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ABSTRACT 

In recent years, acoustic microscopy has been found to be very useful for 

characterizing engineering as well as biological materials. With the present state 

of knowledge on acoustic microscopy, one can obtain the surface wave velocity of 

a homogeneous specimen or coating thickness of a coated material and can pro

duce images of near surface internal defects and inhomogeneities in a specimen. 

Low frequency « 1 MHz) acoustic microscopy has been found to be very effective 

for detecting cracks at a relatively greater depth. An unconventional low frequen

cy acoustic microscope has been fabricated where the microscope lens has been 

replaced by two ultrasonic transducers with cylindrical concave front faces; one 

works as a transmitter and the other one as a receiver. Using this arrangement, 

it has been found that it is possible to detect internal cracks in a material and 

identify anisotropy in fiber reinforced composite plates. These experimental re

sults are presented in this dissertation with appropriate theoretical formulations. 

A theoretical model to calculate AMS (acoustic material signature) of orthotropic 

materials is also developed and presented here. The theoretical model is verified 

by experimental results. 

----------- --------------------------- -~- ~-~------
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In the conventional engineering design in both civil and mechanical engineer

ing applications, the design is based on the ultimate stress concept. The applied 

stress should be less than ultimate stress. To take into account the uncertainty of 

material properties and internal defects, such as microcracks, in the material an ap

propriate factor of safety is taken into consideration. To reduce the factor of safety 

and thus save undesirable expenses, uncertainties in measuring material properties 

and detecting its internal defects must be reduced. Proper nondestructive testing 

techniques are necessary for this purpose. In the proposed research the acoustic 

technique will be investigated for material damage detections as well as for material 

property measurements particularly of anisotropic composite solids. Emphasis will 

be given to composite solids. In the recent years laminated composites have been 

used extensively because of their high strength and modulus of elasticity combined 

with their light weight. These laminated composites are formed by combining very 

thin laminae (known as preimpregnated tape or prepeg) of a two phase material 

composed of randomly distributed parallel fiber embedded in a matrix. A number 

of laminae are bonded together by a matrix material, usually the same matrix ma

terial as in the laminae. It is well known that laminated fiber reinforced composites 

often suffer significant internal damage due to cooling during the manufacturing 

process, dynamic loads associated with impact or thermal shock during its service 

life or due to high stresses induced in any other way. The damage may involve 

matrix cracking, fiber breakage and debonding as well as delamination between 
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the two adjacent laminae. Such damage causes severe loss in load carrying capac

ity of the structure. For quality control and for assuring safety during the service 

life of composites internal damages must be detected. One of the most practical 

methods for accomplishing this, in the case of engineering interest, utilizes the s

cattering of elastic waves and the subsequent detection of these scattered waves by 

an appropriate transducer. The central issue that needs to be addressed here is the 

determination of wave fields within reasonably realistic models of the composites 

when they are subjected to given dynamic loads which are representative of the 

impact or non-destructive evaluation (NDE) tests. For laminated composites if the 

rate of loading is slow so that the generated waves are long compared to its overall 

dimensions, then quasi-static and thin plate approximation (Joshi and Sun, 1985) 

may be used with reasonably good results. In the case of NDE applications, one is 

required to use elastic waves of wavelengths comparable to or much smaller than 

the thickness of individual laminae. 

1.2 Literature Review 

1.2.1 Review of NDT Methods for Material Characterization 

Nondestructive testing of materials (NDT) is an important branch of mod

ern day technology. Researchers in different fields of engineering, materials science, 

medicine and biology are using different nondestructive testing methods for dam

age inspection and quality control of engineering products as well as to study fetus 

inside human body. Different methods used for nondestructive testing include 

ultrasonic, liquid-penetrant, radiographic (x-ray, gamma ray techniques), shearo

graphic, magnetic particle, acoustic emission, eddy-current inspection and different 

microscopy techniques such as optical, acoustic, tunneling and electron microscopy 

(SEM and TEM). 
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1.2.1.1 Ultrasonic Method 

For ultrasonic inspection, high frequency acoustic waves are transmitted by 

a transducer into the material and the waves reflected from the interior of the part 

or transmitted through the part are sensed by a receiving transducer [Segal and 

Rose (1980), Segal et al.(1990), Awal, Kundu and Joshi (1989), Karim, Kundu and 

Desai (1989)]. The nature of the received signal depends on the micro and macro 

structure of the interior material. Some of the waves are reflected from the surfaces 

of cracks perpendicular to them, while others are refracted when there is a medium 

or density change, etc. So the nature of the received signals and the times at which 

they arrive can be used to characterize the interior of the material. This technique 

is discussed in more detail in section 1.2.2. 

1.2.1.2 Liquid Penetrant Method 

In the liquid penetrant inspection, the area to be inspected is first cleaned 

and dried. The liquid penetrant (which may be either a florescent or dyed liquid) is 

then applied as a film over the surface and allowed to penetrate existing openings. 

Excess penetrant is cleaned off and a developing agent applied to assist to visual 

inspection. A major disadvantage of this method is that it can only detect cracks 

that are open to the surface and imbedded cracks go undetected. 

1.2.1.3 Radiographic Method 

Radiography is based on the differential absorption of radiation by an object 

to which the radiation is exposed. Differences in the internal structure of the 

object result in different amounts of absorbed radiation throughout the object, 

and the unabsorbed radiation exposed to a film emulsion placed on the other side 

of the object. Variations in photographic intensity can then be related to specific 

characteristics of the part under inspection. The success of this method in the 

--------"--" ""._"" "-_._--" .. _-----" -"._--_ ... -
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detection of flaws such as cracks is subject to proper orientation of the crack. It is 

also a relatively expensive and time consuming method to use. 

1.2.1.4 Shearographic Method 

Shearographic technique uses laser beams for defect detection [Hung 

(1978,1982), Toh et al.(1987), Chau et al.(1989), Shang et al.(1990)]. A transpar

ent wedge placed between the camera and the specimen causes two shear images 

focused at the image plane of the camera. As a result of the double exposure of 

the test specimen on the same holographic film, one before and one after an in

cremental load has been applied, the interferometric fringes recorded on the film, 

which is called a shearogram, represent lines of constant displacement derivatives. 

A flaw, perturbation, or anomaly in the fringe pattern of an object will be observed 

because of non-uniform displacement gradients in the vicinity of the flaw when a 

load increment is applied. Hence, flaws are identified from anomalies in the fringe 

pattern of a shearogram. 

1.2.1.5 Magnetic Particle Technique 

Magnetic particle inspection is only applicable to ferromagnetic materials. 

When the material under inspection is magnetized, discontinuities that are in a 

transverse directions to the magnetic field form a leakage field that attract finely 

divided ferromagnetic particles applied to the surface, thus forming an outline of 

the crack. Recently a prototype device for field measurement of hysteresis is devel

oped in center for NDE at Iowa State University which is known as magnescope. 

The magnescope combines software and hard ware for specific and continuous mea

surement of the hysteretic properties of structural steel. The magnoscope can be 

used in testing pipelines, railroad rails, and other metal structures 'insitu' for ap

plied stress, creep damage, and temper embrittlement. A major setback of this 

method is its limitation to only ferromagnetic materials. The part also needs to be 

demagnetized and cleaned after inspection. 

--------------------- ------------ ------- ---
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1.2.1.6 Eddy-Current Method 

Eddy-current method is based on the principle of electromagnetic induction. 

The part under inspection is placed in a coil carrying an alternating current that 

induces eddy-currents in the part. The existence of defects impedes the flow of 

eddy-current, changing its direction, and further causing changes in the associated 

electromagnetic field. This technique is mainly suited for cylindrical parts, with 

near surface defects. It becomes quite expensive if the parts are large. 

1.2.1.7 Photo-Inductive Imaging Method 

Center for NDE at Iowa State University developed a prototype system 

for the accurate characterization of eddy current probes. The system applies a 

computerized photo-inductive imaging technique to produce quantitative descrip

tions of eddy current probe sensitivity. Because of the resolution and sensitivity of 

photo-inductive imaging, a map of an eddy current probe's magnetic field can be 

generated. The image from a single probe can be studied to determine a variety of 

factors about the probe itself or the image could be compared to images from other 

probes. The probability of a flaw of specific size by a particular probe can also be 

determined when photo-inductive imaging data for several probes are collected and 

compared. 

1.2.1.8 Acoustic Emission Technique 

Acoustic emission (AE) technique detects stress waves that are generated 

as a result of rapid release of energy within a material due to rearrangement of its 

internal structure during say crack formation [Kannatey-Asibu (1981)]. An exten

sive amount of research has been carried out [Rice (1981), Simmons and Wadley 

(1984)] to relate AE signal generation to the fracture process. A shortcoming of 

this technique is that it is only useful for monitoring active cracks, when they are 

generated but cannot detect existing stationary cracks. 



14 

1.2.1.9 Acoustic Microscopy 

Acoustic microscopes at high frequencies (1-2 GHz) has resolution similar 

to good optical microscopes. But unlike optical microscopes it can image internal 

defects of an opaque body, because acoustic beams can penetrate optically opaque 

specimens. Material property changes due to internal defects or anomalies alters 

the strength of the reHected acoustic beams and hence these defects can be clearly 

seen in the acoustic image of the specimen. By reducing the signal frequency 

the signal penetration can be improved but then the resolution goes down. So 

depending on the need commercially available acoustic microscopes operate over a 

wide frequency range from 50 MHz to 2 GHz. Besides simple inspection acoustic 

microscopes can also be used to determine material properties of the specimen from 

acoustic material signature or V(z) curves generated by these microscopes [Atalar 

1978), Quate (1980), Bertoni (1980), Kundu, Mal and Weglein (1985), Kundu and 

Mal (1986), Kundu, Bereiter-Hahn and Hillmann (1991)]. Acoustic microscopes do 

not have high resolution like electron or tunneling microscopes, however the major 

strength of the acoustic microscope is its capability of measuring material properties 

and ease of specimen preparation, any Hat surface in normal surrounding can be 

inspected under this microscope in presence or absence of light or electromagnetic 

field. This technique is discussed in more detail in section 1.2.3. 

-------------------_ .. - --. --------
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1.2.2 Review on Ultrasonic Testing 

Ultrasonic is one of the NDT methods which can be used to obtain quanti

tative information about the material characterization (Krautkramer, 1983). Any 

sound wave whose frequency is higher than 20 KHz. is called ultrasonic. Normally, 

the frequency range used in any ultrasonic testing is in the range of 0.5 - 10 MHz. 

Figure (1.1) shows a setup for an ultrasonic measurement. It consists of 

a pulse generator, a transmitting transducer, which converts electrical energy to 

mechanical energy, a receiver which converts the received mechanical vibrations 

into electrical pulse, and an oscilloscope for observing the received signal. The 

display seen on the oscilloscope is called ultrasonic wave signature. A great deal of 

information about the internal changes of a material can be inferred by observing 

the wave signature. Since the probe is outside the specimen to be tested, it is 

necessary to provide a coupling agent between the probe and the specimen. The 

couplant, a liquid or pliable solid, is interposed between the probe surface and the 

specimen surface, in order to assist the passage of the ultrasonic energy. 

The nature of ultrasonic waves is such that propagation involves particle 

motion in the medium through which they travel. The propagation may occur due 

to volume change, the compression wave form, a distortion process, or the shear 

wave form. The speed of propagation thus depends on the (elastic) properties and 

the density of the particular medium. When an ultrasound wave meets an interface 

of two media, part of the wave is reflected, the energy associated with reflected and 

transmitted parts depend on the acoustic properties of the two media. Energy may 

be lost or attenuated during the propagation of the ultrasound through a medium 

due to energy absorption within the medium and due to scatting phenomenon which 

results from interaction of waves with microstructural features of size comparable 

with the wavelength. 
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The signal wavelength determines the defect detection capability, any defect 

whose size is less than half the signal wave length is not detected. Consequently, 

the ability to detect small defects increases with decreasing wave length of the 

ultrasonic signal or increasing its frequency. However, at high frequency signal 

penetration capability is reduced due to high attenuation. 

1.2.3 Review on Acoustic microscopy 

Since the mechanically scanning acoustic microscope was first introduced by 

Lemons and Quate in 1973, it has been widely used to detect microcracks and study 

the variation of acoustic properties of various materials in the fields of biological 

science, and materials science. In the last two decades the resolution of acoustic 

microscopes has been improved to micron and angstrom levels. In mid-1984 the 

resolution was less than 0.2 microns in heated water for the signal frequency of 5 

GHz. In liquid helium it was below 200 angstrom for an operating frequency of 8 

GHz (Quate (1985)). 

Kessler (1984) used acoustic microscopes for bond evaluation on tape au

tomated bonding (TAB) interconnections. Kushibiki et al. (1984) proposed a 

spectral analysis as a general means to analyze propagation properties of leaky 

waves, viz., velocity and attenuation, for V(z) curves measured by means of the 

line-focus-beam acoustic microscope. Khuri-Yakub et al. (1984) built an acoustic 

microscope operating at a frequency of 3 MHz for the purpose of detecting sub

surface defects of different types and sizes. They found that acoustic microscopy 

is an excellent tool for detecting the presence of near-surface subsurface defects, 

and that by defocusing, it is possible to determine the depth of the defects below 

the surface. Yamanaka et al. (1984) applied acoustic microscopy to the study 
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of recently developed ceramics after sliding at 100, 300 and 5000 C. They found 

that silicon nitride was severely damaged by developing subsurface cracks caused 

by repeated sliding contacts at every temperature, whereas partially zirconia was 

damaged from originally existing subsurface voids at high temperatures. Yamanaka 

et al. (1985) also used acoustic microscopes to study subsurface cracks in ceramics 

introduced by Vicker indentation. Michael et al. (1985) applied non-destructive a

coustic microscopy in microelectronics industry to characterize and detect assembly 

(packaging) flaws in integrated circuits, electronic systems and discrete electronic 

devices. Adams (1985) examined the packaged IC for a variety of physical defects 

using scanning laser acoustic microscope. 

Nongaillard et al. (1985) showed that acoustic microscopy at 100 MHz is 

very efficient for detecting defects in ceramic materials. For nondestructive evalu

ation in the bulk of the samples, the major inconvenience of acoustic microscopy 

is the requirement of a collection of focusing lenses for covering all the depth. 

Bertoni et al. (1985) constructed acoustic microscope using transducers in the 

shape of spherical caps. They studied the focal plane field and V(z) response for 

these spherical transducers based on ray optics. The ray approach accounts for the 

contributions to the output voltage due to the acoustic fields geometrically reflected 

from the object surface, and from the contribution due to the leaky Rayleigh wave 

excited on the surface. Clarke et al. (1986) studied various machining damage in 

ceramics using acoustic microscope. 

Acoustic microscopes have been used widely for last two decades for differ

ent purposes. Material scientists used this apparatus for measuring velocity and 

attenuation of surface waves in a material in an attempt to obtain the elastic prop

erties of the material [Kushibiki et al.(1982a, 1983)] and to measure anisotropy 

----_ ...... _ ... _- ---_ ... _-_ .... 
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in a material [Kushibiki et al.(1982b )]. Using this instrument scientists also mea

sured the coating thickness in a material [Weglein(1980, 1982)], detected internal 

cracks in metals and ceramics [Somekh et al.(1983), Weaver et al.(1985), Yamana

ka et al.(1985)], detected delamination in electronic integrated circuit (IC) chips 

[Miller(1985)], measured rate of surface hardening [Yamanaka et al.(1982)], ob

tained residual stress pattern [Liang et al.(1983)]. Biologists are also using this 

apparatus for obtaining elastic properties of living and dead cells [Hildebrand and 

Rugar (1984), Litniewski and Bereiter-Hahn (1990), Kundu, Bereiter-Hahn and 

Hillmann (1991)]. Klima (1986) used radiographic, ultrasonic, and scanning laser 

acoustic microscope techniques to characterize silicon nitride and silicon carbide 

modulus of rupture test specimens in various stages of fabrications. Saisse et al. 

(1987) studied micrographs of ceramic sample using an acoustic microscope operat

ing at 100 MHz frequency to detect the defects. Kessler (1988) described the three 

different scanning acoustic microscope (SAM) and modernized high-resolution C

scan system. He then illustrated their respective zones of application with in the 

samples. It is concluded that each technique has many noncompeting applica

tions in the field of nondestructive testing, material characterization, electronic 

component inspection and biomedical research. Woo (1989) showed that the ex

tremely high contrast in acoustic microscopy for heterogeneous phase composites 

provided by modulus and density differences of the individual phase components 

have definite advantages over conventional microscopic techniques. Researcher

s in the field of applied mechanics, mathematics and physics carried out several 

analytical and numerical investigations on acoustic microscopy [Atalar(1978), We

glein(1979), Quate(1980), Kundu, Mal and Weglein(1985), Kundu and Mal(1986)] 

to help experimentalist to analyse their experimental data and obtain important 

informations. 
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Most of the theoretical and experimental investigations on acoustic mi

croscopy have been carried out at high frequency (> 100 MHz), because the mi

croscope resolution is high at high frequency. However, the signal penetration 

property is poor at high frequency, hence the conventional acoustic microscopy 

research has been limited to the near surface material property measurement or 

near surface defect detection. Kundu (1988a) showed that the low frequency « 10 

MHz) acoustic microscopy can be used very effectively in the fields of mechanical 

engineering, materials science and fracture mechanics for measuring and detecting 

cracks and defects which are located not necessarily very close to the surface. In this 

research a low frequency acoustic microscope is fabricated and used for isotropic 

and anisotropic material characterization. While the possible use of low frequency 

acoustic microscopy for anisotropic material characterization has been recognized, 

so far no attempt has been made to theoretically synthesize the acoustic material 

signature (AMS) of an anisotropic specimen and experimentally verify theoretical 

predictions. 

----- - -_ .... _---
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CHAPTER 2 

EXPERIMENTAL SETUP AND 
FABRICATION OF THE ACOUSTIC MICROSCOPE 

2.1 Experimental Setup 

21 

The hardware block diagram is illustrated in Fig. 2.1. The system consist

s of a periodic permanent magnet transmitter EMAT, the EMAT driver for the 

transmitter and its associated high voltage power supply, a dual element half wave

length receiver EMAT with built in preamps, a variable gain/variable offset post 

amplifier module which also supplies power for receiver preamps, a 20 MHz dual 

channel digitizer board which plugs into the computer backplane, and an IBM com

patible 8MHz XT computer. The transmitter and dual receiver EMATs are held 

together in a rigid assembly with a well defined distance between the two receiver 

elements to facilitate accurate measurements of velocity. The digitizer board is a 

commercially available unit which has been modified to supply a start signal to 

the EMAT driver such that the whole digitizing process is under software control 

rather than having an asynchronous external event triggering the digitizer board. 

This method of triggering form the digitizer board has added advantage of syn

chronizing the EMAT drive signal with the clock on the digitizer board, otherwise 

there is a plus or minus one clock tick uncertainty between the EMAT driver start 

time and the digitizer start time, corresponding to a 0.1 microsecond jitter in the 

received digitized signal. The digitizer board can sample two channels simultane

ously, but with a loss of resolution. The board can digitize data at a rate up to 

20 megasamples a second. As a result, the simultaneous sampling capability is not 

used in this version of the software. Each channel will be digitized separately and 
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a correlation factor will be computed between the two signals to obtain the time 

delay. 

The block diagram in Fig. 2.2 illustrates the major electronic components for 

the experimental setup that was used. A variable frequency oscillator runs at four 

times the fundamental carrier frequency of interest. The 4-times signal is divided 

to obtain very accurate 90 degree output signals for detecting the in and out of 

phase components of the received signals. A pulse synchronization circuit locks the 

repetition rate generator with the carrier so that the received signal will be phase 

coherent. The transducer driver generates from 1 to 8 output periods with an 

operator adjustable period corresponding to a transmitter frequency of from 0.2 to 

5 MHz. The received signal is amplified by a low-noise, wide-band preamplifier and 

then detected. This procedure is necessary because there is no specularly reflected, 

paraxial ray that can be used as a reference signal in the transducer. 

2.2 Ultrasonic Transducers 

Ultrasonic waves are generated in a transducer mounted on a probe. The trans

ducer material has the property of expanding and contracting under an alternating 

electrical field due to the piezoelectric effect. Probes may generate either compres

sion waves or angled shear waves, using either single or twin piezoelectric crystals. 

It can thus transform electrical oscillations into mechanical vibrations and vice

versa. The probe may be used to transmit energy as a transmitter, receive energy 

as a receiver or transmit and receive as a transceiver. In the following section, 

a brief description of the factors which influence the selection of the appropriate 

transducers are given: 

1. Crystal materials: Materials such as quartz and ceramics possess piezo-

electric properties. A desirable crystal characteristic is a short ringing time. 

--------- ---------- ". --------- -_ .. _---
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Ringing time is the time period involved in the decay of crystal vibrations 

after the initial excitation of the crystal. However, crystals with short ring

ing times have lower sensitivity than those with longer ringing times. Also, 

crystals with low Poisson's ratio will vibrate effectively in the compressional 

mode and less in the distortional modes. 

2. Directional characteristics: The amount of mode conversion at the probe

specimen interface is related to the crystal size and wavelength of the spec

imen. The wavelength-to-diameter ratio of a particular crystal controls the 

intensity of secondary waves transmitted into the specimen. It is observed 

that for testing techniques where the existence of strong secondary waves 

can be a hindrance, the wavelengths of the compressional wave in the speci

men should be considerably smaller than the crystal diameter. The diameter 

of the crystal should be chosen large enough so that the divergence of the 

ultrasonic beam is minimized. 

3. Near-field effects: The amount of mode conversion can also be decreased 

by choosing larger-diameter crystals. The choice of a large-diameter crystal 

increases the length of the field while simultaneously decreasing the amount 

of mode conversion from reflections at the specimen boundaries. 

4. Infinite media assumption: To assume "infinite media" or to be able to 

ignore the effects of specimen size, the wavelength of the ultrasonic pulse in 

the specimen should be as small as possible compared to the specimen di

mensions. This criterion sets an upper limit of wavelength for a particular

size specimen. For a material with known velocity, this maximum wave-

length corresponds to a minimum crystal frequency according to the equa

tion Amax = V T max = . ~ . where, Amax = the required maximum 
Jmin 

wavelength of the crystal in order to satisfy the assumption of an 'infinite 

._-----------
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media', V = wave veloci ty in the material being tested, T max = period length 

corresponding to >'max, and f min = minimum frequency corresponding to 

>'max. 

5. Material grain size: Scattering of the ultrasonic wave increases greatly 

as the wavelength in the specimen approaches the grain diameter of the 

specimen. A minimum wavelength acceptable for testing in a particular 

material is thus set by the grain diameter. By using the expression given 

above, the maximum frequency is calculated corresponding to the minimum 

wavelength set by the grain size. 

6. Quality factor (Q f): The quality factor is defined as the ratio of the 

resonant frequency to the bandwidth between the half-power points. It 

is also linked to the logarithmic decrement ( 8) by, Q f = 7r / 8. A very 

convenient definition for use in the time domain states that the number of 

cycles required for the pulse to ring down to 4% of its original amplitude is 

equal to the Q f of the transducer. For example, a transducer with a Q f of 

100 will resonate for just 100 cycles before dying out. Also, low value of Q f 

corresponds to a low pulse length and vice versa. 

--------------------------~------ - - ... -.~--~-------
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2.2.1 Selection of ultrasonic transducers 

The transducer is one of the most critical components of any ultrasonic 

system. as a result a good deal of attention should be paid to selecting the prop

er transducer for the application. Of equal importance is the performance of the 

system as a whole. Variations in instrument characteristics and setting as well as 

material properties and coupling conditions play a major role in system perfor

mance. Most often the transducer is chosen to enhance either the sensitivity or 

the resolution of the system. A system with good sensitivity has the ability to 

detect small defects at a given depth in the test material. A system with good 

resolution has the ability to produce simultaneous and distinct indications from 

reflectors lying at nearly the same depth and position with respect to the sound 

beam. In applications where good resolution is of primary importance it is com

mon to select a highly dampen transducer. A high degree of damping will help to 

shorten interface ringdown or recovery time and allows the system to resolve closely 

positioned reflectors. The specific transducer configuration also has an impact on 

system performance. Consideration should be given to the use of focused trans

ducers, transducers with wear surfaces that are appropriate to the test material, 

and the choice of the appropriate frequency and element diameter. 



2.2.2 Type of ultrasonic transducers 

2.2.2.1 Contact transducers 
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Contact transducers should be rugged enough to withstand direct contact 

testing of metals and versatile enough to be used on materials such as composites 

and plastics. 

Applications: 

* Straight beam flaw detection 

* Detection of delaminations 

* Thickness gaging with commercial flaw detectors 

* Material sound velocity measurements 

Advantages: 

* Most versatile for general purpose flaw detection 

* Available in high sensitivity and high resolution series 

2.2.2.2 Protected element transducers 

Protected element transducers provide versatility with a wide variety of re

placeable options. Removable delay line, protective membrane and protective wear 

cap options can make a single transducer effective for a wide range of applications. 

The standard protected element transducer is recommended for general purpose 

contact scanning and for use on high temperature materials. 

Advantages: 

* Delay lines improve near surface resolution and provide high temperature 

capabilities 

* Protective wear caps extend transducer life in applications requiring scan

ning or scrubbing 

* Protective membranes improve coupling by conforming to rough or corroded 

entry surfaces 
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2.2.2.3 Angle beam transducers 

Angle beam transducers and wedges are typically used to introduce a re

fracted shear wave into the test material. The angled sound path allows the sound 

beam to be reflected off of the back wall to improve detect ability of flaws in and 

around welded areas. 

Applications: 

* Weld inspection 

* Oil field tubular inspection 

* Ambient and high temperature flaw detection 

* Crack detection and sizing 

Advantages: 

* The three material design helps to improve signal-to-noise characteristics 

while providing excellent wear resistance 

* The angled soundpath allows location of flaws from several directions 

* Contoured wedges can be used to introduce maximum sound energy into 

curved surfaces 

* High temperature wedges can be used for in-service inspection of hot mate

rials 

2.2.2.4 Normal incidence shear wave transducers 

Normal incidence shear wave transducers are unique because they allow 

introduction of shear waves directly into the test piece without the use of an angle 

beam wedge. 

Applications: 

* Shear wave velocity measurements 

* Calculation of Young's modulus of elasticity and shear modulus 

* Material grain structure studies 
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Advantages: 

* Generates shear waves without the use of angle beam wedges 

* Easy to use; pressure or optical contact coupling are not necessary for every 

application 

* Available in wide range of frequencies 

2.2.2.5 Immersion transducers 

In our case we will use immersion transducers. Immersion transducers are 

specifically designed to transmit ultrasound in situations where the test part is 

partially or wholly immersed in fresh water. 

Applications 

* Automated scanning of metal and composite parts 

* Flaw detection in machined components 

* On-line thickness gaging 

* Time-of-flight and amplitude based imaging. 

Advantages 

* The immersion technique provides a means of uniform coupling 

* Focusing concentrates the sound beam to increase sensitivity to small re-

flectors 

* Permits rapid scanning of large areas 

* Quarter wave length matching layer increases sound energy output 

* Cylindrical contour correction reduces interface ringdown on tubing and bar 

stock. 

----------~-~ ~-~--~~---~- --
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2.3 Fabricated Acoustic Microscope 

Schematic diagram of the fabricated acoustic microscope is shown in Fig. 2.3. 

The lens and the buffer rod of a conventional acoustic microscope is replaced by 

two transducers as shown in the Fig. 2.3. Each transducer has a cylindrical concave 

front face with a radius of curvature of 5 cm and width 1 cm. These transduc

ers can generate cylindrically focussed acoustic beam pulses which have a central 

frequency of about 0.7 MHz. Cylindrical shapes are needed to measure direction de

pendent material properties in anisotropic solids [Kushibiki and Chubachi(1985)]. 

One transducer transmits acoustic signal in the form of a single pulse or a group 

of pulses into the water. This signal propagates through water and then strikes 

the specimen. The reflected signal is received by the other transducer. Hence 

these two transducers act as transmitter and receiver for the acoustic signal. In 

one transmitter-receiver arrangement the transducers move on a horizontal slide so 

that the horizontal distance between the transducers and their angles of inclination 

can be set at any desired value. In an alternative arrangement transducers move on 

a circular arc so that the focal point of the incident acoustic signal is fixed, at the 

center of the arc. Both these transmitter-receiver arrangements are shown in detail 

in Fig. 2.4. Fig. 2.5 shows the photograph of the complete setup (top figure) and a 

typical reflected signal on the computer screen at the bottom. Because of the low 

impedance of air, water is used as the coupling medium between the transducer 

and the sample. More energy can be transmitted through water than through air 

from the transducer to the specimen. 
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Fig. 2.2. Different components and their relative arrangement of the low frequency 
acoustic microscope. 
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Fig. 2.3. Block diagram showing the experimental setup of the low frequency 
microscope. 
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Fig. 2.4. Transmitter-receiver arrangements: top figure- transmitters on the hori
zoncal slide, botcom figure: transmitters on the circular arc. Diagrams are shown 
along \vith the photographs. 
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Fig. 2.5. A photograph of the complete acoustic microscope set up (top figure) and 
a typical reflected signal on th~ computer screen (bottom figure) . 

--------... ------ .--.. -... -- . -------------- .. - ... -------- --------



CHAPTER 3 

REFLECTION OF ULTRASONIC WAVES BY ISOTROPIC, 
ANISOTROPIC DAMAGED AND UNDAMAGED MATERIALS 

3.1 Introduction 
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The topic of nonspecular reflection of acoustic beams by solid plates im

mersed in water has been investigated extensively by several researchers both the

oretically and experimentally over the last three decades. The reflection of acoustic 

beams by a solid halfspace under a liquid half-space (LS structure) was first studied 

by Schoch in 1952. The theoretical aspects of nonspecular reflection of bounded 

beams by LS structures was first presented by Bertoni and Tamir. Then several 

other investigators studied both experimentally and theoretically different aspects 

of the bounded acoustic beam reflections by LS and LSL (solid plate within two 

liquid half spaces) structures [ Breazeale et.al. (1974), Diachok et. al. (1970), 

Neubauer (1973)] (see Fig. 3.1). The following theoretical computation of the 

reflection coefficient of plane acoustic waves for different reflector geometries im

mersed in fluid was taken from Kundu (1988b) and was used to compare with the 

experimental results. 

3.2 Theoretical Formulation 

The reflector geometries that are considered are shown in Fig 3.1. The P

wave and S-wave velocities and the density of a solid material are denoted by a, /3, 

and p, respectively. The corresponding properties of the fluid are denoted by the 

subscript f. It should be noted here that /3 f = O. A plane acoustic wave of circular 

frequency w and amplitude 1 is incident on the liquid-solid interface at an angle () 

as shown in Fig 3.1. The total reflected field in the fluid is to be computed now. 

------------- --- ---_.- ... _-------------- -------
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Following the Thomson-Haskell matrix method (1950) the stress-displacement.· 

vector ST of the top liquid-solid (LS) interface can be related to the stress

displacement vector S B of the bottom surface of the plate in the form, 

(3.1) 

where L is a 4 x 4 matrix and STIB = [u;IB u;IB (j;!B O]T. Superscripts T and B 

on u or (j correspond to those values at the top and bottom surfaces of the plate, 

and superscript T over the right bracket stands for the transpose. 

For a layered or a uniform half-space, ST can be related to the vector V of 

the unknown wave amplitudes of the half-space, 

ST = JV, (3.2) 

where J is a 4 x 4 matrix and V = [0 0 bH dH]T. Since U z and (jzz are continuous 

across the top interface, one can write 

where 

--------------------. ~---

VI = (k} - k2)~, for Ikl < k, 

= i(k2 
- k})~, for Ikl > k, 

(3.3) 
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LS structures 

From Eqs. (3.2) and (3.3), 

{ -:;~~f 1)R) } = [J] {!U (3.4) 

bH and dH are amplitudes of downgoing waves in the half-space, and R is 

the reflection coefficient of the reflector. Equation (3.4) is now solved for R, 

R ( . J34 2J24)/(' J34 2J24) = 'tV f 34 + P fW 34 'tV f 34 - P fW 34 (3.5) 

where 

Elements of J matrix is given in Kundu (1988b). 

LSL Structures 

The stress-displacement vector SB at the bottom interface is given by 

(3.6) 

where T is the transmission coefficient of the plate. 

Combining Eqs. (3.1), (3.2). and (3.6) the following relation can be ob-

tained: 

(3.7) 

Equation (3.7) is now solved to get R, 



R = iVfPfw2(L§~ - LH) + p}w4L§i - vJL~t, 
iVfPfw2(L§~ - LtD - p}w4L§i - vJL~t 

38 

(3.8) 

where L~ is defined in the same manner as J~{ in Equation (3.5). Elements of L 

matrix is given in Kundu (1988b). 
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3.3 Experimental Results 

3.3.1 Reflection by Isotropic Materials 

Before using the microscope for other purposes, the reflected signals from 50 

mm thick copper (eu) and aluminium (AI) plates are first studied. Time histories 

and frequency spectra of the reflected signals are shown in Fig. 3.2 for two differ

ent incident angles 20° and 35°. It is interesting to note that at 0.7 MHz (peak 

frequency of the reflected signal) spectral values of the reflected signals from the 

Al plate is lower than that from the eu plate at 20° incidence, but the situation 

is reversed for 35° incident angle. Using the expression of Equation (3.5) R is ob

tained for eu and Al half spaces and plates immersed in water for 0.7 MHz signal 

frequency. Density, longitudinal or P-wave velocity and shear or S-wave velocity of 

Al are given by 2.77 gm/cc, 6.37 km/sec and 3.16 km/sec respectively, and those 

for eu are 8.93 gm/cc, 4.66 km/sec and 2.26 km/sec. These three values for water 

are given by 1 gm/cc, 1.5 km/sec and 0 respectively, R is computed for the half 

space and is shown in Fig. 3.3. One can see from these plots that at 20° eu reflects 

more acoustic energy and at 35° Al reflects more energy. This is what we observe 

experimentally also in Fig. 3.2 at 0.7 MHz. This qualitative agreement between 

experiment and theory suggests that we can rely on our experimental setup and 

experimental values. 

-------------------------------- - -... ---~-------.--
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3.3.2 Reflection by Anisotropic Materials: 

To check whether the microscope is sensitive to the direction dependent 

material properties, a 2 mm thick graphite epoxy composite plate is now used as 

the reflector. The composite is made of unidirectionally oriented graphite fibers in 

epoxy matrix. Reflected signals are recorded when the incident waves propagate 

along the fiber direction (0° direction) as well as perpendicular to the fiber direction 

(90° direction). Fig. 3.4 shows the experimentally obtained reflected signals for 

35° and 60° incident angles. A significant difference in the reflected signals in two 

directions can be noticed here. So this microscope is sensitive to the direction 

dependent material properties. 

One can obtain some approximate idea about the expected nature of the 

reflected signals by simply recognizing that graphite fibers are much stronger than 

the epoxy matrix, hence P-wave velocity along the fiber direction should be much 

higher than that across the fiber (90°) direction. Waves should also attenuate 

more in the 90° direction. So material attenuation should also be included in the 

analysis. Material attenuation in an isotropic material can be incorporated by 

introducing a quality factor 'q' [Xu and Mal(1987)] in such a manner that the P 

and S wave velocities in the material become complex as shown below 

z 
/3 = /3R --

2q 

(3.3.1a) 

(3.3.1b) 

where aR and f3R are real parts of a and /3. Then wave numbers ko and kp 

as well as shear modulus J.L also become complex. 

---------------------.-.- .-.. ---------------



w Z 
ko = -(1 + -2 -) 

OlR qOlR 

w Z 
kp = {3R (1 + 2q{3R) 

J1. = p{3h(1 + -(3Z ) 
q R 
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(3.3.2) 

It should be noted here that the material attenuation is inversely propor

tional to the quality factor q. 

Recognizing the strong influence of the fiber direction on the P-wave velocity, 

it is taken as 10.1 km/sec [Mal and Singh(1991)] to approximately compute R in 

the 00 (along the fiber) direction and is equated to 3.6 km/sec for computing R in 

the perpendicular direction. R is computed for the signal frequency 0.7 MHz, plate 

thickness 2 mm and q = 109 in the 00 direction and 10 in the 900 direction. Density 

and S-wave velocity in both directions are taken as 1.578 gm/cc and 2.1 km/sec, 

respectively. R thus computed (from Eqn. 3.8) is shown in Fig. 3.5. We can see 

from this figure that for both 350 and 60 0 incidence R in the 900 direction is smaller 

than that in the 00 direction, as observed experimentally. However, the differences 

in relative magnitudes of the reflected signals is much higher in the experimental 

results than in the theoretical values. This is because the theoretical plots are not 

for an anisotropic specimen but for two isotropic specimens in which effect of the 

anisotropy has been approximately captured by changing the P-wave velocity in 

two directions. Clearly one cannot expect accurate theoretical prediction of the 

experimental values by this simplified approximate analysis. 

----------------------------------
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3.3.3 Reflection by Damaged and Undamaged Multilayered Composites: 

To investigate the internal damage detection capability of the apparatus an 

eleven layer fiber reinforced composite plate is now used as a reflector. Each layer 

is made of graphite fibers in epoxy matrix and has a thickness of 0.3 mm. Fibers 

are oriented in 0° and 90° directions in alternate layers. A total of six 0° and five 

90° layers make the entire plate. A part of the plate is damaged by an impact 

loading. If top surface of the layer number 1 is subjected to an impact loading, 

layers close to the bottom surface of the plate are damaged more because of the 

stress wave reflection by the free bottom surface [Awal et al.(1989), Joshi and 

Sun(1985)]. Thus damage in terms of microcracks and delaminations are observed 

more in layers 8 through 11. Experimentally obtained reflected signals are shown 

in Fig. 3.6 for 30° and 60° incident angle. Acoustic signal over the damaged part 

is more for 30° than that over the undamaged part. The situation is reverse for 

the 60° incident angle. 

R is also computed theoretically for the eleven layer reflector at 0.7 MHz 

signal frequency. Density, P-wave velocity and S-wave velocity for 0° and 90° lay

ers are taken identical to those given in the previous section. When the material 

attenuation is ignored one obtains variations of R as shown in the top figure of 

Fig. 3.7. R of the damaged composite is computed by changing P-wave velocity 

and S-wave velocity of the bottom layer to 5 and 1 km/sec from 10.1 and 2.1 k

m/sec respectively. The justification of this change is that if the bottom layer is 

most severely damaged then wave velocities through this layer will be significant

ly reduced. Note that R of the damaged composite at 30° increases as observed 

experimentally. However, if we assume that there is no attenuation in the mate

rial then at 60° R for both damaged and undamaged composites should be same 
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theoretically. However, experimentally we see that the reflected signal from the 

undamaged part is slightly higher than that from the damaged part. This obser

vation can be explained if we recalculate R by introducing some attenuation in 

the layers of the damaged composite. Curves thus obtained are also shown in the 

bottom figure by dotted lines in Fig. 3.7. The fine dotted line is obtained when the 

material properties of the bottom layer are changed to 5 and 1 km/sec in addition 

to introducing the attenuation. The coarse dotted line is obtained when only the 

attenuation of the layers are changed (q =10 for top six layers and q =5 for bottom 

5 layers) without changing any other material properties. 

------,----
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Fig. 3.1. Schematic diagrams of liquid-solid and liquid-solid-liquid structures. 
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Fig. 3.3 Theoretically computed R for Al (solid lines) and eu (dotted lines) plates 
(top figure) and half spaces (bottom figure) at 0.7 MHz signal frequency. Plate 
thickness is 50 mm. 
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CHAPTER 4 

ACOUSTIC MATERIAL SIGNATURE OF ISOTROPIC 
AND ORTHOTROPIC PLATES 

4.1 Introduction 
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Acoustic material signature (AMS) or V(z) curve of a specimen can be 

obtained by this acoustic microscope by vertically moving the transducers, thus by 

changing z (distance between the focal point of the transducer and the reflecting 

surface) and generating different reflected signals at those values of z. Then Fourier 

inversion of these signals are carried out to obtain spectral values over a wide 

frequency range. At any specific frequency value one can plot the variation of the 

spectral values with z. Then this plot represents the acoustic material signature 

(AMS) of the specimen at that frequency. 

4.2 Problem Formulation 

Geometry of the problem is shown in Fig. 4.1. An orthotropic plate overlaid 

by a fluid is subjected to converging acoustic waves generated by a cylindrical 

transducer extending an angle a = a2 - al as shown in the figure. The acoustic 

beam after being reflected by the specimen surface strikes the receiver located 

at an angle () (see Fig. 4.1) and generates a voltage V. Now the objective is to 

analytically synthesize the receiver output voltage (AMS) as a function of z, the 

distance between the reflecting surface of the specimen and center of curvature 

of the cylindrical transducer. To achieve this objective, first the potential of the 

incident field is computed. Then by Fourier inversion technique the reflected field 

is obtained (Bertoni and Tamir, 1973). For a converging beam direct Fourier 

transform of the incident field is very difficult. Hence stationary phase method 

--------.. ~---.~-. -.--.~---
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(Jeffreys and Jeffreys, 1950) is adopted to compute the direct Fourier transform 

of the incident field in an approximate manner. A convenient measure of wave 

attenuation is the nondimensional but frequency dependent "quality factor q" often 

used by seismologists for isotropic materials (Aki and Richards, 1980). Mal et 

al. (1989) extended this representation for anisotropic materials. Complex-valued 

stiffness constants, (Gij) [Mal et al. (1989)] are used for the AMS calculation. The 

expressions for stiffness constants are given in Appendix A. 

4.2.1 Incident Field 

The acoustic wave field produced by the transducer has a cylindrical wave 

front. From energy consideration one can arrive at the potential expression of this 

propagating wave at a distance r from the focal point (Fig. 4.2) 

rPi = p(x)(R)~ exp[ikf(R - r)] 
r 

(4.1a) 

In the above expression the amplitude of the wave generated by the transducer is 

assumed to be 1. k f = ~, w is the circular frequency of the generated acoustic 

signal and af is the acoustic wave velocity in the coupling fluid. P(x) is the 

pupil function of the lens, which in the most general case takes into account the 

nonuniform excitation of the transducer and any aberration and edge diffraction 

effects. In the simplest case for an ideal situation 

P(x) = {~ if z tan a 1 :::; X :::; z tan a2 
otherwise 

(4.1b) 

Since r varies along the reflecting surface, the incident wave potential is a function 

of the horizontal coordinate, x, on the reflecting surface as given below, 

(4.2) 
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4.2.2 Reflected Field 

To obtain the reflected field, first the Fourier inversion of equation (4.2) is 

carried out with respect to x to obtain 

(4.3) 

where 

A(k) = {'Xl P(x)exp(ikx - ikj;/X2 + z2) dx 
10 (x2 + z2)"4 

(4.4) 

Values of A(k) can be obtained approximately by stationary phase method. Kundu 

(1988b) obtained the integrals for a similar problem so we don't repeat the details 

here, final results being 

where 

A(k) = J27rkjexp[-i(1]z + ~)] 

for Ikl < kf 

for Ikl > k j 

(4.5a) 

(4.5b) 

and P(xo) is equal to 1 for ztanal ~ Xo ~ ztana2 or kltan0'1 < k < 
y'1+tan2 0'1 

)1 tan 0'2 ,P( xo) is zero beyond these limits and Xo = kz. 
1+tan2 0'2 11 

The reflected field at any point (x, y) can be obtained by simply multiply-

ing ¢>i(k,O) by the plane wave reflection coefficient R(k) of the reflector and a 

propagating term exp( -ikx + iTJY) and then inverting it 

(4.6) 
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4.2.3 Computation of R(k) 

The geometry of the problem to obtain the plane wave reflection coefficient 

is shown in Fig. 4.3. Clearly the boundary conditions are, 

at y = 0 and-h -00:5 x <00 

s I 
U yy = U yy (4.7) 

where the superscript sand 1 denote solid and liquid media respectively. 

Stress-strain relation for isotropic materials are given by 

(4.8) 

In Eqn. (4.8) tensorial notations have been used, repeated subscripts mean 

summation over that subscript and Dij is the kronecker delta. For plane strain 

condition (f33 = 0) in the liquid medium (J-L = 0), Eqn. (4.8) gives 

(4.9) 

and the P-wave velocity in a liquid medium is given by 

(4.10) 



55 

The wave potentials in the fluid are given by 

( 4.11) 

above the plate, and 

(4.12) 
'¢I = 0 

below the plate. Where k = k I sin 0, k I( = ~) is the P-wave number of the fluid, 

R( k) and T( k) are reflection and transmission coefficients of the plate, and 

The horizontal displacement (u = l/J,x) and the vertical displacement (v = 
l/J,y) of the fluid half space above the plate are obtained from Eqn. (4.11), 

(4.13) 

and 

( 4.14) 

Corresponding normal strains are, 

( 4.15) 

( 4.16) 
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Using the stress-strain relation (Eqn. (4.9)) the normal stress components 

0"11 and 0"22 are obtained, 

and 

0"11 = 0"22 = A( Ell + E22) 

= -AC''7J + k2)(eillIY + R(k)eillIY)e-ikx 

= -AkJ(eillIY + R(k)eillIY)e-ikx 

Similarly in the fluid half space below the plate u and v are given by 

u = _ikT(k)e-illly-ikx 

v = -irIJT( k)e -illl y-ikx 

Corresponding strains and stresses are 

E22 = -"7}T( k)e -illl y-ikx 

0"11 = 0"22 = _Ak}T(k)e-illly-ikx 

Equations of motion for the solid in time domain are given by 

(4.17) 

(4.18) 

(4.19) 

(4.20) 

( 4.21) 

(4.22) 

(4.23) 

(4.24) 



57 

Taking Fourier transform of equations (4.23) and (4.24), with respect to 

time, we can get the equations of motion of the solid in frequency domain. They 

are 

(4.25) 

(4.26) 

Let the solution of equations (4.25) and (4.26) be u = Ae-ipy-ikx and 

v = ASe-ipy-ikx. Substituting u and v in Eqn. (4.25) one gets 

pw2 - k2Gll - G66P~ 
Sj = J (no summation on j) 

kpj(G12 + G66 ) 
(4.27) 

Then u , v and S are substituted in Eqn. (4.26) to obtain 

- k2Gl2 - 2G12G66k2) + (p2
W

4 
- k2Gll Pw2 - G66 k2 pw2 + k4Cll C66 ) = 0 

(4.28) 

Equation (4.28) is a fourth order algebraic equation in p. So in general we can have 

four values of p and hence four values of S from equation (4.27). 

Since there are four values of p and s, the solution of equations (4.25) and 

(4.26) can be written as follows 

(4.29) 

(4.30) 

------------------------------- - --- ------- - --
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Using constitutive relations for orthotropic materials stresses for the solids 

( 0' yy) and (0' xx) are obtained 

O'yY = C21€11 + C22 €22 

= C21 U,X +C22V,y 

= -ikC21(A1e-iP1Y + A2e-ip2Y + Aae-ip3Y + A4e-iP4Y)e-ikx 

- C22i(A1S1P1e-iP1Y + A2S2P2e-ip2Y + AaS4pae-ip3Y + A4S4P4e-ip4Y)e-ikx 

= -A1i(C21 k + S1P1C22)e-iply-ikx 

- A2i( C21 k + S2P2C22)e-iP2y-ikx 

- Aai(C21 k + SapaC22)e-iP3y-ikx 

- A4i(C21 k + S4P4C22)e-iP4y-ikx 

O'yx = C21 €66 

= C66 ( U,y +v,x ) 

= -iC66(A1P1e-iplY + A2P2e-ip2Y + Aapae-ip3Y + A4P4e-iP4Y)e-ikx 

- C66ik(A1Ste-iplY + A2S2e-ip2Y + AaSae-ip3Y + A4S4e-iP4Y)e-ikx 

= -A1iC66 (PI + kSl)e-iply-ikx 

- A2iC66 (P2 + kS2)e-ip2y-ikx 

- AaiC66 (Pa + kS3)e-ip3y-ikx 

- A4iC66 (P4 + kS4)e-iP4y-ikx 

(4.31) 

( 4.32) 
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For simplicity, let us define Ql = eiP1h , Q2 = eiP2h , Q3 = eipah , Q4 = eiP4h 

and q = eir/f h • 

From the six boundary conditions of equation (4.7) one obtains the following 

six equations 

At y = 0, U;y = 0 or, 

At Y = 0, u~ = u~ or, 

Ali(C21 k + SlPIC22 ) + A2i(C21 k + S2P2 C22)+ 

A3i(C21 k + S3P3 C22) + A4i(C21 k + S4P4C22 ) = >.kJ(l + R(k)) 

At y - 0 vi - V S or - , y - y , 

At Y = -h, U;y = 0 or, 

At Y = -h, u~ = u~ or 

Ali(C21 k + SIPIC22 )Q2 + A2i(C21 k + S2P2C22 )Q2+ 

A3i(C21 k + S3P3C22 )Q3 + A4i(C21 k + S4P4C22 )Q4 = >.kJT(k)q 

At y - 0 vi - V S or - , y - y 

(4.34) 

(4.35) 

(4.37) 

Six equations (4.33-38) are now solved to calculate AI, A2, A3 , A4 , T(k) 

and R(k). Hence stresses at any point in the fluid and solid can be calculated 

from the potentials and displacements. After computation of A( k) and R( k) the 

reflected field tPr(x,y) can be obtained from equation (4.6), which can be rewritten 

in the following form 
leI tan <>2 

tP (X y) = VRe i1c2~R j V1+tan2"2 R(k)A(k)ei(TlY-kx)dk (4.39) 
r , Ie I tan "1 

V1+tan2 "1 

Thus reflected field is obtained. 
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4.3 Results 

To calculate the AMS a series of experiments are carried out for an alumini

um plate of 6.35 mm thick. The angle of incidence and reflection are set equal 

to 30°. The transducers are moved vertically from z = 0.1 inch to z = 0.9 inch 

with an interval of 0.05 inch. The reflected signals at those z values are recorded. 

Then Fourier inversion of these signals are carried out to obtain spectral values 

over wide frequency range. Fig 4.4 to 4.12 show the time histories and spectral 

values of the reflected signals for different z values. Fig 4.13 shows the theoretical 

(solid line) and experimental (dotted line) results of AMS at 0.8 MHz frequency 

for the aluminum plate. 

Similar experiment is carried out for graphite-epoxy composite plate (single 

layer, 2 mm thick). Fig 4.14 to 4.19 show the time histories and spectral values 

of the reflected signals for different z values (z = 0.1 to 0.6 inch with an interval 

of 0.05 inch). Angle of incidence and reflection are set equal to 45°. Fig 4.20 

shows the theoretical (solid line) and experimental (dotted line) results of AMS at 

0.55 MHz frequency with 0° fiber orientation i.e., the projection of the incident 

and reflected beams on the plate coincides with the fiber direction. Similarly AMS 

was also calculated for 90 degree fiber orientation with angle of reflection 40°. 

Fig 4.21 to 4.27 show the time histories and spectral values of the reflected signals 

at different z values. Fig 4.28 shows the theoretical (solid line) and experimental 

(dotted line) values of AMS at 0.4 MHz frequency. Reasonably good agreement 

between theoretical and experimental results of AMS was observed. 



~ECEIVER 

. 
\ . 

\ / . / 
\ COUPLING /. 
\. ~IQUID / 
\ I ;I R 

\. oy / /; r 

z 

t LIQUID 
C 

61 

TRANSMITTER 

x 
SOLID 
PLATE 

Fig. 4.1. Problem geometry (a cylindrical lens, a line receiver and a solid plate 
immersed in water). 
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Fig. 4.2. Converging a.coustic beam with a cylindrical wave front, genl:!rateci by the 
cylindrical transducer. 
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Fig. 4.4. Reflected signals from aluminum plate for angle of reflection () = 30° at 
z = 0.10 inch (top row) and 0.15 inch (bottom row). Time in microsecond (left 
column) and frequency is in MHz (right column). 
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Fig. 4.5. Reflected signals from aluminum plate for angle of reflection () = 30° at 
z = 0.20 inch (top row) and 0.25 inch (bottom row). Time in microsecond (left 
column) and frequency is in MHz (right column). 
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Fig. 4.6. Reflected signals from aluminum plate for angle of reflection () = 300 at 
z = 0.30 inch (top row) and 0.35 inch (bottom row). Time in microsecond (left 
column) and frequency is in MHz (right column). 
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Fig. 4.7. Reflected signals from aluminum plate for angle of reflection () = 30° at 
z = 0.40 inch (top row) and 0.45 inch (bottom row). Time in microsecond (left 
column) and frequency is in MHz (right column). 
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Fig. 4.8. Reflected signals from aluminum plate for angle of reflection () = 30° at 
z = 0.50 inch (top row) and 0.55 inch (bottom row). Time in microsecond (left 
column) and frequency is in MHz (right column). 
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Fig. 4.9. Reflected signals from aluminum plate for angle of reflection () = 30° at 
z = 0.60 inch (top row) and 0.65 inch (bottom row). Time in microsecond (left 
column) and frequency is in MHz (right column). 
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Fig. 4.10. Reflected signals from aluminum plate for angle of reflection () = 30° at 
z = 0.70 inch (top row) and 0.75 inch (bottom row). Time in microsecond (left 
column) and frequency is in MHz (right column). 
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z = 0.80 inch (top row) and 0.85 inch (bottom row). Time in microsecond (left 
column) and frequency is in MHz (right column). vfill 
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Fig. 4.13. AMS of Aluminum plate at 0.8 MHz. Theoretical (solid) and Experi
mental (dotted) curves as shown in the figure. 
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Fig. 4.14. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 40° at z = 0.1 inch (top row) and 0.15 inch (bottom row) for signals 
propagating along the fiber (0°). Time in microsecond (left column) and frequency 
is in MHz (right column). 
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Fig. 4.15. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 40° at z = 0.20 inch (top row) and 0.25 inch (bottom row) for signals 
propagating along the fiber (0°). Time in microsecond (left column) and frequency 
is in MHz (right column). 
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Fig. 4.16. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 40° at z = 0.30 inch (top row) and 0.35 inch (bottom row) for signals 
propagating along the fiber (0°). Time in microsecond (left column) and frequency 
is in MHz (right column). 
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Fig. 4.17. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 40° at z = 0.40 inch (top row) and 0.45 inch (bottom row) for signals 
propagating along the fiber (0°). Time in microsecond (left column) and frequency 
is in MHz (right column). 
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Fig. 4.18. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 40° at z = 0.50 inch (top row) and 0.55 inch (bottom row) for signals 
propagating along the fiber (0°). Time in microsecond (left column) and frequency 
is in MHz (right column). 
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Fig. 4.19. Reflected signals from graphite epoxy composite plate for angle of re
flection a = 40° at z = 0.60 inch for signals propagating along the fiber (0°). Time 
in microsecond (left column) and frequency is in MHz (right column). 
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Fig. 4.20. AMS of Graphite-epoxy composite plate at 0.55 MHz for signal propa
gating along the fiber (0°). Theoretical (solid) and Experimental (dotted) curves 
as shown in the figure. 
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Fig. 4.21. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 50° at z = 0.10 inch (top row) and 0.15 inch (bottom row) for signals 
propagating across the fiber (90°). Time in microsecond (left column) and frequen
cy is in MHz (right column). 
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Fig. 4.22. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 50° at z = 0.20 inch (top row) and 0.25 inch (bottom row) for signals 
propagating across the fiber (90°). Time in microsecond (left column) and frequen
cy is in MHz (right column). 
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Fig. 4.23. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 50° at z = 0.30 inch (top row) and 0.35 inch (bottom row) for signals 
propagating across the fiber (90°). Time in microsecond (left column) and frequen
cy is in MHz (right column). 
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Fig. 4.24. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 50° at z = 0.40 inch (top row) and 0.45 inch (bottom row) for signals 
propagating across the fiber (90°). Time in microsecond (left column) and frequen
cy is in MHz (right column). 
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Fig. 4.25. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 50° at z = 0.50 inch (top row) and 0.55 inch (bottom row) for signals 
propagating across the fiber (90°). Time in microsecond (left column) and frequen
cy is in MHz (right column). 
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Fig. 4.26. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 50° at z = 0.60 inch (top row) and 0.65 inch (bottom row) for signals 
propagating across the fiber (90°). Time in microsecond (left column) and frequen
cy is in MHz (right column). 
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Fig. 4.27. Reflected signals from graphite epoxy composite plate for angle of re
flection () = 50° at z = 0.70 inch (top row) and 0.75 inch (bottom row) for signals 
propagating across the fiber (90°). Time in microsecond (left column) and frequen
cy is in MHz (right column). 
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Fig. 4.28. AMS of Graphite-epoxy composite plate at 0.4 MHz for signals propa
gating across the fiber (90°). Theoretical (solid) and Experimental (dotted) curves 
as shown in the figure. 



5.1 Conclusions 

CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 
FOR FURTHER RESEARCH 

89 

Several experimental results obtained by the fabricated low frequency acous-

tic microscope, with a line focus acoustic beam, are presented in this dissertation. 

These results show that the strength of the reflected signals depend on the materi

al properties of the reflector. It is also shown here that the line focus transducers 

make the microscope sensitive to the direction dependant material properties in an 

anisotropic solid such as fiber reinforced composite plate. The apparatus can also 

distinguish the damaged composites from undamaged ones even when the damage 

is internal. 

A new theoretical method is also developed to calculate the acoustic material 

signature CAMS) for both isotropic and anisotropic materials. In this method the 

receiving transducer has been assumed as a point. AMS has been calculated for 

aluminum and graphite-epoxy composite plate using the microscope. Experimental 

and theoretical results are compared. Reasonably good agreement between the 

results is obtained. 

5.2 Recommendations For Further research 

Quantitative study can be done to distinguish between isotropic and 

anisotropic materials both experimentally and theoretically. Similarly degree of 

damage can be studied in multilayered anisotropic materials. 

If the acoustic microscope can be improved to calculate the AMS of different 

materials directly it will be very easy to calculate material properties of different 

-------------------------_ .. _ .... - ... ----~-~ ------



90 

materials. In the current experimental setup, the transducers can be moved ver

tically for about one inch to observe the variation of signals. After one inch of 

variation the signals vanish which is not good enough to calculate AMS at low fre

quencies. So modification of the instrument is recommended to make it more user 

friendly to calculate the material properties of both isotropic and anisotropic ma

terials. Also theoretically, AMS calculation for multilayered anisotropic materials 

can be attempted. 

---------------------------_. __ ... _ ... -----~--.. --



APPENDIX A 

Expressions of complex-valued stiffness constants are given below: 

For anisotropic solid: 

For isotropic solid: 

- Z 
C66 = C66 [1 --] 

q 

- - 2 Z 
Cll = C22 = ,\ + 2J.L = P [1 - -] 

qO'. 

- - 2 z 
C12 = C66 = J.L = pf3 [1 - -] 

qf3 

where 0'. is the P-wave velocity and f3 is the S-wave velocity. 
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