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A B S T R A C T

Ferroelectric hardening is indispensable for piezoelectrics used in high-power applications, as it enhances their 
performance by avoiding thermal and dielectric breakdowns. Recently, precipitation hardening has been 
introduced as a promising strategy, where intragranular precipitates, formed by an aging treatment, can effec
tively pin domain walls and improve piezoelectric properties. In this work, the lead-free ternary system 
Na0.5Ba0.5TiO3-BaTiO3-MgTiO3 is investigated for its potential to form precipitates. The substitution of NBT-BT 
with MgTiO3 leads to a 200 % increase in mechanical quality factor due to intergranular secondary phase 
hardening. Scanning and transmission electron microscopy confirm the formation of additional intragranular 
precipitates by an aging treatment. Electromechanical characterization indicates a strong link between precip
itation during aging and the enhancement of coercive field by 19 % and mechanical quality factor by 30 %, 
followed by a reduction in polarization. Lower aging temperature promotes the formation of smaller-sized 
precipitates and thereby impact the electromechanical behavior.

1. Introduction

Hard ferroelectric materials are crucial for high-power applications, 
such as piezoelectric transducers, ultrasonic motors, and welders [1]. 
Operating near resonance frequencies, the performance is significantly 
impacted by energy losses, leading to heat generation and, ultimately, 
degradation of material properties over time [2–4]. In ferroelectrics, 
domain wall motion is a primary source of mechanical losses [5]. The 
mechanical quality factor Qm serves as an indicator of these losses, being 
inversely proportional to them [2,3]. Ferroelectric hardening plays a key 
role in minimizing these losses by reducing domain wall motion, leading 
to enhanced Qm [6,7]. Hard Pb(Zr,Ti)O3 (PZT) is commonly used in 
these applications due to its outstanding electromechanical properties 
such as a high Qm as well as piezoelectric coefficient d33 [2,8]. However, 
due to increasing environmental concerns over lead toxicity and related 
regulations, the demand towards lead-free ferroelectrics has intensified 
[9].

Relaxor-ferroelectric (1-x)Na0.5Bi0.5TiO3-xBaTiO3 (NBT-BT) solid 
solutions have been discussed as one of the most promising candidates to 
substitute lead-based piezoceramics [10,11], as it exhibits exceptional 

stability of the electromechanical properties over a broad vibration ve
locity range. It even outperforms PZT at vibration velocities higher than 
1 m/s [12–14]. At the morphotropic phase boundary (6–7 mol% of 
BaTiO3) both rhombohedral and tetragonal phase coexist, leading to a 
peak of piezoelectric coefficient at d33= 125–167 pC/N [10,15]. How
ever, the low ferroelectric-relaxor transition temperature TF-R at about 
100 ◦C [16,17], and the overall low electromechanical quality factor Qm 
of 150 limits the use in applications [14].

To tailor NBT-BT piezoceramics for enhanced performance in high- 
power applications, ferroelectric hardening becomes essential. The 
state-of-the-art approach is acceptor doping, which leads to an increase 
in the concentration of oxygen vacancies that form dopant-vacancy 
defect dipoles. These defect dipoles immobilize domain walls and 
consequently improve Qm [3,18,19]. Secondary phase ferroelectric 
hardening via 0–3 ceramic-ceramic composite is also reported to be an 
effective hardening approach [20,21]. It has the specific advantage in 
comparison to elemental doping at elevated temperatures, as the hard
ening effect remains more stable [22]. For NBT-BT:ZnO composite, it is 
reported that the hardening mechanism is driven by mechanical 
mismatch stresses that develop between the matrix and inclusions to pin 
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domain walls effectively. These stresses arise after cooling down the 
composite from the sintering temperature due to differences in thermal 
expansion between the matrix and inclusions. Additionally, the appli
cation of an electric field further intensifies these stresses as the ferro
electric NBT-6BT matrix undergoes phase transition and domain 
switching, while the non-ferroelectric ZnO inclusions remain unaffected 
[23,24]. This method effectively hinders domain wall motion, leading to 
an improvement in both the depolarization temperature and Qm [25].

Recently, precipitation hardening emerged as a new concept for 
ferroelectric hardening. In systems such as BaTiO3-CaTiO3 and Li-doped 
NaNbO3, intragranular coherent precipitates are formed through an 
annealing treatment, the so-called aging, of a supersaturated solid so
lution, obtained by a quenching procedure. Those precipitates are re
ported to effectively inhibit domain wall motion by inducing misfit 
strains between precipitates and matrix [26,27]. This mechanism offers 
a distinct advantage over the composite approach, as intragranular 
precipitates prevail closer to domain walls than the intergranular in
clusions in composites, enhancing the pinning interaction.

Until now, precipitation hardening has been applied only on ferro
electrics. In contrast, NBT-BT is a relaxor, which undergoes an irre
versible relaxor-ferroelectric transition upon applying an external field 
[11,28]. Relaxors are known to react sensitively to changes in compo
sition, leading to reduced depolarization temperatures [29–31]. This 
sensitivity presents challenges in identifying an appropriate composition 
where precipitation hardening can be effectively applied.

This work explores precipitation hardening in lead-free ternary solid 
solution NBT-BT-MgTiO3 as potential ferroelectric hardening approach 
in NBT-BT, aiming to improve its characteristic low Qm. Although 
achieving full solubility of MgTiO3 in NBT-BT matrix presents a chal
lenge, aging treatments applied to quenched samples facilitate the for
mation of Mg-rich intragranular precipitates. Microstructural and 
electrical characterization indicate a strong link between precipitation 
during aging and the significant enhancement of coercive field and Qm, 
alongside a reduction in polarization. The aging temperature notably 
influences the extent of precipitation and, consequently, the electrical 
properties of the material, highlighting its importance in optimizing the 
hardening method.

2. Experimental

The ternary composition 0.96(0.94Na0.5Bi0.5TiO3-0.06BaTiO3)- 
0.04MgTiO3 (NBT-6BT-4MgTiO3) was prepared via conventional solid- 
state synthesis. Precursor powders of Na2CO3 (99.98 %), Bi2O3 
(99.975 %), BaCO3 (99.85 %), anatase-TiO2 (99.6 %) and MgO 
(99.99 %) were utilized (all from Alfa Aesar GmbH & Co. KG, Germany). 
After stochiometric weighing, the powders were planetary milled in a 
500 ml nylon milling container with 3 mm yttria-stabilized zirconia balls 
in ethanol for 21 h at 250 rpm and dried afterward at 105 ◦C. The ho
mogenized powder was then calcined at 830◦C for 3 h using heating and 
cooling rates of 5 K/min and ball-milled again with the same conditions. 
Disk-shaped samples with 10 mm diameter and 1.5 mm height were first 
pressed under 40 MPa uniaxial pressure, followed by cold isostatic 
pressing (KIP 100 E, Weber-Pressen, Germany) with 350 MPa. The green 
bodies were sintered in a closed alumina crucible containing sacrificial 
powder at 1100 ◦C for 2 h in a tube furnace (R50/500/12, Nabertherm, 
Germany). Subsequently, from the sintering temperature, the samples 
were air-quenched using a conventional fan, achieving an average 
cooling rate of 180 K/min. The quenching process was employed to 
kinetically suppress the formation of secondary phases that may arise 
from reduced solubility with decreasing temperature. These quenched 
samples were annealed at temperatures below the sintering temperature 
to control the formation of precipitates. This annealing treatment is 
denoted as aging in the following. Aging was conducted at 600 ◦C and 
800 ◦C for 24 h with 5 K/min heating and cooling rates, to assess the 
influence of aging temperature on precipitate formation. The precipi
tation hardening treatment is illustrated in Fig. 1, highlighting the 

expected microstructure after quenching and aging.
Thermogravimetric analysis (TGA), differential thermal analysis 

(DTA), and evolved gas analysis (EGA) using mass spectroscopy were 
conducted to investigate changes in the calcination process by the sub
stitution with MgTiO3. For TGA and DTA measurements, homogenized 
mixtures of precursors of pure NBT-6BT and NBT-6BT-4MgTiO3 were 
heated with a rate of 5 K/min up to 1000 ◦C in flowing air at a rate of 
50 ml/min and 10 ml/min of argon as protective gas in a STA449C 
Jupiter (Netzsch Gerätebau GmbH, Selb, Germany). The outgassing 
species from decomposition were simultaneously analyzed with a 
heated transfer line operated at 200 ◦C to the STA by QMS403C Aëolos 
Quadro mass spectrometer (Netzsch Gerätebau GmbH, Selb, Germany). 
The following mass-to-charge signals (m/z) as quasi multi-ion detection 
(QMID) were utilized: m/z = 18 (H2O+) and 44 (CO2

+). All measure
ments were adjusted to account for buoyancy.

Ex-situ X-ray diffraction (XRD) (Cu Kα1/Kα2; D8, Bruker Corporation, 
Germany) was used to investigate the phase evolution during calcina
tion. Homogenized mixtures of precursors of NBT-6BT-4MgTiO3 were 
heated to 600 ◦C, 700 ◦C, 750 ◦C, 800 ◦C, and 850 ◦C with a rate of 5 K/ 
min and subsequently air-quenched when the temperature was reached.

Structural analysis of quenched and aged samples was conducted by 
XRD in Bragg-Brentano geometry (D8, Bruker Corporation, Germany) 
with Cu Kα1/Kα2 radiation. Bulk samples were crushed to powder, fol
lowed by annealing at 400 ◦C for 1 h to remove crushing-induced 
strains. The 2Θ range of 10◦ to 70◦ with a step size of 0.02◦ was used 
for all XRD measurements.

Microstructural analysis was performed on a 0.25 μm polished 
sample surface by means of scanning electron microscopy (SEM, JSM- 
7600F, Jeol, Tokyo, Japan). The backscattered electron (BSE) detec
tor, a working distance of 8.0 mm, and an electron energy of 8 kV were 
used. SEM micrographs were analyzed regarding the volume fraction 
and average size of the Mg-rich secondary phase particles via area 
analysis (VV=AA). To evaluate changes in their distribution due to aging, 
the particle density was defined as the number of Mg-rich secondary 
phase particles per unit area. Two approaches were employed. For the 
total density of Mg-rich secondary phase, both intergranular and intra
granular particles were counted and related to the investigated area. 
Comparable areas of approximately 670 µm2 were analyzed across all 
samples to ensure consistency and allow for reliable comparison of the 
results. The specific density of intragranular precipitates was deter
mined by using the number of particles inside grains divided by the area 
of the investigated grains, which included more than 100 individual 
grains. For both methods, a minimum of three micrographs per sample 
were used for statistical evaluation. Additionally, average grain size was 
determined on thermally etched samples. Grain size measurements were 
acquired from at least three micrographs with a minimum of 100 grains 
from different positions for each sample. For all microstructural ana
lyses, ImageJ was used to determine either the area or Feret diameter of 
the secondary phase particles or grains, respectively.

High-resolution microstructure imaging and elemental mapping 

Fig. 1. Scheme of the heat treatment for precipitation hardening, including the 
microstructural expectation after each step.
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were conducted using transmission electron microscopy (TEM) (JEM- 
F200, Jeol, Tokyo, Japan) and energy dispersive spectroscopy (EDX). 
TEM samples were prepared via focused ion beam (FIB) milling 
(Crossbeam 350 FIB/SEM, Zeiss, Germany).

For electrical measurements, disk-shaped samples were ground to a 
thickness of 0.6 mm, followed by sputtering of silver electrodes onto the 
surfaces. The samples were then annealed at 400◦C for 1 h to relieve 
residual stresses introduced by the grinding process. Polarization and 
strain hysteresis loops were recorded with a Sawyer-Tower circuit 
(reference capacitor 10 µF) and an optical strain sensor (Philtec Inc., 
United States). A bipolar triangular wave of 7 kV/mm and 1 Hz was used 
to reach saturation. Samples were DC poled at 6 kV/mm for 5 min for 
small signal properties. The d33 was measured by a Berlincourt-meter 
(PiezoMeter System PM300, Piezotest Pte Ltd., Singapore) with a 
driving frequency of 110 Hz, static clamping force of 2 N and dynamic 
driving force of 0.25 N. Mechanical quality factor (Qm) was quantified 
by the 3 dB calculation method according to standards EN 50324 [32]
using an impedance analyzer (Alpha-Analyzer, Novocontrol technolo
gies GmbH, Germany) at 10 mV. TF-R was determined from 
temperature-dependent dielectric permittivity measurement on poled 
samples using an LCR-Meter (4284 A Precision LCR-Meter, Hewlett 
Packard, United States) and a chamber furnace (LE6/11/3216, Naber
therm, Germany) with a heating rate of 2 K/min and 1 VRMS probing 
signal at 1 kHz.

3. Results and discussion

3.1. Processing

Precipitation requires a material system that exhibits a complete 
solubility of a dopant in the matrix at the solid solution temperature and 
a decreasing solubility with decreasing temperature, in order to form 
precipitates by an aging treatment of a quenched sample [33,34]. Hence, 
phase diagrams are of particular importance when selecting a material 
system. In case of NBT-BT-based systems such phase diagrams are 
missing, to the best of our knowledge. This study investigates 
MgTiO3-substituted NBT-6BT, a composition selected through empirical 
evaluation for precipitation hardening. The selection has been based on 
comparing the Goldschmidt tolerance factor t and ionic radii of the so
lute and matrix composition, which may provide insights into structural 
compatibility within the perovskite lattice [35]. A model system LiN
bO3-NaNbO3 (LN-NN) serves as a guideline for selection, [27], where 
ilmenite LiNbO3 (LN) precipitates have been formed by aging treatment 
to pin domain walls successfully. As LN has a tolerance factor of 0.92, it 
is hypothesized that if the solute composition has a tolerance factor 
between 0.9 and 0.95, the solubility in NBT-6BT (t = 1) may be com
parable to LN in NN (t = 0.97) system. MgTiO3 has a tolerance factor of 
0.9 and is therefore considered a suitable candidate to dissolve in 
NBT-6BT, while also exhibiting reduced solubility as the temperature 
decreases, as seen in the LN-NN system. The smaller ionic radius of Mg2+

(120 pm in 12-fold coordination) compared to Na+ (139 pm) and Bi3+

(145 pm) suggests that Mg2+ can potentially occupy the A-site of 
perovskite structure such as Li+ (125 pm) in NN system [36]. According 
to Goldschmidt [35], if the ionic radius of the substitute differs by 15 %, 
full solubility can be reached, while if it differs by 15–30 % limited 
solubility can occur. Hence, a limited solubility may be present in the 
MgTiO3-substituted NBT-BT composition. The fact that MgTiO3 crys
tallizes in the ilmenite structure, similar to LN, makes it an appealing 
solute composition. A further advantage of this dopant lies in the fact 
that Mg has limited solubility in NBT-BT and leads to considerable 
hardening [17,37,38]. In case that not all of the MgTiO3 could dissolve 
in the matrix, residual MgO may have a beneficial effect in terms of 
secondary phase hardening through misfit-induced stresses, as reported 
for NBT-6BT:ZnO composite [20]. If MgTiO3 precipitates in NBT-BT, 
these precipitates may potentially have an analogous domain pinning 
effect as LN in NN, enhancing the mechanical quality factor by 

ferroelectric hardening.
Chemical substitution can modify the solid-state reactions due to 

changes in the thermodynamics of the system. To assess the impact of 
MgTiO3 substitution on the solid-state reaction during calcination, 
simultaneous thermal analysis combined with gas evolution measure
ments are performed and compared to unmodified NBT-6BT, which is 
presented in Fig. 2. DTA reveals three endothermic peaks. The first can 
be attributed to the evaporation of adsorbed atmospheric water, sup
ported by the strong water signal in the EGA and the initial mass loss of 
1.2 % observed for the MgTiO3-substituted sample. A similar response is 
observed in unmodified NBT-6BT, but less pronounced, likely due to less 
exposure to atmospheric moisture. The subsequent two endothermic 
peaks in the DTA curve at around 600 ◦C and 800 ◦C can be associated 
with the formation of NBT-BT, as both compositions exhibit similar 
decomposition of carbonates and thermal features. Between 500 ◦C and 
850 ◦C, both samples show a mass loss of approximately 5.5 %, which is 
in good agreement to the theoretical CO2 loss, calculated from their 
stochiometric mixture. The peak observed at 800 ◦C appears broadened 
for the MgTiO3-substitued composition. Since MgTiO3 is reported to 
calcine in the range of 800 ◦C to 900 ◦C [39,40], its thermal response 
may overlap with that of NBT-BT, potentially contributing to the 
observed DTA peak broadening. However, the data remain inconclusive 
regarding whether MgTiO3 forms a separate phase or is incorporated 
into NBT-BT matrix. Overall, the substitution of MgTiO3 does not appear 
to significantly alter the calcination behavior.

Ex-situ XRD has been conducted to investigate evolution of crystal 
structures during calcination and to complement the thermal analysis 
and thereby addressing the limitations of DTA and enhancing the un
derstanding of the solid-state reactions in NBT-6BT-4MgTiO3. Fig. 3
displays the ex-situ XRD pattern for uncalcined homogenized powder 
and calcined powder from 600 ◦C up to 850 ◦C. The uncalcined XRD 
pattern is a superposition of the XRD pattern of the precursor powders of 
γ-Na2CO3 (#95549), Bi2O3 (#15752), BaCO3 (#137395), anatase-TiO2 
(#9852) and MgO (#9863). Reference reflections from ICSD database 
for precursor powders, BaTiO3 (#15453) and NBT-6BT (#230436) are 
depicted in Fig. 3(b) to relate changes in the XRD pattern with reactions 
of the precursor powders [41]. At 600 ◦C the solid-state reaction of the 
NBT-based perovskite structure initiates, indicated by a reflex starting to 
form at 2Θ≈ 32.5◦, which can be assigned to the (110) reflex of the 
perovskite structure [42,43]. Hou et al. [43] reported the onset forma
tion of the NBT-xBT perovskite structure at 600◦C. In their in-situ XRD 
study, a continuous transformation of the Bi2O3 (211) to perovskite 
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(110) reflex has been observed, supporting the particle conversion 
mechanism proposed by Aksel et al. [44]. In this mechanism, Bi2O3 
serves as a host for a diffusion-driven process, where Na2CO3 and TiO2 
precursors gradually integrate into Bi2O3. The strong CO2 release, 
observed at around 622 ◦C in the thermal analysis, can therefore be 
attributed to the start of Na2CO3 diffusion into Bi2O3 followed by its 
reaction. This aligns with the previously reported onset temperature of 
600 ◦C for pure NBT-BT formation [43]. This suggests that MgTiO3-
substitution does not significantly alter the start temperature for the 
calcination reaction.

Despite Na2CO3 and Bi2O3 react at 600 ◦C, the γ-Na2CO3 reflex at 
2Θ≈ 30.1◦ does not seem to vanish at temperatures up to 800 ◦C. This 
may be due to the formation of an intermediate Bi4Ti3O12 phase, which 
has its strongest reflex as well at 2Θ≈ 30.1◦ (ICSD #16488). Hou et al. 
suggest the presence of this intermediate phase between 600 ◦C and 800 
◦C during the processing of NBT-xBT [43]. Others have also reported the 
formation of this phase at that temperature range [44,45]. Na2CO3 
persists in four polymorphs (α, β, γ, and δ), each transitioning at different 
temperatures [46,47]. Up to 350 ◦C, the room temperature stable 
monoclinic γ-phase transforms into the β-phase, followed by a transition 
to the α-phase between 350 ◦C to 500 ◦C. In the temperature range of 
300 ◦C to 500 ◦C, the minor release of CO2 is likely associated with the 
polymorphic transitions Na2CO3 and its partial decomposition [43]. Due 
to the overlap of α-Na2CO3 with stronger Bi2O3 reflections, it is chal
lenging to trace changes in Na2CO3 during calcination, complicating 
efforts to directly correlate CO₂ evolution with specific reaction stages.
[43,48].

At 850 ◦C, calcination appears to be complete, as no reflections from 
precursor phases are detected. Alongside the perovskite (110) reflex at 
2Θ≈ 32.5◦, a minor reflex is visible at 2Θ≈ 31.5◦. This most likely 
corresponds to BaTiO3-phase, as reported in literature [43]. They pro
pose that this formation is preferred due to increased interaction be
tween TiO2 and BaCO3 particles by inhomogeneous local distribution. 
After sintering, this reflection is no longer visible, implying that BaTiO3 
is completely incorporated into the matrix during the high-temperature 
thermal process (Fig. 4).

No reflections corresponding to MgTiO3 is observed, which may 

indicate its incorporation in NBT-BT matrix. Note that this can also be 
attributed to the detection limit of the XRD technique. Overall, MgTiO3 
substitution does not seem to influence the reaction pathway of the NBT- 
BT processing, as it is complementary to the one reported by Hou et al. 
[43].

3.2. Structure

Structural differences between potential precipitated phases and the 
perovskite NBT-BT enable the identification of the presence of pre
cipitates in post-aging treatment via XRD with Cu Kα1/Kα2 radiation. 
Fig. 4 displays the diffraction patterns of quenched and two differently 
aged samples alongside reference reflection from the ICSD database of 
possible phases (NBT-6BT #230436, MgTiO3 #55285, Mg2TiO4 
#65793, BaTiO3 #15453) [41]. Both quenched and aged samples 
exhibit perovskite structure with no detectable reflection attributable to 
secondary phases in the aged samples. This absence does not necessarily 
indicate that no precipitates have formed by the aging treatment. 
Instead, it implies that the quantity of any secondary phase may be 
below the XRD detection limit [49]. Additionally, the highest intense 
reflections of the ilmenite-structured MgTiO3 and perovskite-structured 
BaTiO3 overlap with the 110 pc reflex of NBT-6BT, possibly making it 
harder to identify minor phases. Consequently, qualitative XRD analysis 
alone does not confirm the presence of precipitates formed during the 
aging process.

Analysis of the quenched sample reveals splitting in the 111 pc reflex, 
evidenced by a shoulder at lower 2Θ values, along with a weak super
lattice reflex (SR) characteristic of R3c symmetry at 2Θ≈ 38.3◦ (Fig. 4
(b)) [50,51]. Given that the 200 pc reflex appears as a singlet, it is an 
indication that the quenched sample exhibits a pseudocubic phase with 
some rhombohedral symmetry. Wohninsland et al. reported that 
quenching NBT-6BT samples promotes an enhanced rhombohedral 
distortion, while furnace-cooled samples only exhibit a pseudocubic 
structure [52]. Such enhanced lattice distortion implies the stabilization 
of the ferroelectric long-range order upon quenching [52,53]. This has 

Fig. 3. XRD of the uncalcined NBT-BT-4MgTiO3 powder heated with 5 K/min 
to different temperatures and subsequently quenched in air is depicted in (a) for 
the full range and in (b) for a detailed diffractogram. Possible phases are 
indicated by tick marks, which represent the reflections of the respective phase 
with their length being proportional to the intensity of reflections according to 
the crystallographic database [41].

Fig. 4. (a) Normalized x-ray diffractogram of quenched (blue), aged samples at 
600 ◦C for 24 h (yellow) and 800 ◦C for 24 h (red), where reflections of possible 
secondary phases are represented by tick marks according to the crystallo
graphic database (length is proportional to the intensity of reflections) [41]. (b) 
111 pc and 200 pc reflections are presented with greater detail. The superlattice 
reflex (SR) of the rhombohedral structure is indicated by *.
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been linked to the Bi3+-off-centering along the 111-direction by 
quenching [54]. Another explanation has been proposed, involving an 
increase in oxygen vacancy concentration upon quenching [53]. For the 
sample aged at 600 ◦C for 24 h, a similar diffraction pattern to the 
quenched sample is observed, indicating that aging treatment does not 
revert the quenching-induced ferroelectric order. In contrast, the sample 
aged at 800 ◦C for 24 h reveals neither the SR nor a distinct shoulder on 
the 111 pc reflex, and no splitting of the 200 pc reflex into 002 and 200 
reflections. This absence of splitting indicates that the sample exhibits 
only a pseudocubic structure. This observation signifies that the 
quenching-induced distortion is reversed during the aging at 800 ◦C. It 
aligns with the report of the removal of the quenching effect when 
annealed in air at 800 ◦C for 12 h [55].

The microstructural analysis of the quenched sample was conducted 
using SEM and TEM (Fig. 5). It reveals the presence of secondary phases 
not detected by XRD analysis. EDX spectroscopy identifies these sec
ondary phases as Mg-rich and Ba-rich regions. In BSE micrographs, the 
secondary phases can be distinguished both by contrast and 
morphology; Ba-rich phases appear brighter due to the higher atomic 
mass of Ba compared to Mg, while Mg-rich regions exhibit a darker 
contrast. Morphologically, Mg-rich phases are predominantly round, 
while Ba-rich phases demonstrate more angular shapes. Liu et al. 
observed Ba- and Ti-rich secondary phases in 1.5 mol% Mg-doped NBT- 
BT, implying that Mg doping promotes the liquid phase formation, 
leading to inhomogeneous diffusion of elements [37]. In contrast, 

Ba-rich phases may form due to partial Mg occupancy at the B-site. This 
causes elemental non-stoichiometry at both the B-site and A-site, 
resulting in the formation of a Ba- and Ti-rich phases.

Contrary to expectations of having a supersaturated single phase 
after quenching [33,34], results indicate that Mg and Ba have not been 
completely dissolved in the matrix at the sintering temperature. This 
means the solubility limit is reached. However, assuming the solubility 
of MgTiO3 decreases with temperature, precipitate formation may occur 
as a result of the aging treatment.

Fig. 6 presents bright-field TEM images of both quenched and aged 
samples. In quenched samples, Mg- and Ba-rich phases are predomi
nantly found in intergranular regions, as confirmed by EDX evaluation. 
Aging promotes an increase of Mg-rich secondary phases, which are 
observed both within the grains and along grain boundaries. Notably, 
the sample aged at 600 ◦C for 24 h exhibits a higher concentration of 
intragranular Mg-rich phase compared to the sample aged at 800◦C.

Given the fact that TEM provides highly localized information, SEM 
has been employed to assess the volume fraction, average size, and 
density of both Mg-rich intergranular and intragranular secondary 
phases (Fig. 7). Especially information on the formation of precipitates 
inside the grain is crucial for improved domain pinning and, thus, for the 
hardening effect, which is given by the density of intragranular pre
cipitates. The BSE contrast allowed clear differentiation between Mg- 
rich and Ba-rich secondary phases, thereby enabling investigation of 
their evolution upon aging.

Fig. 5. BSE-SEM (a), BF-TEM (b) micrographs and EDX (c) evaluation of quenched NBT-BT-4MgTiO3. (Color of arrows in (a): green - pores, blue - Mg-rich secondary 
phase; red - Ba-rich secondary phase).
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The volume fraction of Mg-rich secondary phases in all samples is 
determined to be about 2 vol%. The substitution of NBT-BT with 4 mol% 
MgTiO3 coincides here with 4 vol% of MgTiO3 under the condition of no 
solubility. This implies that MgTiO3 has been partially dissolved in the 
matrix. In aged samples, the volume fraction of Mg-rich phase demon
strates only a slight increase, while the average size of secondary phases, 
including both inter- and intragranular phases, decreases. This reduction 
in average size likely reflects the formation of smaller secondary phase 
particles induced by aging. This suggests that precipitation is promoted 
by aging. The tangible impact of aging on changes in the total density of 
secondary phases was further assessed by quantifying the number of 
intragranular and intergranular secondary phases per unit area, as 
depicted in Fig. 7(b). The findings indicate an increased density of sec
ondary phases after aging, confirming that a greater number of smaller 
precipitates are formed. This rise in secondary phase density may ac
count for the relatively slight change in volume fraction observed, as a 
reduction in the individual phase size balances the increase in phase 
quantity. Fig. 7(b) also presents the density of intragranular precipitates 
for both quenched and aged samples, demonstrating a pronounced in
crease in these types of precipitates with aging. The absolute enhance
ment of the intragranular precipitate density follows the same trend as 
the total secondary phase density, suggesting that the rise is primarily 
driven by the formation of intragranular precipitates rather than 

intergranular precipitates.
As precipitation results from reduced solubility with decreasing 

temperature, aging temperature influences both the nucleation and the 
growth of precipitates. A lower aging temperature should result in a 
more significant driving force for precipitation due to the larger differ
ence between the solubility and the actual solute concentration [26,56]. 
Consistent with this premise, the sample aged at 600 ◦C for 24 h exhibits 
stronger precipitation, indicating a reduction in MgTiO3 solubility with 
decreasing temperature. Additionally, precipitation predominantly oc
curs within the grains, implying a preference for homogeneous 
nucleation.

The sample aged at 800 ◦C for 24 h exhibits a larger average size and 
lower total number density of the secondary phase compared to those 
aged at a lower temperature. Precipitate coarsening is associated with 
the difference in solute concentration, the decrease of interfacial energy 
and thermally activated diffusion [34,57]. Hence, it is expected that 
higher aging temperature promotes precipitate growth. In addition to 
growth, the lower driving force for precipitation at higher aging tem
perature is due to the difference in solubility and actual solute concen
tration, which are plausible reasons. Therefore, a reduced density of 
precipitates at higher aging temperatures is obtained.

Quenched Aged 600 °C 24h Aged 800 °C 24h

2 µm 2 µm 2 µm

Fig. 6. TEM images of quenched and aged samples, where a dotted yellow line better visualizes grain boundaries, the Mg-rich precipitates are indicated by blue and 
Ba-rich secondary phase by red arrows.

Fig. 7. Statistical analysis of Mg-rich secondary phases determined with SEM of quenched and aged samples, including in (a) the volume fraction and average size of 
secondary phases located inside the grain and at the grain boundary. In (b) the total secondary phase density of inter- and intragranular secondary phases and the 
intragranular precipitate density are displayed. Red errors indicate the absolute change in respective density due to aging.
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3.3. Properties

According to Zhao et al. [26,27], the introduction of intragranular 
precipitates alters domain structure and pins domain walls more effec
tively than intergranular secondary phases, thereby enhancing Qm. The 
observed precipitation upon aging implies that these intragranular 
precipitates act as pinning sites for domain walls, potentially leading to 
ferroelectric hardening [58]. This effect is particularly expected in 
samples aged at 600 ◦C for 24 h, where the higher density of intra
granular precipitates likely results in stronger ferroelectric hardening 
compared to both quenched samples and those aged at 800 ◦C, due to the 
greater number of pinning sites.

Fig. 8 displays polarization and strain behavior under large electric 
field of pure NBT-6BT and quenched and aged MgTiO3-substituted NBT- 
BT. For the MgTiO3-substituted samples, polarization saturation is 
reached at 7 kV/mm, while in the pure NBT-6BT sample saturation oc
curs at 6 kV/mm. MgTiO3 substitution allows for higher field applica
tion and delayed polarization saturation compared to pure NBT-6BT. 
Upon first poling, NBT-BT undergoes an irreversible phase transition 
from a short-range relaxor to a long-range ferroelectric state, at the so- 
called initial poling field Epol. All tested compositions exhibit charac
teristic butterfly- and square-shaped strain- and polarization-electric 
field hysteresis loops of a ferroelectric after the application of the 
initial poling field. MgTiO3 substitution increases both the Epol and the 
coercive field Ec, while reducing the remanent polarization Pr compared 
to pure NBT-BT, as exhibited in Table 1. This behavior indicates 

ferroelectric hardening caused by the precipitation hardening. However, 
the hardening arising from intergranular Ba- and Mg-rich phases has to 
be also considered, as it is observed in composite NBT-BT:ZnO [24]. The 
poling strain Spol, which includes contributions from both domain 
switching and phase transformation during poling [59], is reduced for 
MgTiO3-substituted NBT-BT. At the same time the irreversible poling 
strain, defined as the difference between zero strain at zero field to Sneg 
1st loop and associated with phase transformation, is enhanced with the 
exception of the quenched sample. The enhancement is likely due to 
either a larger phase transformation strain from relaxor to ferroelectric 
phases, and/or a smaller reversible domain switching strain [60]. A 
similar effect has been observed for Mg-doped NBT-6BT [17]. Quenched 
samples may demonstrate different behavior because quenching can 
lead to spontaneous relaxor to ferroelectric transition in the absence of 
an external field [53]. Thus, the field-induced phase transition in the 
quenched sample is lower. According to Venkataraman et al. [55], 
annealing a quenched NBT-6BT sample at 800 ◦C abolishes the 
quenching effect, suggesting aging temperature mitigates or eliminates 
the quenching-induced phase transition. Negative strain, which is 
related to non-180◦ domain wall switching [61], decreases by the sub
stitution of MgTiO3 (Fig. 8(d)). This implies reduced 
ferroelectric-ferroelastic contribution, i.e. less non-180◦ domain wall 
motion [62]. The decrease in non-180◦ domain wall mobility is further 
confirmed by the reduction in d33 values (Table 1), as piezoelectric 
response is influenced by both intrinsic (lattice distortion) and extrinsic 
(non-180◦ domain wall motion) contributions [63]. This further 

Fig. 8. Polarization-electric field hysteresis loops of 1st (a) and 3rd cycle (b). Strain-electric field hysteresis loops of 1st (c) and 3rd cycle (d). Exemplary for the aged 
sample at 800 ◦C Spol, Sneg and Epol are indicated by lines in (c).

Table 1 
Summary of small- and large signal electromechanical properties of quenched and aged NBT-BT-MgTiO3, including coercive field (Ec), poling field (Epol) and remanent 
polarization (Pr), extracted from Fig. 8, piezoelectric constant d33 and planar mechanical quality factor (Qm). Also, the grain size and transition temperature TF-R are 
included, extracted from SEM and temperature-dependent permittivity measurements, respectively.

Ec (kV/mm) Epol (kV/mm) Pr (µC/cm2) d33 (pC/N) Qm (-) Grain size (µm) TF-R (◦C)

NBT¡6BT 3.1 2.7 41.3 140 138 1.2 ± 0.6 107
Quenched 3.7 5.1 28.0 85 435 3.4 ± 1.6 133
600 ◦C 24 h 4.4 4.1 32.1 86 564 3.5 ± 1.6 140
800 ◦C 24 h 4.5 4.5 36.8 94 505 3.7 ± 1.7 110
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supports the role of MgTiO3 substitution in promoting ferroelectric 
hardening.

Comparing quenched and aged compositions, Ec increases from 
3.7 kV/mm for the quenched samples up to 4.5 kV/mm after aging. 
Extended aging at elevated temperature can also induce grain growth 
and bismuth evaporation, considering the volatility of bismuth [64], 
altering the microstructure and stoichiometry. The formation of pre
cipitation reduces the amount of MgTiO3 in the matrix compared to a 
quenched sample. Consequently, for changes in properties of aged 
samples, microstructural and compositional changes as well as the 
impact of the precipitates on the domain wall motion have to be 
considered. Grain size increases slightly during the aging process 
(Table 1). This minor variation, for example, result sample placement in 
the furnace. Hence, the increase is considered too small to significantly 
influence the properties. Bi-deficiency in NBT-BT does not appear to 
increase Ec as reported in prior study [65]. A lower MgTiO3 content 
possibly leads to lower Ec, as observed in Mg-doped NBT-BT [17]. 
Therefore, this increase is most probable due to the greater density of 
intragranular precipitates formed during aging compared to the 
quenched sample. Zhao et al. [26,27] demonstrated that formed intra
granular precipitates can effectively pin domain walls via lattice 
misfit-induced strains. The benefit of intragranular secondary phases is 
that the lattice-induced stresses are in closer proximity to domain walls, 
providing greater interaction with domain walls and therefore stronger 
pinning effects than intergranular phases. Therefore, higher electric 
fields are required to initiate domain switching in comparison to 
quenched samples. Aging enhances ferroelectric hardening, com
pounding the hardening effect initially introduced by MgTiO3 substi
tution and secondary phase hardening. Although Ec remains comparable 
for samples aged at 600 ◦C and 800 ◦C, the sample aged at 800 ◦C ex
hibits higher Pr, negative strain as well as d33 values (Table 1). This 
suggests that aging at higher temperature intensifies domain wall 
mobility due to the lower density of intragranular precipitates.

Fig. 9 displays the mechanical quality factor Qm and piezoelectric 
coefficient d33 for NBT-6BT, quenched and aged samples of MgTiO3- 
substituted NBT-6BT. MgTiO3 substitution leads to a significant increase 
of Qm compared to NBT-6BT, with a 200 % rise observed between NBT- 
6BT and quenched NBT-6BT-4MgTiO3. This is consistent with the 
observed ferroelectric hardening effect from MgTiO3 substitution, as 
reflected in polarization and strain versus electric field loops. The in
crease in Qm most likely arises from stress-induced domain wall pinning 
caused by intergranular Mg-rich and Ba-rich phases in the quenched 
sample. This is similar to the NBT-BT:ZnO composite system, where ZnO 
inclusions are predominantly located at grain boundaries [21,24]. 
Nonetheless, doping with Mg at the B-site can enhance the Qm as well. 

This should be considered as an additional contribution, given that 
0.5 mol% Mg-doped NBT-6BT is reported to demonstrate a Qm of up to 
826 [17]. An increase due to quenching can be excluded, as only minor 
increases are reported from quenching NBT-6BT [55]. Additionally, it is 
not expected that the observed hardening stems from the grain size in
crease caused by MgTiO3 substitution, as grain size effects on piezo
electric responses are mainly attributed to modifications in domain 
configurations, which seem to be most significant in the submicron grain 
size range [66,67]. Therefore, the influence of the grain size increase is 
considered minor compared to more dominant effects of potential Mg 
doping and precipitation hardening. While Qm increases, d33 decreases 
with MgTiO3 substitution. This known trade-off between Qm and d33 is 
caused by the fact that reduced domain wall motion simultaneously 
lowers the extrinsic contribution to d33 [2,63].

Aging further improves Qm compared to the quenched sample, while 
d33 remains comparable, diverging from the typical Qm-d33 trade-off [2]. 
An increase in Qm by Bi evaporation can be excluded, as only small 
changes in Qm have been observed in a control experiment, where 
undoped NBT-6BT has been aged at 800◦C. As discussed above, the 
enhancement is probably related to the formation of intragranular pre
cipitates during aging. Namely, lower losses associated with domain 
wall motion and consequently increase Qm are achieved by aging 
NBT-6BT-4MgTiO3. Samples aged at 600 ◦C exhibit a 30 % increase, 
while samples aged at 800 ◦C only a 16 % increase in Qm compared to 
the quenched sample. This fits well with the fact that more intragranular 
precipitates are formed at a lower temperature, since more sites for 
pinning domain walls and, therefore, higher Qm. The distribution of the 
formed precipitates inside the grain seems to play a major role in 
pinning the domain walls, as the samples aged at 600 ◦C exhibit smaller 
precipitates but a greater density and, therefore, more pinning sites exist 
in the proximity of the domain walls. Hence, precipitate distribution is 
more important than the local volume fraction and size for the ferro
electric hardening.

Ferroelectric-relaxor transition temperature TF-R for NBT-6BT, 
quenched and aged samples of MgTiO3-substituted NBT-6BT are listed 
in Table 1. Compared to NBT-6BT, TF-R is higher at 133◦C for the 
quenched NBT-6BT-4MgTiO3. An increase in transition temperature 
implies an enhanced stabilization of the ferroelectric long-range order 
[53,68]. As previously discussed, quenching induces a more pronounced 
rhombohedral distortion, indicating a stabilization of the ferroelectric 
order and elevating TF-R [54]. Besides quenching, both acceptor-doped 
and secondary phase hardening are also reported to increase TF-R. 
Acceptor doping achieves this by enhancing the tetragonal phase frac
tion and its lattice distortion, while the secondary phase hardening 
stabilizes the ferroelectric state via a stress-induced mechanism [17,21]. 
It is likely that the misfit stresses induced by the secondary phases in
fluence the crystal distortion. However, distortions caused by secondary 
phases might be more localized and too subtle to be reliably detected by 
lab-scale XRD [69,70]. Hence, the observed rhombohedral distortion in 
the quenched and 600 ◦C aged sample (Fig. 4) results predominantly 
from quenching. An increase in the grain size is reported to increase the 
depolarization temperature, which is assigned to higher ferroelectric 
ordering [51]. Nevertheless, in this case, the effect of quenching is 
considered more dominant, as no significant grain size variation is 
observed between quenched and aged samples. Therefore, the higher 
TF-R in quenched samples compared to pure NBT-BT is likely the result of 
a combined effect of quenching and secondary phase hardening from 
intergranular secondary phases. However, the precise justification for 
this increase in transition temperature cannot be fully clarified, for 
example, information on lattice distortion and phase fractions (rhom
bohedral, tetragonal, cubic) of the poled sample were not investigated. 
Samples aged at 600◦C for 24 h exhibit a TF-R of 140 ◦C, whereas aging at 
800 ◦C reduces TF-R to 110 ◦C. Previous studies report that annealing 
quenched NBT-BT at 800 ◦C for 12 h reverses the quenched state [55], 
which aligns with the observed pseudocubic structure in the 800 ◦C aged 
samples. This suggests that samples aged at 800 ◦C likely no longer 

Fig. 9. Piezoelectric coefficient d33 and planar mechanical quality factor Qm, of 
reference pure NBT-6BT, quenched and aged NBT-6BT-4MgTiO3.
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benefit from quenching, resulting in a lower TF-R. In contrast, the lower 
aging temperature does not reverse the quenching effect, preserving the 
contribution of quenching to TF-R. Notably, the TF-R of the 600 ◦C aged 
samples exceeds that of quenched samples, suggesting an additional 
contribution from intragranular precipitates to the depolarization tem
perature. These precipitates may induce internal stresses within the 
grains, further stabilize the ferroelectric state, albeit to a lesser extent 
than quenching.

4. Conclusion

An empirical approach, based on evaluating the ionic radii and 
tolerance factor of potential third members in NBT-BT and their corre
lation with structural compatibility in perovskite-structured NBT-BT, led 
to the selection of MgTiO3 as a suitable substitute. Thermal analysis and 
ex-situ XRD evaluation indicate that MgTiO3 substitution does not 
significantly alter the calcination process. In contrast to the expectation 
to achieve a secondary phase-free microstructure for sintered and sub
sequently quenched samples, SEM and TEM reveal Mg- and Ba-rich 
intergranular secondary phases. Hence, substitution of MgTiO3 in 
NBT-6BT promotes secondary phase hardening, indicated by the 200 % 
increase in Qm in quenched samples. Aging treatments on quenched 
samples initiate precipitation of small Mg-rich intragranular secondary 
phases. These serve as additional domain wall pinning sites to already 
intergranular secondary phases in a quenched sample, suppressing 
domain wall motion effectively due to misfit-induced stresses by formed 
precipitates in the close proximity of domain walls, thereby increasing 
Qm. The observed increase of 30 % in Qm and 19 % in Ec, and decreased 
Pr, negative strain and d33 compared to quenched samples are directly 
linked to the formation of intragranular precipitates. Notably, samples 
aged at lower aging temperatures exhibit a stronger hardening effect due 
to the greater density of precipitates, highlighting the importance of 
precipitate distribution over their size and volume fraction. The results 
demonstrate that precipitation hardening is a viable approach for 
ferroelectric hardening in NBT-based piezoceramics, effectively 
reducing mechanical losses in high-power applications. Furthermore, it 
proves that the concept of precipitation hardening is also applicable in 
relaxor ferroelectrics, expanding its potential for material optimization. 
However, achieving complete solubility of MgTiO3 after quenching still 
remains a challenge.
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