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Abstract: In this study, the stress-dependency of piezoelectric material parameters is investigated.
A finite element model is developed to analyse the electrical impedance response of a mechanically
pre-stressed Langevin transducer. The experimental data indicate a single dominant resonance,
which limits the estimation of piezoceramic material parameters under different mechanical
stresses. In addressing this issue, a sensitivity analysis is employed to identify the parameters
with the greatest influence on the resonance. Based on this, a subset of the stress-dependent
material parameters of the piezoelectric components can be identified in an inverse procedure.
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Motivation

Piezoelectric ceramics find application in high-power
ultrasonic sensors and actuators, where they are sub-
jected to significant electrical and mechanical stresses,
leading to non-linear effects. An approach to analyse
such non-linear behaviour involves shifting the operat-
ing points by varying the static mechanical load and
characterising the linear behaviour in each operating
point. This method allows for an approximation of
the material’s non-linear characteristics. Nevertheless,
the realisation of a homogeneous mechanical load is
still a considerable challenge [1, 2]. In Langevin trans-
ducers, which are typically employed in high-power
applications, the piezoceramics are pre-stressed axi-
ally as homogeneously as possible in order to avoid
mechanical tensile stresses. However, this approach
increases the complexity of the simulation model, as
it necessitates the consideration of additional metallic
components and a second ceramic element.

The experimental measurements, and consequently
the simulation results (cf. Fig. 4), demonstrate that
only a single resonance is clearly discernible in the
electrical impedance spectrum within the considered
frequency range. This is due to the fact that radial
and torsional modes are barely pronounced in this
configuration. The resonance is a so-called thickness-
extensional mode, which is located in a frequency
range in which transducers of this kind are typically
operating [3]. This limitation makes it difficult to esti-
mate a complete set of piezoelectric material parame-
ters in an inverse procedure, which requires additional
resonances [4].

A two-dimensional simulation model is devel-
oped for the purpose of simulating the transducer's
frequency-dependent electrical impedance. A detailed
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analysis of the resulting impedance data is performed,
paying particular attention to the resonance behaviour,
which is evidently different for a transducer con-
structed with multiple components than for a single,
unconstrained piezoceramic ring. The material param-
eters with the greatest influence on the resonance
are identified by means of a sensitivity analysis of
the simulated impedance data. This, in turn, allows
for a targeted parameter estimation process based on
measurements under varying load conditions.

Numerical model

Mathematically, the behaviour of piezoelectric mate-
rials can be modelled as functions of electrical and
mechanical quantities

T =-€e'E+c"S (1)
D =¢£E +eS, ()

where T represent the mechanical stress, S the me-
chanical strain, E the electrical field strength, and
D the electrical displacement. The mechanical stiff-
ness matrix c®, the permittivity matrix €5, and the
piezoelectric coupling matrix e are the matrices of the
material parameters of interest. Employing the Voigt
notation [5] and taking into account the symmetry
conditions of a transversely isotropic piezoceramic
material, the material parameter matrices are given
as follows:
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Fig. 1: Two-dimensional, rotationally symmetric sim-
ulation model for a Langevin transducer, composed
of two oppositely polarised piezoceramic rings (light
grey), steel masses, nuts and a hollow bolt.
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Including damping, e.g. Rayleigh damping, charac-
terised by the parameters an p and ak p, [6], and the
density p;, of the piezoelectric material, a total of 13
relevant piezoceramic parameters are given:

— E E E E E S S
pmat,piezo - |:pp7 C115C125C135,C33,C44,€115€33> (6)

€15, €31, €33, M, p, aK,p] :

The calculation of frequency-dependent impedance
for a given geometry and set of material parameters ne-
cessitates the employment of a simulation model. The
results can be achieved by means of a finite element
approximation [7], for instance, within the simulation
tool openCFS (Coupled Field Simulation) [8]. The
simulation model for the Langevin transducer imple-
mented in this study is illustrated in Fig. 1. It includes
a pair of piezoceramic rings, which are compressed by
hollow, cylindrical steel masses, nuts and a hollow bolt
made of steel. The thickness of the piezoceramic rings
(PIC184, PI Ceramic, Germany) is 2.5 mm, whilst the
outer radius is 10mm and the inner radius 4 mm.
Further dimensional information can be found in the
figure. The electrical contact is facilitated by 0.1 mm
copper plates, which are omitted in this model. The
parameters in Eq. (6) are used for the description of
the piezoceramic rings. The parameters for the steel
components are as follows:

Pmat,steel — [psa CL,s, CT,s; OM,s; CVK,S} . (7)

The density is denoted by pg, the longitudinal veloc-
ity by cr, s, the transversal velocity by cr g, and the
damping parameters by ans and ax s, analogous
to amMm,p and ak . An alternative description could
be provided using the Young's modulus FE, and the
Poisson ratio v of the steel components.
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Tab. 1: Initial values for PIC184 piezoceramic mate-
rial and for steel parameters.

Para- Value Para- Value
meter meter
e 140.22GPa &%, 5.65nF m~!
¥, 76.19 GPa €35 5.58 nFm~1
¥y 80.2 GPa anp  6.49-10%s7!
s 126.24 GPa  axkp 0.24ns
o 25.41 GPa CL.s 6130.86ms!
e;5  1065Cm~!  cps  3277.08ms™!
es1 —5.39Cm™! oM 741 1078g~!
€33 14.2Cm™! QK s 0.1ns
Pp 7750 kg m 3 s 7700 kg m—3

Due to the transducer's design, two oppositely po-
larised piezoceramics are utilised. It is therefore es-
sential that the polarisation direction is reflected in
the material parameters. A straightforward calculation
demonstrates that this can be denoted by a negative
sign in the matrix of piezoelectric constants Eq. (4).
The two-dimensional model is rotationally symmetric,
as indicated by the dashed-dotted line situated along
the longitudinal z-axis, which serves to reduce the
computational time. An investigation of the vibra-
tion modes of this model reveals a certain degree of
analogy to results from simpler models in previous
studies [3], which indicates the reliability of the model
used here.

Sensitivity analysis

The objective of a sensitivity analysis is to identify
the material parameters that have a significant im-
pact on the numerically calculated impedance. For
these parameters, the probability of good estimation
is higher using an inverse procedure, although the
frequency range is limited. The numerical model of
the transducer is evaluated using the finite element
method [8] to simulate the complex impedance within
the specified frequency range. The full set of material
parameters is used, with each parameter being modi-
fied independently. The piezoceramic parameters for
the simulation are obtained from the estimation of
an unconstrained sample [4], and the parameters for
steel are taken from data sheets [9]. The used param-
eters are given in Tab. 1. The deviation between two
different simulated spectra is defined as a measure of
sensitivity as follows:

2

r= Z “Zref»i| - ‘Zvar,i||2 . (8)

In this context Z,.¢ is the reference impedance vector
that serves as a baseline against which other, varying
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Tab. 2: Resulting sensitivities of piezoceramic mate-

rial and steel parameters.

Parameter Sensitivity Parameter Sensitivity
T /Q T/Q
c 9210 €% 13
%, 4920 el 20079
cty 39865 aM.p 59
sy 44893 oK p 17
0534 347 CLs 46 591
e1s 91 CTs 124 320
€31 6009 M s 4706
€33 31284 K s 5-1078
o 10% 4 \\
=~ b
N i ~L
8 — T ——
= 103 E
i
E 4 1.05 - ¢k,
10% T \ T \
40 45 50 55

Frequency f / kHz

Fig. 2: Influence of an increase by 5% of the c5; pa-
rameter on the electrical impedance of the simulated
Langevin transducer.

impedances are compared. The impedance vector Zy.,
is any impedance vector with a material parameter
that varies by 5%. The index i is used to correspond
to the sampled frequency points of the impedance
vectors.

The resulting deviations are shown in Tab. 2 for
each parameter. The absolute sensitivity offers lim-
ited interpretative value due to its dependence on
the number of sampled frequency points. However, it
can be interpreted relatively to other values. These
deviations are attributed to shifts in the impedance,
as illustrated exemplary for ¢ in Fig. 2. It can be
observed that the piezoceramic parameters in the
longitudinal 33-direction, i.e. in the direction of the
z-axis in Fig. 1, are the parameters with the highest
sensitivity measure. This phenomenon also aligns with
the fact that the exciting electrical field is primarily
present in this direction. This observation indicates
that, within the constrained frequency range, estima-
tion of the piezoceramic parameters in 33-direction is
a feasible option.

Material parameter estimation
The simulated impedance, using the initial values
from Tab. 1, shows a significant deviation from the
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Tab. 3: Estimated steel material parameters.

Para- Value Para- Value
meter meter

cLs  6123.79ms™' oy 3.99-1078s7!
CT.s 3473.65ms™! oK s 5.46 ps

Tab. 4: Estimated piezoceramic material parameters
in 33-direction for PIC184.

Parameter Mechanical Stress
40MPa 50MPa 60 MPa
cty | GPa 126.29 128.37  131.73
e33 / Cm™1 16.23 17.77 18.31
el /nFm™! 6.9 7.18 7.3

measurements (cf. Fig. 3). A possible explanation
for this is the fact that the minimal mechanical load
of 30 MPa is necessary for the parts of the trans-
ducer to be physically in a full contact [10]. As a
consequence, the estimation of the steel parameters
is performed first in an inverse procedure, with the
parameters given priority according to their impact
on the impedance. The sequence of parameters to be
estimated is therefore firstly ¢t 5, subsequently cr, g,
and finally the damping parameters (ref. Tab. 2). The
resulting steel parameters from Tab. 3 are then used
for the subsequent optimisation of the piezoceramic
material parameters in 33-direction simultaneously, us-
ing measurements for different mechanical loads. The
resulting estimated values for piezoceramic materials
are presented in Tab. 4. It is evident that the val-
ues of the estimated material parameters successively
increase with mechanical load. The application of
the estimated parameters in simulating an impedance
and subsequent comparison with measurement data
reveals a high degree of agreement, as can be seen
in Fig. 3.

When simulating a wider frequency range, the prob-
lem of prominent resonances can be observed once
more in Fig. 4. It is evident that, particularly in the
case of simulated impedance, the first resonance can
be adequately represented, while subsequent reso-
nances are more challenging to assign and to interpret.
These are assumed to be higher harmonics. Further-
more, there are modes which can not be captured by
the 2D simulation model, including (like) bending and
circumferential modes [11].

Conclusion

In this study, stress-dependent piezoelectric material
parameters are identified. A simulation model of a
Langevin transducer is created, which enables the nu-

140



DOI 10.5162/Ultrasonic2025/A18-a4

10

103

Impedance |Z| / ©

102

Frequency f / kHz

Fig. 3: Comparison of measured (— ) and simulated
impedance data of a Langevin transducer using the
estimated (- - - ) and initial (~--) material parame-
ters for 40 MPa.
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Fig. 4: Comparison of measured and simulated
impedance data of a Langevin transducer for a me-
chanical stress of 60 MPa using the estimated material
parameters in a wider frequency range.

merical calculation of electrical, frequency-dependent
impedances. The use of numerical simulation is ad-
vantageous in this context, as it facilitates a more
profound comprehension of the processes within the
given structure. Consequently, it is feasible to investi-
gate vibration modes in greater detail and to perform
sensitivity studies to identify the most advantageous
material parameters for estimation. The findings con-
tribute to a more refined understanding of the role of
mechanical pre-stress in piezoelectric transducers and
provide a systematic approach for a parameter iden-
tification under constrained measurement conditions.
Despite the restriction to a single resonance, it is pos-
sible to identify a subset of the piezoceramic material
parameters. The results presented herein demonstrate
a change in these material parameters with increas-
ing mechanical load. It provides an impression of the
non-linearities present in this operating case and can
subsequently be used to model these non-linearities.
Further research could investigate the potential for
enhanced interpretation and utilisation of the less pro-
nounced resonances to estimate additional material
parameters.
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