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ABSTRACT

The propagation mechanism of Lamb waves exhibits more intricate in the variable
operational environment of high-speed trains. Simulation methods are widely used to
study Lamb wave propagation characteristics due to economic and time constraints. A
mechanic-electric-thermal coupling simulation method to study the propagation
mechanism of Lamb waves under variable temperatures is proposed in this paper. To
accurately simulate the dynamic behavior of Piezoelectric Transducer (PZT) under
variable temperature, a nonlinear numerical model of the dynamic parameters
(piezoelectric coefficient, dielectric constant) of PZTs has been developed based on the
experiment of the temperature influence on Lamb wave. The model emphasizes the
nonlinear pattern of change in the key dynamic parameters of the PZT with temperature
fluctuations. In addition, a thermal expansion stress model of the PZT-bonding layers-
structure is established to reveal the mechanical-thermal coupling mechanism. Based
on the COMSOL, a mechanical-electrical-thermal direct coupling simulation model of
PZT-bonding layers- structure under variable temperature is established. The simulation
results at - 40 °C to 80 °C are obtained and compared to the experiment. The results
show that the simulation signal is highly consistent with the experimental measurement
signal, and the simulation method proposed has high accuracy.
1. INTRODUCTION
Structural health monitoring technology identifies damage in engineering structures,
providing real-time monitoring with fewer inspections and improved efficiency. Lamb
wave-based methods are widely researched due to their low cost, extensive monitoring
range, and sensitivity to minor damages. [1-4].
Temperature environment presents a significant challenge in developing Lamb wave-
based Structural Health Monitoring (SHM)[5-8]. Lamb waves are significantly affected
by temperature variations, which alter their propagation velocity, amplitude, and phase
characteristics. These temperature-induced changes can mask damage features,
compromising monitoring reliability. Current research focuses on mitigating these
effects through baseline-free methods, environmental compensation techniques, and
probabilistic modeling approaches.[9-13]. However, a large number of Lamb wave
signals under time-varying conditions is required to implement these methods.

Simulation of Lamb waves under time-varying conditions offers an effective, low-

cost alternative to expensive and time-consuming experiments. Finite element analysis
(FEA) simulations can effectively study wave propagation in variable temperature
environments while validating damage monitoring methods.[14-20]
Current research on Lamb waves in variable temperature environments primarily
examines temperature effects on PZT transducers. Radecki documented significant
temperature-induced changes in both velocity and amplitude of PZT-generated Lamb
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wave signals.[21]. Roy investigated the effect of temperature on the propagation of
Lamb waves through theoretical studies and numerical analyses[22]. Research shows
temperature-induced changes in Lamb wave velocity and amplitude primarily result
from alterations in structural material and piezoelectric properties (piezoelectric
constant and dielectric coefficient). Esfarjani's ABAQUS study across -200°C to 204°C
confirmed temperature variation significantly affects Lamb wave propagation[23].
Attarian[24] using an experimental study, showed that thermal cycling reduces the
sensitivity of the damage diagnosis, mainly because the nature of the adhesive layer has
been altered and how the effect of the adhesive layer is not to be be ignored. In order to
completely simulate the effect of temperature on Lamb wave, Lonkar[25] investigated
a piezoelectric model for the propagation of Lamb wave containing an adhesive layer,
where the piezoelectric and dielectric constants of PZT and the shear modulus, Poisson's
ratio, and elastic modulus of the adhesive layer were modeled as a function of
temperature in a simulation model. Palazotto[26] developed a 2D simulation model that
contains a piezoelectric sheet 2D simulation model and investigated the effect of
temperature on Lamb wave on aluminum plates using ABAQUS simulation software.
The effect of temperature on the elastic modulus and Poisson's ratio of the aluminum
plate was considered in the simulation model. The results show that the laser wave
propagation velocity decreases as the temperature increases. Yule performed a two-
dimensional guided wave simulation based on COMSOL Multiphysics software, which
considered the effect of temperature on the material parameters, and obtained the law
of temperature effect on Lamb wave[27]. However, these studies neglected the effect of
the inconsistency of thermal expansion coefficients between different materials caused
by thermal stress on the propagation of Lamb wave. The piezoelectric constants of PZT
are very sensitive to thermal stress. Thermal stresses lead to changes in the piezoelectric
constant of PZT, which affects the propagation of Lamb wave. Therefore, thermal
stresses need to be considered.

2. SIMULATION MECHANISM OF LAMB WAVE UNDER VARIABLE
TEMPERATURE ENVIRONMENT
2.1 EXCITATION-PROPAGATION-SENSING EXCITATION MODEL FOR
LAMB WAVES
When PZT is used as the excitation element, the principle of generating Lamb waves
through PZT excitation is the inverse piezoelectric effect. The piezoelectric constitutive
formula as shown formula (1):
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where D is the potential shift vector (the number of charges generated per unit area on
the surface of the piezoelectric element). d is the matrix of piezoelectric constants; ¢ is
the vector of stresses; € is the matrix of dielectric constants; E is the vector of electric
fields; e is the vector of strains; and s is the matrix of elastic flexibility.
A circular PZT with d, =d,, is used to excite Lamb waves by applying voltage

excitation signals in three directions. The driving strain along the x-direction at the
bottom of the excitation sensor is represented by the following formula (2):
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where Vin is the excitation voltage.



Based on the shear lag model, the stress generated by the PZT coupling to the structure
through the adhesive layer is shown in formula (3):
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Where T is the shear lag parameter, and its expression is as follows:
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a is a parameter that characterizes different modes.
The expressions (5) and (6) for longitudinal and transverse wave speeds are given below:
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where v, is the Poisson's ratio of the plate and p,,,. is the density of the plate.
Assuming that Lamb wave has no loss during propagation, the strain at the sensor is
obtained based on the basic formula of the adhesive shear lag model. According to the
positive piezoelectric effect, the voltage output is obtained as shown in formula (7):
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where d,, is the piezoelectric constant of the PZT, e, is the dielectric constant of the
PZT, s, is the elasticity coefficient of the PZT, v,, is the Poisson's ratio of the PZT,
and C(7) is a function of the shear hysteresis parameter I as shown in Formulas (8) and

(9):
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where R is the radius of the PZT and I(T'R) is the Bessel function.
2.2 MATERIAL PARAMETER MODEL UNDER TEMPERATURE EFFECT
Temperature impacts various materials differently: in 6061 aluminum alloy, higher
temperatures decrease wave velocities, reduce elastic modulus, and increase Poisson's
ratio linearly. For bonding layers, temperature primarily affects shear modulus, with
typical epoxy adhesives operating between -55-100°C, while their dielectric and
piezoelectric constants increase linearly with temperature, as modeled for PZT-5A in
the -40~80°C range.

Coa () = (8)

P(T) =P (T, )+

In the formula, P represents mechanical properties (Young's modulus E, Poisson's ratio
v, shear modulus G, bulk modulus K), T is temperature, To is ambient temperature
(20°C), and OP(T)/OT indicates temperature sensitivity. Sandia National Laboratory's
laser ultrasound measurements of 6061 aluminum showed elastic modulus decreases
linearly while Poisson's ratio increases linearly with temperature, as expressed in
formulas (11) and (12). (AT)=73.5-0.06x AT (11)
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V(AT) =0.344+5.13x10° x AT (12)

Gyong (AT) =3.61-0.01x AT (13)

Unlike metals, piezoelectric materials possess both mechanical and electrical properties,

creating complex temperature dependencies. NASA's research showed PZT-5A

maintains constant impedance, coupling coefficient, and dielectric loss between -

55~100°C, while dielectric and piezoelectric constants increase linearly with

temperature. Experiments addressing inadequate modeling yielded temperature-
dependent fitting models for these constants in variable thermal environments.

s

Fig. 1 Piezoelectric coefficient measurement system in variable temperature environment
A numerical model for the piezoelectric and dielectric constants of PZT-5A in the
temperature range of -40-C ~ 80-C was investigated, as shown in formula (14) and (15).
This numerical model was used for numerical simulations, but thermal stress effects
were not considered.

d,, (AT) = -167.7-0.194x AT (14)

€45 (AT) = 2155+ 4.12x AT (15)

Qiu studied how static loading affects Lamb wave amplitude and velocity, noting that
acoustic elasticity effects cause load-dependent propagation speed changes and
nonlinear stress-strain relationships. Thermal stress alters piezoelectric transducer
properties by changing PZT's piezoelectric constants and dielectric coefficients,
affecting wave amplitude. Formula (16) models the nonlinear relationship between load
(o in MPa) and piezoelectric constant.

dy, (A0) =y, +0yy x(-1.1x10° xAc” +4.2x107 xAc ) (16)
d, (AT, Aoy ) =-167.7-0.194x AT -167.7x(-1.1x10° x Ao} +4.2x10° xAcy ) (17)

where AT is 20> C with respect to the reference temperature at e C and Ao, is the thermal

stress in MPa.
3. SIMULATION METHOD OF LAMB WAVE UNDER TEMPERATURE
EFFECT

The 3D model comprises an aluminum plate (400mmx200mmx2mm), two
symmetrically arranged PZT transducers (8mm diameter, 0.48mm thickness) spaced
200mm apart, and adhesive layers (8mm diameter, 0.08mm thickness). The excitation
signal Ex is defined by amplitude A, center frequency f, propagation duration t, and
number of cycles N.
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Fig. 2 Layout diagram of test specimen and Fig. 3Excitation signal
sensor




Table 1 Material properties of aluminum plate, adhesive, and PZT

Materials Parameters Expression

E, .. (AT)(GPa) =73.5-0.06AT

Elastic modulus B
V(AT) = 0.344+5.13x10° AT

6061 Poisson's ratio
Aluminum Density 0.33 ;
Coefficient of thermal expansion 2710(kg/m’)
2.3x10°(/k)

Shear modulus Giong (AT) =3.61-0.01x AT
adhesive Poisson's ratio 0.33

layer Density 1110(kg/m®)
Coefficient of thermal expansion 5.4x10°°(/K)

; . d,, (AT, Ao, ) =-167.7-0.194x AT
piezoelectric constant

PZT Poisson's ratio
Thermal Expansion Coefficient

-167.7x(-1.1x10° x Ac? +4.2x10° xAc, )
€, (AT) = 2155+ 4.12x AT
3x10°%(/k)

The simulation uses COMSOL to model Lamb wave propagation under temperature
effects. Material parameters include linear elastic properties for aluminum, adhesive,
and PZT, with piezoelectric properties assigned only to PZT. The model applies electric
potential to one PZT's upper surface while grounding all lower surfaces, with boundary
probes capturing voltage responses. For thermal stress calculation, thermal expansion is
added with reference temperature To and target temperature Tem, assuming uniform
temperature distribution. Rigid motion suppression ensures solution convergence. Mesh
sizing follows the 1/10-1/6 wavelength rule: at 200 kHz, So mode (5382 m/s) and Ao
mode (1731 m/s) yield maximum mesh size <1.5mm for aluminum, with 1mm for PZT
and 0.5mm for adhesive, resulting in 1.89M domain elements and 5.2M degrees of
freedom.

Fig. 4 Grid partitioning of PZT-adhesive layer-structure

The two-step solver simulates thermal stress and Lamb wave propagation
sequentially. Step 1 uses static analysis to calculate thermal stress from differential
thermal expansion, with electrostatic and piezoelectric effects disabled. These stress
values are then input to parameters. Step 2 uses time-dependent analysis (0-180us with
0.1us steps) to simulate wave propagation, with thermal expansion and rigid motion
suppression disabled. Multiple simulation runs yield Lamb wave signals across various
temperature levels.
Analysis of 160kHz Lamb waves shows both SO (faster, weaker) and AO (slower,
stronger) modes propagate normally. Temperature increases cause amplitude increases
and phase delays, as demonstrated when comparing wave packets at 30us across
temperatures from -40°C to 80°C.




Fig.5 Effect of temperature on the phase of Lamb wave
The simulated Lamb wave signals at different temperatures are shown in Fig. 11. The
magnified view of the SO mode is given and the variation of phase and amplitude is
better observed. It can be seen that the amplitude increases with time and the phase
delays the increment of temperature.
4. Experimental verification of simulation methods
4.1 EXPERIMENTAL SETUP
To verify the simulation model, experiments used identical components (6061
aluminum plate 200mmx400mmx2mm, PZT 8mmx0.48mm, epoxy adhesive) with a
Lamb wave SHM monitoring system and precision temperature chamber. Experimental
conditions closely matched simulation parameters. Experiments covered -40°C to 80°C
at 10°C intervals, with signals collected only at target temperatures during the 12-hour
process. The excitation signal was a 5-cycle sine pulse modulated by £70V Hanning
window at 160kHz center frequency, sampled at 10MHz. Voltage amplification of
experimental signals necessitated amplitude normalization for comparison with
simulation results.

Fig. 60verall diagram of experimental equipment

The Lamb wave signal at 160khz at different temperatures is given in Fig.13. A
magnified view of the SO mode is given, which gives a better view of the phase and
amplitude variations. As the temperature increases, the amplitude increases and the
phase is delayed.
4.2 COMPARISON OF SIMULATED AND EXPERIMENTAL SIGNALS

The comparison between simulated and experimental signals at temperatures of -
20° C, 20 ° C, and 60 ° C is shown in Fig 11. The experimental signal is amplified by
a charge amplifier, while the analog signal is not. Therefore, in order to better compare
the simulated signal with the experimental signal, the complex continuous Shannon
wavelet transform is used for filtering, and then the amplitude of SO mode is normalized.
It can be observed that the waveform matching of SO mode is good, while the amplitude
and phase errors of AO mode are small. The reason for the error may be that the
wavelength of A0 mode is smaller than SO; Therefore, the meshing size of A0 mode
needs to be smaller to ensure sufficient accuracy. Measure the changes in signal
amplitude and phase at different temperatures using formulas (18) and (19). Perform
zero fitting on the data.

AAMp = MXIOO% (18)
Amp,,
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Fig 7. Simulation and Experimental Comparison of SO Modal Changes
Among them, Amp,,, is the amplitude of the Lamb wave signal at different

temperatures, Amp,, is the amplitude of the Lamb wave signal at 20 ° C, cp is the phase
velocity, I is the propagation distance of the Lamb wave, and At is the constant phase

time shift of the Lamb wave signal. Fig 15 shows the quantitative changes in SO modal
amplitude and phase velocity between simulation and experiment. It can be seen that as
the temperature increases, the amplitude increases and the phase velocity decreases.
However, there may be differences in the effect of temperature on material parameters
between simulation and experiment, resulting in the amplitude change rate of the
experiment being greater than that of the simulation. The simulation results are in good
agreement with the experimental results.
5.CONCLUSION
The numerical simulation of temperature effects on PZT-based Lamb waves shows
temperature influences wave propagation through both material parameter changes and
thermal stress effects on piezoelectric constants. Comparison of simulation (-40°C to
80°C) with experimental results confirms good SO mode matching and minimal AO
mode errors. Both simulation and experiment demonstrate consistent temperature
effects: increasing temperature causes amplitude increase and phase velocity decrease,
though experimental amplitude changes exceed simulated rates.
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