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ABSTRACT
The long history of innovation in the field of piezoelectric devices has, over the last 65 years, been predominantly rooted in a single material, the
Pb(Zr, Ti)O3 ceramic, known as lead zirconate titanate (PZT). Despite enormous resources being dedicated in the last 20 years to identifying
lead-free alternatives to PZT and developing a thriving, but limited, market in PbTiO3-relaxor single crystals, most device developments are
still PZT based. However, more recently, solid solutions based on BiFeO3 have opened up new applications for active piezoelectric devices at
high temperatures (to 600 ○C) and under high stress (exceeding 250 MPa), with applications in industrial ultrasound, aerospace, automotive,
and micro-actuators. This perspective article examines how new materials are expanding the application space for piezoelectric materials.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0035416., s

I. INTRODUCTION

Piezoelectricity was discovered in 1880,1 and by 1917, the
piezoelectric effect in quartz was already being applied in acous-
tic transducers.2 However, after the discovery of ferroelectricity in
1920,3 the larger coupling coefficients of Rochelle salt and dihydro-
gen phosphates proved to be more attractive for acoustic devices.
The discovery of the more chemically stable oxide ferroelectrics,
barium titanate4,5 and then lead zirconate titanate (PZT)6 ceram-
ics, facilitated a step change in piezoelectric technology, and from
the 1960s until the early 2000s, the highly customizable properties of
PZT enabled the development of new piezoelectric devices to meet
a wide range of sensing, actuating, and signal processing require-
ments.7 This growth in applications, and the increasing commercial
importance of PZT, has justified materials science research for over
four decades, focusing on understanding and augmenting its unique
properties.8

Although academic interest in PZT has remained strong to the
present, around the turn of the century, two developments marked
a shift in research on piezoelectric materials. First, the demonstra-
tion in 1997 of very high piezoelectric coupling in single crystals
of relaxor-PbTiO3 single crystals9 provided a springboard for the

development of commercial materials that offer three times the
bandwidth of PZT in sonar and ultrasound applications. Second,
the threat of PZT being outlawed by environmental legislation10

necessitated recruitment of an army of new researchers to the cause
of developing lead-free alternatives to PZT. In terms of publica-
tion numbers, the latter has proved to be the dominant influence
on research; approximately half the current publications on piezo-
electricity concern lead free materials. However, the same cannot be
said of the influence on industrial activity; currently, the number of
commercially available lead-free materials and devices is vanishingly
small. This is due to a combination of (i) the inability of industrially
feasible lead-free materials to match the combination of properties
of PZT used in current devices, (ii) the high cost of redesign of
existing devices to employ lead-free materials with different prop-
erty combinations to PZT, (iii) a complex patent landscape that
inhibits commercial entry into the field, and (iv) the continuation of
the exemption of PZT from the EU RoHS legislation that otherwise
outlaws lead in electronics. The lead-free cause may also have been
hindered by materials scientists underestimating the complexity of
the material requirements for most device applications.11 Moreover,
a number of the leading lead-free candidates are no more environ-
mentally friendly than the PZT they are intended to replace.12 Hence
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the “real-world” impact of research into lead-free piezoelectrics is
rather small compared to the existing piezoelectric market.

In contrast, the development of relaxor-PbTiO3 single crystals
has resulted in significant commercial activity with approximately
ten companies growing crystals worldwide. The main market for
these crystals is in medical ultrasound devices, in which the PZT
ceramic has been replaced to a large extent and single crystal is
now the preferred material for the development of new transducers
with improved spatial resolution.13 Naval sonar has also seen signif-
icant development activity, with single crystal transducers offering
increased sensitivity, wider bandwidth, lower power consumption,
and reduced weight compared to PZT-based devices.14 However,
given the long cycle times for the replacement of naval equipment, it
is not clear how much of the sonar development has been translated
into operational systems. While single crystals may offer significant
performance advantages to other sectors, their relatively high price
and low maximum operating temperatures have so far discouraged
their penetration outside of naval and medical markets.

The piezoelectric market is worth ∼$20b per year.15 Consis-
tent growth at around 10% p.a., exceeding the underlying growth
of the electronics sector, is attributed to increasing innovation in
PZT devices, rather than to either of the research themes described
above. To a large extent, both of those activities are aimed at replac-
ing PZT rather than expanding the total piezoelectric market. A
strategy for stimulating additional growth, by enlarging the param-
eter space in which piezoelectric materials can operate, has largely
been ignored until recently, when there has been some success in
developing materials that can operate outside the normal temper-
ature, electric field, and stress limits of PZT. These materials pro-
vide solutions to problems that could not previously be addressed
by piezoelectricity. In addition, the new materials are extending the
viable range of coercive field, depolarization stress, fracture strength,
and dielectric strength for piezoelectric ceramics, defining a larger,
multidimensional operating space for new applications.

The aim of this article is to assess how research into widen-
ing the application space for piezoelectric materials is progressing
and whether it has a real-world impact. It focuses primarily on
the temperature dimension and on the role of BiFeO3-based solid
solutions.

II. LIMITS TO THE APPLICATION SPACE
Generally, the characteristics of primary importance for selec-

tion of a piezoelectric material for a room temperature application
are the piezoelectric charge coefficients (dij), elastic constants (mod-
ulus, cijkl, or compliance, sijkl), electromechanical coupling coeffi-
cients (kij), dielectric permittivity (εij), and dielectric loss (tan δ). Of
secondary importance may be the operating/processing temperature
range, operating stress, and electric field, as well as the mechanical
properties including the coefficient of thermal expansion. For engi-
neers considering materials from outside the mainstream, there is
often a large information gap as many research publications only
report d33, ε33, tan δ, and the Curie temperature, TC.

For applications outside the normal operating range of PZT,
the depolarization temperature, coercive field, depolarization stress,
fracture strength, and dielectric strength may be elevated to be pri-
mary parameters in material selection. The first three parameters
are all aspects of ferroelectric stability, and their room temperature

values tend to increase with increasing TC. Hence, identifying piezo-
electrics with high TC not only addresses applications with higher
operating temperatures but may also provide materials with greater
resilience to a range of other demanding operating conditions.

An appreciation of the temperature dependence of the intrin-
sic properties of ferroelectric piezoelectrics can be gained from the
Landau–Devonshire thermodynamic model of ferroelectrics,16 from
which it can be shown that for a second order ferroelectric transition
at TC,

P ∝ (TC − T) 1
2 , ε∝ (TC − T)−1,

d ∝ (TC − T)− 1
2 , Ec ∝ (TC − T) 3

2 ,

g = d/ε∝ (TC − T) 1
2 ,

(1)

where T is the temperature. Although the equivalent identities for
materials with first-order transitions are more complex, the gen-
eral trend is the same. The simple model does not have an explicit
solution for elastic compliance, but the divergence of permittivity
on approaching TC is controlled by elastic softening; hence, similar
divergence is also expected for the compliance. In most cases, this
will result in the coupling coefficients (kij) being somewhat inde-
pendent of temperature. However, in many materials, the intrinsic
behavior is modified substantially by the contributions from ferroe-
lastic domain wall motion. Although the domain wall mobility is
temperature activated and therefore expected to increase with tem-
perature, the polarization and spontaneous strain both decrease to
zero at TC; hence, the extrinsic contributions to ε and d will both
decline on approaching TC, moderating the dependence expressed
in Eq. (1). Nevertheless, using Eq. (1) as a guide, we can assume that
the d coefficient increases with temperature, whereas the g coeffi-
cient decreases. Hence, while ferroelectrics may become more effec-
tive as actuators and acoustic senders with increasing temperature,
they simultaneously lose sensitivity as sensors and receivers. It is
worthwhile emphasizing that in a material selection exercise, the
d coefficient at room temperature must be taken in the context of
the value of TC and the proposed operating temperature; rejecting
high TC materials on the basis of only modest room temperature
performance risks missing a potential class leader.

While theoretically the d coefficient may be a maximum at TC,
experience shows that ceramics tend to depolarize below TC and
therefore have irreversibly lost their piezoelectric properties before
TC is reached. This is a consequence of the temperature activated
domain wall mobility; ferroelectric materials become increasingly
susceptible to the domains, finding new, randomized equilibrium
arrangements under relatively small stresses or electric fields. The
temperature at which this occurs is known as the depolarization
temperature (Td) and will determine the maximum operating tem-
perature, Tmax (<Td). An often-quoted rule of thumb that “Tmax ≈
½TC measured in centigrade” is clearly a thermodynamic fallacy.17 In
practice, Td is dependent upon the temperature dependence of coer-
cive field and domain wall mobility and how they are influenced by
material defect chemistry. In many commercial materials, the differ-
ence between Td and TC is of the order of 100 ○C; however, in certain
cases, it has been observed that Td ≈ TC or even Td > TC.17

A further constraint on operation, somewhat unrelated to the
ferroelectric properties, is electrical conductivity. As materials that
function essentially in the time and frequency domains, optimal

APL Mater. 9, 010901 (2021); doi: 10.1063/5.0035416 9, 010901-2

© Author(s) 2021

https://scitation.org/journal/apm


APL Materials PERSPECTIVE scitation.org/journal/apm

piezoelectric performance is only achieved at frequencies above that
determined by the electrical time constant, τ = ε/σ, where σ is the
conductivity of the material. For maximum bandwidth, we require
σ to be as low as possible; however, in most cases, we can regard
piezoelectric materials as doped, wide band-gap semiconductors, in
which the conductivity follows the Arrhenius equation. Although ε
increases toward TC, the increase in σ with temperature will dom-
inate the time constant in most materials. This is particularly true
in oxide perovskites, where oxygen vacancy conduction tends to be
present at temperatures above 200 ○C. Tailoring the defect chemistry
of piezoelectric materials to maintain a low conductivity is therefore
a major aspect of expanding the application space.

III. TEMPERATURE PERFORMANCE
OF PIEZOELECTRIC MATERIALS
A. Pb(Zr, Ti)O3

Given the dominance of PZT in the marketplace, it is use-
ful to understand the origins and limits of its performance. PZT is
a solid solution between PbTiO3 (TC = 490 ○C) and PbZrO3 (TC
= 235 ○C).18 For the majority of piezoelectric applications, the com-
positions of interest are close to 52% PbZrO3 concentration, located
within a region of the solid solution noted for a series of com-
plex symmetry changes from the Zr-rich rhombohedral phases via a
monoclinic region to the Ti-rich tetragonal compositions.19 For his-
torical reasons, this is known as the morphotropic phase boundary
(MPB), indicating that the transitions are primarily composition-
driven, rather than temperature driven. The enhancement of the
piezoelectric charge coefficients (dij) and coupling coefficients (kij)
close to the MPB are attributed to the ease with which the ferro-
electric polarization can rotate between the rhombohedral [111] and
tetragonal [001] directions,20,21 facilitated and augmented by fer-
roelastic domain wall motion.22 The latter contribution provides a
means of optimizing the electrical properties for different types of
application.8 While high domain wall mobility favors large piezo-
electric coefficients and permittivity, it also confers large hysteresis
in strain and polarization, increased dielectric loss, and low elec-
tromechanical Q. It is believed that polar defect pairs, for exam-
ple, oxygen vacancies paired with B-site acceptor ions, can impede
domain wall motion. Hence, reducing oxygen vacancy concentra-
tion by donor doping results in “soft” PZT with large piezoelectric
coefficients and higher loss (e.g., d33 = 670 pC N−1, tan δ = 0.022,
and TC = 159 ○C), while acceptor doping increases the defect con-
centration, reducing the domain wall mobility and providing “hard,”
low loss materials at the expense of reduced piezoelectric coefficients
(e.g., d33 = 265 pC N−1, tan δ = 0.003, and TC = 330 ○C).23

While PZT has proven highly versatile and is present in a wide
range of piezoelectric devices, a major constraint is the Curie tem-
perature. In pure PZT, which is rarely employed commercially, TC
around the MPB is in the range 360 ○C–390 ○C, depending upon the
Zr/Ti ratio. However, in the “softest” materials, TC may be as low
as 200 ○C. Hence, the maximum recommended operating tempera-
ture for PZT compositions extends from around 150 ○C to 290 ○C.
Likewise, the coercive field of PZT, which helps estimate the maxi-
mum reverse bias field that can be tolerated before depolarization,
is very composition dependent in the range 0.8 MV m−1–1.5 MV
m−1. This is analogous for applied stress fields. Soft PZT materials

exhibit depolarization under a uniaxial stress of less than 200 MPa,
at which point a phase transition is instigated from the larger volume
ferroelectric tetragonal to the ferroelectric rhombohedral state. This
de-polarization stress is increased for harder PZT materials, which
can be pushed to ∼400 MPa at room temperature.24

The dielectric breakdown strength of ceramics is microstruc-
ture dependent; hence, even for almost identical compositions, it
will vary between different fabrication sources. While commercial
suppliers do not commonly report this property, values reported for
laboratory specimens of PZT are generally less than 10 MV m−1.25

Similarly, the fracture strength (≈100 MPa) and fracture toughness
(≈1 MPa m1/2)26 of PZT are also low when compared to that of
other engineering ceramics (300 MPa–1000 MPa and 3 MPa m1/2

–10 MPa m1/2), suggesting that there is scope to identify piezoelectric
materials with much improved mechanical properties.

Nominally, pure PZT exhibits both ionic (oxygen vacancy) and
electronic (holes) conductivity.27 The time constant, τ, drops from
around 4 s at 175 ○C to ∼1 ms at 380 ○C, just below TC, and at 600 ○C,
it would be around 2 μs. Donor doping of a level consistent with soft
materials can reduce the conductivity by 3–4 orders of magnitude,
with similar benefits to the time constant, while acceptor doping
tends to increase conductivity by up to an order of magnitude.28 For
a fictitious, donor-doped, PZT-like ferroelectric, devices operating
up to 600 ○C, at frequencies as low as to 5 kHz, would be feasible,
below which frequency conductivity would introduce unacceptable
power loss.

B. Non-ferroelectric and non-perovskite high
temperature piezoelectrics

These materials were the subject of a comprehensive review by
Zhang and Yu in 2011,29 from which the data are summarized here,
unless otherwise stated. The piezoelectric coefficients given are at
room temperature.

Non-ferroelectric piezoelectrics possess the distinct advan-
tage of not being limited by Curie temperature. On the other
hand, such piezoelectricity can only be exploited in the single
crystal form. These materials include quartz and its analogues
(AlPO4, GaPO4, and GaAsO4), langasite (La3Ga5SiO14) and its iso-
morphs (La3Ga5.5Nb0.5O14 and La3Ga5.5Ta0.5O14) including AlGa-
substituted variants, and rare-earth oxyborates [ReCa4O(BO3),
where Re = a rare earth material]. The relevant room temperature
d coefficients are generally less than 10 pC N−1 (cf. PZT, 200 pC
N−1–700 pC N−1) with coupling coefficients k < 0.2 (cf. PZT, 0.5
–0.7) although in oxyborates, these may be as high as 15 pC N−1

and 0.3, respectively. While the relatively low piezoelectric cou-
pling is unsuitable for active applications, the permittivities in these
materials are also low; hence, the g coefficients are attractive for
passive sensing applications, for example, in aerospace vibration
monitoring. However, the low permittivity also means that the volt-
age response can be diluted by circuit capacitance, confirming that,
if available with sufficient temperature stability, higher k materials
would be preferred.

Many Aurivillius-type and other layer-structure ferroelectrics
exhibit high Curie temperatures, with values of over 800 ○C and
900 ○C having been recorded for CaBi4Ti4O15 and Bi3TiNbO9,
respectively. The d coefficients of these materials are typically less
than 20 pC N−1, with k values of less than 0.1. Contrary to the trends
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suggested by the Landau–Devonshire thermodynamics, the d coeffi-
cients of these materials are surprisingly independent of temperature
up to the depoling temperature.30 This is possibly one of the reasons
why modified Bi4Ti3O12 (TC = 655 ○C, d33 = 20 pC N−1) is employed
commercially in a number of applications.

Another non-perovskite ferroelectric employed commercially
is tungsten bronze, lead metaniobate PbNb2O6, with TC ≈ 570 ○C.
This material is attractive more for its low electromechanical Q
(≈20) and high anisotropy (d33/d31 ratio), useful in high-bandwidth
ultrasound transducers, than for its moderately high TC as its large
thermal expansion at temperatures above 300 ○C can be difficult to
manage.

C. Bi-based perovskites
1. Binary solid solutions

It is understandable that engineers, when intending to extend
the operation of their PZT-based devices to higher temperature,
would prefer piezoelectric coupling similar to that achieved in PZT
rather than the values exhibited by the high temperature piezo-
electrics discussed above. Similar to much of the work on lead-free
materials, an obvious strategy for achieving PZT-like performance is
to mimic the morphotropic phase boundary seen in PZT. In the case
of targeting higher TC, the most direct approach would be to replace
one of the PZT end-members with a higher Curie temperature alter-
native. Given the relative scarcity of tetragonal perovskites, the most
common approach has been to replace PbZrO3. For example, Eitel
et al.31 explored a large number of PbTiO3 solid solutions, revealing
a correlation between TC at the resulting MPB and the cation radius
of the rhombohedral end-member. More importantly, they showed
that the relatively large ionic radius of the Bi3+ ion produced materi-
als with MPB Curie temperatures up to 600 ○C, in BiMeO3–PbTiO3,
where Me = Sc3+, In3+, and Yb3+. The most accommodating of these
materials, 0.36 BiScO3–0.64 PbTiO3, has d33 = 460 pC N−1 with TC
= 450 ○C. Although materials based on this composition are com-
mercially available with operating temperatures up to 350 ○C, the
cost of the Sc2O3 precursor can be a challenge in an industry based
on PZT.

The solid solution BiFeO3–PbTiO3 appears to buck the trend
discovered by Eitel31 as the small Fe3+ radius compared to Sc3+

would suggest a much lower TC than that of BiScO3–PbTiO3; how-
ever, in reality, the TC for the MPB composition at 0.7 BiFeO3–0.3
PbTiO3 is 635 ○C.32 Perhaps more remarkable is that, unlike most
solid solutions of PbTiO3, in which the relatively high spontaneous
strain of 6% in pure PbTiO3 is reduced through solid-solution for-
mation, in BiFeO3–PbTiO3, the spontaneous strain increases with
increasing BiFeO3 content such that for compositions just to the
PbTiO3-rich side of the MPB, the spontaneous strain peaks at almost
20%.33 This unprecedently large strain, while promising large spon-
taneous polarization and corresponding intrinsic piezoelectric prop-
erties, also presents many difficulties for ceramic preparation and
utilization. The large spontaneous strain can promote disintegra-
tion of the ceramic following sintering; however, careful processing,
in terms of particle size and the sintering temperature profile, can
result in materials, which do not disintegrate, but rather counter-
intuitively, due to their mixed phase nature, they exhibit anoma-
lously high strength and toughness.34,35 However, the piezoelectric
properties are characterized as being very hard compared to PZT
due to the difficulty of switching ferroelastic domains with such a

high spontaneous strain. In addition, the conductivity reduces the
electrical time constant to impractical levels. Doping with a number
of elements, particularly donor dopants such as La3+, can simul-
taneously reduce both the conductivity and spontaneous strain to
produce a softer piezoelectric with more practical time constants,
albeit at the expense of reducing TC to a temperature similar to that
of PZT.36

Tetragonal ferroelectric perovskites other than PbTiO3 have
been investigated in solid solution with BiFeO3. The most obvious
candidate is BiFeO3–BaTiO3; however, unlike BiFeO3–PbTiO3, its
phase diagram does not exhibit a strongly tetragonal phase. The Ba-
rich tetragonal phase transforms to “cubic” at <10% BiFeO3, with
a second phase boundary to the Bi-rich rhombohedral phase at
around 65% BiFeO3. The addition of BaTiO3 to BiFeO3 also results
in a decline in TC.37 Although some authors have identified the non-
rhombohedral phase as tetragonal, most suggest that despite it being
crystallographically cubic or “pseudo-cubic,” it appears to exhibit a
substantial high-field piezoelectric effect close to the boundary with
the rhombohedral phase, which can be attributed to a field-induced
transition from a non-polar to a polar state.38 However, through
combinations of very specific thermal processing39 and doping,40

materials with useful combinations of TC (∼450 ○C) and d33 (240 pC
N−1) can be produced.

The loss of long-range polar order on alloying BiFeO3 with
a tetragonal perovskite appears to be the rule, to which PbTiO3 is
one of the few exceptions. A similar behavior to BiFeO3–BaTiO3 is
observed in the BiFeO3–(K1/2Bi1/2)TiO3 solid solution, in which a
relaxor phase results.41 While relaxors are perennially of scientific
interest,42 their properties, derived from the dynamics of domains
of short range polar order, diverge from conventional piezoelec-
tricity. The large strains that can be generated are often a mixture
of electrostriction and field-induced spontaneous strain, while the
weak field piezoelectric effect tends to zero or is rather small. Hence,
they are generally not preferred for conventional piezoelectric appli-
cations such as ultrasound transducers. For clarity, it should be
pointed out that piezoelectric relaxor-PbTiO3 single crystals referred
to earlier9 are actually ferroelectric in their behavior; the relaxor in
their descriptor refers mainly to the classification of the non-PbTiO3
end-member.

Both BiFeO3–PbTiO3 and BiFeO3–BaTiO3 type solid solutions
exhibit complex crystallographic, microstructural, and electrome-
chanical behavior near the putative MPBs, for which the origins, in
the magnitude of tetragonal spontaneous strain, are almost diamet-
rically opposed. Both of these simple binaries present challenges in
terms of optimization for applications or industrial scale-up.

2. Ternary systems
On the one hand, the MPB composition in BiFeO3–PbTiO3

offers a high Curie temperature (635 ○C), but with exceptionally
hard properties due to the large spontaneous strain, with a concern
that conductivity due to Fe2+/Fe3+ mediated hopping is too high
for high temperature operation. On the other hand, other tetrag-
onal end-members result in the breakdown of long-range order, a
reduction in TC, and the onset of relaxor behavior.43 As a general
rule, increasing the number of cations in a solid solution tends to
further undermine polar coherence and deepen the relaxor nature;
however, incorporation of PbTiO3 in nano-polar systems tends
to overcome the loss of coherence and favors the formation of
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FIG. 1. Schematic of the BiFeO3–PbTiO3–(K1/2Bi1/2)TiO3 phase diagram showing
the variation of the room temperature piezoelectric charge coefficient with compo-
sition, based on the experimental data of Bennett.44 Dashed lines show inferred
phase boundaries.

long-range polar order. This can be clearly seen in the example
of BiFeO3–PbTiO3–(K1/2Bi1/2)TiO3 (Fig. 1),44 in which the largest
weak-field d33 is located virtually mid-way between the BiFeO3–
PbTiO3 MPB composition and the pseudo-cubic region of BiFeO3–
(K1/2Bi1/2)TiO3.45 Similar performance has recently been reported
in the BiFeO3–PbTiO3–BaTiO3 system,46 in which BaTiO3 plays the
same role as (K1/2Bi1/2)TiO3. Compared to the MPB composition
in the BiFeO3–PbTiO3 binary, the ternary sweet-spot compositions
exhibit reduced conductivity, reduced tetragonality,47 reduced coer-
cive field, and an increase in domain wall contributions to the polar
properties.48 While there is still an inverse relationship between d33
and TC, BiFeO3–PbTiO3–(K1/2Bi1/2)TiO3 compositions with TC ≈
510 ○C, Td ≈ 490 ○C, and d33(20 ○C) > 150 pm V−1, consistent with
d33(480 ○C) > 300 pm V−1 , are achievable. Further extension of the
operating temperature range to 580 ○C through an increase in the
Curie temperature to 680 ○C has been achieved through careful opti-
mization of the process parameters.49 Such properties represent a
major step forward compared to the previous state of the art prop-
erties, and over the last 5 years, they have been commercialized in a
range of applications.

IV. APPLICATIONS
The combination of the relatively high d33 of the BiFeO3–

PbTiO3–(K1/2Bi1/2)TiO3 material and an operating temperature that
can be extended up to almost 600 ○C has created a step change in a
number of areas of application. Compared to non-ferroelectrics, and
non-perovskites, the high coupling allows high temperature active
operation (converse mode), rather than only using the material for
sensing (direct mode).

For example, a significant impact has been made in the field
of ultrasonic devices for plant inspection. Time-of-flight ultrasound,
using piezoelectric transducers, is the main method for inspecting
industrial plants for cracks and corrosion at room temperature.50

However, until the introduction of new materials, ultrasonic inspec-
tion at high operating temperatures (200 ○C–580 ○C) had proved
to be challenging as piezoelectric materials with sufficiently high
coupling over that temperature range did not previously exist. Con-
sequently, in the energy, nuclear, and oil and gas industries, it is
common practice to shut-down plants to allow them to cool and to
allow both scheduled and unplanned ultrasound inspections to take
place. Such closures can cost up to $1 m/day in the nuclear industry,
for example, and run to $100 m′s p.a. in unscheduled outage costs,
emergency repairs, and insurance and legal costs. The recent avail-
ability of transducers for continuous use up to 580 ○C has, therefore,
been transforming inspection practice, allowing not only inspections
for corrosion and cracking to take place without interruption to
normal operations but also allowing transducers to be permanently
installed at critical areas of plants for continuous monitoring, bring-
ing the benefits of reduced inspection costs and increased safety and
savings in plant maintenance and asset replacement.51

Structural health monitoring systems for aeroengines are also
under development, based on the commonly used endoscope con-
cept, but incorporating temperature resistant materials to allow high
temperature deployment. This will allow the detection of cracks that
are only apparent in the elevated temperature range immediately
post-flight. In addition, ultrasonic position monitoring systems for
aeroengines have been demonstrated, offering direct feedback on
the operational status of mechanical components such as fuel valves
in-flight.

In terms of process control in high temperature plants, both
time of flight and Doppler devices, with extended operating tem-
peratures, are operational for the non-invasive measurement of liq-
uid and gaseous flow velocities, providing multiple benefits in plant
management.

A corollary of the ability of high TC materials to withstand
high operating temperatures is the ability to withstand high stresses
without de-poling. Due to this enhanced capability, materials in
the BiFeO3–PbTiO3–(K1/2Bi1/2)TiO3 system now find applications
in combined extreme pressure and temperature environments such
as exhaust gas metering transducers, for example, with a combined
stress and temperature withstanding ability of >100 MPa at >400 ○C.

High temperature actuation has always proved more challeng-
ing than sensing as the frequency range tends to be lower and more
susceptible to high power losses due to electrical conductivity. How-
ever, the new BiFeO3-based materials have sufficiently large d coef-
ficients and acceptably low conductivity to act as actuators with rel-
atively high strain (d∗) coefficients >200 pm V−1 at 400 ○C.52 Such
properties have proved to provide sufficient energy coupling for the
efficient atomization of molten polymers, metals, and glasses.

Perhaps somewhat unexpected is the fact that these materi-
als also exhibit significantly greater fracture strength and fracture
toughness than PZT, evidenced as 2.5 times greater strain to fail-
ure.53 This is thought to be a combination of the larger intrin-
sic strength of Bi-based compounds than PZT and a transforma-
tion toughening contribution due to the large spontaneous strain
of the tetragonal component of the MPB compositions. Hence,
micro-engineered actuators can be designed with much higher
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dimensional aspect ratios than with PZT, and as it has also been
shown with BiScO3–PbTiO3,54 high TC materials used in energy
harvesting cantilevers can withstand higher accelerations with larger
proof masses, resulting in >5 times the power density of PZT devices.

As the new materials become more widely known, new appli-
cations are emerging regularly. Unfortunately, many of these are
proprietary and still confidential. Nevertheless, the impact of mate-
rial research is proving to be beyond initial expectations, with many
of the new applications only becoming evident once the capabilities
of the material are established.

V. CONCLUSIONS
BiFeO3-based ceramics are now fulfilling the promise of signif-

icantly widening the operational window for high-activity piezoelec-
tric materials that has been virtually unchanged for almost 60 years.
They provide both sensing and actuation functions up to 400 ○C
and with excellent ultrasound performance up to almost 600 ○C. The
larger coupling coefficients and manufacturing flexibility compared
to non-ferroelectric single crystals also provide them with advan-
tages for vibration monitoring over this same temperature range. For
low stress applications, they cannot compete with PZT below 300 ○C,
but their higher de-poling stress means that they are the material of
choice for applications requiring high stress operation (>250 MPa)
at modest temperatures or combinations of stress and temperature
up to 100 MPa at 400 ○C. Their high fracture strength and strain-to-
failure encourage a relaxation of design rules for high aspect ratio
component parts for micro-actuation and energy harvesting.
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