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Summary 

When designing an ultrasound non-destructive (NDT) probe for high temperature 
applications, one has to take into account a multitude of temperature induced effects, such as the 
temperature dependence of key physical properties of probe materials. In this paper, the 
significant influence of temperature change on piezoelectric properties and piezoelectric 
anisotropy, and thus on the ultrasound properties of the whole probe, is discussed theoretically. 
This is demonstrated within the thermodynamic Landau-Ginzburg-Devonshire (LGD) 
framework and the KLM model of equivalent circuits for two different piezoelectric, 
acoustically active probe materials from the same family - barium titanate and lead titanate. 
These two materials are model materials for the whole family of piezoelectric perovskites, 
including the commercially widely used PZT and relaxor ferroelectrics PMN-PT and PZN-PT. 

Key words: non-destructive testing, ultrasound transducer, piezoelectric ceramic, 
piezoelectric anisotropy 

1. Introduction 

A quasi-regular recurrence of disastrous accidents in nuclear power plants (NPPs) around 
the world (Three Mile Island loss of coolant and partial core meltdown in 1979, Chernobyl NPP 
steam explosion and meltdown in 1986, Mihama NPP steam explosion in 2004, Fukushima 
NPP cooling failure in 4 reactors followed by multiple meltdowns in 2011) has already been 
producing human losses, dreadful injuries, massive financial losses, electricity blackouts, and 
strong negative public opinion towards the utilization of nuclear energy for decades. Bearing in 
mind the lack of effective short term alternatives to nuclear power plants, the question of 
nuclear power plants safety hence remains crucial. Research and development of technologies 
for improving structural health control of such complex systems or its parts will continue to be 
of vital importance for many years to come. For a structural health inspection, each nuclear 
power plant has to follow rigorous standards, regulations and codes approved by national 
nuclear regulatory institutions. Accordingly, all such inspections have to be performed during 
plant outages. Since the inspections are performed during outages, the inspection techniques 
and technologies are adjusted to be effective at room temperature. 

However, it turns out that if the condition of some power plant vital parts, such as a 
pipeline/steamline carrying saturated or superheated steam, is not monitored during operation, 
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in between outages, this may present a problem for an aging power plant. In situ condition 
monitoring techniques therefore should be developed to retain reliability and extend the 
lifetime of nuclear power plants. As a descriptive example of this problem, one can see the 
maintaining of the integrity of the above mentioned pipelines – high temperatures and 
pressures in pipelines and steamlines in nuclear power plants can lead to the formation of 
flaws and defects due to material degradation mechanisms such as corrosion, creep and 
fatigue over time. If undetected in advance, these critical features can cause catastrophic 
damage and failures which in turn could result in serious plant staff safety, environmental and 
financial consequences ([1], [2], [3]). 

There has been an increased interest for research and development on diagnostic 
ultrasound transducers that are fully functional at elevated temperatures, [4]-[14]. At present, 
the main obstacle for effective design and building of such systems has been the poor 
functionality of their construction parts at elevated temperatures, especially of the acoustically 
active materials. Generally, there are several key issues discussed here: the acoustically active 
piezoelectric materials that generate ultrasound pulses upon electrical excitations, the passive 
acoustic materials (matching and backing layers), high temperature cables, high-temperature 
ultrasound transducers assembly and high temperature couplings, the most important transducer 
part being none the less the piezoelectric material, i.e., the temperature influence on its 
properties. When choosing a suitable piezoelectric material for a specific high temperature 
application, the ultrasound transducer designers are mostly led by the relation between the 
material Curie temperature (above which the piezoelectric properties are lost due to a phase 
transition to the paraelectric phase), TC, and the needed operating temperature of the application. 
The principal and often the only rule taken into account, the “rule of thumb” is that the 
maximum operating temperature of the ultrasound transducer should not exceed TC/2 of the 
piezoelectric crystal. It should be pointed out here that having this criterion is not enough - one 
has to be aware of many temperature induced effects in the piezoelectric materials. In this paper 
one of such effects – the piezoelectric anisotropy due to the presence and absence of multiple 
ferroelectric-ferroelectric phase transitions and its behaviour under material temperature 
changes is discussed. The most commonly used piezoelectric materials for ultrasound NDT 
applications are ferroelectric perovskites (such as piezoelectric ceramic Pb(Zn,Ti)O3 – PZT). 
These materials are very interesting from both the application and the modelling point of view 
because they can go through sequences of phase transitions, both from a paraelectric phase to a 
ferroelectric phase at the Curie temperature and from ferroelectric to ferroelectric phase, which 
can be caused by temperature change [15], application of external bias fields [16], external 
mechanical stresses [17], and even changes of composition [18]. 

In this paper it is shown how temperature changes can influence the electromechanical 
and acoustical properties of an NDT transducer at different operating temperatures through 
the piezoelectric anisotropy of considered materials. The single crystal piezoelectric 
perovskite active materials are used as model examples: one that has several ferroelectric-
ferroelectric phase transitions (barium titanate, BaTiO3) and the other that has only one 
ferroelectric phase (lead titanate, PbTiO3). We show how the presence of another ferroelectric 
phase in a perovskite piezoelectric seriously influences the performance of an ultrasound 
transducer performance if its temperature is changed. These effects will be modelled through 
the well-known, and widely accepted and experimentally verified, theoretical framework of 
the thermodynamic Landau-Ginzburg-Devonshire (LGD) phenomenology of 
electromechanical properties ([19], [20], [21]) by means of which we will predict the 
influence on ultrasound properties of a single normal beam NDT ultrasound probe, by using 
modelling in the KLM theory ([22], [23], [24]) and then conclude this discussion by 
generalising the results for the whole family of perovskite ferroelectrics. 
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2. LGD thermodynamic theory modelling 

To discuss the temperature influence on the electromechanical (and finally ultrasound) 
response of an NDT probe that uses different single crystals as acoustically active materials 
(in our case barium titanate and lead titanate) we will first discuss the temperature behavior of 
the key piezoelectric coefficient in most ultrasound NDT applications – the longitudinal 
coefficient d33, that quantifies the volume change when a piezoelectric material is subjected to 
an electric field, or the dielectric polarization change on the application of a stress, in which 
the direction of the change and of the applied fields are parallel. For this discussion we 
employ the thermodynamic Landau-Ginzburg-Devonshire phenomenological theory ([20], 
[21], [25]). We have calculated and discussed the orientation dependence of the longitudinal 
piezoelectric coefficient ∗  in a general spatial direction, at room temperature the 
ferroelectric phases of BaTiO3 and PbTiO3 crystals (both tetragonal at room temperature), as 
well as a function of increasing temperature, and thus demonstrate the influence of the 
temperature and phase transitions presence and absence on the anisotropy of ∗ . Barium 
titanate is an excellent model material for this problem. Upon cooling, it transforms from the 
cubic paraelectric phase (point group m3m) into the ferroelectric tetragonal phase (point group 
4mm) at 393 K, to the ferroelectric orthorhombic phase (point group mm2) at 278 K and to the 
ferroelectric rhombohedral phase (point group 3m) at 183 K, [26]. 

The paraelectric phase of an intrinsically ferroelectric material is the one in which the 
spontaneous dielectric polarization does not exist (Pspontaneous = 0) – in that phase the 
ferroelectric behaves as any other dielectric material. This is usually the high temperature 
phase, and the phase transition point from a paraelectric to ferroelectric phase is called the 
Curie temperature (TC). In such materials as barium titanate the phase transitions from 
paraelectric phase to a ferroelectric one, or even from one ferroelectric phase to another 
(barium titanate is such a material) can happen under the influence of external conditions: 
temperature change, application of external bias fields, mechanical stresses, or even by the 
change of the material composition, i.e. its chemical potential, which is a case for 
commercially widely used ferroelectric PZT. Barium titanate, the model material in this study, 
has a temperature driven series of phase transitions, which is caused by the translation of ions 
in the crystal lattice due to the creation and annihilation of corresponding phonon modes – an 
effect highly dependent on temperature, ([27], [28]). 

Considering that the orthorhombic point group mm2 can be described as a special case 
of the monoclinic point group m [26], this sequence is similar to that observed in complex 
perovskite solid solutions PZT, that is widely commercially used, and PMN-PT and PZN-PT, 
promising ferroelectric relaxors with very strong piezoelectric response capabilities ([29], 
[30], [31]). BaTiO3 is therefore a rich source for the determination and discussion of the phase 
transition effects on the orientation dependence of the piezoelectric coefficients in perovskite 
materials. On the other hand, PbTiO3 exhibits only one, a tetragonal ferroelectric phase ([32], 
[33]) and is a good example of a material where the ferroelectric–ferroelectric phase 
transitions do not affect the temperature dependence of the piezoelectric properties. To 
calculate the temperature dependence of d33

*, it is necessary to know the full set of the 
piezoelectric coefficients measured along the principal crystal axis for each crystal phase. The 
experimental values of these piezoelectric coefficients are not available for BaTiO3 and 
PbTiO3 (or any other perovskite) crystals over a sufficiently large temperature range. 

In this paper, these piezoelectric coefficients are thus determined in the framework of 
the previously mentioned phenomenological LGD theory ([19], [20], [21]), that in fact studies 
the Taylor series expansion of the thermodynamic potential Gibbs free energy and its 
temperature change (for the description of the electromechanical properties of perovskites 
discussed in this paper, the series expansion up to the 6th order is sufficient): 
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∆ = ( + + ) + ( + + ) + ( + + ) + + ( + + ) + ( ( + ) + ( + ) + ( + ))+ + ℎ ℎ   = =  ℎ   ℎ = 

                                    = + + + ℎ ℎ    (1) 

Gibbs free energy is a thermodynamic potential useful for the description of phase 
transitions. It is defined as G(p,T) = U + p·V – T·S, where U is the internal energy, p is the 
pressure, V is the volume, T is the temperature, while S is the entropy of a discussed 
thermodynamic system. The change of the system Gibbs free energy, while changing its 
parameters, will show if a phase transition is feasible or not. The Landau-Ginzburg-
Devonshire theory uses a Taylor series expansion of the Gibbs free energy in parameters that 
describe the discussed phases – in the case of ferroelectrics such as barium titanate, the phase 
parameter is the material spontaneous polarization (its direction and amplitude), [34]. 

The needed ferroelectric properties of BaTiO3 and PbTiO3, including the coefficients of 
the LGD function ( , , , , … ), are well documented in the literature. For the 
present calculations, we will take the LGD coefficients from Ref. [35] for BaTiO3 and from 
Ref. [32] for PbTiO3. The phenomenological calculations are done only for the tetragonal 
phase of both model materials, because they are both tetragonal at room temperature. The 
orientation dependence of the longitudinal piezoelectric coefficient in a general direction, ∗ , 
is expressed in terms of the Euler angles (φ,θ,ψ) that are defined in the standard way [36]. The 
dielectric susceptibility, polarization, and piezoelectric coefficients in the crystallographic 
coordinate system of the tetragonal phase are denoted by ,  and , respectively. The 
electrostrictive coefficients are denoted by . The dielectric permittivity, , is related to the 
dielectric susceptibility by the relation = + 1 ≈ . From the Gibbs free energy 
expression within the LGD theory, one can calculate the expressions for values of the 
spontaneous polarization and non-zero longitudinal, transversal and shear piezoelectric 
coefficients along the tetragonal phase crystal axes: 

= − + , (2) = , (3) = 2 , (4) = 2 . (5) 

For the tetragonal phase, the value of the longitudinal piezoelectric coefficient ∗  in 
the crystallographic coordinate system along an arbitrary direction can be expressed as, [15] 
and [37]: ∗ ( ) = ( + + )  (6) 

where the angle θ describes a rotation away from the 001  axis of the tetragonal cell 
[38], which is the axis along which the spontaneous polarization, , is directed. It is 
important to mention here that the different qualitative temperature dependence of the shear 
coefficient  is directly related to the presence of the tetragonal–orthorhombic phase 
transition in BaTiO3 and its absence in PbTiO3 – this coefficient influences directly the 
overall qualitative behavior of the ∗  coefficient. In the tetragonal ferroelectric phase of both 
materials studied in this paper, the shear piezoelectric coefficient  is proportional to the 
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dielectric susceptibility  along the [100]c axis (i.e., along the direction perpendicular to the 
direction of the spontaneous polarization ), ([20], [21], [32], [39]). 

The qualitatively different orientation dependence of the ∗  for tetragonal BaTiO3 and 
PbTiO3 at room temperature and at elevated temperatures is modelled and presented in Fig. 1 and 
Fig. 2, while some numerical results extracted from these graphs are given in Table 1 and Table 2. 

 

Fig. 1  Angular dependence of the longitudinal piezoelectric coefficient d33
* of tetragonal barium titanate for 

different temperatures. The angle θ represents the rotation direction away from the tetragonal polar axis. One can 
see that the maximum piezoelectric response direction in the tetragonal BaTiO3 single crystal significantly and 

qualitatively changes with temperature. 

Table 1  Maximum piezoelectric response of the tetragonal barium titanate with its corresponding directions at 
selected temperatures, compared with the values for the axial direction. 

T(°C) d33max(pC/N) θmax(°) d33(θ=0°) 
20 198 49.5 95 
30 172 47.3 104 
65 158 0 158 

100 340 0 340 

One can see, for the tetragonal barium titanate (Fig. 1 and Table 1), that the maximal 
piezoelectric response ∗  in the material is in different directions at different 
temperatures – at 20°C it is rotated away from the polar axis for an angle of 49.5°, while at 
temperatures above 65°C, the maximum longitudinal piezoelectric response is along the polar 
(spontaneous polarization) axis (the off-axis/along-axis threshold for the spontaneous 
polarization direction change in tetragonal barium titanate is around 62°C, [15]). 

In the case of lead titanate (Fig. 2 and Table 2), which is also tetragonal and 
ferroelectric at room temperature, the maximum piezoelectric effect always remains in the 
direction of the polar axis, i.e., of the spontaneous polarization direction. 

 

Fig. 2  Angular dependence of the longitudinal piezoelectric coefficient d33
* of tetragonal lead titanate for 

different temperatures. The angle θ represents the rotation direction away from the tetragonal polar axis. One can 
see that the maximum piezoelectric response direction in the tetragonal PbTiO3 single crystal never changes with 

temperature – it is always along the tetragonal polar axis. 
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Table 2  Maximum piezoelectric response of the tetragonal lead titanate at selected temperatures – all maxima 
are along the tetragonal polar axis. 

T(°C) d33max(pC/N) θmax(°) 
20 79 0 

100 89 0 
300 146 0 

From the modelling results presented here, a conclusion can be drawn that the 
piezoelectric perovskites, that could be used for ultrasonic transducer applications at changing 
(elevated) temperatures, should not only be considered as materials that are piezoelectric and 
generally applicable below a certain phase transition temperature and paraelectric above that 
same temperature, but also that other temperature induced electromechanical effects, such as the 
presence or the absence of the rotation of the maximal piezoelectric response, should seriously 
be taken into account while modelling and building probes prototypes. The effect of multiple 
phase transitions sequences is not exclusively driven by temperature in the perovskite 
piezoelectrics family; the effect can be caused by external mechanical stress and electric fields. 

3. KLM modelling 

The piezoelectric response is not the only important material property which changes its 
anisotropy nature by changing the external thermodynamic conditions (change in temperature, 
application of external bias electric and mechanical fields, the chemical potential change), but 
it is the most descriptive one in a piezoelectric material. All other electromechanical 
properties (such as dielectric constant, mechanical stiffness, density, speed of sound, 
electromechanical coupling coefficients) change with temperature. These temperature changes 
and anisotropy can also be straightforwardly calculated in the same manner as it was done for 
the piezoelectric coefficients in the previous chapter. Changes of all these parameters finally 
influence significantly the design and functionality of an ultrasound probe, and one has to take 
them into account. To descriptively show the influence of the temperature influence on the 
anisotropy, the modelling results from the previous chapter, together with the calculated 
electromechanical properties, are incorporated directly into the mathematical model of a 
piezoelectric material based ultrasound NDT transducer. The theoretical tool used is another 
widely accepted modelling theory based on equivalent electrical circuits, KLM ([22], [23]), 
with its corresponding commercial software tool, PiezoCAD [24]. Some descriptive 
modelling results are presented in Fig. 3 - Fig. 6 and Table 3 - Table 6. 

 

Fig. 3  Log-lin plot of the frequency dependence of the electrical input impedance amplitude (solid line) and 
phase angle (dashed line) of a tetragonal barium titanate piezoelectric disc with a diameter of 20 mm and 

thickness of 1 mm cut perpendicular to the polar axis at room temperature. 
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Fig. 3 represents the log-lin plot of the frequency dependence of the input electrical 
impedance (amplitude and phase angle) of a thin disc with a diameter D = 20 mm and 
thickness t = 1 mm made of barium titanate at room temperature and cut perpendicular to the 
polar axis (the vibration direction is parallel to the spontaneous polarization direction). The 
resonance and the antiresonance frequencies are clearly visible. The central frequency of 
vibration of the disc is around 2.5 MHz (Table 3). The information about the frequency 
dependence of the electric input impedance is a key parameter in the electrical impedance 
matching of the ultrasound probe to the pulse-receive system used to drive the probe. 

Table 3  Calculated central frequency and the bandwidth of the piezoelectric barium titanate disc (D = 20 mm, 
t = 1 mm) cut perpendicular to the polar axis direction. 

Level (dB) Central frequency (MHz) Bandwidth (MHz) Bandwidth (%) 
-6 2.548 0.202 7.95 
-20 2.545 0.601 23.64 
-40 2.529 1.818 71.88 

 

Fig. 4  Time dependence of the pulse-echo impulse response (solid line) and frequency bandwidth (dashed line) 
of a tetragonal barium titanate piezoelectric disc with a diameter of 20 mm and thickness of 1 mm cut 

perpendicular to the polar axis at room temperature. 

Fig. 4, on the other hand, represents the corresponding time development of the pulse-
echo impulse response due to the disc vibration after it was excited by an electrical spike of 
the normalized voltage (Vexc = 1 V). The maximal signal response amplitude is around 
5 µV/V, and the disc ringing is significant, which is due to the fact that the disc is freely 
vibrating in the air. 

Table 4  Calculated ultrasound pulse duration of the piezoelectric barium titanate disc (D = 20 mm, t = 1 mm) 
cut perpendicular to the polar axis direction at room temperature. 

Level (dB) Pulse width (µs) 
-6 3.930 
-20 7.824 
-40 12.216 
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Fig. 5  Log-lin plot of the frequency dependence of the electrical input impedance amplitude (solid line) and 

phase angle (dashed line) of a tetragonal barium titanate piezoelectric disc with a diameter of 20 mm and 
thickness of 1 mm cut along the direction = 49.5° away from the polar axis at room temperature. 

Fig. 5 shows the log-lin plot of the frequency dependence of the input electrical 
impedance (amplitude and phase angle) of a thin disc with a diameter D = 20 mm, and 
thickness t = 1 mm made of barium titanate at room temperature, but in this case it is cut 
perpendicular to the direction rotated away from the polar axis for the angle of 49.5°. The 
resonance and the antiresonance frequencies are clearly visible as in the previously discussed 
case, but this time the central frequency of vibration of the disc is around 5 MHz (Table 5). 
The central frequency changed significantly by cutting a barium titanate tetragonal crystal 
along a direction that is different from the “intuitive” cutting direction perpendicular to the 
polar axis and the spontaneous dielectric polarization in the material. 

Table 5  Calculated central frequency and the bandwidth of the piezoelectric barium titanate disc (D = 20 mm, 
t = 1 mm) cut perpendicular to the direction rotated away for 49.5° from the spontaneous polarization 
direction. 

Level (dB) Central frequency (MHz) Bandwidth (MHz) Bandwidth (%) 
-6 5.093 0.119 2.35 
-20 5.088 0.358 7.05 
-40 5.024 1.207 24.03 

 

 
Fig. 6  Time dependence of the pulse-echo impulse response (solid line) and frequency bandwidth (dashed line) 
of a tetragonal barium titanate piezoelectric disc with a diameter of 20mm and thickness of 1mm cut along the 

direction = 49.5° away from the polar axis at room temperature. 
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Correspondingly, Fig. 6 shows the time evolution of the pulse-echo impulse response 
due to the disc vibration after it was excited by an electrical spike of the normalized voltage 
(Vexc = 1 V). The maximal signal response amplitude decreased for around 40% compared to 
the previous case, and the disc ringing time almost doubled. Thus, different crystal cuts gave 
different electromechanical responses due to the properties anisotropy. 

Table 6  Calculated ultrasound pulse duration of the piezoelectric barium titanate disc (D = 20 mm, t = 1mm) cut 
perpendicular to the direction rotated away for 49.5° from the spontaneous polarization direction. 

Level (dB) Pulse width (µs) 
-6 6.295 
-20 12.613 
-40 20.200 

 

The modelling results presented in the graphs reflect the fact that the 
electromechanical material parameters (spontaneous polarization, dielectric, mechanical and 
piezoelectric constants) change qualitatively with the change in temperature in barium 
titanate. A detailed explanation of these effects and a generalization to other ferroelectric 
materials from the same family is given in a series of articles by M. Budimir et al., ([15]-[18]). 
If one compares the results from the pulse-echo impulse response for barium titanate at 20°C 
and 65°C (Fig. 4 and Fig. 6), one can see a significant difference in the pulse duration and its 
maximum amplitude. This shows that both the resolution of transducer based on this material 
and its radiated output power will be changed significantly with the change in temperature – 
no same quality of crack resolving in non-destructive evaluation (NDE) can be achieved with 
the same transducer at these two temperatures, and the main cause is the strong piezoelectric 
anisotropy. 

To discuss the temperature induced changes in the input electrical impedance of the 
piezoelectric material in question, which is a very important parameter for the transducer 
design, it is important to mention the relation of the material impedance (Z) to the material 
constants (its geometrical dimensions l,w,t, the piezoelectric coupling coefficient in the 
direction of the vibration 33, the frequency of the resonance vibration ω, and the speed of 
sound in the bulk material at constant applied electric field , [40]: 1 = 33 1 − 332 + 332 2⁄2⁄   (7) 

When the material temperature changes, this will lead to changes in the amplitudes and 
directions of the electromechanical coefficients, which will lead to changes of the input 
impedance of the material. This change can be seen in examples presented in Fig. 3 and 
Fig. 5. 

Finally, the modelled barium titanate disc parameters related to the further usage of the 
barium titanate disc in the NDE ultrasound transducer design have been summarized in the 
Table 7. 

Table 7  A comparison of the barium titanate ultrasound parameters important for the NDE ultrasound testing 
design at 20°C and 65°C. 

Temperature (°C) Centr. freq. (MHz) Bandwidth (%) Signal ampl. (µV/V) Signal duration (µs) 
20 2.55 7.95 4.67 3.93 
65 5.10 2.35 2.93 6.30 
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4. Conclusion 

This paper points out an important issue related to the design and modelling of NDT 
ultrasound probes planned to be operational at elevated working temperatures. It discusses the 
effect of the presence or the absence of more than one potential ferroelectric phase in the 
acoustically active material used in the probe on overall electromechanical and acoustical 
properties of the probe. The issue is discussed theoretically through the widely used and 
experimentally verified thermodynamic LGD and equivalent electrical circuit KLM models, 
using two model materials from the same family of ferroelectric perovskites, from which most 
of the commercially used acoustically active materials are selected. 

The first model material, barium titanate (BaTiO3), has a temperature induced sequence 
of ferroelectric-ferroelectric phase transitions, while the other model material, lead titanate 
(PbTiO3), has only one possible ferroelectric phase. 

The change in the material temperature from room temperature to 100°C or more will 
induce a continuous rotation of the direction of the maximum piezoelectric response in barium 
titanate, while the corresponding maximal response direction of lead titanate will remain 
unchanged at all temperatures. Together with the piezoelectric responses, other 
electromechanical responses are also anisotropic. This kind of piezoelectric anisotropy is not 
exclusively related to temperature effects, and this material feature is general for the 
piezoelectric perovskites family. Thus, when modelling and designing NDT ultrasound probes 
for elevated temperature applications, one has to take this effect into account to optimize the 
probe design. 

This theoretical work is a part of our wider study of influence of temperature induced 
piezoelectric anisotropy changes on the design and performance properties of ultrasound NDE 
transducers. The experimental results will be the subject matter of our future publications. 
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