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ABSTRACT g
This study investigates bilayers of 0.94(Na,;;,Bi;,)TiO3-0.06BaTiO; (NBT-6BT) and 0.90(Na,,Bi;/;)Ti03-0.06BaTiO3-0.04(K, sNay s) %
NbO; (NBT-6BT-4KNN) using digital image correlation, enabling the separate analysis of strain response in each layer. The bilayers were 3
electrically connected without mechanical connection (polarization coupled) as well as mechanically and electrically connected (polarization
and strain coupled) to determine the role of interlayer mechanical interactions. The large signal longitudinal and transverse piezoelectric i
coefficients, d;; and dj;, were characterized for both cases. In the polarization coupled composite, d;; decreased linearly from 410 to ©
260 pm/V with increasing vol. % NBT-6BT. In contrast, in the polarization and strain coupled case, d3; and d;; were maximum at 50 vol. %
NBT-6BT with values of 440 and —130 pm/V, respectively, highlighting the critical role of strain interactions in ceramic—ceramic compos-
ites. The stress-induced phase transformation through strain coupling significantly impacted the electromechanical response, with improved
strain values observed in the NBT-6BT-4KNN layer. Furthermore, this study highlights the variability in the significance of strain coupling
within bilayer systems as a function of the altering volume fraction of their constituent components.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0184763
I. INTRODUCTION are especially attractive for actuator applications due to their large

Actuators based on the piezoelectric effect offer numerous signall longit.udinal pie?oelectric .strain .coefflcient d33 (Re.fs. 4-6)
advantages, including high response speeds, displacement accuracy, and. high resistance against electrlca? fatigue.” Electric field-induced
force generation, low power consumption, and low noise levels.' strains of up t? 0'74% at an electrlc. field of 7kV/mm ;have been
Consequently, they find applications in various fields, such as fuel obsgrved, resulting in a dy; of approxm?ately 1057 pITl/V.’ For com-
injection, positioning devices, etc."”” In these applications, the elec- parison, soft PZT (PIC151) reac}les strains of ap}l)rox1mately 0.3% at
tromechanical strain plays a pivotal role, making it a deciding  an electric field of 6 kV/mm (d3; ~ 500 pm/V)." At si}nilar electric
factor in selecting a suitable material. Currently, ferroelectric mate- fields of 4kV/mm, NBT-based systems show a larger d;; of approxi-
rials based on lead titanate zirconate [(Pb,Zr)TiOs, PZT],” sodium  mately 1263 pm/V~ compared to commercial PZT (dy; ~ 575 pm/V).”
potassium niobate [(Na,K)NbO;, NKN],” barium titanate (BaTiOs, However, achieving these large strains in NBT materials requires
BT),” and sodium bismuth titanate [(Nay,Bi;;,) TiO5, NBT]"~ are relatively large electric fields (>2 kV/mm)* and corresponding
potential candidates. Due to environmental concerns,”” lead-free large hysteretic behavior, which can result in self-heating and even-
materials receive special consideration. Here, NBT-based systems tual component degradation. Therefore, a major goal of optimizing
J. Appl. Phys. 135, 044102 (2024); doi: 10.1063/5.0184763 135, 0441021
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NBT-based materials is reducing the driving field while maintain-
ing a large strain.

NBT exhibits a perovskite crystal structure that has been
extensively investigated over several studies.””'* Previous research
has provided evidence supporting a monoclinic (Cc)*’ crystal
phase and a rhombohedral phase (R3¢)'”'" in NBT at room tem-
perature. Additionally, more complex systems, such as a mixed
phase comprising both Cc and R3¢ phases,'* as well as the presence
of tetragonal (P4bm) platelets within a rhombohedral matrix,"”"*
have been proposed. The intricate nature of the crystal structure
can be attributed to the chemical heterogeneity caused by the
Na/Bi positional disorder.'® Furthermore, NBT exhibits relaxor-like
characteristics and, similar to ferroelectric materials, displays piezo-
electric properties after poling with a ds; ranging between 73 and
95 pC/N at room temperature.'™'” To improve the electromechani-
cal properties, NBT is generally combined with other perovskite
materials, such as Bi;;,K;,,TiOs,">"" SrTiO5,”**' and BT.””° In
particular, solid solutions of (1—x)(Na;/,Bi;;)TiO3-xBaTiO;
(NBT-100xBT) have garnered particular interest due to the
observed morphotropic phase boundary (MPB) at a BT-content of
approximately 6-7 mol. %,””™** with maximized electromechanical
properties (ds3 ~ 150 pC/N).”*** Relaxor ferroelectrics, such as
NBT-BT compositions, depolarize at the ferroelectric-to-relaxor
phase transition temperature (Tp_g) that separates the electric
field-induced long-range ferroelectric order from the higher tem-
perature ergodic relaxor state. For instance, the Tp_g of NBT-6BT
is found at approximately 83 °C.”” Below this temperature, NBT-6BT
is classified as a nonergodic relaxor,””” meaning that under the
influence of an electric field, the material undergoes an irrevers-
ible phase transformation to a long-range ferroelectric order.””**
Similar observations have also been documented in lead-containing
relaxors, such as Pby_ Lay(Zr,Ti;_y);_y4TiO3 (PLZT)***” and Pb
(Mg;/3Nb,,3)05 (PMN).” 1t should be noted that the ferroelectric
phase can also be stabilized via mechanical stress.”' Above Tp_g, a
reversible electric field-induced long-range ferroelectric order is
observed, and the material is referred to as ergodic relaxor (ER).
Because of the reversibility of the electric-field-induced state change, a
loss of remanent polarization and strain is observed, increasing the
usable unipolar strain response.””” The nonergodic relaxor behavior
can also be chemically destabilized by shifting the Tr_r below room
temperature. This can be achieved by using ternary systems, such as
(Nal/zBi1/2)Ti03—BaTiO3—(K0'5N30'5)Nb03 (NB’I‘—B’I‘—I(NN).4 For
that reason, NBT-BT-KNN compositions show a high strain of
0.45% at electric fields of 8 kV/mm. However, as mentioned previ-
ously, relatively large polarization fields (>2kV/mm) are required,"
which reduces the usability of these materials in engineered structures.

One approach to reducing the required electric field for induc-
ing the large strain response is to utilize ceramic-ceramic compos-
ites, which involve combining two suitable ceramic materials.” The
suitability of the constituents depends on their dielectric properties,
which play an important role in determining the internal electric
field distribution.””™> Here, previous studies have presented a
simple series capacitor model to explain the effect of polarization
coupling.”’35 Assuming a stress-free state with ideal capacitors, i.e.,
infinite resistance, the charge in both capacitors is coupled,
whereas the voltage distribution and, therefore, the local electric
field on each capacitor are based on the capacitance and
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polarizability of the material.”**> Dausch et al. have employed this
concept on lead-based ferroelectric (FE) and antiferroelectric (AFE)
0-3 type composites.”™”” In these composites, ferroelectric parti-
cles, acting as seeds, were distributed within an AFE material,
serving as the matrix. As a result, a reduction of the required elec-
tric field for the phase transformation from AFE to FE was
observed. Lee et al. demonstrated similar behavior in ER-FE com-
pOSiteS uSing (1—X)Bil/z(Nao_75Ko_25)1/2Ti03—XBiAlO3 (BNKT—
100xBA) as the ER matrix phase and NBT as the FE seed phase.”
With the inclusion of NBT, the necessary electric field to induce
the phase transformation was effectively reduced, and large di;
values of 725 and 548 pm/V were achieved for BNKT-7BA with
20vol. % NBT and BNKT-6BA with 10 vol. % NBT, respectively.”*
Similar results were observed by Groh et al. in the system
0.92Nal/2Bi1/2TiO3—0.06BaTiO3—0.02K05NaQ5NbO3 (NBT—6BT—21q\IN)
and NBT-7BT, with NBT-6BT-2KNN as the ER matrix phase and
NBT-7BT as the FE seed phase.””’ Despite these promising results,
the underlying mechanisms are not fully understood, as factors, such
as interdiffusion between the constituents, strain coupling, etc., con-
tribute to the overall electromechanical response. As such, studies
focused on different contributions of different material systems.*’™*
For instance, Fan et al. used finite element simulation to determine
the electric field distribution in 0.75(Na;/,Bi;/») TiO3-0.25S5rTiO3
(ER) and 0.96Bi1/2(Na0_84K0A16)1/2Ti03—0.04SrTiO3 (FE) 3-0 compos-
ites."” Here, the internal electric field within the ER phase surpassed
the applied field, while within the FE phase, the opposite case was
observed.”’ Furthermore, Saleem et al. focused on the interdiffusion
aspect by using different sintering times during the production of
the composites with 0.74(Na,/,Bi;;)TiO3-0.26SrTiO; as the ER
matrix phase and 0.9(Na,;,Bi;;;)TiO5-0.1SrTiO; as the FE seed
phase.’“’ It was found that with increasing interdiffusion, the material
shifted to more ferroelectric characteristics, effectively decreasing the
overall maximum strain,*® showing the importance of separating the
two phases. Another study that focused on the interdiffusion aspect
was conducted by Ayrikyan et al.”* Here, the local chemical and
residual stresses of trilayer composite structures of NBT-7BT and
BNKT-6BA were investigated.”* They identified that the interdiffu-
sion between the constituents and internal residual stresses led to sig-
nificant changes in the crystal structure, elastic properties, and grain
size, particularly in the NBT-7BT layer."* As such, co-sintering of
the constituent materials adds a layer of complexity to the overall
system. In order to mitigate the intricacies involved, the authors have
recently highlighted the importance of mainly strain coupling in 2-2
composites of 0.90NBT-0.06BT-0.04KNN (NBT-6BT-4KNN) and
NBT-6BT*’ with end-member volume fractions of 50-50. Instead
of co-sintering, the materials were (i) electrically connected and
(ii) both mechanically and electrically connected. Thus, via a
custom-built digital image correlation (DIC) system, the local
strain through the thickness of the composite across different
layers could be determined. Due to strain coupling, biaxial stress
was applied to the NBT-6BT-4KNN layer, improving the electro-
mechanical properties. As such, the overall large signal piezoelec-
tric coefficient d;; was enhanced to 440 pm/V due to strain
coupling for the case of 50 vol. % compared to the end-member
material NBT-6BT-4KNN (d;, = 390 pm/V)."”

However, as shown in previous studies,”®”’ the ratio between
the constituent materials also plays a pivotal role. The open
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question remains if the influence of strain coupling also depends
on the volume fraction of the constituents. For this reason, the
current study will focus on how polarization and strain coupling
effects change with varying volume fractions. The DIC method was
employed to record the complete deformation behavior of each
layer and the composite during the electric field loadings. Similar
to the previous study,’15 (i) electrically connected and (ii) mechani-
cally and electrically connected bilayer samples will be observed.

Il. EXPERIMENTAL METHODOLOGY

NBT-6BT-4KNN and NBT-6BT powders were produced via
the solid oxide synthesis route and chosen for matrix and seed
material for the bilayer structure, respectively. Starting powders are
Na,COj3 (99.95% purity, Alfa Aesar), Bi,O; (99.975% purity, Alfa
Aasar), TiO, (99.6% purity, Alfa Aesar), BaCO; (99.95% purity,
Alfa Aesar) K,CO; (99.95% purity, Alfa Aesar), and Nb,Os
(99.95% purity, Alfa Aesar). The two powders were separately uni-
axially pressed into disks with an approximate diameter of 7 mm
and a thickness of approximately 7mm and subsequently
cold-isostatically pressed at —180 MPa. Afterward, the green bodies
were sintered at 1150 °C for 3h using a heating and cooling rate of
3 °C/min. In addition, sacrificial powder of the same compositions
was used. Samples were cut and ground into rectangular samples
with a surface area of 4.5 x 4.5 mm?>. The relative densities, deter-
mined via the Archimedes method, were 96.7% +0.3% and
97.2% % 0.7% for NBT-6BT and NBT-6BT-4KNN. More informa-
tion about the microstructures can be found in Fig. S1 of the
supplementary material. A central aim of this study is the influence
of the volume ratio between the matrix (NBT-6BT-4KNN) and the
seed (NBT-6BT) material. In order to produce bilayers with different
volume ratios, the height of the end members was changed accord-
ingly, whereas the total height of the resulting bilayer sample was
kept constant at 4 mm. Bilayers, with a volume ratio between 0% and
100% seed, were measured. The top and bottom surface areas of the
sample were sputtered with gold electrodes. After attaching the elec-
trodes, the samples were annealed at 500 °C for 1h with a heating
and cooling rate of 5 and 1°C/min, respectively. This was done to
reduce internal stresses and stress-induced ferroelectric phases. Two
different cases have been tested with this varying volume ratios. In
case (i), the samples were stacked to create an electrical contact; it
was assumed that the samples could freely move laterally during elec-
trical loading, and no significant mechanical contact was induced. In
case (i), the samples were additionally mechanically connected with
a conducting silver paste, forming a mechanical and electrical con-
nection between the samples. From here, case (i) will be denoted as
polarization coupled (PC) and case (ii) as polarization and strain
coupled (PSC). For each case and varying volume fractions, three
large field electrical measurements were conducted.

In order to measure the electromechanical response of the
bilayer samples, a Sawyer-Tower circuit with a reference capacitor
Cref = 4.65 uF was used to measure the resulting total electric field-
dependent polarization. Additionally, the total strain of the bilayers
was measured with a linear variable differential transformer (LVDT).
Electric fields with a bipolar triangular waveform, maximum values
of +4kV/mm, and a loading rate of 0.16 kV/mm s7 (0.01 Hz) were
applied with a high-voltage power amplifier (30/20 A, TREK, Inc.)
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and a custom LabVIEW-based waveform generator. One cycle of
electric field loading was applied to the samples from the unpoled,
virgin state. However, the applied electric fields do not necessarily
represent the local electric fields in the materials used in the bilayer
system due to local variations in the dielectric response.

Digital image correlation was used to observe the electrome-
chanical response of the different layers directly. For that, the setup
has an oil bath with a glass window, allowing for the recording of
images of one sample surface during the application of an electric
field. A digital camera (MC089MG-SY-UB, Ximea GmbH) with a
resolution of 4112 x 2176 pixels combined with a lens with 2x mag-
nification (MVO-TML Telecentric Measuring Lens, Edmund Optics,
Inc.) was used to image the sample surface. Overall, a resolution of
1.75 um/pixel could be achieved. In order to have trackable patterns
for the DIC calculations, artificial speckles were sprayed onto the
observation surfaces by means of an airbrush (AT-Airbrush Pistole
Kit, AT-AK-02, Agora-Tec). Two images per second were taken to
record the deformation during electric field loading and were subse-
quently analyzed using a commercially available DIC program,
Veddac (Version 6.0, Chemnitzer Werkstoffmechanik GmbH).
Measurement points were evenly distributed at a distance of 60
pixels (105um) with a reference field of 120x 120 pixels
(~210 x 210 um?). The hair wavelet function was chosen to increase
accuracy and minimize the standard deviation between points.
Additional information about the setup can be found elsewhere.*’

I1l. RESULTS AND DISCUSSION

By combining NBT-6BT-4KNN with various volume ratios
of NBT-6BT, distinct changes in the macroscopic field-induced
strain were observed. Figures 1(a)-1(n) depict the overall longitudi-
nal (S;) and transverse strain (S;) response of the end members
[Figs. 1(a), 1(g), 1(h), and 1(n)] as well as of the bilayer samples in
PC [Figs. 1(b)-1(f)] and PSC [Figs. 1(i)-1(m)] connectivity.
Representative curves from the three measurements have been
chosen. The LVDT response for all volume ratios was examined
and, where possible, compared with the corresponding calculated
strains obtained from the DIC results. Importantly, similar
responses were observed between the LVDT and DIC measure-
ments, indicating minimal deviation between the two measurement
methods. A possible source for the deviation might result from
fluctuations of the light reflection due to silicone oil movement,
temporally changing the effective image contrast. To reduce this
error, the sample was placed as close to the glass window as feasible
to decrease the amount of silicone oil between the sample surface
and the camera. Additionally, a low loading frequency was used to
prevent turbulent oil motion. Image capture for noise evaluation
was conducted for 100 s, during which no electric field was applied,
and identical DIC parameters were maintained. The recorded back-
ground noise registered at 0.04 pixels, approximately equivalent to
0.002% strain.

Figures 1(a), 1(g), 1(h), and 1(n) display the overall response
of S; and S; as a function of electric field for the end members
NBT-6BT-4KNN (0vol. %) and NBT-6BT (100 vol. %), corre-
sponding well with previous reports.””>**>*”*® These data show
that NBT-6BT-4KNN, an ergodic relaxor at room tempera-
ture,””*”*" exhibited low remanent strain (SER = 0.05%) and high
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FIG. 1. Longitudinal and transverse strain-electric field hysteresis loops for end-member materials (a), (g), (h), and (n) and PC (b)—(f) and PSC (i)~(m) bilayer samples

with varying NBT-6BT contents.

maximum strain (SER = 0.21%). On the other hand, NBT-6BT,
which in the electrically poled state at room temperature displays
long-range ferroelectric order,” " exhibited both, high remanent
(SFE = 0.25%) and maximum strain (Sf;ix = 0.36%). In addition,
the polarization field (E ), which is the inflection point during the
first cycle of applying an electric field and describes the necessary
electric field to start coalescence of ferroelectric domains, was
observed to be higher for NBT-6BT-4KNN (Eiff, = 2.7kV/mm)
than for NBT-6BT (Ef,ﬁl = 2.3kV/mm).

Figures 1(b)-1(f) and 1(i)-1(m) represent the changes to the
overall strain response for bilayers with changing vol. %. It should
be noted that in the composites with 10 vol. % nonergodic relaxor,
only insufficient data points for the DIC measurement could

be gathered due to the limited layer thickness (~400um) of
NBT-6BT; thus, only the LVDT response is presented for these
samples. Initially, with an increase in the NBT-6BT content, there
is a corresponding increase in both the remanent and maximum
strain up to 30vol. % in both the longitudinal and transverse
directions. This is consistent with previous studies, which have
shown an increase of the remanent strain with the increase of fer-
roelectric or nonergodic relaxor seed content.”**° However, with
further increasing NBT-6BT content for the 2-2 composites at
40 and 50vol. %, a reduction in the remanent and maximum
strain is observed in the PC sample. Interestingly, the 50 vol. %
PSC sample displays an increase in both strain values as well as the
largest maximum strain from all 2-2 composites. Whereas similar
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responses between PC and PSC were observed for the 20 and
30 vol. % samples, larger maximum strains for the PSC samples were
achieved for 40 and 50 vol. %. Notably, the samples with 10 vol. %
showed a decreased response when mechanically connected. These
results show the dependence of the overall response and the influ-
ence of strain coupling from the volume fraction of the NBT-6BT
layer. In all cases, S; closely mirrors the pattern of S;, albeit with a
magnitude approximately a quarter of the longitudinal strain for
NBT-6BT-4KNN and half for NBT-6BT.

During the application of an electric field, various phenomena,
such as alterations in crystal symmetry, domain configuration, and
defect structures, lead to the emergence of localized strains. It is
important to highlight that some of these effects conserve the sample
volume, such as domain wall motion,”” while others, such as field-
induced structural phase transitions, can result in volume changes.”
It is worth noting that structural phase transitions induced by an elec-
tric field can also arise from deviatoric stress components, as observed
in potassium bicarbonate (KHCO5).”' However, it is recognized that
structural transitions are generally interconnected with a change in
volume between crystal phases.”””" Since the DIC method allows for
the evaluation of the longitudinal and transverse strain, it is possible
to assess the volume strain (AV/V) during electric field loading.45 o2
Assuming an electromechanical response that adheres to transversely
isotropic properties, we can determine the volume strain using the
following equation:

AV/IV = 8§+ 2S;. (1)

As a result, NBT-6BT, ie., 100vol. %, displays negligible
volume strain, implying an absence of crystallographic symmetry
alterations during the transformation. These findings correspond
well with the experimental results from Jo and Rédel,”” where the
volume strain in various NBT-BT compositions was measured for
varying BT contents. Conversely, NBT-6BT-4KNN, i.e., 0vol. %,
exhibits a maximum volume expansion of approximately 0.1%, sig-
nifying the presence of a field-induced phase transformation.

In the composite case with 20 and 30 vol. %, the maximum
volume strain of 0.1% persists in both PSC and PC cases.
Furthermore, the remanent volume strain increases compared to
the end-member material NBT-6BT-4KNN, which coincides with
the increase in SEF. The remanent volume strain is maximized at
30vol. % for both PC and PSC cases, retaining a value of 0.04%
and 0.06%, respectively. This increase in volume strain is most
likely due to an internal electrical and/or mechanical remanent
field across the ER phase. In the PC case, where the layers are not
mechanically connected, this remanent field is caused by varying
dielectric responses in both phases.’® In the PSC case, an additional
mechanical internal strain field can be introduced due to the dif-
ferences in electrically induced strain.”"*® As such, the increased
remanent volume and remanent strain in the PSC case, compared
to the PC case, could be due to the additional mechanical stress.
For instance, transverse compressive stress has been shown to
increase the remanent polarization in PZT.”>"* In addition, Tan
et al. have shown the opposite effect by revealing a decrease of the
remanent polarization with longitudinal uniaxial mechanical
stress.”” Since the ER layer contracts less than the FE layer, the ER
layer is under compressive stress, leading to an increased
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remanent state.”’ Zhang et al. have shown that the compressive
stress increases with increasing FE layer volume fraction,"' result-
ing in a more pronounced effect at elevated volume fractions.

The total polarization as a function of electric field can provide
additional information about the domain switching processes.
Therefore, the macroscopic polarization-electric field hysteresis
behavior for all samples is presented in Figs. 2(a)-2(g). In the case of
NBT-6BT-4KNN, a pinched hysteresis characteristic of an ergodic
relaxor was observed, resulting in low remanent polarization
(Pr= 15,uC/cm2), consistent with previous observations at room
'[emperature.”’’17”18 In contrast, NBT-6BT, a nonergodic relaxor,
exhibited no constriction and formed large remanent polarization
(Pr =43 uC/cm?), characteristic for this system.m‘% Furthermore,
NBT-6BT showed higher maximum polarization P,,, than
NBT-6BT-4KNN, which was determined to be 47 and 39 ,uC/cmz,
respectively.

In the 2-2 composites, variations in the constituent contents
are expected to influence the remanent and maximum polarization
values.”” For PC composites, the changes in the polarization
response mirror those observed in the macroscopic strain response,
namely, the remanent and maximum polarization, increase with
higher volume percentages, peaking at 30vol. % NBT-6BT, fol-
lowed by a decline at 40 and 50 vol. %. Generally, when two materi-
als are coupled, the charges in each layer remain consistent, unlike
the electric field, which can vary depending on the permittivity and
volume fraction.” In the case of similar thickness and area of two
connected materials, the material with higher permittivity experi-
ences a lower electric field and vice versa. This effect can be further
magnified with changing volume fraction. Indeed, it was shown
that the local electric field of the FE layer is inversely proportional
to the layer thickness, meaning that with increasing volume per-
centages, the local electric field decreased.”® As such, in composites
with 40% and 50% volume fractions, the local electric field is mini-
mized in the FE layer, resulting in significant reductions in both
maximum and remanent polarization. Moreover, in the remanent
state, a distinct polarity shift occurs—the ER layer experiences a
positive remanent field, while the FE layer acquires a negative rem-
anent field.”® These fields occur in order to maintain an equal
charge distribution in both materials. In addition, numerical simu-
lations on NBT-7BT and NBT-6BT-2KNN composites revealed
that the smaller the FE volume fraction, the larger the magnitude
of the remanent electric field in the FE layer, which is negative in
sign.”® This polarity discrepancy raises the possibility that the nega-
tive field within the ferroelectric phase is sufficient to induce depola-
rization of the ferroelectric layer. Consequently, this depolarization
effect plays a pivotal role in diminishing polarization values, particu-
larly concerning remanent polarization.

However, unlike the strain response, the PC and PSC cases
did not exhibit significant differences, except at 10 vol. %. Initially,
the electric field across the FE layer should be maximized due to
minimized layer thickness. However, the discrepancy is likely due
to the mechanical constraints on the sample. Zhang et al. have
demonstrated in a composite system that the FE layer experiences
higher tensile stress with lower volume fraction."’ Whereas trans-
verse compressive stress increases the polarization values,” " trans-
verse tensile stress has the opposite effect. Therefore, when
mechanically coupling the materials, NBT-6BT is constrained and
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FIG. 2. Electric field-dependent polarization responses for the PC and PSC case with different NBT-6BT volume fractions (b)—(f) as well as the P(E)-hysteresis curves for

the end members (a) and (g).

does not fully polarize in the PSC case, resulting in the difference
at 10 vol. %.

Considering that the macroscopic strain response for 40 and
50 vol. % changes between the PC and PSC cases, the similarity of the
overall P(E)-curves is unexpected. As mentioned earlier, compressive
stress on the ER layer increases with the increasing FE layer volume
fraction.”" This coincides well with the growing divergence in the mac-
roscopic strain response between the PC and PSC cases with increasing
volume percentages. Dittmer et al. have shown for NBT-6BT samples
that uniaxial compressive stress changed the electric-field-induced
strain more than the polarization response.”® This decoupling of strain
and polarization response was particularly observed around the Tp_g
where the material shifts to an ergodic relaxor.”® Nevertheless, mea-
surements of strain and polarization as a function of radial compressive
stress would be necessary to resolve this question.

The remanent and maximum strain and polarization values
are summarized in Figs. 3(a)-3(f) for the PC and PSC samples as a
function of NBT-6BT content. During testing, three different
samples were measured for each NBT-6BT content to help observe
sample-to-sample variations. For each measurement, the maximum
strain was read at the positive and negative electric field and the
remanent strain at an electric field of 0. As such, two data points
could be extracted for the specific values. In order to improve
clarity, the average value is shown in Fig. 3, with the shaded area
representing the maximum and minimum observed values.
Possible sources for these variations are general sample-to-sample
variations, such as differences in microstructure and porosity.
However, care was taken to ensure that the observed relative
density of each sample via the Archimedes method was >95%. In
particular, for the PC case, the quality of the connection between

the samples, such as a possible thin layer of oil between the elec-
trodes, is a potential error source. Nevertheless, no significant dif-
ference in the size of the error bars between the PC and PSC is
visible. Overall, the variations are small enough and allow for a
description of the overall trend.

In the PC case up to 30 vol. %, the remanent strain increased, :
whereas the maximum strain remained relatively constant with ¢

increasing NBT-6BT fraction. However, at 40 and 50 vol. %, a
local minimum is observed. Generally, as the NBT-6BT content
increases, both strain values should, in theory, show an increase
according to the rule of mixture. For instance, in previously
observed results for 0-3 composites with the same basic materi-
als, Groh et al. found a continuous increase of both the remanent
and maximum strain with increasing NBT-6BT content. There
are different possible explanations for why differences between
these results and the current study occurred. For one, the response of
0-3 composites differs from 2-2 composites, as shown by Ayrikyan
et al.”” due to differences in the interface regions, interdiffusion, and
residual stress state. For example, 0-3 composites have been sintered
together, thus producing an interphase between the materials as well
as internal stresses caused by varying sintering dynamics. As shown
in previous studies, these interphases have crystal structures and elec-
tromechanical properties that are different from the bulk, impacting
the macroscopic properties.”* Additionally, in the PC case, the
samples are connected only by polarization and not by strain. When
focusing on the PSC case, the previously observed local minimum
40 and 50 vol. % in the PC case is less pronounced, and maximum
and remanent strain follow a more linear trend.

To further understand the macroscopic strain and polarization
results, two important factors will be discussed. First, the applied
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and PSC case at varying NBT-6BT vol. %, as well as the overall remanent
(2Pg) and maximum polarization (2Pn4). The shaded area represents the
maximum and minimum measured values from six data points.

maximum electric field plays an important role. Groh et al. directly
compared the macroscopic strain response of NBT-6BT-2KNN
with 0-3 composites consisting of the NBT-6BT-2KNN matrix
and the 10 vol. % NBT-7BT seed at 4 and 6 kV/mm.”® They found
that an enhancement was only observed in the case of 4kV/mm,
whereas in the case of 6kV/mm, the 10vol. % sample showed
lower achievable large signal piezoelectric properties.”® Similar
observations were made by Zhang et al. on the multilayer com-
posite system of 0.91Bi;;;Na;,;,TiO3-0.06BaTiO-0.03AgNbO;
(RE-matrix) and 0.93Bi;;;Na;,,Ti03-0.07BaTiO; (FE-seed)."’
This is due to the saturation of the strain signal at higher electric
fields reducing the apparent d;; coefficient. With increasing seed
concentration and subsequent reduction in the polarization field,
the composite displays enhanced strain saturation at the same
maximum electric field, resulting in an apparent decrease of the
large signal piezoelectric coefficient. As such, the applied electric
field plays another important role at which vol. % an enhancement is
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observed. Second, the connectivity of the multilayer structure is
important."' Here, a previous study reduced the polarization cou-
pling through variations in the electric field orientation with respect
to the layer interfaces in 2-2 composites, where layers were con-
nected in parallel (polarization and strain coupled) and perpen-
dicular (strain coupled) to the electrode. Here, the optimum
amount of seed was different depending on whether the samples
were polarization coupled (25vol. %, dy; ~ 625pm/V) or strain
coupled (38.2 vol. %, dy; ~ 564 pm/V)."!

So far, the discussion has been limited to the overall response,
but the DIC method allows the observation of individual layers to
understand the local strain response [Figs. 4(a)-4(j)]. Furthermore,
observations of each layer separately allow for qualitative evaluation
of the local electric field in each layer. For the PC case, the assump-
tion is that the polarization fields of the end members do not
change in the composite structure. Since polarization fields can be
estimated from the strain responses, variations in the evaluated
polarization field are caused by variations in the local electric field
in each layer. For example, if the polarization field surpasses that of
the end members, it is suggested that the local electric field is lower
than the applied electric field. These variations in the local electric
field arise from the series connection of both layers. When capaci-
tors are connected in series, assuming infinite resistivity, the charge
must be equal for both capacitors. In a system with varying dielec-
tric permittivity between components and volume ratio variations
between the layers, there is an inhomogeneous distribution of
electric field due to different local voltage drops on each capaci-
tor. Additionally, since nonergodic and ergodic relaxors are non-
linear dielectrics, additional information is necessary to evaluate
the charge distribution correctly.57 This is, unfortunately, out of
the scope of this research. Nevertheless, varying local electric
fields in the NBT-6BT and NBT-6BT-4KNN layers are expected
and need to be considered in conjunction with the independent
results of the respective end members. For the PSC case, the addi-
tional mechanical stresses caused by a strain-mismatch will
change the strain response of the layers and, by extension, the
polarization field.

In the NBT-6BT layer, the polarization field shifts to higher
values with increasing volume fraction, suggesting a decrease in the
local electric field in the NBT-6BT layer [Figs. 4(a)-4(e)]. This is
further supported by the lower maximum and remanent strain
values compared to the end members. As mentioned previously,
due to the coupled charge between the FE and ER layers, a rema-
nent field is observed in each layer.38 Furthermore, the smaller
the FE volume fraction, the larger the magnitude of the remanent
electric field in the FE phase, which is negative in sign.”® These
observations are particularly prominent in the PC case at 40 and
50 vol. %. At these volume fractions, the most significant differ-
ence between PC and PSC cases is visible as well. Compared to
the PC case, increased strain values and lower polarization fields
are observed for the NBT-6BT layer in the PSC connection.
Previous studies have highlighted the crucial role of the strain
coupling effect in the reduction of the transformation field.*”*"**
Due to mechanical coupling, the NBT-6BT layer experiences
mechanical stress that facilitates the field-induced transformation
into the ferroelectric phase.”**” When comparing the electrome-
chanical response, NBT-6BT-4KNN strains at electric fields
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FIG. 4. Local longitudinal and transverse strain-electric field hysteresis loops for the NBT-6BT (a)—(e) and NBT-6BT—4KNN (f)—(j) layers in 2-2 composites with varying

NBT-6BT volume fractions.

below the polarization field of NBT-6BT. As such, the ER layer
contracts before the FE layer, resulting in a biaxial tensile and
compressive stress in the ER and FE layer, respectively. This
mechanical stress likely facilitates the phase transformation in
NBT-6BT. Furthermore, transversal compressive biaxial stress has
been shown to decrease the polarization field in ferroelectric
materials.””* This would explain why the polarization field for
the NBT-6BT layer is reduced at 40 and 50 vol. %.

Similarly, the strain response of the NBT-6BT-4KNN layer
can reveal changes to the local electric field of the ER layer.
Figures 4(f)-4(j) show representative S(E)-loops as a function of
seed content for NBT-6BT-4KNN. In the PC case, both rema-
nent and maximum strain showed a significant increase with the

rise in volume percentage up to 30%. This increase in remanent
strain is particularly noteworthy since NBT-6BT-4KNN is typi-
cally characterized by a low remanent strain that is nearly inde-
pendent of the applied electric field.””*”*¥ Mirroring the behavior
of the FE layer, the ER layer exhibits an internal remanent electric
field caused by the charge equalization between the layers. To
counteract the negative field in the FE layer, the internal remanent
field in the ER layer is positive, leading to a positive remanent
strain.’® Residual mechanical fields can influence the remanent
state as well."' Despite the substantial transverse remanent strain
in the NBT-6BT end members, they are not expected to play a
significant role. This is evident since similar remanent strains are
observed in both PC and PSC samples despite the absence of
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mechanical coupling in the PC state. However, mechanical fields
seem to have played a major role in the enhancement of the strain
response at 40 and 50vol. %. At first, in the PC case, the S
(E)-loops of 40 and 50 vol. % appear broader, indicating a higher
polarization field and, by extension, a lower local electric field.
However, similar to the NBT-6BT layer, the polarization field was
reduced in the PSC case compared to the PC case. These results
highlight the importance of strain coupling at higher vol. %, particu-
larly in the PSC case for 50vol. %, where the highest maximum
strain of NBT-6BT-4KNN was achieved.

Initially, the PSC and the PC composite are electrically
unpoled with zero internal residual stresses. However, in the PSC
case, upon the application and subsequent removal of an external
electric field, the transverse electromechanical response alters the
internal stress within the composite. To illustrate this point,
Figs. 5(a) and 5(b) depict the electric-field-induced strain response of
the sample with 40 vol. % NBT-6BT. Since DIC allows for the local
resolution of the strain response, four points have been selected.
Two points were selected from a sufficient distance (~500um) to
the interface, where the strain describes bulk strain behavior of
the constituent material. Additional two points with a distance of
approximately 100 um from the interface were selected. In the PC
case [Fig. 5(a)], where the materials are not mechanically coupled,
the strain responses from locations close to the interface and
further removed from the interface are almost identical. In contrast,
the PSC case [Fig. 5(b)], featuring a mechanical interface, shows sig-
nificant differences in the strain behavior when observing the com-
posite close to the interface. Focusing on the remanent case,
calculating the difference (AS = S;p — Six) between the average bulk
strain S and the strain S;, at any chosen position x, one can infer
the residual mechanical stress at this position. Doing so results in a
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positive value (AS = 0.007%) for the NBT-6BT layer, suggesting
that the material contracted less at the interface than in the normal-
ized case, resulting in tensile stress. On the other hand, negative
values (AS = —0.012%) were calculated for the NBT-6BT-4KNN
layer, suggesting a stronger contraction and, by extension, compres-
sive stress. Assuming an isotropic, linear elastic response, the elastic
moduli of the material can be used to estimate the value of the
residual stress. For the calculations, an elastic modulus of approxi-
mately 105 GPa’>" for NBT-6BT and approximately 113 GPa’’
for NBT-6BT-4KNN, respectively, was chosen. It should be
noted that the elastic modulus of NBT-6BT-4KNN was based on
values reported for NBT-6BT-2KNN. Using these elastic properties,
a residual stress close to the interface of approximately 10 MPa was
estimated.

To further analyze the residual stress induced via the interface
interaction, Figs. 6(a)-6(f) show the strain as a function of the
position through the cross section of the composite structure with
20, 30, and 40 vol. % for both the PC and PSC cases. The same
analysis can be found in a previous study for 50 vol. %." In the
unpoled state, there is no strain gradient through the thickness of
either configuration. However, when an electric field is applied, a
substantial increase in the strain gradient occurs. A sharp jump in
strain is observed in the PC configuration when increasing the elec-
tric field over the respective poling field, as no mechanical connec-
tion is present between the two end members. The strain within
each layer is uniform, although slight fluctuations as a function of
position were apparent. This could be due to the aforementioned oil
motion or an inhomogeneous electric field distribution inside the
material.”’ Overall, no significant gradient or variation within the
resolution of the current measurements is displayed. This is the case
when increasing the electric field and when decreasing it. In contrast,
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FIG. 5. Local transverse strain-electric field hysteresis loops at selected positions of the 2-2 composite with 40 vol. % NBT-6BT for the PC (a) and PSC case (b).
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indicates the interface between NBT-6BT and NBT-6BT—4KNN.

the mechanical interface in the PSC case resulted in a more gradual,
continuous strain transition through the thickness of the compos-
ite structure. At the mechanical interface, the aforementioned
tensile and compressive stresses are maximized for NBT-6BT and

NBT-6BT-4KNN. Using the same method, a maximum residual
stress of approximately 35 MPa was estimated for all vol. %. In
particular, the compressive stress is essential for the observed
enhancement of the electromechanical properties.””” In a
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previous study on PZT, a higher piezoelectric charge coefficient
was achieved through radial compressive stress-assisted poling. It
should be noted, however, that improved values were not observed
after removal of the mechanical load. This, together with previous
observations on bilayer composites,”’ suggests that a constant
mechanical stress is crucial for the enhancement.

Nevertheless, the actual residual stress could be quite different,
as a constant strain does not necessarily mean a stress-free region.
For instance, the residual stress in each layer depends on the thick-
ness ratio between the different layers. This is similar to residual
stress generation during sintering of two materials with different
sintering trajectories. This can be determined by the Chartier
model,’" which uses the classic laminate plate theory and describes
the relationship between the tensile stresses in the NBT-6BT layer
and the compressive stresses in the NBT-6BT-4KNN layer in the
following equation:

@)

Overall
T T T

.NBT.'eBT.
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Here, t; and t, corresponds to the thickness of the
NBT-6BT-4KNN and NBT-6BT layer, respectively. In general,
this equation predicts that the compressive stress (c;) increases
on the NBT-6BT-4KNN layer when its layer thickness becomes
thinner compared to the layer thickness of NBT-6BT. In addition,
the tensile stress (0,) on the NBT-6BT layer decreases. This
change in ratio is equal to increasing the vol. % of NBT-6BT and
should be reflected in the current observations. It should be noted
that this equation was derived for trilayer composites, but the
general relationship can be used to explain the observations of
each vol. %. At a 20% volume fraction of NBT-6BT [Figs. 6(a)
and 6(b)], the relatively thin layer of NBT-6BT, juxtaposed with
the thicker layer of NBT-6BT-4KNN, resulted in pronounced tensile
stress in NBT-6BT. While diminishing the strain response of NBT-
6BT, the insufficient development of compressive stress limited the
potential improvement in NBT-6BT-4KNN. This can be seen in the
maximum strain in NBT-6BT, which did not reach the values com-
pared to the PC case. As such, the thickness ratio of each layer is
also the potential factor that resulted in the strain response of the
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10 vol. % composites. Upon increasing the volume fraction to 30%,
the thickness of NBT-6BT increased, leading to a reduction of the
tensile stress in NBT-6BT, while increasing the compressive stress
on NBT-6BT-4KNN. However, this increase did not translate
into a significant enhancement in the performance of NBT-6BT-
4KNN. In contrast, a 40% volume fraction of NBT-6BT proved to
be a turning point. The increased thickness of NBT-6BT became
sufficient to introduce beneficial compressive stress in NBT-6BT-
4KNN. This configuration markedly improved overall properties,
as the detrimental tensile stress in NBT-6BT was mitigated due to
its increased thickness. As such, these observations emphasize the
intricate relationship between volume fraction, layer thickness,
and mechanical coupling in piezoelectric composites. The find-
ings underscore the importance of considering these factors when
optimizing the performance of such composite materials.

One of the important values for actuators is the large signal
longitudinal piezoelectric coefficient d;;, which is determined by
the difference in remanent and maximum unipolar strain normal-
ized by the maximum applied electric field ((Syax — Srem)/Emax)-
Similarly, the large signal transverse piezoelectric coefficient d3, can
be calculated by using the strain in the transverse direction, thus
describing the contraction during the application of an electric field.
These values, together with the polarization field, are summarized in
Fig. 5; the total response in Figs. 7(a), 7(d), and 7(g), the NBT-6BT
layer in Figs. 7(b), 7(e), and 7(h), and the NBT-6BT-4KNN layer in
Figs. 7(c), 7(f), and 7(i). Additionally, the values for the PC and PSC
cases are compared. For enhanced clarity, Fig. 7 presents the trend of
the average value, with the shaded area denoting the range encom-
passing the maximum and minimum observed values. The overall
signal shows, for the PC case, an almost linear decreasing trend from
410 pm/V to 260 pm/V with increasing seed concentration up to
50 vol. %, whereas an inverse behavior is seen for the polarization
field. For seed contents between 0 and 20 vol. %, E,, remains rel-
atively constant at approximately 2.6 kV/mm. With increasing
NBT-6BT content up to 50vol. %, a value of 3.3kV/mm is
observed. The d;1 values, on the other hand, remained relatively
constant at approximately —110pm/V, as NBT-6BT and
NBT-6BT-4KNN displayed the same transverse strain response.
If the end members are mechanically connected, however, the
trend for all three values changes. At first, dy;, dy;, and Epy
follow the same behavior as the PC case, but diverge at 40 vol. %.
The piezoelectric coefficients d;; and d;, are maximum at
50 vol. % with values of approximately 440 pm/V and —130 pm/V,
respectively. Furthermore, the polarization field is significantly
decreased at 50 vol. %, which is most likely caused by an increased
local electric field. As the electrical contact was maintained, the
polarization coupling did not change for the PSC case. The
reason for the lower polarization field and improved electrome-
chanical properties must, therefore, be a result of strain coupling.

The electromechanical response of NBT-6BT in the PC case
shows a minimum at 40 to 50 vol. %, together with a maximum
polarization field. Similar to the overall signal, strain coupling
reduced the polarization field significantly. As such, d;; and d;, are
improved compared to only polarization coupling. Nevertheless,
the values are relatively constant for each volume fraction at
approximately 220 pC/N and —110 pC/N for d;;, and d;,, respec-
tively. Thus, it is suggested that the overall improvement of the
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electromechanical properties stems more from the enhancement in
the NBT-6BT-4KNN response. Here, d;, and dj, reach values at
50 vol. % of approximately 490 pm/V and —130 pm/V, respectively.
For comparison, NBT-6BT-4KNN without an FE layer had values
of 400 pm/V and —115 pm/V, thus enhancing these values by 25%
and 15%, respectively. These results are similar to previous observa-
tions made by Groh et al.”” where an optimized d;, was found for
50 vol. %. However, the observed composites were 0-3 composites
and sintered together. It is most likely that interdiffusion and inter-
nal stresses also play a significant role in the changes to the electro-
mechanical properties. Nevertheless, these results showed the
importance of strain coupling for bilayer composites.

IV. CONCLUSION

Bilayer composites of NBT-6BT and NBT-6BT-4KNN were
studied using digital image correlation, revealing the local strain
response of each layer. The electromechanical properties were ana-
lyzed in both electrically connected (PC) and mechanically and elec-
trically connected (PSC) cases. It was observed that strain coupling
played a crucial role in enhancing the electromechanical response,
especially in NBT-6BT-4KNN, where significant improvements in
dy; and d;; of 25% and 15% compared to the pure end member,
respectively, were observed at 50 vol. %. Interestingly, no significant
differences were observed for cases between 10 and 30 vol. % for the
bilayer materials. It is suggested that the thickness ratio played a
pivotal role, and only at higher vol. % sufficient compressive stress
was applied onto the NBT-6BT-4KNN layer. The stress-induced
phase transformation through strain coupling led to an improved
strain response, while polarization values were mostly consistent for
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strain coupling in bilayer composites and provide valuable insights
for designing and optimizing lead-free piezoelectric materials for
actuator applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for SEM images of the
microstructure and the grain size distribution of NBT-6BT and
NBT-6BT-4KNN.
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