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transformers, are widely utilized in the 
fields of communications, energy, medi-
cine, etc.[1–5] Hardening in piezoelectric 
materials, which inhibits ferroelectric 
domain wall motions and therefore 
reduces mechanical loss, is a critical tech-
nique for applications near the resonance 
frequency.[6–8] For several decades, chem-
ical doping has been extensively studied in 
ferroelectrics. Acceptor doping was found 
to introduce asymmetrically-distributed 
charged point defects, which pin the fer-
roelectric domain walls by an internal bias 
field.[9–11] However, the deterioration of the 
hardening effect at large electric fields, 
which arises from the highly mobile 
oxygen vacancies, limits the high-power 
applications.[12,13] With the increasing 
demand for high-power applications such 
as ultrasonic cleaning/welding, medical 
ultrasonic devices, surface acoustic wave 
devices, etc.,[14,15] seeking an alternative 
hardening method, which is stable at 

large electric fields is of great necessity and significance.
Piezoelectric hardening using a composite approach was 

validated experimentally in Na1/2Bi1/2TiO3—BaTiO3:ZnO 
(NBT—BT:ZnO) composites.[16] It was suggested that the hard-
ening effect originated from a mechanical interaction between 
the secondary-phase particles and ferroelectric grains.[17] How-
ever, the secondary ZnO phase was located predominantly at 
grain boundaries, thus only domains in the vicinity of grain 
boundaries could be influenced. Inspired by metallurgy,[18] 
precipitation hardening, which aims at introducing secondary-
phase particles into the interior of the ferroelectric grains to 
exert a more direct and stronger interaction with the domain 
walls, was recently proposed and validated in the model system 
(Ba,Ca)TiO3.[19] These secondary-phase particles are expected to 
be highly stable in large electric fields.

Both orientation and shape of precipitates have a pronounced 
influence on the hardening effect in metals.[20,21] This effect on 
the precipitate—twin-boundary (TB) interaction was studied by 
molecular dynamics simulations.[22,23] It was predicted that a 
plate-like precipitate with a large aspect ratio has a stronger pin-
ning effect than a spherical precipitate with the same volume. 
Moreover, the pinning effect from a plate-like precipitate is 
maximized when its long axis is parallel to the TB. Since a fer-
roelectric domain wall can be regarded as a TB, this orientation 
and shape effect should also play an important role in domain 

High-power piezoelectric applications are predicted to share approximately 
one-third of the lead-free piezoelectric ceramic market in 2024 with alkaline 
niobates as the primary competitor. To suppress self-heating in high-power 
devices due to mechanical loss when driven by large electric fields, piezo-
electric hardening to restrict domain wall motion is required. In the present 
work, highly effective piezoelectric hardening via coherent plate-like precipi-
tates in a model system of the (Li,Na)NbO3 (LNN) solid solution delivers a 
reduction in losses, quantified as an electromechanical quality factor, by a 
factor of ten. Various thermal aging schemes are demonstrated to control the 
average size, number density, and location of the precipitates. The estab-
lished properties are correlated with a detailed determination of short- and 
long-range atomic structure by X-ray diffraction and pair distribution function 
analysis, respectively, as well as microstructure determined by transmission 
electron microscopy. The impact of microstructure with precipitates on both 
small- and large-field properties is also established. These results pave the 
way to implement precipitate hardening in piezoelectric materials, analogous 
to precipitate hardening in metals, broadening their use cases in applications.

ReseaRch aRticle

1. Introduction

Piezoelectric materials, distinguished by their multitude of 
applications such as high-accuracy actuators, sensors, and 
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wall pinning. Precipitation allows to introduce secondary-phase 
particles into the grain interior with a defined aspect ratio. For 
example, in the MgO-partially-stabilized zirconia (Mg-PSZ), 
coherent ellipsoidal precipitates with tetragonal symmetry 
(low-Zr content) were formed in a cubic matrix (high-Zr con-
tent).[24] In Fe-containing MgO, octahedral FeMg2O4 precipi-
tates developed in the MgO matrix[25,26]

In addition, the morphology, size, distribution, and number 
density of the precipitates determine the final hardening effect. 
The formation of a secondary-phase particle can be divided 
into two regimes: nucleation (increase in number density) and 
growth (increase in size).[27] In a phase diagram where solu-
bility decreases with decreasing temperature, low temperature 
is thermodynamically favored while high temperature is kineti-
cally favored for both processes. Therefore, an optimal tempera-
ture regime exists for each process separately with the optimal 
temperature for precipitate nucleation lower than for precipitate 
growth.[27] Ideally, high number density with an appropriate 
average size (a few tens to hundreds of nanometers) should 
have the highest pinning effect on domain walls. Realizing this 
microstructure by devising optimum aging parameters is thus 
the key to precipitation hardening.

Alkaline niobates are an important family of lead-free func-
tional materials, which are promising candidates to replace the 
commercial ferroelectric material PbZr1−xTixO3 (PZT).[28] (K,Na)
NbO3-based (KNN) materials possess the largest market share 
of lead-free piezoelectric ceramics.[14] While high Qm values 
(reciprocal of the mechanical loss, usually taken as part of the 
figure-of-merit for resonance applications[1]) were achieved in 
KNN-based materials by acceptor doping,[29,30] they suffer a 
drop at high vibration velocities which warrants improvement 
for high-power applications.[31,32] Considering the discussion 
above, it is highly attractive to precipitate plate-like secondary-
phase particles in alkaline niobate solid solutions. A feasible 
alkali niobate is (Li,Na)NbO3 (LNN), which was found to be 
promising for high-frequency applications such as frequency 
filters.[33,34] Although extensive studies were conducted on the 
electromechanical and dielectric properties, and the crystallo-
graphic structure of LNN,[35–37] there is no research investigating 
the secondary phase and its influence on the macroscopic prop-
erties in LNN. Belyaev et al. proposed an equilibrium phase dia-
gram of LNN, indicating that the solid solubility of LiNbO3 (LN) 
in the matrix NaNbO3 (NN) drops from ≈30 mol% at 1000 °C to 
≈12 mol% at 800 °C.[38] Such strong temperature dependence of 
solubility renders LNN an ideal system for precipitation hard-
ening. In addition, the small-radius cations on the A-site retain 
sufficient atomic diffusivity at a relatively low temperature. This 
allows for optimized nucleation, while the precipitate growth 
rate is in a reasonable range.

Precipitation hardening was therefore designed in (Li,Na)
NbO3 (LNN) polycrystalline ceramics in this work. Both ferro-
electric and electromechanical properties were investigated as 
a function of microstructure: precipitation-hardened samples 
have a strongly suppressed polarization and a greatly enhanced 
mechanical quality factor Qm. Succinct results on the piezo-
electric hardening effect were correlated to detailed studies on 
structure by X-ray diffraction, pair distribution function anal-
ysis, and transmission electron microscopy. The huge impact 
of precipitates on piezoelectric hardening provides a guide for 

wide implementation of this concept in KNN-based materials 
and beyond.

2. Experimental Section

2.1. Sample preparation

The phase diagram of LNN is presented in Figure 1.[38] The 
composition of Li0.18Na0.82NbO3 (LNN18) was selected due to 
its moderate Li content and ferroelectricity at room tempera-
ture. Further increasing the Li content leads to a dramatic 
decrease in electromechanical and dielectric properties.[34] To 
study the effect of Li content on the properties of a single-phase 
sample before and after aging, single-phase samples with com-
positions of LixNa1−xNbO3 (x   =   0.12, 0.14, and 0.16, denoted 
by LNN12, LNN14, and LNN16, respectively) were also pre-
pared for reference. All samples were synthesized by the solid-
state reaction method. Powders of Li2CO3 (99.0%, Alfa Aesar), 
Na2CO3 (99.5%, Alfa Aesar), and Nb2O5 (99.9%, Alfa Aesar) 
were weighed in a stoichiometric ratio. 1% excess of Na2CO3 
was added into the mixture to compensate for volatilization 
during sintering. The mixture was ball-milled in a planetary 
mill at 250 r min–1 for 12 h with zirconia balls and ethanol as 
the media. The dried powders were then calcined at 850  °C 
for 4  h and resulted in a mixture of NN-rich solid solution 
(NNss, perovskite structure) and LN-rich solid solution (LNss, 
ilmenite structure), as confirmed by X-ray diffraction (XRD; 
Figure S1a, Supporting Information) since the calcination tem-
perature of 850 °C lies within the two-phase region NNss + LNss 
(Figure 1).[38] The calcined powders were then cold isostatically 
pressed into pellets of a dimension of ≈Φ  10  mm  ×  1.5  mm 
with a pressure of 357  MPa. To obtain a single-phase sample 
and to avoid cracks, the samples were first sintered at 1300 °C 
for 2 h, followed by a moderate cooling at a rate of 5 K min–1. 
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Figure 1. Partial phase diagram of the LNN solid solution (redrawn based 
on information in ref. [38]). The dashed part of the subsolidus curve was 
not determined. All heat treatments during precipitation are indicated 
by red arrows and the sequence is labeled with numbers (step ① is air 
quenching). The selected composition (gold dashed line), calcination/
sintering temperature (blue dot), and aging temperature range (blue bar) 
are indicated in the phase diagram.
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Then, specimens were thinned down to ≈0.5  mm to facilitate 
swift attainment of thermal equilibrium and reduce the possi-
bility of crack formation.[39] These samples were heat-treated at 
1300 °C for 2 h followed by air quenching. These as-quenched 
samples are hereafter denoted as unaged samples.

In the following, one-stage aging denotes samples aged 
at 500–800  °C for 8  h. Two-stage aging was also devised to 
nucleate the precipitates at the first stage (500  °C) for 24  h 
and grow them at the second stage (600  °C).[19] The duration 
of the second-stage aging varied from 0 h to 6 h. All aging was 
performed above the Curie temperature (≈480  °C, as deter-
mined from the permittivity curves in Figure S2, Supporting 
Information).

2.2. Structural Characterization

The XRD was conducted on powders, derived from crushed 
bulk sintered samples and annealed at 400  °C for 30  min to 
eliminate residual stress, using a laboratory X-ray diffrac-
tometer (Bruker D8 Advanced, Germany) with Cu Kα radia-
tion (wavelengths λKα1  = 1.5406  Å and  λKα2  = 1.5444  Å) and 
Bragg–Brentano geometry. Bright-field transmission electron 
microscopy (TEM), scanning TEM (STEM), and element map-
pings were conducted using a JEM-2100F transmission elec-
tron microscope (JEOL, Tokyo, Japan) with an Oxford X-Max80 
energy-dispersive X-ray spectroscopy (EDS) detector (Oxford 
Instruments, High Wycombe, United Kingdom) attached to the 
instrument. A Φ 3 mm disk sample was cut and polished from 
≈300 µm down to 20 µm in thickness. Annealing at 200 °C for 
0.5 h with a heating and cooling rate of 1 K min–1 was carried 
out on the polished thin disk to release accumulated strain 
during polishing. The as-annealed disk was mounted on a 
molybdenum grid and subsequently, ion milled to electron 
transparency (Gatan model 600 dual ion mill).

Pair distribution functions (PDFs) were converted from the 
total scattering functions, which were obtained at the beam-
line P02.1 at Deutsches Elektronen-Synchrotron (DESY), with 
a wavelength of 0.2073 Å. Transmission mode was adopted. An 
area detector was used for data collection and the sample-to-
detector distance was 200 mm. Each pattern was collected for 
10 min to ensure a sufficient signal/noise ratio at high-Q range 
(Q is the amplitude of the transfer momentum). A background 
pattern was taken for 5 min with the same setup but without a 
sample. The conversion from a total scattering pattern to a PDF 
was conducted with PDFgetX3.[40] The simulation of PDF was 
performed with PDFgui.[41] For the two-phase model used in 
the PDF simulation, the Pmc21 model (NNss) was obtained by 
small-box modeling[42] based on the data of the unaged sample; 
the R3c (LNss) was taken from the Inorganic Crystal Structure 
Database (ICSD No. 250775).

2.3. Electrical Measurements

The large-signal polarization hysteresis loop was monitored 
with a modified Sawyer–Tower circuit. Bar samples with a 
dimension of ≈5.5 mm × 1.5 mm × 0.3 mm were prepared and 
furnished with platinum electrodes on the two largest faces. The 

sample was immersed in silicone oil during the measurement. 
A triangular-wave electric field with a frequency of 1  Hz was 
adopted. The small-signal electromechanical properties were 
obtained through the impedance method. Before the electrome-
chanical measurement, samples were poled under 8 kV mm–1 
at 100–120  °C for 15  min. Disk samples with a dimension of 
≈Φ  8  mm  ×  0.3  mm and radial vibration mode were adopted 
according to the European standard.[43] The impedance spectra 
were quantified by a commercial broadband impedance ana-
lyzer (Novocontrol, Montabaur, Germany). The amplitude of 
the applied AC electric field was 0.01 kV mm–1. The mechanical 
quality factor Qm was calculated with the 3 dB method. The lon-
gitudinal piezoelectric coefficient d33 was determined using a 
commercial Berlincourt meter (Piezotest PM300, Singapore), 
with a static clamping force of 2 N, a dynamic driving force of 
0.25  N, and a driving frequency of 110  Hz. All the electrome-
chanical parameters (i.e., Qm, kp, and d33) were quantified on 
3–4 samples, and the average values were taken. The error bars 
represent the standard deviation. Qm at high vibration velocity 
was quantified by the burst method.[44] 2000 cycles of sinu-
soidal electric field at the resonance frequency were adopted to 
drive the sample. Then, the sample was short-circuited and the 
vibration starts to decay due to mechanical loss, based on which 
the electromechanical properties were determined. A laser 
vibrometer (OFV-505, Polytec GmbH, Waldbronn, Germany) 
was adopted to record the vibration of the sample throughout 
the whole process. The amplitude of the driving voltage was 
determined at the largest vibration velocity ≈0.8  m  s−1, which 
is the detection limit of the laser vibrometer. The details of 
the high-vibration-velocity Qm measurement were described 
elsewhere.[45]

3. Results

3.1. Crystallographic Structure and Microstructure

3.1.1. Crystallographic Structure

The XRD patterns of the unaged and aged LNN18 samples are 
depicted in Figure 2a,b. In the unaged sample, only a single 
phase NNss with R3c space group can be detected, verifying 
that the formation of the secondary phase was avoided by air 
quenching. After aging, a secondary phase appears, which is 
determined to be LNss also with space group R3c. Note that the 
LNss has a different structure type from the NNss, although they 
belong to the same space group. The three most intense reflec-
tions of the LNss phase are marked by asterisks. Due to the 
relatively small phase fraction of the LNss phase and small scat-
tering factor of Li, the most intense reflection 012LN (hexagonal 
coordinate system) was selected to evaluate the amount of LNss 
phase as a semi-quantitative method. The integrated intensity 
ratio of the 012LN and the 100NN reflections (reflection indexes of 
NNss are based on the pseudocubic coordinate system with the 
lattice constant of ≈4 Å) was taken as a measure for the amount 
ratio (denoted by w) of LNss and NNss phases (Figure 2c).

For one-stage aged samples, the amount of LNss phase 
increases with increasing aging temperature and reaches the 
maximum w value of 0.045 at 700  °C and then decreases to 

Adv. Mater. 2022, 34, 2202379
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0.039 at 800 °C. On the other hand, the amount of LNss phase 
increases with increasing duration of the second-stage aging 
with w up to 0.037. For one-stage aging, a higher aging tempera-
ture leads to a larger growth rate, but a smaller driving force 
for the precipitation since the difference between the solu-
bility and overall solute concentration decreases. Therefore, an 
optimal aging temperature with the largest precipitate amount 
is expected.

The low precipitate growth rate at 500 °C is echoed in small 
012LN reflections after 8 h of aging. In some cases, it can take 
an impractically long time to grow the nuclei in the nucleation 
temperature regime, e.g., it takes 10 000 h to reach the peak aged 
condition in Mg-9 wt.%Al-1 wt.%Zn alloy.[46] On the other hand, 
aging at higher temperatures leads to a low number density of 
precipitates. This problem can be solved by multi-stage aging[47] 
or dynamic aging.[48] In the present study, two-stage aging was 
adopted. It is assumed that the nucleation process dominates 
the first stage at 500  °C, while the precipitate growth domi-
nates the second stage at 600 °C. With the increasing duration 
of the second stage, the average size of the precipitates should 
increase, while the number density should remain unchanged. 
Hence, the amount of the LNss phase is effectively increased by 
extending the second-stage duration.

Besides the emergence of LNss reflections, there are other 
structural changes in the matrix NNss phase upon aging: 
both a splitting of the 200NN can be observed and superlattice 

reflections in the 2θ range of ≈35–41° change, suggesting 
that the matrix NNss phase experiences a phase transition 
from rhombohedral (R3c) to orthorhombic (Pmc21). Peel et  al. 
reported that there was a two-phase coexistence of R3c and 
Pmc21 in LNN within the composition range of 0.08 ≤ x ≤ 0.20, 
and the rhombohedral phase is favored by higher annealing 
temperature and rapid cooling.[49] Referring to the phase dia-
gram, a higher annealing temperature aids in dissolving 
more Li while rapid cooling prevents the precipitation of LNss 
phase. Therefore, it can be inferred that the symmetry of the 
NNss phase depends on Li content. For further proof, the 
XRD patterns of as-quenched unaged LNN samples with dif-
ferent Li content (0.12 ≤ x ≤ 0.18) were compared (Figure S1b, 
Supporting Information). The gradual transition from R3c to 
Pmc21 with decreasing Li content in the composition range of 
x  =  0.12–0.18 confirms the compositional change prompts a 
phase transition in the NNss phase. Hence, the phase transition 
from R3c to Pmc21 detected here is attributed to the reduction 
of the Li content in the NNss phase during the aging process.

The reflections from NNss shift to lower 2θ angles after 
aging, indicating a lattice expansion of the matrix. This is attrib-
uted to the substitution of Li-ions in the matrix with larger 
Na-ions. The observed trend of monotonically decreasing lat-
tice parameter with increasing Li content in the unaged LNN 
(Figure S1b, Supporting Information) had also been reported 
before.[50] Therefore, a comparison of the lattice parameters of 
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Figure 2. a,b) XRD patterns of unaged LNN18 and one-stage aged (a) and two-stage aged (b) LNN18. The positions of the three most intense reflec-
tions of the LNss phase are marked by asterisks. An enlarged plot of the 2θ range of 21°–25° is displayed in the right panel. c) The ratio of the integrated 
intensity of the 012LN reflection, I012,LN, and the {100}NN reflections, I100,NN. d) The d-spacing of the (200)NN plane, d200, of the two-stage aged samples. 
The d200 of unaged LNN12, LNN14, and LNN16 are indicated by the horizontal dashed lines.
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the NNss phase provides an estimate of the matrix Li content in 
the aged samples. To this end, d-spacing of the (200)NN planes, 
d200, for the two-stage aged samples was selected as an indicator 
for the change in lattice parameter change and calculated using 
Bragg’s law. The d200 values of the two-stage aged samples are 
depicted in Figure  2d and contrasted to the d200 of unaged 
LNN12, LNN14, and LNN16 (LNN18 is not shown since it is 
rhombohedral-dominated, while the others are orthorhombic-
dominated). Except for the d200 of the 500 °C-24 h + 600 °C-2 h 
sample, which is similar to that of the aged 500 °C-24 h sample, 
the d200 increases with increasing duration of the second-stage 
aging, indicating a decreasing Li content in the matrix due to 
precipitate growth.

3.1.2. Microstructures

Bright-field transmission electron microscope (TEM) images of 
LNN18 samples with different aging conditions are depicted in 
Figure 3a–e. The 600  °C-8  h sample (Figure  3a) has homoge-
neous plate-like intragranular precipitates with dimension of 
≈290 nm × 30 nm (the dimension is determined from the edge-
on viewed precipitates in the TEM images, representing the 
measured length of the long axis and short axis of the precipi-
tates). There are also circular precipitates, which are believed 
to be platelets inclined to the viewing direction. Higher aging 
temperatures lead to larger precipitates (≈1800  nm  ×  140  nm 
for 700  °C-8  h sample, Figure S3a, Supporting Information), 
but their number density drops substantially. The 800  °C-8  h 
sample has almost no intragranular precipitates (Figure S3b, 
Supporting Information); instead, intergranular precipitates 
are observed (Figure 3b). This is consistent with the solid phase 
transition theory that lower aging temperature avails homoge-
neous nucleation inside grains.[27] Due to the lower nucleation 
energy barrier, lowering the aging temperature can decrease 
the difference between the nucleation energy barriers of grain 
boundary and grain interior and thus increase the fraction 
of nucleation inside grains. For the two-stage aged sample, 
dot-like features emerge in the sample after the first-stage 
aging (500  °C-24  h, Figure  3c). With the second-stage aging 
at 600 °C, the plate-like precipitates appear in the sample and 
the precipitates grow with increasing duration of second-stage 
aging (Figure 3d,e, with dimensions of ≈130 nm ×  14 nm and 
≈260 nm × 20 nm, respectively).

The energy-dispersive X-ray spectroscopy (EDS) map in 
Figure  3f demonstrates that the plate-like precipitates are 
Na-deficient, while Nb and O are homogeneously distributed 
in the matrix. This confirms that the precipitates are of LNss 
phase.

The small size of dot-like features in the 500 °C-aged sample 
(≈10  nm) makes their analysis by EDS or electron diffraction 
challenging. A plausible explanation is that these features are 
precursors at the premature stage of precipitates (resembling 
the so-called Guinier–Preston zones in metals,[27]), or dislo-
cation loops,[51,52] both of which exhibit a pronounced TEM 
contrast due to internal strains. To determine this, a pair dis-
tribution function (PDF) analysis, as presented below, was per-
formed to examine whether there are LNss precipitates forming 
at a short length scale after aging at 500 °C.

3.1.3. Pair Distribution Function Study of the Early Stage of 
Precipitation

PDF is a useful technique to study the local structure of mate-
rials, reflecting the relative position between all atom pairs in 
real space.[42,53] The high-r and low-r regions of the PDFs, which 
correspond to the short-range and intermediate-range struc-
tures of the unaged and 500  °C-8  h samples, are depicted in 
Figure 4a,b, respectively. In the high-r region, the PDF of the 
500  °C-aged samples has a shift to the high-r direction, com-
pared to the unaged sample. This indicates a lattice expansion 
of the NNss phase and is consistent with the long-range struc-
tural change observed from XRD. Changes in the peak shape 
in the high-r region of the PDF are attributed to the symmetry 
change from rhombohedral to orthorhombic after aging, as evi-
denced in the XRD study.

In the low-r region, the changes in PDF are less significant, 
indicating that the aged sample has a similar short-range struc-
ture as the unaged sample. Nevertheless, after aging at 500 °C, 
the atom-pair peaks at r   =   3.90, 5.50, 6.71, 7.76, 8.67, and 
9.49 Å, which arise from NbNb atom pairs at different atom-
pair distances, become lower in intensity. This can be attributed 
to an increase in atomic displacive disorder after aging, since 
the LNss phase, which has different Nb displacement from that 
in the NNss phase, is introduced at the local scale. In addition, 
new peaks at r   =  5.84 and 8.20 Å arise after aging (indicated 
by red arrows). Since the size of the LNss at the early precipi-
tation stage is only a few unit cells, the low-r region of PDF 
is sensitive to the emergence of the LNss phase. A series of 
low-r PDFs of a two-phase model consisting of the NNss phase 
(Pmc21) and the LNss phase (R3c) with different LNss fractions 
were simulated (Figure  4c). The simulated PDFs assign the 
peaks at r  =  5.84 and 8.20 Å more prominence with increasing 
LNss phase fraction. The positions of these peaks are consistent 
with the newly emerged peaks in the experimental PDF of the 
500 °C-8 h sample, highlighting that LNss forms very small pre-
cipitates upon aging at 500 °C.

3.2. Electrical Properties

3.2.1. Large-Signal Polarization Hysteresis Loops

Wake-Up Effect on the P–E Loop During Electric Field Cycling: 
A change in the shape of the P–E loop with electric field cycling 
was observed in all LNN samples and quantified in terms of 
maximum polarization. This so-called “wake-up” effect was also 
observed in other materials.[54–56] The unaged LNN18 is taken 
as an example and its P–E loops during cycling at 8 kV mm–1 
are depicted for 400 cycles in Figure 5a and as a function of 
cycle number in Figure  5b. A gradual increase in maximum 
polarization Pm, remanent polarization Pr, and the slope near 
Ec are observed with increasing cycle number and higher max-
imum field. The changes in the P–E loops suggest that domain 
wall motion is gradually activated during cycling.

The “wake-up” effect was commonly observed in HfO2-based 
and hard-doped PZT materials.[56] A widely accepted origin is 
the rearrangement of charged point defects. Due to the exist-
ence of oxygen vacancies (not only in acceptor-doped materials 
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but generally in all ferroelectrics[57]), an internal bias field is 
established that suppresses polarization. During the cycling 
process, oxygen vacancies are rearranged and the internal field 
diminishes, leading to an increase in polarization. In the LNN 
samples, deviation from the nominal composition could occur 
due to volatilization of alkaline elements. Also, quenching from 
a high temperature can lead to an enhanced oxygen vacancy 

concentration. Therefore, the “wake-up” effect in the LNN sam-
ples is suggested to result from the rearrangement of oxygen 
vacancies.

The Effect of Precipitates on the P–E Loop: The P–E loops of 
the LNN18 samples aged at different conditions are featured in 
Figure 6. These loops are all obtained with the maximum field 
of 8 kV mm–1 using samples cycled until the loop was stable. 

Adv. Mater. 2022, 34, 2202379

Figure 3. a–e) Bright-field TEM images of LNN18 samples aged at different conditions. f) The scanning TEM (STEM) image and EDS mapping of the 
600 °C-8 h sample.
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The 500  °C- and 600  °C-aged samples (one-stage aging) have 
smaller Pm and more slanted loops, as compared to unaged 
samples (Figure  6a). Since the two samples have many intra-
granular precipitates, these precipitates can effectively pin 
domain walls and therefore reduce the polarization. On the 

other hand, the 700 °C-aged sample has a similar P–E loop to 
the unaged sample, and the 800 °C-aged sample has the highest 
Pm and a more square loop. This is attributed to the dominance 
of intergranular precipitates as compared to intragranular pre-
cipitates. Therefore, domain walls in the grain interior experi-
ence little pinning force from the precipitates.

Besides the domain wall pinning effect by the precipitates, 
the effect of compositional change in the matrix and precipi-
tate/matrix interfaces is considered. The P–E loops of unaged 
LNN with Li content of 12–18 mol% indicate in Figure S4 (Sup-
porting Information) that Pm increases with decreasing Li 
content in the selected compositional range (from 9.1 to 
11.4  µC  cm–2). Note that aging leads to a decrease of Li con-
tent in the matrix which prompts an increase in Pm from the 
compositional effect. Therefore, the decrease in Pm after aging 
can be exclusively attributed to the precipitate effect. In addi-
tion, the significant enhancement in the polarization of the 
800 °C-aged samples can be also attributed to: i) the Maxwell-
Wagner effect arising from the introduction of precipitate/
matrix interfaces,[58] and to ii) oxygen compensation during the 
aging at a proper temperature,[59] which weakens the domain 
wall pinning from the oxygen vacancies resulting from the 
quenching process.

For the two-stage aged samples (Figure  6b), the maximum 
polarization decreases with increasing aging duration of the 
second-stage aging. In addition, the loop of samples with a 
longer duration at the second aging stage is closer to a linear die-
lectric, which indicates that the domain walls in these samples 
are less active. Note that all samples were cycled at 8 kV mm–1, 
but the “wake-up” effect barely occurs in the samples which 
underwent a long second-stage duration. In these samples, 
the domain walls are pinned not only by the point defects but 
also by the precipitates. Even though the point defects can be 
rearranged by the cycling, the domain walls are difficult to be 
depinned from the precipitates. The pinning force is stronger 
in the sample with precipitates of larger size (longer aging dura-
tion) and therefore the domain walls are more difficult to be acti-
vated. Note that in the one-stage aged samples (700 °C-8 h and 
800 °C-8 h), the precipitates are also large in size, but the loops 
still feature the “wake-up” effect since there is a limited number 
density of the intragranular precipitates, while these prevail in 
the two-stage aged samples exerting strong pinning force.

3.2.2. Electromechanical Properties

The small-signal electromechanical parameters: mechanical 
quality factor Qm, planar electromechanical coupling factor kp, 
and piezoelectric coefficient d33, are depicted in Figure 7a,b 
(the complete figures of merit for different types of applica-
tions are depicted in Figure S5, Supporting Information). An 
immense increase in Qm from the unaged sample with a value 
of 80 to a value of 529 for aging for 8 h at 600 °C is striking, 
while little change in d33, but lower kp values (from 0.24 to 0.14) 
are noted. Compared to the 600  °C-8 h sample, samples aged 
at 500, 700, and 800 °C have lower Qm and higher d33 and kp, 
indicating that 600  °C is the optimal temperature for piezo-
electric hardening for one-stage aging. This can be explained 
as such: for a low aging temperature (e.g., 500 °C), the number 
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Figure 4. a) High-r region and b) low-r region of the atomic pair distribu-
tion functions (PDFs) of the unaged and 500  °C-8  h-aged LNN18. The 
origins of the major peaks in the low-r PDF are labeled by ticks with dif-
ferent colors. c) Simulated PDFs of the samples with coexistence of NNss 
phase and LNss phase.
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density of precipitates can be high but the size is too small to 
provide effective pinning on domain walls; while for a high 
aging temperature (e.g., 700 and 800  °C), the samples have 
fewer intragranular precipitates, thus there are only a small 
fraction of domain walls, which can be pinned by the precipi-
tates. Specifically, the small-signal properties of the 800 °C-aged 
sample, which is almost free of intragranular precipitates, are 
comparable to those of the unaged sample. For the two-stage 
aged samples, the Qm reveals values between ≈450–600 and 
features a decrease with increasing aging duration, together 
with d33 and kp (Figure  6b). The duration of the second-stage 
aging mainly affects the precipitate size. The samples with 
larger precipitates have lower kp and d33. This can be explained 
as follows: The domain walls in the sample with larger precip-
itates are subjected to a stronger pinning force from the pre-
cipitates, resulting in a lower poling degree. Compared to the 
unaged sample, one-stage aging at a proper temperature range 
(500–700 °C) and two-stage aging can largely enhance the Qm, 
also accompanied by a decrease in kp and slightly enhanced d33.

It is worth discussing whether the change in the electrome-
chanical properties is due to the compositional change in the 
matrix or the precipitates. The Li content in the matrix of the 
500 °C-24 h sample is close to that of unaged LNN16 according 
to Figure  2d. Compared to LNN16 (Qm  =  81, kp  =  0.25, 
d33  =  35.2), the 500  °C-24  h LNN18 features a tremendous 
enhancement in Qm and decrease in kp. This comparison dem-
onstrates that precipitation far outweighs the attendant change 
in matrix composition.

To conclude the data analysis, we present strong proof of 
application relevance of precipitation hardening for high-power 
applications. For high-power applications, devices are working 
under large electric field excitation resulting in very high vibra-
tion velocities of up to 1 m  s−1. A large Qm at high vibration 
velocities is essential for reducing the temperature rise in high-
power applications. Figure  7c depicts the normalized Qm of 
aged LNN18 as a function of vibration velocity in contrast to 
hard-doped PZT,[45] Mn-doped KNbO3,[32] and Cu-doped KNN[31] 
(the absolute Qm values of these materials as a function of 
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Figure 6. a,b) P–E loops of one-stage aged (a) and two-stage aged (b) LNN18 samples.

Figure 5. a) Evolution of the P–E loops of unaged LNN18 during electric field cycling at 8 kV mm−1 with a frequency of 1 Hz. The colors from blue to 
red represent the increasing cycle number. b) The increase in maximum polarization ΔPm as a function of cycle number for different electric fields.
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vibration velocity can be found in Figure S6, Supporting Infor-
mation). All the aged LNN18 samples have a stable Qm up to 
a vibration velocity of ≈0.8 m s–1. Specifically, the 500 °C-24 h 
sample and the 500 °C-24 h + 600 °C-6 h sample preserve 78% 
and 89% of their small-signal Qm, respectively, at a vibration 

velocity ≈0.8 m s–1, while the Qm of other comparing materials 
drops to 20–40% of their small-signal Qm value. The good sta-
bility of the Qm in LNN18 indicates that the pinning effect from 
precipitates is persistent in high driving fields, providing a 
promising technique for high-power applications.

4. Discussion

The TEM results indicate that for one-stage aged samples, the 
aging temperature affects the number density, location, and 
size of the precipitates, while for two-stage aged samples, the 
duration of the second step determines the size of the pre-
cipitates. A relationship between precipitate morphology and 
macroscopic properties of the samples has been identified. For 
the one-stage aged samples, lower aging temperature leads to 
smaller remanent and maximum polarization and higher Qm 
(Figures 6a and 7a), indicating that: I) the number of intragran-
ular precipitates dominates the properties and II) the number 
of intragranular precipitates controls domain wall pinning. 
In Figure 8a, the Pr and Qm were plotted as a function of the 
intensity ratio of the 012LN reflection and {100}NN reflections 
for the two-stage aged samples, which is proportional to the 
relative amount of the LNss phase. As the second-stage aging 
tunes precipitate size, the larger intensity ratio indicates a 
larger precipitate size. It can be seen from Figure 8a that the Pr 
(assuming the compositional effect is negligible, as discussed 
in Section 3, and Pr reflects the pinning force of domain walls 
at large fields) is strongly dependent on precipitate size, while 
Qm (which reflects the domain wall mobility at the small field) 
is much less dependent.

A schematic illustration of the precipitate size effect on the 
pinning effect is illustrated in Figure  8b. The increase in the 
length of the plate-like precipitate in metals can substantially 
increase the pinning force on the TBs.[22] A similar effect can 
be expected on the domain wall pinning effect from the pre-
cipitates. At low electric fields, both small precipitate and large 
precipitate effectively pin the domain walls, and therefore the 
small-signal Qm is less dependent on precipitate size. At high 
electric fields, the small precipitate can be depinned by the 
large driving force, while the large precipitate can still pin 
the domain walls. Thus, the Pr is strongly suppressed in the 
sample with large precipitates.

In addition, it can be learned that the pinning effect on 
domain walls from intragranular precipitates differs signifi-
cantly from that of intergranular precipitates. In the 800 °C-8 h 
sample, where most precipitates are located at grain boundaries, 
the electromechanical properties are barely affected (Figure 7a), 
and its large-signal polarization even has an enhancement com-
pared to the unaged sample. All of these results indicate that 
intergranular precipitates in LNN cannot effectively pin the 
domain walls. Nevertheless, secondary-phase particles at grain 
boundaries were evidenced to be able to harden piezoelectric 
ceramics, e.g., ZnO inclusions in NBT-6BT.[16] The hardening 
effect of the NBT-6BT:ZnO composites was attributed to the 
field-induced strain incompatibility between the ferroelec-
tric matrix NBT-6BT and non-ferroelectric inclusions ZnO. 
The extremely small field-induced strain in ZnO can provide 
internal stress which holds back the elongation of NBT-6BT in 
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Figure 7. a,b) Mechanical quality factor Qm, planar electromechanical 
coupling factor kp, and piezoelectric coefficient d33 of one-stage aged 
(a) and two-stage aged (b) LNN18 samples. c) High-vibration-velocity 
property of aged LNN18, hard-doped PZT,[45] Mn-doped KNbO3,[32] and 
Cu-doped KNN:[31] percentage of the small-signal Qm as a function of 
vibration velocity.
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the field direction, therefore reducing domain wall contribu-
tions in NBT-6BT. Note that in our case, the precipitate LNss is 
ferroelectric. The difference in the field-induced strain between 
NNss and LNss is expected to be much smaller than that between 
NBT-6BT and ZnO, thus the incompatibility strain does not suf-
fice to suppress the domain wall motion.

On the other hand, the intragranular precipitates interact 
with domain walls in a different way. According to a theoret-
ical calculation in metals, when a TB tends to pass by a pre-
cipitate, the precipitate rotates elastically for a small angle, and 
the shear stress near the precipitate/matrix interface imposes 
a strong back-stress to the TB.[22] A similar effect is expected 
for a ferroelectric domain wall passing by a precipitate. Note 
that the pinning force on the domain wall is not related to the 
field-induced strain incompatibility of precipitate and matrix, 
but rather to the largest magnitude of the shear stress during 
the interaction process between the domain wall and the pre-
cipitate, which is dependent on the size, shape, and orienta-
tion of the precipitate. The suppressed large-signal polarization 
and substantially enhanced Qm in the samples with a large 
number of intragranular precipitates prove that these coherent 
precipitates are much more effective at pinning domain walls 
compared to samples with intergranular precipitates.

The precipitation piezoelectric hardening demonstrated here 
can be implemented in other compositions, especially lead-
free ones. The key requirement is the presence of a tempera-
ture-dependent solubility in the phase diagram, which is not 
uncommon. For example, in addition to the present NaNbO3–
LiNbO3 binary system, such a feature has been reported in 
LiNbO3–MgO,[60] BaTiO3–CaTiO3,[19,61] and BaTiO3–Nd2O3.[62] 
Thermodynamic calculations can be conducted to identify addi-
tional systems with an inclined solvus line in phase diagrams 
with high-performing piezoelectric compositions as the solvent. 
It is noted that the design and development of piezoelectric 
ceramics has been centered on single-phase compositions in the 
past and those that exceed the solubility limit were rejected previ-
ously.[63,64] With the precipitate-hardening strategy demonstrated 

in the present work, many piezoelectric solid solutions should 
be revisited with quenching–aging thermal processing to 
enhance their properties. The KNN-based compositions are of 
particular interest because of their commercial potential and 
their close chemical similarity to the LNN compositions. By opti-
mizing the aging conditions, LiNbO3-rich coherent precipitates 
are expected to form in the interior of (K,Na,Li)NbO3 grains and 
a significantly improved quality factor Qm can be realized.

5. Conclusions

This work has successfully demonstrated piezoelectric hard-
ening in the LNN18 ceramics, as representatives of alkaline 
niobate lead-free ceramics, through second-phase precipita-
tion. Aging schemes are established to control the shape, size, 
number density and location of the precipitates, and coherent 
plate-like precipitates with optimized sizes are introduced in 
the LNN18 ceramics. The precipitates are observed to have a 
profound impact on the ferroelectric and electromechanical 
properties of the ceramics:

a) The large-signal polarization is suppressed in the LNN18 
ceramics with intragranular precipitates of a high number 
density. The larger the size of the intragranular precipitates, 
the smaller the polarization due to the stronger pinning 
effect of the precipitates.

b) The weak-field mechanical quality factor, Qm, exhibits one 
order of magnitude increase from ≈80 to ≈600 when coher-
ent intragranular precipitates are introduced into the LNN18 
ceramics. The enhanced Qm can retain 89% of its value even 
at a vibration velocity of ≈0.8 m s–1.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 8. a) Remanent polarization Pr and mechanical quality factor Qm of two-stage aged samples as a function of the intensity ratio of the 012LN 
reflection and {100}NN reflections. b) Schematic of the precipitate size effect on the domain wall pinning under low and high electric field.
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