phase diagram of solid solutions

(1—x)NBT—xBT. L, II, III — regions of BT concentrations with
different behaviors of the properties of compounds [19,24,25]. The
arrows on the x axis correspond to the concentrations of BT in the
studied solid solutions.

electric field strength was studied using a modified induction
dilatometer. Studies of the reverse piezoelectric effect were
performed on the same samples for which we previously
determined the parameters of thermal expansion [24]. If
necessary, this allowed for a correct joint analysis of the
results of two independent experiments. The only drawback
of the approach used was related to the different thicknesses
of ceramic tablets (h = 1.0—2.0mm), which, due to the
limited voltage allowed by the dilatometer design, did not
allow measurements to be carried out in the same range of
electric fields for all samples.

2. Samples and experimental methods

Samples of solid solutions (1 — x)NBT—xBT (x = 0.95,
0.60, 0.40, 0.25, 0.15, 0.06, 0.05), related to the three regions
of the phase diagram 7T —x, in including those far from the
MPB (Figure 1).

Compounds (1 —x)NBT—xBT were obtained by solid-
phase reaction from oxides and carbonates of high purity:
TiO, (99.8%), Na,CO; (99.5%), BaCO; (99.0%) and
Bi;O03 (99.9%) according to the previously used metho-
dology [19,20]. The powders of the starting materials mixed
in accordance with the stoichiometric ratio were ground in
an agate mortar. Depending on the composition, two-stage
calcination with intermediate grinding of mixtures in a ball
mill was carried out at various temperatures: from 850°C
for NBT to 1000°C for BT and from 1000°C (NBT)
to 1150°C (BT). The rate of heating and cooling during
calcination was 3 °C/min. Then the powders crushed in
an agate mortar were pressed (p =250MPa) into discs:
d=13—-15mm and & = 1.0—2.0mm. The pressed discs
were sintered at temperatures from 1210°C (NBT) to
1410°C (BT). The heating and cooling rate during sintering
was 2 °C/min. Calcination and sintering were carried out in
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Figure 2. Behavior of deformation u of the sample with x =0.95 and temperature in the measuring chamber: (a b) at

alternating field pulses of the same intensity E = 3.3kV/cm, (¢ d) with increasing/decreasing field strength (kV/cm) in the cycle

0—-21—-33—-21-—0.

an ambient atmosphere, while no powder containing Bi was
filled. The relative density of the studied samples, measured
by the Archimedes method, was 94—96 %. The average
grain size was practically independent of the ceramic
composition and ranged from 1.5—1.6 mm.

Studies of the effect of an electric field on the de-
formation of ceramics were carried out in the tempe-
rature range 320—490K using an induction dilatometer
NETZSCH DIL-402C with a very high sensitivity to elon-
gation 1.25-107'%m, which we previously used to study
the thermal expansion of solids solutions NBT—BT [24].
Changes were made to the dilatometer design, which made
it possible to simultaneously measure both the temperature
dependences of thermal expansion and the deformation
response of the sample to changes in the external electric
field, that is, the reverse piezoelectric effect.  Silver
electrodes were applied to the surface of the samples by
vacuum sputtering to study the deformation in an electric
field. The copper wires were connected to the electrodes
with a conductive silver paste.

The voltage applied to the electrodes varied in the range
of 0—1kV using a stable high-voltage source. Depending
on the thickness of the samples, the maximum electric field
strength did not exceed Epn.x = 5—10kV/cm, which was
due to two reasons. On the one hand, the design features
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of the dilatometer did not allow the use of higher voltages,
and on the other hand, a decrease in the thickness of the
sample would inevitably lead to an increase in the error in
determining the deformation caused, among other things, by
a violation of the flatness of the thin sample when the field
is turned on/off (bending) [26].

3. Results and discussion

Figure 2 shows the time dependences of the electric field
strength, the linear deformation response u = AL/L associ-
ated with the inverse piezoelectric effect, and temperature
changes in the measuring chamber during studies of a solid
solution with x = 0.95 in the tetragonal phase P4mm at
Ty — T = 16K, which are qualitatively consistent with the
results obtained for other NBT—BT samples studied in the
paper.

A high reproducibility of the behavior of deformation
u was observed with repeated field pulses lasting 15 min
(Figure 2,a). Depending on the value of E and the proxi-
mity/remoteness of the temperature range of the individual
experiment from the temperature of the phase transition,
the error in determining u was about +(2—5) %. It is quite
possible to speak about a rather high degree of isothermicity
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Figure 3. Temperature dependences of deformation u and piezoelectric coefficient d3; of solid solutions of (1 — x)NBT—xBT with
x =0.95 (a), 040 (b), 0.25 (c), 0.15 (d), 0.06 (e) and 0.05 (f). The temperatures T1, 77", T5',T5", T, correspond to the phase boundaries

in the diagram 7—x (Figure 1).

of the measurement processes, since for any variation
of the field strength, temperature fluctuations did not
exceed +(0.02—0.04) K (Figure 2). Due to the relatively
small value of the coefficient of linear thermal expansion
of ceramic samples NBT—BT (e ~ 107°K~! [24]), the

contribution to the uncertainty of the measured deformation
due to the indicated temperature drift was extremely
insignificant ~ (£107%%). There was no correlation in
time between temperature fluctuations and switching on/off
the field (Figure 2), which indicated the absence of any
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Figure 4. Unipolar hysteresis loops u—E of solid solutions of (1—x)NBT—xBT with x = 0.95 (a), 0.40 (b), 0.25 (¢), 0.15 (d), 0.06 (e),

0.05 (f).

significant heat generation in the sample due to the Joule
effect and/or the electrocaloric effect.

The dependencies [u(E)]r were also studied with a two-
stage increase in the field to the maximum (0 — E; — E»)
followed by a decrease to the initial value (E; — E; — 0)
(Figure 2,c¢). The latter procedure allowed us to observe

9 Physics of the Solid State, 2026, Vol. 68, No. 1

hysteresis phenomena, expressed in a mismatch of u
values at the same field E;, implemented in the processes
of increasing (0 — E;) and decreasing (E, — E;) field
strength.

Figure 3,a and 3,b show the temperature dependences
of the field-induced deformation of u at E = const in solid
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Figure 5. Effect of BT concentration on the properties of solid solutions NBT—BT at 350 K: a — relative hysteresis A of unipolar loops
u—E; b — piezoelectric coefficient d;; ¢ — coercive field Ec [19,24]; d — abnormal volumetric deformation in saturation (at 100 K);
e — RMS polarization P [24]; f— degree of tetragonality ¢/a of the crystallographic cell in the P4mm phase.

solutions with x = 0.95 and 0.40 (region I of the phase
diagram T —x) undergoing a transition from the cubic Pm3m
phase to the ferroelectric tetragonal phase P4mm. The
same graphs show the temperature dependences of the
normalized strain coefficients d3; = u/E.

In addition to the previously mentioned features in
the physical properties of NBT—BT, depending on the
concentration of BT [24], the change in x from 0.97 to 0.40
is accompanied by two more circumstances. Firstly, there is

a decrease in the maximum values of the functions [u(T)]g
and d3;(T) and, secondly, the corresponding temperatures
T,"™ increase relative to the transition temperature in
the absence of an electric field, TIEZO, with a small
fast dT™>/dE ~ 1K - (kV/cm)~!. In solid solutions with
x < 0.4, characterized either by a mixture of phases or
by relaxor behavior (regions II and IIT in Figure 1) [21],
the difference between these temperatures increases signifi-
cantly (Figure 3, c—f), and maximum values of dj;, weakly

Physics of the Solid State, 2026, Vol. 68, No. 1
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dependent on temperature, are observed in samples with
x = 0.06 and 0.05 (Figure 3, ¢ and 3,f), close to MPB.

For all the solid solutions studied in the work, the
deformation behavior in isothermal modes of increas-
ing/decreasing electric field strength was determined and,
thus, unipolar hysteresis loops u—E were obtained (Figu-
re 4). Since deformation changes reach large values near
phase transitions, measurements were carried out precisely
in these areas of distorted phases (P4mm — x = 0.95; 0.60;
0.25; 0.15; R3¢ — x = 0.06; 0.05), remote from the tem-
peratures of the corresponding structural transformations at
T, - T =~6-15K.

It should be noted that the maximum electric fields used
in the experiments under consideration, En,x < 10kV/cm,
are lower than the coercive fields, Ec = 20—40kV/cm [19],
which does not allow the hysteresis loops to be fully
deployed and P—E, and u—FE. In addition, the dependences
P(E) and u(E) are measured, as a rule, at high frequencies
of the alternating field f > 0.1Hz. In our case, pulses
with a duration of ~ 10—15min were used. During this
time, the domain structure manages to return almost to an
equilibrium state and the hysteresis measured by us turns
out to be less than with measurements in an alternating field.

9* Physics of the Solid State, 2026, Vol. 68, No. 1

The relative strain  hysteresis is defined as
H = (u_ —u;)Emax/2/tmax, Where u; and are
deformations on the ascending and descending branches of
the hysteresis loop corresponding to half of the maximum
field Emax [27). The value of H wvaries significantly
depending on the concentration of BT (Figure 5,a),
reaching a maximum of ~ 20% at the boundary of the I
and II groups of solid solutions and decreasing to ~ 5%
in compounds of group III (x = 0.06, 0.05), in which the
relaxor behavior was observed [28].

Figure 5 shows the concentration dependences of other
equally important characteristics of solid solutions: the
piezoelectric coefficient dj; (extrapolated to 350K), the
coercive field Ec [19], as well as the anomalous deforma-
tions in saturation at 100 K and RMS polarization [24]. It
can be seen that the behavior of all the presented physical
properties, with the exception of the coefficient d3;, is
almost identical and quite satisfactorily corresponds to the
behavior of the tetragonal degree ¢ /a of the crystallographic
cell in the phase P4mm (Figure 5,f) [19]. The behavior of
d3; observed in low-intensity fields, E < Ec, is due to the
fact that an increase and subsequent decrease in the value of
¢/a with a decrease in BT concentration is accompanied by

u_
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a faster increase/decrease in the coercive field compared
with reverse piezoelectric deformation. If the fields are
larger than coercive, this dependency may change.

In solid solutions belonging to the concentration range of
0.2 < x < 0.4, a wide temperature range of phases P4mm,
P4bm, Pm3m (28] was observed, which, as we approach
x = 0.2 led to a gradual decrease in the deformation and
polarization observed in the experiment [24]. Moreover,
in the P4bm phase, in addition to the displacement
of the titanium ion from the center of the octahedron,
the octahedra rotate, accompanied by the appearance of
deformation and polarization of the opposite sign [29-31]
and, as a result, a decrease in the total values of u and P.
An electric field greater than the critical one (~ 20kV/cm in
composition with x = 0.07) suppresses octahedral rotations
and induces a transition from P4bm to P4mm with a signifi-
cant increase in deformation, polarization, and piezoelectric
coefficient [29,30]. Unfortunately, the maximum electric
field used in the operation (5—10kV/cm) is insufficient to
induce a phase transition between P4mm and P4bm.

Figure 6 shows the isothermal dependences of the
piezoelectric coeflicient d3; on the electric field for a
number of solid solutions of (1 — x)NBT—xBT from various
regions of the phase diagram 7 —x.

It can be seen that the value d3j is close to saturation
at low-intensity fields (Figure 6,a) for a composition
close to BaTiOsz, for which the coercive field is small,
Ec < 10kV/em [19] (Figure 5,c¢). In solid solutions
similar in composition to NBT, the coercive field is large
~ 25—40kV/cm [19] (Figure 5, ¢) and the coefficient d3; is
significantly lower, however, its change with increasing field
is characterized by an increasing derivative d(d3;)/dE (Fig-
ure 6, b—d). The latter result is consistent with the data from
the study of the reverse piezoelectric effect in a solid solu-
tion of 0.8NBT—0.2BT: at the same distance from the phase
transition temperature Pm3m — P4mm, Ty — 50 K, the
value of d3; — 200 pm/V at E = 65kV/cm [17] turns out to
be an order of magnitude higher than d3; ~ 17 pm/V for the
studied by us and similar in composition 0.7SNBT—0.25BT
(E = 6kV/cm) (Figure 3).

4. Conclusion

Studies of the inverse piezoelectric effect in ceramics
(1 = x)NBT—xBT (x = 0.05—0.97) over a wide tempera-
ture range have been performed. The experiments were
carried out using an upgraded induction dilatometer on the
same samples that we had previously used to study the
thermal expansion [24]. The dilatometer design provided
for limiting the electrical voltage applied to the samples
in the measuring chamber, U < 1kV, as a result of which
measurements of the deformation response were carried out
in electric fields £ < 10kV/cm. However, this circumstance
can certainly be considered as positive for two reasons.
First, this limitation stimulated the acquisition of original
experimental information about the nature and features of

the formation of parameters of the inverse piezoelectric
effect (dj;, strain hysteresis) in low-intensity fields in
samples with compositions close to and far from MPB.
And, secondly, the results obtained will be of undoubted
interest to specialists in the field of functional piezoelectric
devices operating in an ambient atmosphere and preventing
the possibility of placing a piezoelectric element in an oil
bath used to avoid breakdown at high field strength.

It has been found that when the temperature and
concentrations of the components of solid solutions
(1 — x)NBT—xBT vary, the piezoelectric coefficient values
in electric fields with a voltage less than corresponding to
coercive fields vary in the range from 30 to ~ 750 pm/V
and are comparable with coefficients typical for other lead-
free piezoelectric materials with significantly higher field
strength [3,13,14].

It was found that in solid solutions of (1 —x)NBT—xBT
with a high concentration of BT, the value of the normalized
strain coefficient d3; in the phase transition region fully
corresponds to its values observed in ceramics close to
MPB, but in stronger fields. However, for a sample
with x = 0.95, the large value d3; =~ 750 pm/V is close
to saturation already at E = 3.3kV/cm, while in solid
solutions with x < 0.8 the derivative d(d3;)/dE increases
with increasing field strength (Figure 6).

An analysis of the data obtained together with the results
of previous studies [19,20,24] showed that the possibility of
dividing the system of solid solutions with x = 0.04—1.00
into three groups, discovered during the study of thermal
expansion under conditions of E = 0 (Figure 1, [24]) fully
applies to the temperature/concentration dependences of
field-induced deformation, strain hysteresis, coefficient d3,,
coercive field and polarization. The established correlation
in the behavior of different physical properties with varying
BT content is consistent with the nature of the change in
the degree of tetragonality of the crystal cell in the phase
P4 [19] (Figure 5).
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