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Abstract

Ceramic—ceramic composite structures are a viable solution to improve the electromechanical
response of lead-free ferroelectrics (FEs) through tuning of the local electrical and mechanical
fields. The origin of the enhanced properties, however, remains unclear, as many of the possible
effects, such as polarization and strain coupling (PSC) as well as interface diffusion, are
interrelated and difficult to separate or directly investigate. In this study, we use a custom-built
digital image correlation system to directly investigate the influence of strain coupling on 2-2
composites consisting of 0.90Na,,Bi;,Ti03-0.06BaTiO3-0.04K sNay sNbO3
(NBT—6BT—4KNN) and O.94Na1/2Bi1/2Ti03—0.06BaTi03 (NBT—6BT) by varying the
mechanical interface contacts between end members. Specifically, two model cases were
utilized to separate the relative contributions of the PSC mechanisms: (a) electrically connected
and (b) mechanically and electrically connected. The local strain gradient was characterized
through the thickness of the composite across different layers as well as the interface, where the
macroscopic large signal longitudinal and transverse FE response was determined.
Experimental results reveal an enhancement of the large signal piezoelectric coefficient

d;; by approximately 10% from 390 to 440 pm V~ due to strain coupling.
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1. Introduction

In order to replace lead-containing ferroelectric (FE) mater-
ials due to environmental and health concerns, a number
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of lead-free material systems have been identified, such as
(K, Na) NbOs (KNN)-based [1], Na;»Bi;2TiO; (NBT)-based
[2], and BaTiO3; (BT)-based [3] materials. Among them,
the (Na;;Bi;)TiO3-BaTiO; (NBT-BT) system, in partic-
ular in the vicinity of the morphotropic phase boundary
(MPB) at a BT-content of approximately 6—7 mol% that
separates the rhombohedral NBT and tetragonal BT phases



[4-6], has demonstrated exceptionally large unipolar strains
that are of interest for actuation systems. Subsequently, Zhang
et al demonstrated a giant electric-field-induced strain through
the introduction of an additional end member that was able
to modulate the thermal stability of the nonergodic—ergodic
relaxor (RE) transition through destabilization of the electric-
ally induced long-range FE order [5, 7, 8].

NBT-BT near the MPB is a non-ergodic RE at room tem-
perature, arising due to the lack of chemical order, which
is supported by both analytical [9-11] and experimental
[7, 8, 10—16] investigations. This chemical heterogeneity can
result in the formation of local polar nanoregions, which are
embedded in a nonpolar matrix. Transmission electron micro-
scopy (TEM) observations by Cheng et al [17, 18] have found
a core—shell structure consisting of a nanosized tetragonal core
embedded in a cubic shell in (Na;;;Bi;,;)TiO3-0.026BaTiO3—
0.12(Big 5K 5)TiO3. Despite this local perovskite structure,
in situ diffraction studies have demonstrated that NBT-7BT
lacks a long-range FE order in the virgin state typical of
perovskite FEs [19]. However, during the application of an
electric field, a field-induced transformation to a meta-stable
lower-symmetry phase is observed [19], corresponding to the
formation of metastable FE domains [5, 6, 20, 21] and the
development of a large polarization and strain response. This
is understood to be a field-induced transition from the RE state
to a metastable long-range FE order. With increasing tem-
perature, however, the metastable FE order can be thermally
destabilized. In the vicinity of the critical temperature Tr_g,
which separates the ergodic and non-ergodic RE states [22,
23], the remanent polarization and strain is reduced through
the loss of metastability and the spontaneous transition back
to the macroscopic non-polar state during removal of the elec-
tric field [23, 24]. Through the reversibility of the electric-
field induced phase transformation, large differences between
maximum and remanent polarization and strain are achieved,
resulting in a large electromechanical response. Importantly,
the metastability of the long-range FE order can be chemic-
ally tuned using relatively small amounts of various end mem-
bers. For example, Zhang et al [2] modified the NBT-BT sys-
tem with KNN forming the solid solution (Na;;Bij;)TiO3—
BaTiO3—(Kq5Naps)NbO; (NBT-BT-KNN), effectively shift-
ing the Tr_g to room temperature and resulting in large
electric-field-induced strains of up to 0.45% [23].

Despite the potential of ergodic RE materials, the relat-
ively large electric fields required to induce long-range FE
order as well as the significant hysteresis limit their poten-
tial integration into applications. Thus, an important goal is to
reduce the critical electric field required to induce long-range
FE order, referred to as the poling field E},, while maintain-
ing a large strain. One proposed method to reduce the pol-
ing field is through the development of ceramic—ceramic com-
posites, which has been previously investigated by Dausch
et al for lead-based FE—antiferroelectric (FE-AFE) compos-
ites [25, 26]. They observed a reduction of the required elec-
tric field for the phase transition from AFE to FE by the
presence of FE phase in an AFE matrix, where the critical

electric field as a function of FE content was estimated by
using a two-serially-connected capacitor model. In this case,
the polarizations in the capacitors were assumed to be coupled,
meaning that the macroscopic electrical response of the capa-
citors influence one another. As both end members showed dif-
ferent macroscopic polarization-electric field responses, there
was assumed to be a local redistribution of the applied elec-
tric field that caused a shift in the apparent critical field in
the AFE component [27, 28]. This work, however, did not
take the effect of strain coupling into account, where the
mechanical interaction of the components can influence the
electromechanical response. Subsequently, Lee et al [27, 28]
showed an enhancement in the large field strain behavior
for lead-free RE/FE 0-3 type composites (phase assembly
nomenclature by Newnham [29]), demonstrating that the com-
posite structure not only provides a reduction of the driv-
ing electric field but also yields an enhanced strain by tailor-
ing the contents of the RE and FE phases. Later, Groh et al
showed similar results for 0.92(Na;,,Bi»)TiO3—0.06BaTiO3—
0.02K( sNag sNbO3 and 0.93NBT-0.07BT (NBT-7BT) com-
posites [30, 31].

Even though composites have demonstrated promising res-
ults, the underlying mechanisms are still not fully under-
stood, such as the internal residual stresses and porosity
arising from different sintering trajectories of the end mem-
bers, interdiffusion between the constituents, and the influ-
ence of strain coupling. For this reason, studies on 2-2 com-
posites have been conducted on different material systems to
highlight certain aspects [32-35]. In particular, the work by
Zhang et al [35] showed the importance of strain-coupling in
multilayer composites of 0.91(Na;/, Bij)TiO3-0.06BaTiO3—
0.03AgNbO; and NBT-7BT by varying the orientation of
the interfaces parallel and perpendicular to the applied elec-
tric field, where it was possible to remove the influence of
the polarization coupling (PC). As a result, improvements
of the electromechanical properties of the constituents were
observed only for the strain-coupled samples, showing the
influence of mechanical-coupling in addition to PC. Sim-
ilar conclusions were reached by Ayrikyan et al [34] in two
separate composite systems. For one NBT-7BT was com-
bined with (Na;;Bij;,)TiO3-25SrTiO3;, where the enhance-
ment could not only be attributed to PC, but also to strain coup-
ling between the constituents. Further studies also showed
that the interdiffusion between the constituent materials can
change with the volume fraction of the seed material, as
well as the stresses during sintering and the resulting resid-
ual stress. These changes at the interface can have an over-
all impact on the composite, as it changes the mechanical
properties around the interface, together with increased pore
fraction, increased grain size, and changes to the crystallo-
graphic structure [32, 33]. For instance, as pores have a rel-
ative permittivity of 1, charge accumulation during the applic-
ation of an electric field can occur at the interface between
the pore and the FE, resulting in a localized large electric
field. As a result, the bilayer composition of NBT-7BT with
20 vol% 0.94Bi0,5(Nao.75K0,25)0.5Ti03—0.06BiA103 showed



the highest increase in pore size and therefore also the highest
strain response as shown by Ayrikyan et al [32].

To date, strain measurements on such composites were per-
formed by using techniques that capture the average strain
response of the entire composite and ignore the inherent
inhomogeneous strain fields observed through the compos-
ite structure. This is especially true for observations near the
interface that separates the constituent members, thereby lim-
iting the understanding of the mechanisms responsible for the
electromechanical coupling in ceramic—ceramic composites.
Here, the digital image correlation (DIC) method can directly
provide full-field displacements to sub-pixel accuracy and full-
field strains during deformation through an applied external
electrical field [36, 37]. The DIC method allows for the dir-
ect investigation of a region of interest on a test object sur-
face, making this technique a highly effective tool suitable for
monitoring the local deformations in ceramic—ceramic com-
posites. In this work, NBT-6BT-4KNN and NBT-6BT were
used as RE and FE materials, respectively. The 2-2 RE/FE
bilayer composites with varying RE and FE volume frac-
tions were prepared to directly investigate the polarization and
strain coupling (PSC) effects by modifying the electrical and
mechanical boundary conditions of the composites. The DIC
method was used to study the local strain fields of each layer of
the RE/FE multilayer composite as well as the interface region
during electric field loading.

2. Experimental methodology

NBT-6BT4KNN and NBT-6BT powders were produced
via solid oxide synthesis route and chosen for RE and FE
material for the bilayer structure, respectively. The used start-
ing powders were Bi,O3 (99.975% purity, Alfa Aesar), TiO,
(99.6% purity, Alfa Aesar), Na,CO3; (99.95% purity, Alfa
Aesar), K,CO3 (99.95% purity, Alfa Aesar), Nb,Os (99.95%
purity, Alfa Aesar), and BaCO3 (99.95% purity, Alfa Aesar).
The powders were mixed according to their stoichiometric for-
mula and milled together with ZrO, balls in ethanol for 24 h,
followed by calcination at 800 °C for 2 h. The final powders
were uniaxially pressed and subsequently cold-isostatically
pressed at —180 MPa. Afterwards, the green bodies were
sintered at 1150 °C for 3 h using powder of same compos-
ition for sacrificial purposes, where the heating and cooling
rate was 3 K min~'. Samples were cut and ground to rect-
angular samples with a surface area of 4 mm X 4 mm using
a surface grinder. In order to produce bilayers with varying
volume fractions of the RE and FE end members, the height
of the individual components was adjusted accordingly, where
the total height of the bilayer was fixed to 4 mm. During this
investigation, bilayers with a volume ratio 0, 50, and 100 vol%
seed were measured. The surfaces of the samples were
sputtered with gold to create electrodes and the samples were
annealed at 500 °C for 1 h in order to reduce internal stresses
and stress-induced FE phases that occurred during sample
preparation.

During electrical testing, two different cases were used:
case (a), where the samples were stacked with a series
electrical connection via the gold electrodes but without a
mechanical connection, assuming to lead to only PC and case
(b), where both layers were electrically connected in series and
also mechanically joined by gluing via silver paste, assum-
ing to lead to PSC (figure 1(b)). It is important to note that
the effects of friction in case (a) were assumed to be negli-
gible, meaning that the samples were assumed to independ-
ently deform without mechanical constraints from the meas-
urement system or the adjoining sample. In order to measure
the electromechanical responses of the bilayer samples, the
measurement setup as shown schematically in figure 1 was
used, which was comprised of a Sawyer—Tower circuit with
a reference capacitor Cys of 4.9 nF to measure the electric
field dependent polarization as well as a linear variable dif-
ferential transformer (LVDT) to record the total strain of the
bilayers. A glass window was attached to the sample holder,
which was made of Teflon, and allowed to be used as oil
bath to avoid overarching during electrical testing. The sample
holder, positioning system, and LVDT holder were designed,
and built in-house. Electric fields with a triangular waveform
using a maximum value of +4 kV mm~! and a loading rate
of 0.08 kV mm~! s~! (0.1 Hz) were applied parallel to the
three-direction with a high-voltage power supply (Trek Amp-
lifier, Model 20/20C); a custom-built LabVIEW program was
used as a waveform generator and a data recording and ana-
lysis program for the polarization and LVDT strain meas-
urements. Importantly, measurements were started from the
virgin, unpoled state, providing information on the remanent
strain development during electric field loading.

In order to directly observe the electromechanical response
of the different layers, a digital camera (MCO89MG-SY-UB,
Ximea GmbH) with a resolution of 4112 x 2176 pixels that
imaged one side of the sample for the DIC system was used.
Combined with a lens with 2x magnification (MVO-TML
Telecentric Measuring Lens, Edmund Optics Inc.), a resolu-
tion of 1.75 pum pixel ~! could be achieved. Artificial speckles
were sprayed onto the observation surfaces by means of an
air brush (AT-Airbrush Pistole Kit, AT-AK-02, Agora-Tec),
thus allowing the creation of patterns suitable for DIC track-
ing. The camera captured two images per second to record
the deformation during electric field loading. The images were
analyzed using a commercially available DIC-program, Ved-
dac (version 6.0). Here, a distance of 60 pixel or 105 pum
between the measurement points as well as a reference field
of 120 x 120 pixel were used. Additionally, the hair wave-
let function was chosen to increase accuracy and minimize the
standard deviation between points. Using this technique, the
strain field was characterized as a function of position through
the thickness of the sample by averaging the strain values
along a line parallel to the interface. To measure the noise,
images of the sample were taken for 100 s without the applic-
ation of an electric field while using the same DIC paramet-
ers. A background noise level of 0.04 pixels or approximately
0.002% was observed.
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Figure 1. Schematics of the experimental setup, which combines overall polarization and strain measurements with spatial resolution of the
strain via DIC (a). Schematic representation of the PC and PSC case (b). The amount of measurement points across the bilayer sample, as

used during the DIC measurement (c).

3. Results and discussion

The DIC measurement system was used to characterize the
macroscopic longitudinal and transverse strain response of the
end members NBT-6BT and NBT-6BT-4KNN as well as
their ceramic—ceramic composites with both PC and PSC con-
nectivity (figure 2). It is important to note that slight differ-
ences can occur due to changes in lighting during measure-
ment, from e.g. minor vibrations or silicone oil movement, that
can affect the images used for DIC analysis. In particular, sil-
icone oil, which was used as an electrical insulating liquid dur-
ing the high voltage experiments, was found to move during
the application of an electric field, resulting in minor variations
of the light exposure from image to image that increased error.
This error was minimized by locating the sample as close as
possible to the glass window to reduce the volume of silic-
one oil between the sample surface and the camera and limit-
ing the electrical loading frequency. Importantly, despite the
increased local error in the determination of strain fields, the
average value of a larger region was found to provide accurate

strain results. To ensure accuracy of the strain results from
the DIC analysis, they were directly compared to longitudinal
strain measurements from an LVDT, where an excellent agree-
ment is observed (figure 2).

NBT-6BT shows a typical non-ergodic RE strain-electric
field hysteresis response with a large remanent (Syem = 0.25%)
and maximum strain (Sp.x = 0.36%). To calculate the large
signal piezoelectric coefficient d3; and d3;, the maximum and
remanent strain were subtracted and divided by the maximum
electric field (Smax — Srem/Emax), Which was 4 kV mm~! for
each case. In addition, for the d3; the longitudinal strain (S33),
and for d3, the transverse strain (S;;) was used. This resul-
ted in a d3; and &3, of approximately 250 and —112 pm V~!
for NBT-6BT, respectively. In addition, during initial elec-
tric field loading from the virgin state, a significant jump in
longitudinal and transverse strain is observed at the poling
field (Epo =2.3 kV mm~"'), defined as the inflection point
during the first increase of the electric field and describes
the critical electric field to induce a transition from the RE
state to long-range FE order. In contrast, NBT-6BT-4KNN
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Figure 2. The longitudinal strain (S33) and transverse strain (S1;) as well as the resulting volumetric strain (AV/V) as a function of electric
field for NBT-6BT, PC, PSC, and NBT-6BT-4KNN. The longitudinal strain data determined with the DIC system was compared to an
LVDT, shown as a black line, indicating close correlation between both measurement methods.

did not display a significant remanent strain development
(0.05%). However, due to this and the relatively high max-
imum strain (Spax =0.21%), the large signal piezoelectric
coefficient was found to be nearly 56% larger than for
NBT-6BT (d}; =390pm V~!, &}, = —120 pm V). The pol-
ing field for NBT-6BT—4KNN was found to be 2.7 kV mm~!.

Importantly, the DIC method also allows the simultaneous
characterization of the strain perpendicular to the applied elec-
tric field (S1;), which is also shown in figure 2. In all cases,
the transverse strain mirrors the form of the longitudinal strain
(S33), where the magnitude is approximately half the longitud-
inal value for NBT-6BT and a fourth for NBT-6BT-4KNN.
By combining the strain components, S33 and S, it is possible
to directly characterize the volume strain during electric field
loading [38]. Assuming a transversely isotropic electromech-
anical response, the volume strain can be measured with the
following equation:

AV (c+Ac)(a+ Aa)? — ca®
vV ca? '

)

Here, c describes the height of the sample and a the width and
depth, resulting in the following equation when solving for the
longitudinal and transverse strain:

AV/V=(1+83)(1+581)" 1. )

As the strains are small, the products of the strains with each
other (for instance S33511) will be negligibly smaller than the
strains itself, and the volumetric strain in that case is given by:

AV/V = 8§33 4+28). 3)

During the application of an electric field, changes in, e.g. the
crystal symmetry, domain state, or defect network result in the
formation of local strains. Importantly, some of these effects
are volume conserving, such as domain wall motion [39],
whereas others, such as field induced structural phase trans-
itions, can be driven by changes in volume [40]. It is important
to note, however, that although field induced structural phase
transitions can also be induced by deviatoric stress compon-
ents, e.g. in potassium bicarbonate (KHCOj3) [41], such struc-
tural transitions are understood to be coupled to a change in
volume between crystal phases in perovskite FE oxides. RE
FEs undergo either a reversible or irreversible field induced
phase transformation to long-range FE order. Previous studies
have shown that remanent volume strains can occur in NBT—
BT compositions that are related to the coalescence of nano-
polar regions [38]. In this study, NBT-6BT does not show
significant volume strain, suggesting that the transformation
involves no crystallographic symmetry change. These results
are consistent with the work of Jo et al [38], who measured the
volume strain of NBT-BT with changing BT content. In con-
trast, NBT-6BT-4KNN displays a maximum volume expan-
sion of approximately 0.1%, indicating the presence of a field-
induced phase transformation.

Interestingly, the composite samples in figure 2 show a
strain response between the end members, in terms of the
maximum and remanent strain as well as the critical pol-
ing field, which was found to depend on the mechanical
coupling. For the electrically connected sample (PC), where
both components were able to freely move without mech-
anical constraint, a remanent and maximum strain of 0.07%
and 0.20% were observed, respectively. Importantly, assum-
ing a simple rule of mixtures, a remanent strain of 0.15%
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Figure 3. Results of polarization as a function of electrical field for NBT-6BT and NBT-6BT—4KNN, as well as the PC and PSC case.

would be expected, nearly twice that observed experimentally.
Similarly, the poling field (Eyo = 3.3 kV mm~!') was larger
than that found in both end members, which suggests that the
effective local electric field distribution required an increase
in the externally applied electric field to induce the formation
of a long-range order. These differences in applied and effect-
ive electric field seem to lead to an overall decrease of elec-
tromechanical properties, resulting in a d3; of 310 pm V~!
and a d3; of —100 pm V~1.

When the end members are mechanically connected
through a conductive interface (PSC), there is the forma-
tion of a strain coupling during electrical activation through
the large signal d5, piezoelectric coefficient that can influ-
ence the electromechanical response of the composite. In
this case, an increased maximum (Sp,,x = 0.28%), and reman-
ent strain (Srem =0.11%) as well as a decreased poling field
(Epot = 2.6 kV mm~"') were observed compared to the elec-
trically connected sample. This resulted in an increased d3; of
440 pm V~!, as well, as an increased d3; of —128 pm V~!.
Both values show an enhancement of approximately 10%
compared to NBT-6BT-4KNN, which had the highest val-
ues in between the end members. These results are consist-
ent with the literature for 0-3 composites. As shown by Groh
et al, NBT-BT/NBT-BT-KNN composites showed improved
electromechanical behavior (d%; =500 pm V~!) at 50 vol.%
NBT-6BT. It is important to note, however, that in addition to
differences in end member connectivity, the samples in Groh
et al were co-sintered, thus interdiffusion as well as internal
stresses due to differences in the sintering behavior and coef-
ficients of thermal expansion can also play an important role.
Nevertheless, these results suggested a strong influence of
strain coupling on the overall properties of the composite.

In addition to mechanical interactions, both end mem-
bers are electrically connected through the PC effect, which,
due to variations in the dielectric permittivity, electrical res-
istance, and large field polarization response, can affect the
local distribution of the externally applied electric field.
Figure 3 shows representative polarization-electric field hys-
teresis curves for the end members as well as the PC and PSC

bilayer composites. The matrix material NBT-6BT-4KNN
displays a pinching behavior, typical for ergodic RE FEs
[30, 42, 43], corresponding to low remanent polarization
(Prem =15 uC cm™?2) and strain. In contrast, the seed mater-
ial NBT-6BT, a non-ergodic RE, shows no apparent pinch-
ing effect and the formation of a large remanent polariz-
ation (P =43 pC cm™?2), characteristic for this system
[44]. As such, the remanent polarization of the composite
(Prem =20 pC cm™?) increased with the addition of a non-
ergodic RE component, similar to previous studies [28, 30].
This behavior is to be expected, as NBT-6BT has higher
remanent and maximum polarization. Interestingly, both the
PC and PSC cases display a similar polarization behavior, in
contrast to the strain-response, which shows a significantly
higher remanent strain for the PSC sample. This is suggested to
be due to the strain coupling between end members, where the
increased mechanical connectivity affected the macroscopic
constitutive response.

In addition, the coercive fields can be determined from the
polarization curves. These were 2.57, 1.56 and 1.49 kV mm~!
for NBT-6BT, the PC-case, and the PSC-case, respectively.
It should be noted that these values differ from their poling
fields (Epol,NBT76BT =2.3kV mm_l; Epol,PC =33kV mm_l;
and Eyopsc = 2.6 kV mm~!). This difference is most likely
caused by the differences in the kinetics for both processes.
During the poling phase the material experiences a RE-to-FE
order transition, whereas in the switching phase FE domain
wall motion occurs. The different kinetics of both processes
have been shown for instance on NBT-7BT [45], where dif-
ferent behavior depending on the applied rate of the electric
field was shown.

‘When combining two capacitors in series, the charge and by
extension the polarization for both capacitors must be equal,
assuming infinite resistivity. In a system where the dielec-
tric permittivity varies between each component, the local
voltage on each capacitor is different and as a result, there is
an inhomogeneous electric field distribution. To ensure equal
polarization, an enhanced local electric field would be required
in the NBT-6BT-4KNN layer, as NBT-6BT displays a larger
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Figure 4. Strain-electric field hysteresis curves in longitudinal S33 and transverse S;; directions for end members NBT-6BT

(a) and NBT-6BT—4KNN (d) as well as the NBT-6BT region in the PC and PSC configurations, (b) and (c), respectively, and the
NBT-6BT-4KNN region in the PC and PSC configurations, (e) and (f), respectively. When testing individual regions, care was taken to
remain at least 60 pm from the interface to ensure only the end member component of interest was investigated.

polarization, which is expected to promote the electric field
induced long-range FE order in the ergodic RE component
at lower external electric fields. This has been used in dif-
ferent investigations to increase the effective electric field in
RE-based composites [27, 28, 30, 31]. Using these results and
combining them with the uncoupled results of the NBT-6BT
end member (figure 2), one could assume that NBT-6BT was
not fully polarized during the measurement. This is sugges-
ted by the lower maximum and remanent polarization, as well
as the higher poling field in the composite structure. In the
PC case, it seemed the effective electric field on NBT-6BT
was insufficient to polarize the sample and caused a signific-
ant decrease in the polarization. As such, there was no signi-
ficant increase in the electric field in NBT-6BT—-4KNN and
the electromechanical properties. This appeared to have been
the case in PSC as well, however one would need to observe
each layer individually to fully verify this. As such, the DIC
method was used to directly investigate the strain response for
each component, thus allowing for more information about the
influence of strain coupling on the local properties.

The local strain-electric field behavior for NBT-6BT and
NBT-6BT-4KNN are presented in figure 4 for both the
PC and PSC cases. Overall, the strain response for both
end members change significantly when combining them in
the ceramic—ceramic composite structures. In the case of
NBT-6BT there is a decrease in the longitudinal remanent
strain in both the PC and PSC configurations from 0.25% to
approximately 0.11% and 0.10%, respectively. Alongside the
decrease in the maximum strain of the PC ($33) composites,
a reduction of the electromechanical properties of NBT-6BT
(d53 =170 pm V~!, &%, = —87 pm V~!) was observed. Inter-
estingly, despite the decrease in the maximum strain of the

PSC composites (S33), almost no reduction in the PSC-case
(4, =235 pm V!, d5 =—117 pm V~') occurred. It is
important to note, that due to the redistribution of the applied
electric field on the composite components, there was an
apparent increase in the poling field of the PC sample to
Ey =33kV mm~!. This is approximately 43% higher than
that observed for NBT-6BT (Epq =2.3 kV mm™"), result-
ing in a lack of saturation of the longitudinal and transverse
strain (figure 4(b)). This is understood to be the origin of
the reduced electromechanical response in the NBT-6BT end
member of the PC sample. Interestingly, mechanical coup-
ling in the PSC sample was found to decrease the poling field
(Epot =2.6 kV mm~"), in comparison to PC alone, to val-
ues comparable to that observed for the end member. Des-
pite this, however, the remanent strain remained considerably
lower compared to the uncoupled case, which is likely due to
the mechanical constraints imposed by the NBT-6BT-4KNN
layer.

Similarly, the local strain-electric field response of the
NBT-6BT—4KNN layer was observed for both PC and PSC
samples. NBT-6BT-4KNN is understood to be an ergodic
RE at room temperature with a correspondingly low reman-
ent strain, which is evident in the longitudinal and transverse
strain behavior of the uncoupled sample (figure 4(d)). How-
ever, in both the PC and the PSC configuration there was an
increase in the remanent and maximum strain, hysteresis, and
negative strain, defined as the strain difference between the
lowest strain and the remanent strain as well as a correspond-
ing change in the poling field. Changes in the remanent and
negative strain are likely due to the formation of internal bias
fields that can be developed during PC [46]. Although resid-
ual mechanical fields could also affect the remanent state, in
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Figure 5. Strain difference between NBT-6BT and
NBT-6BT-4KNN as a function of electric field.

particular considering the large transverse remanent strain in
the NBT-6BT end members, it is not expected to play a signi-
ficant role, as similar remanent strains are observed in both
PC and PSC samples despite the lack of mechanical coup-
ling in the PC state. Similar to observations in NBT-6BT,
the PC sample displayed an increase in the poling field over
the end member from 2.7 to 3.1 kV mm~!, whereas the
PSC sample decreased to 2.6 kV mm~'. This resulted in a
decrease in the electromechanical properties for the PC case
(d53 =377 pm V™!, d}; = —104 pm V') and an increase for
the PSC case (d}; =490 pm V™!, d5; = —124 pm V~!). Note
that NBT-6BT—4KNN itself shows a higher d3; than the over-
all composite in the PSC case (d}; =440 pm V™), as the over-
all strain also is dependent on the electromechanical response
of NBT-6BT. These results clearly demonstrate the import-
ance of strain coupling in enhancing the strain response of
ceramic—ceramic composite structures.

Interestingly, the composite structure was not found to
significantly affect the poling field in either the NBT-6BT
or the NBT-6BT-4KNN end members in the PSC sample.
In order to investigate this, the strain difference between
NBT-6BT and NBT-6BT—4KNN are measured from the
virgin state as a function of the electric field for the PSC
and PC cases, where the S;; strain difference between end
member materials was determined (ASi; = Si1NBT—6BT —
S11.NBT—6BT—4KNN), providing information on the formation
of internal biaxial stress during the application of an elec-
tric field. This strain difference is shown in figure 5 as a
function of electric field. When comparing the values of the
end members in the uncoupled case, up to 2 kV mm~!, no
significant change occurs, as both materials do not expand
in that region. However, at 2 kV mm~! NBT-6BT con-
tracts sharply, resulting in a strain difference of approximately

—0.14%. Interestingly, in the PC sample, the strain differ-
ence initially increases positively before decreasing sharply,
suggesting that NBT-6BT—4KNN initially contracts before
NBT-6BT. The reason hereby might be the change in the
effective electric field, suggesting a larger effective electric
field in NBT-6BT-4KNN and a lower effective electric field
in NBT-6BT, when comparing to the non-composite case.
Subsequently to this positive strain difference, however, the
development of a large remanent strain in NBT-6BT and the
corresponding transverse strain result in large strain gradient
between end members above approximately 3 kV mm~'. In
the strain coupled case, no significant strain difference was
observed below 2 kV mm~!, followed by a significant increase
in the strain difference above 2 kV mm~'. Considering the
same effective electric fields as in the PC-case, this curve
shows the strain coupling in effect. NBT-6BT-4KNN exper-
iences a larger effective electric field compared to NBT-6BT,
thus seems to contract before NBT-6BT, as suggested by the
PC-curve. However, due to strain coupling, NBT-6BT con-
tracts at first similar to NBT-6BT—4KNN, which is why the
strain difference remains constant at O until approximately
2.3 kV mm~!. Furthermore, the results suggest a lower pol-
ing field for NBT-6BT in the PSC case compared to the PC
case, as the significant decrease in the strain difference occurs
before the PC case. One possibility is due to biaxial com-
pression on NBT-6BT, caused by the early contraction of
NBT-6BT—4KNN as suggested by the PC case. The influence
of biaxial/radial stress on the poling of FE materials has been
previously reported, where a decrease in the poling field was
observed [47, 48]. Nevertheless, it should be noted that the
poling field in the PSC case is still higher than in the non-
composite case, further proofing the lower effective electric
field in NBT-6BT.

During the unloading phase, the PC case continues to
increase in the strain difference from —0.01% to —0.03%.
On the other hand, in the PSC case NBT-6BT, as well as
NBT-6BT—4KNN, seem to expand at the same rate, thus an
almost constant strain difference of —0.06% between them
remains. This is due to the way the end members are connec-
ted in each case. In the PC case, both end members can freely
move without any constraints whereas in the PSC case they
are mechanically connected. As such, in the PSC case, as long
as there in no significant deviation between the electric-field
induced strain in NBT-6BT and NBT-6BT-4KNN, strain
coupling occurs and the strain difference remains constant.
This was the case in the beginning of the application of the
electric field as well as during unloading of the sample.

In the initial, electrically unpoled state the internal residual
stresses are zero, as each end member was combined at room
temperature. However, during and following the application
of an external electric field, the internal stress in the PSC com-
posite will change depending on the transverse electromechan-
ical response, including both the small signal transverse piezo-
electric coefficient d3; as well as the macroscopic lateral strain
d3,. In particular, the internal residual stresses remain once the
electric field has been removed, as both end members display
differences in transverse remanent strain. In order to demon-
strate this effect, figure 6 shows the strain as a function of the
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interface between NBT—-6BT and NBT-6BT—-4KNN.

position through the cross-section of the composite structure
for both the PC and the PSC cases. In the initially unpoled
state, there is no strain gradient through the thickness of either
configuration. However, with the application of an electric
field, a significant increase in the strain gradient is observed. A
sharp jump in strain is observed in the PC configuration when
increasing the electric field over approximately 3.5 kV mm™!,
as no mechanical connection is present between the two end
members. Importantly, however, the strain within each layer is
uniform, displaying no significant gradient or variation within
the resolution of the present measurements. This is the case
for increasing the electric field as well as during decreasing. In
contrast, the mechanical interface in the PSC case resulted in
a more gradual, continuous strain transition through the thick-
ness of the composite structure. In particular, this is visible
after unloading, where the NBT-6BT—4KNN sample shows a
remanent strain close to the interface.

These data show that the strain gradient at the interface has
a penetration depth into the end members of approximately
500 pm, after which a constant average strain is observed.
Here, care was taken to select an appropriate reference field
size for the DIC analysis. The reference field describes the
size of the section at each measurement point, which will be
searched via comparison to the subsequent images. The shift
of this reference section thereby describes the displacement at
that area. As such, if chosen too large, for example, the ref-
erence field would have gathered displacement information of
the other material, resulting in an average value between the
two, whereas too small would result in a larger error, as the
reference field would contain less information for the com-
parison. Through experimentation, it is found that a refer-
ence field of 120 x 120 pixel or 204 x 204 pm resulted in
reliable data. An additional possible source for error is the
plastic deformation of the silver bond during the experiment.
Using the DIC-results, a shear strain at the interface of about

0.18% was calculated, which is in the elastic region for sim-
ilar silver paste-based adhesives [49—-51]. We therefore assume
that the plastic deformation of the silver is minor. The res-
ults seem therefore to be a real effect caused by the strain
coupling between the materials. In situ electric field dependent
x-ray diffraction as a function of position would help to under-
stand the relaxation process that leads to changes in the strain
gradient with position.

At a sufficient distance to the interface, the strain is con-
stant and describes bulk strain behavior of the constituent
material. For the PSC sample, both materials show a devi-
ation from this macroscopic strain behavior at the interface. As
such, calculating the difference (AS = S0 — S11 x) between
the average bulk strain S;1,0 and the strain at each position
S11,x, one can assume the mechanical stress via the elastic
properties, such as the Young’s modulus, at the interface.
This difference in strain is shown in figure 7 as a function of
position across the interface. Closer to the interface the dif-
ference becomes negative for NBT-6BT—-4KNN and positive
for NBT-6BT. A positive AS suggests that the material con-
tracted less at the interface than the normalized case, resulting
in tensile stress. A negative AS on the other hand suggests a
stronger contraction at the interface and by extension a com-
pressive stress. In order to estimate the stresses, an isotropic,
linear elastic response was assumed. The elastic modulus for
NBT-6BT was found in previous investigations to be 105 GPa
[52, 53]. For NBT-6BT—-4KNN, however, the elastic modulus
was assumed to be approximately 113 GPa [53], based on val-
ues reported for NBT-6BT-2KNN. This variation in elastic
properties would help to explain the larger strain difference
in NBT-6BT, as a smaller elastic modulus would require a
larger strain for force equilibrium. Using these elastic proper-
ties, a maximum residual stress of approximately 40 MPa was
estimated at the interface. It should be noted that the resid-
ual stress could be quite different as a constant strain does not
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necessarily mean a stress-free region. Nevertheless, the res-
ults suggest that there is residual stress in the material and
in situ x-ray diffraction through the layers could directly con-
firm the stress profile as well as the magnitude. Combined
with the previous results, this residual stress is responsible
for the enhanced electromechanical properties [47, 48]. For
instance, Kounga et al have shown that through radial com-
pressive stress assisted poling, a higher piezoelectric charge
coefficient in PZT could be achieved. It should be mentioned
that this improvement, however, was decreased after the mech-
anical load was removed, suggesting an improvement only by
constant mechanical stress, which is the case in our setup. As
such, NBT-6BT-4KNN showed higher piezoelectric proper-
ties in the PSC case (dj; =490 pm V~!) compared to the
uncoupled sample (d3; =390 pm V~!). On the other hand,
NBT-6BT, which is in tensile stress, showed an overall lower
piezoelectric strain decreasing from initial 250 to 235 pm V~1.

4. Conclusion

The influence of electrical and mechanical interactions in
bilayer composite structures of NBT-6BT and NBT-6BT—
4KNN has been directly investigated using the DIC method.
Experimental results indicate that PC alone does not result in
an overall improvement of the electromechanical properties
with the selected end members. However, with the addition of
strain coupling between the layers, an overall enhancement of
approximately 10% was achieved. The DIC method, through

in situ characterization of the local strain response of each
end member, revealed that NBT-6BT was not fully polarized
with only PC. As a result, high polarization values could not
be achieved and the enhancement via PC was diminished.
Through the introduction of mechanical coupling, however,
the internal residual stresses developed due to the transverse
electromechanical response induced a stress that enhanced
the polarization of NBT-6BT. Subsequently, the sharp con-
traction of NBT—6BT results in a compressive stress in the
NBT-6BT-4KNN layer that improves the longitudinal strain
behavior.
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