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A B S T R A C T

Across power ultrasonics and sensing, piezoelectric ultrasonic transducers commonly experience degradation
in mechanical, electrical, and dynamic performance due to the relatively high sensitivity of piezoelectric
materials to changes in temperature. These changes, arising for example through high excitation voltages or
environmental conditions, can lead to nonlinear dynamic behaviours which compromise device performance.
To overcome this, the excitation signal to the piezoelectric material is often pulsed, mitigating the influence of
temperature rises. However, there remain constraints on suitable candidate piezoelectric materials for power
ultrasonic devices. As a novel approach to mitigating the influence of temperature on the properties of piezo-
electric materials, the phase-transforming shape memory alloy Nitinol is incorporated into the piezoelectric
stack of a Langevin power ultrasonic transducer, in a cascade formation. The underlying principle is that
the nonlinear hardening response of Nitinol to rising temperature can be used to dynamically compensate
for the nonlinear softening of the piezoelectric materials. Thus, the dynamic response of the transducer
can be linearised at elevated excitation levels. In this study, two configurations of Langevin transducer are
designed and characterised. One transducer incorporates a Nitinol middle mass, and in the second, titanium.
A combination of electrical and thermomechanical characterisation is undertaken, where it is demonstrated that
the nonlinear softening of the piezoelectric stack can be mitigated through control of the Nitinol microstructure.
The vibration amplitudes of the Nitinol-middle cascaded transducer are higher and more stable when the
Nitinol is austenite rather than a combination of martensite and austenite at room temperature. It has also
been shown that the vibration amplitude and resonance frequency of Nitinol-middle cascaded transducer
remain stable as temperature changes from 20 ◦C to 45 ◦C, dependent of the excitation voltage. Moreover,
the self-heating experiment demonstrates the resonance stability of the Nitinol-middle cascaded transducer for
continuous operation.
1. Introduction

The Langevin transducer has been a popular configuration of ultra-
sonic device in power ultrasonics for many years, with broad applica-
tion across a wide range of fields including motors and actuation [1],
surgery [2], welding [3], and drilling [4]. Their operational modal re-
sponses are commonly tuned to low ultrasonic frequencies, principally
between 20 kHz and 100 kHz, thus enabling the necessary micrometre-
scale vibration amplitudes to meet the demands of industrial and
surgical applications.

The Langevin transducer typically comprises a stack of piezoelectric
rings sandwiched between two metallic end-masses and compressed
with a centrally aligned bolt. The stress applied to compress the entire
stack, via the bolt, allows sufficiently high vibration amplitudes to be
generated without mechanical failure of the piezoelectric rings. It is
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common for the piezoelectric rings to be a hard form of lead zirconate
titanate (PZT), for power ultrasonic applications. The piezoelectric
properties of PZT are temperature dependent, where parameters such as
the charge and voltage constants, 𝑑 and 𝑔, and compliance and permit-
tivity, 𝑠 and 𝜖, respectively, are highly sensitive to temperature [5,6].
Hence, both the dynamic characteristics of the piezoelectric Langevin
ultrasonic transducer, including resonance frequency and vibration
amplitude, and electromechanical parameters including impedance, are
highly temperature dependent [7–9]. There are emerging applications
for Langevin transducers in environments of elevated temperature [10],
notwithstanding contemporary approaches to mitigate the influence of
temperature in the stack.

A commonly applied technique to mitigate the influence of temper-
ature in the piezoelectric stack is through pulse-excitation [11], where
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the time window for which the piezoelectric material is subjected to
voltages causing temperature increases is minimised, and the measure-
ment of the dynamic performance of the transducer is undertaken at
steady-state. However, the principal disadvantage of this technique is
that relatively long burst times can still be required to ensure steady
state, and there remain temperature increases in the piezoelectric ma-
terials. An alternative approach is to compensate for temperature rises,
and thus nonlinear behaviour, by phase tracking. Here, the changing
resonance response of the transducer as a function of the excitation
is monitored and the excitation adjusted accordingly. However, the
dynamic properties of the transducer, including resonance frequency,
are still a function of temperature. A further practical option is to apply
a DC bias voltage across the transducer to compensate for the frequency
shift in part generated by changes in temperature [12]. However,
DC bias voltages can result in unstable load powers and vibration
amplitudes with respect to temperature. In general, mitigating the
influence of temperature on the performance of piezoelectric ultrasonic
transducers remains a significant challenge for practical applications.

In recent years, there has been an emerging focus on integrating
shape memory materials, principally nickel titanium, or Nitinol, into
ultrasonic transducers [13–15]. The underlying motivation of these
studies was to investigate mechanisms by which transducers with adap-
tive dynamics could be engineered by using materials with phase-
transformational properties. Specifically, the elastic moduli of Nitinol
are highly dependent on even modest changes in temperature, and it
was demonstrated that the resonance frequencies and associated modes
could be shifted in the order of kHz, in transducers fabricated from
Nitinol.

In general, Nitinol is a binary alloy of nickel and titanium, and
it is used in aerospace, medical, and industrial applications [16,17],
principally for damping and micro-actuator systems. Nitinol possesses
two key mechanical properties which are dependent, in part, on tem-
perature. One is the shape memory effect, the ability of the material
to recover a particular set shape in response to temperature, and the
other is superelasticity, which is the ability of the material to recover
from relatively high levels of applied stress [18]. Both phenomena arise
from the phase transition between martensite and austenite microstruc-
tures, where martensite typically manifests at lower temperatures,
relatively, and austenite appears at higher temperatures. An intermedi-
ate orthorhombic phase, known as the R-phase, can also be generated,
depending on the composition of the alloy. These microstructures all
possess different elastic properties, varying from a modulus in the
order of 30–40 GPa for martensite [19,20], towards 70–90 GPa for
ustenite [21,22]. Fundamentally, the temperatures at which these
icrostructures can be generated depend on the alloy composition and

he hot and cold working conditions to which the material is subjected.
ariations in modulus have been studied using techniques such as
anoindentation [23], resonant ultrasound spectroscopy (RUS) [24],
nd tensile testing [19]. Measurement of the modulus change in a spec-
men of Nitinol thus enables the design of ultrasonic transducers with
daptive dynamic characteristics, given the dependence of frequency
n elastic modulus.

Up to this point, the integration of Nitinol into ultrasonic trans-
ucers has generally been limited to flextensional type configurations,
uch as the cymbal transducer [13], where the resonance frequencies
or different modes of vibration were shown to be tuneable over thou-
ands of Hz. Given the popularity of the Langevin transducer, and the
ontinuing challenges associated with operational stability with regards
o temperature, Nitinol presents a promising and practical opportunity
o compensate for the influence of temperature on the dynamic perfor-
ance of the transducer. In this research, a form of cascade transducer

ncorporating Nitinol is proposed, called a Nitinol-middle cascaded
ransducer (NMCT). Cascade transducers are a variant of the Langevin,
ypically incorporating a middle mass between two piezoelectric ce-
2

amic stacks to enable multi-frequency behaviours [25]. Here, Nitinol a
is embedded as the middle mass in a piezoelectric Langevin trans-
ducer, whose primary function is to compensate for thermally induced
nonlinear behaviours of the PZT stack.

In this study, two transducers are designed and fabricated. The first
is the NMCT, and the second incorporates a titanium middle mass in
place of the Nitinol, called the titanium-middle cascaded transducer
(TMCT). The purpose of fabricating the TMCT is to demonstrate the
unique behaviours regarding compensation of the dynamics for the
NMCT, as a comparison case. First, the phase transition temperatures
of the Nitinol were measured through differential scanning calorimetry
(DSC). Electrical discharge machining (EDM) was used to fabricate the
Nitinol ring for the NMCT, and both transducers were then assem-
bled. The electrical properties of each were measured using electrical
impedance analysis (EIA), and the dynamic characteristics were ob-
tained through laser Doppler vibrometry (LDV). Using these techniques,
it can be demonstrated that through the control of the moduli of a
Nitinol ring embedded in a Langevin transducer, the thermally in-
duced softening of the PZT stack (a nonlinear reduction in resonance
frequency), and its influence on the dynamic characteristics of the
transducer, can be compensated. The wider aim of this research is to
enable the development of Langevin transducers for operation in hostile
environments, for example cryogenics or high temperature welding.

2. Methodology

The transducers were designed using finite element analysis (FEA),
where the resonance frequencies of the first longitudinal modes of
vibration were tuned to around 30 kHz. Following this, the transducer
components, including piezoelectric ceramic rings, were acquired, be-
fore the end and middle masses of the configurations were machined. A
conventional machining process can be utilised for titanium, but Nitinol
experiences relatively severe work hardening, and so here EDM was
applied instead, to machine the Nitinol ring to the required dimen-
sions [26]. Prior to these steps, the transformation properties of the
Nitinol used to fabricate the NMCT were characterised.

2.1. Characterisation of Nitinol

A Nitinol cylinder (Kellogg’s Research Labs), with a diameter of
25 mm was procured, with a 1.5 mm3 sample prepared for DSC mea-
surements. Prior to fabrication, the transformation temperatures of the
Nitinol used for the NMCT were measured using DSC (DSC2A-01781,

A Instruments) with 50mL/min heat flow. The purpose of DSC here
s to measure the key temperatures at which the transitions between
ifferent phase microstructures occur in the material, thus providing
guide for practical operation of the NMCT. Principally, the onset

nd completion of the formation of each phase microstructure can
e measured, via individual temperature markers. These temperatures
omprise the martensite start (𝑀𝑠), martensite peak (𝑀𝑝), martensite
inish (𝑀𝑓 ), austenite start (𝐴𝑠), austenite peak (𝐴𝑝), austenite finish
𝐴𝑓 ), R-phase start (𝑅𝑠), R-phase peak (𝑅𝑝), and R-phase finish (𝑅𝑓 ).

Heating and cooling rates were set to 10 ◦C/min, with a defined
temperature range from −70 ◦C to 100 ◦C, to ensure all 𝐴𝑓 to 𝑀𝑓
emperatures would be captured. The nominal 𝐴𝑓 of the material as
upplied was 34.21 ◦C. The transformation temperatures of the Nitinol
re shown in Fig. 1 from DSC.

In general, the phase transitions correspond to spikes in the heat
low. A single transition stage ‘martensite → austenite’ appears as
he Nitinol sample is heated heating, whereas two transition stages
austenite → R-phase’ and ‘R-phase → martensite’ appear while cooling.
t is common for an intermediate phase such as the R-phase to manifest
n the cooling step, based on the fact that Nitinol is hysteretic in nature,
nd is important to consider for the dynamics of the NMCT whether the

pplied temperature is heating or cooling.
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Fig. 1. DSC thermogram for the Nitinol used for the NMCT, where the measured transformation temperatures are indicated.
Fig. 2. Finite element simulation results of the first longitudinal mode for (a) the NMCT in the heating cycle at 28.705 kHz, (b) in the cooling cycle at 29.515 kHz and (c) the
TMCT at 31.214 kHz.
2.2. Design of the transducers

A cascade configuration of Langevin transducer was produced using
FEA software (Abaqus, Dassault Systèmes), with one model incorpo-
rating Nitinol as the middle mass to form the NMCT, and the other
comprising a titanium ring as the middle mass, constituting the TMCT.
The first longitudinal mode of each transducer was tuned to approx-
imately 30 kHz, consistent with typical operational frequencies for
common power ultrasonic applications, from 20 kHz to 100 kHz. The
finite element results are shown in Fig. 2, along with the resonance
frequencies.

The complexities surrounding estimating the elastic moduli of Niti-
nol are well documented [27,28]. For example, elastic moduli of the
twinned martensite phase is highly dependent on detwinning and re-
orientation [29], and it should be noted that a key determining factor
of modulus difference between martensite and austenite is the grain
size [30]. The larger the grain size, the larger the modulus difference
within the temperature range of −100 ◦C to 100 ◦C [31]. Therefore,
at the outset, the finite element model for the NMCT was developed
through an iterative trial approach using estimations of elastic modulus
using the scientific literature [19–22], from where the models were
later refined using experimental data. The material properties used
in the final FEA models are shown in Table 1, which includes the
iteratively defined elastic moduli for the Nitinol in its martensitic and
austenitic phases.

The detailed configuration of the transducers is shown in Fig. 3,
where the two end masses, the middle mass, and the two PZT stacks
are indicated, alongside key dimensional labels which can be used for
reference.
3

Table 1
Iteratively defined elastic moduli for the Nitinol in FEA.
Phase Elastic moduli (GPa)

Mixed martensite and austenite
(Room temperature in heating cycle)

60

Austenite
(Room temperature in cooling cycle)

73

The Nitinol middle mass is a ring manufactured by EDM, with
copper used as the electrode material because of its high thermal and
electrical conductivity [32]. Each PZT stack (PZ26, CTS Corporation)
consists of one pair of piezoelectric ceramic rings, and complemented
by two copper electrodes. To ensure structural symmetry and unifor-
mity, a bolt feature was fabricated on the front mass 2 to fit into each
transducer assembly, where a threaded feature machined into the front
mass 1.

A major challenge in the design of these transducers was accom-
modating differences in acoustic impedance between the end mass
materials and the middle mass in each case. Acoustic impedance can
be described as the product of material density and sound velocity,
and it is known that an optimal acoustic performance is achieved when
the sandwich structure possess a gradient acoustic impedance [33].
Measurements of longitudinal sound velocity through Nitinol were
made using a pulse-echo system (DPR300 Pulse/Receiver, JSR Ultra-
sonics), where the data was collected by an oscilloscope (InfiniiVision
DSOX2014A, Keysight Technologies). This enabled acoustic impedances
for both mixed martensite and austenite (Heating cycle) and austenite
(Cooling cycle) to be measured, where they are shown to be marginally
higher than that of PZ26, as shown in Table 2.
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Fig. 3. Detailed schematic of the configuration used for both the NMCT and the TMCT.
Table 2
Acoustic impedances of transducer materials.
Material Acoustic impedance (kgm−2s−1)

Nitinol (Heating) 33.1e6
Nitinol (Cooling) 34.9e6
PZ26 32.3e6 [34]
Aluminium (6082) 16.57e6 [35]
Titanium (Ti6Al4V) 25.694e6 [36]

Table 3
Configuration parameters.
Parameter Dimension value (mm)

𝐿1 20
𝐿2 5
𝐿3 10
𝐿4 20
𝐿5 0.38
𝐷1 25
𝐷2 8
𝐷3 9
𝐷4 10

The measurements of acoustic impedance compare well with obser-
vations in the literature [37], although material properties of Nitinol
alloys can differ, depending on their specific compositions and pro-
cessing conditions. Using these measurements, a material with acoustic
impedance lower than PZ26 would be desirable for front mass 1,
with reference to Fig. 3, to ensure the necessary acoustic impedance
gradient. An aluminium alloy (6082) was also selected, since its acoustic
impedance is lower than that of both Nitinol and PZT, and because
it has relatively low loss characteristics with high energy transmis-
sion [38]. Finally, titanium (Ti6Al4V) was selected for the TMCT since
its acoustic impedance is close to that of Nitinol, and is a material
commonly used in power ultrasonic transducers such as the Langevin
configuration, like aluminium, in part because of its relatively high
magnitude of quality factor. A summary of the dimensions for both
transducers is shown in Table 3, with reference to Fig. 3.

The NMCT and TMCT were both assembled by loading the central
bolt with a pre-stress of 10.5 Nm. It appears that a pre-stress of
10.5 Nm is optimal for achieving the lowest electric impedance for both
transducers. The manufactured transducers are shown in Fig. 4.

2.3. Dynamic characterisation

Accurate mode identification is important during the experimental
process because it should be ensured that the correct mode of vibration
is being monitored as the associated resonance frequency changes with
temperature. When the temperature of the transducer changes, the
dynamic properties, particularly elastic modulus, of the transducers
also change, thereby directly influencing resonance frequency. EIA
generally only provides electrical data with respect to parameters
4

Fig. 4. Manufactured NMCT (top) and TMCT (bottom).

including frequency, thus LDV is required to capture the modal be-
haviour which can be correlated with FEA. Here, the vibration modes
of each transducer were measured at the room temperature using a
3D scanning laser Doppler vibrometer (MSA100, Polytec) under an 8
V𝑃−𝑃 excitation. The reason of measuring under 8 V𝑃−𝑃 is to ensure a
sufficiently clear and detectable vibration mode shape. The LDV results
for two transducers at room temperature for the first longitudinal mode
of vibration are shown in Fig. 5.

During the heating cycle, the Nitinol undergoes a transformation
from its low temperature martensite state to the high temperature
austenite state. Conversely, during the cooling cycle, the Nitinol transi-
tions from its high temperature austenite state to the low temperature
martensite state. There is a hysteretic response inherent in shape mem-
ory materials such as Nitinol, as shown in Fig. 1, and this explains
the resonance frequency difference of the NMCT across the heating
and cooling cycles. These mode shapes can be directly compared with
those shown in Fig. 2, where the measured resonance frequencies also
closely match. Therefore, there is a high level of confidence in the
estimations for the elastic moduli used for the NMCT model, provided
in Section 2.2.

With the longitudinal mode for each transducer measured, along
with its resonance frequency, the dynamic response of each trans-
ducer could then be monitored as a function of temperature. The aim
of this part of the study was to quantify the influence of changing
temperature on the dynamic properties of a transducer incorporating
Nitinol (NMCT), with those for a transducer comprising a conven-
tional Langevin transducer material, titanium (TMCT). To achieve this,
resonance frequency and electrical impedance were monitored by an
analogue circuit with an impedance analyser module (Analog Discovery
2, Digilent) which was connected to a commercial climate chamber
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Fig. 5. LDV results of the first longitudinal mode for NMCT in the heating cycle (a) at 28.719 kHz and cooling cycle (b) at 29.336 kHz, where the heating cycle denotes that the
Nitinol is in the state of heating from low temperature martensite to high temperature austenite, and vice versa for the cooling cycle; and TMCT (c) at 31.338 kHz.
(MKF115, BINDER) as the mechanism for applying controlled tempera-
ture functions. Transducers were placed on a polyurethane foam inside
the climate chamber to establish boundary conditions as close to free-
free as is physically practical. The resonance frequency and electrical
impedance of the first longitudinal mode for both NMCT and TMCT
were measured by sweeping through a designated frequency range at
0.5V𝑅𝑀𝑆 . All data were measured within a −40 ◦C to 60 ◦C temperature
window, to capture all phase transitions of Nitinol as suggested through
the DSC results shown in Fig. 1. The temperature step interval was set
as 5 ◦C. The temperature was stabilised at each step for 10 minutes, to
ensure that the temperature of each transducer equilibrated with the
environment and was homogeneous through the device. Temperature
was continuously and consistently monitored throughout.

In an ultrasonic system, the temperature of the device and the
applied voltage directly influence the dynamic properties, such as
resonance frequency and impedance. The hypothesis here is that the
material behaviours unique to shape memory materials, and nonlinear-
ities, associated with the Nitinol in the NMCT will interact differently
with the expected softening behaviours associated with the PZT stack,
as temperature and voltage change, for the NMCT compared to the
titanium based TMCT. To quantify this, the temperature–voltage re-
lationship was assessed by monitoring the dynamic properties of the
transducers for different excitation voltages when the transducer tem-
perature is stable. In each case, the resonance frequency, electrical
impedance, and power are obtained by a driver (Ultrasonic Driver,
PiezoDrive) which was connected externally to the transducers inside
the climate chamber. The phase tracking function of the ultrasonic
driver ensures that the transducers operate at their resonance fre-
quency. To study the potential of the NMCT as a suitable candidate
of power ultrasonic device for practical application, the vibration am-
plitude was obtained using a function generator (33210A, Keysight
Technologies) and a signal amplifier (HFVA-62). Each transducer was
excited using sinusoidal signals with voltages from 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 ,
using a burst time interval of 3 seconds to minimise self-heating within
the transducer where possible. By using a 1D LDV system (OFV-303,
Polytec), the vibration amplitude of the first longitudinal mode is then
collected.

Furthermore, the dynamics of the NMCT and TMCT were inves-
tigated using a combination of the ultrasonic driver, 1D LDV and a
thermal imager (TM160, Micro-Epsilon). The self-heating phenomenon
is caused by electric current forming in the PZT materials, thus gen-
erating Joule heating due to electrical impedance. This is particularly
prominent in continuous driving conditions, which is common in power
ultrasonics [39]. It was not practical to conduct this experiment below
ambient temperature given the operating requirements of the measure-
ment instruments, and so only vibration amplitude results for the 25 ◦C
to 60 ◦C temperature range have been acquired.

3. Results and discussion

3.1. Measurements at static temperature

Before the experiment is conducted, the phase of the Nitinol mate-
rial must be reset, ensuring the initial phase at the starting temperature
is accurately known. This is because, due to its hysteretic nature,
5

the phase microstructure of Nitinol can exist as either martensitic or
austenitic, depending on whether a heating or cooling cycle is applied.
This was done by using the aerosol freeze spray to cool the NMCT to
−40 ◦C for 10 min and then gradually heat in ambient conditions until
it returned to room temperature (20 ◦C). According to Fig. 1, the initial
phase of Nitinol is a combination of martensite and austenite, because
𝐴𝑓 has not yet been passed. The experiment includes three temperature
functions to realise a heating-cooling loop: (1) heating the transducers
from room temperature to 60 ◦C; (2) cooling the transducers from
60 ◦C to −40 ◦C; and (3) heating the transducers from −40 ◦C to room
temperature. The first set of analyses aimed to evaluate the influence of
static temperatures on NMCT dynamic properties, with particular focus
on the resonance frequency. Resonance frequency results for the NMCT
and TMCT in their first longitudinal mode with respect to temperature
are shown in Fig. 6, extracted from the series resonance from EIA in
each case.

The results show that the resonance frequencies of the TMCT mono-
tonically decrease in the heating cycle, but increase in the cooling
cycle. The experiment was conducted neglecting electrical losses, such
dielectric loss and piezoelectric loss [40], with low excitation. There-
fore, the resonance frequency differences are primarily contributed
by the thermal softening of PZ26 elastic properties, especially 𝑐33 for
longitudinal modes, and are partially influenced by the thermoelas-
ticity. By contrast, the resonance frequencies of the NMCT do not
exhibit this monotonical change across the heating-cooling loop. What
is noticeable, is that there is a stability of resonance frequency at
temperatures approximately higher than 20 ◦C and 10 ◦C in the heating
and cooling cycles, respectively. The cause of this phenomenon can
be attributed to the heat-hardening of Nitinol compensating for the
heat-softening of the PZT.

In order to assess the resonance stability quantitatively, a half-
power bandwidth superimposing technique is used. The half-power
bandwidth is a measure of transducer performance in the frequency
domain. Driving the transducer at any frequency inside the band, its
power falls no lower than half of the peak value. Accordingly, it is
acceptable in this study for NMCT and TMCT working in the half-power
bandwidth. By superimposing bandwidth at two adjacent temperatures,
the frequency range that satisfies driving at both temperatures can be
obtained. Similarly, the superimposition can be undertaken across the
entire temperature range, thus allowing measurement across a suffi-
ciently wide heating-cooling loop. As shown in Fig. 6, the background
of the figure shows the number of superimpositions corresponding to
the right-side colour bar. The maximum superimpositions of NMCT and
TMCT are 15 and 8, respectively. This interestingly implies that the
NMCT could be driven reliably throughout the frequency band between
29.609 kHz to 29.651 kHz within temperature ranges of 20 ◦C to 50 ◦C
and 10 ◦C to 45 ◦C in the heating and cooling cycles, respectively.
Comparing to results of the TMCT, the NMCT shows a prominent
resonance stability. It should be noted that this significant observation
applies to the case including elastic loss only.

As shown in Fig. 7, electrical impedance results of NMCT and TMCT
both exhibit strong temperature dependence. The impedance of TMCT
increases and decreases during heating and cooling cycles, respectively.
However, NMCT shows minimal variations within the temperature
range from −40 ◦C to 25 ◦C. Above this range, NMCT’s impedance
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Fig. 6. Resonance frequencies of the NMCT and TMCT under the static temperature condition for the first longitudinal mode within a −40 ◦C to 60 ◦C temperature window. The
background colour illustrates the number of superimpositions of half-power bandwidths across the temperature window for both transducers, as reference to the right-side colour
bar.
Fig. 7. Electrical impedance results of NMCT and TMCT with respect to temperature.
undergoes similar rates of change to that of TMCT. Statistically, the
smaller range of the data set of NMCT impedance compared to TMCT
confirms that the former has a lower spread in the data, and thus is less
sensitive to temperature. Moreover, phase transition temperatures in
Fig. 1 broadly align with the patterns in the data trends for the NMCT.
This indicates the phase transitions influence the electrical properties in
a transducer. It is worth noting that the larger area enclosed by curves
of TMCT results indicate a higher hysteresis than that of the NMCT, and
in general, it is evident that Nitinol phase transitions affect transducer
electrical properties.

From here, dynamic properties including antiresonance frequency,
half-power bandwidth, quality factor, and electromechanical coupling
coefficient, are compared. As shown in Fig. 8(a) and (b), antiresonance
frequency and half-power bandwidth results are consistent with the
trends shown in Figs. 6 and 7, respectively. Both half-power bandwidth
and quality factor are indicators of the resonance behaviour of an
6

ultrasonic transducer in an underdamped condition. Since NMCT has
a wider bandwidth and a lower quality factor than TMCT through the
heating-cooling loop in Fig. 8(b) and (c), NMCT has greater damping. It
shows significant potential for NMCT to be applied into sensing appli-
cations, in addition to power ultrasonic applications. Another indicator
for analysing the dynamics response is the electromechanical coupling
coefficient which is a measure of the fraction of electrical energy that
can be converted into mechanical energy and vice versa in an ultrasonic
transducer system. The electromechanical coupling coefficient can be
obtained using IEEE 176-1987 [41], as shown in (1).

(𝑘𝑙33)
2 =

𝜋𝑓𝑠
2𝑓𝑝

𝑡𝑎𝑛(
𝜋(𝑓𝑝 − 𝑓𝑠)

2𝑓𝑝
) (1)

Here, 𝑘𝑙33 is the electromechanical coupling coefficient, 𝑓𝑠 is the fre-
quency of maximum conductance, and 𝑓𝑝 is the frequency of maximum
resistance. In Fig. 8(d), the electromechanical coupling coefficient of
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Fig. 8. (a) Antiresonance frequency, (b) half-power bandwidth, (c) quality factor, and (d) electromechanical coupling coefficient of the NMCT and TMCT with respect to temperature.
Fig. 9. Unloaded BVD model diagram.

NMCT is almost constant over the entire temperature window, while
that of TMCT is decreased with an increasing temperature. This implies
that the resonance stability exists in the electromechanical coupling
coefficient of NMCT. Thus, the incorporation of Nitinol enables a higher
and stable energy conversion in the transducer.

A clearer understanding of the dynamic responses for the NMCT
can be achieved by considering the unloaded conventional Butterworth
Van Dyke (BVD) equivalent circuit model as shown in Fig. 9 [42].
This model describes the connection between mechanical and electri-
cal properties for an ultrasonic transducer. In the equivalent circuit
diagram, 𝐶0 is the electrical static capacitance, 𝐶1 is the mechanical
equivalent capacitance, 𝐿1 is the mechanical equivalent inductance,
and 𝑅1 is the mechanical equivalent resistance.

Based on the BVD model, the first parameter that can be obtained
from experimental impedance spectra is 𝑅1. At the resonance fre-
quency, where its phase is zero, the transducer becomes a transient and
purely resistive system. Therefore, 𝑅1 equals the resonance impedance,
and the experimentally measured impedance at an off-resonance fre-
quency is the sum of the impedance for 𝐶0 and 𝐶1. Relations of
components in the BVD model are described through (2) to (4).

𝑄 = 1
2𝜋𝑓𝑟𝑅1𝐶1

(2)

𝐿1 =
1

(2𝜋𝑓𝑟)2𝐶1
(3)

𝑍 = 𝐶 + 𝐶 (4)
7

𝑜𝑓𝑓 0 1
Here, 𝑄 is the quality factor, 𝑓𝑟 is the resonance frequency, and 𝑍𝑜𝑓𝑓
is the impedance at the off-resonance frequency. Calculated results for
𝐶0, 𝐶1, 𝐿1, and 𝑅1 with respect to different temperatures are shown in
Fig. 10.

𝐶0 denotes the electrical capacitance of the transducer, which is
defined by intrinsic electrical properties of PZT. As shown in Fig. 10(a),
NMCT capacitance remains higher than those of the TMCT across the
temperature window, though in the same order of magnitude. The
energy stored in the PZT is the product of 𝐶0 and square of the voltage
applied, divided by two. From this, it is evident that the NMCT can
store more electrical energy for a given applied voltage. A practical
method to analyse the results in Fig. 10(b), (c), and (d) is to describe
the mechanical system through the impedance analogy [43]. Equivalent
mechanical parameters 𝐶1, 𝐿1, and 𝑅1 represent compliance, mass
inertia, damping, respectively [44]. The magnitude of 𝐶1 in Fig. 10(b)
increases with a rise in temperature, and vice versa. This indicates that
TMCT’s compliance exhibits a similar variation with 𝐶1, as its stiffness
is the inverse of compliance, aligning with the thermal softening effect
of PZT in Fig. 6. However, the 𝐶1 magnitude of the NMCT is effectively
constant, showing that the change in Nitinol stiffness contributes to the
compensation of the softening of the PZT. Besides, 𝐿1 in Fig. 10(c)
suggests that the mass inertia of the TMCT decreases with a rise in
temperature, and vice versa. However, the mass inertia of NMCT is
generally constant, and lower than that of the TMCT. This can be ex-
plained by the fact that the TMCT can readily achieve higher vibration
velocities than the NMCT, and it can be more significantly influenced
by variations in this temperature window. In Fig. 10(d), the 𝑅1 analo-
gised damping of both the NMCT and the TMCT increases with a rise in
temperature, which corresponds to the half-power bandwidth shown in
Fig. 8(b). The hysteresis of mass, compliance, and damping can explain
the existence of impedance and resonance frequency hysteresis for both
the NMCT and the TMCT.

3.2. Measurements at static temperature-voltage

To introduce dielectric loss and piezoelectric loss effects, NMCT and
TMCT are measured from 10V𝑅𝑀𝑆 to 50 V𝑅𝑀𝑆 in a defined heating-
cooling cycle. The resonance frequencies of the NMCT and TMCT are
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Fig. 10. Calculated 𝐶0 (a), 𝐶1 (b), 𝐿1 (c), and 𝑅1 (d) results from the BVD model.
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hown in Fig. 11(a) as functions of both voltage and temperature. Mul-
iple factors, including fatigue of PZT materials and slight temperature
ifferences, can be attributed to the jump phenomenon of transducers
t room temperature in the heating cycle. Changes of resonance fre-
uency in the NMCT and TMCT follow a similar trend to that exhibited
n Fig. 6, across all applied voltage levels. In general, the higher
he voltage applied, the lower the frequency of NMCT and TMCT,
hich is a nonlinear softening behaviour of ultrasonic transducers that
as been widely reported in the literature over many years [45,46].
pecific to the NMCT, resonance stability is detected at temperatures
round ambient room temperature. Utilising the half-power bandwidth
uperimposition method described earlier, the quantified resonance
tability is shown in Fig. 11(b). Coloured areas represent the frequency
and and maximum temperature window that generated the associated
evel of resonance stability. As voltage increases, both the width of the
requency band and the temperature range rise. Comparing the results
n Fig. 6 and those for 10V𝑅𝑀𝑆 in Fig. 11(b), stability was reduced,
ikely due to the introduction of electrical losses. However, stability was
nhanced with an increase in applied voltage level. It should be noted
hat the stabilised temperature range in the cooling loop is significantly
ider than that in the heating loop. Therefore, the austenite in the
itinol microstructure appears to more favourably induce resonance

tability, compared to the microstructure comprising a mix of austenite
nd martensite. It is also important to note that within the stabilised
emperature window, the variation of resonance frequencies is within
%.

The electrical impedance of both the NMCT and TMCT are shown to
ise with increasing voltage, as shown in Fig. 12. Comparing these re-
ults to those shown in Fig. 7, there appears to be negligible hysteresis,
ikely due to the electrical losses in the PZT for rising applied voltage
evel. The electrical impedance of the NMCT is a function of temper-
ture in the voltage range from 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 , when the tem-
erature is above 15 ◦C, but generally stable below this temperature.
dditionally, the results also show the NMCT has a lower impedance
pread than that of TMCT. Therefore, the NMCT demonstrates higher
lectrical stability than the TMCT.

This analysis can be extended to considering comparisons for an-
iresonance frequency, half-power bandwidth, quality factor, and elec-
8

romechanical coupling coefficient. This data is summarised in Fig. 13, o
nd in general it is evident that the changes in these properties with
emperature are consistent with the results presented in Fig. 8, irre-
pective of applied voltage level. Antiresonance frequencies at different
oltages, as shown in Fig. 13(a), exhibit resonance stability in the data
round the room temperature. Thus, the phase transition of the Nitinol
ffects the resonance and antiresonance frequencies simultaneously. As
hown in Fig. 13(b), the NMCT has wider half-power bandwidth overall
nd higher spread of data at higher voltage excitation levels. This likely
ndicates that the NMCT has higher mechanical damping which is more
eadily influenced by the applied voltage level. Moreover, the quality
actor of the NMCT in Fig. 13(c) demonstrates that the damping of
he NMCT system is a function of voltage, resulting in higher energy
oss, and there appears to be a more significant reduction in quality
actor for the TMCT compared to the NMCT for given applied voltage
ncreases. Furthermore, it can be seen in Fig. 13(d) that electromechan-
cal coefficients of the NMCT and TMCT are functions of both voltage
nd temperature. Whilst the electromechanical coefficient of the TMCT
ppears to be relatively independent of applied voltage, unlike for the
MCT, there is a general stability of the electromechanical coefficient
cross the specified temperature window (heating or cooling) which is
ot detected for the TMCT, which progressively reduced as temperature
ises. Although the electromechanical coefficient is generally stable
or the NMCT, there are slight increases in both cycles, unlike the
henomenon depicted in Fig. 8(d). Both hysteresis and temperature
ependence can be attributed to variations in elastic and electrical
osses in the system, under different applied voltages.

Next, the load power response of both the TMCT and NMCT were
easured, and these are shown in Fig. 14. On the right side of the
ower cut-off line, the load power of the NMCT is shown to significantly
educe with temperature. However, on the left side of the line, the
ower remains constant at different voltages and is reversible. This is a
otably different behaviour compared to the TMCT load power results,
hich all exhibit a general decrease as temperature rises, as shown

n Fig. 14(b). This verifies that the NMCT’s electrical properties also
xhibit a degree of stability. As voltage increases, the range of steady
ower gradually narrows, and the temperature window for stability is
educed. When the device is operated on the left-hand side of the cut-

ff line, the approximately constant load power and electromechanical
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Fig. 11. (a) Resonance frequency and (b) the frequency band of resonance stability for the NMCT and TMCT under the static temperature-voltage condition for the first longitudinal
ode within a −40 ◦C to 60 ◦C temperature window, and applied voltages of 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 .
Fig. 12. Impedance magnitudes of the NMCT and TMCT under the static temperature-voltage condition for the first longitudinal mode within a −40 ◦C to 60 ◦C temperature
indow, and applied voltages of 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 .
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oupling coefficient (Fig. 13(d)) means power tracking is not required.
his electrical stability can be potentially applied to cold working
onditions, such as ultrasonic de-icing.

The vibration amplitude responses of the NMCT as functions of
emperature were then measured for different applied voltages, and
hese results are shown in Fig. 15. There were practical limitations
n the environments in which the LDV could be operated, and so this
armonic analysis process was only performed at room temperature.
s described in Section 2.2, the NMCT incorporates Nitinol existing

n one of two states at room temperature. This due to the hysteresis
n the material, with differences depending on a heating or cooling
ycle being applied. Measurements were made with Nitinol in each
icrostructure, with voltage increased from 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 in
0V𝑅𝑀𝑆 steps, then decreased back to 10V𝑅𝑀𝑆 .

In general, there is a high level of consistency and similarity be-
ween the data from both cycles, with nonlinear softening consistent
ith behaviours reported in other research of Langevin transducer
ynamics [47,48], in addition to the nonlinear jump phenomenon [49].
s the applied voltage rises, the maximum displacement amplitude

s higher for the NMCT after the cooling cycle (at almost identical
esonance frequencies). Slight differences in impedance contribute to
9

s

ifferences in amplitude, but also the microstructure of the Nitinol will
ave an influence. In addition, the red dashed line in Fig. 15 indicates
he hysteresis of the rising and falling voltage, which is consistent with
he polarisation vs electrical (P-E) hysteresis loop of PZT material due
o internal field bias [50]. The NMCT in the heating cycle exhibits a
ore prominent hysteresis at higher voltages, which suggests that the
MCT in this condition has lower polarisation dissipation energy and

ess remnant polarisation.

.3. Influence of self-heating on dynamics

The experimental results detailed so far were obtained using static
emperature conditions. However, in practical applications, the thermal
onditions generated by Joule heating in the PZT can induce an un-
venly distributed temperature field, or self-heating, in the transducer.
herefore, quantifying and accounting for self-heating is important for
tudying the resonance stability of the NMCT. The self-heating was only
xplored for the NMCT in the cooling cycle, given its higher amplitude
nd lower hysteresis than that of the heating cycle, as shown in Fig. 15.
ere, the transducers are operated continuously until either the PZT

tack temperature reaches 60 ◦C or the elapsed measurement time is
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Fig. 13. (a) Antiresonance frequency, (b) half-power bandwidth, (c) quality factor, and (d) electromechanical coupling factor results for the NMCT and TMCT under the static
temperature-voltage condition for the first longitudinal mode within a −40 ◦C to 60 ◦C temperature window, and applied voltages of 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 .
Fig. 14. Load power results of (a) the NMCT and (b) the TMCT under the static temperature-voltage condition for the first longitudinal mode within a −40 ◦C to 60 ◦C temperature
indow, and applied voltages of 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 .
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00 s. The measurements for both transducers are shown in Fig. 16,
hich are recorded using a thermal imager. It should be noted that
uring the experiment, only the temperature changes of the two PZT
tacks and the middle mass are included, given the negligible changes
n temperature of the end-masses. It is also clear that the PZT stacks
enerally reach higher temperatures than the middle mass.

The frequency as a function of time for the transducers are shown
n Fig. 17(a), it appears that the resonance frequency of NMCT can be
10

(

tabilised within relatively short time spans when the voltage is lower
han 50V𝑅𝑀𝑆 . The frequency difference at times from 4s to 104s at
0V𝑅𝑀𝑆 is only 10 Hz, which is indicative of a significant resonance
tability performance. However, the resonance frequency of the TMCT
s shown in Fig. 17(b) decreases as the time increases, regardless of
he voltage excitation level. Interestingly, the impedance of NMCT and
MCT exhibit almost the same behaviour, as shown in Fig. 17(c) and
d). This may be because the temperature of the Nitinol is much lower
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Fig. 15. Vibration amplitude spectra of the NMCT from 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 after (a) the heating cycle (a) and (b) the cooling cycle.
Fig. 16. Temperature as a function of time of the two PZT stacks and the middle mass for (a) the NMCT and (b) the TMCT under self-heating conditions, and applied voltages
of 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 .
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than that of PZT stacks, which means that Nitinol cannot significantly
influence the transducer’s electrical properties. Moreover, both the
NMCT and TMCT exhibit similar current RMS and load power responses
as shown in Fig. 17(e), (f), (g), and (h), suggesting that Nitinol does not
have notable influence on the dynamics from self-heating.

As shown in Fig. 18(a) to (h), the temperatures of the PZT stacks
and the middle mass of the NMCT have been monitored, where the
PZT stacks are consistently observed to be the hottest. Although the
temperature of the Nitinol middle mass does increase, it is significantly
lower than that of the PZT stacks. To investigate further, the tem-
perature of the PZT was used as a reference, where temperature was
adjusted in intervals of 5 ◦C as the NMCT was driven in a continuous
11

mode from 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 before decreasing back to 10V𝑅𝑀𝑆 , a
n steps of 10V𝑅𝑀𝑆 . In Fig. 18(i), vibration amplitude results are
isplayed with respect to resonance frequency, PZT temperature, and
xcitation voltage, which is indicated by the coloured areas. As the
oltage increases, the vibration amplitudes between 25 ◦C and 45 ◦C
emain generally stable, whereas the difference between the NMCT at
5 ◦C and 50 ◦C becomes more pronounced. This means that despite the
on-uniform temperature distribution in the NMCT, resonance stability
till exists in its vibration amplitude, and the applicable temperature
ange is larger compared to Fig. 11(b). There appear to be optimal
onditions to drive the NMCT, dependent on the transducer assembly.
t is worth noting that under self-heating conditions, the vibration
mplitude associated with a particular excitation voltage remains at

◦ ◦
similar level between 25 C and 45 C. Overall, this phenomenon
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Fig. 17. Resonance frequency (a) and (b), impedance (c) and (d), current RMS (e) and (f), and load results (g) and (h) of the NMCT and TMCT under self-heating conditions,
and applied voltages of 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆 .
Fig. 18. Thermal imaging maps showing self-heating in the NMCT, including PZT stack temperatures of (a) 25 ◦C, (b) 30 ◦C, (c) 35 ◦C, (d) 40 ◦C, (e) 45 ◦C, (f) 50 ◦C, (g) 55 ◦C,
and (h) 60 ◦C, and (i) vibration amplitudes with respect to resonance frequency, PZT stack temperature, and excitation voltage (coloured areas).
reveals the potential of the NMCT being applied to power ultrasonic
applications utilising continuous mode excitation at higher voltage
levels, ensuring a stabilised output vibration amplitude within the 20 ◦C
to 45 ◦C temperature range.

4. Conclusion

Comprehensive research for the NMCT is presented in this study,
aiming to fulfil the resonance stability in an ultrasonic transducer
by incorporating Nitinol. The phase transitions of Nitinol have been
characterised by DSC. Based on the structural acoustic impedance,
NMCT and TMCT were designed and manufactured. In order to re-
search the static temperature influence on NMCT dynamics firstly,
comparisons were completed between the NMCT and TMCT without
12
considering electrical losses. The results demonstrate that the resonance
stability exists in typical temperature ranges for resonance frequency,
antiresonance frequency, and electromechanical coupling coefficient.
According to the BVD model and impedance analogy, variations of
structural properties of NMCT and TMCT were estimated. Secondly, the
introduction of electrical losses was performed by testing NMCT and
TMCT in the same temperature function but across 10V𝑅𝑀𝑆 to 50V𝑅𝑀𝑆
excitations. In fact, the resonance stability was reduced by electrical
losses. Interestingly, the higher the voltage, the wider the temperature
and frequency ranges for the stability phenomenon. Comparing to
the TMCT, the impedance and half-power bandwidth of NMCT are
more sensitive to voltage. It is worth noting that the existence of the
power cut-off line in the NMCT demonstrates that load power is not
a function of temperature at low temperatures. Vibration amplitude
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at room temperature for the NMCT with austenitic Nitinol in the
cooling cycle is higher with lower hysteresis than for a combination
of martensite and austenite in the heating cycle. Finally, the self-
heating experiment shows the NMCT exhibits resonance stability of the
resonance frequency and vibration amplitude with unevenly distributed
temperature fields. This makes especially suitable for power ultrasonic
applications.
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