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Time reversibility of Lamb waves in
thin plates with surface-bonded
piezoelectric transducers is
temperature invariant at the best
reconstruction frequency
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Abstract

The Lamb wave time-reversal method has been widely proposed as a baseline-free method for damage detection in thin-
walled structures. Under varying thermal environments, it would require that the time reversibility of Lamb waves is

temperature invariant. In this study, we examine the temperature dependence of Lamb waves and its time reversibility

using experiments and finite element simulations on isotropic plates with surface-bonded piezoelectric wafer transdu-
cers for actuation and sensing. The study is conducted at three different temperatures of the system from 25�C to 75�C

for a wide range of excitation frequency. The results indicate that the time reversibility can undergo significant changes

due to temperature variations depending on the excitation frequency. However, at the best reconstruction frequency
corresponding to the maximum similarity of the reconstructed signal with the original input signal (proposed recently as

the probing frequency), the change in the percent similarity with temperature is insignificant. The results also demon-

strate that changes in the physical properties of both adhesive layers and piezoelectric transducers with temperature play
a dominant role in influencing Lamb wave amplitudes. However, only the change in the characteristics of the adhesive

layers is responsible for the temperature dependence of the time reversibility of Lamb waves.
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Introduction

Lamb wave-based techniques are gaining immense

popularity for structural health monitoring (SHM)

applications to detect internal and surface damages in

thin-walled structures, such as aerospace structures,

pressure vessels, pipelines and so on, using embedded

and surface-bonded transducers.1 Lamb waves possess

the advantage of the ease of generation, ability to travel

a long distance with minimal amplitude attenuation

and covering a large area with less number of sensors.

The damage detection using Lamb waves convention-

ally relies on a comparison of the damage features, such

as the amplitude and the time of flight, with the base-

line response previously obtained from the same struc-

ture in its pristine condition. The interaction of the

propagating Lamb waves with the damage causes their

scattering, resulting in a change in the time of flight

and the amplitude of the response signal. However,

such changes can also be caused by a change in the

operating temperature of the structure, leading to possi-

ble false alarms for damage2 unless suitable compensa-

tion is made to the signals.
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To identify the influence of temperature on Lamb

wave propagation, an experimental study was per-

formed by Blaise and Chang3 on a sandwich panel with

embedded piezoelectric transducers in pitch-catch con-

figuration at cryogenic temperature (290�C). The

experiments revealed that the amplitude and the time

of arrival of the response signal decreased with a

decrease in the temperature. Another experimental

study was conducted by Lee et al.4 for temperature

ranging from 35�C to 70�C, by symmetrically arranging

two piezoceramic actuators on an aluminium plate and

exciting only the symmetric fundamental mode S0. A

comparison was made between the influences of tem-

perature and presence of damage on the Lamb wave

response by conducting the experiments on the plate in

the healthy condition and with a hole of 1 mm dia-

meter placed at the centre. The study revealed that both

the increase in temperature and the presence of damage

cause a decrease in the amplitude of the response signal

and an increase in its time of arrival. However, the

effect of temperature was so significant that it dwarfed

the signal changes observed when the damage was

introduced. Chambers et al.5 reported a drop in the

amplitude of the pulse-echo response of a piezoelectric

transducer bonded on an aluminium beam, clamped

with steel boundary clamps, with the increase in tem-

perature to 85�C. They attributed this drop to the

degradation of the shear couplant between the beam

and the boundary clamps, reducing the reflections. The

effect of temperature rise (up to 240�C) on the sensor

response of the piezoelectric patch transducer used for

free vibration analysis of an aluminium beam was

investigated by Schulz et al.6 The sensor signal ampli-

tude decreased with increasing temperature, eventually

reducing to the noise level at 240�C because of the

depoling of the piezoelectric transducer. The effect of

temperature on the fundamental antisymmetric Lamb

wave mode A0 was investigated experimentally by

Konstantinidis et al.7 for a rather small temperature

range of 22�C–32�C in an aluminium plate. In this case

too, the time of arrival of the response signal was

affected, which was attributed to the thermal expan-

sion/contraction and change in the material density,

thickness and the elastic modulus of the plate. In addi-

tion, the central frequency of the response signal

showed a shift with temperature, which was credited to

the change in the transducer frequency response caused

by the change in the piezoelectric properties of the

transducer and the change in the adhesive stiffness.

While the aforementioned studies were conducted on

Lamb waves generated by narrowband excitations, such

as the Hann window-modulated tone burst signals, Lu

and Michales8 studied the effect of temperature on dif-

fuse ultrasonic waves generated by broadband impulse

excitations and formed after multiple reflections. The

results (obtained for a temperature range of 5�C–40�C)

revealed that for the diffuse waves too, the time of arri-

val of the waveform increased with the increase in tem-

perature, owing to the thermal expansion and the

change in the material properties of the plate.

In addition to the experimental studies on the effect

of temperature on the Lamb wave propagation,

researchers have also employed different numerical and

analytical models for the Lamb wave propagation to

understand the relative contributions of the changes in

the mechanical and electrical properties of the constitu-

ent elements (plate, piezoelectric transducer and adhe-

sive layer) with the change in temperature. Raghavan

and Cesnik9 employed a three-dimensional (3D)

elasticity-based analytical solution to study the pitch-

catch response of the PZT-5A patch transducers

bonded to an aluminium plate over a temperature

range from 20�C to 150�C. They compared the analyti-

cal predictions with experimental results. The analytical

solution predicted the delay in the time of arrival of the

S0 mode waveform with increasing temperature, as

observed in the experiments. The results revealed that

the peak amplitude of the sensor response increased

with the rise in temperature up to 90�C, beyond which

it showed a decrease up to a temperature of 150�C. It

was shown that Young’s moduli of the PZT-5A trans-

ducers and the aluminium plate, and the piezoelectric

constants of PZT-5A are thermally sensitive, which

influences the sensor signal. This study also revealed

that the temperature change may not affect the detec-

tion of a mild damage (e.g. indentation of half thick-

ness) up to a certain temperature. However, at higher

temperatures, the change in the response due to the

temperature variation may become comparable to that

caused by the damage, leading to a reduced detection

sensitivity. Subsequently, Scalia and Salamone10 used

PZT-5A and microfiber composite pairs as transducers

bonded on an aluminium plate in the pitch-catch con-

figuration to study the effect of temperature on the

Lamb wave response, experimentally and using a plane

strain-based two-dimensional (2D) analytical solution,

for the temperature range from 240�C to 60�C. Like in

the study of Raghavan and Cesnik,9 here too, the

results showed an increase in the amplitude of the sen-

sor signal with an increase in temperature from 240�C

to 20�C, followed by a decrease up to 60�C. The com-

peting roles of the piezoelectric coefficients and the

dielectric permittivities of the transducers were shown

to be responsible for this trend in the variation of the

sensor response. Some studies11,12 using experimental

measurements, analytical predictions and finite element

(FE) simulations reported that a temperature change

over a large range from 218�C to 107�C caused only
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small changes in the wave propagation response in a

plate structure, mainly as a change in the time of arri-

val. They, however, neglected the temperature effects

on the piezoelectric transducers and adhesive layers

and considered only the normalized sensor response.

The role of the adhesive layer on the Lamb wave pro-

pagation in structures at elevated temperatures was

investigated by Ha et al.13 using 3D numerical simula-

tions as well as experiments for a temperature range of

25�C–75�C. It was concluded that among all the mate-

rial constants involved, the stiffness change of the adhe-

sive layer due to the temperature variation has the

maximum influence on the sensor signals. In a recent

study, Kijanka et al.14 employed the 3D FE solutions,

validated with experimental measurements, to delineate

the influences of temperature-induced changes in the

physical properties of the individual elements, that is,

the PZT, adhesive layer and the host structure, on the

Lamb wave response.

To address the issue of the temperature dependence

of the baseline signals of healthy structures, several

temperature compensation strategies, such as optimal

baseline selection,8 baseline signal stretch15 and the

cointegration technique,16 have been proposed for

damage detection in a variable temperature environ-

ment. However, the collection of baseline data at vari-

ous temperatures for all possible operating conditions

for an existing structure, may not always be possible or

if possible, is likely to demand enormous storage space

posing another challenge. To overcome this problem,

baseline-free damage detection methods are being pur-

sued in the recent past. Among various techniques, the

one based on the time-reversal process (TRP) of Lamb

waves has emerged as the most promising candidate for

damage detection in thin-walled structures.

Initially used in acoustic by Fink,17 the TRP is based

on the principle of reciprocity and the time-reversal

invariance of the linear acoustic wave equation. In this

process, the original input signal can be reconstructed

back at the source transducer by emitting back the

time-reversed version of the forward response signal

obtained at the receiver. In a perfectly healthy struc-

ture, the reconstructed waveform would exactly match

with the original input signal. In contrast, the presence

of the damage causes nonlinear changes in the wave

propagation response, leading to a mismatch between

the reconstructed signal and the input signal. However,

unlike in acoustics, time reversibility is not perfect in

the case of Lamb waves, even in a healthy structure

because of amplitude dispersion, which is not compen-

sated during the TRP.

Several studies have employed the time-reversal

method (TRM) for damage detection in metallic and

laminated composite plates using single-mode (S0 or

A0)
18,19 and multiple-mode20,21 actuation of Lamb

waves. These studies, however, reported conflicting

trends on the sensitivity of the reconstructed signal to

the presence of damage, raising a concern on efficacy

of the TRM for damage detection. To comprehend

these conflicting results, Agrahari and Kapuria22,23

investigated the TRM in an aluminium plate with

surface-bonded piezoelectric transducers using experi-

ments as well as FE simulations. Their study unveiled

for the first time the inability of single-mode tuning of

Lamb waves at the so-called sweet spot frequency, rec-

ommended by many researchers, to attain the best time

reversibility in healthy plate structures. They proposed

to perform the TRP at an excitation frequency called

the best reconstruction frequency at which the similar-

ity between the reconstructed signal and the original

input is the maximum over a desired range of excitation

frequency. A refined time-reversal method (RTRM)

was also introduced with damage indices computed

using extended modes of the reconstructed signal,

which yielded excellent sensitivity to the presence of

damage.

The success of the TRP as a true baseline-free

method in the presence of expected environmental

variability during operation of a structure, however,

stands on the presumption that the time reversibility of

the Lamb wave is invariant of the temperature and

other environmental variations. A time-reversal-based

self-diagnostic scheme for piezoelectric transducers has

been developed explicitly considering temperature

effects to distinguish debonding in the transducer from

the crack using temperature variations.24 In this case,

the TRM was modified to be employed in a single

transducer configuration between the electrical poten-

tial as input and mechanical response of the transducer

as output. The results showed that the time reversibility

was affected by temperature variation within the stud-

ied range of 25�C–53�C. However, no study has been

reported so far on how temperature variation influ-

ences the time reversibility of Lamb waves in a pitch-

catch configuration for damage detection. Such a study

is essential to ascertain the applicability of the TRM as

a baseline-free method of damage detection in the pres-

ence of varying operating temperature.

In this article, we present a detailed investigation on

the effect of temperature on the forward response and

time reversibility of Lamb waves in thin metallic plates,

actuated and sensed by surface-bonded piezoelectric

Sharma et al. 3



wafer transducers. The study employs both experiments

and numerical simulations. The aim is to ascertain

whether or not the TRM and/or the newly developed

RTRM can be successfully used for baseline-free dam-

age detection in the presence of temperature variations.

Time reversibility

Damage detection using the TRP is conducted by com-

paring the reconstructed signal with the original input

signal, after normalizing both the signals with their cor-

responding peak amplitudes. The presence of damage

affects the time reversibility of the forward wave

response due to its nonlinear interaction with the dam-

age, and consequently, the reconstructed waveform

shows deviation from the input waveform. The quality

of time reversibility is quantified by percent similarity

based on the L2 error norm as25

%Similarity= 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðtf

ti

V tð Þ½ � I tð Þ�2dt=

ðtf

ti

I2 tð Þdt

s
 !

3100

ð1Þ

where V (t) and I(t) denote the normalized recon-

structed and original input signals, respectively, and ti
and tf denote, respectively, the start and end time

instances of the signals under comparison.

Conventionally, the main mode waveform of the

reconstructed signal obtained through the TRP is con-

sidered for comparison with the input signal waveform.

However, it has been shown earlier that the presence of

damage may cause only a marginal distortion in the

main mode waveform of the reconstructed signal,

whereas it creates extra bands between the main mode

and the two side bands of the reconstructed signal.22

Since the extra bands offer distinct features indicating

the presence of damage, Agrahari and Kapuria22 pro-

posed to include them for comparison with the

input signal using an extended mode signal ranging

between the two side bands of the reconstructed signal

(Figure 1). It resulted in excellent sensitivity of the

damage indices to the presence of damage. The same

method is followed in this study. The start and end

time instances of the reconstructed signal inclusive of

the extra modes are specified as

ti = tm � ts + tsl=2, tf = tm + ts � tsl=2

where tm is the time instance of the peak of the main

wave packet of the reconstructed signal, ts denotes the

time interval between the peaks of the main waveform

and the side band and tsl is the time span of the main

mode wave packet. ts can be determined from experi-

mental data or estimated theoretically as ts = d=VA0
�

d=VS0 , where d is the centre-to-centre distance between

the transducers, and VS0 and VA0
denote the group velo-

cities of the S0 and A0 modes, respectively.

Experimental setup

We used an aluminium plate of size 1500 mm 3 1200

mm 3 3 mm as the host structure for the experiments

(Figure 2). The actuator and sensor used for the Lamb

wave actuation and sensing were two square-shaped

piezoelectric transducers (SP-5H) of size 10 mm and

thickness 0.25 mm made by Sparkler Ceramics, India.

They were bonded to the top surface of the plate using

the commercially available two-part Araldite epoxy

adhesive, in the pitch-catch configuration with a centre-

to-centre distance of 300 mm. The adhesive was cured

at room temperature (;25�C) for 48 h before starting

the first measurements.

A data acquisition system (QDAM772E18) with

sampling rate of 80 mega samples per second (MSPS)

and resolution of 14 bit, made by Quazar Technologies

Pvt. Ltd, India, was used to generate, amplify, actuate

and sense the voltage signal.26 The data acquisition and

signal processing were performed using the iQ: data

acquisition and visualization software, developed by

the same company. Figure 3 shows schematically the

arrangement of the experimental setup.

During the experiment, one of the transducers was

actuated with a five-cycle (unless stated otherwise)

Hann window-modulated sinusoidal tone burst of 20 V

peak amplitude. The Hann window-modulated sinusoi-

dal tone burst signal is defined as V (t) = (V0=2)
½1� cos (2pt=TH )� sin (2pft), where f denotes the cen-

tral frequency of the excitation and TH represents the

Hann window length obtained using the number of

cycles in the tone burst NB as TB =NB=f . A typical input

signal is shown in Figure 4 for a central frequency of

200 kHz.

Figure 1. Reconstructed signal along with Hilbert envelope

showing main mode and extended mode for a damaged plate.
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The response signal was recorded at the other trans-

ducer after applying a gain of 10 dB. The signals were

recorded with a sampling frequency of 72 MSPS. Each

measurement was repeated 20 times, and the response

signals were averaged to improve the signal-to-noise

ratio. The response signal recorded at the sensor loca-

tion (forward response) was time-reversed, amplified to

the peak amplitude of 20 V and then emitted back to

Figure 2. Various components of the experimental setup.

Figure 3. Schematic diagram of the experimental setup.
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the source transducer. Then the reconstructed signal

was recorded at the source location and compared with

the original input signal after normalizing both the sig-

nals with their corresponding peaks to evaluate the per-

cent similarity.

The experiments were conducted at different tem-

peratures by heating the plate from both the top and

bottom sides using a two-part heater manufactured by

Elmec Heaters and Controllers, India. Each part of the

heater has a heating area of 400 mm 3 200 mm. The

heaters were positioned in a manner to avoid any physi-

cal contact with the plate. Two PID controllers with K-

type thermocouples were used for the controlled heat-

ing of the plate. Two additional K-type thermocouples

were placed in the heating area of the plate to monitor

the uniformity of the temperature. The experiments

were conducted at 25�C, 50�C and 75�C.

FE model

The FE analysis of the plate adhesive transducer system

was performed to validate the experimental observa-

tions and also to conduct parametric studies subse-

quently. The commercially available FE software

ABAQUS Standard is used to perform the analysis. An

aluminium plate of length 1500 mm and thickness

3 mm is considered for the FE model. A reduced size of

9 mm was considered for the piezoelectric patches (as

against their original size of 10 mm) to account for the

expected weak bonding of the adhesive around the

edges in the experimental setup. The thickness of the

adhesive layer between the transducer and the host

plate in the experimental setup was measured using a

MICRO-OPTRONIC made laser displacement sensor

ILD-1400-20, having a resolution of 2 mm, following

the procedure discussed in Agrahari and Kapuria.25

The average thickness of both the adhesive layers was

obtained as 50 6 2 mm, which is used in the FE

model.

A detailed study on the full-field 3D FE model and a

simplified plane strain 2D FE model for the analysis of

Lamb wave propagation in such actuator-plate-sensor

systems was reported in Agrahari and Kapuria.25 The

study revealed that the 3D FE results match well with

the experiments, and although the responses obtained

from the 3D and 2D FE models differ in respect of the

actual peak amplitude, the normalized responses pre-

dicted by them show good agreement. Since the TRP-

based method being studied here is concerned with nor-

malized response signals, the plane strain 2D FE model,

which requires significantly less computational time

than the detailed 3D FE simulation, is employed for the

simulation here. Accordingly, the plate and adhesive

layers are modelled using the eight-node plane strain

quadrilateral element (CPE8R) with reduced integra-

tion. The piezoelectric transducers are modelled using

the eight-node plane strain piezoelectric quadrilateral

element (CPE8E). A mesh size of 0.5 mm 3 0.5 mm is

taken for the plate, as shown in Figure 5, which satisfies

the requirement of a minimum of 20 elements over the

shortest wavelength for good spatial resolution. A finer

mesh of length 0.1 mm is used for the transducers, the

adhesive layers and the plate in the transducer regions

up to 5 mm on both sides of the transducers to accu-

rately model the shear stress transfer at the transducer-

Figure 4. Hann window-modulated five-cycle sinosoidal tone

burst signal of 200 kHz central frequency.

Figure 5. Mesh configuration shown for a portion of actuator patch in the 2D FE model.
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plate interfaces. Along the thickness direction, the

transducers are discretized into three elements each,

and the adhesive layers are discretized with two ele-

ments each. A convergence study has been conducted,

and it is observed that the present results are indepen-

dent of the mesh size with finer meshes.

The tie constraints are applied between the

transducer-adhesive and adhesive-plate interfaces. At

the top nodes of the piezoelectric transducers, an equi-

potential condition is imposed by coupling their electric

potential degrees of freedom. The interfaces between

the piezoelectric transducers and the adhesive layers are

electrically grounded. A time step of 100 ns is consid-

ered for excitations with central frequencies up to

300 kHz, above which a time step of 50 ns is consid-

ered. It satisfies the requirement of at least 20 time

steps for one wave cycle for good temporal resolu-

tion.27 For the forward response, the top surface of the

actuator is subjected to a five-cycle Hann window-

modulated sinusoidal tone burst voltage of 20 V, and

the electric potential output is obtained at the top sur-

face of the sensor. For the reconstructed signal, the sen-

sor response is time-reversed and applied at the sensor,

and the output is obtained at the source transducer as

described earlier in the ‘Experimental setup’ section.

Temperature-dependent material properties

The temperature-dependent material properties of the

aluminium plate, araldite adhesive and SP-5H type

piezoelectric transducers are taken from the available

literature. The material properties at the room tempera-

ture (25�C) are shown in Table 1. Since the temperature

range (25�C–75�C) under consideration is small, the

variation of the material properties with temperature is

assumed to be linear.

For the SP-5H type piezoelectric transducers, a var-

iation rate of 21 MPa �C21 and 22 3 1025
�C21 with

respect to temperature is used for Young’s modulus

and Poisson’s ratio, respectively, following Sherrit

et al.30 The variation rates of piezoelectric coefficients

d31 and d33 and relative permittivities with the increase

in temperature are taken as -0.95 pm/V �C, 1.85 pm/V �C

and 20.2/�C, respectively.31 For the aluminium plate, the

variation rates of Young’s modulus and Poisson’s ratio

with the temperature are 240 MPa �C21 and 23.1

3 1024
�C21.10 The linear rate of variation of the shear

modulus of the araldite adhesive with temperature is con-

sidered as 277.0 MPa �C21.28 The variation of Poison’s

ratio of the adhesive layer with temperature is neglected.

The coefficients of thermal expansion of the aluminium

plate, piezoelectric transducer and the adhesive are taken

as 23.1 3 1026, 3 3 1026 and 67 3 1026 m/m �C,

respectively. First, the deformation analysis is performed at

the prescribed elevated temperature (50�C or 75�C). The

FE model is regenerated on the deformed shape obtained,

and the wave propagation analysis is performed on this

model. Thus, the FE simulations for the wave propagation

are conducted on three models based on the deformed

shapes at the three different temperatures, with the corre-

sponding material properties.

Material damping

The material damping is modelled as Rayleigh damping

given by

C=aM+bK ð2Þ

where M,K and C denote mass, stiffness and damping

matrices, respectively, and a and b are the mass propor-

tionality and stiffness proportionality damping coeffi-

cients, respectively. These constants can be determined

from the modal damping ratio j as

j =
a

2v
+
bv

2
ð3Þ

where v= 2pf is the circular frequency, f being the fre-

quency in Hz. In this analysis, only the stiffness pro-

portionality damping b is considered. For the

Table 1. Material properties.

Material Y1 Y2 Y3 G23 G13 G12 n23 n13 n12 r
(kg/m3)

(GPa)

Aluminium22 70.30 70.30 70.30 26.42 26.42 26.42 0.33 0.33 0.33 2700
Adhesive28 4.70 4.70 4.70 1.67 1.67 1.67 0.4 0.4 0.4 1700
SP-5H29 66.67 66.67 47.62 23.00 23.00 23.50 0.51 0.51 0.29 7500

d31 d32 d33 d15 d24 e11=e0
a e22=e0 e33=e0

(310212 mV21)
SP-5H29

2265.0 2265.0 550.0 741 741 3100 3100 3400

aElectrical permittivity of free space e0 = 8:854310�12 F/m.31
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considered frequency range, the damping coefficients b

for the plate, adhesive layer and the piezoelectric trans-

ducer at 25�C are taken as 5310
�10;32

1310
�9;33 and

12:7310
�8;34 respectively. At the elevated temperatures

of 50�C and 75�C, the damping coefficient of the

adhesive layer increases to 23:3310
�8 and 31:8310

�8,

respectively. The change in the the damping constant

with temperature rise is neglected for the piezoelectric

transducers and the host plate as they are small.

Results and discussion

Response of adhesive to repetitive thermal cycles

The experiments began with examining the stability of

the Araldite adhesive under repetitive heating and cool-

ing cycles. Before exposing to the first thermal cycle, a

forward response signal was recorded by actuating with

an input excitation with a central frequency of

150 kHz. Thereafter, the specimen was exposed to

repeated thermal cycles by heating to 75�C and

allowing it to cool to room temperature (25�C) by

itself. This heating–cooling cycle was repeated thrice.

At the end of each thermal cycle, the forward response

was recorded. A comparison of the S0 mode of the for-

ward responses recorded before the first thermal cycle

and after every thermal cycle (Figure 6) shows that

there is a drop in the amplitude of the response after

the application of the first thermal cycle. However, no

significant change occurs in the amplitude of the

response after the subsequent thermal cycles, which

confirms the stability of the Araldite adhesive to repeti-

tive heating cycles. The drop in amplitude after the first

thermal cycle can be attributed to the thermal pre-

stability of the piezoelectric transducers. Raghavan and

Cesnik9 reported a similar behaviour of piezoelectric

transducers under thermal cycles.

Validation of experimental results

The experimental protocol and results are validated by

comparing the forward and reconstructed signals

obtained from the experiments for the ambient tem-

perature condition with the FE simulation results. The

forward responses received from the experiments and

the FE analysis for a five-cycle tone burst excitation of

200 kHz central frequency normalized with respect to

their respective peaks and are plotted in Figure 7(a) for

comparison. The two results match well for both the

symmetric S0 and antisymmetric A0 modes. Similar

comparison for the normalized reconstructed signal

after the TRP is presented in Figure 7(b) for both main

and extended wave packets. The original input signal is

also presented for verifying the quality of reconstruc-

tion of the Lamb wave response. The reconstructed sig-

nal obtained from the FE simulation is in excellent

agreement with the original input waveform, validating

the TRP simulation in the FE analysis. The recon-

structed signal obtained from the experiment too

Figure 6. S0 mode of forward Lamb wave response under

150 kHz modulated tone burst excitation measured at room

temperature and after each of the three thermal cycles.

(a) (b)

Figure 7. Comparison of experimental results with FE predictions for (a) forward response and (b) reconstructed signal (extended

mode) under a five-cycle modulated tone burst excitation of 200 kHz frequency.
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matches well with the input signal except for a small

deviation around the ends of the main mode. This

deviation may be due to possible imperfect bonding

between the transducers and the host plate in the

experimental setup.

Effect of temperature on forward response

Figure 8(a) shows the forward responses measured in

the experiments for a 200 kHz excitation, with the plate

temperature at 25�C, 50�C and 75�C. The correspond-

ing results obtained from the FE simulations are plotted

in Figure 8(b). Both the experimental and FE results

display the same trend of an increase in the peak ampli-

tude of the S0 mode with temperature rise in this case.

The A0 mode too exhibits the same behaviour with tem-

perature rise in the FE simulation. In the experiment,

although the peak amplitude shows an increase with a

temperature rise from 25�C to 50�C, it decreases when

the temperature is raised to 75�C. This difference

between the experimental and FE simulation results can

happen because of the possible unevenness of the adhe-

sive layer thickness and other bonding imperfections in

the experimental setup, which is not accounted for in

the FE simulation. A delay in the time of arrival of the

forward response is also observed with the rise in tem-

perature in both results.

The amplitude change in the response signal occurs

due to the increase in the piezoelectric coefficients,

dielectric permittivities and elastic moduli of the piezo-

electric transducers and decrease in the shear modulus

of the araldite adhesive with an increase in temperature.

The reduction in the adhesive shear modulus influences

two opposite effects: (1) the shear lag effect which

reduces the response amplitude and (2) the inertia effect

which increases the same.35 It explains why the ampli-

tude of the A0 mode can increase or decrease with tem-

perature depending on which of these two effects

dominate. This has been elaborated further in the fol-

lowing discussions. The decrease in the elastic moduli

˚

˚

˚

(a) (b)

Figure 8. Effect of temperature on the forward Lamb wave response for a 200 kHz excitation in (a) experiment and

(b) 2D FE simulation.

(a) (b)

Figure 9. Normalized peak amplitude versus frequency curves obtained experimentally for different system temperatures for

(a) S0 mode and (b) A0 mode.
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of the aluminium plate with a temperature rise reduces

the phase velocity of the S0 and A0 modes, resulting in

the delay in the time of arrival of the forward response.

The increase in the centre-to-centre distance between

the transducers due to thermal expansion also contri-

butes to this delay.

To examine if and how trends change with the exci-

tation frequency, the variations of the peak amplitudes

of the S0 and A0 modes obtained experimentally with

the central excitation frequency are plotted in Figure 9

for the system temperatures of 25�C, 50�C and 75�C.

The peak amplitudes of the different modes in the for-

ward response are obtained from the Hilbert envelope.

Figure 10 depicts the Hilbert envelope for the forward

Lamb wave response under the tone burst excitation of

200 kHz central frequency at 25�C. To bring out the

relative effect due to temperature rise, the plots in

Figure 9 are normalized with respect to the maxima of

all the three amplitude–frequency curves for the three

temperatures. The results presented in Figure 9 suggest

that with the increase in the system temperature, the

peak amplitude of the sensor signal may decrease or

increase, depending on the excitation frequency and the

Lamb wave mode. For the S0 mode, at the low and high

frequencies over the probed frequency range of 70–

550 kHz, the peak amplitude decreases with the

increase in temperature (though the effect is small at

low frequencies). This happens primarily due to the

shear lag effect caused by the reduction in the adhesive

shear modulus with the rise in temperature.25,35

However, near the resonance frequency, the peak

amplitude of the S0 mode increases with temperature,

which can be attributed to the dominance of the

dynamic effect over this frequency range. The reso-

nance frequency itself shows a decrease with the

increase in temperature. Ha et al.13 have reported a sim-

ilar trend of the amplitude variation with temperature.

For the A0 mode, the change in the peak amplitude

with temperature shows a similar dependence on the

excitation frequency, except that the decrease in the

amplitude at low frequencies below 130 kHz is more

significant unlike the case of S0 mode for temperature

rise from 50�C to 75�C. A distinct increasing trend of

the A0 mode amplitude with temperature is noticed for

excitation frequencies beyond 220 and under 480 kHz.

Again, this increase can be attributed to the predomi-

nance of the inertia effect over the shear lag effect for

the A0 mode in this frequency range.

Many methods employ the time of arrival of Lamb

waves for detecting and localizing damage. It has been

observed earlier that the time of arrival increases with

the increase in temperature. Figure 11 reveals that this

delay in the time of arrival with temperature rise too is

dependent on the excitation frequency. The change is

small at low frequencies but becomes significant at

higher frequencies. The effect is higher for the S0 mode

than the A0 mode in the frequency range studied.

Figure 10. Hilbert envelope of the forward Lamb wave

response under tone burst excitation of 200 kHz central

frequency at 25�C. The peak amplitudes of the modes are

obtained from this envelope.

(a) (b)

Figure 11. Time of arrival versus frequency curves obtained from experiments at different temperatures for (a) S0 mode and

(b) A0 mode.
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Effect of temperature on time reversibility

While the temperature dependence of Lamb wave

amplitude and time of arrival is expected and has been

reported earlier, it is important to investigate if it leads

to the temperature dependence of its time reversibility

as well. To ascertain the effect of temperature on the

time reversibility of Lamb wave, the percent similarity

of the experimentally obtained reconstructed signal

under the five-cycle tone burst excitation is plotted in

Figure 12(a) as a function of the central excitation fre-

quency for three values of system temperatures of

25�C, 50�C and 75�C. The percent similarity is calcu-

lated using the extended mode defined earlier. Figure

12(a) reveals that at room temperature, the best recon-

struction occurs at a central excitation frequency of

110 kHz (best reconstruction frequency frc) attaining

the highest similarity of 95.1%. The percent similarity

decreases to as low as 58.9% at an excitation frequency

of 250 kHz. As explained earlier, the dependence of the

reconstruction quality on the excitation frequency is

due to the amplitude dispersion of Lamb waves. The

results obtained for different temperature reveal that

contrary to what is expected from a baseline-free

method, the quality of reconstruction changes signifi-

cantly with temperature variation in general. For an

excitation frequency of 200 kHz, for instance, the per-

cent similarity reduces significantly from 79.6% to

64.0% when the temperature is raised from 25�C to

75�C. However, at the best reconstruction frequency of

110 kHz, which was suggested to be the probing fre-

quency in the RTRM proposed recently,25,36 the simi-

larity changes only marginally from 95.1% to 94.4%

for the same temperature rise.

To verify this experimental observation, the same

study is repeated using the FE simulation and the

results are presented in Figure 12(b). The FE results

show very similar trends as the experiments. The best

reconstruction frequency is obtained as 100 kHz at

room temperature, which is fairly close to the experi-

mentally obtained value of 110 kHz. The minor differ-

ence in the two values may be due to possible uneven

thickness and imperfect bonding of the adhesive layers

in the experimental setup. Furthermore, similar to the

experimental results, in the simulation too, the percent

similarity of the reconstructed signal is seen to undergo

significant changes due to change in the system tem-

perature, depending on the excitation frequency. At the

excitation frequency of 230 kHz, for example, the simi-

larity reduces from 84% to 73.6% when the tempera-

ture rises from 25�C to 75�C. At the best reconstruction

frequency of 100 kHz, however, the percent similarity

shows only a minor change from 96.1% to 94.0% for

the same change in temperature, further validating the

experimental outcomes. For a temperature up to 50�C,

which is encountered in practice more commonly, the

percent similarity at the best reconstruction frequency

remains almost unchanged both in experiments and

simulations. But, at other frequencies, it shows a signifi-

cant change, for instance, by 9.7% at 210 kHz in the

experiment and 7.0% at 260 kHz in the FE simulation.

The numerical study is further extended to a thinner

aluminium plate of 1.5 mm thickness. Figure 13(a)

plots the percent similarity of the reconstructed signal

obtained from the FE analysis for the five-cycle tone

burst excitation as a function of the excitation fre-

quency for the system temperatures of 25�C, 50�C and

75�C. For this case too, there is a significant change in

the percent similarity with temperature for all excita-

tion frequencies over the studied range of 100–350 kHz

except at the best reconstruction frequencies (137 kHz).

To illustrate the effect of the tone burst count on time

reversibility, the results for the same plate under an

(a) (b)

Figure 12. Effect of temperature on time reversibility of Lamb waves in a 3-mm aluminium plate, obtained from (a) experiment and

(b) 2D FE simulation.
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eight-cycle tone burst excitation are shown in Figure

13(b) for the three temperatures. The higher tone burst

count resulted in a higher percent similarity at all fre-

quencies and temperatures in this case, while the best

reconstruction frequency showed a marginal reduction

to 130 kHz. Once again, the time reversibility is found

to be significantly affected by temperature in general

except at the best reconstruction frequency of 130 kHz.

It is thus established that the temperature invariance

of time reversibility of Lamb waves, which is essential

for the TRP to be used as a baseline-free method in the

presence of environmental/operating temperature varia-

bility of the structure, holds well at the best reconstruc-

tion frequency and not at other probing frequencies in

general.

Role of individual constituents on temperature effects

In this section, we investigate, using the 2D FE model,

how the individual constituents of the system contribute

to the overall temperature dependence of the forward

Lamb wave response and its time reversibility. The tem-

perature of the plate, the adhesive layers and the piezo-

electric transducers is varied one at a time from 25�C to

75�C keeping the other two unchanged at 25�C. The

results are compared with the cases in which the whole

system is maintained at the room temperature (25�C)

and at the elevated temperature of 75�C. Figure 14 illus-

trates the variations of the peak amplitude of S0 mode

of the forward response with the excitation frequency

for the aforementioned five cases. A trend similar to

that obtained in the experimental results (Figure 9) is

observed in Figure 14 for the case when the system tem-

perature as a whole is increased from 25�C to 75�C. For

the system at 25�C, the resonance peak amplitude

occurs at an excitation frequency of 350 kHz, whereas

it shifts towards left to 320 kHz at the elevated tem-

perature of 75�C. When only the plate’s temperature is

raised to 75�C, there is a minor increase in up to 2% in

the amplitude of the forward response over the studied

range of the excitation frequency and no change in the

resonance frequency. The increase in the amplitude is

due to the minor decrease in the elastic stiffness of the

plate with temperature. Similarly, when only the piezo-

electric transducers are heated to 75�C, the amplitude

of the S0 mode increases without affecting the reso-

nance frequency. In this case, however, the increase in

the peak amplitude is substantial, being 16.1% at the

resonance frequency. This change is primarily caused

by the increase in the piezoelectric constants with tem-

perature rise.

However, when only the adhesive layer is considered

at the elevated temperature, the amplitude of the for-

ward response actually shows a reduction for excitation

(a) (b)

Figure 13. Effect of temperature on time reversibility of Lamb wave in a 1.5 mm plate, obtained from 2D FE simulation:

(a) five-cycle tone burst excitation and (b) eight-cycle tone burst excitation.

Figure 14. Frequency response of the S0 mode under the

temperature of plate, transducers and adhesive layers

individually and together to 75�C.
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frequencies below 200 and above 380 kHz, while it

shows an increase for the remaining middle frequency

band around the resonance frequency. With an increase

in its temperature, the shear modulus of the adhesive

layers decreases, and the material damping increases.

For frequencies away from the resonance frequency,

the shear lag effect dominates and as a result, the

decrease in the shear modulus of the adhesive layers

with the rise in temperature leads to a decrease in the

peak amplitude. The increase in material damping also

adds to the reduction. Near the resonance frequency,

however, the inertia effect becomes predominant over

the shear lag effect and material damping effect, caus-

ing the rise in the peak amplitude. Furthermore, the

resonance frequency shifts towards the left, which

matches with the case of all the constituents being at

75�C. A maximum increase in 16.2% in the amplitude

is observed at a frequency of 320 kHz, while a maxi-

mum decrease in 24.9% occurs at 450 kHz, for the fre-

quency range considered. Thus, the overall trend in the

amplitude change of Lamb wave due to temperature

variation at different probing frequencies is primarily

dictated by the change in the adhesive layer properties,

whereas the temperature dependence of the adhesive

layer shear modulus and damping, and the piezoelectric

properties of the transducers constitute the most influ-

encing parameters for the change in the response ampli-

tude at a given frequency.

A similar study is conducted next on the role of the

individual constituents on the temperature dependence

of time reversibility of Lamb waves. The percent simila-

rities for all the five cases are compared in Figure 15

for excitation frequencies ranging from 90 to 360 kHz.

When the temperature of the plate or the PZT layer is

elevated to 75�C individually, the percent similarity

does not show any appreciable change from the case

when the whole system is at 25�C for the entire fre-

quency range. However, when only adhesive layer tem-

perature is increased, the percent similarity changes

significantly, matching closely with the percent similar-

ity obtained when all the constituents are at 75�C. It is

thus evident that the adhesive layer is primarily respon-

sible for the change of time reversibility of Lamb waves

in plates actuated and sensed by surface-bonded piezo-

electric transducers, due to the change in the environ-

mental/operating temperature.

Conclusion

A detailed study has been performed on the effect of

the temperature variation on the forward response and

the time reversibility of Lamb waves propagating in a

thin plate, actuated and sensed by surface-bonded

piezoelectric wafer type transducers, using experiments

and 2D FE simulations. The investigation has been

conducted for three values of the temperatures 25�C,

50�C and 75�C, each for a wide range of the excitation

frequency. The study has revealed the following:

1. The sensor signals of Lamb wave response mea-

sured after repeated thermal cycles revealed that

the response remains unchanged after the first

cycle. This result signifies that the araldite adhesive

provides a stable performance and thus makes a

good choice for bonding transducers for SHM

applications under varying thermal environments.

2. The 2D FE results for the normalized forward

response and the reconstructed signal match well

with the experimental results and are able to cap-

ture all the significant trends observed in the

experiments.

3. The amplitude of the forward response may

increase or decrease with the temperature rise

depending on the excitation frequency. The ampli-

tude increases with temperature over a frequency

band around the resonance frequency due to the

dominant transducer inertia effect. At lower and

higher frequencies away from the resonance fre-

quency, the amplitude shows a decrease with tem-

perature due to the shear lag and damping effects.

4. The amplitude change in the response signal with

temperature variation is mostly contributed by the

change in the piezoelectric properties of the trans-

ducers, and shear modulus and damping of the

adhesive layer. However, the overall trend of

increase and decrease in the amplitude with

Figure 15. Time reversibility-frequency variations for the

temperature rise of plate, transducers and adhesive layers

individually and together to 75�C.
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temperature at different excitation frequency is pri-

marily influenced by the change in material proper-

ties of the adhesive layers.

5. The change in the time of arrival of Lamb wave-

forms due to the temperature rise depends on the

excitation frequency and is significant for higher

frequencies.

6. The experimental and FE simulation studies

revealed that the temperature invariance of the

time reversibility, which is essential for the Lamb

wave TRM to be used as a baseline-free method

for damage detection under variable temperature

conditions, does not hold good in general. At the

best reconstruction frequency (a concept proposed

by Agrahari and Kapuria),22,23 however, the varia-

tion of the percent similarity of the reconstructed

signal with temperature is insignificant.

7. The numerical study reveals that the variation of

the material properties of the plate and the piezo-

electric transducers with temperature has a negligi-

ble effect on the quality of reconstruction of the

TRP. The temperature dependence of the time

reversibility of the Lamb wave is almost wholly

contributed by the change in the material proper-

ties of the adhesive layers.

This study thus reveals that it may not be generally

possible to use the conventional TRM as a baseline-free

method of damage detection under variable tempera-

ture conditions, due to the temperature dependence of

the time reversibility of Lamb waves. However, the

RTRM (which proposes to probe the structure at the

best reconstruction frequency)22,23,36 can be potentially

used as a baseline-free method even in the presence of

environmental/operating temperature variations, as the

time reversibility of Lamb waves is nearly temperature

invariant at this frequency.
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