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(ABSTRACT) 

This thesis demonstrates the use of fiber optic methods for nondestructive testing of 

composite materials and aluminum specimens using the acousto-ultrasound approach. A 

noncontact method using a hybrid interferometer is devised for measuring absolute surface 

acoustic wave (SAW) amplitudes. The J1..J4 spectrum analysis technique is used for 

calibrating the piezoelectric transducer cylinder (PZT) and JO/J2 spectrum analysis 

technique is used for demodulating the SAW signal from the interferometer. An extrinsic 

Fabry-Perot interferometric (EFPI) sensor is utilized for sensing acoustic emission, 

measuring speed and attenuation in aluminum and composite specimens. A broadband 

preamplifier is designed for amplifying signals from the EFPI sensor. Theoretical and 

practical minimum detectable air gap change of an EFPI sensor are calculated for the 

system. The directional sensitivity of the EFPI sensor to SAW is studied.
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Chapter 1 - Introduction 

1.1 Background 

Composite materials are being extensively used in industry and at home because of their 

light weight, resistance to corrosion, high strength, and reliability at high temperatures. 

With the increasing use of composite materials in engineering structures there is a growing 

need of techniques for detecting and analyzing their flaws, damage, and defects. The 

analysis of these parameters is necessary to enhance the lifetime and examine the operability 

of engineering structures. Over the years nondestructive testing (NDT) has proved to be a 

vital technique in the study of damage development in composite materials (matrix cracks, 

fiber matrix disbonds, delamination, cracks). NDT is also increasingly used in quality 

assurance, control of manufactured products, and industrial and environmental safety. 

NDT is basically a method for testing and evaluating engineering materials and their 

properties. Several NDT methods have been developed for studying the properties of 

composite materials, each having its own advantages and disadvantages. One of the 

problems with NDT is that there is a choice of innumerable approaches, with no universal 
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method for all applications. The choice of a particular NDT method is decided by the 

operator and depends on the defect sensitivity, capital costs, speed of operation, 

maintenance costs, and overall reliability. A number of NDT methods exist[1.1] and they 

are listed below. 

1. Visual _ methods: The visual method involves the inspection of the surface of the 

material. Surface cracks are the most common form of damage in engineering structures. 

A simple inspection by the naked eye or with a microscope is a visual aid for NDT. Optical 

holography and speckle pattern interferometry are also finding increasing use for capturing 

the surface information from materials. The advent of computers has led to high speed 

scanning, storage and retrieval of digital data thus enabling automation of the testing 

process. Miniaturized cameras and films have also been developed for attachment inside 

pipes and various other structures to detect surface cracks. 

2. Radiological methods: X rays and gamma rays have been used for NDT because of their 

high directivity and ability to travel in straight lines, penetration of thick materials with 

partial absorption, wide waveband and the ease of capturing them on photographic films. 

X rays, after traversing through the specimen under test, can be recorded by radiographic 

films, intensifying screens, fluorescent screens, ionization gauges, and scintillation 

counters revealing information about cracks and flaws inside the material. Both uniform 

and non uniform thickness specimens, castings and assemblies can be tested using various 

radiographic techniques. Fully automated X ray testing of cast parts has also been 

demonstrated [1.2]. 

3. Ultrasonic testing method: This is one of the most popular forms of NDT techniques for 

the detection of internal flaws and thickness of specimens. In this method, high frequency 
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pulses are launched into the specimen under test by a piezoelectric transducer (PZT) to 

induce mechanical vibrations. These waves propagate through the material with a certain 

amount of attenuation and scatter at an internal flaw. The scattered and reflected waves 

from the edges of the specimen are detected by using a suitable sensor or another PZT. 

The ultrasonic signals are usually captured in the time domain, and the difference in arrival 

times between the transmitted and reflected signals is dizectly related to the dimension of the 

specimen, and hence may be used to determine thickness of the specimen under test. 

Moreover, the magnitude of the scattered signal reveals information about the size of the 

flaw. Ultrasonic testing methods have also been used for characterizing the curing of 

epoxies [1.3]. 

4. Magnetic method: This method is only applicable for materials that can be strongly 

magnetized (ferromagnetic) and is mainly used for the detection of surface cracks. In this 

technique, the specimen is magnetized causing the magnetic lines of force to be evenly 

distributed in the material. In case of a crack, however, there is a distortion in the field 

causing local magnetic flux leakage fields due to sudden local changes in permeability. 

These leaks can then be detected by spraying powdered magnetic particles or by using 

liquid magnetic ink. The cracks can then be detected visually due to the accumulation of the 

magnetic material at the sites of the cracks. 

5. Electrical methods: These techniques are mostly used where external contact with the 

specimen is undesirable. They are indirect methods since the material property is correlated 

with the appropriate electromagnetic properties. The two main methods used in this NDT 

technique are the eddy current method and the potential drop method. In the eddy current 

method alternating current is passed through coils acting as probes that can be moved 

across the surface, or can encircle the metal specimen. When the magnetic fields induced 
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by the coils, interacts with the electrically conducting specimen, it produces eddy currents 

in the specimen. These, in turn, produce a magnetic field opposing the field in the coil, 

thus decreasing the magnetic flux. The reduction of the magnetic flux causes a change in 

the impedance of the coil which can be measured and correlated to the material property 

being measured. In the potential drop method the potential difference between a pair of 

contacts placed on the surface of a specimen carrying current is measured, the potential 

difference varying for different points on the specimen and as a function of size and 

location of a flaw. 

6. Penetration flaw detection method: This technique is an extension of the visual method 

for detecting surface cracks that appear small externally but are large inside the material. 

Special liquids known as penetrant liquids are smeared over the surface of the specimen to 

penetrate the openings in the cracks. The surface is then cleaned thoroughly and sprayed 

with a developer. After some time the penetrant is absorbed by the developer at the crack 

openings, thus revealing the locations of the flaws. The choice of the penetrant is 

dependent on its surface tension, density, and wetting properties rather than upon 

viscosity. Fluorescent and visible dye are used as developers. 

7. Acoustic emission methods: High frequency sound waves (20 kHz to 30 MHz) are 

emitted in a material when it is subjected to large amounts of stress. These stress waves are 

known as acoustic waves and the phenomenon is known as acoustic emission (AE). 

Acoustic waves are believed to originate due to sudden localized stress in a region causing 

sudden bursts of energy that travel through the material to the surface. The acoustic signals 

can be detected by conventional piezoelectric transducers which can convert the mechanical 

vibration into electrical energy or by other types of sensors. AE is now being used 
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extensively as an NDT technique for determining the location of a crack, size of the crack, 

and crack propagation. 

1.2 Acousto-ultrasonic approach 

Ultrasonic testing and acoustic emission methods for nondestructive evaluation (NDE) of 

laminated and fiber reinforced composites are developing rapidly and are being widely 

accepted in the industry over many other NDT techniques. The acousto-ultrasonic 

approach combines the inherent advantages of both the ultrasonic testing and the acoustic 

emission techniques for NDE of composites to determine the reliability of engineering 

structures and materials. The term "Acousto-ultrasonic" can be taken as a contraction of 

“acoustic emission simulation with ultrasonic sources" [1.4]. In this method stress waves 

similar to the ones encountered in an acoustic emission event, as a result of loading or 

crack propagation are simulated and induced onto the specimen under test. The simulated 

ultrasonic stress waves propagate through the material, and are modulated by the properties 

of the material. The modulated signals are studied and related to the flaws and properties of 

the material. 

Unlike loading the specimen to generate acoustic emission events in the acoustic technique, 

stress waves are simulated in the material without disrupting it in the acousto-ultrasonic 

technique . Moreover, the acousto-ultrasound approach deals with the combined effects of 

any defects in the material such as broken fibers, delamination, local porosity, and resign 

rich areas, rather than flaw detection. It then assesses the variation in the material 

properties that determine the strength and toughness of the material, by integrating the 

effects of various kinds of defects. In conventional acoustic emission methods the nature 

and location of the vibrations is unknown. In contrast, the nature and location of the 
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acoustic emission source is usually fixed in the acousto-ultrasonic approach. It is more 

viable where conventional ultrasonic testing methods are impractical to use and pulse-echo 

methods impose constraints. 

The acousto-ultrasound approach consists of two transducers which are separated by a 

known distance, the first to generate the acoustic signals and the other to detect the signals. 

Usually conventional piezoelectric transducers are used to generate and receive the acoustic 

signals by attaching them to the surface or the edge of the specimen. However, other kinds 

of sources and sensors such as laser [1.5], pencil lead break [1.6], and fiber optic sensors 

[1.7] may also be used. Single frequency pulses or broadband signals generated by a pulse 

generator or a Signal generator are used to drive the source transducer. The signals received 

by the second transducer are amplified using a broadband preamplifier before they are 

analyzed on the oscilloscope. Fig. 1.1 illustrates the schematic of the instrumentation and 

basic arrangement used for the NDE of composite materials. 

The acoustic waves are more complex in the acousto-ultrasonic approach since they are 

modulated by the various material properties of the specimen, unlike a series of isolated 

echoes in the pulse-echo ultrasonic method. The transducer is coupled to the specimen 

with fluid couplants (glycerin, gel, silicone grease) and dry couplants (silicone rubber) in 

order to achieve maximum transfer of acoustic energy. The sensing transducer can be 

placed at various points on the specimen to determine the properties of various regions of 

the specimen . The variations in the material properties are measured and quantified in 

terms of the stress wave factor (SWF) [1.8] which is defined in many ways such as 

ringdown count, peak voltage, signal rise time, and energy. In the ringdown method the 

SWF is defined as the number of ringdown oscillations per waveform measured above a 

threshold voltage, which is usually set just above the noise floor. Peak voltage SWF 
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measures the peak to peak voltage of the signal detected by the receiving transducer. The 

SWF can also be defined based on the energy (given by the square of root mean square 

voltage). Usually the SWF values are normalized to correlate to the material property 
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Figure 1.1. Schematic of the basic instrumentation and arrangement used in the acousto- 
ultrasonic approach. 
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Chapter 2 - Fiber optic sensors 

2.1 Introduction 

Fiber optic sensors are rapidly replacing existing conventional electrical and mechanical 

sensors and are finding a permanent place in industry. Optical fiber sensors owe this 

enormous growth to two factors: reduced cost and superior performance. With a surge in 

the application of fiber optics in the telecommunications industry, the cost of fiber 

components and opto-electronic devices, essential for fiber sensors, is drastically reducing. 

Superior performance coupled with technological advancements led to the wide use of fiber 

optic sensors for measuring environmental parameters such as strain, pressure, vibration, 

acceleration, electric fields, magnetic fields, rotation, temperature, current and acoustics 

[2.1]. 

Optical fiber sensors offer several advantages over their electronic counterparts: 

¢ Light weight and small size, 

¢ Immunity to electromagnetic interference, 
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¢ Wide bandwidth, 

¢ High sensitivity, 

¢ Environmental ruggedness, 

¢ Multiplexing capability, 

¢ Large temperature sustenance, and 

e Ease of embedding, 

Because of these inherent advantages, fiber sensors are also finding increasing use in novel 

technologies like Smart Materials and Structures, and Intelligent Vehicles and Highway 

Systems (IVHS). In Smart Materials and Skins, the sensors are embedded into the 

structure for monitoring the long term health of the systems [2.2]. Such on-line monitoring 

is utilized for maintenance of the engineering structures, thus, enhancing the life time of 

the structures. In IVHS, sensors are embedded in the highway for monitoring traffic flow, 

speed of vehicles, and weight in motion, thus playing a significant role in traffic 

management. 

2.2 Classification 

Various types of fiber sensors have been cited in the literature [2.3]. Optical fiber sensors 

can be broadly classified into intrinsic and extrinsic fiber optic sensors depending on 

whether the sensing region is inside or outside the fiber respectively. Other important 

subclasses are intensity modulated and phase modulated or interferometric sensors, 

depending upon how the guided light through the optical fiber is modulated by external 

perturbation. Fig. 2.1 illustrates different types of extrinsic and intrinsic based fiber 

sensors and their applications. 
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Figure 2.1. Classification of fiber optic sensors [2.4]. 

2.2.1 Intensity based sensors 

  

Fiber optic sensors 

 



In intensity based sensors the intensity of the guided light through the optical fiber is 

modulated by the external disturbance. However, variation in intensity of the transmitted 

light in the fiber is considerably less susceptible small environmental changes, henceforth 

reducing the noise. Also, significant modifications of the fiber are necessary for the 

fabrication of optical intensity sensors. Several of the fiber intensity sensor configurations 

have been proposed [2.1,2.4,2.5]. Compared to interferometric sensors, intensity based 

sensors tend to emphasize electrical passiveness, electromagnetic noise immunity, 

ruggedness, and versatility rather than higher sensitivity. 

Fiber optic intensity sensors can be further classified into hybrid and internal effect sensors 

depending upon whether the light intensity is modulated inside or outside the optical fiber 

[2.4]. Fig. 2.2(a) shows the classification of fiber optic intensity sensors. Hybrid sensors 

require special miniaturized devices at the endface of the fiber to modulate the intensity of 

the light. These devices are of various sizes and materials. In internal effect sensors, 

however, the intensity is modulated by the physicai dimensions of the fiber itself via 

mechanical manipulation. 

Hybrid fiber optic sensors are the largest class of fiber sensors because of the great variety 

of devices that can be attached to the sensors. Hybrid sensors can be further classified as 

light valve, scattering or the spectral sensors. In light valve sensors, the light exiting from 

the source fiber is intensity modulated by the external perturbation. This light is then 

coupled to another fiber or the same fiber by either reflection or transmission. The outputs 

of these sensors can be linear or nonlinear, and these types of sensors can also be used as 

on-off switches. 
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Scattering light sensors often generate a frequency modulated optical intensity or an optical 

spectral shift, and the sensor accuracy is not very much affected by intensity fluctuations of 

the source. Doppler effect scattering sensors measure the Doppler frequency shift of the 

light scattered back from moving particles and thus, can be used for flow velocity 

measurements. On the other hand, spectral sensors configurations use optical emission 

from the object to be monitored. The simplest form of spectral sensor is the temperature 

sensor based on blackbody radiation of the heated fiber tip [2.6]. 

Optical intensity is modulated inside the fiber itself in the internal effect fiber intensity 

sensors. The two main classes of internal effect sensors are the microbending and the 

fiberdyne sensors. The optical power in a multimode fiber, redistributes among the various 

modes when the fiber is bent, twisted or perturbed. Modal filters can then used to measure 

this redistribution of power. This is known as the fiberdyne effect and has been used to 

develop a fluid flowmeter [2.7]. 

In microbending sensors the guided light in the core of the fiber is coupled into the cladding 

when the fiber is subjected a periodic microbending. If the cladding modes are prevented 

from coupling back to the core, the transmission loss of the guided light will be a function 

of the microbends [2.8]. 

2.2.2 Interferometric sensors 

Phase modulated or interferometric sensors offer orders of magnitude increased sensitivity 

over intensity based sensors. The principle of interferometric sensors is the fringe pattern 

obtained when two coherent light beams, ideally from a single frequency source, 

interfere. The intensity of the interference signal is a function of the phase difference 
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between the two beams. The phase difference between the beams, in turn, is a function of 

the external perturbation and varies as the sine of the phase difference. In optical fibers the 

external perturbation causes a change in the refractive index of the core of the fiber or in its 

length. 

A change in the refractive index or the length of the fiber affects the phase of the guided 

light. Thus, by isolating one beam (reference beam) from external perturbation, and 

subjecting the other beam (sensing beam) to perturbation, the intensity of the interference 

signal is a function of the perturbation. Hence, fiber optic interferometric sensors usually 

are comprised of two fibers: a reference fiber and a sensing fiber. The optical power 

through the fibers is combined by fiber optic couplers. 

Fig 2.2(b) shows the different types of interferometric sensors. The four classical 

interferometers, the Mach-Zehnder, Michelson, Sagnac, and Fabry-Perot interferometers, 

have both bulk and fiber configurations. The fiber optic counterparts use directional 

couplers, mirrors, joints, polarizers, phase modulators and frequency shifters [2.9]. Two 

beam interferometry allows the measurement of extremely small differential phase shifts in 

the optical fiber generated by the measurand. Moss et al (1971) have determined periodic 

displacements of 10-!4 m and the detectability is limited by the shot-noise of the 

photodetector [2.10]. 

Several techniques have been achieved for linearization of the transfer function of the 

interferometers. They are the (i) active homodyne, (ii) passive homodyne, and (iii) 

heterodyne techniques. In the active homodyne technique, a piezoelectric based fiber optic 

phase modulator is incorporated in the reference arm to maintain the sensor at the 

quadrature point or the point of maximum sensitivity. A servo system is then used to lock 
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the interferometer and the amplitude of the peak phase is obtained by band pass filtering at 

the signal frequency. 

Interferometers can be configured to produce two outputs which vary as a quadrature 

function of the phase difference between the reference and the signal arm. The two signals 

are then filtered through a high pass filter and are combined to produce an output signal that 

is independent of signal fading [2.11]. Heterodyne and pseudo-heterodyne methods have a 

infinite phase tracking range and are free from signal fading problems. In this method the 

light in one of the arm of the interferometer is frequency shifted with respect to the other 

(done by a Bragg cell). The carrier is phase modulated by the signal which is demodulated 

at the output of the interferometer. The next section describes a very sensitive and 

geometrically versatile interferometric sensor. 

2.3 Extrinsic Fabry-Perot Interferometer (EFPI) 

Fiber optic Fabry-Perot (FP) sensors are very sensitive to temperature, mechanical 

vibration, acoustic waves, and magnetic fields [2.12]. Several techniques to fabricate a FP 

cavity exist. FP cavities have been created by Bragg gratings, air-glass interface for 

reflection and a pair of semi-reflective splices at locations in a continuous length of fiber. 

When air is the medium in the FP cavity, it is termed as extrinsic Fabry-Perot 

interferometer (EFPI), otherwise, it is termed as intrinsic Fabry-Perot interferometer 

(IFPI). The next subsections describe the construction of an EFPI and the theory of its 

operation. 

2.3.1 Sensor construction 
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The main advantages of the extrinsic configuration over the intrinsic method are the 

avoidance of polarization problems and the detection of axial strain components. Fig. 2.3 

shows the schematic of an EFPI and the setup for the operation of the interferometer. Light 

from a monochromatic source is launched into one arm of a bi-directional coupler while the 

other arm has a photodetector attached to it. The coupler is fabricated from an optical fiber 

that is singlemode at the wavelength of the light emitted by the source. The third arm of the 

coupler is used to fabricate the sensor. A low-finesse cavity is formed by the singlemode 

fiber that acts as the input/output fiber and a multimode fiber whose only purpose is to 

serve as a reflector [2.13]. The other end of the multimode fiber is shattered to prevent any 

reflections. The FP cavity formed by the endfaces of the singlemode and multimode fiber is 

placed a in hollow silica tube and the ends of the tube are glued to the fibers using epoxy. 

The distance between the two epoxied points is known as the gage length and the air gap 

between the endfaces of the singlemode and multimode fiber is called as the gap separation. 

2.3.2 Theory of operation 

The endfaces of the singlemode and the multimode fibers form glass/air and air/glass 

interface respectively. This results in Fresnel reflection from the two endfaces. The 

reflection R1 (reference reflection) from the singlemode endface and the reflection R2 

(signal reflection) from the multimode endface interfere in the input/output fiber. Even 

though there are multiple reflections in the FP cavity, they are neglected because of the low- 

finesse. 

External perturbation on the sensor causes the two fibers to move longitudinally with 

respect to each other. This displacement results in a change in the phase difference between 

the two signals, R1 and R2. The change in the phase difference modulates the intensity of 
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light through the input/output fiber. This variation in the intensity is monitored by the 

photodetector attached to the bi-directional coupler. 
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Figure 2.3. Schematic of an EFPI and the setup for the operation of the interferometer. 

The coherent plane wave detected at the output of the sensor can be approximately 

represented in terms of its complex amplitude Uj (x, z, t), given by 

U, = A,exp(jo,;), i = 1, 2, (1) 

where the variable Aj can be a function of the transverse coordinate x and the distance 

traveled z and the subscripts i = 1, 2 stand for the reference and sensing reflections 
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respectively. Assuming the reflection coefficient A] = A, the sensing reflection can be 

approximated by the relation 

ta 

at 2stan(sin*(NA)) 
  

A, =A > (2) 

    

where a is the fiber core radius, t is the transmission coefficient of the air/glass interface 

(0.98), s is the air-gap separation, and NA is the numerical aperture of the singlemode 

fiber. The observed intensity at the detector is a superposition of the two amplitudes and is 

given by 

lig = |U, + U,|" = A, + A, + 2A,A,cos( ¢, ~ $,), (3a) 

which can be rewritten as 

    

2 

2ta 42s ta 

Veet = A’|1 —— 

* Taal ay) A )+| sacar (3b) 

where we have assumed that 61 = 0 and 62 = 4ns/A and A is the wavelength of operation in 

free space [2.13]. Fig. 2.4 shows the plot of intensity of the signal at the detectur versus 

the air-gap separation of the EFPI. 
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Figure 2.4, Plot of intensity of the signal at the detector versus the air-gap separation of the 
EFPI. 
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Chapter 3 - Surface acoustic wave detection 

3.1 Introduction 

It is well known that prior to structural failure, microfractures develop and propagate in the 

structure [3.1]. These microfractures release acoustic energy caused by the sudden 

localized changes in the stresses in the material [3.2]. The acoustic energy propagate to the 

surface of the structure and traverse along the surface of the specimen. These waves that 

travel along the surface of the structure are known as surface acoustic waves (SAW), or 

Rayleigh waves after Lord Rayleigh (John Strutt) who first discovered this phenomenon. 

Monitoring acoustic emission (AE) events is essential for anticipating catastrophic structural 

failures. Surface acoustic waves produced by AE provide a way for evaluating the 

structure or material without damaging it. The advantage of using SAW over bulk waves 

produced inside the material is that it is a surface phenomenon, thus facilitating easier 

access, probing, and measurement. Also, the attenuation of SAW is very less compared to 

the attenuation of bulk waves, thus, sensor sensitivity requirements are not that severe. 
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Piezoelectric transducers (PZT) have been traditionally used to detect surface acoustic 

waves. However, current research has shown the feasibility of using optical fiber sensors 

for detection of acoustic/ultrasonic pulses. An optical fiber-based acoustic ultrasonic stress 

wave sensor has been demonstrated [3.3]. Optical fiber sensors provide higher sensitivity, 

immunity to electromagnetic radiation, higher operating temperatures and no resonant 

frequencies as compared to a PZT. 

Particle motion associated with SAW exhibits elliptical retrogate paths and can be 

decomposed into two orthogonal components. One component moves in the direction of 

the wave and parallel to the surface of the structure and the other moves normal to the 

surface. SAW frequencies usually range from 20 kHz to 2 MHz with amplitude levels in 

the sub-angstroms range. The next section describes a non-contact optical fiber-based 

interferometric technique for measuring the absolute amplitudes of SAW. 

3.2 Absolute SAW amplitude measurement using a hybrid interferometer 

Interferometric sensors depend on the path length difference between the reference and 

sensing signals, and are thus more sensitive than other fiber sensors. This section 

describes a hybrid interferometer incorporating secondary phase modulation for measuring 

absolute SAW amplitudes. The interferometer uses a PZT cylinder to modulate the SAW 

signal induced on the specimen under test. 

3.2.1 Hybrid interferometer 
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The hybrid interferometer comprises the combination of a classical Michelson and a Mach- 

Zehnder interferometer. Fig. 3.1 shows the experimental arrangement of the hybrid 

interferometer. Light from a Helium-Neon laser operating at 633 nm is split by a balk optic 

beam splitter after passing through a collimator. The beam splitter is coated with anti- 

reflection coating to avoid back reflection into the laser. One of the two beams is launched 

into one input of a 3 dB, 2X2 coupler that is fabricated from a singlemode fiber with a 

cutoff wavelength of 633 nm. This arm is referred to as the reference arm. The other beam 

from the beam splitter is reflected from the specimen on which the SAW is launched. This 

reflection, after passing through the beam splitter, is launched into the second input port of 

the coupler. This arm is referred to as the sensing arm. One of the input arms of the 

coupler is wound round a piezoelectric transducer cylinder. 
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Figure 3.1. Experimental setup of the hybrid interferometer. 
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The interference between the light guided in the sensing and the reference arm is monitored 

at one of the output ports of the coupler using an avalanche photodiode (APD). The 

interference signal detected by the APD is amplified by a broadband amplifier and observed 

on the oscilloscope. Acoustic emission signals are simulated on the material using a PZT 

mounted on wedge at an angle of 30° driven by a gated amplifier. A function generator is 

used to provide the input signal to the gated amplifier. The signals are triggered by the 

gated amplifier. 

3.2.2 Calibration of the PZT modulator 

Two beam interferometry is extensively used for measuring small differential phase shifts 

caused by the perturbation being measured. The optical phase delay (in radians) of the light 

guided through a fiber is given by 

o = nkL, (3.1) 

where n is the refractive index of the core of the fiber, k is the wave number (27/A, A 

being the wavelength), and L the physical length of the fiber. Small variations in phase can 

be expressed as 

(3.2) 

Thus phase can be changed by changing the physical length of the fiber. The PZT cylinder 

is used to change the phase of the signal through one arm of the interferometer. The 
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intensity of the output interference signal at one of the output ports of the coupler is then 

given by 

1=I, + 1, + 2yL1,cos(9, - 9,), (3.3) 

where Ij and I9 are the intensities of the light guided through the reference arm, and the 

sensing arm, and oy and gs are the phases of the reference arm and the sensing arm. The 

differential phase shift Ad = oy - os in the interferometer is separated into a signal term of 

amplitude $s and angular frequency @s and a slowly varying phase shift dg. The output of 

the interferometer can then be written as 

I=], +1, +2yI,Lcos(, + 9,sino,t). (3.4) 

Several techniques exist for retrieving the signal information in the presence of a slowly 

varying phase drift. They can be broadly classified as active homodyne, passive 

homodyne and heterodyne detection [3.4]. Active homodyne technique requires a PZT 

feedback mechanism to stabilize the interferometer. Heterodyne detection requires an 

optical frequency shifter and therefore is more complex to implement. 

A number of demodulation schemes exist in the passive homodyne detection technique. 

These include the Jg(null), J| (max), J1 (null), J1/J2, and the J1..34 technique [3.5]. The 

J1..J4 technique allows direct linear readout of the dynamic phase shifts in a no feedback, 

no phase bias interferometer. The instantaneous voltage at the APD can be written in terms 

of Bessel function Jp(x) of the first kind [3.5]: 
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{3.(¢.) + 23 J,4(4, )eos(2n0,t)}cos(¢,(t)) . 

V(t)=A+Bl | 
{2.5 J,..4(4,)sin[(2n-1)o,t]}sin(,(t)) 

» 3.5) 

where A = 2v and B = 2vb (with v being the voltage due to either of the fiber outputs and b 

the interferometer mixing efficiency), ds is the modulation depth and $o(t) is the random 

phase shift due to ambient temperature and pressure variations. Using the recurrence 

relation between Bessel functions of the first kind, 

  

2iJ, (x) 
x= — (3.6) 

J,.4(x) + J,.,(x) 

x can be determined without any phase bias as 

2 a 4i(i + 1)V,V,., (3.7) 
(V, 

1 + Vi.o)(V;., + Vie) 

where i > 1, Vj is the voltage amplitude of the ith frequency component. When i = 2, the 

phase strength is given by 

_ 24V.V, 
% = tov + V,)(V, + V,) (3.8) 

  

  

By passing the output of the interferometer through a spectrum analyzer, the amplitude of 

the phase signal can be obtained unambiguously. Since sin($o(t)) and cos (@o(t)) do not 

appear in Equation 3.8, it implies that random phase drifts, polarization drifts, fringe 
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contrast variations and intensity fluctuations of the laser do not affect the readout of the 

phase amplitude. 

For measuring the phase shift produced by the interferometer, the PZT cylinder was driven 

by a sinusoidal signal at 800 kHz using a function generator. The interferometer was 

operated without the SAW signals. The drive voltage to the PZT cylinder was varied and 

the phase shift was measured using Equation 3.4. Fig. 3.2 shows a typical time domain 

and frequency domain plot of the interferometer. Fig. 3.3 shows a plot of the measured 

phase shift versus the drive voltage (calibration curve) to the PZT cylinder for two 

independent trials. Phase shift coefficients (PSC) of 2.3 radians/volt were measured. 

  
Figure 3.2. A typical time domain and frequency domain plot of the output of the 

interferometer when the PZT cylinder is driven by a sinusoidal input. 
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In the next, step the drive voltage on the PZT cylinder was set corresponding to a phase 

shift of 0.1 radians. The acoustic pulses were induced into an aluminum specimen using a 

PZT driven by the gated amplifier. 
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Figure 3.3. Calibration curve of the PZT cylinder. 

3.2.3 Demodulation of the SAW signal 

The PZT mounted on the wedge was driven by ultrasonic pulses from the gated amplifier at 

a frequency of 1.2 MHz to induce SAW on the aluminum specimen. The phase due to the 

SAW signal is modulated by the phase due to PZT modulator. The instantaneous voltage at 

the photodetector can now be written as 
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V(t) = A + Beos(,(t) + 9,(t)+ ,(t)), (3.9) 

where A = 2v and B 2vb (with v being the voltage due to either of the two fiber outputs and 

b is the fringe visibility), d¢(t) = Lcos(@ct), L is the modulation depth and Wc is the angular 

frequency of the carrier, s(t) = Mcos(@st), M is the modulation depth and @s is the 

angular frequency of the SAW signal and $o(t) is the random phase drift. Bessel functions 

Jn(x) of the first kind can be used to expand Equation 3.9. 

The expansion combined with recurrence relation for Jn can be used to determine the phase 

shift due to the SAW signal as 

  M = {%) 3} (3.10) 

where Vc and Vs are the voltage amplitudes of the carrier and the SAW signal respectively. 

All the random phase drift factors associated with the source, the interferometer, and the 

detector circuitry are eliminated by cancellation of common factors in the voltage 

amplitudes. This expression utilizes an approximation of the Bessel function magnitude for 

low values of argument (phase shift) in contrast to the JO.J2 technique [3.6]. The drive 

voltage is varied on the PZT and the phase shift is measured from Equation 3.10. Fig. 3.4 

shows a typical time domain and frequency domain plots of the output of the 

interferometer. Fig. 3.5 shows the plot of the phase shift generated by the SAW versus the 

drive voltage to the PZT producing the SAW, for three independent trials. Phase shifts of 

10-30 milliradians were measured. 

The phase shift in a Michelson interferometer is given by 
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2n(path difference) 
x > 
  Ao = (3.11) 

where i is the wavelength (633 nm) of the source. The SAW amplitude is then given by A 

= path difference / 2. Fig. 3.6 shows the plot of the SAW amplitude versus PZT drive 

voltage. SAW amplitudes in the range 5- 15 angstroms were measured. The detection of 

such low amplitude signal requires the inclusion of a broadband preamplifier. 

  
Figure 3.4. A typical time and frequency domain plot of the output of the interferometer 

with the SAW signal modulated over the PZT cylinder signal. 
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Figure 3.5. A plot of the phase shift generated by the SAW versus the drive voltage to the 
drive voltage to the PZT. 

3.3 Broadband preamplifier design 

The minimum detectable surface acoustic wave amplitude is limited by the signal to noise 

ratio of the complete fiber optic system comprising the laser and its drive electronics, the 

sensor (EFPI sensor), the photodetector and the detection electronics. Detection of low 

amplitude SAW signals can be achieved by minimizing the sources of noise. Generally in a 

fiber optic sensor system, the noises can arise from the laser, the detector and preamplifier 

electronic noise. Mentioned below are the major sources of noises in an EFPI fiber optic 

system. 
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Laser noise : Laser noise can be classified into source intensity fluctuations and wavelength 

fluctuations. For an optical interferometer such as an EFPI fiber sensor, wavelength 

fluctuations give rise to a noise called the phase noise. Source intensity fluctuations and 

phase noise are usually caused by a number of factors, such as the spontaneous emission 

and electron-hole recombination, back reflection and mode jumping. 
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Figure 3.6. A plot of the SAW amplitude versus PZT drive voltage. 

Electronic noise : Electronic noise can be classified into thermal noise, shot noise, dark 

noise and flicker or 1/f noise. While thermal, shot and dark noises are white noises 

(Gaussian in nature) flicker noise is not a white noise. 
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Thermal noise : In any resistive material, such as a resistor or a piece of semiconductor, the 

average kinetic energy possessed by the electrons and holes, or the free charge carriers, is 

equal to KT, where K is the Boltzman's constant equal to 1.38 X 10-23 J/K and T is the 

absolute temperature in Kelvin. These moving charges even in the absence of an electric 

field, generate an electric current whose mean value is zero, thus producing a fluctuating 

voltage across the material. Thermal noise in a PIN photodiode manifests itself as a mean 

square current noise given by 

= (3.13) 

where R is the load resistance across the photodiode and B is the bandwidth. 

Shot noise : In a PIN photodiode the current produced when an optical power is incident on 

it is statistical in nature, in that there is a fluctuation in the number of charge carriers. 

Schottky showed that the noise current known as shot noise has a mean square value given 

by 

i? = 2eBL,, (3.14) 

where Ip is the average photocurrent and ¢ is the electronic charge. 

Dark noise : The photodiode dark current is the current that flows due to the thermally 

generated electrons and holes in the pn junction of the photodiode. The mean square value 

of the dark current is given by 

i? = 2eBI,, (3.15) 
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where Iq is the dark current in the photodiode. 

Flicker or 1/f noise : Flicker noise manifests itself as variations in electrical conductance 

and is inversely proportional to the frequency, and is thus dominant in semiconductors at 

low frequencies. This has been attributed to the rate of thermal generation of charge 

Carriers. 

In the fiber sensor system, the variation of the optical power level at the detector is 

monitored using a direct detection scheme. The signal to noise ratio of the system at the 

detector after combining the noise sources is given by 

S t 
N 4KTB. 

2eB(I, + Ty) + RR + 2. 
(3.16)   

  

To obtain high bandwidths, the capacitance's due to the detector and the amplifier are to be 

minimized. The reciprocal of the time constant must be greater than, or equal to, the post 

detection bandwidth B; 

1 
2aRC 2 B, (3.17) 

where RI, is the load resistance across the detector and CT is the total capacitance. 

Assuming the capacitance's are minimized, the other parameter which affects B is the load 

resistance. To increase B it is necessary to reduce RL, which, in turn, introduces a thermal 

noise penalty. A trade-off therefore exists between the maximum bandwidth and the level 

of thermal noise which may be tolerated. 

Three basic amplifier configurations are frequently used in optical fiber communication 

receivers. The simplest and the most common of them is the voltage amplifier that uses an 
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effective input resistance. The second configuration consists of a high input impedance 

amplifier together with a large detector bias in order to reduce the effect of thermal noise. 

However, this configuration tends to degrade the frequency response. The third 

configuration overcomes the drawbacks of the high input impedance amplifier with 

negative feedback. The device therefore operates as a current mode amplifier 
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Figure 3.7. Circuit diagram for the preamplifier system. 

Fig. 3.7 shows the circuit diagram for the preamplifier system. The circuit is comprised of 

two stages, a transimpedance stage and a gain stage. The transimpedance stage uses a low 

noise operational amplifier (LF353) with a feedback resistance of 8.21 KQ and a feedback 

capacitance of 2 .F. The feedback capacitor is used to remove the effect of "gain peeking" 
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usually observed in transimpedance amplifiers. The transimpedance stage has been 

optimized for maximum gain while ensuring minimum noise for a 3 dB bandwidth of 1.5 

MHz. 10 uF capacitors were used to decouple the puwer supply leads connected to the 

chips. 

The transimpedance stage is followed by two stages of a passive RC low-pass filter with a 

3 dB bandwidth of 2 MHz to reduce the noise. The second stage is a voltage amplification 

stage with a gain of 200, making use of a high bandwidth operational amplifier AD849 

(720 MHz unity gain bandwidth). Two stages of the RC filter similar to the ones used 

before the second stage were added to further decrease the noise. The decoupling 

Capacitors, the photodiode, and the resistors were placed close to the chip leads to avoid 

stray capacitance's. The sensitivity of the system was measured to be 0.86 V/uW and the 

noise floor, when shielded from external radiation, was observed to be 18 mV. The signal 

to noise ratio for the system was measured to be 57 dB 

3.3.1 Theoretical minimum detectable gap change of an EFPI sensor 

The output of an EFPI is given by Equation 3.3. The first two terms constitute the dc 

component and the third term constitutes the ac compcnent. If Po is the power entering the 

EFPI then the maximum power seen at the detector end due to the reflections is 

approximately 0.04Pp5 (4% Fresnel reflection at glass/air interface) for small air gaps 

considering 3 dB loss of the 2x2 coupler. When the sensor is operated at the Q-point, the 

optical power becomes 0.02Pp9. This static optical power produces a dc current at the 

photodetector given by, 

I, = a(0.02P,), (3.18) 
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where © is the responsivity of the photodetector. This current causes an rms. shot noise 

given by 

Licise = 4{2eBI,, = /0.04ceBP, , (3.19) 

where e is the electronic charge and B is the bandwidth of the preamplifier system. If the 

acoustic wave is sinusoidal, then the rms air gap difference AL/(2) 1/2 gives an rms signal 

current given by [3.7] 

20,(0.02P, )AL 
i. =aP. = ——_— =: 3.20 sig sig rV2 ( ) 

where A is the wavelength of the source. Equating signal and noise currents to determine 

the minimum optical path change between the endface reflections we get 

AL = n., 8B _ (3.21) 
0.02aP, 

substituting A = 830 nm, B = 1.5 MHz, a = 0.5 A/W and for an input power of 1 mW we 

get the minimum detectable path difference, AL = 1.28 A°®. 

3.3.2 Practical minimum detectable optical path change 

An EFPI sensor was fabricated with a gage length of 1 cm and a gap separation of 20 um. 

The peak to peak noise floor measured out of the preamplifier was 40 mV with the laser 
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An EFPI sensor was fabricated with a gage length of 1 cm and a gap separation of 20 um. 

The peak to peak noise floor measured out of the preamplifier was 40 mV with the laser 

switched on. The sensor was strained so that it passed through several fringes. Fig. 3.8 

shows the output from the optical preamplifier due to the straining of the EFPI sensor. 
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Figure 3.8. Output of an EFPI sensor. 

For calculating the practical minimum detectable air gap change, various points on the 

waveform are marked on a theoretical curve in Fig. 3.9. Referring to the plot, the signal 

can be represented by 

V,+ V,) | (V: - V,) 

2 2 
  V= v, eM in(g + o,) = ( sin( + 6,), (3.21) 
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where ¢o corresponds to the phase at the operating point of the sensor and V1 and V2 are 

the voltages as shown in Fig 3.9. Taking the derivative of the above equation and 

realranging we get 

  

2 dV 

do = (-- - V, lox + 55] (3.22) 

VOLTAGE <— p>] 

¢ 
V2 

Vs 0 

ty | t 1 
@ PHASE 

Figure 3.9. Theoretical curve for calculation of minimum detectable air gap change of an 
EFPI sensor. 

  

      
  

If S is the gap separation of the two endfaces of the EFPI sensor then we infer that 

4x dS dg = ——, (3.23)   

where dS corresponds to the dynamic gap variation due to random noise. Substituting 

Equation 3.23 in Equation 3.22 and rearranging we obtain 

(2 Yay av 
ds = [ -V, BE. + =} (3.24) 
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It was observed that V2 = 2 V, V1 =0.34 V and substituting A = 830 nm, dV = 40 mV and 

calculating 6p = 0.91 rad (observing V=0.51 V), we obtain practical dS = 58.4 A®°. If the 

sensor is operated at the Q point then the minimum detectable gap change becomes 35.4 A°®. 

Recall that this is based on the bandwidth of approximately 1.5 MHz, so the minimum 

detectable signal amplitude per root Hertz is approximaiely 0.003 A°. 
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Chapter 4 - Experimental arrangements, results and discussion 

Material property determination by nondestructive means is increasing especially for in- 

process and in-service inspection of structural and electronic materials and components. 

Fiber optic sensors are proving to be a viable option for detecting imperfections in materials 

and structures [4.1, 4.2, 4.3]. This chapter describes the experimental setups and 

discusses the obtained results of pencil lead break tests, speed and attenuation 

measurement, and directional sensitivity of the EFPI sensor for material evaluation. 

4.1 Pencil lead break tests 

Several methods exist for simulating acoustic emission in materials. The most commonly 

used method to generate acoustic waves in materials is the Pentel pencil lead break. This is 

usually done by breaking a 0.3 mm diameter 2H material lead at an angle of 30° to the 

surface of the specimen on which the acoustic emission is being simulated. Fracture of a 

pencil lead causes a monopolar event which takes place as the load on the surface is 
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released [4.3]. Pencil lead fracture tests can be made repeatable by using jigs which 

ensure that a constant length of lead and angle is maintained [4.4]. 

An extrinsic Fabry-Perot interferometric sensor was fabricated for use in the pencil lead 

break tests. The EFPI was attached to the surface of a composite specimen (31 cm X 9.5 

cm X 0.62 cm graphite bismalliumuth panel) using glycerin as the couplant. To maintain 

the sensor at the Q-point a piece of masking tape was attached to the multimode end of the 

sensor and strained until the Q-point was attained. Initially several trials of pencil lead 

fracture were performed with a 2 mm diameter lead of length 4mm. The data was captured 

on the scope by triggering the signals with a default threshold voltage. Fig. 4.1 shows the 

experimental arrangement for the pencil lead break tests. It was observed that low 

frequencies dominated the signal detected by the lead fracture. Major components were 

found to be around 400 Hz and 20 kHz, which could be due to the contribution of the low 

frequency flexural waves and the vibration modes of the composite specimen. 

Oscilloscope 

     

    
      

Preamplifier 

EFPI 
yw me 

Pencil lea 

  

SHE UTTTETTTTE 

Composite specimen 

Figure 4.1. Experimental arrangement for the pencil lead break tests. 
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Pencil leads of diameters 0.5 mm and length 5 mm were broken about 2 cms away from the 

sensor along its longitudinal axis. It was observed after several trials that a frequency 

centered around 20 kHz was a significant contributor to the acoustic signal. However, 

higher frequency signals were not observed even when a Fourier transform was performed 

on selective sections of the time domain signal. This was attributed to the presence of the 

masking tape on the multimode fiber end of the sensor. 
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Figure 4.2. Typical time and frequency domain plot due to a pencil lead fracture. 

After removing the masking tape several pencil leads were fractured in the vicinity of the 

sensor. The acoustic emissions from the fracture were observed on the oscilloscope. Fig. 

4.2 shows a typical time and frequency domain plot of the signal detected due to the 

fracture. The major contributions for the detected acoustic signal were centered around 220 

kHz and 400 kHz. To further quantify the acoustic signals 0.7 mm and 0.5 mm pencil 
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leads of lengths 3 mm were fractured at an angle of 30° to the surface of the composite 

specimen at about 1 cm away from the sensor along the longitudinal axis of the sensor. 

Fourier transforms were performed on the obtained signals and all the frequency peaks 

above a threshold of 5 mV were noted for ten pencil lead breaks. Figure 4.3a and 4.3b 

shows the data obtained for 0.7 mm and 0.5 mm lead fractures respectively. It can be seen 

from the plots that the major contributions of the signal are centered around 20 kHz, 240 

kHz and 440 kHz. It was observed that there were no significant differences in the 

frequency components for the 0.7 and 0.5 mm pencil lead fractures. However, the average 

magnitude of the signals at each frequency is larger for 0.7 mm pencil lead breaks than that 

    

  
  

        

for 0.5 mm pencil lead breaks. 
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Figure 4.3. (a) Frequency plot for 0.7 mm pencil lead fracture. (b) Frequency plot for 0.5 
mm pencil lead fracture. 

4.2 Speed and attenuation measurements 

Ultrasonic velocity is known to be a good measure of crystallographic texture. 

Precipitates, flaws, alternate phases affect the ultrasonic velocity. For instance, cast iron is 
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an alloy like steel but with a huge excess of carbon precipitated as graphite [4.5]. The 

morphology of graphite is the principle source of velocity variations in cast iron. The 

morphology varies from large thin flakes to tight little spheres. Thus, the shape of the 

graphite is one of the factors that determines the strength of the iron. Conversely, the 

strength of a material can be determined by measuring the velocity and attenuation of 

ultrasonic waves in the material. 
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Figure 4.4, Experimental setup for measuring the speed and attenuation. 

Fig. 4.4 shows the experimental setup for measuring the speed and attenuation of 

ultrasonic pulses in aluminum (31 inches X 48 inches X 0.2 inches) and composite (31 cm 

X 9.5 cm X 0.62 cm) specimens. Ultrasonic pulses at a frequency of 1.2 MHz are induced 

into the specimen under test by a PZT driven by a gated amplifier. An EFPI sensor is 

placed on the specimen to detect the acoustic signals. Glycerin was used as the couplant to 

couple the acoustic energy to the sensor. 
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The speed was calculated by measuring the time difference between the arrival times of two 

acoustic waves when the source was placed at two locations separated by a known 

distance. The same procedure was repeated on the composite panel. Fig. 4.5 shows the 

response of the EFPI sensor when it is interrogated with an SAW input pulse (1.2 MHz) at 

two different locations along the axis of the sensor. Notice the difference in arrival times 

which allows the calculation of the speed of acoustic emission waves induced onto the 

aluminum or composite specimen. Table 1 tabulates the experimental data and the derived 

speeds of the ultrasonic waves in aluminum and the composite specimens. 
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Figure 4.5. Response of the EFPI sensor at two different locations of the PZT. 
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To determine the wavelength of the surface acoustic waves in composite and the aluminum 

the sensor was interrogated with three different frequencies (1.2, 1.3 and 1.4 MHz). The 

frequencies were in the vicinity of 1.2 MHz because the piezoelectric transducer exhibited 

resonance at that frequency. The speed of the acoustic signals is dependent on the 

properties of the material through which it propagates and is independent of the frequency 
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of the acoustic emission. The wavelengths were calculated from the speeds derived in 

Table 1. Table 2 summarizes the obtained results. 

Table 1. Comparison of surface acoustic wave speeds in aluminum and composite. 

  

  

          

Material Distance between the | Difference in arrival | Calculated speed 

two source points times 

Aluminum 1 inch (2.54 cms) 8.75 Us 2903 m/s 

Composite 1 inch (2.54 cms) 15.70 Ls 1618 m/s 
  

Table 2. Comparison of surface acoustic wavelengths in aluminum and composite. 

  

  

  

    

Frequency of interrogation Calculated wavelength in Calculated wavelength in 

aluminum composite 

1.2 MHz 2.42 mm 1.34 mm 

1.3 MHz 2.23 mm 1.24 mm 

1.4 MHz 2.07 mm 1.15 mm         
Composites are nonisotropic in nature because of their crossed multilayer structure. This 

anisotropic property may result in the variation of surface acoustic wave speed on the 

direction with respect to the fibers in the composite. To study this effect, an experiment 

was conducted on a graphite-epoxy composite specimen 31 X 9.5 X 0.62 cm in 

dimensions. Three arcs were drawn on the panel each separated by 0.5 inches and they 

were divided into ten angles from 0° to 90° as shown in Fig. 4.4. One arc was used to 
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place the sensor and the other two arcs were used to place the PZT source that generates the 

surface acoustic waves. The time difference between the arrival times of the two signals 

due to the different locations of the PZT source were observed for different angles and the 

speeds were calculated. Table 3 summarizes the obtained results. 

Table 3. Variation of SAW speed with respect to x axis. 

  

  

  

  

  

  

  

  

  

  

    

Angle (degrees) Time delay (Us) Speed (m/s) 

0 10.6 1198 

10 11.8 1076 

20 8.8 1443 

30 _11.6 1095 

40 10.9 1165 

50 10.9 1165 

60 10.4 1221 

70 11.2 1134 

80 11 1154 

90 8 1587         

No variations in the speed of the SAW have been observed within an experimental accuracy 

in time delay of 3 ps. Anisotrpy of composites can be verified by measuring large time 

delays. 

For ultrasonic attenuation in a polycrystalline engineering material, the attenuation consists 

of the sum of scattering by flaws, scattering by grains, absorption by various mechanisms, 
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beam spreading, and instrumental effects. The study of changes in ultrasonic velocity or 

attenuation with residual or applied stresses is known as acoustoelasticity. 

Attenuation measurements were performed on the experimental setup shown in Fig. 4.4. A 

large aluminum plate was used to characterize the attenuation of SAW in aluminum. The 

large plate was used to eliminate back reflections from the ends of the aluminum plate 

which could cause an undesirable standing wave pattern. Initially the sensor was aisplaced 

with respect to the SAW source, which resulted in different sensing conditions for different 

readings. The response of the of the sensor largely depended on the amount of glycerin 

used on the sensor for efficient strain transfer. 
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Figure 4.6. Attenuation curves for (a) aluminum (b) composite specimens. 

Dist ance 

Thus, it was decided to displace the source with respect to the sensor (keeping the sensing 

conditions intact), rather than the sensor with respect to the source. Fig. 4.6a shows the 

normalized response of the sensor versus the distance between the sensor and the source 
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for the aluminum specimen. The attenuation of the plane sinusoidal wave of small 

amplitude is exponential in nature and is given by 

P(x) = P.exp(-ax), (4.1) 

where Po is the pressure amplitude at the origin, o is the attenuation coefficient and x is the 

distance from the sensor. Fig. 4.6b shows the attenuation curve for a composite specimen. 

The attenuation coefficients were calculated to be 0.06 cm=! and 0.49 cmr! for aluminum 

and composite materials respectively. Thus we conclude that the surface acoustic waves 

attenuate much faster in a composite panel than in aluminum. This is consistent with the 

theory that the attenuation coefficient of ultrasonic waves is inversely proportional to the 

velocity of propagation. 

4.3 Directional sensitivity of an EFPI sensor 

The response of the sensor to the direction of the source of the acoustic emission is 

important for qualitative detection of SAW and some applications such as impact location 

detection. Fig. 4.4 shows the experimental setup for the study of the directional response 

of the EFPI sensor to SAW. Lines were drawn from the center of a semicircle towards the 

circumference having a spacing of 5° on a section of the aluminum panel. The piezoelectric 

transducer mounted on the wedge was then placed at the intersection points of the lines and 

the circumference and tangential to the lines from the center of the semicircle. Ultrasonic 

signals were induced into the aluminum sample. 

Several sensors with gage lengths equal to 1 cm were fabricated and tested for directional 

sensitivity. The output voltage (p-p) from the sensor was observed for the different angles 
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of the SAW source with respect to the sensor. Each observation was an average of one 

thousand samples. It was observed that the signal sensed by the EFPI sensor was not an 

exact replica of the exponentially decaying sinusoidal input pulse to the PZT, but a cosine 

amplitude modulated signal of the input pulse. This was attributed to the fact that the time 

taken by the input pulse to travel from one end of the EFPI sensor to the other end was 

comparable to the pulse width. To obtain a close match between the detected EFPI signal 

and the input pulse, the time taken by the pulse to traverse the EFPI sensor was made very 

small compared to the pulse width. This was achieved by fabricating sensors with gage 

lengths comparable to the wavelength of perturbation. Thus, an EFPI sensor was 

fabricated with a 2 mm gage length and tested for directional responsivity. 

The EFPI sensor is sensitive only to the strain along the length of the sensor. The EFPI 

sensor has the minimum response when the gage length is an integer multiple of the 

wavelength and maximum response when the gage length is an integer multiple of the 

wavelength plus half the wavelength. Mathematically this can be represented by 

G.L = NA, minimum response 

4.2 
G.L C2) NA + *, maximum response. 

where G.L. stands for the gage length of the sensor, N is an integer and A is the 

wavelength of the SAW in the medium. Using the above relation, a theoretical model can 

be developed for the response of the sensor. The figure below can be used to develop a 

model for the directional sensitivity of the EFPI sensor. 
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PZT mounted 
on a wedge 

  
  

EFPI Sensor 

The EFPI sensor responds only to the strain along its longitudinal axis. Thus the EFPI 

sensor senses only the component of the input pulse along the sensor. As the EFPI sensor 

senses only the component along the longitudinal axis (Acos(®)) of the sensor Equation 

4.2 can be rewritten as 

=N+y, (4.3) 

where y is the variable proportional to the response and varies between 0 and 1. The 

response of the sensor is minimum when y = 0 and maximum when y = 0.5 and when y is 

greater than 0.5 the response of the sensor is given by 1- y. Even though variable y gives 

the response of the sensor, it does not consider the component of the amplitude of the SAW 

sensed by the sensor which varies as cos(®). Thus the complete response of the sensor is 

given by ycos(®). A computer program was written to calculate the response of the 

sensor. Fig. 4.7 shows the theoretical and practical curve for the EFPI sensor. There is an 

excellent agreement between the measured and calculated curves. 
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Figure 4.7. Directional sensitivity of an EFPI sensor to SAW. 
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Chapter 5 - Conclusions and future directions 

5.1 Conclusions 

A noncontact hybrid interferometer has been demonstrated for measuring absolute 

amplitudes of surface acoustic waves (SAW). Calibration of the piezoelectric transducer 

(PZT) cylinder has been performed using the J1..J4 spectrum analysis technique. A phase 

shifting coefficient (PSC) of 2.26 rad/V has been measured for the PZT cylinder. The 

JO/J2 spectrum analysis technique is used for demodulating the SAW signal from the 

interferometer. Phase shifts of 5 - 30 mrads corresponding to SAW amplitudes of 5 - 15 

A° have been measured. 

A broadband preamplifier was designed to replace the avalanche photodiode used in the 

interferometer. The system was designed with a bandwidth of 1.5 MHz and the sensitivity 

of the system was measured to be 0.82 V/uW. Theoretical and practical minimum 

detectable air gap change for an EFPI were calculated to be 1.2 A° and 35 A° respectively. 

Better minimum detectable air gap changes can be achieved by improving the detection 
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electronics. An improvement would be to design a tunable broadband preamplifier to 

reduce the noise. 

Several EFPI sensors were fabricated for use in material characterization tests. Pencil lead 

tests were performed to simulate acoustic emission in a composite specimen to determine 

their frequency range. It was observed that the acoustic emission frequencies weve in the 

range 20 - 500 kHz. Also, consistent results were obtained for different pencil lead break 

tests on the graphite bismalliumuth composite specimen. While there was no difference in 

the acoustic emission frequency range for the 0.5 and 0.7 mm pencil fractures, however, 

the average magnitude of the frequency peaks was higher for the 0.7 mm pencil lead 

fracture. This could be due to the greater amount of force required to break a thicker pencil 

is more. 

SAW speeds were measured on aluminum and composites. SAW speeds were calculated 

to be 2903 and 1618 m/s. It was observed that the speed of SAW is greater in aluminum 

than in composite specimen. This is due to the morphology of the graphite present in the 

composite specimen. The ultrasonic velocity varies with average graphite morvhology 

fairly linearly over its linear range [4.5]. Also the graphite morphology is a function of the 

strength of the material, thus making the study of speed measurements in materials more 

important. 

Attenuation coefficients of 0.06 and 0.49 cm™! were measured for aluminum and 

composite specimens. The attenuation is greater in the composite specimen roughly by a 

factor of 10. This is due to the amount of scattering of ultrasonic waves in composite 

materials. Ultrasonic scattering is dependent upon several factors such as frequency, grain 

size, grain size distribution, crystallographic anisotropy and microstructure. Thus, a family 
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of measurements will be necessary to correlate the attenuation coefficients to the material 

property. 

5.2 Future directions 

The experimental results presented have clearly demonstrated the use of optical fiber 

sensors in nondestructive evaluation of materials. Significant improvements can be made 

in the detection and quantitative measurements of low amplitude acoustic emission signals 

with the inclusion of 

° better detection electronics to improve the signal to noise ratio of the system, 

. better signal detection schemes to increase the minimum detectable phase shift, and 

° better sensor designs. 

Multiplexing 
architecture 

Detection 
electronics 

  

Figure 5.1. A structure incorporating multiplexed EFPI sensors. 

Optical fiber sensors can be used in the acousto-ultrasound approach for NDE to detect 

cracks and crack propagation. Fiber sensors can be embedded into the material during their 

fabrication. An array of sensors embedded in the material or a structure can be used for 

  

Conclusions and future directions 55



studying various material properties and damage detection. Fig. 5.1 illustrates a system 

incorporating several EFPI sensors. A single laser can be used as a source for several 

sensors. Various multiplexing architectures can be used depending on the parameters to be 

measured by the sensors. Such a system can be used to detect cracks, structural damages, 

impacts and to predict impact locations. 
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