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ABSTRACT

MODELING OF DYNAMIC BEHAVIOR IN CLOSED CRACK
AND NONLINEAR ULTRASONIC ARRAY IMAGING

Ultrasonic testing (UT) utilizes the traveling time and amplitude of a scattered wave
from cracks in a material. A distinct scattered wave can be obtained from a crack with
opening faces. It is dicult, by contrast, to detect signals from closed cracks such as stress
corrosion and fatigue cracks using the conventional UT. Since the crack faces are in contact
due to a residual stress, most of the incident wave penetrates the crack faces and a little
scattered wave will be generated. A nonlinear ultrasonic method based on contact acoustic
nonlinearity (CAN) which utilizes the dynamic behaviors of the contact and separation states
of the crack faces is a promising method. The clapping motion of the crack faces generates
harmonics in the frequency spectrum. However, the generation of the harmonics from the
crack faces is so sensitive that the voltage, angle, cycle, and frequency of the incident wave
should be set in a well-chosen method.

In this thesis, a modeling of the generation of the harmonics wave from the closed crack
was performed to enhance the reliability of the nonlinear ultrasonic method. Here, an elas-
todynamic finite integration technique (EFIT) was introduced to simulate a transient motion
of the scattered wave from the closed crack. The EFIT adopted a set of split computational
nodes at the interface of the closed crack to show the contact and separation depending on the
stress and opening displacement of the interface. The numerical results for one-dimensional
wave field showed good agreement with the analytical solutions. The simulation results re-
vealed that a closing velocity of the interface was determined by the compressive pressure of
the material and was validated by the experimental measurement with polymethylmethacry-

late (PMMA) specimens. The appropriate conditions to obtain the nonlinear ultrasonic wave



in the case of ultrasonic array testing were determined by performing two-dimensional sim-
ulations.

An imaging method of the closed crack using an array transducer was investigated using
the EFIT simulation. The full waveforms sampling and processing (FSAP) was applied as
the imaging technique. For the generation of the nonlinear ultrasonic wave from the closed
crack, the FSAP was modified to an algorithm which can transmit a strong beam from the
array transducer by setting the delay for all elements electronically. The second harmonic
component which extracted from the scattered wave using a band-pass filter was used as the
input to the FSAP imaging technigue. From the results, it was found that the shape and the
location of the closed crack can be reconstructed when the amplitude, frequency, cycle, and

angle of the incident wave are set at appropriate values.
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1 INTRODUCTION

(1) Purpose of Study

Non-Destructive Testing (NDT) has been widely used to evaluate a damaged state in a
structural material without destroying or damaging it. The té&ton-Destructive Evaluatidn
(NDE) has been used when the quantitative estimation is required to increase the reliability of
the inspectioh?. The main purpose of NDE is to determine the properties of materials such
as fracture toughness, formability and microstructure charactefistM3T has been carried
out using several techniques. Out of which ultrasonic testing (UT) is one of practical and
popular methods. UT can be applied to detect the shagiee?, orientation, and locatiéh
of the defect and the inclusiéf.

When dealing with an interfacial problem, the evaluation of an imperfect interface is one
of the challenging problems. At such the interface is partially bonding and temporary clos-
ing, the ultrasonic wave penetrates the interface and a little scattered wave will be generated.
In order to overcome this problem, researchers have focused ffagiisen exploiting non-
linear phenomena arising from the interaction of ultrasonic waves with imperfect interfaces.
It has been experimentally proved that the frequency spectrum of a wave scattered by the
imperfect interface had higher harmonics components. The ultrasonic method using the har-
monics had been applied to the evaluation of closed cPd€kas well as the interfaé&!?
of materials.

A number of studies were carried out to understand the nonlinear wave generated in
elastic solid material. There are several sources of generation when it comes to nonlinearity
in solid material®*%). In the nonlinearity of elastic wave, the contact acoustic nonlinearity
(CAN)'® was exposed to exhibit a substantial departure for the higher harmonics generation

and acoustic wave interaction. Hence, this has been a predominant subject for a majority



of studiesin classical nonlinear acoustics. These results were then supplemented by direct
observation of efficient higher harmonics generation in bulk acoustic wave reflection from an
interface between two nonlinear softéls The experiments revealed an increase in acoustic
nonlinearity, by several orders of magnitude for both surface and bulk Wairea weakly
bonded contact.

In spite of a great wealth of experimental results, the understanding of the mechanism
responsible for the generation of nonlineéfieets has lagged behind. This leads to the aim
of this study which is to develop a numerical model based on the CAN concept and to apply
it to a realistic simulation for the nonlinear ultrasonic testing of closed cracks. A numeri-
cal simulation using an elastodynamic finite integration technique (EFIT) is introduced to
model the CAN and predict the ultrasonic signals from the closed crack. The research for
appropriate conditions to generate the harmonics through the simulation would enhance the

reliability of the UT for the closed crack.

(2) Background of Ultrasonic Testing

The UT utilizes the traveling time and amplitude of a scattered wave from the cracks
in a material. A distinct scattered wave can be obtained from a crack with opening faces.
However, it is dificult to detect signals from a crack with a closed face such as stress corro-
sion and fatigue cracks using a linear UT. Since most of the incident waves can penetrate the
crack faces, a little scattered wave will be generated. Recently, nonlinear ultrasonic methods
that use the CAN have been reported. The CAN is based on the dynamic behavior of contact
and separation of the crack face when the incident wave with a large amplitude has been
transmitted. The analytical model of the CAN was developed by Richatlstmilowed by
which several experimental studies were conducted to evaluate the closedéfadkere
have also been several numerical modeling studies to investigate the CAN. Notable tech-
niques used were boundary element method (BEM), fintterdince time domain (FDTD),

and finite element method (FEM). Mendelsohn & Dotignd Hirosé>2® proposed the



nonlinear interfcial model using the BEM and carried out the dynamic contact analyses
in two-dimensional (2-D) out-of-plane and in-plane wave fields, respectively. Besides, the
BEM was also utilized to model the generation of nonlinearity between solid-solid inter-
faceg’?%, The FDTD technique was used to solve one-dimensional £9-B} well as
2-D%173% in-plane problems. The nonlinear behavior of the interacting intelfaéewas
studied in detail using the FEM analysis.

In this study, a numerical modeling using the Ef1V) is applied to model the dynamics
of a nonlinear interface. The EFIT performs integration over volumes in the process of the
discretization. This method results in staggered grids and provides very stable code, allowing
easy and flexible treatment of various boundary conditions. This is also useful to model the
elastic wave propagation in inhomogeneous mat&ifél In the EFIT framework, digital
2-D and three-dimensional (3-D) images with a unified cell size are used as the input data
for the simulatio’"*%. Using the image-based EFIT, the inhomogeneous cracks distributed
in a material can be modeled with a small preprocessing cost. Since the CAN is based on a
finite amplitude theory, the measurements are use the tone burst and continuous waves. A
tone burst®>? creates an enveloped single frequency signal in the material.

To treat the interfacial problem strictly, a model with pressure-dependent nonlirféar sti
nes§3% was introduced. Besides, Solo@®proposed an interface friction model caused
by sliding in the tangential direction. In this study, a measurement of harmonics is demon-
strated to verify the simple CAN theory assuming the 1-D wave field. In the measurement,
polymethylmethacrylate (PMMA) specimens with a smooth interface were used. By us-
ing the nonlinear ultrasonic wave, imaging methods were reported to show the location and
height of the closed crack. A simulation mo#Lsing the FDTD method and its experi-
menta?’ "> validation were carried out to obtain the image of the closed crack using subhar-
monics. Furthermore, the nonlinedfexts by higher harmonié&®? were also used for the

nonlinear ultrasonic imaging.



(3) Outline of the Dissertation
This thesis is arranged as follows:

e Chapterl describes the introductory concepts in the field of NDT, UT, and states the

outline of the thesis by briefly describing the contents of each chapter.

e Chapter2 explains the fundamental concept of the CAN. The generation of nonlinear
ultrasonic wave at an interface in a linear elastic material is formulated. The analytical

solution of interfacial displacement is formulated based on Richardson’s theory.

e Chapter3 proposes a 1-D numerical model of the CAN where the 1-D EFIT formula-
tions are described. In the modeling, a set of split computational nodes is introduced
to express the separation state of the interface. The numerical solutions are compared

with the analytical solutions to check the accuracy of the proposed model.

e Chapted reports the results of the experiment to measure the harmonics from an inter-
face between two PMMA specimens. These experiments validate the 1-D interfacial
model by the EFIT. According to the CAN, it is said a sawtooth wave is generated. The
sawtooth wave that was generated by the clapping at the interface was experimentally
observed using a laser doppler vibrometer for PMMA specimens. The characteristics
of the sawtooth wave, in particular, the relationship between the compressive pressure

at the interface and the closing velocity of the interface are discussed.

e Chapter5 explains how the numerical model of the CAN is applied to 2-D wave field
using EFIT. The 2-D simulation is performed to investigate the generation of harmon-
ics from the closed crack. A phased array UT modeling is employed for the evaluation
of the closed crack where the crack is located at the lower surface of the material. The
characteristics of the harmonics generation are investigated by varying the incident an-
gle and by studying the correlation between the compressive pressure and the incident

stress amplitude.



e Chapte6 describes thphased array imaging of the closed crack by using full-waveforms
sampling and processing (FSAP) method. Here, the second harmonic extracted from
the scattered wave from the closed crack is fed into the FSAP method. The simul-
taneous firing of array elements is employed to transmit ultrasonic waves with high
amplitude and synthesize the scattered waves using the post processing of the FSAP.
The simulation of the FSAP imaging is demonstrated using the scattered wave calcu-

lated with the EFIT.

e Chapter7 concludes with the results obtained and also explains the conclusions of this

research while highlighting the future works that are possible to be undertaken.





