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A three-dimensional thermo-mechanical coupled finite element model is built up to simulate the phenomena of

dynamical contact and frictional heating of crack faces when the plate containing the crack is excited by high-intensity

ultrasonic pulses. In the finite element model, the high-power ultrasonic transducer is modeled by using a piezoelectric

thermal-analogy method, and the dynamical interaction between both crack faces is modeled using a contact-impact

theory. In the simulations, the frictional heating taking place at the crack faces is quantitatively calculated by using

finite element thermal-structural coupling analysis, especially, the influences of acoustic chaos to plate vibration and

crack heating are calculated and analysed in detail. Meanwhile, the related ultrasonic infrared images are also obtained

experimentally, and the theoretical simulation results are in agreement with that of the experiments. The results show

that, by using the theoretical method, a good simulation of dynamic interaction and friction heating process of the

crack faces under non-chaotic or chaotic sound excitation can be obtained.
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1. Introduction

As a novel hybrid ultrasonic/infrared nondestruc-
tive testing (NDT) technique, ultrasonic infrared
(UIR) imaging, has received much more attention in
recent years.!=4 In this method, first, an intensive
ultrasonic pulse generated by a high-power ultrasonic
transducer is infused into a tested sample. Then, due
to the interaction of the ultrasound waves (vibrations)
with the defects (cracks) in the sample, the ultrasound
energy transforms into heat energy. As a result, the
temperature increases in the vicinity of the cracks.
Next, the temperature field in the sample is imaged by
an infrared camera, by which the locations and sizes
of the temperature-increased areas, i.e., the cracks,
can be detected. For explaining the mechanism of
the localised heating, several studies were presented
in recent years, such as, Mi and Zhangl® presented
a theory and finite element method (FEM) codes to
calculate the ultrasonic field distribution in a plate
with a crack and heating around the crack; Mian et
al.[%! reported an FEM computation for the response
of a sub-surface fatigue damage under sonic load, and

Han et al.l”} described a finite element model to cal-
culate the energy dissipation of a crack zone detected
in UIR imaging. During the above researches, the ul-
trasonic excitation was modeled by a time-dependent
sinusoidal displacement load at the surfaces of the
sample or represented by a small cylindrical object
with a prescribed sinusoidal motion. In other words,
the high-power ultrasonic transducer system was com-
pletely not included in the FEM modeling, which may
lead the simulation results to be not very accurate.
In addition, the influence of acoustic chaos on crack
heating has been analysed by using an FEM modeling
of a plate, which may bounce between a cylindrical
object (horn) and a rigid support post.l”) However,
the FEM modeling did not consider the preload force
between the horn and the sample, which are very im-
portant to the generation of acoustic chaos.[®] More-
over, in many UIR experiments, no rigid support post
is included. Therefore, further studies are necessary
for understanding the mechanism of heating phenom-
ena of the cracks excited by high-intensity ultrasonic
pulses.

In this paper, a three-dimensional thermo-
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mechanical coupled FEM model is built up to sim-
ulate the phenomena of the dynamical contact and
frictional heating of the crack faces when the plate
containing the crack is excited by a high-intensity ul-
In the FEM model, the high-power
ultrasonic transducer is modeled by using a piezoelec-

trasonic pulse.

tric thermal-analogy method, and the dynamical in-
teraction between the crack faces is modeled using a
contact-impact theory. The penalty method is used as
a contact-impact algorithm to simulate the contact be-
haviour between the crack faces. Moreover, based on
the first law of thermodynamics, the frictional heating
taking place at both faces is quantitatively calculated
by using FEM thermal-structural coupling analysis.
During the FEM simulation, a hybrid combination
of explicit and implicit time-integration methods is
adopted, in which the central difference method (ex-
plicit) is used to calculate the elastodynamic equation,
while Newmark method (implicit) is used to calculate
Thus, the vibra-
tion behaviour and contact force characteristics of the

the thermal conduction equation.

crack faces, the time-dependent temperature distribu-
tion and temperature rise in the crack zone, as well
as the influence of acoustic chaos to the crack heat-
ing, can be calculated and analysed in detail. Finally,
several related experiments are also accomplished to
verify the results of the theoretical simulations.

2. FEM modeling and analyses

Since transient FEM analyses can be used to
simulate geometric, material and contact nonlinear-
ity, it can be also used to solve dynamic response of
structures suffering arbitrary loading. Therefore, it
is very suitable to simulate the phenomenon of dy-
namical contact and frictional heating of crack faces
by the transient FEM analyses. During the transient
FEM analysis, implicit (NEWMARK type) and ex-
plicit (central difference) numerical time integration
schemes are usually available to compute the tran-
sient dynamic phenomena.® For nonlinear problems,
in each solution step of the implicit method, a NEW-
TON type iteration is involved. Therefore, conver-
gence problems may occur, especially when frequent
changes in the contact state exist. On the other hand,
by selecting small time steps based on COURANT

] the explicit integration algorithm has

condition,
good stability and fast calculation capability, which

makes it suitable for simulating transient processes of

short durations. Moreover, with a great variety of
contact types and parameters, the explicit finite ele-
ment programs, such as LS-DYNA! are more adept
in the contact-impact (vibro-impact) simulations."
In our problem, the contact states between the ultra-
sonic horn tip and the plate surface, and also between
both crack faces, change frequently, which are rather
complex. Therefore, the explicit scheme is chosen and

all transient computations are made with LS-DYNA.

2.1.FEM modeling
transducer using thermal analogy
method

of piezoelectric

In the typical experimental setup of UIR imag-
ing for crack detection, the short ultrasonic pulse is
injected into the sample by a high-power ultrasonic
transducer.[1:2 Owing to the complex interaction be-
tween the transducer and sample that may occur dur-
ing the inspection process, the ultrasonic transducer
should be modeled reasonably. FEM is widely used for
the design of high-power piezoelectric actuator.'!l A
lot of FEM codes allow to simulate the piezoelectric-
mechanical coupling behaviour. However, FEM anal-
ysis or simulation of a complete piezoelectric actuator
including contact nonlinearity stills scarce.['2! On the
other hand, as described above, explicit type of FEM
is prior to the simulation of the experimental phenom-
ena including strong vibro-impact behaviour. Never-
theless, most explicit FEM codes like LS-DYNA and
ABAQUS/Explicit are not possible to simulate the
piezoelectric field coupling due to the absence of piezo-
electric elements.'2) Thus, here, the vibration excita-
tion of piezoelectric transducer is realised by thermal
analogy method. 3]

According to the experimental conditions, a
three-dimensional (3D) FEM modeling of the trans-
ducer is established, and the modal and harmonic
analyses are performed by ANSYS. The simulated
transducer is composed of six PZT-8 piezo-ceramic
discs, a cylinder-shaped back mass (stainless steel)
and a front mass (aluminium alloy), and a compos-
ite ultrasonic horn (titanium alloy). For simplicity,
the bolt and pre-stress are ignored in the model. The
corresponding mesh modeling is shown in Fig. 1(a).

The Block-Lanczos method!*!] is chosen to cal-
culate the natural frequency and modal shape of the
transducer. During the analyses, no structural con-

straint is used. By modal analyses, it is found that
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the resonance frequency of the longitudinal vibration
mode of the transducer system is 19.99 kHz, which
is very close to the oscillating frequency of the trans-
ducer used in the experiments. The harmonic analysis
is then performed over a frequency range 18-22 kHz, in
which sinusoidally varying input voltage of 1000 volts
across the piezo-ceramic discs are used as excitation
source. During the analyses, the total Rayleigh stiff-
ness damping parameter!’? § is adopted to achieve
desired vibration amplitude at the horn tip as shown
in Fig. 1(b) (solid line), in which the maximum am-
plitude 80 pm occurs under the resonance excitation
at the frequency about 20 kHz.

(a) PZT-8 ceramic discs

ultrasonic horm
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(thermal excitation)
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Fig. 1. FEM modeling of high-power ultrasonic trans-
ducer: (a) meshing; (b) response of transducer horn.

Then, the harmonic analyses of the transducer
under thermal excitation are also performed for sub-
sequent LS-DYNA application. According to the
piezoelectric thermal analogy theory, a piezoelectric-

thermal strain relationship is obtained:[!3]

[d]" {E} = {a} AT, (1)

where [d] is 3 X 6 piezoelectric coupling matrix (strain-
charge form), {E} is the 3 x 1 electric field vector;
{a} is a 6x1 thermal expansion coefficient vector, and
AT is temperature difference between both surfaces of
piezoelectric discs. If only normal electric field is ap-
plied (i.e. in one-dimensional actuation case), an ex-
act analogy between piezoelectric strain and thermal

strain is obtained through the following relation

d3i¥ :aiAT, (221,73), (2)

where A¢s represents the voltage difference between
both electrodes, and t is the thickness of a piezoelec-
tric disc. Equation (2) indicates that the voltage exci-
tation of a piezocermic disc can be simulated exactly
using the conventional 3D elastic elements with the
thermal actuation rather than using piezoelectric ele-
ments, but the piezoelectric elements are not currently
available by LS-DYNA. One has to impose the ther-
mal expansion coefficient «; as ds; and to impose a
temperature change AT equal to A¢sz/t. Similarly,
the harmonic analysis is performed and the result is
also shown in Fig. 1(b) (dotted line). It can be found
that the result of using thermal excitation is nearly
equal to that of using voltage excitation. Therefore,
it can be deduced that the piezoelectric-thermal anal-
ogy can be used for high-power ultrasonic transducer
simulation.

2.2. FEM modeling of dynamical contact
of cracks excited by ultrasonic pulse

A thermal-structural coupled simulation of fric-
tional heating of micro-cracks excited by high-
intensity ultrasonic pulses is performed subsequently
in LS-DYNA when the reasonable response of the ul-
trasonic transducer is obtained. The FEM modeling
includes two parts: a plate containing a crack is used
as a sample, and an ultrasonic transducer described
above is used to excite the sample. Moreover, for
modeling the static coupling (preload) force Fy in the
experiments, an alterable acceleration loading Gy is
applied to the whole transducer system.

The plate is of a size of 120 mmx60 mmx2.5 mm
and has a notch about 8 mmx2 mmx2.5 mm at the
top side. A through-thickness crack with V-shape is
located just below the notch. The crack is of a length
about 3 mm and the width of the upper open end-
ing is about 5 pm and then gradually reduced to be
closed. The structural and thermal properties of 2024-
T351 aluminum alloy plate listed in Table 1 are for
the sample. The finite element mesh and geometry of
the model is shown in Fig. 2(a). The plate is meshed
with 8-node hexahedral elements and three layers in
the thickness. For describing accurately the contact
interaction between both crack faces and giving a pre-
cise description of the heat generation and spread in
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the crack region, artificial meshing is chosen instead
of automatic meshing to vary the mesh density in the
model, which allows a fine mesh at the crack interface.
Figure 2(b) represents the finite element mesh in the
vicinity of the crack, where it can be found that the
number of divisions on the crack length is 15. The to-
tal number of the elements in the plate is about 9230.

The applied boundary conditions of the plate are that
all degrees of freedom of the displacements are con-
strained at the nodes of the left and right sides of the
plate, but are free along the two other parallel sides
(upper and lower sides) of the plate. The initial tem-

perature of the plate sample is assumed to be 27.0 °C.

Fig. 2. FEM modeling of plate containing a crack excited by high-power ultrasonic transducer: (a) global finite

element mesh; (b) enlarged finite element mesh in the vicinity of the crack.

Table 1. Physical parameters of aluminum 2024-T351.

heat conductivity/(W/m-K)  specific heat/(J/kg - K)

density/(kg-m™3)

Young’s modulus/GPa  Poisson’s coefficient

121 875

2780 73.1 0.33

The contact interaction between the ultrasonic
horn tip and the plate surface, and the contact in-
teraction between both crack faces are very impor-
tant to the plate vibration behaviour and subsequent
crack heating. During the simulation, the interface be-
tween the horn tip and the plate is assumed to be un-
bonded. According to LS-DYNA, [ here, the surface
of the horn tip is designated as the master side and the
plate surface around the contact region is designated
as slave side. For the crack faces contact modeling, one
side of the crack is declared as a master surface and the
other one is a slave surface. The nodes lying in those
surfaces are referred to as the slave and master nodes,
respectively. In current model, penalty method is used
in formulating the contact mechanisms, and ‘surface-
to-surface’ contact algorithm is chosen.['¥ If the inter-
face pressure becomes large, unacceptable penetration
may occur. However, the overall deformation in the
present simulation is very small and is of the order of
a few microns. So, unacceptable penetration may not
occur at the interface, and hence scaling down of the
time step size will not be required. However, during
the simulation, smaller time step size is needed owing

to the refined mesh in the contact region. For reduc-
ing computation costs, the mass-scaling technique4
is applied in the simulations, and the computation ef-

ficiency is improved obviously.

2.3. Frictional heating of cracks

In this work, an important coupling between
thermal and mechanical energies has been achieved
through the heat generation caused by the friction
when the crack faces slide relative to each other.
Specifically, assuming that the slave node ng is in con-
tact with the master segment (segments) at time ¢ and
t+ At, and the displacement increment is Ae, thus the
equivalent heat flux ¢ of frictional heating can be writ-
ten as

qg=¢-T-0, (3)

where ¢ is the coefficient of frictional dissipation en-
ergy converted into heat, 7 is the friction stress, and
v = Ae/At is the slip velocity of the slave node ng
relative to the master segment.

Assuming that the heat generation due to fric-
tion is equally distributed over both contact surfaces,

118104-4



Chin. Phys. B Vol. 19, No. 11 (2010) 118104

and the slave node and the master segment are both
receiving half of the heat flux ¢q. Similarly, through
the shape function N,['®! the heat flux on the master
segment is further distributed over the nodes of the
master segment.

Next, the 3D transient thermal conduction equa-

tion can be written as(!4l
Lé+ HP = Q, (4)

where Q = va qNdV, @ is the node temperature
array, b = d®/dt is the array of temperature vari-
ation rate; and L, H and @ are the heat-capacity,
heat-conduction, and heat-loading matrices, respec-
tively. The Coulomb modell!9! is employed to simu-
late the friction process, and the friction coefficient
The

Crank-Nicolson method'¥ is used as an implicit in-

is assumed to be 0.4 between the crack faces.

tegral method to solve thermal conduction equation
(4). By solving Eq. (4), the transient temperature
field can be obtained. On one hand, the temperature
in the vicinity of the crack is generally not high, and
on the other hand, the behaviour we are concerned
Thus, the heat

convection and radiation can be ignored.

with lasts only a few milliseconds.

3. Numerical results and discus-

sions

Obviously, there are many factors affecting the
UIR signals, such as the location and amplitude of
the ultrasonic source. However, when a sonic source
in low frequency range (15 to 40 kHz) is used, the
location of the sonic source is not critical.'”l On the
other hand, the presence or absence of the nonlinear-
ity of the coupling between the test specimen and the
acoustic horn makes a significant difference in the de-

B Tt has been observed in the

tectability of cracks.
experiments that, although the ultrasonic excitation
source is highly tuned, the vibrations in the object
under testing by UIR may be quite complicated, even

(18.19] Since the plate vi-

acoustic chaos may appear.
bration characteristics under sound non-chaotic and
chaotic excitations have important influences to the
motions of crack-faces, the FEM simulations of fric-
tional heating phenomena of cracks are discussed sep-

arately according to different conditions.

3.1.Crack heating when undergoing
sound non-chaotic excitation

It has been observed in the simulation that the vi-
bration amplitude of the horn and the preload force of
the transducer system are very important to the vibra-
tion condition of the plate. It seems that a particular
combination of vibration amplitude and preload force
is crucial to generate the sound chaotic excitation. If
the preload force is great enough, the corresponding
indentation depth may be larger than the vibration
amplitude, leading to that the tip of the horn will
not recoil from the surface during the negative half
of the acoustic period. As a result, no subharmonic
(or quasi-subharmonic) frequencies(®! will occur in the
plate vibration spectrum and the plate can be consid-
ered as undergoing sound non-chaotic excitation.

Figure 3 displays the calculated result of non-
chaotic vibration waveform and the corresponding
frequency spectrum of the out-of-plane motion (Z-
direction) of a node of the plate, where the node is
located at the centre of the contact region between the
plate and the horn tip; the preload force of the trans-
ducer system is 525 N. As shown in Fig. 3(a), the plate
vibration spectrum consists mainly of the 20 kHz ex-
citation frequency component, though many harmon-
ics are present. The expanded display of the velocity
waveform in Fig. 3(a) is shown in Fig. 3(b), where the
waveform is nearly a sinusoidal function with single
frequency. Corresponding to the velocity waveform in
Fig. 3(a), the time history and Fourier spectrum of
the contact force between the horn and the plate are
shown in Fig. 3(c). It also can be found that many
harmonics of 20 kHz frequency are present, indicating
that the superharmonic vibration of the plate is in-
duced by the contact force containing superharmonic
components. An expanded region of the contact force
waveform of 80.0-80.5 ms is displayed in Fig. 3(d),
in which the obvious period corresponding to the pri-
mary excitation frequency (20 kHz) can be clearly ob-
served. As a result, the plate vibration condition in
Fig. 3 can be considered as non-chaotic.

It should be mentioned that the complex vibra-
tion of the plate leads the contact pressure pattern
across the crack faces to becoming complicated both
spatially and temporally. According to the vibration
condition in Fig. 3 (non-chaotic case), the resultant in-
terface force waveform (contact pressure) for the crack
faces and the corresponding force spectrum are shown

in Fig. 4(a). Compared with the amplitude of the
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contact force between the horn and the plate, the am-
plitude of the contact force between the crack faces is
very small, about a dozen of Newton (inset). It can
be seen that the force spectrum also consists prin-
cipally of 20 kHz and its harmonics. However, ow-
ing to the contact interaction (contact nonlinearity)
of both crack faces, 2921 the amplitude ratio between
the harmonics and the fundamental component be-
comes larger compared with that in Fig. 3(b). For
observing clearly the waveform of the contact force,
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Fig. 4(b) displays the time history of nodal interface
force of a mesh node on the crack face in an expanded
time scale, where the distance between the node and
the crack tip is about 0.8 mm. It can be found that the
contact force waveform of the crack faces is composed
of a series of force pulses that have nearly equal mag-
nitudes. Moreover, it is observed that different nodes
on the crack faces may have different magnitudes of

the contact forces.
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Fig. 3. Calculated results of non-chaotic vibration of the plate excited at 20 kHz: (a) vibration waveform (inset) and
frequency spectrum; (b) expanded section (80.0-80.5 ms) from (a); (c¢) contact force waveform (inset) and Fourier

spectrum; (d) expanded section (80.0-80.5 ms) from (c).
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Fig. 4. Calculated results of contact force between the faces of crack under non-chaotic condition: (a) force waveform
(inset) and spectrum; (b): expanded section (50.0-51.0 ms) of contact force waveform of a node located on crack

face and 0.8 mm from the crack tip.

To produce frictional heating, it is important to find out the differential motions of both crack faces. A

numerical result of the differential out-of-plane velocity of two nodes on the crack undergoing sound non-chaotic
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excitation is shown in Fig. 5, where both nodes are located separately at the left and right faces of the crack
but at the same distance (about 0.4 mm) from the crack tip. It can be found in the inset of Fig. 5(a) that there
exists differential motion between the two crack faces. Moreover, it is also found that different nodes on the
crack faces have different amplitudes of differential velocity. The amplitude of the differential velocity waveform
of the upper portion of the crack is much bigger than for the bottom portion of the crack. From the expanded
waveform in Fig. 5(b), it can be observed that the velocity waveform still varies in periodicity. It can be found
in Fig. 5(a) that the velocity spectrum includes many superharmonics, and the amplitude of 2nd harmonics is
almost the same as that of the fundamental.

From the above numerical results it can be found that frictional heating phenomena may occur at the crack
faces as the ultrasonic excitation pulse is incident on. The temperature distributions around the crack area
undergoing sound non-chaotic excitation are shown in Fig. 6, where the middle region of the crack appears the
hottest. In Fig. 7, the temperature increment vs time curves are shown for two different nodes on the left crack
face. One is near the crack tip and the other one is in the middle region of the crack. It can be observed that
the temperature rises quickly when the ultrasonic excitation being. However, owing to heat diffusion around
the crack region, temperature cannot always rise during the ultrasonic excitation process. It is clearly seen that
the temperature increment is higher in the middle region than at the crack tip, which is the same as shown in
Fig. 6. The reason is that the crack middle portion has larger differential displacement between both crack faces
and more thermal energies are generated. Moreover, the temperature rise-time curve is relatively smooth when
the plate is undergoing sound non-chaotic excitation. However, the generated heat energy under non-chaotic
excitation is small, which makes the crack detection to be difficult.
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Fig. 5. Calculated results of differential out-of-plane velocity of two nodes located at the right and left faces of crack
separately and 0.4 mm from crack tip under non-chaotic condition: (a) velocity waveform (inset) and frequency
spectrum; (b) expanded section of velocity (80.0-80.5 ms) from (a).
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Fig. 6. Calculated results of temperature distributions around crack under non-chaotic condition.
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Fig. 7. Calculated results of temperature-time curves for
two nodes located separately at both crack faces under
non-chaotic condition.

3.2. Crack heating under sound chaotic
condition

When the preload force of the transducer is suit-
able, in addition to harmonic components, the plate
vibration spectrum also contains many subharmonic
and ultra-subharmonic components, which means that
the plate is undergoing strong sound chaotic excita-
tion. Figure 8 shows the calculated results of the plate
vibration when the preload force is equal to 150 N, a
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chaotic vibration being shown in Fig. 8(a). It is obvi-
ous that the amplitude of the chaotic vibration wave-
form in Fig. 8(a) is larger than that of the non-chaotic
vibration waveform in Fig. 3(a). Moreover, it can be
observed that the chaotic waveform is more complex
as shown in the expanded waveform in Fig. 8(b). The
time history obtained from Fig. 8(a) and the corre-
sponding Fourier spectrum of the contact force be-
tween the horn tip and plate surface are shown in
Fig. 8(c).
components are present and the order number of the

It can be found that many subharmonic

subharmonics is the same as the plate vibration spec-
trum (order 13). Comparing with Fig. 3(c), it can be
found that the contact force under sound chaotic ex-
citation has larger amplitude as shown in Fig. 8(c).
It also can be found that the contact force waveforms
under sound non-chaotic and chaotic conditions have
clearly different characteristics. In Fig. 8(d), the ex-
panded contact force waveform consists of a series of
separated force pulses and different force pulses may
have different amplitudes rather than the continuous

waveform in Fig. 3(d).
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Fig. 8. Calculated results of chaotic vibration of plate excited at 20 kHz: (a) vibration waveform (inset) and

frequency spectrum; (b) expanded section (80.0-80.5 ms) from (a); (c¢) contact force waveform (inset) and Fourier

spectrum; (d) expanded section (80.0-80.5 ms) from (c).

According to the condition of sound chaotic condition in Fig. 8, the resultant contact force (inset) between

the crack faces and the corresponding Fourier spectrum is shown in Fig. 9(a). Compared with Fig. 4(a), the

amplitude of the contact force in Fig. 9(a) is larger. Moreover, the Fourier spectrum of waveform in Fig. 9(a)

contains much more frequency components such as many subharmonic and ultra-subharmonic components.
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Figure 9(b) displays the contact force waveform of a node on the crack face in an expanded time scale, where
the distance between the node and the crack tip is about 0.8 mm. It also can be found that the contact force
waveform of the crack in Fig. 9(b) also consists of a series of force pulses which have different magnitudes.
Moreover, the time intervals of the adjacent force pulses may be different when the plate is undergoing sound
chaotic excitation. It can be found in Fig. 9, that, though the amplitude of crack contact force is relatively large,
the number of pulses in the same time interval is decreased. Therefore, the overall effect of contact pressure on
frictional heating does not increase much.
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Fig. 9. Calculated results of contact force at crack faces under chaotic condition: (a) force waveform (inset) and
Fourier spectrum; (b) expanded section (50.0-51.0 ms) of contact force waveform of a node located at crack face
and 0.8 mm from crack tip.

Shown in Fig. 10 is a numerical result of out-of-plane differential velocity of two nodes separately located at
the right and left faces of the crack and 0.4 mm from the crack tip when undergoing sound chaotic excitation.
It can be found that there also exists differential motion between the two crack faces under chaotic excitation.
The expanded waveform in Fig. 10(b) displays that the periodicity of the differential velocity waveform under
sound chaotic excitation is not clear, and the amplitude of differential velocity under sound chaotic excitation is
larger than that in Fig. 5 under sound non-chaotic excitation. The frequency spectrum of vibration waveform in
Fig. 10(a) contains many subharmonic and ultra-subharmonic components, which is different from the frequency

spectrum under sound non-chaotic excitation.

[\
T

(a)

T‘” 2 [}
- 03r g 1 :
e 3 £-11 = 1f
= 8 —21 N N N b=
= 0.2} £ 0 20 ? 60 80 100 § ul
—g ime/ms e 0
g 01 E ot
= g

=]
0 Q 72 " " i e
0 20 40 60 80 100 80.0  80.2 80.4 80.6 80.8  81.0

Frequency/kHz Time/ms
Fig. 10. Calculated results of differential out-of-plane velocity of two nodes located at right and left faces of the

crack and 0.4 mm from crack tip under chaotic: (a) velocity waveform (inset) and frequency spectrum; (b) expanded
section (80.0-80.5 ms) from (a).

The temperature distributions around the crack area under sound chaotic excitation are shown in Fig. 11.
In order to compare clearly the heating rate of a crack under non-chaotic excitation with that under chaotic
excitation, the temperature scale in the range of 27.0 °C— 27.7 °C is also used. The brightness of the crack area
in Fig. 11 is obviously stronger than that in Fig. 6, which clearly indicates that the sound chaotic excitation
produces a much larger temperature rise in the crack region, making the crack detection become easier. The
main reason why it can be obtain a getting higher heat generation rate during the application of chaotic pulse
is the presence of many higher frequency components in the chaotic pulses. These higher frequency components
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help to achieve a higher differential velocity as well as higher contact forces between the crack faces than that

is possible by the single excitation frequency as explained before.
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Fig. 11. Calculated results of temperature distributions around crack under chaotic condition.

The temperature versus time curves for two nodes
located on the crack faces are displayed in Fig. 12,
where the position of crack nodes is identical to that
in Fig. 7. It is similar that the temperature incre-
ment is higher in the crack middle region than at the
crack tip. By comparing Figs. 7 and 12, it can be
clearly observed that the temperature rise curve un-
der non-chaotic excitation may approach stable case
(saturation) at an earlier time. When the vibration is
in chaotic state, more power is available at the crack,
and as a result the thermal signal is greatly enhanced,
which is beneficial for the crack detection. In addition,
the temperature-rise curves in Fig. 12 show that the
temperature increases un-monotonously and has some
fluctuation under chaotic excitation, which is induced
by the intermittent contact and complex differential
motion of the crack faces.
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Fig. 12. Calculated results of temperature-time curves

for two nodes located separately at both crack faces under
chaotic condition.

\
4. Experimental verification

To verify the finite element computational re-
sults presented above, the surface vibration and the
crack heating for an aluminum alloy plate with an
edge notch and crack similar to the model above are
measured experimentally by the UIR thermography
system.[?! The plate is excited under both non-chaotic
and chaotic acoustic conditions (320 ms duration) via
a high-power ultrasonic transducer but other condi-
tions are the same. The out-of-plane vibration of the
plate is measured using a laser vibrometer.

Figure 13 shows two different vibration wave-
forms (insets) and frequency specta of the plate sim-
ulated in different experiments, which are obtained
with and without a thin rubber used as coupling ma-
terial between the horn tip and the plate, as shown
in Figs. 13(a) and 13(b), respectively. It can be found
that in Fig. 13(a), only the fundamental and superhar-
monics occur, i.e., it is non-chaotic condition. How-
ever, in Fig. 13(b) a lot of components including fun-
damental, superharmonics, subharmonics and ultra-
subharmonics, etc., appear, which shows the vibra-
It can be found also that the vi-
bration amplitude of the plate under sound chaotic

tion is chaotic.

condition is much larger than that under non-chaotic
condition, but the amplitude of the fundamental un-
der non-chaotic case is larger than that under chaotic
case. The experimental results in Fig. 13 are in agree-
ment with the FEM simulation results in Figs. 3 and
8.
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Fig. 13. Experimental results of vibration waveforms (insets) and frequency spectrums for plate under: (a) non-

chaotic, and (b) chaotic excitation.

Figures 14 and 15 give the temperature distributions around the crack area undergoing the sound non-
chaotic and non-chaotic excitation respectively, which illustrate the differences of generation of heat energy
at the crack. It can be seen in Fig. 15 that obvious temperature rise occurs in the crack region when the
plate is under sound chaotic condition. When the ultrasonic pulse is turned off at time 320 ms, the values of
temperature rise in the crack region are of 0.1 °C-0.3 °C and 0.3 °C-0.8 °C are for non-chaotic and chaotic
excitation respectively. Obviously, the crack detection under chaotic excitation is much sensitive than that of
non-chaotic excitation. The experimental result is in agreement with the FEM simulation results.

| . . . .
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- . . . .
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Fig. 14. Experimental results of temperature distributions around crack under non-chaotic condition.
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Fig. 15. Experimental results of temperature distributions around crack under chaotic condition.
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Figure 16 displays the temperature-time curves
for a point located at the middle of the crack of the
plate under sound non-chaotic and chaotic excitations.
The amplitude of temperature rise under chaotic ex-
citation is always 2 to 3 times higher than that under
non-chaotic condition. Moreover, Fig. 16 shows that
the temperature rises with time rapidly at the begin-
ning, then gradually approaches saturation owing to
the diffusion of heat energy. The results are also con-
sistent with the FEM simulation above.

1.0
O 0.8
o
~
o 0.6
5
@
5 0.4
a,
02
& —e— chaotic heating
0 —a— nonchaotic heating
0 80 160 240 320
Time/ms

Fig. 16. Experimental results of temperature-time curves
of a point located at the middle of crack under chaotic and
non-chaotic conditions.

5. Conclusions

The mechanism of the crack detection based on
frictional heating by using UIR imaging has been fur-
ther studied by using finite element modeling. Several
typical conclusions can be obtained as follows.

(i) In the dynamic interaction process of crack
under ultrasonic excitation, both crack faces will pro-
duce relative motion, then contacting, slipping and
separating will occur on the crack faces. As a result,
the frictional heating is produced in the crack area.

(ii) In the process of ultrasonic excitation, the

amplitudes and phases of the motions of both crack
faces are different. Chaotic sound excitation causes
a greater differential motion across the crack, which
probably results from the abundant frequency compo-
nents present in the plate.

(iii) The time dependence of the pressure (force)
pattern across the crack faces is complicated spatially
and temporally. The waveform of the contact force
consists of a series of delta pulses. For the non-chaotic
excitation, all of the force pulses have nearly the same
magnitudes and time intervals, and the Fourier spec-
trum is dominated by the excitation frequency and
harmonics. For the chaotic condition, the magnitudes
and time intervals of the force pulses are different,
and there may contain many subharmonic and ultra-
subharmonic components, etc., in the corresponding
Fourier spectrum.

(iv) From the simulated and experimental results,
it is observed that acoustic chaos can produce much
more heating energy than the non-chaotic condition.

(v) The temperature-rise curves under sound non-
chaotic and chaotic conditions have some obvious dif-
ferences, e.g. the temperature-rise curves under non-
chaotic condition are monotonous and smooth, how-
ever, there exist some fluctuations under chaotic con-
dition, which just indicate that intermittent contact
occurs at the crack faces.

(vi) To verify the theoretical results, several re-
lated experiments have been carried out, which show
that the experimental results are consistent with those
Therefore the theoretical
results can be used to quantitatively explain the phe-

of theoretical simulations.

nomena observed in UIR imaging and are helpful for
understanding and extending the applications of this
technique.
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