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ABSTRACT

The amount of Carbon Fibre Reinforced Composites (CFRCs) used in the 
aerospace industry has increased over the last few years and laser based 
ultrasound has already become an established non-destructive testing technique 
for these materials. In the commercialised system, a TEA C 02 laser (10.6pm) is 
used for the generation of ultrasound and a Fabry-Perot interferometer for its 
detection. However, as this thesis will present, the Nd:YAG laser (1.064pm) is a 
more efficient way to generate ultrasound and interesting results using the 308nm 
wavelength of the XeCl excimer laser in the same role will also be presented. In 
general, this thesis investigates experimentally the ultrasonic generation 
mechanism in CFRC using the three above mentioned laser sources.

According to the incident laser energy used for the ultrasonic generation, 
two regimes are distinguished: a) the thermoelastic regime (low energy densities) 
and b) the ablation regime (high energy densities).

In the thermoelastic regime, there is no damage to the material. The laser 
beam is focused on to the surface of the sample, causing it to expand rapidly, in 
times that are comparable to the rise time of the laser pulse. For non-metallic 
materials, (which is the case of CFRCs), the whole phenomenon is dominated by 
the optical absorption depth. The latter is of the order of several microns up to a 
few millimetres and is determined by the properties of the material itself and the 
laser wavelength used.

In CFRCs, the superficial layer of epoxy resin is typically 50-100pm 
thick. One of the objectives of this study was to evaluate its role in the generation 
mechanism. For this reason, experiments are presented on pure epoxy resin 
samples improving our current insight into the laser ultrasonic generation 
mechanism in non-metals. At the Nd:YAG wavelength the epoxy is transparent 
and acts as a constrained layer. At the TEA C 02 wavelength both the epoxy and 
the underlying fibres absorb strongly. The same happens with the XeCl excimer 
but in this case there is ablative photo-decomposition of the superficial resin 
giving a stronger longitudinal source (although there is ablation, <lpm of resin is 
removed and it is likely that the mechanical properties of the CFRC are 
unaffected).



C H A P T E R  I

GENERAL INTRODUCTION

1.1 Introduction
Using ultrasound for the testing of materials is a powerful, well 

established and relatively simple technique: Ultrasound propagates into the inner 

structure of materials giving information about their properties, thickness and 

possible defects, to name but a few of the current applications. The generation of 

the ultrasound is usually made using contact devices such as piezoelectric 

transducers. The major advantage of Laser Based Ultrasound (LBU) (Davies et 

al. 1993) compared to transducers is that the technique is non-contact (and in 

some cases completely remote) which, practically, means that it is couplant free 

and it is also easily adapted to curved surfaces and regions with limited access. 

This property of the technique gives it a unique advantage especially in the case 

where inspection is needed in hostile environments such as high temperature 

furnaces, or radioactive chambers. In addition, LBU is effective on any kind of 

material.
Composite media and especially Carbon Fibre Reinforced Composites 

(CFRC) present great interest both from technological and scientific points of 

view. From a technological point of view, there is a growing held ot applications 

that ranges from the manufacturing of hi-tech tennis rackets to aircraft. From the 

scientific point of view, CFRCs are highly anisotropic and inhomogeneous 

materials where the propagation of ultrasound poses difficult problems.

In the aerospace industry in particular, various different tests are required 

in order to guarantee the safety of an aircraft and composites are being 

increasingly used due to the materials’ high strength to weight ratio. The 

difficulty associated with the inspection of composites brings LBU to the focus 

of attention, as it is able to test CFRCs non-destructively. In the existing 

industrialised system, ultrasound is generated using a high power pulsed laser 

(TEA C 02) and is detected by a Fabry-Perot interferometer (Monchalin et al. 

1997).



?

Nevertheless, LBU has several drawbacks as well: The incident energy of 

the laser beam must be below the damage threshold of the material, otherwise, 

unwanted damage is provoked and the technique cannot be characterised as non

destructive. In addition, the sensitivity of LBU is still limited compared to other 

techniques, which is partly attributed to the ultrasonic generation mechanism in 

non-metals. On this subject, there are also problems related to the use of the TEA 

CO2 laser for ultrasonic generation: this particular type of laser is cumbersome 

and the laser wavelength cannot be fibre coupled. For these reasons, in the 

present study, three different types of pulsed lasers were used: A mid-IR emitting 

TEA CO2 laser (10.6pm), a near-IR emitting Nd:YAG laser (1.064pm) and a UV 

emitting XeCl excimer laser (308nm). The absolute amplitude of the ultrasound 

was measured by means of a Michelson interferometer.

1.2 Background

According to the incident laser energy used for the ultrasonic generation, 

two regimes are distinguished (Dewhurst et al. 1982): a) the thermoelastic regime 

and b) the ablation regime.

In the low power thermoelastic regime, there is no damage to the 

material. The laser beam is focused on to the surface of the sample, causing it to 

expand rapidly, in times that are comparable to the rise time of the laser pulse 

(Rose 1984). The introduction of the expanded volume into the material induces 

stresses and strains and because of the short duration of the pulse (which, for 

pulsed lasers, is of the range of 10ns -100ns) they produce ultrasonic waves. In 

metals, the incident laser radiation is absorbed in the thin electromagnetic skin 

depth, which is of the order of 5-10nm. Due to thermal diffusion the ultrasonic 

source is extended to a total of ~lpm (Doyle 1986). In the case of non-metallic 

materials (such as CFRCs), the absorption of the laser radiation is determined by 

the absorption coefficient and it takes place within the optical absorption depth. 

The latter is one to three orders of magnitude greater than the affected depth in 

metals and is a function of the optical properties of the material itself and the 

laser wavelength used. As a consequence, a bigger volume of the material is 

affected, the temperature rise is less and the amplitude of the longitudinal wave is
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greater (Aindow 1986). This condition is referred to as a buried thermoelastic 

source. Since CFRCs are made of carbon fibres embedded in epoxy resin, the 

optical absorption depth of both influences the ultrasonic generation mechanism. 

Thus, different sorts of buried sources are produced on the same material due to 

the different laser wavelengths used, as will be shown in this study.

In the ablation regime (at high laser energy), the ultrasonic generation 

mechanism differs greatly (Krehl et al. 1975). There is plasma formation and the 

sample is damaged. The ultrasound in this case is due to the recoil force exerted 

by the ejected matter and the pressure from the expanding plasma (Dewhurst et 

al. 1982). In this regime, stronger longitudinal amplitudes are produced but the 

technique is not truly non-destructive as a small damage pit is created and the 

ablation rate (the amount of material ablated per pulse) is related to the laser 

characteristics (wavelength, pulse duration, incident energy) and the properties ot 

the material (optical absorption depth, chemical composition); in some 

applications it may be considered as insignificant damage compared to the 

increased sensitivity in this regime.

1.3 Choice of lasers
The aim of the present study is to investigate the ultrasonic generation 

mechanism in CFRCs as related to the laser wavelength. The choice of laser 

wavelengths was based on the previous discussion: The 10.6pm wavelength 

(TEA C02) is the one used currently and would be a standard for comparison. 

The 1.064pm (Nd:YAG) has been used in the past and it is still used in some 

applications of LBU (such as elastic constants measurement). The 308nm 

wavelength (XeCl excimer) hasn’t been used previously for non-destructive 

testing of CFRCs, to the author’s knowledge. UV radiation is known to interact 

with polymers (such as the epoxy resin of the composite material matrix) in a 

different way than IR lasers: UV is able to excite and break intermolecular bonds 

relying on a photo-chemical mechanism in order to ablate material with limited 

thermal effects (Srinivasan 1984). It is also known that the ablation threshold at 

the UV spectral region is very low (a few mJ) and so is the ablation rate (<0.1pm 

per pulse).
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Additional reasons for the choice of laser wavelengths were that both the 

1.064|im and the 308nm can be fibre coupled to facilitate the laser beam delivery 

and to answer safety problems. Nd:YAG lasers in particular are becoming less 

expensive, portable and can be tripled or quadrupled in frequency to emit in the 

UV range.

1.4 Structure of the thesis

A brief literature review on LBU, focused on the subject of non-metals 

and especially on CFRCs will be presented in chapter 2. Useful information 

about composite materials will be given as well. Some background for the 

generation of ultrasound in solids will be presented in chapter 3, as well as the 

experimental setup used with the three generating lasers. Part of the same chapter 

will provide details on the various samples and their preparation procedures.

Chapters 4, 5 and 6 present epicentral waveforms from experiments on a 

unidirectional CFRC sample using the NckYAG, the TEA CCb and the XeCI 

excimer respectively. In order to evaluate the importance of the epoxy resin in 

the ultrasonic generation mechanism, experiments on pure epoxy resin samples 

were carried out as well. Using the 1-D model described in Edwards et al. 

(2003)’ for the thermoelastic source in non-metals, a method for calculating the 

optical absorption depth based only on ultrasound measurements will also be 

presented in chapter 5. Following this method, the optical absorption depth of 

various epoxy resins for the I0.6|im and the 308nm laser wavelength will be 

deduced and the results will be used to investigate the ultrasonic generation 

mechanism. In chapter 7 the results from the previous chapters will be compared, 

firstly in order to determine the most efficient laser for the generation of 

ultrasound in CFRCs and then to understand the generation mechanism in each 

case.

The experiments in the aforementioned chapters are related to the 

epicentre because CFRCs are highly anisotropic which affects the propagation of 

ultrasound in the material but not the generation mechanism. By limiting the 

study to the epicentre the effects of anisotropy are limited and the generation

’ The model is described in detail in appendix B.
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mechanism can be studied more easily. Off-epicentre the recorded waveforms 

are more difficult to interpret. The effect of anisotropy on the propagation of 

ultrasound will be discussed in chapter 8 where experiments performed off- 

epicentre will be presented. Finally, the conclusions from this study and possible 

future work will be presented in chapter 9.
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C H A P T E R  2

LASER BASED ULTRASOUND IN CFRC

2.1 Literature review
This section aims to place the present study within the scope of the 

current developments in laser generation and laser detection of ultrasound. A 

summary of the historic background in the field of LBU will be given with an 

emphasis on the scientific and technological advances in non-destructive testing 

of composite materials where the state of the art will be presented. More detailed 

literature reviews can be found in Hutchins (1988), Scruby and Drain (1990), 

Davies et al. (1993) and Dewhurst and Shan (1999).

Generation of acoustic waves by absorption of light, -in other words the 

photoacoustic effect- was first reported by Alexander Graham Bell in 1881. In 

his article, Bell (1881) reported that modulated light focused on a material 

produced sound. The effect was forgotten for several decades because of lack of 

an appropriate quantitative detection system (Bell was using his ear). Almost 50 

years afterwards, with the invention of microphones, the photoacoustic effect 

was given a new lease of life. Shortly after the invention of the laser in 1960, 

laser pulses were used to enhance the photoacoustic generation. In White (1963a) 

the generation of acoustic waves in solids by means of a pulsed ruby laser was 

reported. In White (1963b) there was a theoretical interpretation of the 

phenomenon and a 1-D theoretical model for a heating pulse of uniform power 

density and one with a harmonically varying power density: elastic waves could 

be generated due to localised heating of a solid’s surface. In the same article the 

author discusses the possibility of generating ultrasound’ in solids and its 

possible applications.
In metals (Scruby et al. 1980, Dewhurst et al. 1982) the laser radiation is 

absorbed at the electromagnetic skin depth (5-10nm) and the ultrasonic source 

can be modelled as a surface centre of expansion (Rose 1984). Using Rose’s

The frequency range of ultrasound is between 20kHz and 1GHz (Scruby and Drain 1990, p.2).
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model, a negative step at the longitudinal arrival is predicted. However, 

experimental results showed a positive precursor. Doyle (1986) included thermal 

diffusion in his model (which extends the ultrasonic source to a total of ~l(im) 

and thus explained the experimentally observed spike.

In non-metals the whole phenomenon is dominated by the optical 

absorption depth which can vary from a few microns to several millimetres and 

is mutually dependent on the material’s properties and the laser wavelength used. 

Thus, the ultrasonic source can no longer be approximated to a surface centre of 

expansion. Several authors have included optical absorption depth in their 

thermoelastic source models (Goumay 1966, Bushnell and McCloskey 1968, Hu 

1969, Wetsel 1986, Telschow and Conant 1990, Dubois et al. 1994a). All these 

models have assumed Heaviside time dependence for the buried vertical source 

component and predicted monopolar pulses for the displacement in the free 

surface case. But the vertical expansion of the free surface occurs simultaneously 

with the laser heating and the vertical forces are only exerted during this rapid 

motion and therefore must have 8-function time dependence as pointed out in 

Edwards et al. 2003. This last article explains how in the free-surface case the 

displacement is the derivative of the applied force and should therefore be 

bipolar (see appendix B).

The rapid development of fibre reinforced plastics during the past 50 

years coincided with the historic development of laser ultrasound as described 

above. Ultrasound using transducers was already established as a non-destructive 

testing method. However, safety crucial applications such as aerospace and the 

automotive industry combined with the difficulty in testing composites brought 

LBU to the focus of attention. Nd:YAG lasers were one of the first candidates 

since they had already been well adapted in industrial environments. Pulsed 

lasers generate broadband ultrasonic output where the bandwidth depends on 

their pulse duration. This can be an advantage of laser ultrasound compared to 

other techniques. However, when the materials to be tested are highly attenuative 

(such as CFRCs) combined with detection systems with limited frequency 

bandwidths, broadband generation might cause problems. Q-switched NckYAG 

lasers have typical pulse duration of 10-20ns corresponding to a frequency range
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of 100-50MHz. The above described problem is considered in Addison et al. 

(1988) and ways are investigated “...to narrow the bandwidth trom that obtained 

with a Nd:YAG Q-switched laser so as to concentrate the ultrasonic energy in the 

range of frequencies below 10MHz that are most useful tor NDE applications . 

In Tittmann et al. (1989), a system is presented for inspection of CFRCs using a 

Nd:YAG: Q-switched laser for broadband generation of ultrasound and 

modulated cw for narrow-band generation. They comment, however, that the 

signal-to-noise ratio of the Q-switched laser is better than with the cw. The 

following year, the same group (Tittmann et al. 1990) presented a LBU system 

for CFRC inspection, based on a Q-switched laser for the generation and a 

Confocal Fabry-Perot interferometer for the detection of ultrasound. Huber and 

Green (1991) presented their system based also on a Nd:YAG tor generation and 

a heterodyne interferometer for detection.
In an attempt to increase the sensitivity of LBU, Wagner (1993) gave an 

account of the factors that could be improved. Firstly he mentions the laser 

source parameters: the laser wavelength and pulse duration. The former has to do 

with the way that radiation will be absorbed in the material, whether in the 

thermoelastic regime, in the ablation regime or a constrained surface case. The 

latter would influence the generation mechanism but also the ultrasonic 

bandwidth of the produced signal. Appropriate tailoring of the bandwidth is 

needed according to the detection system used so as to ensure that valuable 

signal energy is not lost. As mentioned in the same article, improvement of the 

detection system is also needed to achieve better sensitivity.

The following years brought major developments in both the detection 

and generation systems. Taylor et al. (1990) presented the TEA C 02 as a laser for 

the generation of ultrasound in polymers. The 10.6pm radiation ot the laser is 

strongly absorbed by the polymer and the generation is based on a buried 

thermoelastic source which produces large amplitude longitudinal waves. Since 

CFRCs have a polymer matrix, the TEA C 02 was offered to replace the 

Nd:YAG. In McKie and Addison (1994a) a system for rapid inspection of CFRC 

is presented and in the same article the generation efficiency of the Q-switched 

Nd:YAG is compared to the TEA C 02 laser. The detection system is a Confocal
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Fabry-Perot interferometer. From the comparison between the two generating 

lasers the authors conclude that “ ...the efficiency of ultrasonic generation in 

typical graphite epoxy parts was generally higher for irradiation with the 

Nd:YAG laser compared with that of the CCL laser, but the power density at 

which damage occurred was lower...”. In the same article it is mentioned that at 

1.064pm the superficial epoxy resin is transparent whereas at the 10.6pm it 

absorbs strongly. In Dubois et al. (1995), a two layer model is presented to 

investigate the generation mechanism at the 1,064pm since at this wavelength the 

superficial epoxy resin which is present in CFRCs and of typical thickness 

between 50-100pm, would act as a constraining layer. Later, Anastasi et al. 

(1998) presented a Q-switched Nd:YAG based system for remote generation of 

ultrasound in composites while remote detection is achieved by means of a 

Fabry-Perot interferometer.

Concerning the ultrasonic detection system, a significant improvement is 

presented in Monchalin et al. (1989): a method for broadband detection of 

ultrasound with increased response using the Fabry-Perot interferometer in 

reflection mode. A mathematical and physical description of the interferometer is 

described in Dewhurst and Shan (1994). In Shan et al. (1995) an optical detection 

system is described which uses again a Fabry-Perot interferometer but in a 

conjugate scheme (both reflected and transmitted light is used) for enhanced 

sensitivity and broadband detection. An industrialised system for the inspection 

of CFRCs with applications in the aerospace industries was presented 

(Monchalin 1993, Monchalin et al. 1997). The system uses a TEA CO2 laser for 

generating ultrasound and a Fabry-Perot for ultrasonic detection with optical 

bandwidth of 8MHz.

Dubois et al. (1993) investigated the optical absorption of a CFRC and an 

epoxy resin in the spectral region between 2.5-25pm. They presented and 

compared optical absorption spectra measured using three different methods: the 

saturation of the real part of the photoacoustic spectrum, the comparison of the 

spectra obtained with two different mirror velocities, and the calibration of the 

photoacoustic cell with a transmission measurement. The interesting result is that 

the absorption of radiation of the superficial epoxy resin is higher at the spectral
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region between 2-4pm. Following this study, Dubois et al. (2000) showed the 

possibility of increased generation efficiency using laser radiation in this spectral 

region. In the same article, they also showed the influence ot the pulse duration 

using the 1-D model from Dubois et al. (1994a) and showed that generation 

efficiency is increased by decreasing the laser pulse duration or increasing the 

optical absorption depth. Edwards et al. (2000) presented experimental results 

using a Nd:YAG laser with an Optical Parametric Oscillator (OPO) for ultrasonic 

generation and a Michelson interferometer for detection. The OPO was tuned to 

wavelengths of 2.9pm and 3.4pm and it was shown that ultrasonic generation is 

possible using these laser wavelenths. In Lorraine et al. (2000) experiments are 

also presented using OPO systems which were tuned to 3.3, 3.5, 3.8 and 4pm. In 

the same article comparative results are presented between the aforementioned 

laser wavelengths and 1.064pm (Nd:YAG), 523nm (frequency doubled 

Nd:YAG) and 10.6pm (TEA C02). The detection system was a 5MFlz 

piezoelectric transducer.
Just as 10.6pm radiation is strongly absorbed by polymers and thus 

generates ultrasound efficiently in CFRCs, UV is also strongly absorbed. There 

are a few studies which have used UV radiation to generate ultrasound. Most of 

them are investigating the mechanism for ablation in polymers. Gorodetsky et al. 

(1985) used calorimetric and acoustic methods to investigate the amount of 

energy remaining in the substrate during and after ablation of polyimide (PI) 

films and determined the thermal and photochemical aspect of ablation using 

excimer lasers. Dyer and Srinivasan (1986) presented waveforms using a XeCl 

excimer (308nm) and an ArF excimer (193nm) in various polymers in an attempt 

to determine the beginning of the ablation process. The detection system was a 

wide bandwidth PVDF’ piezoelectric transducer. Koren (1987) used a knife edge 

technique to investigate the shock wave produced by ablation of PI at 351nm, 

193nm and 10.6pm. For the same reason Leung and Tam (1992) used 248nm 

radiation to ablate PI and detected the generated ultrasonic wave by means of a 

PZT+ piezoelectric transducer. The knife-edge technique was also used by Dyer

PVDF=Polyvinylidene Fluoride 

f PZT=Lead (Pb) Zirconate Titanatc
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and Karnakis (1994) to determine the onset of ablation. In Dyer et al. (1996a) 

High Speed Shadow Photography (HSSP), Probe Beam Deflection (PBD) and 

Time Resolved Interferometry (TRI) techniques are used to provide information 

about the ablation process using an ArF excimer. Although the possibility of 

using the UV laser wavelength for non-destructive testing of polymers is 

mentioned in Dyer and Srinivasan (1986), excimer lasers for this purpose were 

used by Ghosh and Hurst (1988) who presented waveforms from poly-methyl

methacrylate (PMMA), recorded by means of a PVDF piezoelectric transducer. 

Tam and Coufal (1983) have also used UV radiation (337nm-N2 laser) for 

generating ultrasound in metals. Ultrasonic generation using UV radiation for the 

non-destructive testing of composite materials has not been reported previous to 

this study to the author’s knowledge.

2.2 Carbon Fibre Reinforced Composites (CFRC)

The use of composite materials is necessary -and in some cases vital- in 

applications where low weight, high strength, durability and thermal stability is 

of primary importance. Aerospace and aircraft industries are the first to have 

benefit from these advantages.

The high mechanical properties of fibre reinforced composites are a result 

of the high stiffness and strength of filamentary materials. It has been known 

from ancient times that materials made of fibres as well as laminates have 

increased strength; although each fibre individually might be brittle, the sum has 

remarkable mechanical properties. It is a statistical phenomenon: if one fibre 

fails, the crack does not propagate to the rest of the structure and the overall 

properties of the material remain practically unchanged. The constant demand in 

modem industry for materials with tailor-made properties and the development 

of thermosetting plastics has led to composite materials design (Ashby 1987): if 

the properties of the reinforcing material are known then laminates of different 

weave can be made and stacking them into appropriate directions results in a 

material with the desired properties (Jones 1994, chapter 4). Composites 

therefore present considerable design versatility.

In theory any fibrous material can be used as reinforcement for thermoset 

plastics and it all depends on the particular application. Carbon fibres are used
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when high strength and rigidity are mostly required while glass fibres are less 

expensive to produce and thus more commonly found. CFRCs are carbon fibres 

in an epoxy resin matrix. The choice ot the weave, the type of epoxy and the 

orientation of each layer give them their unique mechanical properties. The 

following subsections give a brief insight to the basic elements ot CFRCs -the 

carbon fibres and the epoxy resin matrix- which will help to define the problems 

related to their testing but also the means for a solution.

2.2.1 Carbon Fibre
Carbon fibres are manufactured from three different precursors: 

polyacrylonitrile (PAN), rayon and pitch. The samples used in this study were 

PAN based and hence this type will be described in more detail.

After the fabrication of the PAN precursor in the form of fibres, oxidation 

at 250°C stabilises the fibre form. Oxidised fibres are carbonised at 1500°C (for 

high tensile strength and intermediate modulus fibres) and graphitised at 2500 C 

(for high modulus fibres). During this procedure the most volatile element will 

evaporate leaving a fibre of 92% graphite. The thermal treatment is followed by a 

surface treatment to promote adhesion to matrix resins: the fibres are coated with 

a sizing resin (an aqueous dispersible epoxy resin to protect them during 

handling) and finally drying and winding takes place (Soficar, Jones 1994, 

section 1.6). The final product has high strength and modulus, is chemically 

stable, resistant to acids and solvents, with a small coefficient of linear 

expansion, good dimensional stability, and conductivity. Typical mechanical 

properties of PAN based carbon fibres can be found in Jones (1994, section 1.6).

Some of the most important high mechanical properties of the CFRCs are 

due to the microstructure of the carbon fibres. A tiny piece of a carbon fibre 

would look like graphite, but carbon fibres have less long-range ordering. 

Graphite is a stable crystalline form of carbon. It has hexagonal structure and the 

crystal is made of parallel hexagonal sheets. Although the bonds between the 

atoms of each hexagon are very strong, this is not the case for the bonds that 

keep each sheet parallel to the other which is why, unlike carbon fibres, graphite 

is more easily deformed. The hexagonal structure of graphite is also found in 

carbon fibres but instead of parallel planes they consist of ribbons of carbon
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Figure 2.1 Schematic 3D representation of structure in a high modulus PAN 
based carbon fibre (after Johnson 1987). On the left hand side is the surface of 
the fibre. The patches of wire structure show the hexagonal arrangement of the 
carbon atoms; each layer is ~3A apart from the next.

atoms aligned parallel to the axis of the fibres (Fig. 2.1). In the skin region the 

ribbons are essentially parallel to the surface but in the inner layers they fold to 

angles up to 180° in a hairpin fashion and thus they are interlinked in a complex 

way (Johnson 1987).

The crystal structure of the fibres makes them highly anisotropic: the 

properties parallel to the fibre axis are different from those normal to the axis. 

For unidirectional composites, where the fibres are aligned parallel to each other, 

the material is highly anisotropic as well: parallel to the fibres the properties are 

determined by the properties of the fibres and normal to the fibres the properties 

are determined by the matrix (Dorey 1987). The problems arising from 

anisotropy can be overcome by a laminate structure where the fibres in each 

layer of the composite would be oriented in different directions. Laminates are 

usually made of “prepregs”, which are thin (~ 100pm) sheets of fibres
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impregnated with partially cured resin. The fibres might also be woven in fabrics 

(Jones 1994, section 4.10).
An interesting property ot the carbon fibres to which special attention is 

drawn is the coefficient of thermal expansion: it is negative along the direction ot 

the fibres (-1-0.5x10_6K‘i) and positive (25-35xl0'6K'') normal to this direction 

(Goodfellow). Such thermal properties make CFRCs ideal for some applications 

(for example space structures where the extreme thermal gradients have to be 

taken into account). In contrast, the negative coefficient of expansion ot the 

fibres along one direction -which is unusual for most solids-, means that the resin 

system chosen to be reinforced with carbon fibres must be capable of absorbing 

this strain. It also means that there is a possible source ot problems it localised 

thermal loading is applied as is the case with laser irradiation (see section 7.5).

Finally, the optical absorption depth in the three laser wavelengths used 

in the present study is of great interest since the basic principal ot LBU relies on 

it. Palik (1991, pp.449-460) gives the coefficient of extinction (k) for graphite at 

various wavelengths and from the previous discussion the corresponding value 

for carbon fibres isn’t expected to be very different. The coefficient of extinction 

is related to the absorption coefficient (a) with the relation (Palik 1984, p.81):

where A is the wavelength of the light. The optical absorption depth is the inverse 

of the absorption coefficient and for the carbon fibres can be calculated as: a) 

~40nm at 1.064pm wavelength (Nd:YAG), b) ~115nm at 10.6pm wavelength 

(TEA C 02) and c) ~15nm at 308nm. Given the fact that the typical diameter of 

carbon fibres is 5-8pm, it can be safely assumed that the absorption of the laser 

radiation is limited to the surface of the fibres.

2.2.2 Epoxy Resins
The role of the matrix in composite media is to transfer shear stresses 

between the fibres and support them under compression loading. Although the 

matrix and the fibres are comparatively brittle when examined individually, the 

combination is a material with properties superior to its components and one of 

the major reasons is that cracks do not travel straight across the composite but are
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diverted up the fibre-matrix interface. The type of bonding between the two 

materials determines the characteristics of the composite (Dorey 1987).

Epoxies are the most commonly used matrix for composites of high 

performance because they have low viscosity for fibre impregnation, they show 

high reactivity on curing and the curing process can be controlled chemically 

without volatile formation. One of the most important advantages of this type of 

resin is the low shrinkage (1-2%) during cure (Jones 1994, section 2.4). The 

resulting cured material has excellent mechanical, chemical and electrical 

properties.

Epoxy resins are thermosetting polymers which contain two or more 

epoxide groups: or more generally glycidyl g r o u p s i Q ^ ^ ^ ^ ^ - , ^ ^

per molecule. The uncured, usually liquid, resins can be cured or cross-linked by 

reaction with an appropriate curing agent (hardener) for which reason epoxies are 

also referred to as “chemosets” (Weatherhead 1980, chapter 11). The hardeners 

can be acid anhydrides, amines or polyamides and may require heat to react. 

They generally act by opening the epoxide ring and become chemically bound 

into the resin in the process. Other hardeners can cause self polymerisation of the 

epoxy resin through the epoxide groups (Weatherhead 1980, chapter 12). The 

choice of the curing system depends on the desired properties of the end product. 

Generally, an optimisation must be made to achieve a fibre-matrix bond strong 

enough to support loads in shear or compression and flexible enough to avoid 

brittleness (Dorey 1987).

The importance of the matrix when studying CFRCs can be understood 

by the volume fraction of the fibres, which is typically ~60% of the total volume 

of the composite, depending on the application. In addition, CFRCs usually have 

a superficial layer of epoxy resin of 50- 100pm thickness. Considering that the 

laser generated ultrasonic source is either at the surface or very close to it, the 

properties of the epoxy resins are important and will be studied in detail.
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BASICPINCIPLES AND EXPERIMENTAL SETUP

3.1 Basic principles

The characteristics of laser generation of ultrasound will be briefly 

described to set the basis for the analysis ot experimental results presented in the 

following chapters.

To generate ultrasound, the beam of a pulsed laser is focused on to the 

surface of the sample and according to the incident laser energy two regimes are 

distinguished: a) the thermoelastic regime and b) the ablation regime. The case ot 

constraining the surface of the sample will also be considered.

3.1.1 Thermoelastic regime

In the low power thermoelastic regime, there is no damage to the 

material. The absorption of the laser radiation is causing a localised temperature 

rise and the sample is forced to expand rapidly, in times that are comparable to 

the rise time of the laser pulse (Rose 1984). The introduction of the expanded 

volume into the material induces stresses and strains and because of the short 

duration of the laser pulse (between 10ns -100ns) elastic waves are generated. 

Both bulk waves* (longitudinal and shear) and surface waves (Achenbach 1973, 

chapters 5&7) propagate through the sample. The duration of the laser pulse and 

the thermal and elastic parameters of the irradiated material determine the 

frequency content of the generated signal and give a broadband characteristic to 

LBU: the shorter the pulse, the broader the frequency range and the smaller the 

size of defects can be detected. However, in cases where the material tested is 

highly attenuative (like CFRCs) an optimisation is needed between generated 

frequency (and ultimately laser pulse duration) and amplitude ot the generated 
signal.

C H A P T E R  3

A brief introduction on the propagation of bulk waves in solids is given in appendix A.
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If a point source of expansion is assumed within the bulk of the material 

then three pairs of orthogonal force dipoles are introduced. Such a centre of 

expansion generates only longitudinal waves (Achenbach 1973, p. 101)

In metals, the incident laser radiation is absorbed in the thin 

electromagnetic skin depth, which is of the order of 5-10nm (Fig.3.1 a). In this 

case the ultrasonic source can be approximated to a surface centre of expansion. 

There are only two remaining orthogonal force dipoles that appear suddenly in 

the sample’s volume. Scruby et al. (1980) and Rose (1984) have modelled the 

epicentral displacement of such a source and predicted a negative step at the 

arrival of the longitudinal wave associated with the lateral forces. These forces 

have Heaviside time dependence because cooling of the material is a relatively 

slow procedure. The shear wave arrives later and it is marked by a positive step. 

In addition to the above described features, experimental results showed a 

positive spike at the longitudinal arrival (Fig. 3.1b). Doyle (1986) explained this 

behaviour by taking into account thermal diffusion which extends the ultrasonic 

source to a total of ~lpm. It is due to incomplete cancellation of contributions 

below the irradiated surface: assuming generation at one side of the sample and 

detection at the other, part of the signal from the buried source reaches the 

detector sooner as it is closer, while the other part travels towards the surface, is 

reflected there (hence the shift in phase) and then is detected at the opposite side.

In the case of non-metals (such as CFRCs), the absorption of the laser 

radiation is determined by the absorption coefficient and it takes place within the 

optical absorption depth (Scruby and Drain 1990). The latter is of the order of 

10-100pm and is a function of the optical properties of the material itself and the 

laser wavelength used. As a consequence, the heat is distributed to a bigger 

volume and the resulting temperature rise is less (Fig. 3.2a). In addition, the 

amplitude of the generated longitudinal pulse is greater. This condition is 

referred to as a buried thermoelastic source. In Edwards et al. (2003) a model is 

presented for the thermoelastic source in non-metals. The principal difference 

from previous models which had also considered optical absorption depth is that 

in this case the force dipole associated with the expansion of the surface is 

assumed to have 8-function time dependence as forces are only exerted during
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Metals
absorption depth ~10nm

(a)
Figure 3.1 (a) Thermoelastic regime in metals (b) epicentral waveform generated 
in aluminium by a Q-switched Nd:YAG focused to a ~2mm spot with 17.5mJ of 
energy. L=longitudinal, S=shear, 3L=lst longitudinal echo.

Non-metals
absorption depth 10- 100pm

(a)

Figure 3.2 (a) Thermoelastic regime in non-metals (b) epicentral waveform 
generated in PMMA by a TEA C 02 focused to a ~lmm spot with 47.5mJ of 
energy.
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the initial heating of the laser pulse and there is no material above to constrain 

the surface any longer after the initial expansion. With this assumption, the 

displacement is the derivative of the applied force and bipolar pulses are 

predicted for this displacement in accordance with experimental results (Fig. 

3.2b). In addition, the rise time of the longitudinal pulse reflects the exponential 

decay with depth of the temperature distribution and consequently of the optical 

absorption. The model is explained in more detail in appendix B.

3.1.2 Ablation regime

In the ablation regime (at high laser energy), the ultrasonic generation 

mechanism differs greatly (Krehl et al. 1975). There is plasma formation and the 

sample is damaged. The ultrasound in this case is due to the recoil force exerted 

by the ejected matter and the pressure from the expanding plasma (Fig. 3.3a). 

The boundary conditions are changed from those for the thermoelastic regime in 

the sense that the force normal to the surface is no longer zero and actually can 

be approximated with a force that has a fast rise time and slow fall (Dewhurst et 

al. 1982). In this regime, stronger longitudinal amplitudes are pro'duced but some 

damage to the material is caused. The change from the thermoelastic to the 

ablation regime is progressive as the incident laser energy increases. It can be 

observed in the recorded waveforms (see Fig. 3.3b and Dewhurst et al. 1982) as 

an initial increase of the longitudinal pulse which does not follow the linearity of 

the thermoelastic regime and corresponds to a weak plasma force with 8-function 

time dependence (Scruby and Drain 1990, section 5.9.2). As the laser energy 

increases further, the time dependence of the plasma force changes to a 

Fleaviside function and so does the displacement of the recorded waveforms 

(Knopoff 1958). At such high energy densities the plasma source is starting to 

become dense enough to absorb part of the incident radiation and partially 

“shield” the sample. As a result, the longitudinal amplitude stops increasing and 

if the laser energy is further increased and the plasma becomes appropriately 

dense then the longitudinal amplitude will start to decrease (Dewhurst et al. 

1982). Due to this phenomenon the ablation regime is non-linear.
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Figure 3.3 (a) Ablation regime (b) epicentre waveform generated in aluminium 
by a Q-switched Nd:YAG focused to a ~2mm spot with (b.l) 46mJ (weak 
plasma) and (b.2) 134.5mJ (strong plasma).
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3.1.3 Constrained surface

White (1963b) discusses the possibility of enhanced generation of elastic 

waves by constraining the surface of the material and thus changing the boundary 

conditions. There are two possible configurations: a) the constraining layer is 

transparent to the incident radiation (Fairand et al. 1974) and b) the constraining 

layer absorbs the laser radiation strongly. Ablation of the coating might be 

possible leaving the underlying sample unaffected (O’Keefe and Skeen 1972, 

Fox 1974). In some cases a transparent solid is placed above the absorbing 

constraining material (Anderholm 1970, Felix 1974). However, the configuration 

with the transparent constrained layer will be examined in more detail.

VonGutfeld and Melcher (1977) have shown the enhancement of the 

detected ultrasonic signal when a transparent constrained surface is used and its 

possible application to non-destructive testing. By introducing a transparent 

overlay with similar acoustic impedance with the rest of the material, the 

ultrasonic source is effectively buried at a depth equal to the thickness of the 

constraining surface. Once again there are three force dipoles exerted on the 

expanding volume since the boundary conditions are changed and the applied 

force normal to the surface has Heaviside time dependence. The displacement in 

this case has the same time dépendance as the applied force (see appendix B).

3.2 Experimental setup

The experimental setup used for capturing epicentral waveforms is shown 

in Fig. 3.4. The laser generator was: a) a Q-switched fundamental Nd:YAG 

(Spectron Laser Systems), b) a TEA CO2 laser (Coherent, Hull, Laserbrandl50) 

and c) a XeCl excimer (Lamda Physik). In order to keep the beam spot size 

between 0.02-0.03cm2, at all times, a combination of an iris and a focusing lens 

was used. Filters were used to control the energy of the incident beam for the 

experiments with the Nd:YAG and the TEA CO2 laser. In the case of the XeCl 

excimer laser a variable beamsplitter was used. The incident laser energy was 

measured by a Coherent LM-P5LP pyroelectic power-meter of ±5% accuracy. 

More extensive details for the laser generator in each case will be given in the 

corresponding chapters.
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3.2.1 Laser detection

Laser ultrasonic detection complements laser generation and makes the 

laser based technique remote. It also takes advantage of the broadband nature of 

the generated ultrasonic source. Nevertheless, the limitations in each system - 

generation and detection- should be well understood and considered when 

interpreting results. Thus, special attention should be paid to the detection system 

so that the generated signal can be fully exploited.

A modified Michelson interferometer was used to detect the absolute 

displacements (Fig. 3.5). The Michelson is an excellent interferometer for 

experiments in a laboratory environment where the ambient noise is limited and 

the surface of the samples can be treated to maximise the reflectance signal. 

Otherwise, in industrial environments with a lot ot background noise and 

samples with rough surface, a more suitable interferometer configuration such as 

a Confocal Fabry-Perot or an interferometer based on the photorefractive effect 

should be used (either a two wave mixing in photorefractive materials (Delaye et 

al. 1997) or based on the photo-EMF* phenomenon (Mitchell et al. 1996)).

The modified Michelson used in the present study has been described in 

detail in McKie (1987) and in Bushell et al. (1992). A brief description will be 

given below.

The basic principle of the Michelson is that a laser beam is split into two: 

a reference beam which is reflected by a mirror at the one end and a signal beam 

which is reflected from the sample’s surface at the other end. Assuming that the 

interferometric anus are at equal distances from the detector, then when the 

generated ultrasonic signal causes displacements at the detection side (Fig. 3.4), 

the path between the two beams changes. When the two beams are recombined, 

their constructive and destructive interference produces a fringe pattern which 

can be measured by a photodiode. In the modified Michelson used, the laser 

source was a diode pumped, 90mW, cw Nd:YAG laser (ADLAS 300) with a 

frequency doubler which corresponds to 532nm of emitted laser wavelength. The 

laser was operating in a single spatial and longitudinal mode to avoid mode

beating (Scruby and Drain 1990, section 3.5.2). In front of the laser beam

Electro-Motive Force (EMF)
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Laser

Oscilloscope
Figure 3.4 Experimental setup. B.F.= beam forming optics (iris and filters or 
attenuator), L = lens, F.D.= focal distance, S = sample.

Figure 3.5 Schematic representation of the modified Michelson interferometer. 
L=lens, M=mirror, PBS=Polarising Beam Splitter.
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there was a half wave plate and then a polarising beam splitter divided the beam 

in two equal parts. Both the reference and the signal beam pass through a quarter 

wave plate before being combined. This ensures that no radiation from the 

interferometer’s arms is directed back to the laser and also that all of the 

returning light is directed towards the detecting photodiodes. Maximum 

interference is achieved when the two amis of the interferometer are equal. The 

signal beam was focused tightly (spot size 5xl06cm2) on to the sample by means 

of a lens of 16cm focal distance. For measurements at the epicentre, the 

maximum angular error for samples of ~8mm thickness should therefore be less 

than 3°. The rise time of the detecting photodiodes was Ins and the rise time of 

the differential amplifier was 3ns. The combined system corresponded to an 

interferometric bandwidth of 80MHz, 4ns rise time and 20pm sensitivity.

There are two problems associated with the use of Michelson 

interferometers. The first one is that a good quality surface is generally required 

so that a bright speckle can be used as a signal beam. For this reason, the 

detection side of the sample was polished (for the CFRC sample on which the 

majority of experiments were conducted, in addition to the polishing, a thin 

(~lpm) film of aluminium was applied on the detection side). The second 

problem is the low frequency background noise. Techniques such as time-delay 

interferometry, where the two interfering beams are both reflected from the same 

spot at the surface, are relatively insensitive to ambient noise. Unfortunately this 

is not the case with the Michelson. In order to compensate for the low frequency 

background noise (up to ~2kFIz) the mirror of the reference beam was fitted on 

an electromagnetic vibrator which was linked with a feed back loop from the 

detection amplifier. The stabilisation system limits the low frequency end of the 

interferometer’s bandwidth.

The modified Michelson as described above measures the absolute 

displacement of the sample’s surface and is adjusted in such a way that positive 

displacement corresponds to movement towards the interferometer. It also has a 

fiat amplitude response over its bandwidth (Dewhurst and Shan 1999) and the 

detector’s output voltage (V) is related to the sample’s displacement (x) with the 

following equation (Scruby and Drain 1990, section 3.1.2):
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V = V+ V0 sin( (3.1)

where V is a DC bias, V0 is the peak to peak interference signal and X is the 

wavelength of the laser. Because a differential amplifier is used, any DC terms 

are removed. In addition, considering small displacements of the surface, the sine 

function can be replaced by the first two terms of its Taylor series expansion

( sin v = v - 1—-). It is useful to calculate the maximum displacement for which 
3!

the approximation can be further limited to the first term: 98% accuracy yields a 

value of 0.35rads for y and substituting the values for the specific experimental 

setup used it is found that it corresponds to ~15nm of displacement. This value is 

bigger than most of the displacements observed in the present study’ and for this 

reason equation 3.1 can be simplified to:

x  = X_V_
4/r Vn

(3.2)

Finally, the signal detected from the interferometer was recorded by 

means of a LeCroy9310 oscilloscope with data acquisition rate of 10ns per point. 

It has to be noted that this rate is lower than the one defined by the interferometer 

(4ns as mentioned previously) and thus is limiting the system’s temporal 

resolution. Averaging the signal would decrease this limit but for the experiments 

with CFRC samples this was not possible for two reasons. The first reason was 

the determination of the damage threshold by means of optical microscopy; after 

the irradiation the samples were observed under a microscope where pictures 

were taken and compared with those before irradiation. Thus, it was necessary 

that only a single laser shot was used for each captured waveform and each time

the energy of the generation laser was changed, the beam was directed to a fresh, 

non-irradiated spot. The second reason for using single shot measurements was 

the observation that there was a significant change in the amplitude of the

’ For displacement >15nm, as was the case for some waveforms recorded with the Nd:Y AG laser 

in the ablation regime (see Fig. 4.5c, Fig. 4.7a, Fig. 4.8a), equation 3.1 was used for the

calculations.
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generated signal from consecutive pulses when the laser energy exceeded the 

ablation threshold (see section 4.4 of the following chapter). The use of single 

shot measurements and the relative limitations imposed by the oscilloscope will 

be discussed in more detail in the experimental chapters.

Averaging over 10 consecutive pulses was possible with the experiments 

on pure epoxy resin samples. There was no need for determining the damage 

threshold by means of microscopy and no significant changes of the amplitude of 

the signal were observed. However, even when averaging was possible, each 

time the laser energy was changed, the beam was directed to a non-irradiated 

spot, to avoid phenomena related to any possible localised modifications of the 

sample.

In the following subsection, the effect of the detection bandwidth on the 

recorded waveforms will be discussed.

3.2.2 Effect of the detection bandwidth on the results

As will be seen in the experimental chapters, the frequency content of the 

generating lasers was extending from 10MHz to 60MHz depending on the laser’s 

pulse duration. This value also indicates the maximum frequency content of the 

generated ultrasound. The Michelson interferometer used has a bandwidth of 

80MHz meaning that it was capable of detecting the displacement at such high 

frequencies. Historically though, when laser based ultrasound was first thought 

of as a possible technique for CFRC inspection, the most promising 

interferometer for this application was the Confocal Fabry-Perot (CFP) operating 

in transmission mode (Monchalin 1985). Although the Michelson was better 

suited for laboratory applications, the CFP offered the advantage ot being able to 

detect ultrasound from rough surfaces, in an industrial environment and it was 

not particularly bulky (Monchalin 1986). Nevertheless, the CFP in transmission 

mode has a limited bandwidth (Dewhurst and Shan 1999). In the article by 

Monchalin (1986), this characteristic of the CFP is presented as an advantage and 

there was a good reason to think so: as mentioned by Wagner (1993), one ot the 

ways to enhance the detected signal-to-noise ratio is by decreasing the bandwidth 

of the detection system in an effort to eliminate noise. The difficulty in doing so
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is not to leave any significant signal energy out of the interferometer’s 

bandwidth.

Another way for increasing the sensitivity of LBU is by changing the 

wavelength of the generation laser. The TEA CO2 laser was a promising 

candidate initially, because at this wavelength there is strong absorption by the 

epoxy and the long pulse duration (compared to Q-switched Nd:YAG) insured 

that the frequency content of the generated signal would be within the limits of 

the detection system. The first (to the author’s knowledge) and one of the most 

important articles which compared the generation efficiency in CFRCs of the two 

aforementioned lasers, was the one by McKie and Addison (1994a). In this 

article the generation efficiency graph (longitudinal amplitude vs. energy) for the 

Nd:YAG laser shows an initial increase but then once the discoloration threshold 

is exceeded, the generated longitudinal amplitudes seem to become stable. This 

is not an expected behaviour. The longitudinal amplitude should continue to 

increase until the laser energy reaches such high levels that the plasma formed by 

the ablation of the material becomes so dense as to screen the sample from part 

of the laser pulse (see section 3.1.2). In the reported case, the maximum energy 

density’ of the laser is ~7.5MWcm 2 and the discoloration threshold after which 

the longitudinal amplitude seem to remain constant, was ~4.5MWcrrf2. However, 

in an earlier article by the same authors (McKie and Addison 1992), the 

discoloration threshold for a CFRC sample when irradiated by a Q-switched 

Nd:YAG of 15ns pulse duration, was reported as ~21MWcm'2 and the damage 

threshold as ~35MWcrrf2. The maximum energy density used in the present 

study was 150MWcm2 and the efficiency graph (Fig. 4.5c) shows that the 

longitudinal amplitude is still increasing with increasing laser energy (for 

comparison, it is noted that the discoloration threshold in the present study in 

terms of energy density was 16MWcm'2 and the damage threshold 31MWcm2,

Direct comparison of laser energy values mentioned in the article by McKie and Addison 

(1994a) with the values presented in this study is not possible because a) the laser beam spot sizes 

used were different (0.2cnf in the article mentioned and 0.02cm2 in the present study) and b) the 

laser pulse duration was also different (17ns in the article and 10ns in the present study). Instead, 

energy density values are used.



29

the difference is possibly due to the difference in the pulse duration of the two 

lasers). There are two possible reasons for the unexpected behaviour in the article 

by McKie and Addison (1994a): a) the detection system and b) the averaging of 

the signal over a certain number of pulses or a combination of the two. At 

present, the former reason will be discussed while the latter will be the subject of 

section 4.4.

The authors reported that a CFP was used to detect the ultrasound, 

although neither the bandwidth is mentioned nor whether it was working in 

transmission or in reflection mode. However, from the description of the 

interferometer in previous articles by the same group (Tittmann et al. 1990, 

McKie and Addison 1993) it is very likely that the interferometer was operating 

in transmission mode. Nevertheless, the frequency content of the generated 

signal for the particular Nd:YAG used in the above mentioned article was 

extending up to ~20MHz due to the longer laser pulse duration (17ns) compared 

to the Nd:YAG used in the present study (10ns). Based on the previous 

discussion, the generated longitudinal wave would have an ultrasonic frequency 

content exceeding the limits of the interferometer’s bandwidth* and therefore the 

displacement of the sample’s surface might not be fully detected. This was 

known to the authors of the article and the use of a TEA CO? laser was an 

alternative, offering decreased bandwidth due to the laser’s longer pulse. 

Nevertheless, the fact remains that the generation efficiency graph for the 

Nd:YAG laser presented in this article is valid only for the bandwidth of the 

detection system. The same is true for the article by Lorraine et al. (2000) where 

a 5MHz piezoelectric transducer was used to detect the ultrasound generated by a 

Q-switched Nd:YAG laser and the generation efficiency in various laser 

wavelengths is compared. In this study the frequency bandwidth of the 

transducer used was again lower than the frequency content of the expected 

signal arising from some of the lasers.

The above discussion will help to analyse the data because the limitations 

of the technique should always be well understood before interpreting the results.

* Typical bandwidth of CFP in transmission mode for LBU applications is 10MHz (Monchalin 

1985)



30

Figure 3.6 Cross section of a crossply sample (CF3, table 3.1).

75 mm

Figure 3.7 Representation of the unidirectional sample CFI (table 3.1).
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3.3 Samples

The samples used in the study are summarised in table 3.1. As mentioned 

previously, they were polished at the detection side. The CFRC samples were 

provided by Rolls-Royce. A cross-section of a crossplv sample (orientation of the 

fibres: 0°/90°) is shown in Fig. 3.6. It can be seen that each layer of the sample 

was ~ 100pm and that the diameter of each carbon fibre was ~5pm. A thin 

superficial surface layer of epoxy resin can be observed in Fig. 3.6 as well. The 

thickness of this layer was measured from a series of similar photos and it was 

found that it varied between 10-50pm. The mean value of the resin thickness was 

~12pm. The volume fraction (<p) of the samples, is defined by the following 

relation:

(p= N -to-2 (3.3)

where N is the number of fibres per unit volume and r the radius of each fibre. 

The volume fraction was ~0.6 as given by the manufacturer.

Most of the experiments on CFRCs were conducted on the same 

unidirectional sample (CF1, in table 3.1) (orientation of the fibres: 0°/0° average 

thickness ~8mm). The sample is depicted in Fig. 3.7* and in common with all 

samples provided, was made of prepregs. The prepregs had a “unidirectional 

weave”, meaning that a big bundle of threads were held together by a few threads 

woven in the direction normal to the former so that the fabric was mostly 

unidirectional in structure (Weatherhead 1980, pp.321-322). All the composite 

samples were made of PAN based carbon fibres (Toray type T300) embedded in 

Ciba 914 epoxy resin.

The epoxy resins for the making of pure epoxy resin samples were 

provided by Vantico. They were chosen because they are commonly used in the 

aerospace industry for the manufacturing of CFRCs. Two epoxy resins were 

provided. The first one was Araldite LY 5052 which is a cold-curing epoxy resin 

and the hardener used was Aradur 5052 (slightly yellow). The second epoxy was 

Araldite LY3505 and it had three hardeners: a) XB 3403 (clear), b) XB 3404

The sample was semi-cylindrical in shape. It was initially cut in this shape for a series of 

experiments to study the directivity patterns from a laser ultrasonic source.
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(blue) and c) XB 3405 (red). They were used to make four optically transparent 

samples of which, one was yellow, one was slightly yellow (referred to as 

“white” in table 3.1), one was blue and one red. For the preparation of the pure 

epoxy samples the manufacturer’s instructions for the mixing analogies and the 

curing treatment were followed. The samples were prepared in a Teflon mould 

and during the gelation time they were placed in vacuum (~250Torr) to minimise 

the number of bubbles in the final sample. Apart from being polished, the 

samples were also flattened. They had cylindrical shape, with a ~9.5cm radius 

and various thicknesses. Relative information about the samples can be found in 

table 3.1.

Another sample was made from a block of commercially available 

Perspex (PolyMethylMethAcrylate - PMMA). Although the sample had an 

optically polished surface, it was necessary to apply a thin film of silver on the 

detection side to avoid detecting the displacement of the generation side of the 

sample.
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Table 3.1 Table of samples: (a) CFRC samples, (b) polymer samples.
_______________________________________(a)_________________

Name Orientation Thickness (mm) Comments

CFI 070° 8 . 0 ± 0 . 2 Fig. 3.7

CF2 O
O

O
o 7.5±0.1 Both sides were 

polished

CF3 0790° 5.4±0.1

CF4 0790° 5.70±0.01

fb)

Name Epoxy Hardener Thickness
(mm)

Comments

EP1.1 LY5052 XY5052 10.8±0.1 YELLOW

EP1.2 LY5052 XY5052 16.20±0.04 YELLOW

EP1.3 LY5052 XY5052 360±20pm YELLOW

EP2.1 LY3505 XB3403 9.8±0.3 WHITE

EP2.2 LY3505 XB3404 10.35+0.01 BLUE

EP2.3 LY3505 XB3405 9.9±0.1 RED

PMMA 19.800±0.002 Perspex
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C H A P T E R  4

STUDY OF BURIED THERMOELASTIC SOURCES:

Nd:YAGLASER (1.064f.un)

Solid state lasers are those who have ions introduced as an impurity in an 

otherwise transparent dialectric-host material in crystalline or glass form (Svelto 

1998, p.365). The most popular and broadly used type of solid state laser is the 

Neodymium laser and in particular the Nd:YAG laser. The host medium in this 

case is a crystal of Y3AI5O 12 which is called YAG as an acronym of yttrium 

aluminium garnet (Svelto 1998, pp.370-372). Some of the Y3+ ions are replaced 

by Nd3+ ions. It is a four level laser and the most widely used lasing wavelength 

for Nd:YAG lasers is the A=l.064pm. It can operate both in continuous or in 

pulsed mode. In the latter case, both mode-locked and Q-switched operation has 

been achieved. From the fundamental near-IR wavelength, it is relatively easy 

(and is today commercially available) to take the second harmonic (532nm), the 

third harmonic (355nm), the fourth harmonic (266nm) and up to the fifth 

harmonic beam (213nm).

The applications of the Nd:YAG are endless: in industry, in medicine and 

in science. They are favoured because the emitted wavelengths can be fibre 

coupled to answer laser safety problems and give easy access to difficult to reach 

points. As solid state lasers they have no need for gas refills and they have 

become portable and increasingly inexpensive. For all these reasons, it was the 

first laser used for the generation of ultrasound in CFRCs and particularly for 

inspecting composite materials (Addison et al. 1988, Tittmann et al. 1989, Huber 

and Green 1991, McKie and Addison 1992, Dewhurst et al. 1993, Anastasi et al. 

1998). In this chapter experiments will be presented on CFRC samples and the 

ultrasonic generation mechanism using 1,064pm will be explained.

4.1 Experimental setup
In preliminary experiments of this study, a Lumonics, HyperYAG- 

HY400 laser with 10ns pulse duration was used for generating ultrasound. The
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laser was operating in multimode and hence had an inhomogeneous beam profile 

which was apparent from the “hot-spots” in the laser’s “burn marks” on exposed 

photographic paper. Because there was a suspicion that the poor quality of the 

spatial beam profile might affect the results, an attempt was made to homogenise 

the beam. A kaleidoscope (light tube with reflecting walls) was examined as a 

means to this end (Edwards et al. 2001a). In theory, after the laser beam is 

expanded it enters the kaleidoscope where it is reflected in the tube walls. At the 

output of the tube all these reflections should coincide and give a uniform beam 

profile. The output aperture can then be imaged onto the sample surface (Chen et 

al. 1963, Grojean et al. 1980). A square cross section (5x5mm) 250mm long 

kaleidoscope constructed out of polished aluminium was used (Fig. 4.1).

For the experiments without the homogeniser, in order to control the 

energy of the laser, the multimode laser beam was attenuated to 6.2mJ and the 

source was progressively focused to smaller spot sizes (from 0.01 to 0.05cnr) by 

means of a fused silica lens (24cm focal length) until sample damage on a CFRC 

sample of ~5.4mm thickness (CF3, table 3.1a of chapter 3) began to occur. The 

experiment was repeated using the kaleidoscope, only this time the source size 

was kept constant (~0.05cm2) and the power was altered with neutral density 

filters. Because of the various spot sizes used, the results with and without the 

beam homogeniser were compared using the laser fluence rather than the laser 

energy' and they are depicted in Fig. 4.2a. The first data set (no homogeniser) 

shows a linear increase in pulse amplitude with laser fluence (thermoelastic 

regime) until the sample began to damage (the data point at 0.45Jcm'2 in Fig. 

4.2a is above the damage threshold). The low power data taken with the 

homogeniser lies on the same general curve but surprisingly shows an order of 

magnitude lower damage threshold (-0.05Jem'2). To explain this phenomenon, 

the laser beam profile after the kaleidoscope was examined in detail and it was 

found that what was thought to be a “homogenised” beam contained a rectilinear

’ This is not very accurate as will be shown in chapter 7 (section 7.1) but it is a good first 

approximation.



Figure 4.1 Representation of a kaleidoscope/beam homogeniser.
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grid of “hot spots” as shown in Fig. 4.2b. As a result, instead of homogenising 

the beam, the effect of the hot spots was even more pronounced in this case than 

in the initial laser beam profile! The apparent “hot spots” arise as the Nd:YAG 

has a long coherence length and the separate images are recombined in the 

kaleidoscope at small angles. Constructive and destructive interference occurs 

giving a “tartan” like pattern of hot spots (Fig. 4.2b). As the CFRC is a good 

insulator this results in localised ablation; if the same source is used on a good 

conductor like aluminium, thermal diffusion spreads the heat and there is no 

apparent difference in ablation thresholds for “homogenised” and un

homogenised beams.

The above results show the importance of a good quality beam profile 

and to achieve this, a pinhole had to be inserted inside the laser’s optical cavity to 

restrict the oscillation to the TEMoo mode. Unfortunately the Lumonics, 

HyperYAG laser had two crystal rods: one acting as an oscillator and the other as 

an amplifier and inserting a pinhole was not an easy task. For this reason another 

single rod Nd:YAG laser was used (Spectron Laser Systems) and a ~1.5mm 

pinhole was inserted to its optical cavity. To ensure that the spatial beam profile 

afterwards was indeed free of “hot spots”, a CCD camera was used to record the 

profile. Photos taken this way (Fig. 4.3a) were then analysed and are shown in 

Fig. 4.3b, where a pseudo-colour code has been used and the laser intensity 

profile in the x and y axis has also been included. A 3-D representation of the 

beam intensity is also shown (Fig. 4.3c).

The temporal profile of the laser used can be seen in Fig. 4.4a from where 

the duration of the laser pulse was measured as ~10ns at FWHM and its rise time 

(tr) ~5ns. Figure 4.4b shows the frequency content of the laser pulse which 

extends up to ~60MHz.

The experimental setup used for the collection of epicentral waveforms 

was presented in chapter 3 (Fig.3.4). The generation laser energy was controlled 

by means of neutral density filters and the beam spot size was kept at ~0.02cirf 

at all times.
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Figure 4.3 TEMoo-Nd:YAG - Spatial profile: (a) Photo recorded with a CCD 
camera, (b) Pseudo colour analysis and profile along the x and y axis, (c) 3-D 
representation of laser beam intensity. The pseudo-colour code is different from
(b).
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(b)

Figure 4.4 Nd:YAG laser: (a) Temporal profile captured using a photodiode 
(0.5ns rise time) and an oscilloscope (LeCroyLT262) with data acquisition rate 
Ins per point; FWHM=10ns, tr=5 ns, (b) Frequency spectrum of the laser pulse.



41

4.2 Experiments on a unidirectional CFRC sample
Experiments were performed on a unidirectional composite sample (CF1, 

see table 3.1a for physical characteristics of the sample) with ~12pm superficial 

epoxy layer (see Fig. 3.6). Some characteristic epicentral waveforms that were 

recorded above and below the damage threshold using the Nd:YAG laser as 

generator, are shown in Fig. 4.5a&b. The longitudinal and the shear waves are 

also shown in the same figure. The rise time of the longitudinal pulse was found 

to be (30±7)ns and it was measured from the recorded waveforms as the time 

interval between the maximum of the longitudinal amplitude and its 1/e value. 

Fig. 4.5c shows the variation in the amplitude of the longitudinal displacement 

with respect to the energy. The damage threshold has been identified at ~6.2mJ 

and it is shown in the same figure*. To identify the damage threshold, two 

parameters were taken into account: a) during the experiment, the appearance of 

plasma (“blue flash”) and b) after the experiment, microscopic observation of the 

first exposed fibres and comparison with images taken before laser irradiation 

(Fig. 4.6). Before the damage threshold, a yellow discoloration of the resin 

occurred which was a precursor for the oncoming damage. The first microscopic 

observation of this discoloration was characterised as “discoloration threshold” 

and in this case was 3.2mJ. Other authors have also noticed the discoloration of 

the resin with this laser wavelength (McKie and Addison 1992, Lorraine et al. 

2000). It is attributed to thermal effects and is considered as “cosmetic damage” 

as long as it doesn’t result in any “degradation of the material’s integrity” 

(McKie and Addison 1992). The subject of discolouration will be discussed more 

extensively in the following chapter (see section 5.4.1).

Fig. 4.6 shows pictures taken before and after laser irradiation with laser 

energies below the ablation threshold (Fig. 4.6a&b), at the discoloration 

threshold (Fig. 4.6c&d), at the damage threshold (Fig. 4.6e&f) and above the 

damage threshold (Fig. 4.6g&h).

The fluctuation of the laser energy was found to be -0.4%. This value is so small that it was 

thought best that error bars associated with energy fluctuation not to be included in Fig. 4.5c.
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Figure 4.5 Nd:YAG: (5a) and (5b) epicentral waveforms below and above the 
damage threshold respectively, L = longitudinal, S = shear, 3L= longitudinal 
echo. Waveform (e) in (5b) has a time offset of 0.1 jis to facilitate the reader, (5c) 
longitudinal amplitude vs. mean laser energy. The damage threshold occurs at 
(6.2mJ, 1.6nm).
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Figure 4.6 Photos taken before irradiation: (a), (c), (e) and (g) and corresponding 
spots after irradiation: (b), (d), (f), and (h), laser energy 2.6mJ (below ablation 
threshold), 3.2mJ (discoloration threshold), 6.2mJ (damage threshold) and 
18.4mJ (above ablation threshold) respectively. The ellipses indicate the laser 
beam. The arrows in (e) and (f) point to corresponding features for comparison.
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Figure 4.7 Comparison between samples with (CF1) and without (CF2) a 
superficial epoxy layer. The amplitude of sample CF2 has been corrected for the 
small difference in thickness, (a) longitudinal amplitude vs. mean laser energy, 
(b) waveforms recorded under similar energy conditions, ~3.2mJ for (b.l) and 
~9.9mJ for (b.2). There is a small time offset correction to the data of CF2.
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(8b)

(8c)
Figure 4.8 (8a) Comparison between ultrasonic generation efficiency in a 
unidirectional (CF1) and a cross-ply (CF4) CFRC sample. The amplitude of the 
longitudinal wave from sample CF4 has been corrected for the difference in 
thickness. (8b) and (8c) epicentral waveforms from sample CF4 above and below 
damage threshold. Triggering conditions were different and appropriate offset 
has been added so that the longitudinal arrival coincides in each graph.
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4.3 Experiments on a unidirectional CFRC without superficial epoxy resin 

and a cross-ply CFRC

4.3.1 Unidirectional CFRC without superficial epoxy resin (polished sample)

At the 1.064pm wavelength the superficial epoxy layer is practically 

transparent. The optical absorption depth was measured on an epoxy sample 

(cold curing epoxy, see section 3.3) of ~lmm thickness by means of a 

powermeter which was placed as close to the sample as possible to avoid 

scattering losses. It was found to be ~5mm. To find out more about the role of 

the epoxy resin on the ultrasonic generation mechanism, another unidirectional 

CFRC sample was used, whose surface was polished and therefore no superficial 

epoxy layer remained (CF2, see table 3.1a).

Fig. 4.7a shows the longitudinal amplitude vs. energy graph for both 

CFRC samples for comparison and Fig. 4.7b shows two waveforms recorded on 

each CFRC sample with the same laser energy (3.2mJ). There was a slight 

difference in thickness between the two samples which means that the amplitude 

of the recorded ultrasonic signal of the polished sample would be slightly bigger, 

because the signal of the thicker sample would be more attenuated. This 

phenomenon has been taken into account as is explained in more detail in the 

following chapter (see section 5.3.2). The waveform and the data from the 

polished sample have been corrected for the slight thickness difference of the two 

samples as if the polished sample were 8mm thick. There is also a small time 

offset so that the beginning of the longitudinal pulse in the two graphs coincides. 

The rise time of the longitudinal pulse in the polished sample was (30±6)ns.

4.3.2 Cross-ply CFRC

A series of experiments were performed on a cross-ply CFRC sample in 

order to investigate the effect of the different lay-up (and ultimately the 

anisotropy) in the generation efficiency. The sample was ~5.7mm thick (CF4) 

and details of its physical characteristics were given in table 3. la of chapter 3.



47

Fig. 4.8a shows the longitudinal amplitude vs. energy graph for the 

unidirectional and the cross-ply CFRC samples for comparison’. The damage 

threshold for the cross-ply sample was ~7.5mJ generating a longitudinal pulse 

amplitude of ~3.4nm. Fig. 4.8b&c shows waveforms from the cross-ply sample 

above and below the damage threshold while Fig. 4.9 compares two waveforms 

from the unidirectional and the cross-ply CFRC sample with similar laser energy. 

The difference in arrival times is due to the different thickness of the samples and 

has not been corrected to facilitate comparison. For that reason, the amplitude of 

ultrasonic signal of the cross-ply sample has been corrected for ultrasonic 

attenuation in all the above mentioned figures as if all samples were 8mm thick. 

The rise time of the longitudinal pulse in the cross-ply sample was (34±9)ns.

Energy (mJ)

Figure 4.9 Comparison between waveforms from a cross-ply (CF4) and a 
unidirectional (CF1) CFRC under similar energy conditions: ~7.5mJ and ~7.9mJ 
respectively. The amplitude of sample CF4 has been corrected for the difference 
in thickness. The * denotes the feature due to pronounced anisotropy.

’ The error bars in Fig. 4.8a are associated with the uncertainty in the value of attenuation for the 

CFRC sample (see section 5.4.1). They were not included in Fig. 4.7a because in this case the 

difference in the thickness of the two samples was very small making the corresponding errors 

insignificant.



48

4.4 Effect of the averaging of successive pulses on the results

As mentioned in chapter 3 one of the first and most important articles 

which compared the generation efficiency in CFRCs between a Q-switched 

Nd:YAG and a TEA CO2 laser was McKie and Addison (1994a). In chapter 3 

(section 3.2.2) it was described how the detection system used in the 

aforementioned study might had an effect on the results presented for the 

Nd:YAG laser. In that article the generation efficiency graph (longitudinal 

amplitude vs. energy) for the Nd:YAG shows an initial increase but then once the 

discoloration threshold is exceeded, the generated longitudinal amplitudes seem 

to become stable. This is not an expected behaviour since the incident laser 

energy reported in the article was still at the weak plasma regime (see section 

3.1.2). There are two possible reasons to explain the trend of the generation 

efficiency graph in the article by McKie and Addison (1994a): a) the detection 

system and b) the averaging of the signal over a certain number of pulses or a 

combination of the two. The limited bandwidth of the detection system might be 

the reason for the difference as explained in section 3.2.2 but in the present 

section the effect of averaging of the captured signal will be discussed.

In the results presented in Fig 4.5 a single laser shot was used for each 

captured waveform and each time the energy of the generation laser was 

changed, the beam was directed to a fresh, non-irradiated spot. Once the damage 

threshold is reached, the carbon fibres are exposed and the properties of the 

irradiated surface change (see Fig. 4.6f&h). In the first laser shot the superficial 

epoxy resin layer acts as a transparent constraining layer which enhances the 

generated longitudinal amplitude signal. In the second laser shot the condition is 

different: there is practically very little superficial epoxy layer remaining to 

enhance the signal and the situation would be more pronounced in the following 

laser shots as there would be progressively less epoxy left leaving the fibres 

loose. In addition, as soon as the resin matrix is locally removed, the propagation 

of the signal is obstmeted since the strong absorption of the radiation* is limiting 

the ultrasonic source to the detached fibres at the surface and these cannot couple

’ As mentioned in chapter 2 (subsection 2.2.1), the optical absorption depth in the carbon fibre is 

~0.04pm, i.e. less than the fibre’s diameter which is 5pm.
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(b)
Figure 4.10 Waveforms captured using single, successive pulses a) on a CFRC 
sample with 12pm superficial epoxy layer with laser energy 29.4mJ and b) on a 
polished CFRC sample with laser energy 33.5mJ.
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the ultrasound efficiently to the rest of the sample without the presence of resin. 

With increasing laser energy, the ablation rate of the epoxy (i.e. the rate that the 

material is removed from the surface of the sample) would be higher and fewer 

laser pulses would be required to reach the condition of low ultrasonic generation 

efficiency. Averaging over those pulses would result in the effect observed in the 

article by McKie and Addison (1994a). Fig. 4.10a shows waveforms recorded 

with 2 successive laser pulses on the same spot on the CFRC sample with 12pm 

superficial epoxy layer (CF1). There is a 31% reduction of the longitudinal 

amplitude from the first pulse to the second. Fig 4.10b shows waveforms 

recorded on the polished CFRC sample. Even without the presence of the 

superficial epoxy layer the difference in the generated longitudinal amplitude is 

significant and it is attributed to: a) localised change of the spot’s morphology 

due to ablation (Fig. 4.6f&g) and b) some epoxy resin left between the fibres. 

There is a 38% reduction of the longitudinal amplitude between the 1st and the 

2nd pulse, a 30% reduction from the 2nd pulse to the 5,h and then the signals seems 

to stabilise in amplitude since between the 5th and the 10lh pulse the reduction in 

amplitude is only 4%.

4.5 Analysis and interpretation of results

Another important aspect of the detection system which must be taken 

into consideration apart from the bandwidth of the interferometer, is the data 

acquisition rate determined by the oscilloscope. In the present study, the 

digitisation rate of the oscilloscope was 10ns per point (see chapter 3) and a 

single shot was used for the data collection. As mentioned earlier, the rise time of 

the longitudinal pulse in all CFRC samples was ~30ns, hence very few data 

points are attributed to the rise of the pulse. This fast rise time also means that 

there is a big possibility that part of the pulse detected by the interferometer (and 

possibly the peak of the longitudinal pulse) might not be captured by the 

oscilloscope. With a faster oscilloscope the data presented in Fig. 4.5c, Fig. 4.7a 

and Fig. 4.8a may well have been different.
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4.5.1 Effect of the superficial epoxy layer on the generation mechanism

It was mentioned that the damage threshold using the 1.064pm 

wavelength is 6.2mJ. From Fig. 4.5c it can be seen that this point corresponds to 

a change of gradient in the generation efficiency graph from the linear region of 

the thermoelastic regime to the non-linear region of the ablation regime. This is 

another indication for identifying the damage threshold which will be used in the 

following chapters where ultrasonic generation using other laser wavelengths is 

investigated.

From the comparison between samples with and without the superficial 

epoxy resin layer (Fig. 4.7) some interesting conclusions can be deduced. First of 

all, in Fig 4.7a it can be seen that the amplitude of the longitudinal signal in the 

polished sample is generally smaller than in the CFRC with 12pm epoxy layer on 

top. The difference is more pronounced above 6mJ which also corresponds to the 

beginning of the ablation regime. Comparing the shape of the recorded 

waveforms (Fig. 4.7b&c) it is noted that although the rise time of the 

longitudinal pulse is the same for both samples (30ns) there is a difference in the 

width of the longitudinal pulse at energy values below the damage threshold (see 

inset in Fig. 4.7b. 1). The comparison shows that the presence of the superficial 

resin layer enhances the ultrasonic signal which is expected since the resin is 

transparent at this laser wavelength and acts as a constrained layer (vonGutfeld 

and Melcher 1977). The theory predicts (Edwards et al. 2003, see appendix B) 

that in the case of a constrained surface there should be a large enhancement of 

the amplitude of the longitudinal pulse but also a change in its shape since the 

constrained case is the integral of the free surface case. In the present chapter the 

constraining layer (i.e. the superficial epoxy resin) was only 12pm thick and the 

effect is not very pronounced. In chapter 7, where the ultrasonic generation 

mechanism using the Nd:YAG laser will be compared with the other two lasers, 

the importance of the superficial resin layer will be discussed in greater detail.

4.5.2 Effect of anisotropy on laser based ultrasound in CFRCs

The ultrasonic generation mechanism does not depend on the anisotropy 

and is the same both in the unidirectional and in the cross-ply sample. In all the 

experiments presented in this chapter the ultrasound was detected on epicentre
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because in this configuration the waveforms are less complex. The effect of 

anisotropy is on the propagation of the signal as it travels through the sample.

From Fig. 4.8a it can be seen that the slope of the generation efficiency 

graph is similar for both the unidirectional and the cross -ply sample and so is the 

damage threshold (6.2mJ and 7.5mJ respectively). The latter is expected since it 

is the same material in both cases. The difference is that the cross-ply sample 

seems to generate slightly higher longitudinal amplitudes than the unidirectional. 

Although the difference is small, the phenomenon is thought to be attributed to 

pronounced anisotropy in the cross-ply sample which, as it will be shown more 

extensively in chapter 8, has an effect on the directivity patterns of the generated 

ultrasound. In chapter 8 it will also be shown that the unidirectional sample 

behaves as transversely isotropic, meaning that it shows isotropic behaviour for 

ultrasonic propagation normal to the direction of the fibres and anisotropic 

behaviour for propagation parallel to the fibres. On epicentre, the unidirectional 

sample shows pseudo-isotropic behaviour. The cross-ply sample does not have 

such behaviour and the effects of anisotropy are more pronounced. One such 

effect is the focusing of the energy to some directions and in the present case 

towards the epicentre for the cross-ply sample (Corbel et al. 1993), which is 

demonstrated in the results presented here as increased longitudinal amplitudes 

for this sample. Nevertheless, the difference in Fig. 4.8a is small and the effect of 

the constrained layer caused by the superficial epoxy resin layer might be 

surpassing the effect of different anisotropy of the samples.

By comparing the waveforms of Fig. 4.5a&b with the ones in Fig. 4.8b&c 

another effect of the anisotropy is also observed. Approximately 0.3pm after the 

first longitudinal arrival there is another feature apparent in all waveforms from 

the cross-ply sample. The feature (marked with * in Fig.4.9) is associated with 

energy beyond the edges the cusps of the group velocity sheet of the quasi- 

transverse wave which are formed due to anisotropy (see appendix A). Such 

features are referred to as “eidolon” (Kim et al. 1996) or as “cuspidal extensions” 

(Deschamps and Poncelet 2002).
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4.6 Conclusions

The fundamental wavelength of a Nd:YAG (1.064pm) was used to 

generate ultrasound in CFRC samples. The importance of a high quality laser 

beam profile was demonstrated and results were presented from a unidirectional 

CFRC sample with 12pm superficial resin layer. The damage threshold was 

identified and yellow discoloration of the sample was observed prior to damage.

Laser based ultrasound is a combination of laser generation and laser 

detection of ultrasound. The Nd:YAG laser generates high frequency ultrasonic 

signals mainly because of its short pulse duration (10ns FWFIM). Fligher 

frequency ultrasonic signals also mean that the maximum resolution of such a 

system (determined by the ultrasonic wavelength), used for detecting defects, 

would be increased. The longitudinal velocity which was calculated by 

measuring the time difference between the first longitudinal (L) and its echo (3L) 

from recorded waveforms (Fig. 4.5a&b) was found to be (3000±90)ms"', 

corresponding to an ultrasonic wavelength of 75pm for 40MFIz ultrasonic 

frequency and 600pm for 5MHz. These values are indicative of the minimum 

size of defects detected.

Another concern when dealing with such high frequencies is the 

bandwidth of the detection system which should be wide enough to ensure that 

useful information is not left out. The interferometer used in the detection system 

of the present study is able to detect the displacement of the sample’s surface due 

to the ultrasound but the data acquisition rate is relatively slow resulting in very 

few data points for the first longitudinal pulse. The limitations of the 

experimental setup should be known and taken into consideration when 

interpreting results.

To investigate the effect of the different lay-up of composites, 

experiments were performed on a cross-ply sample and the results were 

compared with those from a unidirectional sample. The two samples show 

different anisotropic behaviour due to their different lay-up but the anisotropy is 

expected to affect the propagation of ultrasound rather than the ultrasonic 

generation mechanism. It was shown that due to pronounced anisotropy of the 

cross-ply sample there was focusing of energy towards the epicentre and slightly
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higher longitudinal amplitudes were observed (Fig. 4.8a). By comparing 

epicentral waveforms from the two samples it was observed that a feature was 

present in the waveforms from the cross-ply sample just after the arrival of the 

longitudinal pulse which is also attributed to anisotropy (Fig. 4.9, see also 

chapter 8).

Finally, the superficial epoxy resin which is usually present in CFRCs is 

practically transparent at the 1.064pm wavelength of the Nd:YAG. To 

investigate its importance to the ultrasonic generation mechanism, experiments 

were conducted on a polished CFRC sample and the results were compared with 

a sample with 12pm superficial epoxy resin layer. The generation efficiency was 

lower for the polished sample and the waveforms in this case were slightly 

different in shape (Fig. 4.7a&b). Both these effects are attributed to the 

superficial epoxy resin layer which acts as a constrained surface at this 

wavelength. Its role will be investigated in more detail in chapter 7.
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C H A P T E R  5

STUDY OF BURIED THERMOELASTIC SOURCES:

TEA CO2 LASER (10.6̂ 1)

CO2 lasers are molecular gas lasers. The laser operation is due to 

transitions between the energy levels of a molecule and in particular transitions 

between vibrational levels of the same electronic state (Svelto 1998, pp.432- 

442), hence the name vibrational-rotational lasers. The active medium is a gas 

mixture of CO2, N2 and He. Two vibrational levels of the CO2 molecule are used 

for the oscillation while N2 helps to produce a large population in the upper laser 

level and He removes population from the lower laser level. The pumping is 

achieved electrically when a current passes through the gas mixture. If electrical 

pulses are applied instead of a dc current then the laser will be operating in a 

pulsed mode. The current passes either along the axis of the gas flow 

(longitudinal discharge) or transversely to it (transverse discharge). The latter 

configuration has the advantage of faster cooling of the active medium since in 

this case the heat is removed by convection rather than diffusion to the walls. 

Pulsed CO2 lasers pumped in this way are called Transversely Excited 

Atmospheric pressure CO2 lasers or simply TEA CO2 lasers. These lasers have 

many industrial applications (laser marking, ablation of plastics) and an 

important parameter is their repetition rate which is related with the cooling of 

the gas mixture. When the repetition rate is low (~lHz) there is no need for gas 

to flow through the optical cavity unlike higher repetition rates (>lHz) where gas 

flow is necessary, increasing the total price of the laser system.

The currently used laser based ultrasound system for inspection of 

CFRCs uses a TEA CO2 as a generation laser (Padioleau et al. 1993, Monchalin 

et al. 1997) and its latest commercially available version has a repetition rate of 

400Hz and 100ns pulse duration (Dubois et al. 2002).
\y
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5.1 Experimental setup

The TEA CO2 laser used in this study (Laserbrand, Laser Applications, 

Hull, England) emits at 10.6pm. This wavelength is strongly absorbed by plastics 

which justifies its use in the laser ablation of polymers. The temporal profile of 

the laser used can be seen in Fig. 5.1a and it was recorded using a Vigo PD-10.6 

HgCdTe IR-photodetector with a fast response time (<0.2ns). It is characterised 

by an initial high power spike of approximately 70ns duration at FWFIM (the rise 

time of the pulse (tr) was measured ~23ns) followed by a lower power tail of 

duration up to 3ps. Fig. 5.1b shows the frequency content of the laser pulse 

which extends up to ~10MHz. This value is approximately one sixth of the 

bandwidth produced by the Nd:YAG laser (Fig 4.4). The beam shape of the TEA 

CO2 laser is rectangular and according to the manufacturer, the spatial beam 

profile is “top hat” in the narrow dimension and Gaussian along the long axis.

Experiments were performed on the unidirectional composite sample 

(CF1), on the polished unidirectional composite sample (CF2) and on pure epoxy 

resin samples. The experimental setup used for the collection of epicentral 

waveforms was presented in chapter 3 (Fig.3.4).

Initially, silicon wafers were used as filters to control the energy of the 

generation laser where each wafer transmitted -25% of the energy. The 

combination of a lens and an iris was used to control the total energy fluence. 

Epicentral waveforms and a graph where the longitudinal amplitude was plotted 

against the energy fluence were produced in this way and presented in Edwards 

et al. (2001b). But as it can be seen in the same article, there is a large gap 

between data above and below the damage threshold because the energy could 

not be controlled smoothly. This is why the damage threshold was not 

determined in this article; nevertheless, waveforms above and below the damage 

threshold were recorded. Since then, plastic filters have been used to control the 

generation laser energy whose optical transmission was measured from a series 

of measurements using the laser beam and the powermeter. There were four 

filters of 75% transmission and three filters of 26% transmission.

The beam spot size was regulated by a combination of an iris and a 

Germanium convex lens of 20cm focal length. A series of measurements were
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(b)
v .

Figure 5.1 TEA CO2 laser: (a) Temporal profile captured using a fast IR 
photodetector and an oscilloscope (LeCroyLT262) with data acquisition rate Ins 
per point; FWHM=70ns, /r=23ns, (b) Frequency spectrum of the laser pulse.
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Figure 5.2 Measured spot size compared with geometric optic theory.

carried out based on geometric optic theory in order to be able to calculate 

afterwards the spot size in relation to the dimensions of the iris and the sample’s 

distance from the lens. It was also found that placing the sample after the focal 

point limited the diffraction effects and gave clearer beam images. A series of 

spot sizes were measured on a piece of Perspex painted black on one side to 

increase absorption and make the marks clearer to measure. The distance of the 

Perspex from the lens varied from 20 to 35cm and the aperture of the iris was 

taken as 7, 8, 9, 10 and 11mm in diameter. Fig. 5.2 shows the graph where the 

ratio of the measured spot size divided by the aperture size (in cm2) has been 

plotted against the square of the ratio of the sample’s distance from the focal 

length (FD-FDo, where FD is the sample’s distance from the lens and FDo is the 

focal length) divided by the lens’ focal length (FDo=20cm). The linear fit is also 

included in the same figure and corresponds to the following expression:
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SpotSize = 0.115 + 0.579
FD -  FD c 

FDn

v
(5.1)

Aperture

From the linear fit it was possible to calculate the spot size for smaller 

aperture sizes and also the distance that the sample should have from the lens. 

For the epicentral ultrasonic measurements the iris was always kept at an 

aperture of 5mm in diameter and the sample distance from the lens at 26cm. 

With this configuration and using equation 5.1 the experimental spot size was 

calculated and remained constant at ~0.03cm'.

5.2 Experiments on a unidirectional CFRC sample
The physical description of the sample CF1 used for the experiments can 

be seen in table 3.1a and in Fig. 3.7. Some characteristic epicentral waveforms 

recorded using the TEA CO2 laser as generator, above and below the ablation 

threshold are shown in Fig. 5.3a. The amplitude vs. energy graph is depicted in 

Fig. 5.3b and the ablation threshold has been identified at approximately 38mJ. 

The rise time of the longitudinal pulse was found to be (35±6)ns. The criteria for 

identifying the damage threshold were the same as with the Nd:YAG laser case, 

i.e. the appearance of plasma during the experiment, and microscopic 

observation of the first exposed fibres and comparison with images of the sample 

taken before laser irradiation. As with the Nd:YAG laser, yellow discoloration of 

the resin was also observed below the damage threshold. The “discoloration 

threshold” in this case was 15mJ. It is interesting to note that the discoloration 

threshold corresponds to a point just after the change of gradient in the amplitude 

vs. energy graph, from the linear region of the thermoelastic regime to the non

linear region of the ablation regime. Fig. 5.4 shows pictures taken before and 

after laser irradiation with laser energies under the ablation threshold (Fig. 

5.4a&b), at the discoloration threshold (Fig. 5.4c&d), at the damage threshold 

(Fig. 5.4e&f) and above the damage threshold (Fig. 5.4g&h).

5.3 Experiments on pure epoxy resin and PMMA

As mentioned in chapter 2 (section 2.2) CFRCs are made of carbon fibres 

imbedded in an epoxy resin matrix. At 1.06pm (Nd:YAG) the epoxy resin is
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(3a)

Energy (mJ)

(3b)

Figure 5.3 TEA C 0 2: (3a) epicentral waveforms: waveforms (a) and (b) are 
below the damage threshold, while waveforms (c) and (d) are above, L = 
longitudinal, S = shear, 3L= longitudinal echo, (3b) longitudinal amplitude vs. 
mean laser energy. The ablation threshold occurs at (37.83mJ, 1.44nm).
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Figure 5.4 Photos taken before and after irradiation: (a), (c), (e) and (g) spots 
before irradiation, (b), (d), (f), and (h) corresponding spots after irradiation with 
laser energy 11.2mJ (below ablation threshold), 15.0mJ (discoloration threshold), 
37.8mJ (ablation threshold) and 50.4mJ (above ablation threshold) respectively.



62

practically transparent but at 10.6pm (TEA CO2) and at 308nm (XcCl excimer) 

both the epoxy and the carbon fibres absorb strongly. In reality, composites have 

a superficial epoxy resin layer which in the sample that was used for the study 

had a mean thickness of ~12pm (see also Fig. 3.6). In order to determine the role 

of the epoxy resin in the ultrasonic generation mechanism a series of experiments 

were carried out on pure epoxy resin samples.

Two epoxy resins were chosen: a “cold curing epoxy” and a “warm 

curing epoxy”. Both are typically used in industry for manufacturing CFRCs. 

The samples used were EP1.1, EP2.1, EP2.2, EP2.3 (see table 3.1b). For 

comparison, a thick block of PMMA was also tested because PMMA is a well 

studied material and there is extensive literature related to its optical properties 

and also examining the laser ablation mechanism. The PMMA sample was silver 

coated at the detection side to prevent the laser beam of the Michelson 

interferometer from detecting displacements from the generation side of the 

sample and also to enhance the sample’s reflectivity. Epicentral waveforms 

recorded on the polymer samples can be seen in Fig. 5.5.

As mentioned in chapter 3 (section 3.1), the laser generation mechanism 

in non-metals relies on the optical absorption depth of the material irradiated, 

which depends on the laser wavelength used. For this reason it was necessary to 

measure the optical absorption depth of the epoxy resins used. It was already 

known that the resins absorb strongly the mid-IR radiation of the laser; hence 

their optical absorption depth would be of the order of micrometers. To measure 

it with an IR spectrometer it would require the manufacturing of a sample thin 

enough to allow radiation to be transmitted, of uniform thickness and of a good 

surface quality to minimise scattering losses. Applying a thin resin layer on an IR 

transparent substrate (such as sodium chloride) would introduce problems of 

reflection losses not only from the sample’s surface but also from the interface 

between the two materials. Finally, a sample of 360pm thickness (EP1.3, see 

table 3.1b) was prepared by trimming a bulk sample. However, due to the small 

thickness of the final sample, it was difficult to polish it and the surface quality 

was poor. As a result, the IR spectrometer failed to produce results because of
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(5a)

(5c)

(5b)

Time (ps) 
(5d)

(5e)

Figure 5.5 TEA CO2 epicentral waveforms from pure epoxy resin samples. (5a) 
sample HP 1.1, (5b) sample EP2.1, (5c) sample EP2.2, (5d) sample EP2.3, (5e) 
PMMA sample; L= longitudinal, S= shear, 3L= longitudinal echo.
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increased scattering losses due to the large distance between the sample and the 

detector.

However, ultrasonic measurements and the ultrasonic generation model 

in non-metals (Edwards et al. 2003, see appendix B) eventually provided a 

solution. The ultrasonic generation mechanism in non-metals is so closely 

dependant on the optical absorption depth that the latter can actually be 

calculated from the features of the longitudinal wave of the recorded waveforms 

(Stratoudaki et al. 2002a). The procedure is described in the following 

subsection.

5.3.1 Calculation of optical absorption depth from epicentral waveforms

Several authors in the past have included the optical penetration depth 

while developing models for the thermoelastic laser source in non-metals 

(Goumay 1966, Bushnell and McCloskey 1968, Lyamshev and Chelnokov 1983, 

Thomsen et al. 1986, Wetsel 1986, Telschow and Conant 1990, Dubois et al. 

1994a). In these models the source is approximated by a heated expanding 

volume in the bulk of the material. There are lateral constraints (with Heaviside 

time dependence) from the rest of the body but the surface is free and thus the 

material is free to expand vertically. All the previously mentioned models have 

assumed Heaviside time dependence for the buried vertical source component 

and predicted monopolar pulses for a free surface. But the vertical expansion of 

the free surface occurs simultaneously with the laser heating and the vertical 

forces are only exerted during this rapid motion and therefore must have 8- 

function time dependence leading to bipolar pulses for the displacement in the 

free surface case (Edwards et al. 2003).

The absorbed laser radiation in the material can be deduced from Beer’s 

Law. According to this law the extinction of the radiation in the material is 

exponential and the absorbed energy is the difference between light entering and 

exiting a layer, hence the negative differential is needed.

= ~ I M - R ) e -  (5.2)az

where Iabs is the intensity of the absorbed radiation, / is the incident radiation 

whose time dependence is the temporal profile of the laser pulse, R is the optical
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reflection coefficient, a is the absorption coefficient and z is the direction normal 

to the surface. The temperature rise (T) is related to the time integral of the laser 

pulse (ignoring thermal diffusion) with the following equation:

where p is the density and C is the specific heat capacity.

In the thermoelastic regime the temperature rise is associated with the 

thermal expansion of the material which generates elastic waves that propagate 

into its bulk. At an unconstrained free surface the source strength is related to the 

differential of T and as such has the same temporal profile as the laser pulse. In 

this way, the rise time of the longitudinal pulse reflects the exponential decay 

with depth of the temperature distribution and consequently of the optical 

absorption (Edwards et al. 2003, see appendix B).

In order to calculate the optical absorption depth (¿>) from the recorded 

waveforms, we need to know the longitudinal velocity (u/,) and the rise time (tr) 

of the longitudinal pulse. The former is calculated by measuring the time 

difference between the first longitudinal pulse and its echo:

where d is the sample thickness and tL-3L is the time required for the longitudinal 

wave to travel a length equal to twice the thickness of the sample (Fig. 5.6a). For 

all the epoxy samples vl was approximately (2600±50)ms_l and for PMMA 

(2750±15)ms"'.

The rise time of the longitudinal pulse is measured directly from the 

recorded waveforms as the time interval between the maximum of the 

longitudinal amplitude and its 1/e value (Fig. 5.6b)’. The optical absorption depth 

is calculated as:

(5.3)

2d (5.4)V l =

(5.5)

u

As can be observed in Fig. 5.6b, the rise time of the longitudinal pulse is not strictly 

exponential. This is because the previously described model was developed for the 1-D case and 

has deliberately ignored the influence of the lateral forces to the longitudinal pulse shape.
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Figure 5.6 Measurement of parameters for the calculation of the optical 
absorption depth S. Warm curing epoxy resin waveform (EP2.2) using the TEA 
C 02 (energy=26.22mJ) (a) L=first longitudinal pulse, 3L=longitudinal echo, (b) 
longitudinal rise time measurement.
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Table 5.1 Measured rise time of L-pulse and caleulated optical absorption depth
for the epoxy and PMMA samples*.

Name L-Pulse Rise Time (/,) in 
ns

1/e extinction of L-pulse

L-Velocity (i>L) 
in ms'1

Optical absorption 
depth (¿) in pm

EP1.1 75±10 2620±10 200±25

EP2.1 60±15 2530±70 150±40

EP2.2 45±10 2600Ü50 120±25

EP2.3 60±10 2650±30 160±30

PMMA 40±5 2750±15 110±15

Table 5.1 summarises the results from the recorded waveforms for the 

epoxy samples.

To check the values of the optical absorption depth obtained from the 

ultrasonic method, measurements of optical transmission were taken by means of 

a powermeter using the thin sample EP1.3. The sample was placed as close to the 

powermeter as possible to minimise scattering loses. In order to account for 

reflection losses (multiple reflections from both surfaces), the following 

expression of Beer’s Law was used, which takes into consideration reflection 

losses (Pankove 1975, pp.93-94):

" 1 - R 2e~2a
(5.6)

where l,r is the intensity of the transmitted radiation. For normal incidence, the 

reflection coefficient R is related to the refractive index (/?) with the following 

expression:

R = ( t 7- 1  Y 
n + \

(5.7)

* The calculation of the errors was based on the following: a) for from the standard deviation of 

the measurements from the recorded waveforms, b) for vL from the standard deviation of the time 

values measured from the recorded waveforms and the measurement of the samples’ thickness 

and c) for 6 the errors were calculated based on the errors of tr and uL
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For polymers the refractive index is 1.5 (Palik 1991, pp.957-988) and 

using this value the optical absorption depth of the cold curing epoxy was found 

to be ~87pm. The corresponding value found with the ultrasonic method is 

196pm.

The accuracy of the above proposed laser ultrasonic method for the 

calculation of the optical absorption depth can be improved by taking into 

account the temperature dependence of the longitudinal sound velocity in the 

heated region where the laser radiation is being absorbed in the material. Another 

possible improvement is to increase the data acquisition rate (determined by the 

oscilloscope as 10ns per point). In order to accurately determine the exponential 

rise time of the longitudinal pulse -as predicted theoretically by Edwards et. al. 

(2003), see appendix B- with the specific oscilloscope, a minimum of 5 points is 

needed corresponding to a rise time of 50ns. Finally, further extension of the 1-D 

model to the 3-D case would describe more accurately the rise time of the 

longitudinal pulse itself and would explain why it does not follow strictly an 

exponential rise.

5.3.2 Ultrasonic attenuation

In the following section, results from the various epoxies will be 

compared to results from CFRC samples. Because of the different thickness of 

the samples, it was found necessary to measure their ultrasonic attenuation.

Epoxy resins are viscoelastic materials and as such “...a suddenly applied 

and maintained state of uniform stress induces an instantaneous deformation 

followed by a flow process which may or may not be limited in magnitude as 

time grows. A material which responds in this manner is said to exhibit both 

instantaneous elasticity effect and creep characteristics [...] The material 

response is not only determined by the current state of stress but is also 

determined by all past states of stress, and in a general sense, the material has a 

memory of all past states of stress...” (Christensen 1982, pp. 1-2).

Many authors have been interested in measuring and modelling the 

attenuation of epoxy resins used in the manufacturing of CFRCs as well as the 

attenuation of composite materials themselves (Hosten 1998, Biwa et al. 2001, 

Biwa ct al. 2002). In the latter case, the problem is more complicated because
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Figure 5.7 Waveform from a 5MHz PZT transducer on an epoxy resin sample 
(EP2.1). The decaying longitudinal echoes can be observed. The windowing of 
the first two echoes for the following Fourier transformation is also shown.

apart from the viscoelasticity of the matrix there is also the anisotropy of the 

fibres. In this section experiments will be presented where the ultrasonic 

attenuation of the epoxy samples has been measured experimentally by means of 

piezoelectric transducers. Some experiments were also performed on CFRC and 

they will be presented as well.

As a plane wave propagates through a medium, it is attenuated following the 
relation:

/ ,  = / .•* -“  (5.8)

where /, and I f  are the initial and the final wave intensities respectively, a  is the 

attenuation coefficient and x is the distance travelled by the wave.

In the conducted experiments two contact longitudinal wave piezoelectric 

transducers in pulse-receive mode were used: a) a 5MHz transducer (Panametrics 

V I08) with 0.5MHz bandwidth and b) a 2.25MHz transducer (Panametrics 

VI04) with 1MHz bandwidth. The epoxy samples were especially flattened
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(±0.01mm) to avoid errors arising from thickness variations. The decaying echo 

train was recorded (see Fig. 5.7) and the P1 (2L) and 2'K| (4L) longitudinal echoes 

were used for the ultrasonic attenuation analysis in the following way: after 

appropriate windowing and Fourier transformation of the two echoes, the 

magnitudes of the frequency content of the two echoes were compared following 

equation 5.8 which can be written as:

I4L= I 2L-e'a2d (5.9)

where I^l and Ul are the magnitudes of the 1st and 2nd echo respectively and d  is 

the thickness of the sample. The attenuation coefficient a  was then calculated as:

a  = —  In —  
2d / ,1 AL

(5.10)

The results for the four different epoxies and the two different transducers 

are depicted in Fig. 5.8a. On the same figure, linear fits are shown which were 

produced using the data from the 5MHz transducer for the higher frequencies and 

the data from the 2.25MHz transducer for the lower frequencies. These linear fits 

will be used for the correction of the data.

The procedure for correcting the laser generated waveforms for ultrasonic 

attenuation is summarised in Fig. 5.9: The initially recorded waveform is shown 

in step 1 (Fig. 5.9a). The particular waveform was generated on EP2.2 with 

~20mJ of laser energy. Attention will be concentrated on the first longitudinal 

arrival (L-pulse). The negative ramp which follows the L-pulse is due to the 

lateral forces associated with the thermoelastic source. In an effort to eliminate 

their influence on the longitudinal pulse, a waveform is created (thick line in Fig. 

5.9b) whose value is zero up to the maximum amplitude of the L-pulse and then 

a polynomial is fitted which follows the negative ramp of the initial waveform. 

The created waveform is then subtracted from the initial one and the result is 

shown in Fig. 5.9c (thick line). The corrections for ultrasonic attenuation are then 

applied to this last waveform. After its Fourier transformation, equation 5.9 is 

applied using as a the appropriate function as shown in Fig. 5.8 (in the specific 

case, the one corresponding to EP2.2) and as d  the difference in thickness 

between this sample and 8mm which corresponds to the thickness of the 

unidirectional CFRC sample (in this particular example c/=2.35mm). The inverse
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(a)

(b)

Figure 5.8 Ultrasonic attenuation a) of epoxy resins b) of unidirectional CFRC 
samples (^=0.6, r=2.5pm).
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(b)

Figure 5.9 Example of correction of a recorded waveform for ultrasonic 
attenuation.

transformation of the result is then taken and the final waveform is shown in Fig. 

5.9d. Measuring the difference between the final and the initial waveform 

provides a factor for correcting all the data from the same sample.

Going back to Fig. 5.8, in accordance with Hostcn (1998) and Biwa ct al. 

(2001) the attenuation of the epoxies shows linear behaviour although the 

uncertainty at lower frequencies (<0.6MHz) is higher resulting in a nonzero 

value at the origin. This result is not logical since the viscoelastic effects should 

disappear at zero frequency. It is also noted that the values in Fig. 5.8a at the 

frequency region >0.6MHz arc in good agreement with the values measured by 

other authors in this frequency region (Kinra ct al. 1980, Biwa ct al. 2001).

Similar measurements of attenuation were performed on the CFRC 

sample CF1 and the polished CFRC sample CF2 (sec table 3.1). In this case the 

samples were not perfectly flat and the small differences in the thickness of the
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samples accounts for the variations seen in Fig. 5.8b where results from 

measurements taken with the two transducers (mentioned earlier) are shown. The 

value of the attenuation coefficient is between 0.5 and 1,5cm"1 and for this reason 

a mean value of 1cm"1 will be used for correcting data wherever this is necessary. 

Once again the results of Fig. 5.8b are in good agreement with Biwa et al. 

(2001). For reasons of comparison with this article, it is noted here that the 

volume fraction ((p) of the CFRC samples was 0.6 (see section 3.3).

By comparing Fig. 5.8b with Fig. 5.8a, it can be seen that in the 

frequency range presented, the ultrasonic attenuation of the composite is actually 

less than the attenuation of the epoxy resins. The phenomenon is explained in 

Biwa et al. (2001) where it is mentioned that although the effect of the scattering 

by the fibres is increased as the volume fraction cp is increasing, “ ...the decrease 

in the viscoelastic absorption due to the reduction of the epoxy matrix volume 

fraction (l-<p) makes a greater negative contribution to the composite 

attenuation...”.

5.4 Results and discussion
In this section the epoxy and CFRC samples’ results will be compared but 

firstly some comments will be made on the yellow discoloration observed with 

CFRCs.

5.4.1 Discoloration of CFRC sample

As it can be seen in the photos presented in Fig. 5.4, after ~15mJ 

(discoloration threshold) there is a discoloration of the superficial resin of the 

CFRC sample which gradually changes from light yellow to deep red. As with 

the Nd:YAG laser, this discoloration is believed to arise from thermal effects. As 

long as it doesn’t result in degrading the material’s integrity, it can be considered 

as cosmetic (McKie and Addison 1992) or purely superficial damage limited to 

the resin layer above the first carbon fibre layer (Lorraine et al. 2000) and it is 

due to the way that mid-IR radiation interacts with polymers.

At the beginning of this chapter it was mentioned that the TEA CCF is 

used for ablating polymers. Mid-IR radiation is strongly absorbed by the 

vibrational modes of polymers which is basically a heating process (Srinivasan
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1984) and thus the material is susceptible to thermal damage such as diffusion or 

melting. However, high quality etching of polymers using a TEA CO2 is possible 

(Brannon and Lankard 1986, Braun et al. 1989, Dyer et al. 1989, Sonnenschein 

and Roland 1990, Dyer et al. 1996b). Some of these authors have observed 

changes in the absorption spectra of the polymers after laser irradiation (Dyer et 

al. 1996b, Bormashenko et al. 2001) and also yellow to deep red discoloration of 

the polymer due to thermal degradation (Grassie and McNeill 1959, McNeill and 

Mahmood 1998). Due to the increasing importance of composite materials, some 

authors have studied epoxy resin systems (Bormashenko et al. 2000, 

Bormashenko et al. 2001) and one group has used the change of colour not only 

to qualify the damage but also to quantify the degree of damage (Fisher et al. 

1997). For information on heat damage and its effects in CFRCs the reader is 

referred to the report by Matzkanin (1995) and the references therein. What is 

noteworthy in this report is that it is mentioned that, although the mechanical 

properties of the CFRC may not alter (such as the tensile strength of the 

composite which is mainly due to the condition of the fibres), the condition of 

the epoxy resin matrix may be poor (the resin becomes brittle) a fact that puts in 

question the definition of “cosmetic damage” (McKie and Addison 1992) that 

was given at the beginning of this section and also whether a discoloured CFRC 

sample due to an IR-laser based ultrasound measurement is damaged or not and 

if yes whether the degree of damage is considered negligible.

Finally, it is noted that although the discoloration was evident in the 

CFRC sample, no discoloration was observed on the pure epoxy resin samples. 

One possible explanation is the optical absorption depth of the resins and the 

thickness of the superficial resin layer of the CFRC sample. From table 5.1 it can 

be seen that the optical absorption depth of the resins examined is between 100- 

200pm. The superficial resin layer on the other hand is only 12pm thick and as a 

result a considerable part of the laser radiation reaches the first carbon fibre layer 

where is getting absorbed strongly, raising locally the temperature of the sample 

at the epoxy/fibre interface, causing its discoloration. As will be shown in 

chapter 7 (section 7.4), the maximum temperature rise in the pure epoxy resin 

samples is at least 2 orders of magnitude less than in the CFRC sample and
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below the temperature for thermal degradation of the epoxy (~150°C). The same 

reasoning could explain the difference in the rise time of the longitudinal pulse 

observed at the epoxy resin and the CFRC samples’ waveforms. Following this 

consideration, discoloration of the epoxy samples should become evident at 

higher incident laser energy.

5.4.2 Comparison of CFRC and epoxy resin results

In order to determine the role of the superficial epoxy resin in the 

generation of ultrasound under laser irradiation at 10.6pm, results from the 

CFRC sample CF1 were compared with those from a) the epoxy resin samples 

and b) a polished CFRC sample (CF2, see table 3.1a for details). As the various 

samples had different thicknesses, the data were corrected for ultrasonic 

attenuation following the analysis described earlier in section 5.3.2. All the 

epoxy resin results and the results from the polished CFRC sample were 

corrected as if their thickness was equal to the thickness of the unidirectional 

CFRC sample CF1 (~8mm) not only in order to facilitate comparison with 

realistic situations but also because correcting for the attenuation of the 

composite sample is more complicated, as can be seen from Fig. 5.8b.

Fig 5.10a shows the comparison between results from the epoxy samples 

and sample CF1. Some indicative error bars have been included and are due to 

fluctuations of the laser energy. The longitudinal amplitude of the ultrasonic 

signals from the CFRC sample is clearly smaller than in the pure epoxy resin 

samples. Comparing the epoxy results, at low energy levels (<30mJ) all the 

epoxies have similar behaviour but at higher energy levels the behaviour 

changes. According to the model by Edwards et al. (2003) (see appendix B) the 

generation efficiency in the epoxy resins should improve as the ratio of their 

optical absorption depth versus the longitudinal sound velocity approaches the 

rise time of the laser pulse. For the specific laser and longitudinal velocity of 

2600ms'1, this ratio is ~23ns. Keeping this in mind and in accordance with table

5.1 the least efficient epoxy should be EP1.1 and the other three should have 

similar efficiencies with the EP2.2 being slightly better. From Fig. 5.10a it is 

observed that at high energy levels the EP2.2 and EP2.3 epoxies have similar 

behaviour (within the experimental error) and the EP1.1 is less efficient than
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Figure 5.10 (10a) comparative results between: cold curing epoxy resin (EP 1.1), 
warm curing epoxies resins (EP2.1, 2.2, 2.3) and a unidirectional CFRC sample, 
(10b) ultrasonic frequency analysis of epoxies EP 1.1 (b. 1), EP2.1(b.2), 
EP2.2(b.3) and EP2.3(b.4) after attenuation correction (solid line) and before 
correction (dotted line).
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Energy (mJ)
(a)

(b)

Figure 5.11 Comparison between a CFRC sample with 12pm superficial epoxy 
layer (CF1) and a polished one (CF2). The amplitude of CF2 has been corrected 
for the small difference in thickness, (a) longitudinal amplitude vs. laser energy, 
(b) waveforms recorded under similar energy conditions: (b.l) ~15mJ for sample 
CF1 and ~15.5mJ for sample CF2, (b.2) ~40mJ for sample CF1 and 38mJ for 
sample CF2. There is a small time offset correction to the polished sample data.
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those two epoxies. However, the behaviour of EP2.1 doesn’t follow the expected 

trend because it is the least efficient of the four epoxies used.

Fig. 5.10b shows information relative to the ultrasonic frequency content 

of the four epoxies. The graphs, which are normalised in amplitude, were 

corrected for attenuation for the full thickness of the samples and the graphs 

before attenuation correction are shown for comparison. The peak frequencies 

are shown in table 5.2 from where it is seen that the samples EP2.2 and EP2.3 

have similar peak frequencies and overall spectrum. However, EP1.1 has lower 

peak frequency and spectrum and for EP2.1 is even lower. This probably 

explains the unexpected behaviour of this resin in Fig 5.10a since, as mentioned 

in section 5.3.2, the linear fits of the ultrasonic attenuation coefficient are very 

inaccurate at frequencies lower than 0.6MHz, increasing the errors associated 

with the correction of the longitudinal amplitude signal for this epoxy resin. The 

aforementioned errors are due both to the small absorption depth of the resin and 

its bigger attenuation coefficient.

Table 5.2 Peak frequency of the epoxy resins.

Name

Peak frequency (MHz)

Before correction After correction for full 
sample thickness

EP1.1 0.7 1.5

EP2.1 0.4 1

EP2.2 2 2.5

EP2.3 1.8 2.6

As mentioned at the beginning of this section, some experiments were 

made on the polished CFRC sample CF2. Fig. 5.11a shows these results 

compared to sample CF1 and Fig. 5.1 lb shows two waveforms recorded from the 

two samples with similar laser energies. The waveform and the data from the 

polished sample have been corrected for the slight thickness difference of the two
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samples as if it were 8mm thick and also there is a small time offset so that the 

beginning of the longitudinal pulse in the two graphs coincides. The rise time of 

the longitudinal pulse was (60±12)ns.

From Fig. 5.11a it can be seen that at low energy levels (<20mJ) the 

polished sample is less energy efficient but at higher energy levels the situation is 

reversed. It is noted that the discoloration of sample CF2 was observed after 8mJ 

and at 15.5mJ the first fibres were exposed which justifies the increase in the 

ultrasonic amplitudes at high energies due to ablation. Fig. 5.1 lb shows that the 

shape of the waveforms is very different not only in amplitude but also in the rise 

time of the longitudinal pulse. As it will be shown in chapter 7 these differences 

are due to the absence of the superficial epoxy resin on the sample which mainly 

determines the ultrasonic generation mechanism in the case of the 10.6pm 

radiation. For the same reason the efficiency of the composite sample in Fig. 5.10 

is less than on the pure epoxy resin samples.

5.5 Conclusions

In this chapter the ultrasonic generation mechanism using a TEA CO2 

laser was studied. Experiments on CFRC samples were presented and in order to 

understand the role of the superficial epoxy resin in the generation mechanism 

some experiments were performed on pure epoxy resin samples.

In doing so, it was necessary to determine the optical absorption depth of 

the resins and to this end a method was presented for its calculation based only 

on laser ultrasound measurements. Other authors in the past have tried the same 

(Dubois et al. 1994b, Enguehard et al. 1994 and more recently Dubois et al. 

2001) but in the present study the new thennoelastic source model by Edwards et 

al. (2003) was used. The basic difference of this model is that in the 

unconstrained free surface case the source strength has the same temporal profile 

as the laser pulse and in this way the rise time of the longitudinal pulse reflects 

the exponential decay with depth of the temperature distribution and 

consequently of the optical absorption.

Data from the epoxy resin samples had to be compared with data from the 

CFRC sample and there were differences in sample thicknesses. For this reason 

the ultrasonic attenuation coefficient was found by means of piezoelectric
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transducers. According to many authors (Hosten 1998, Biwa et al. 2001), the 

behaviour of the attenuation coefficient is linear which permitted the linear fit of 

the data collected and extrapolation to other frequencies. However, the linearity 

is not valid for the low frequency regime (Hosten 1998) which introduces errors 

in the correction of the longitudinal amplitude signal. These errors were more 

evident with one of the warm curing epoxy samples (EP2.1) which although it 

had an optical absorption depth comparable with the other epoxies of the same 

resin, appeared to be less efficient in generating ultrasonic amplitudes because of 

its high attenuation coefficient which shifted its ultrasonic content to lower 

frequencies (Fig.5.10). As for the composite sample, the calculation of the 

ultrasonic attenuation coefficient is not a trivial problem as can be seen from Fig. 

5.8b. Nevertheless the range of values that were measured in this study is in 

agreement with other authors (Biwa et al. 2001).

Concerning the yellow discoloration of the CFRC sample observed for 

laser energies >15mJ, questions were raised about the non-destructive character 

of the laser based ultrasound technique. The discoloration is due to thermal 

effects which are associated with the way that rnid-IR radiation interacts with 

polymers (i.e. the resin matrix of the composite).

Finally, in order to evaluate the role of the superficial resin layer that 

composite materials normally have, a CFRC sample was polished and 

experiments were performed. The damage threshold was at lower energy levels, 

as expected, and the recorded waveforms were different to the unpolished CFRC 

sample not only in the longitudinal amplitude but also in the rise time of the Im

pulse and the general shape of the waveform (Fig. 5.11). These results will be 

explained in greater detail in chapter 7 where the ultrasonic generation 

mechanism of the TEA CO2 laser will be compared to the other two lasers.
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STUD Y OF BURIED THERMOELASTIC SOURCES:

XeCl EXCIMER LASER (308nm)

Excimer lasers represent an important class of molecular lasers involving 

transitions between different electronic states of special molecules referred to as 

excimers (Svelto 1998, pp.445-448). In the particular case of the XeCl excimer 

laser, a rare atom (Xe) is combined in the excited state with a halogen atom (Cl) 

to form a rare-gas-halide excited dimer (rare gas halides can be readily formed in 

the excited state, when an excited rare gas atom reacts with a ground state 

halogen). Excimer lasers which emit at the UV range are used to ablate plastics 

as well as biological materials with precision, since these materials absorb 

strongly in the UV spectral region.

The XeCl excimer laser emits at 308nm. At this wavelength both epoxy 

resin and carbon fibres absorb strongly. Experiments were performed on the 

unidirectional composite sample (CF1), on the polished unidirectional composite 

sample (CF2) and on pure epoxy resin samples.

The temporal profile of the excimer laser used (Lamda Physik) can be 

seen in Fig. 6.1a from where the duration of the laser pulse was measured as 

~40ns at FWHM and its rise time (tr) ~20ns. Fig. 6.1b shows the frequency 

content of the laser pulse which extends up to ~20MHz. This value is only one 

third of the bandwidth produced by the Nd:YAG laser (Fig. 4.4b) and twice the 

bandwidth of the TEA CO2 laser (Fig. 5.1b).

In a similar manner to the TEA CO2, the laser beam is rectangular in 

shape and, according to the manufacturer, the spatial beam profile is “top hat” in 

the narrow dimension and Gaussian along the long axis. The experimental setup 

used for the collection of epicentral waveforms was presented in chapter 3 

(Fig.3.4). The generation laser energy was controlled by means of a variable 

beam splitter and the beam spot size was regulated by a combination of an iris 

and a lens and was kept at ~0.02cm'.

C H A P T E R  6
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Figure 6.1 XeCl excimer: (a) Temporal profile captured using a photodiode 
(0.5ns rise time) and an oscilloscope (LeCroyLT262) with data acquisition rate 
Ins per point; FWHM=37ns, 6-= 18ns (b) Frequency spectrum of the excimer 
laser pulse.
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(2a)

Energy (mJ)
(2c)

Figure 6.2 XeCl excimer: (2a) and (2b) epicentral waveforms, (2c) longitudinal 
amplitude vs. mean laser energy. The ablation threshold occurs at (3.28mJ, 
0.17nm).
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6.1 Experiments on a unidirectional CFRC sample

A representation of the CF1 sample used for the experiments was shown 

in Fig. 3.7 and its physical characteristics can be found in table 3.1a. Some 

characteristic epicentral waveforms recorded using the excimer laser as 

generator, above and below the ablation threshold are shown in Fig. 6.2a&b. The 

first noticeable thing in these waveforms is the rise time of the longitudinal pulse, 

which is (60±5)ns. The amplitude vs. energy graph is depicted in Fig. 6.2c and 

the ablation threshold’ has been identified between 2-3mJ. The term “damage 

threshold” was not used in this case because there was no exposure of fibres up 

to the maximum laser energies used. The criteria for identifying the ablation 

threshold in the case of the UV laser were: a) during the experiment the 

appearance of a “blue flash” denoting plasma formation, b) the change of 

gradient in Fig. 6.2c and c) the change of the shapes of the waveforms recorded 

(as can be seen for example by comparing waveforms (b) and (c) in Fig. 6.2a and 

Fig. 6.2b respectively). There was no sign of yellow discoloration of the 

irradiated spots (as was the case with the IR lasers) even at the highest energies 

used and the difference was hardly noticeable under the microscope (Fig. 6.3). 

There was also no sign of exposed fibres in any of the irradiated spots.

6.2 Experiments on pure epoxy resin and PMMA

For reasons that have already been explained in the previous chapter, 

experiments were carried out on pure epoxy resin samples and a PMMA sample. 

The samples used were EP1.2, EP2.1, EP2.2, EP2.3 and the block of the silver 

coated PMMA (see table 3.1b). Some representative epicentral waveforms that 

were recorded can be seen in Fig. 6.4.

The optical absorption depth of the UV radiation was calculated as it was 

described in section 5.3.1 by measuring the time distance between the 

longitudinal pulse and its echo (3L) from the recorded waveforms. The

’ The term “ablation threshold” was used because of the way that UV radiation interacts with the 

polymers. As it will be discussed more extensively in section 6.2.2, the mechanism used in this 

case is called Ablative Photo-Decomposition (APD).
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(c) (d )

Figure 6.3 Comparative pictures taken before and after irradiation: (a) and (c) 
spots before irradiation, (b) and (d) corresponding spots after irradiation with 
laser energy 2mJ (below ablation threshold), and 7.5mJ (above ablation 
threshold) respectively. The arrows point to similar features in the photos before 
and after, to facilitate orientation and comparison.

longitudinal velocity of the ultrasound was calculated and found to be 

(2630±20)ms"' in all the epoxy resin samples and (2760±19)ms_1 for the PMMA 

sample. A comparison with the equivalent table presented in the previous chapter 

(table 5.1) shows that the viscoelasticity of the epoxy resin does not have a 

strong effect on the longitudinal sound velocity. The rise time (tr) of the 

longitudinal pulse (L) was also measured as the time interval between the 

maximum of the longitudinal amplitude and its 1/e value (see subsection 5.3.1). 

The procedure is summarised in Fig. 6.5 and the results arc shown in table 6.1. It 

should be remembered that samples EP2.1, 2.2 and 2.3 are basically the same
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(4a) (4b)

Figure 6.4 XeCl excimer: epiccntral waveforms on polymer samples. (4a) 
sample EP1.1, (4b) sample EP2.1, (4c) sample EP2.2, (4d) sample EP2.3, (4e) 
PMMA, L = longitudinal, S = shear, 3L= longitudinal echo.
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Figure 6.5 Measurement of parameters for the calculation of the optical 
absorption depth ô. Warm curing epoxy resin waveform using the XeCl excimer 
(energy=6.9mJ) (a) L=first longitudinal pulse, 3L=longitudinal echo, (b) 
longitudinal rise time measurement.

resin with different hardener (see table 3.1b). Their different colours correspond 

to different behaviour in absorbing the UV light. In other words they each 

contain different chromophores, which is evident in the calculated absorption 

depth (table 6.1).

To check the values of the optical absorption depth obtained from the 

ultrasonic method, measurements of optical transmission were taken by means of 

a fast photodiode (0.5ns rise time) using the thin sample EP1.3* (see table 3.1b). 

Placing the sample as close to the photodiode as possible to avoid scattering

’ The same sample was put in the UV/VIS spectrometer but the instrument failed to give any 

signal at 308nm.
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loses and taking into consideration reflection losses and multiple reflections from 

both surfaces using equation 5.6, the optical absorption depth was found to be 

~-400pm (refractive index=1.5, Palik 1991, pp.957-987). The corresponding 

value found with the ultrasonic method is ~210pm.

Table 6.1 Measured rise time of L-pulse and calculated optical absorption depth 
for the epoxy and PMMA samples. _________________________________

Name L-Pulse Rise Time (/,) in 
ns

1/e extinction of L-pulse

L-Velocity (vl) 
in ms'1

Optical absorption 
depth (r)’) in pm

EP1.2 80±15 2620±10 210±35

EP2.1 100±15 2610±80 260±40

EP2.2 53±8 2600±190 140±20

EP2.3 30±5 2660±40 85±10

PMMA 650±20 2760±20 1800±50

Experiments were carried on a PMMA sample because it is a very well 

studied material and there is extended literature on its optical properties in the 

UV area. It has to be noted here that even referring to the same polymer, large 

differences in the behaviour and the optical properties can be exhibited between 

samples from different manufacturers (for example see Srinivasan V. et al. 

1986). The optical transmission was measured with the Jenway 6505 UV/VIS 

Spectrometer on another PMMA sample of 2.68mm thickness and good surface 

quality. At the 308nm wavelength, transmission was found to be 17.5% and 

assuming a refractive index of 1.5 for PMMA at that wavelength, the optical 

absorption depth was found to be approximately 1.6mm (after correcting for 

reflection losses). This value is in very good agreement with the results from the 

ultrasonic measurements, which gave a value of 1.8mm for the same material 

(see table 6.1). The absorption coefficient of the same thin PMMA sample was 

also determined by placing it directly in front of the laser pulse and using a fast 

photodiode to measure the difference in laser intensity. This way the absorption 

coefficient was calculated as 374m 1 which corresponds to an optical absorption
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depth of 2.67mm. In Sutcliffe and Srinivasan (1986) the absorption coefficient of 

PMMA is given as -500m"1 corresponding to an optical absorption depth of 2mm 

which also agrees with our findings.

6.2.1 Analysis of the results on epoxy resin samples

As mentioned before, polymers absorb strongly in the UV spectral region. 

However, the results from table 6.1 show that the optical absorption depth is 

between 100-200pm. These values are at least one order of magnitude greater 

than the ones mentioned in the literature for materials similar to epoxy resins 

such as natural resins that are used in paintings (René de la Rie 1988). It is 

possible that the difference in the results is among other things due to the method 

for determining the absorption coefficient which was based on UV transmission 

measurements in the above mentioned article. Such measurements are subject to 

errors caused by scattering and optical imperfections of the samples especially at 

short wavelengths and need to be corrected for reflection losses.

The way that UV radiation interacts with polymers differs greatly from 

the mechanism for IR radiation. In particular, the 308nm photons of the XeCl 

laser have enough energy to directly excite and break the intermolecular bonds of 

the polymer chains, which is a photochemical phenomenon. On the other hand, 

IR radiation excites the vibrational modes and relies on thermal energy to ablate 

the material. The mechanism that the UV radiation uses is called “Ablative 

Photodecomposition” (APD). With this mechanism, the ablation threshold occurs 

at lower energies (of the order of lO '-Ucm “ depending on the wavelength and 

the type of polymer) but the ablation rate (i.e. the rate that material is removed 

from the surface of the sample) is very low (Sutcliffe and Srinivasan 1986). This 

ablation rate was measured by profilometry on the EP1.2 and the EP2.1 samples 

and was found to be ~0.12pm per pulse and ~0.03pm per pulse respectively for 

6mJ incident UV energy*. One such measured profile is shown in Fig. 6.6a.

To find the ablation rate, the samples were irradiated with a large number of pulses 

(~500pulses) and then the depth of the irradiated spot mark was measured by means of a stylus 

profilometre. After calculating the total ablated depth, its value was divided by the number of 

pulses to find the ablation rate.
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Figure 6.7 Energy level diagram showing the meehanisms of ablation 
(Srinivasan 1984).

The ablative mechanism plays a significant role in ultrasonic generation 

and it is necessary to explain APD in greater detail and review some explanatory 

background literature before continuing the analysis of the results.

6.2.2 Ablative Photo-Decomposition (APD): literature review

Historically, ablation of polymer films using UV laser radiation was first 

reported by Srinivasan and Leigh (1982) and Srinivasan and Mayne-Banton 

(1982). Garrison and Srinivasan (1984) then proposed an initial model for the 

ablation mechanism. Since then there has been an extensive literature on the 

problem of the mechanism of the UV laser ablation of polymers (Jellinek and 

Srinivasan 1984, Sutcliffe and Srinivasan 1986, Luk'yanchuk et al. 1993) and 

although there has been significant progress, there are still many questions to be 

answered. The bulk of the theories are based on measurements of the ablation 

rate as a function of the laser parameters and the absorption of the polymer. The 

theories claim to reproduce the experimentally derived etch rates based on 

fundamental principles but only under rigorous boundary conditions.
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The UV spectral region corresponds to electronic transitions in organic 

molecules meaning that the absorption of UV laser radiation by the polymer 

molecule will lead to an electronic transition (marked A in Fig.6.7). After that the 

molecule can decompose using three different processes (Srinivasan 1984):

a) If the transition A leaves the molecule in an energy level above the 

dissociation energy level in that excited state then the molecule may dissociate in 

the next vibration which is likely to take place in a picosecond timescale. This 

purely photochemical process was given the name Ablative Photo- 

Decomposition by Srinivasan and Leigh (1982).

b) The excited molecule may not dissociate but return to the ground state 

(marked B in Fig.6.7) while converting its electronic energy into vibrational- 

rotational energy which will eventually become thermal energy. The 

decomposition of the polymer bonds may then be continued due to thermal 

effects (photo-thermal process).

c) If the initial transition leaves the molecule in an upper state below the 

dissociation energy level (transition marked C in Fig.6.7) then the molecule 

cannot dissociate by means of a single photon. Thermal energy from other 

molecules which fall to the ground state, as described in process b), may provide 

the necessary energy to assist the molecule to dissociate (process marked C' in 

Fig.6.7). This process is called a thermally assisted photo-process.

Based on the above, several models have been proposed which mainly 

can be categorised as: i) photochemical models, where the breaking of the bonds 

is a direct result of the photon absorption (Sutcliffe and Srinivasan 1986, Jellinek 

and Srinivasan 1984), ii) photothermal models, where the bonds are thermally 

broken (Andrew et al. 1983, Koren and Yell 1984) and iii) combined 

photochemical and photothermal models (Srinivasan R. et al. 1986). All of these

Although the term “ablative photodecomposition” was used to describe the strictly 

photochemical process of ablation (as explained in Srinivasan 1984), the meaning of the term was 

broadened by later authors to describe the UV laser ablation process in general (on this subject, 

refer to Srinivasan 1988). This is also the case in this study and the term is also applied in order 

to distinguish UV laser ablation from the use of the word “ablation” with the IR lasers presented 

in the previous chapters.



93

models try to explain the experimental results but still mainly depend on the UV 

laser wavelength used and/or the laser fluence region.

A very important categorisation of the polymers is in weak and strong 

absorbers according to their optical absorption depth (<5) at the particular UV 

laser wavelength. For example, at 308nm, PMMA has a very large absorption 

depth (~2mm, Sutcliffe and Srinivasan 1986) and the ablation mechanism is of 

thermal nature. In contrast, at 193nm, <5 is reported as 2pm (Sutcliffe and 

Srinivasan 1986) and the mechanism is photochemical (Braren and Seeger 1986).

As mentioned above, the published data rely mainly on measurements of 

the ablation rate of the etch depth (such as shown in Fig.6.6b&c). In purely 

photochemical models, the etch depth is related to the optical absorption 

coefficient (a) with the following expression (Jellinek and Srinivasan 1984):

lo g ( A  (6.1)
Ft

where If is the ablation rate (i.e. etch depth per pulse), F is the laser fluence and 

Ft is the threshold laser fluence’. Later studies have found an Arrhenius type 

dependence of the rate equation (Kiiper et al. 1993) related to photothermal 

models:

I f  -  Ae F (6.2)

where A is a pre-exponential or frequency factor and B is a constant containing 

information on the activation energy and the relation between the fluence F and 

the laser induced temperature rise.

In any case, there is no reported example of a polymer whose etch curve 

fits equation 6.1 (although there is a linear relation between // and logF, such as 

shown in Fig.6.6, the slope of the curve is not 1/a as predicted by the theory). In 

all these models, the important fact remains that the absorption coefficient is an 

influential factor for the study of the ablation mechanisms in polymers and at UV 

wavelengths it can vary by as much as three orders of magnitude.

’ As mentioned in Kiiper et al. (1993), the ablation threshold is defined as the zero point where 

the extrapolated ablation rate curve crosses the fluence axis.
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There are two very important characteristics that make APD such an 

interesting phenomenon: i) the high resolution in the etching depth in a 

reproducible manner and ii) the apparent lack of thermal damage to the substrate. 

Both of these are highly desirable in applications such as microelectronics or 

medicine. In the present study the second characteristic of APD is the interesting 

one. The optical absorption depth is greater than the observable etching depth, 

which means that there is a portion of the laser energy that should remain in the 

substrate as thermal energy. Gorodetsky et al. (1985) and Dyer and Sidhu (1985) 

have measured the temperature of the substrate during ablation related to the 

laser fluence. They both found that there is a linear relationship between the 

temperature rise and the laser fluence at the low energy regime (below the 

ablation threshold) where the absorbed laser energy appears as heat*. Above a 

certain threshold fluence (which is close to but different from the one found from 

the ablation rate graph), the temperature rise is constant concluding that a 

significant fraction of the incident energy should go into broken chemical bonds 

and thermal kinetic energy of the ablated material. It has to be noted here that in 

the above mentioned experiments the polymer film was considerably thicker than 

the quoted absorption depth. A very characteristic example of the thermal 

degradation of the substrate due to ablation can be seen in Srinivasan R. et al. 

(1986) where SEM photographs of etched PMMA under 193nm and 248nm 

irradiation are presented; the pit created by the 248nm wavelength ablation 

shows distinct signs of melting. From the three most common excimer 

wavelengths (193nm, 248nm and 308nm) the studies up to date show that 

generally the ablative mechanism is more “photochemical” at 193nm and more 

“photothermal” at 308nm (Braren and Seeger 1986, Srinivasan and Braren 1989).

Finally, there are some studies which have employed acoustic techniques 

in order to study the APD mechanisms. Gorodetsky et al. (1985) have studied the 

acoustic response of polyimide using the three most common excimer laser 

wavelengths including the 308nm excimer and have discussed the ablation 

mechanism in terms of thermal and photochemical processes. They measured the

* Below the threshold, 15% of the energy was converted to heat but above that threshold 80-90% 

of the laser energy is not detected by the calorimeter.
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amplitude of the longitudinal wave and observed a distinct threshold in the data 

(a change of gradient from the thermoelastic to the ablative regime) related to the 

ablation fluence threshold proving that it is possible to determine the ablation 

threshold with this method. Dyer and Srinivasan (1986) used wide bandwidth 

PVDF transducers to measure the onset time of the acoustic waves relative to the 

laser pulse during the ablation of PMMA and polyimide at 193 and 308nm. 

However, due to the small thickness of their sample the timing measurements 

and conclusions are questionable. For example some of the features attributed to 

the ablation process might have been ultrasonic echoes. Since then, acoustic and 

opto-acoustic methods were used to study APD (Gosh and Hurst 1988, Dyer and 

Kamakis 1994, Dyer et al. 1996a) but sometimes the results were misinterpreted* 

(Leung and Tam 1992, Koren 1987).

In the following section the above literature review will be used to 

interpret our experimental data.

6.3 Results and discussion

In order to determine the role of the superficial epoxy resin in the 

generation of ultrasound using UV radiation, results from the CFRC sample CF1 

were compared a) with results from the pure epoxy samples and b) with results 

from the polished CFRC sample CF2 with no superficial resin layer (see table 

3.1a). As the various samples had different thicknesses, the data were corrected 

for ultrasonic attenuation (see chapter 5, section 5.3.2).

Before comparing the generation efficiency between epoxy resins and the 

composite sample, a first comparison between the corresponding shapes of 

waveforms as shown in Fig. 6.2a&b and Fig. 6.4 shows different features for 

each case: The epoxy resin waveforms have shorter rise time of the longitudinal 

pulse and apart from the waveforms of EP1.2 (which is much thicker than the 

rest), the longitudinal pulse is bipolar. Extending the comparison to the 

amplitude of the longitudinal signal, Fig 6.8a shows results from pure epoxy

During this literature review, it became apparent that due to the limited background of the 

authors in ultrasonic measurements, they had a difficulty in recognising and interpreting the 

various features in the recorded waveforms.
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Figure 6.8 (8a) comparative results between: cold curing epoxy resin (EP1.2), 
warm curing epoxies resins (EP2.1, 2.2, 2.3) and a unidirectional CFRC sample 
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Figure 6.9 Comparison between a CFRC sample with 12pm superficial epoxy 
layer (CF1) and a polished one (CF2). The amplitude of CF2 has been corrected 
for the small difference in thickness, (a) longitudinal amplitude vs. mean laser 
energy, (b) waveforms recorded under similar energy conditions, ~2mJ for (b.l) 
and ~7.5mJ for (b.2). There is a small time offset correction to the data from 
sample CF2.
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resin samples and the CFRC sample. Indicative error bars based on the 

fluctuation of the laser energy have been included in some of them. About the 

CFRC results, it is noticed that at low energy levels (<3mJ) the amplitude of the 

longitudinal pulse is following the trend of the less efficient epoxy resins but as 

we go from the thermoelastic regime to the ablation regime (at energies >3mJ) 

the efficiency increases and at energies greater than 6mJ the efficiency of the 

CFRC sample is the same as the most efficient pure epoxy resins. As for 

comparing the generation mechanism between epoxy resins, according to the 

ultrasonic generation model by Edwards et al. (2003) (see Appendix B), the 

criterion is the ratio of (5/dl). Based on table 6.1, the shorter absorption depth 

should correspond to larger amplitude longitudinal signals (of higher ultrasonic 

frequency content). Thus, the efficiency of EP1.2 and EP2.1 should be similar 

since the optical absorption depth of these two resins is comparable, EP2.2 

should be even more efficient and EP2.3 should be the most efficient epoxy of all 

since it has the smallest optical absorption depth. Unfortunately, Fig. 6.8a shows 

a different picture: The samples EP2.2 and EP2.1 have similar efficiencies and 

EP2.3 with EP1.2 are less efficient with EP1.2 being the least efficient of all. 

There are a few explanations as to why this happens. For the sample EP2.3, the 

rise time of the longitudinal pulse is ~30ns while the data acquisition rate of the 

oscilloscope used was 10ns per point. This means that the rise time of the 

longitudinal pulse of this epoxy was reaching the limitations of the data 

collection setup and part of the pulse might not have been recorded for this 

reason (see also the discussion in section 5.3.1 of the previous chapter, 

concerning the limitations of the ultrasonic technique in measurements of the 

optical absorption depth). As for sample EP1.2, the solution may lie in the 

ultrasonic attenuation. This sample was considerably thicker than the others (see 

table 3.1b) and as such the frequency content of the recorded waveforms was 

shifted towards low frequencies, making the correction of the longitudinal 

amplitude values inaccurate (see also the discussion in section 5.4.2 for similar 

problem encountered with the TEA CO2 laser and EP2.1 epoxy).

As shown in Edwards et al. (2003), the ultrasonic frequency content of 

the signal depends strongly on the optical absorption depth and the laser pulse
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duration. Fig. 6.8b was produced following the procedure described in chapter 5 

(subsection 5.3.2), and shows the normalised amplitude vs. frequency graph of 

all the epoxy resins used in this study. The peak frequency of the epoxies is 

shown in table 6.2. As mentioned above, it was not possible to calculate the peak 

frequency of EP1.2 due to errors related to ultrasonic attenuation. In addition, the 

values of peak frequency for EP2.3 are subject to a greater inaccuracy than the 

other samples.

Table 6.2 Peak frequency of the epoxy resins.

Name

Peak frequency (MHz)

Before correction After correction for full 
sample thickness

EP1.2 0.3 -

EP2.1 1.1 1.2

EP2.2 2.3 2.9

EP2.3 2.9 4.2

Results of the CFRC sample CF1 were also compared with those from the 

polished composite sample CF2 to study the influence of the superficial resin 

layer in the ultrasonic generation mechanism. As can be seen in Fig. 6.9a the 

ultrasonic generation efficiencies are similar in both samples (the data of the 

polished sample have been corrected for the difference in thickness as if it were 

8mm thick). In addition, in Fig. 6.9b waveforms recorded from the two samples 

under similar energy conditions are shown. Both at low and at high energy levels 

the waveforms in the two samples are not only similar in amplitude but in shape 

as well (for the polished sample, the rise time of the longitudinal pulse was 

(40±6)ns). Nevertheless, it should be noted that the degree of damage of the two 

samples was very different. As it was noted earlier in this chapter (Fig. 6.3), in 

the composite sample with 12pm superficial epoxy resin there were no exposed 

fibres even up to the maximum laser energies used in this study. On the contrary,
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on the polished sample, damaged fibres were apparent at around 5mJ. From all 

the above it is evident that in the case of the XeCl excimer laser the ultrasonic 

generation mechanism is mostly determined by the presence of the carbon fibres. 

The difference in the shape of the waveforms between CFRC and pure epoxy 

samples as well as the considerably longer rise time of the longitudinal pulse (60- 

70ns) in the former should also be attributed to the same reason.

6.4 Conclusions
Ultrasonic measurements were used in order to calculate the optical 

absorption depth of various epoxy resin samples (Stratoudaki et al. 2002a). 

Comparing the results with optical transmission measurements, it was shown that 

the ultrasonic method is an accurate way to measure the optical absorption depth 

without knowing other optical properties of the material apart from the velocity 

of sound which can also be measured accurately using the same waveforms. 

Since the absorption spectrum of the polymers varies greatly even for the same 

material provided by different manufacturers, this method could prove valuable 

in the development of APD models and in applications where the accurate 

determination of the optical absorption depth is important such as the restoration 

of paintings using lasers (Georgiou et al. 1998) where the laser radiation should 

be kept away from the photo-sensitive painted layers.

Owing to the small ablation rate of the epoxy resins under UV radiation 

(<lpm per pulse), the irradiated spots on the CFRC sample showed no signs of 

exposed fibres throughout the energy range that was used. Although the ablation 

threshold itself was very low (2-3mJ), the mechanism enhanced the ultrasonic 

signal without causing damage to the carbon fibre layers.

The influence of the ultrasonic detection system became obvious when it 

came to comparing results from the different epoxy resin samples (Fig. 6.8). It is 

very important to know the limitations of the system used in order to avoid 

misinterpreting results.

As it was noticed also in the previous chapter, ultrasonic attenuation due 

to the viscoelasticity of the epoxy resins had an important effect on the epoxy 

results as well. Errors are introduced because the linearity of the attenuation 

coefficient which was assumed, is not valid at low frequencies <0.6MHz (see
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section 5.3.2). However, viscoelasticity has no great effect on the longitudinal 

sound velocity as observed by comparing table 6.1 and table 5.1.

From the values of the optical absorption depth for typical epoxy resins 

used in the aerospace industry for manufacturing CFRCs (table 6.1), it can be 

understood that some of the radiation actually reaches the carbon fibre layers. 

This theory is confirmed by experiments on a CFRC sample where the 

superficial epoxy resin layer was removed by polishing. There is a great 

similarity in the shape and the amplitude of these waveforms with those recorded 

from an unpolished CFRC sample both at low and at high energies (Fig. 6.9). All 

these evidences imply a different ultrasonic generation mechanism with a longer 

time scale force to which the longer rise time of the longitudinal pulse (60-70ns) 

and the observed features in the shape of the waveforms should be attributed. 

This mechanism is strongly influenced by the presence of the carbon fibres. 

Further support for this theory will be given in the following chapter where the 

results from all the different laser waveforms will be compared and the ultrasonic 

generation mechanism will be explained in more detail.
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C H A P T E R  7

STUD Y OF BURIED THERMOELASTIC SOURCES:

THE EFFECT OF LASER WAVELENGTH ON THE 

GENERATION OF ULTRASOUND

One of the ways to increase the generation efficiency of laser based 

ultrasound in composite materials is changing the generating laser parameters: 

the pulse duration and/or the wavelength. The latter is of major importance 

because in non-metals the ultrasonic generation mechanism depends on the 

optical absorption depth of the material which is a direct function of the laser 

wavelength used (see section 3.1).

In previous studies, the generation efficiency at the 10.6pm (TEA CO2) 

and the 1.06pm (Nd:YAG) has been compared: McKie and Addison (1994a) 

have found that the Nd:YAG is more energy efficient but because the damage 

threshold occurs at lower energy densities, they mention that the longer pulse 

duration of the TEA CO2 laser (100ns at FWHM) would be preferred as “it 

distributes the total pulse energy over time so that no material damage occurs”. 

For this reason it was thought that a Nd:YAG laser with a longer pulse duration 

would be more efficient (McKie and Addison 1994b), although, the generation 

efficiency of the short pulse Nd:YAG had previously been found to be better 

than the one with the long pulse (Tittmann et al. 1989). In all three articles 

mentioned previously the detection bandwidth was lower than the bandwidth 

generated by a 20ns Nd:YAG (see section 3.2.2) and it is possible that not all the 

useful signal was detected. Other studies have found also that the generation 

efficiency of the Nd:YAG is increased in relation to the TEA CO2 (Lorraine et al. 

2000) but the lower damage threshold at the 1.064pm wavelength is thought to 

present problems to the use of this wavelength for non-destructive inspection of 

CFRCs. Instead, the spectral region between 3-4pm is thought to be of interest 

because the superficial epoxy resin layer which is present in CFRC samples 

absorbs strongly at this region (Dubois et al. 1993). The results presented from 

lasers operated at such wavelengths are promising (Edwards et al. 2000, Lorraine
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et al. 2000, Dubois et al. 2002) but their industrial implementation is as 

expensive as the existing system which uses the TEA CO2 laser.

Previous studies using the 308nm wavelength for non-destructive testing 

of CFRCs do not exist to the author’s knowledge. Although excimer lasers are 

equally expensive and cumbersome as the TEA CO2 lasers, it has to be 

remembered that UV wavelengths can be achieved by using a Nd:YAG emitting 

at the 3rd or 4th harmonic.

In the three previous chapters, results were presented separately from 

laser generated ultrasound on the same unidirectional CFRC sample using three 

different laser wavelengths. In the present chapter, the ultrasonic generation 

efficiency at the three wavelengths will be compared and the differences in the 

ultrasonic generation mechanism in each case will be investigated. Finally, the 

role of the superficial epoxy layer in the generation mechanism will be evaluated.

7.1 Relation of the amplitude of the generated signal to the spot size of the 

generating laser beam

The ultrasonic generation mechanism is closely related to the 

characteristics of the incident laser beam and in the following section results 

from different generating laser setups will be compared. To this end, it is 

necessary to report on the effect of the spot size of the laser beam on the 

amplitude of the generated signal. This has been studied by McDonald 

(1990&1989) where the fluence was kept constant while the beam spot size was 

varied.

In the experiments with the Nd.YAG and the XeCl excimer the spot size 

of the laser beam was the same: (2.0±0.2)xl0'2cm2. For the TEA CO2 the spot 

size was slightly bigger: (3.0±0.2)xl0'~cm . In order to correct the results from 

this laser, a series of experiments was carried out on a pure epoxy resin sample 

(EP1.2) of ~ 16mm thickness by varying the size of the aperture in front of the 

laser beam (see experimental setup in Fig. 3.4). As a result, the fluencc was kept 

approximately constant at (0.25±0.05)JcnT while the radius of the laser beam 

was varied between l-4mm. Two sets of measurements were made: a) the lens*-

* The focal length of the germanium lens was 20cm.
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sample distance was 25.8cm and the fdters in front of the iris were transmitting 

-15% of the incident energy and b) the lens-sample distance was 33.6cm and the 

filters were transmitting 32% of the incident laser energy. The spot sizes were 

calculated using equation 5.1. The result is depicted in Fig. 7.1. A polynomial fit 

of the data is also shown in the same figure and corresponds to the following 

expression:

L = -0.03 + 7.04(55) -5.45(SS)2 (7.1)

where L is the longitudinal amplitude and SS the spot size of the beam measured 

in cm2.

Fig. 7.2 shows recorded waveforms with constant fluence but different 

spot sizes. The amplitude of the longitudinal pulse increases with increasing spot 

size as shown in Fig. 7.1. In addition, given that the triggering conditions were 

the same, it is shown that the peak arrival of the longitudinal pulse is slightly 

shifted towards later times with increasing spot size (inset in Fig. 7.2). 

Nevertheless, the rise time of the longitudinal pulse (measured as ~130ns) 

remains constant as expected, since it is related to the optical absorption depth 

and the laser pulse duration (Edwards et al. 2003).

The results from this section will be used to correct the amplitude of the 

signal for the results with the TEA C 02 laser due to the small difference in the 

spot size of the laser beam when compared with the other laser wavelengths.

7.2 Comparison of generation efficiency using the 3 laser wavelengths on the 

same unidirectional CFRC

Ultrasonic longitudinal amplitude versus mean laser energy results from 

the three lasers taken on the same unidirectional CFRC sample (CF1) are 

compared in Fig. 7.3. The data from the TEA CCA laser have been corrected for 

the small difference in spot size using equation 7.1. In the case of the Nd:YAG 

(1.064pm), most of the energy is absorbed in the first layer of carbon fibres 

(McKie and Addison 1994a, see also chapter 4) as the resin is almost transparent. 

At 10.6pm (TEA CO:), both the superficial resin and the carbon fibres absorb 

strongly (McKie and Addison 1994a, Dubois et al. 1993, Stratoudaki et al. 2003, 

see also chapter 5). The same happens at 308nm (XeCl) but in this case, because
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Figure 7.1 Longitudinal amplitude vs. spot size for constant fluence.

Figure 7.2 Recorded waveforms produced by varying the laser beam spot size, 
keeping the fluence constant. The spot size values are in cm2.
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Figure 7.3 Comparative results: longitudinal amplitude vs. mean laser energy for 
all three wavelengths. The data for TEA C 02 have been corrected for the small 
difference in spot size using equation 7.1.

of the different way that the UV radiation interacts with the superficial epoxy 

resin, the generation mechanism is different (Stratoudaki et al. 2003, see also 

chapter 6). The fact that the three lasers produce three different sorts of buried 

source is observed both in the generation efficiency graph shown in Fig. 7.3 and 

in the shape of the recorded waveforms (Stratoudaki et al. 2002b, see also Fig. 

4.5a&b, Fig. 5.3a and Fig. 6.2a&b). Table 7.1 summarises the results shown in 

Fig. 7.3 and emphasises the criteria used for the determination of the damage 

threshold. Table 7.2 compares the yellow discoloration threshold observed with 

the two IR lasers. Given the fact that the CFRC sample tested had a 12pm layer 

of superficial epoxy resin (see Fig. 3.6) and that the measurements were single 

shot, the ablation rate at the damage threshold was calculated for the IR lasers.
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As mentioned in chapter 6, for the UV laser an insignificant amount of material 

was removed and yellow discoloration was not observed.

T a b l e  7 .1  Comparative results: Damage/Ablation threshold for all three 
wavelengths. The data for TEA CO2 have been corrected for the small difference 
in spot size using equation 7.1.______ _________________ _________________

N d : Y A G T E A  C 0 2 X e C l

D a m a g e  T h r e s h o l d

Microscopical observation o f the first 
exposed fibres

A b l a t i o n
T h r e s h o l d

No exposed 
fibres^

L o n g i t u d i n a l
A m p l i t u d e

( n m )

1 .62 1 .1 5 0 . 2 - 0 .7

E n e r g y  ( m J ) 6 .2 3 7 .8 2 - 3

*For the IR lasers at the damage threshold, one pulse was enough to remove 
all the superficial resin layer (~12pm of resin).

fFor the UV laser, at laser energy close to the ablation threshold, the ablation 
rate was too low to be measured by profilometry. Indicatively it is mentioned 
that at 6mJ of laser energy the ablation rate was found to be ~0.15 pm/pulse.

T a b l e  7 .2  Discoloration threshold. The data for TEA CO2 have been corrected 
br the small difference in spot size using equation 7.1._____________________

N d r Y A G T E A  C 0 2

L o n g i t u d i n a l  
A m p l i t u d e  ( n m )

0 .5 7 0 . 4 0

E n e r g y  ( m J ) 3 .2 15 .0

7 .3  T h e  r o le  o f  t h e  e p o x y  r e s in  in  t h e  u l t r a s o n i c  g e n e r a t i o n  m e c h a n i s m

Fig. 7.3 and table 7.1 present great technological interest as they show 

that the Nd:YAG is at least 6 times more energy efficient below the damage 

threshold than the TEA CO2 which is the laser currently used industrially for the 

inspection of CFRCs. In the present section the reasons why the results differ
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from each other w ill be investigated and the role o f the superficial epoxy resin in 

the ultrasonic generation m echanism  w ill be evaluated.

As shown in chapter 4, at 1.064pm  (Nd:YAG) the epoxy resin can be 

considered as transparent (the absorption depth o f the epoxy is several mm) 

whereas for 10.6pm  ( T E A  C O 2 ) and 308nm  ( X e C l)  the absorption depth is 100- 

200pm  depending on the resin (Stratoudaki et al. 2002a, see also table 5.1 and 

table 6 .1). Since our CFRC sample had a superficial epoxy resin layer o f 12pm , 

both the superficial resin and the underlying fibres absorb strongly at the two last 

mentioned wavelengths. The longitudinal sound velocity in the pure epoxy resin 

samples and the unidirectional CFRC sample was also determined and found to 

be vcpoxy~2600ms"1 and t>cFRc~3000m s'.

To examine the role of the superficial resin layer in the ultrasonic 

generation mechanism, experiments were conducted on the same CFRC sample 

(CF1) but where the situation was exaggerated in the following way: A quantity 

of epoxy resin was poured on the sample so as to create an area with ~ 1.2mm 

thick superficial epoxy resin layer. In the present section, waveforms recorded on 

the thick resin layer area will be compared with those from the thin resin layer 

area.

7.3.1 Buried thermoelastic sources: Nd:YAG laser

Fig. 7.4a depicts two waveforms recorded on the same CFRC sample but 

with a thin (12pm) and a thick (1.2mm) resin layer on top. The laser energy used 

in both cases was approximately 2.5mJ (below damage threshold). The two 

signals were recorded under different triggering conditions which is the main 

reason for the different time arrivals of the signals. Fig. 7.4b explains the 

generation mechanism at the thick superficial epoxy resin area. At the 1,064pm 

wavelength the epoxy is transparent and nearly all of the radiation is absorbed at 

the interface between the superficial epoxy layer and the first layer of carbon 

fibres. The generated ultrasound travels through the sample and is detected at the 

opposite side. At the same time the same generated signal also travels towards 

the surface of the sample where it is reflected, travels through the sample and is 

detected at the other side with a time difference compared to the previous signal



CFRC with 12nm superficial epoxy layer 
CFRC with 1.2mm superficial epoxy layer

d e P o x y =  1 -2mm

dcFRcr 8mm

(b)

F i g u r e  7.4 N d r Y A G :  (a) waveforms recorded on the same CFRC sample with 
12pm superficial resin (grey line) and 1.2mm superficial resin (black line), (b) 
representation of the ultrasonic generation mechanism in the CFRC sample with 
1.2mm superficial resin.



F i g u r e  7.5 N d : Y A G :  Grey line corresponds to waveform recorded from a CFRC 
with only 12pm superficial epoxy. Black line corresponds to the derivative of a 
waveform recorded from the same CFRC sample but with 1.2mm of epoxy. The 
small time difference between the two signals in the principal graph is due to 
different triggering conditions and sample thickness difference and has not been 
corrected to facilitate comparison. The inset shows the area of the L-pulse 
magnified. A small time off set has been included in the inset graph so the arrival 
of the L-pulses coincide.

and a difference in amplitude due to transmission at the interface (see also Rosa 

et al. 2001). In Fig. 7.4a both parts of the signals can be seen. Their time 

difference (dt| in Fig. 7.4) corresponds to the time it takes for the ultrasound to 

travel a distance equal to twice the thickness of the superficial epoxy layer. The 

feature after 6.05pm (dt2 in Fig. 7.4) of the arrival of the longitudinal pulse (L) is 

the longitudinal echo (3L).

The transmission coefficient (Tz) for normal incidence of plane 

displacement waves between epoxy and carbon fibres is given by (Auld 1990, 

pp. 129-131):
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2 Z
Tz = ~ ------^ ----  (7.2)

where Z e/7„x>. and Z c f r c  a re  the characteristic acoustic impedances of epoxy resin 

and CFRC respectively and are related to the material’s density (p) and 

longitudinal sound velocity (ty) with the following relation (Auld 1990, pp.129- 

131):

Z  = p v L (7.3)

The density of epoxy (pcpoxy) was measured as 1.14xl03kgm'3 and the 

density of CFRC (p c fr c )  as 1.57xl03kgm'3. Substituting these values in 

equations 7.2&3 yields a transmission coefficient of -0.77. The initial 

longitudinal amplitude of the signal as shown in Fig. 7.4a was 2.25nm and using 

the transmission coefficient calculated above, the transmitted longitudinal pulse* 

should have amplitude -1.73nm, very close to the experimental value (-1.59nm).

The shape of the waveform from the thick epoxy layer area of the sample 

looks remarkably like the waveform recorded from an aluminium sample with a 

1mm thick glass slide on top (Dewhurst et al. 1982). In this case the glass slide 

acted as a transparent constraining layer. Thus, in the case of the Nd:YAG the 

resin layer acts also as a constraining layer. As shown in Edwards et al. (2003) 

(see appendix B), for the constrained layer case the displacement has the same 

time dependence as the applied force (i.e. time integral of the laser pulse) 

whereas in the free-surface case the displacement is the derivative of the applied 

force (i.e. has the temporal profile of the laser pulse) which makes the 

constrained case the integral of the free-surface case. Keeping this in mind the 

waveform from the thick resin layer area of the sample was differentiated and the 

amplitude of the signal was reduced to 100 times its initial value to facilitate 

comparison. The result is shown in Fig. 7.5. The inset in this figure shows an 

enlargement in the region of the L-pulse arrivals; to ease comparison a time 

offset has been chosen to make the longitudinal pulses coincide.

’ The reflection coefficient between the superficial epoxy and the air was assumed 100%
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7.3.2 Buried thermoelastic sources: TEA C02 laser

Fig. 7.6a shows waveforms recorded on the thin and the thick superficial 

epoxy layer area of the CFRC sample. The laser energy was ~8mJ (below 

damage threshold). The triggering was slightly different in each case which, 

together with the marginally different thickness between the thick and thin resin 

layer area, account for the time difference between the arrival of the two signals. 

Fig. 7.6b shows a representation of the generation mechanism at the thick epoxy 

resin area. Since the epoxy absorbs strongly at this laser wavelength, the 

generation source starts at the surface and extends to the optical absorption depth 

(100-200pm). As the ultrasonic signal travels from the surface to the detector at 

the other side, it reaches the carbon ftbre/epoxy interface where part of the signal 

is reflected, travels towards the surface where it is reflected a second time, 

travels through the sample and is detected at the other side. The time difference 

(dt=1.0ps in Fig. 7.6) between the first longitudinal arrival and the above 

described feature corresponds to a distance equal to twice the thickness of the 

thick superficial resin layer i.e. 1.2mm. The amplitude of the feature is a result of 

one reflection and one transmission at the carbon fibre/epoxy interface (assuming 

100% reflection at the sample’s surface). The coefficient of reflection (Rz) for 

normal incidence is given by (Auld 1990, pp. 129-131):

Rz =
^  epoxy ^  CFRC

zr,.Br + zChRC epoxy

(7.4)

and the coefficient of transmission was calculated in the previous subsection. 

Substituting the values mentioned there in equation 7.4, it is found that 

R/r~0.23%. The initial longitudinal amplitude of the signal as shown in Fig. 7.6a 

was 0.95nm and after one reflection and one transmission at the carbon 

fibre/epoxy interface the amplitude would be -0.17nm; the experimental value 

observed in Fig. 7.6a is -0.1 lnm which is very close to the predicted value.

Further evidence that the ultrasonic generation source is at the surface 

and that the generation mechanism is due to the superficial epoxy resin, is 

provided in Fig. 7.7 where a waveform recorded on a pure epoxy resin sample 

(laser energy ~8.5mJ) is compared with the one recorded on the thick resin layer 

area of the CFRC sample (laser energy ~8mJ). The amplitude of the signal of the
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Figure 7.6 TEA C 0 2: (a) waveforms recorded on the same CFRC sample with 
12pm superficial resin (grey line) and 1.2mm superficial resin (black line), (b) 
representation of the ultrasonic generation mechanism in the CFRC sample with 
1.2mm superficial resin.
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0.0 2.5 5.0 7.5 10.0

Time (ns)

Figure 7.7 TEA CO2: Grey line corresponds to a waveform recorded from a 
pure epoxy resin sample (EPI. 1). Black line corresponds to a waveform recorded 
from the CFRC sample with 1.2mm of epoxy under similar energy conditions. 
The amplitude of the signal of the epoxy resin waveform has been corrected for 
the small thickness difference of the two samples and a time offset has been 
added for the same reason. The insert shows the area of the L-pulse magnified.

epoxy resin waveform has been corrected for ultrasonic attenuation (as described 

in section 5.3.2) arising from the small thickness difference of the two samples 

(the epoxy resin sample, EP 1.1, was ~llm m  thick) and a time offset has been 

added for the same reason. The inset in this figure shows the area of the first 

longitudinal arrival (L-pulse) enlarged. There is a great similarity both in 

amplitude and in the shape of these two waveforms.

7.3.3 Buried thermoelastic sources: XeCl laser

Fig. 7.8a shows waveforms recorded on the thin and the thick superficial 

epoxy layer area of the CFRC sample. The laser energy was ~2mJ (close to the 

ablation threshold). Notice the feature at 0.8ps (df in Fig. 7.8) after the big spike 

in the waveform from the thick epoxy resin area. It corresponds to a reflected 

signal from the carbon fibre/epoxy interface. As in the TEA C 02 laser case



Figure 7.8 XeCl: (a) waveforms recorded on the same CFRC sample with 12pm 
superficial resin (grey line) and 1.2mm superficial resin (black line) under the 
same triggering conditions. The inset shows the area of the L-pulse magnified 
(b) representation of the ultrasonic generation mechanism in the CFRC sample 
with 1.2mm superficial resin.
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described in the previous subsection, the time distance between the two features 

corresponds to twice the thickness of the epoxy layer.

The important characteristic of Fig. 7.8a is that both waveforms have been 

recorded under the same triggering conditions. In the same figure the inset shows 

the enlargement of the L-pulse area. In the enlargement, a feature can be 

distinguished before the arrival of the main longitudinal pulse. This feature is 

explained by understanding the ultrasonic generation mechanism which is shown 

in Fig. 7.8b. As with the TEA CO2, the generation is mainly due to the optical 

absorption depth in the epoxy resin sample (100-200pm). Laser radiation reaches 

the surface of the sample where it is absorbed strongly. However in this case a 

small part of the radiation reaches the carbon fibre/epoxy interface. This happens 

instantaneously (at the time it would take for light to travel 1.2mm of epoxy 

resin) which means that there are two simultaneously generated signals in the 

sample: one arriving from the carbon fibre/epoxy interface and one from the 

surface (big L-pulse in Fig. 7.8a). The signal from the interface, travelling with 

the sound velocity, will arrive at the detector first as it is closer. The signal from 

the surface will arrive later. The time difference between the two signals (dt2 in 

Fig. 7.8) should be equal to the additional length that the signal coming from the 

surface has travelled, i.e. the thickness of the superficial epoxy layer.

A comparison between the waveforms in Fig. 7.8a shows that they are 

different both in amplitude and in shape. The L-pulse in the thin resin layer 

waveform has a rise time of 60-70ns whereas in the thick resin layer area its rise 

time is 30-40ns. Comparison of Fig. 7.8a with Fig. 6.9b (showing waveforms 

recorded on a CFRC sample without superficial epoxy resin layer), shows that 

the waveforms from the sample with no superficial epoxy and those from the 

sample with 12pm superficial epoxy have similar amplitudes and the L-pulse has 

the same rise time. This proves that, because of the small thickness of the 

superficial resin layer in CFRCs in general, the generation mechanism using 

308nm laser wavelength is due to the presence of the fibres rather than the

epoxy.
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Figure 7.9 TEA CO2: Temperature distribution in an epoxy resin of 200pm 
optical absorption depth as a function of depth for two different incident laser 
energy values.

Depth (m)

Figure 7.10 XeCl: Temperature distribution in an epoxy resin of 200pm optical 
absorption depth as a function of depth for incident laser energy corresponding to 
the ablation threshold.



119

7.4 Thermal effects

7.4.1 Temperature distribution in epoxy resin

The thermal distribution in non-metals (such as epoxies) is given by 

equation 5.3, in which the optical absorption depth is taken into account by 

means of equation 5.2. Equation 5.3 is valid as long as the optical absorption 

depth is »0 .1pm  (Scruby and Drain 1990, p. 235-237).

Using the aforementioned equation, the temperature distribution in an 

epoxy resin was calculated and depicted in Fig. 7.9 assuming irradiation from a 

TEA C 02 laser beam with Gaussian temporal profile of 25ns rise time, and 

fluence 1.17 Jem'2 (damage threshold) or 0.5Jcm"2 (discoloration threshold). The 

optical absorption depth of the epoxy was assumed as 200pm (from table 5.1) 

and the rest of the parameters are shown in table 7.3.

Fig. 7.10 shows similar calculations for the case of the XeCl excimer. In 

this case the rise time of the laser beam was taken as 20ns and the fluence as 

0.15Jcm‘2 (ablation threshold). Same as with the TEA C 02, the optical absorption 

depth was assumed as 200pm (from table 6.1) and the rest of the parameters are 

shown in table 7.3.

In the next subsection, the above results will be used to calculate the 

temperature rise in a CFRC sample as a function of laser wavelength.

7.4.2 Thermal effects as a function of laser wavelength for a CFRC sample

In the case of the Nd:YAG laser the situation is different: since the epoxy 

resin is transparent, the laser radiation is absorbed by the carbon fibres at the 

interface because the optical absorption depth is -0.1pm (see subsection 2.2.1). 

In this case the condition mentioned at the beginning of subsection 7.4.1 is not 

satisfied and equation 5.2 cannot be used to calculate the temperature 

distribution. Instead, the thermal diffusivity has to be taken into account. In order 

to calculate the temperature (T) at the interface (assuming zero absorption from 

the overlaying epoxy resin) the following equation can be used (Carslaw and 

Jaeger 1959, section 2.9):
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„ 2(Ktny 2
T=  V  (1 - R ) I  

\!n K
(7.5)

where I is the incident power density, R is the optical reflectivity, t0 is the 

duration of the laser pulse (FWHM), K is the thermal conductivity and k  is the 

thermal diffusivity defined as:

KK =■
pc

(7.6)

where p is the density and C the specific heat capacity.

In equation 7.5 the laser beam is assumed to be distributed evenly across 

the spot size area. In reality, the carbon fibres have a curvature which increases 

the irradiated area by a factor of 'An and equation 7.5 becomes:

r  =  -4 ( K7‘f )- - - - ( i - / ? ) /
{ n y 2 K

(7.7)

Assuming irradiation from a Nd:YAG laser with laser pulse duration of 

10ns and energy density at the damage threshold or discoloration threshold (see 

table 7.3), the values that were substituted in equation 7.7 were related to the 

properties of the carbon fibres. The temperature at the interface was thus 

calculated as ~2700°C for the damage threshold and ~1300°C for the 

discoloration threshold. These values are relatively high and one reason for this 

is that heat conduction between fibres in direct contact at the interface has not 

been taken into account. In addition, as seen in Fig. 3.6, resin is present between 

the fibres which would allow laser radiation to reach deeper layers of the 

composite. Another property of the carbon fibres that hasn’t been taken into 

account in equation 7.7 is the fact that they exhibit different thermal conductivity 

in-plane than towards their thickness. Once again this effect is due to anisotropy 

and has been used in the industry for the manufacture of heat sinks from natural 

graphite/epoxy laminates (Norley et al. 2001) which allow heat spreading in two 

directions. Based on the values presented in Kosmatka (2000), the in-plane 

thermal conductivity of carbon fibres is approximately lOOWm 'K"1, an order of 

magnitude higher than the thermal conductivity through their thickness (table 

7.3) and comparable to the thermal conductivity of aluminium ^OOW m 'K"1). 

As a result, using equation 7.6, the in-plane thermal diffusion is ~6.6xl 0 5m V
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Table 7.3 Properties of materials and energy conditions used in text.

Wavelength

Reflectivity“ Incident

Laser Energy 

(W m'2)b

Laser pulse 

duration 

(FWHM)Epoxy Graphite

1.064pm 4% 29% Damage:

3.0x10"

Discoloration:

1.5x10"

10ns

10.6pm 4% 56% Damage:

2.3x10"

Discoloration:

l.OxlO11

50ns

308nm 4% 22% 3.8xl010 40ns

Materials

Properties

Epoxy Carbon Fibres CFRC

Density 

x l03kg m"

1.14 1.8° 1.57

Specific heat capacity 

J kg ' K-'

1046.7 837.4 1225'

Thermal conductivity 0.18e 21

W n f1 K'1

Thermal diffusivity^ 1.5x10-7 I.4xl0‘5
m2 s'1

1 Calculated using equation 5.7, using values of refractive index from Palik (1991), 

b The values are related to table 7.1 and table 7.2; the laser beam spot size was 

0.02cm2 for the Nd:YAG and the XeCl and 0.03cm2 for the TEA C02, 

c experimentally measured,d Goodfellow,e Kosmatka (2000),1 Chen et al. (1985),, L—
8 calculated using equation 7.6
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meaning that for the time duration of the laser pulse the heat would have been 

spread in the thermal diffusion length of 2^x7^ (Carslaw and Jaeger 1959, p.60),

where to is the laser pulse duration FWHM and corresponds approximately to 

1.6pm, 3.6pm and 3.2pm for the Nd:YAG, the TEA COi and the XeCl excinter 

pulse duration respectively. The distribution of the heat is both along the fibre 

and around its circumference. As a result of all the previously described reasons, 

the heat is expected to be distributed into a bigger volume than it is assumed 

here.

For the TEA CCT laser the maximum surface temperature rise for the 

damage threshold would be ~50°C as shown in Fig. 7.9 because the ultrasonic 

generation source is at the surface (subsection 7.3.2). The temperature for 

thermal degradation for epoxy resins is ~150°C (Matzkanin 1995, Armstrong- 

Caroll et al. 1996) meaning that the rise of the surface temperature by 50°C 

caused by the laser beam wouldn’t be enough to cause damage if the sample was 

made entirely out of epoxy resin. This is why discoloration was never observed 

during the experiments with pure epoxy resin samples. Nevertheless, the CFRC 

sample used for the experiments in the study had only 12pm thick superficial 

epoxy resin layer and as described in section 7.3.2, the laser beam after travelling 

through the epoxy at the surface would be strongly absorbed by the underlying 

fibres (see subsection 2.2.1) and the temperature distribution would be different 

from the one shown in Fig. 7.9; similar to the Nd:YAG source, equation 5.3 

would no longer be valid and equation 7.7 should be used instead. Substituting 

the energy conditions and parameters shown in table 7.3, the temperature at the 

interface would be’ ~2600°C for the damage threshold and ~1100°C for the 

discoloration threshold. These values are almost the same as the ones calculated 

previously for the Nd:YAG laser.

Similar calculations were carried out for the XeCl laser, assuming 

incident laser energy 3mJ (ablation threshold). Fig. 7.10 shows that the 

temperature rise at the surface of the sample would only be ~6HC and substituting

" Fror the calculations of the temperature rise at the carbon fibre/cpoxy interface both for the TEA 

C 02 and the XeCl cxcitncr, equation 5.2 has been taken into account which gives the intensity of 

the laser radiation after travelling through 12pm of epoxy assuming absorption depth of 200pm.
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the parameters shown in table 7.3 in equation 7.7, the calculated temperature rise 

at the carbon fibre/epoxy interface is found ~680°C, significantly less than the 

equivalent temperature rise for the 1R lasers. According to calorimetric studies 

with polymers irradiated with UV radiation (Gorodetsky et al. 1985, Dyer and 

Sidhu 1985), after reaching the ablation threshold the sample’s temperature rise 

remains constant implying that the remaining incident laser energy is used for 

breaking chemical bonds and kinetic energy of the ablated material. Comparing 

the results for the excimer laser with the two IR lasers, the 308nm wavelength 

has limited thermal effects on CFRCs.

7.5 Conclusions
Results from the three laser wavelengths presented separately in the 

previous chapters have been compared in the present in order to investigate the 

ultrasonic generation efficiency. For such a comparison the small difference in 

the laser beam spot size used with the TEA CCf laser had to be taken into 

account and for this reason a relation was found between the generated 

longitudinal amplitude and the laser beam spot size based on which the results 

from the TEA CCA laser were corrected. From the final comparison of ultrasonic 

generation efficiency (Fig. 7.3, table 7.1) it was shown that the Nd:YAG laser is 

at least 6 times more energy efficient below the damage threshold than the TEA 

CO2 laser.

CFRCs consist of carbon fibres embedded in an epoxy resin matrix and 

they usually have a 50- 100pm of superficial epoxy resin layer. In the present 

chapter the influence of this superficial layer was investigated in relation to the 

ultrasonic generation mechanism and the three laser wavelengths used. For this 

reason an area was created on a CFRC sample where the superficial resin was 

~lmm thick. Under these conditions it was shown that with the Nd:YAG laser 

the thermoelastic source is at the interface between the superficial epoxy resin 

layer and the carbon fibres. The superficial epoxy is acting as a constraining 

layer since at this wavelength it is practically transparent. With the TEA C 02 

laser the ultrasonic source is at the surface and the signal is due to the absorption 

of radiation from the epoxy resin. For the XeCl the situation is a combination of 

the previous two: there is a source at the surface due to the strong absorption of
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the laser radiation from the epoxy (big spike in Fig. 7.8a) but a small part of the 

radiation reaches the carbon Fibre layers and generates a small signal for which 

the overlying epoxy layer acts as a constraining layer. Nevertheless, in the case 

of the excimer laser, the waveforms recorded from the realistic CFRC sample 

(12pm superficial epoxy layer) have different shapes than those recorded on the 

thick resin layer area of the sample. Comparison with waveforms from a sample 

whose superficial epoxy layer was removed (Fig. 6.9b) shows that the generation 

in this case is mostly determined by the presence of the underlying carbon fibres 

rather than the epoxy resin itself.

Finally, the temperature rise due to irradiation by the three lasers was 

calculated both at the surface and at the carbon fibre/epoxy interface for laser 

energy at the damage/ablation threshold for each laser. The temperature rise at 

the surface due to irradiation by the TEA CCf and the XeCl epoxy was found to 

be very small (Fig. 7.9 and Fig 7.10) and unable to cause damage to the epoxy. 

However, thermal effects at the carbon fibre/epoxy interface are significant for 

the Nd:YAG and the TEA CO2 laser. For both these lasers the temperature rise at 

the interface was found to be similar both for incident energy corresponding to 

the damage threshold of each laser (~2600°C) and for the corresponding 

discoloration threshold, although the energy conditions used were very different 

(table 7.1). Despite the fact that for the calculation of these values several effects 

that would make them smaller were not taken into account, an increase in 

temperature of ~1000°C seems possible. In such a case, the thermal effects 

combined with the fact that carbon fibres have a negative coefficient of thermal 

expansion along one direction (see section 2.2.1) are able to cause localised 

delaminations especially at the carbon fibre/epoxy interface even for incident 

laser energy below the damage threshold which would compromise the non

destructive character of the technique. In the samples used in the present study 

the superficial epoxy resin layer was relatively thin, whereas in CFR.Cs it is 

usually between 50-100pm (McKie and Addison 1994a, Dubois et al. 1993), 

meaning that the thermal effects from the TEA CO2 laser would be less 

pronounced. However in this case the technique would be sample dependant.
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On the contrary, the UV emitting laser was shown to have the least 

thermal effects of the lasers used in this study, which was expected since the 

mechanism for ablating material in this case is different (subsection 6.2.1). The 

small thermal effects at this wavelength combined with the small ablation rate of 

<0.1 pm per pulse (table 7.1, subsection 6.2.1) and the increased generation 

efficiency due to ablative photodecomposition (Fig. 7.3) make the UV laser a 

favourable candidate for non-destructive inspection of CFRCs using laser based 

ultrasound.

\

i
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C H A P T E R  8

ULTRASONIC WAVE PROPAGATION IN A UNIDIRECTIONAL 

CFRC SAMPLE:

STUDY OF THE EFFECT OF ANISOTROPY

So far only epicentral displacements have been considered because the 

study has been concentrated on the ultrasonic generation mechanism and the 

ultrasonic efficiency using different laser wavelengths. The epicentre was chosen 

because the interpretation of the waveforms is less complex (as it will be shown 

later on in this chapter) and the effects of the anisotropy due to the carbon fibres 

are less pronounced along the principal axis. Nevertheless, CFRCs are 

anisotropic materials and in this chapter the effect of anisotropy on the 

propagation of ultrasound in a unidirectional CFRC sample will be studied.

8.1 Theoretical background and literature review

8.1.1 Anisotropic media

CFRCs are not only inhomogeneous materials but also anisotropic due to 

the orientation and the microstructure of the fibres. The properties of an 

anisotropic material differ as a function of direction and as a result, there is, in 

general, a deviation of the energy flux away from the direction of the wave 

propagation. Up to this point, in this study only epicentral displacements have 

been considered; off epicentre the waveforms become more complex due to 

anisotropy.

Christoffel equation can be written as a function of the phase velocity (vP) 

as (see appendix A):

(c ukilj lk - p v P25ik)ak =0 (8.1)

where Q*/ is the elastic stiffness tensor, I is the direction of propagation, p is the 

mass density, 8,k is Kronecker’s delta and a  is the polarisation vector. This 

equation shows that there are three waves that can propagate in any given 

direction and generally for an arbitrary direction: a*I#> or 1. Hence we can
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classify the waves as quasilongitudinal or quasitransverse depending on the 

proximity of the value a* I to 1 and 0 respectively (see appendix A).

The propagation of waves in elastically anisotropic solids has been 

studied by many authors in the past (Musgrave 1970, Auld 1990). Three 

representative surfaces (Musgrave 1970, sections 6.4&5) have been used to 

facilitate the problem: the group velocity surface (or wave surface), the phase 

velocity surface and the slowness (or inverse phase velocity) surface. They are 

all produced by solving the Christoffel equation which gives an analytic relation 

between the phase velocity and the elastic constants of the material, as long as 

the latter ones are known. The three solutions represent the three waves (one 

quasilongitudinal QL and two quasitransverse QT). These are represented by 

three sheets in the surfaces mentioned above. For isotropic media the two 

transverse waves coincide to one and all the wave surfaces are spherical. For 

many anisotropic media the group velocity surface has a complex topology with 

many folds of the QT sheets (see Fig. A. 1 in appendix A).

If the elastic constants of the material are known then the wave surfaces 

can be produced, although the inverse problem -the recovery of the elastic 

constants from wave velocity measurements- is most commonly encountered. 

Most experimental techniques (neutron scattering, Brillouin scattering, pulse- 

superposition and pulse-echo-overlap techniques) measure phase velocity from 

which the recovery of the elastic constants is well established (Auld 1990, 

chapter 7). On the other hand, it is the group velocity which is measured with 

laser ultrasound and in the general case of anisotropic media, group and phase 

velocities are not equal (see appendix A), it is only along directions of high 

symmetry that they coincide. Recently, a method has been proposed to determine 

the elastic constants of anisotropic solids (Every and Sachse 1990) and of CFRCs 

in particular (Audoin et al. 1996, Deschamps and Bescond 1995) from laser 

ultrasonic measurements.

8.1.2 The focusing effect

The group velocity is the velocity of energy propagation through the 

medium (Achenbach 1973, section 6.5). Phase velocity is the velocity of the 

wave propagating with a fixed phase and its direction coincides with that of the
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wavefront. In an anisotropic material the energy flux does not propagate on the 

same direction as the wavefront which is known as energy flux deviation. This 

also means that the normal to the slowness surface must coincide with the energy 

flux vector (Musgrave 1970, section 7.4).

One of the consequences of the fact that phase and group velocities are 

not equal in an anisotropic material is the phenomenon of focusing, meaning that 

the energy flux is more concentrated to some directions than others. This is 

because, due to anisotropy, the group velocity sheet associated with the QT 

wave, forms cusps (Musgrave 1970, chapter 8). This cuspidal shape of the group 

velocity surface corresponds to a concave shape of the slowness surface which 

means that its normal, the energy flux, is concentrated towards the direction of 

the cusps (Every and Sachse 1990). Phonon focusing (Maris 1971, Taylor et al. 

1969, Every 1981) is one of the known phenomena where the above mentioned 

situation is evident. Due to the associated ambient thermal noise, phonon 

focusing was limited to low temperatures (~2K) and high frequencies (typically 

hundreds of GHz) and so was phonon imaging. More recently, ultrasonic pulses 

generated from a point source were studied as they propagated through 

anisotropic solids (Every et al. 1990, Hauser et al. 1992, Weaver et al. 1993). The 

same effect of energy focusing into certain directions was observed at ambient 

temperatures using lower frequencies (around 10MHz). Composite materials 

were included in the studies and Hauser et al. (1992) have produced an image of 

a unidirectional composite sample using ultrasound.

As stated before, phonon imaging employs higher frequencies (shorter 

wavelength) than ultrasound. A major consequence of this is that the patterns of 

the caustics in the case of the thermal phonon imaging are much better defined 

than with the ultrasonic method where the caustics appear diffraction broadened 

(Kim et al. 1994, Hauser et al. 1992, Weaver et al. 1993, Kim et al. 1996). This 

was predicted by Maris (1983). As Kim et al. (1996) mentions “...the 

[diffraction] fringes can be interpreted as arising from interference between 

different sheets of the wave surface which meet at a fold edge”. This practically 

means that there is significant energy coming from points beyond the cuspidal 

edges. Such features are referred to as “eidolon” by Kim et al. (1996) and as
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“cuspidal extensions” by Deschamps and Poncelet (2002) and cannot be 

explained from true ray theory but are associated with inhomogeneous plane 

waves (Achenbach 1973, p. 125). Poncelet et al. 2001 have proposed three 

methods for describing these features and also present experimental data taken 

on a unidirectional CFRC sample. In a later paper (Deschamps and Poncelet 

2002) the wave surfaces are calculated for various degrees of anisotropy.

Experimentally, energy beyond the cusp edges has been observed by 

many authors (Kim et al. 1996, Hauser et al. 1992) and especially in CFRC 

samples (Corbel et al. 1993, Scudder et al. 1994, Audoin et al. 1996, Audoin 

2002). For the present study, experiments on a unidirectional CFRC sample were 

carried out in order to investigate the effect of the anisotropy on the propagation 

of ultrasound and the results are reported below.

8.2 Ultrasonic experiments off-epicentre

The purpose of these experiments was to understand the response of the 

ultrasonic generation in a unidirectional CFRC as a function of the distance 

between the source and detection points. To this end a series of waveforms were 

recorded in directions parallel and normal to the fibre axis.

The unidirectional CFRC sample used (CF1 in table 3.1) can be seen in Fig. 8.1 

(sample thickness ~8mm). The experimental setup was the same as the one 

presented in chapter 3 (Fig. 3.4) only this time the generation laser beam could 

be moved by means of a prism. The Nd:YAG laser was used as the generation 

laser (incident energy ~7.2mJ, beam spot size ~0.02cm2). Since a strong 

superficial ablative force was needed, a small layer of ink was applied at the 

generation point to enhance the amplitude of the signal. Nevertheless, the laser 

power was not sufficient to cause any visible damage to the sample. Data were 

collected by a single shot and two sets of scans were made: one parallel to the 

fibre axis (shown as parallel scan in Fig. 8.1b) and one normal to it (normal scan 

in Fig. 8.1b). In Fig. 8.1b the x-axis has been chosen parallel to the fibre axis. 

Since the sample was unidirectional, the x-axis is the axis of high symmetry and 

this causes it to behave as transversely isotropic as will be shown later.

Both scans were limited to between 0 and 16mm from the epicentre 

which corresponds to 0° and 63° of the 6 angle as defined in Fig. 8.1b. The
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Figure 8.1 (a) Unidirectional CFRC sample, (b) Cross section of the sample. The 
direction of the fibres and the scans are shown.

J
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recording step was 2mm which means that 9 waveforms were recorded for each 

set of scans. These can be seen in Fig. 8.2 for the normal scan and Fig. 8.3 for the 

parallel scan.

8.2.1 Scan normal to the direction of the fibres

With the normal scan one receives information from the yz-plane which 

is normal to the fibre axis. Waves propagating in this plane see little change in 

the microstructure of the sample. For this reason the sample in this direction 

behaves as pseudo-isotropic. This is demonstrated in the polar graph of velocity 

shown in Fig. 8.4a. Both the longitudinal and the shear waves have almost 

constant velocities, approximately 3000ms'1 and 1400ms"1 respectively. In order 

to produce Fig. 8.4a, the arrival times of features L (longitudinal) and T (shear) 

were measured, as marked in Fig. 8.2b. In the same figure, some other interesting 

features have also been identified. After its first arrival, the longitudinal wave 

travels back towards the top surface of the sample where it is reflected giving rise 

to a longitudinal and a mode converted shear wave (Achcnbach 1973, chapter 5). 

These latter waves travel once more towards the detection side of the sample and 

are shown in Fig. 8.2 as 3L and 2LT respectively*. The 5L wave is also 

identifiable in the waveforms closer to the epicentre. Finally there is another 

feature corresponding to the head wave and marked as HW in Fig. 8.2. Head 

waves are generated because the longitudinal wave generated from the source 

has to satisfy the boundary conditions of vanishing stresses at the top free surface 

(Achenbach 1973, p.307). The case for the transversely isotropic media of 

various degrees of anisotropy was examined by Musgrave and Payton (1981) and 

for the more general case of anisotropic media in Musgrave and Payton (1982). 

Experimentally, head waves have been observed by Knopoff (1958) and in 

anisotropic media by Every et al. (1990) and Corbel et al. (1993). In our 

experiment, the head wave is visible in the waveforms recorded at a distance 

>14mm off-epicentre which corresponds to an angle 0 > 60.3°. It is more clearly

* In this symbolism, the letter refers to the mode of the wave and the number to the number of 

times that the wave has travelled through the sample as a wave of the mode denoted by the letter. 

Ex: 2LT means that the wave has travelled through the sample twice as a longitudinal and once as 

a shear wave.
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(a)

Figure 8.2 Recorded waveforms from scan normal to the x-axis. L=longitudinal 
wave, T = transverse wave, HW-head wave (a) Waterfall representation. The 
head wave is more clearly seen, (b) Lines represent points used in measuring 
arrival times. Broken lines represent point with greater uncertainty to identify.
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(a)

(b)
Figure 8.3 Recorded waveforms from scan parallel to the axis of the fibres. 
QL=quasilongitudinal wave, QT = quasitransverse wave, (a) Waterfall 
representation, (b) Lines represent points used in measuring arrival times. Broken 
lines represent point with greater uncertainty to identify.
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Figure 8.4 Polar plots of group velocity produced by chronomctry of the 
corresponding points shown in Fig. 8.2 and Fig. 8.3. (a) yz-plane (pseudo- 
ísotropie behaviour). The longitudinal and the shear velocities are almost 
constant (b) xz- plane (anisotropic behaviour). Formation of the cusp The 
arrow indicates the point belonging to the cuspidal extension
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seen in Fig. 8.2a (waterfall representation). Its observation is difficult because 

this is the point just after the T and 3L waves interfered. The HW appears after 

the 3L wave and before the T wave. According to Achenbach (1973, p.307), the 

head wave appears beyond a critical angle

d fl =  s in “1 (— ) (8.2)
v L

where U/„ and Vr are the longitudinal and transverse velocity respectively. 

Substituting for the experimentally found values we find that <9̂ =27.8°. 

Experimentally though, the head wave can only be identified at much greater 

angles because earlier its time arrival is too close to the shear wave which is 

much larger in amplitude.

8.2.2 Scan parallel to the direction of the fibres

Waveforms recorded while scanning in the xz-plane are depicted in Fig. 

8.3. This is the anisotropic plane, which is demonstrated both by the more 

complicated waveforms of Fig. 8.3 and by the cusps present in the polar graph of 

the group velocity shown in Fig. 8.4b. The features measured to produce this 

graph are shown in Fig. 8.3b. These are the quasilongitudinal wave (QL) and the 

quasitransverse wave (QT). Because of the cusps of the group velocity surface, 

there are three arrivals of the QT wave that are distinguishable in the waveforms. 

These are marked as QT1, QT2 and QT3 in Fig. 8.3. QT2 and QT3 belong to the 

cusp. The 3L and 5L waves have also been identified. There are other features 

with relatively large amplitudes in Fig. 8.3 but their interpretation is more 

difficult because of the anisotropic behaviour of the sample.

8.3 Results and discussion

8.3.1 yz-plane: pseudo-isotropic behaviour

From Fig. 4a it is clear that the unidirectional CFRC appears isotropic in 

this plane as expected (Kline 1992 p. 26, Scudder et al. 1994). What we can also 

observe from the raw data (Fig. 8.2) is that the amplitude of the longitudinal 

wave is getting smaller as the distance from the epicentre is getting bigger. The 

opposite is true for the shear wave. This is due to the directivity patterns of the
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corresponding waves (Corbel et al. 1993). It is noted here that the signal-to-noise 

level was getting bigger as we were going off-epicentre due to sample’s 

attenuation and hence the uncertainty in identifying the wave arrivals was 

increasing (Fig. 8.2b and Fig. 8.3b broken lines). In some cases, even when the 

signal-to-noise ratio was good, the merging of the modes in later times was also 

increasing the uncertainty.

Another important point is the absence of a second shear wave predicted 

by equation 8.1. This is mainly due to the symmetry (around the z-axis) of the 

laser source. Only displacements in planes parallel to z-axis can be excited for 

normal laser incidence, i.e. vertical shear (SV) and not horizontal shear waves' 

(SH). Naturally one would expect that since the case of an anisotropic solid is 

considered, the two shear waves predicted by equation 8.1 would have both 

vertical (SV) and horizontal (SH) components but as it was demonstrated by 

Every and Sachse (1991) for silicon, one of these shear wave has a much greater 

SH component (which is not generated with the laser) while the other has a much 

greater SV component. It is possible that something similar happens in the case 

of the composite which accounts for only one shear wave being detected.

8.3.2 xz-plane: anisotropic behaviour

Waveforms taken in this plane are more complicated than towards the 

plane normal to the direction of the fibres. This anisotropic behaviour is more 

clearly seen in Fig. 8.4b, where a cusp can be identified. The slowness surface in 

this case would have a concave shape which is the reason for the pronounced 

focusing effect towards that direction which is demonstrated by the increasing 

amplitudes of the corresponding waves (Corbel et al. 1993). Slowness surfaces 

from results from unidirectional CFRC can be found in Scudder et al. (1994), 

Corbel et al. (1993), Audoin et al. (1996), Hosten et al. (1987), Castagnede et al. 

(1990). In the same papers, theoretically calculated and experimental group 

velocity curves are shown. The agreement with the results presented here is very 

good.

' Note: The terms “vertical” and “horizontal” refer to the direction of the normal to the surface of 

the sample and not the wave normal which are not the same in an anisotropic solid (Appendix A).
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Concerning the quasilongitudinal wave, it is noted that since the velocity 

is increasing in one direction and remains more or less constant in the other (see 

Fig. 8.4b), there is a focusing of energy towards 0°. This occurs in the following 

way: although the shape of the corresponding slowness surface would remain 

convex (Duff 1960), it is more convex where the velocity is a minimum and vice 

versa (look at slowness surfaces in Audoin et al. (1996), Castagnede et al. 

(1990)) causing a concentration of energy towards the direction where the 

surface velocity is less convex i.e. 0° (Corbel et al. 1993).

Another observation arising from Fig. 8.3 is that the two branches of the QT 

wave which belong to the cusp (named as QT2 and QT3) come together towards 

0=15° and then continue as a single feature at smaller angles. Unfortunately our 

spacing interval was too short to capture this phenomenon in more detail but 

other authors have observed it as well (Scudder et al. 1994). It is noted that even 

at 0° there is a feature just starting to separate from the QL wave. The time 

arrival of this feature was measured and included in Fig. 8.4b (open red square), 

where it is clear that this feature belongs to the cuspidal extension as mentioned 

in subsection 8.1.2. Other authors have previously noticed this feature 

experimentally but failed to interpret it at all (Scudder et al. 1994) or 

misinterpreted it (Caron et al. 1997). In the paper by Caron et al. (1997), the 

feature was mistakenly attributed to the ablative ultrasonic generation 

mechanism instead of being attributed to anisotropy. More recently though, 

experimental results from points beyond the cuspidal edges have been identified 

(Poncelet et al. 2001). Finally, Deschamps and Poncelet (2002) have shown that 

for materials with a high degree of anisotropy (such as CFRCs), the complex rays 

with which these features are associated, as mentioned in subsection 8.1.2, are 

more longitudinal (named Lc) than shear and their velocities are predicted to 

approach the longitudinal wave as has also been observed in the present 

experimental results.

The effect of the anisotropy on the propagation of ultrasound can be seen 

more clearly in Fig. 8.5 where an epicentral waveform, taken on a cross-ply 

sample of thickness ~5.7mm (CF4 in table 3.1a), is compared with the results 

presented previously in this chapter. It is worth mentioning that although the



139

Figure 8.5 Effect of the anisotropy in the recorded waveforms. Comparison 
between a cross-ply (black line) and a unidirectional (grey line) CFRC sample. 
Waveforms taken at epicentre. The * denotes the feature due to the cuspidal 
extension (Lc). The difference in arrival times of the various waves is due to a 
difference in sample thicknesses.

laser energy used was comparable (7.5mJ) the ink layer was not present to 

enhance the signal. This is why the amplitudes of the two waveforms have been 

normalised (to the maximum amplitude of each waveform) and cannot be 

directly compared here (comparison between the amplitude of the longitudinal 

wave between a unidirectional and a cross-ply sample was made in subsection

4.3.2 of chapter 4). In addition, because of the difference in thickness between 

the two samples, there is a difference in the arrival times of the various waves. 

Nevertheless, if we concentrate on the region between 1.5 and 4ps, the feature 

that was previously identified as belonging to the cuspidal extension in the 

unidirectional sample is seen much more pronounced and with a larger time 

separation from the quasilongitudinal wave arrival in the cross-ply sample. This 

is because the cross-ply sample does not have pseudo-isotropic behaviour on 

epicentre.
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8.4 Conclusions

Experiments were carried out off epicentre in order to understand the 

effect of anisotropy on the propagation of ultrasound in a unidirectional CFRC 

sample. The scans were directed along the direction of the fibres and normal to it, 

proving that the sample shows transverse isotropy with the isotropic plane being 

the one normal to the fibres. The waveforms recorded off-epicentre appear more 

complicated which justifies choosing to concentrate on the epicentre for the 

greater part of this thesis. Nevertheless, the wave modes were identified and by 

measuring the different wave arrivals it was possible to recover sections of the 

group velocity surfaces. The graph depicting velocities of the anisotropic plane 

shows part of a cusp responsible for the focusing of the energy towards its 

direction (focusing effect). Energy beyond the cuspidal edges has also been noted 

(cuspidal extensions).
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C H A P T E R  9

CONCLUSIONS AND FUTURE WORK

9.1 Conclusions

The aim of this thesis was to investigate experimentally the ultrasonic 

generation mechanism in CFRCs as related to the laser wavelength.

For this reason three laser wavelengths were chosen: the 1.064pm 

(Nd:YAG), the 10.6pm (TEA C 02) and the 308nm (XeCl excimer). The choice 

of laser wavelengths was based both on scientific and on technological reasons.

The scientific reasons were related to the mechanism with which 

ultrasound is generated in non-metals: in the thermoelastic regime, the optical 

absorption depth is of major importance (buried thermoelastic source), while in 

the ablation regime larger amplitude longitudinal signals are produced although 

some material is removed from the surface of the sample. Enhancement of 

longitudinal amplitude is also achieved by constraining the surface of the sample.

From the above it was understood that the important aspect of the 

generation mechanism that should be studied was the way that laser radiation is 

absorbed by the composite sample. As was proven in the thesis, different sorts of 

buried sources are produced on the same material due to different laser 

wavelengths used.

CFRCs are made of carbon fibres embedded in an epoxy resin matrix. In 

fact, a thin layer of epoxy resin is always present at the surface. Its thickness in 

general is 50-100pm while in the samples used in the thesis its mean thickness 

was found to be ~12pm. Even though such thickness might seem small, it was 

proven here that its role is of primary significance.

For the Nd:YAG the epoxy resin can be considered as transparent while 

the TEA C 02 and the XeCl excimer are strongly absorbed by it. Thus, it became 

apparent very early in the course of the PhD that the role of the epoxy resin in the 

ultrasonic generation mechanism should be investigated in great detail.

By conducting experiments on pure epoxy resin samples, not only was 

the generation mechanism in CFRCs further clarified but in a greater scope our

,
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knowledge of the ultrasonic generation mechanism in non-metals was improved. 

The 1-D thermoelastic model described in Edwards et al. (2003) was employed 

in order to calculate the optical absorption depth from ultrasonic measurements. 

Up to now, the estimation of absorption coefficients in polymers was based 

mainly on optical transmission experiments. Ultrasonic measurements on the 

other hand are based on the energy that is directly absorbed in the material. The 

observed longitudinal pulse contains the information about the optical absorption 

depth since the rise time of this pulse reflects the exponential decay with depth of 

the optical absorption. Consequently, it is possible to calculate the optical 

absorption depth without knowing any of the optical properties of the material 

(such as the refractive index) as no correction is necessary for reflection losses. 

There is also no particular need for an optically polished surface of the sample as 

the measurement is unaffected by scattering losses. The only other value that is 

needed is the longitudinal velocity in the material studied, which is also directly 

measured from the recorded waveforms.

Epoxy resins are viscoelastic and during their study it was necessary to 

correct the recorded data for ultrasonic attenuation in order to be able to compare 

results from samples with various thicknesses. The produced graph for the 

frequency dependence of the attenuation coefficient both for the epoxies and the 

CFRC samples tested were found to be in very good agreement with results 

published by other authors in the frequency range >0.6MHz. As was pointed out 

in the literature, the linearity of the attenuation coefficient to which the graphs 

presented in this thesis were based, is not valid for the low frequency region 

(Hosten 1998), which introduces errors in the correction of the longitudinal 

amplitude signal. These errors were more evident with one of the warm curing 

epoxy samples (EP2.1) when irradiated with the TEA CO2 which although it had 

an optical absorption depth comparable with the other epoxies of the same resin, 

it appeared to be less efficient in generating ultrasonic amplitudes because of its 

big attenuation coefficient. For this reason, its ultrasonic content was shifted to 

lower frequencies for which the correction for ultrasonic attenuation was prone 

to larger errors. Detailed study of the frequency region <0.6MHz should provide 

more accurate data for the attenuation coefficient.
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Regarding ultrasonic attenuation, the frequency dependence of the 

attenuation coefficient for the composite sample was found to be lower than the 

epoxy matrix. This result which at first seemed improbable given the anisotropic 

nature of the reinforcing carbon fibres, has been explained by similar studies 

from other authors (Biwa et al. 2001) where it is mentioned that although the 

effect of the scattering by the fibres is increased as the volume fraction <p is 

increasing, “ ...the decrease in the viscoelastic absorption due to the reduction of 

the epoxy matrix volume fraction (l-#>) makes a greater negative contribution to 

the composite attenuation...”.

The conclusion from the experiments in pure epoxy resin samples with 

the TEA CCA and the XeCl excimer laser was that the optical absorption depth 

with both these wavelengths is 100-200pm which is either larger or at least equal 

to the thickness of the superficial epoxy resin layer commonly found in CFRC 

samples and was certainly larger than the superficial epoxy layer in the 

composite samples used in the present study. Its role to the ultrasonic generation 

mechanism was thus proved to be of fundamental importance.

In an effort to investigate the generation mechanism in CFRCs, it proved 

useful to determine the ultrasonic generation efficiency in the various laser 

wavelengths. This also gave the study a technological dimension. Bearing in 

mind that the TEA CO? laser is the laser that is used nowadays for the inspection 

of CFRCs in commercialised systems and unlike the Nd:YAG is bulky and 

expensive and its emitting wavelength cannot be fibre coupled, it was shown in 

this study that the Nd:YAG generates as large longitudinal amplitude signals as 

the TEA CO2, under the damage threshold but using 6 times less energy. The 

XeCl excimer is also able to generate large amplitude signals but only in the 

ablation regime. Unlike the two IR lasers though, the thermal effects caused by 

this laser are significantly less and the ablation rate as measured in pure epoxy 

resin samples was of the order of 0.1pm per pulse. Considering the thickness of 

the superficial epoxy resin layer of the CFRCs, the damage could be considered 

as insignificant and the benefits of the increased longitudinal amplitudes due to 

the ablation regime could be exploited technologically. However, further work is 

needed for the non-destructive nature of this wavelength to be ensured and a first
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step would be measuring the ablation rate directly on a composite sample. 

Unfortunately the samples provided for the present study were relatively uneven 

and such a task proved impossible. However, more recently fabricated CFRC 

samples have more flat surfaces and the same measurement could probably be 

achieved.

From a scientific point of view, the ultrasonic generation efficiency of the 

three studied wavelengths poses an interesting question: why do the results differ 

as a function of laser wavelength? The answer lies on the different ultrasonic 

generation mechanism in each case and the importance of the superficial epoxy 

resin layer. By creating an area on a composite sample with a ~lmm thick resin 

on top, it was shown that in the case of the Nd:YAG the ultrasonic source is at 

the interface between the superficial epoxy resin layer and the carbon fibres. The 

superficial epoxy is acting as a constraining layer since at this wavelength it is 

practically transparent and hence provides an answer to the enhanced ultrasonic 

amplitudes observed and also the time dependence of the experimentally 

recorded waveforms following the model described in Edwards et al. (2003). 

With the TEA COi laser the thermoelastic source was shown to be at the surface 

and the signal is entirely due to the absorption of radiation from the epoxy resin. 

For the XeCl the situation is a combination of the previous two: there is a source 

at the surface due to the strong absorption of the laser radiation from the epoxy 

but a small part of the radiation reaches the carbon fibre layers and generates a 

small signal for which the overlying epoxy layer acts as a constraining layer.

The innovative decision to include a UV emitting laser in the present 

study, apart from its technological aspect, (since this wavelength can be fibre 

coupled), also presented a scientific challenge: the mechanism with which UV 

radiation interacts with polymers is not yet entirely understood as was made clear 

from the literature review in chapter 6 . However it is now accepted that UV 

radiation is able to excite and break intermolecular bonds of the polymer chain in 

a process described as Ablative Photo-Decomposition, while IR radiation excites 

the vibrational modes and relies on thermal energy to ablate the material. Two 

very important characteristics make APD such an interesting phenomenon: a) the 

high resolution in the etching depth in a reproducible manner and b) the apparent
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lack of thermal damage to the substrate. The small ablation rate of the epoxy 

resins with the 308nm wavelength measured in the study was mentioned earlier. 

In addition, there is evidence (Gorodetsky et al. 1985, Dyer and Sidhu 1985) that 

above a certain threshold fluence (close to the ablation threshold), the 

temperature rise is constant, concluding that a significant fraction of the incident 

energy after that point should go into breaking chemical bonds and thermal 

kinetic energy of the ablated material. Comparing the temperature rise as 

calculated in the thesis for the excimer laser with the two IR lasers, the 308nm 

wavelength has limited thermal effects on CFRCs.

Furthermore, concerning the experiments with the XeCl excimer, this 

study has given evidences that the thermal effects might not be the only ones 

responsible for the ultrasonic generation mechanism. Although the TEA C 0 2 has 

similar absorption depth to the XeCl excimer, the recorded waveforms from the 

same CFRC sample are different with respect to the rise time of the longitudinal 

pulse: 30-40ns for the TEA C 0 2 and 60-70ns for the XeCl excimer. In addition, 

experiments with the XeCl excimer on a sample deprived of superficial epoxy 

resin, showed that the waveforms are similar to the ones from a composite 

sample with 1 2 pm superficial epoxy resin (corresponding waveforms generated 

by the TEA C 0 2 show a difference in the temporal dependence of the 

longitudinal pulse). Once again, comparing the waveforms from pure epoxy 

samples and from the area of the CFRC sample with ~lmm epoxy resin on top 

with the waveforms produced on the sample with 1 2 pm of superficial epoxy 

resin by means of the XeCl excimer, provides proof that the ultrasonic generation 

mechanism in the latter case is strongly influenced by the presence of the carbon 

fibres rather than the epoxy. All this evidence implies a different ultrasonic 

generation mechanism with a longer time scale force to which the longer rise 

time of the longitudinal pulse (60-70ns) and the observed features in the shape of 

the waveforms should be attributed.

Another point addressed in the thesis was the limitations of the detection 

system. Laser detection of ultrasound complements laser generation and makes 

use of the broadband nature of the ultrasonic signal. However, attention should 

be given so that the generated signal can be fully exploited. That includes the
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bandwidth of the interferometer as well as the data acquisition rate. The 

Michelson interferometer used in this study had a bandwidth large enough 

(80MHz) to capture the signal generated with any of the three employed lasers. 

The limitations were mostly set by the data acquisition rate of the oscilloscope. 

Some of the waveforms recorded showed a longitudinal rise time too fast for the 

acquisition rate which was 10ns per point. The most striking evidence is the 

behaviour of one epoxy sample (EP2.3) irradiated with the XeCl excimer for 

which, in accordance to its optical absorption depth and the theoretical model 

(Edwards et al. 2003), the generation efficiency was expected to be higher than 

the one experimentally observed. If the data acquisition rate of the oscilloscope 

were faster, the results might have been different and further work is suggested 

towards this direction.

Optical microscopy was employed in order to determine the damage 

threshold with the various lasers. Both with the Nd:YAG and the TEA CO2, a 

yellow discoloration was observed when comparing pictures before and after 

laser irradiation. This discoloration was found to be a precursor for the 

forthcoming damage of the material, i.e. the first observation of exposed fibres. It 

was shown in this study that this discoloration is due to thermal effects caused by 

the IR lasers. By calculating the temperature rise at the carbon fibre/epoxy 

interface for these two lasers, the temperature rise was found to be similar both 

for the incident energy corresponding to the damage threshold of each laser 

(~2600°C) and for the energy corresponding to the discoloration threshold. 

Bearing in mind the fact that for the calculation of these values several effects 

that would make them smaller were not taken into account, an increase in 

temperature of ~1000°C seems possible. In such a case, the thermal effects 

combined with the fact that carbon fibres have a negative coefficient of thermal 

expansion along one direction are able to cause localised delaminations 

especially at the carbon fibre/epoxy interface even for incident laser energy 

below the damage threshold which would compromise the non-destructive 

character of the technique. In the samples used in the present study the 

superficial epoxy resin layer was relatively thin, whereas in CFRCs it is usually 

between 50- 100pm, and as the radiation of the TEA CO2 is mainly absorbed by
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the resin, the thermal effects caused by this laser would be less pronounced. 

However in this case the technique would be sample dependant. A study which 

evaluates such thermal effects due to irradiation by pulsed lasers is not known to 

the author of the thesis. However, studies on thermal degradation of CFRCs 

show that although the mechanical properties of the CFRC may not alter (such as 

the tensile strength of the composite which is mainly due to the condition of the 

fibres), the condition of the epoxy resin matrix may be poor (the resin might 

become brittle) a fact that puts in question the non-destructive character of the 

technique. Whether a discoloured CFRC sample due to an IR-laser based 

ultrasound measurement is damaged or not and if yes whether the degree of 

damage is considered negligible should be studied in more detail.

In an attempt to study the effect of anisotropy on the propagation of 

ultrasound, experiments were conducted on a unidirectional CFRC sample off- 

epicentre. The anisotropy of the composite is expected to affect the propagation 

of ultrasound rather than the ultrasonic generation mechanism. However, 

focusing of the energy due to anisotropy towards certain directions might affect 

the amplitude of the detected signal. By comparing the generated longitudinal 

amplitude versus incident laser energy from a cross-ply and a unidirectional 

composite sample it was shown that for the cross-ply the generation efficiency is 

slightly improved, but the results are not conclusive and the effect of the 

constrained layer caused by the superficial epoxy resin layer might be surpassing 

the effect of different anisotropy of the samples.

Nevertheless, it has been shown in the thesis by experiments off-epicentre 

that the unidirectional sample shows transverse isotropy with the isotropic plane 

being the one normal to the fibres. It was also possible to recover sections of the 

group velocity surfaces. The graph depicting velocities of the anisotropic plane 

shows part of a cusp responsible for the focusing of the energy towards its 

direction. Finally, both with the cross-ply and the unidirectional sample a feature 

was identified associated with energy beyond the edges of the cusps of the group 

velocity sheet of the quasi-transverse wave (cuspidal extensions).
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9.2 Future work

In the previous section, some indications were given for future study but 

in the present section the focus will be to the technological implementations of 

the conclusions from this thesis.

Concerning the proposed method described in chapter 5 for the 

calculation of the optical absorption depth based only on ultrasonic 

measurements, the accuracy can be improved in the future by: a) considering the 

temperature dependence of the longitudinal sound velocity in the heated region 

where the laser radiation is being absorbed in the material, b) increasing the data 

acquisition rate (determined in the setup that was used in this study by the 

oscilloscope as 1 0 ns per point) in order to accurately determine the exponential 

rise time of the longitudinal pulse -as predicted theoretically by Edwards et. al. 

(2003)-, and c) considering ultrasonic attenuation due to viscoelasticity of the 

tested materials.

An interesting future study would be the investigation of laser generation 

efficiency in glass fibre reinforced composites. In this case the fundamental of 

the Nd:YAG is not expected to generate as strong amplitude signals as with the 

CFRCs because unlike the strong absorbing carbon fibres, glass is transparent at 

this wavelength. In contrast, both the TEA CO2 and the XeCl excimer are 

absorbed by glass. In addition, the ultrasonic generation mechanism with those 

two lasers depends strongly on the epoxy resin matrix. If the ablation regime is 

proven to be non-destructive for the UV laser, then this wavelength is expected 

to generate ultrasound more efficiently than the TEA CO2.

The potential use of UV radiation for generating ultrasound in composites 

has been shown in this thesis. However, although excimer lasers are becoming 

smaller in size and less expensive, they are still gas lasers which need frequent 

refills with expensive and dangerous gas mixtures. A Nd:YAG laser emitting at 

the 3ri1 (355nm) or the 4th harmonic (266nm) would answer all these problems. In 

addition, the 4,h harmonic would be even more strongly absorbed by the resin 

matrix resulting both in smaller ablation rate and lower ablation threshold.
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Overall this thesis has dealt with the generation of ultrasound in 

composite materials by means of a laser. Significant progress to our knowledge 

of the field has been achieved although the subject is far from being exhausted.
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A P P E N D I X  A

PROPA GA TION OF A COUSTIC \VA VES IN SOLIDS

Starting from Newton’s 2nd law of motion, if the particle displacement is 

u(r, t), for an elemental volume Vm of a mass m=p Vm, where p is the density of 

the solid, then the force Fm applied is:

mil = F (A.l)m v 7

To obtain the equation of motion for an elastic medium, one must equate the 

internal stress force d a ik /dxk to the product of the acceleration u and the density 

of the solid:

da.,.
pu, = dx,.

(A.2)

where rr,* is the strain tensor. The component 07* of the stress tensor is the /th 

component of the force on unit area normal to the .t*-axis (Landau and Lifshitz 

1970, section 2).

The strain tensor w,* is a tensor whose components give the change in an 

element of length when the body is deformed and for small deformations 

(Landau and Lifshitz 1970, section 1):

1 f du,
• + duk }

dx. dx,
(A.3)

The stress tensor is related to the strain tensor with the following equation 

(Landau and Lifshitz 1970, section 10):

G ik = CiklmUlm (A.4)

where C,*/,n is a 4lh order tensor called the elastic modulus tensor or the stiffness 

tensor. Because of the symmetry of the strain tensor, the maximum number of 

independent components (elastic constants) of the stiffness tensor is 21 (Landau 

and Lifshitz 1970, p.37). If the solid possesses symmetry, relations exist between 

the various elastic constants so that the number of independent components is 

reduced.
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A.l Isotropie media’

In an isotropie medium the three coordinates axes x, y, z and the three 

coordinate planes yz, xz, xy are equivalent. Thus, the response of the medium 

must be the same for a compressive stress applied along any axis (Auld 1990, 

pp. 165-167). In such a solid, there are only two independent elastic constants 

which are referred to as the Lamé constants: A. and p. By using these constants 

one can express1 Young’s modulus (E) and Poisson’s ratio (<r), and the equation 

of motion (A.2) can be written as:
p  —y ^

pii = -----— V ' in --------------gradc/zvu ( A .5)
2(1 -Her) 2(l+cr)

Assuming a plane elastic wave in an infinite isotropic medium 

propagating along the x-axis. In this case, the only component of the vector u 

that is not zero is wn = du/dx . From equation A.5 we have:

d2ux l d2ux _ o d~iiy l d~u

dx2 VI dt2 dx2 v l  dt2
d 2" z __ 1 à 2u z _ Q
dx2 V2 dt2

(A.6 )

where: I £ ( l - o )  ~  _ | E
L p(l + a ) ( l - a )  V'r ~\ 2 p ( l  + (T)

(A.7)

The equations A .6 are wave equations in one dimension and the 

quantities vt and vj are the velocities of propagation of the wave. From equations 

A.7, it is evident that the wave propagating along the direction of the x-axis has a 

different velocity than those propagating along the y and z axes. The former one, 

where the displacement (nx) is along the direction of propagation, is called the 

longitudinal wave (or compression wave) and its velocity of propagation is u/,. 

The other wave, in which the displacement (uY, uz) is normal to the direction of 

the propagation, is called the transverse wave (or shear wave) and its velocity of 

propagation is vr. Depending on the relationship between the polarisation vector 

(a) and the direction of propagation (1), these waves are determined as:

a) a  • 1 =1 (longitudinal wave) (A.8)

b) a  • 1 =0 (transverse wave) (A.9) *

* Landau and Lifshitz (1970, sections 5&22)

' Young’s modulus: E=9Kg/(3K+g), Poisson’s ratio: G='/2(3K.-2j.t)/(3K+g), where K=7+ 2/3 g, is

the bulk modulus.
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In the elastic waves, there is a change in volume which is given by the 

sum of the diagonal terms of the strain tensor (i.e. Ujf=divu ). However, in the 

situation that we supposed (propagation along the x-axis) the transverse wave 

does not include the ux component and the other components do not depend on y 

or z. As a result, for a transverse wave, divu=0. This means that the transverse 

wave (which is also called isovolumic wave) does not involve a change in 

volume. On the other hand, for the longitudinal wave, divu^O, which justifies the 

term compression wave that is also used to describe it. The above can be used as 

a definition for the transverse and longitudinal wave respectively. This definition 

is more general than the one involving the direction of propagation and can 

include the case of the anisotropic media that will be described in the following 

section.

A .2  A n is o t r o p ic  m e d ia *

In an anisotropic medium, its properties differ as a function of direction. 

As a result, unlike the isotropic media, the strain tensor has more components as 

shown in the general equation A.4. In this case the equation of motion A.2 can be 

written as:

For propagation of a plan wave in a given direction in the material, the 

displacement is assumed to be given by the relation:

where the iio i(= A ()C C i, A n  is the displacement amplitude and a  the polarisation 

vector) are constants, k  is the wave vector ( k = |k|l, where |k| =k is the wave

number and 1 is the wave normal) and co is the frequency. Substituting this 

expression to equation A. 10:

(A. 10)

(A.l 1)

pco2Ui=kCiklmlkl,u (A.12)

and putting Ui=dimum\

(pco28 im- k 2Ciklmlkl,)um = 0 (A. 13)

’ Landau and Lifshitz (1970, sections 10&23)
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Equation A. 13 is called Christoffel equation and is a set of three homogeneous 

equations of the first degree for the unknowns ux, uv, u:. The equations have non

zero solutions only if the determinant of the coefficients is zero:

\k2ClklJ kl,-pco25ini\ = 0 (A. 14)

which is a cubic equation in a»2. It has three (in general) different roots and each 

root gives the frequency as a function of the wave vector k . If the unknown 

quantity in equation A. 14 is taken as co2/k2(=vlr , with vP being the phase velocity) 

then it is noted that the phase velocity is a function of the direction of the wave 

but not its frequency.

As mentioned earlier, in the case of an isotropic medium, the waves can 

be characterised according to the relationship between the polarisation vector and 

the direction of propagation (equations A.8&9). For anisotropic media, this 

discrimination stands no more because generally for an arbitrary direction: 

a  • 1 *1 or a  • 1 *0. For that reason we classify the waves as quasilongitudinal 

or quasitransverse depending on the proximity of the value 

a  ’ 1 to 1 and 0 respectively (Auld 1990, pp. 120-124).

A .3  V e lo c it y  s u r f a c e ,  W a v e  s u r f a c e ,  a n d  S lo w n e s s  su r fa c e *

Since there are three possible relations between co and k  for any direction 

in the solid, there are three, generally different, phase velocities of propagation of 

elastic waves. These are associated with three characteristic vectors (mutually 

peprpendicular) which in an anisotropic solid have components both parallel and 

normal to the direction of propagation and correspond to one quasilongitudinal 

and two quasitransverse waves. As the wave normal I takes all possible values,

vP( = y  \) traces out a velocity surface (V) of three sheets.

Hugens’ principle concerns the propagation of a wave front in time: given 

a front at time to, consider every point as a secondary source of disturbance; 

construct the wave surfaces about each point; the envelope of the secondary 

fronts in the previously undisturbed medium after time At is the total front at

' Musgrave (1970, sections 6.3, 6.4, chapter 7)
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to+At. Any plane element of a front moves along a path oblique to the normal 4, 

and the energy associated with this element is carried along this path or ray.

If Fk is an energy flux vector (i.e. the change in energy in a given volume) 

associated with a disturbance, then it can be shown (Musgrave 1970, p.78) that:

Fk=~°ki‘‘i (A. 15)

In general Fk is not parallel to the normal 4  but is parallel to the ray (vy) as 

defined previously by Hygens’ principle. Only if 4 -cox4=1 do the ray and the 

ray normal have the same direction. This happens when the wave surface (W) is 

spherical, which is the case of the isotropic media.

The velocity of the modulation on a wave is called group velocity (dg) 

and it can be shown (Achenbach 1973, section 6.5) that in a lossless medium is

identical to the energy velocity (vE = ̂ - ,  i.e. the velocity of propagation of the
dk

wave). From the above discussion for the energy flux it follows that the group 

velocity vector is also parallel to the ray.

Another useful term is slowness (s) which is defined as the reciprocal of 

the phase velocity (dp) as:

« = l k  = - l  (A. 16)
CO CO

It follows that the slowness surface (S) will be the inverse of V. The relation 

between the W and the S surface is that the normal to the slowness surface 

coincides with the direction of the energy flux vector (and consequently of the 

group velocity) or in other words, that the direction of the ray is parallel to the 

normal at the corresponding point on the slowness surface (Musgrave 1970, 

section 7.4). In addition, equation A. 14 can be expressed in terms of slowness 

which means that S is also a surface of three sheets.

Zonal sections of the velocity surface (V), the slowness surface (S) and 

the wave surface for a solid with transversely isotropic symmetry are shown in 

Fig. A.l (after Musgrave 1970, p. 100). As seen in this figure, there are directions 

where the group velocity (or the energy flux) is not unique due to the formation 

of cusps on the wave surface. These features are responsible for the concave 

shape of the corresponding sheets of the slowness surface.
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(c)

F ig u r e  A . l  Zonal sections of (a) velocity, (b) slowness and (c) wave surface for 
a medium with transverse isotropy (zinc) (after Musgrave 1970, p.100).
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A P P E N D I X  B

1-D THERMOELASTIC SOURCE MODEL FOR NON-METALS'

A thermolastic laser source is well understood in metals (Rose 1984, 

Doyle 1986). The source has been modelled by considering the forces which 

arise for a heated volume (centre of expansion) in the bulk of the material. This is 

equivalent to three orthogonal dipoles with Heaviside time dependence which 

push against the surrounding unheated constraining material. The free surface is 

allowed for by taking into account reflection and mode conversion: as the source 

tends to the surface the vertical dipole is almost exactly cancelled out leaving 

only the in-plane dipoles (surface centre of expansion). While this gives good 

agreement with experiment for metals where the light is absorbed in the very thin 

electromagnetic skin depth, it is questionable for non-metals where the light is 

absorbed in the much thicker optical absorption depth. In this appendix, it will be 

shown how the vertical dipole does not have Heaviside time dependence as there 

is no constraining material in this direction.

B .l  L a s e r  H e a t in g

Ready (1965) showed that laser heating can be considered as 

instantaneous on nanosecond time scales. The horizontal expansion is 

constrained by the surrounding unheated material. Since cooling is a much 

slower process (especially in a non-metal), the lateral forces have Heaviside time 

dependence on ultrasonic timescales (of the order lOps). In contrast, there is no 

vertical constraint. The vertical expansion of the free surface occurs 

simultaneously with the laser heating. Inertial vertical forces are only exerted 

during this initial rapid motion and therefore must have 8 -function time 

dependence.

If the heated region is imagined to expand free from any constraint, the 

forces acting on the surrounding material are the inverse of the forces required to

Based on the article ot Edwards et al. (2003) presented at the Quantitative Nondestructive 
Evaluation conference, Bellingham 2002.



158

squash the heated volume back into its original size (Eshelby 1957). The material 

is free to expand vertically so normal forces only exist while it is actively 

expanding. This is represented schematically in Fig. B .l.

B. 1.1 Beer’s law and optical absorption depth

The absorbed laser power (/„/,,) is given by the negative differential of 

Beer’s Law as shown in equation 5.2 and the temperature rise T is related to the 

time integral of the laser pulse with equation 5.3. In the 1-D case the source will 

only generate compressive waves normal to the samples surface (z direction) as 

there are no strains in the x or y directions.

If the source is constrained by surrounding material, the ultrasonic source 

strength is related to I , hence the vertical force component which has Heaviside 

time dependence at a constrained surface is related to the integral of the laser 

pulse.

At an unconstrained free surface the source strength is related to the 

differential of T since it has 8 -function time dependence and hence has the same 

temporal form as the laser pulse.

The spatial force distribution follows the exponential optical absorption 

profile. Consequently, the overall form of the laser generated ultrasound pulse 

can be modelled by convolving the spatial force distribution (for an idealised 8 - 

function laser pulse) with the actual laser pulse as shown in Fig. B.2. As v(-z/t) 

is the velocity of the elastic wave, the rise time (tr) of the spatial or optical 

absorption impulse is equal to S/v, where r)' is the optical absorption depth. The 

spatial impulse is calculated by summing over z and consists of the direct 

longitudinal arrival plus a time delayed inverted, reflection from the surface as 

shown in Fig. B.2a.

All calculations are carried out on nanosecond times scales as this is the 

time scale of the lasers used for laser generated ultrasound. Fig. B.3 shows the 

effect of convolving the optical impulse with progressively longer laser pulses. 

As the laser pulse lengthens the amplitude reduces and the waveform broadens 

and appears more monopolar. However, the exponential rise of the L-puIse is 

determined only by optical absorption and is not affected by the laser pulse 

temporal profile. Fig. B.4a shows the effect of optical absorption depth: optical
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t=t,

F ig u r e  B . l  Shematic representation of the forces due to a thermoelastic source in 
a non-metal at a free surface, ¿^optical absorption depth, dsampie=sample 
thickness, o=velocity of elastic wave, //=time interval in which the signal 
generated at depth z travels to the sample’s surface where it is reflected and 
travels towards the detector at the other side of the sample. The lateral forces 
have Heaviside time dependence (H(t)) while the forces normal to the sample’s 
surface have 5-function time dependence (8(t)).

*  I

Time ns
(b)

F ig u r e  B .2  The impulse response shown in (c) is the convolution of the optical 
absorption (8(t)) impulse response shown in (a) with a unit area I(t) shown in (b).
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Figure B.3 Optical absorption impulse (dashed line) convolved with 
progressively longer laser pulses.

Figure B.4 (a) Convolution of optical absorption impulse of progressively longer 
absorption depth with a laser pulse of fixed duration, (b) Variation of 
longitudinal amplitude with optical absorption depth.
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impulses with progressively longer optical absorption depth have been convolved 

with the same laser pulse. In Fig. B.4b it is shown that the maximum longitudinal 

amplitude occurs when (5/n) is the same as the rise time of the laser pulse.

B.2 Comparison with experimental results
Epicentral waveforms were recorded on non-metallic samples using the 

experimental setup shown in Fig. 3.4. The optical absorption depth was 

calculated from the measured rise time of the longitudinal pulse and the 

longitudinal velocity of the material following the method described in section 

5.3.1.
Fig. B.5a shows a waveform recorded on a PMMA sample using a TEA 

CO2 laser -whose temporal profile is depicted in Fig. 5.1a- at the thermoelastic 

regime. Fig. B.5b shows an enlargement of the area of the first longitudinal 

arrival and Fig. B.5c shows the waveform as predicted by the previously 

described model' for laser pulse duration of 100ns (FWHM) and optical 

absorption depth of 150pm.

Fig. B.6 a shows a waveform generated using a XeCl excimer, with 40ns 

pulse duration (see Fig. 6.1a) on a glass sample. Fig. B.6b shows an enlargement 

of the first longitudinal arrival. Fig. B.6 c shows the theoretically predicted 

waveform for a material with optical absorption depth 2 0 0 pm irradiated by a 

laser with 40ns pulse duration (FWHM). The agreement between the 

experimental results and the theory is very good.

B.3 Enhancement by a constrained surface

It is well known that applying a transparent constraining layer to a sample 

surface enhances the longitudinal wave amplitude by several orders of 

magnitude. Previous solutions like the ones described in Bushnell and 

McCloskey (1968) or in Telschow and Conant (1990) have all assumed

' The horizontal dipolar forces usually associated with the thermoclastic source is not included in 

the theory as mentioned at the beginning of subsection B.1.1. These horizontal forces are 

responsible for the negative ramp after the initial longitudinal arrival as shown in the 

experimentally recorded waveforms (Fig. B.5a and Fig. B.6a).
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Figure B.5 (a) Waveform taken on a PMMA sample irradiated by a TEA CO2 

laser of 70ns pulse duration (FWHM), (b) expansion of L-pulse and (c) 
theoretically predicted waveform for 8= 150pm and laser pulse of 100ns 
(FWHM).

Ttme (ps)
(a)

Figure B.6 (a) Waveform taken on a glass sample irradiated by a XeCI excimer 
laser of 40ns pulse duration (FWHM), (b) expansion of L-pulse and (c) 
theoretically predicted waveform for S=200pm and laser pulse of 40ns (FWHM).
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Figure B.7 Theoretically predicted waveforms for a thermoelastic source 
generated by a laser of pulse duration 10ns (FWHM) and a sample with optical 
absorption depth 5pm. (a) free surface case, (b) constrained surface.

Heaviside time dependence for the buried vertical source component and 

predicted monopolar pulses for a free surface. The free surface and constrained 

surface solutions were derived using Laplace transforms (Bushnell and 

McCloskey 1968). This approach predicted that there was only a change in pulse 

shape but no enhancement of the peak to peak amplitude for a constrained 

surface. The present model predicts a large enhancement as the forces in the 

constrained surface case actually have Heaviside time dependence and the 

solution can be derived from the free surface case by integration. Fig. B.7 shows 

calculated waveforms for a hypothetical material where the light of a 1 0 ns 

(FWHM) laser pulse is absorbed in 5pm. This situation is similar to a Q-switched 

Nd:YAG on a metal surface where the laser source is buried to a depth of a few 

microns by thermal diffusion. The predicted enhancement for the constrained 

case is 25 times the result for the free surface case. An interesting point is that in 

the latter case, the rise time of the longitudinal pulse is only a few nanoseconds 

and would not be properly resolved unless a detector with a bandwidth of around 

1GHz was used whereas the constrained case is easily resolved with a bandwidth 

of 100MHz.

B.4 Summary and discussion

The vertical force in a thermoelastic source at a free surface has 8- 

function time dependence. Inclusion of this fact in a simple 1 -D model enables 

the longitudinal wave to be modelled in non-metals. The agreement between
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experiment and theory is excellent and could be further improved by using actual 

temporal profiles of the laser pulse.

The displacement solution presented here is similar to the stress 

waveforms predicted by Bushnell and McCloskey (1968) using Laplace 

transform techniques. This is because stress is related to the spatial differential of 

displacement and the free surface solution as presented here is the differential of 

the constrained case. In the aforementioned article the source was assumed to 

have Heaviside time dependence therefore their solution is valid for the 

constrained case. If they had used 8-function time dependence they would have 

got the correct solution.

Finally, from Fig. B.4 it can be seen that there is an optimum to be 

reached between the optical absorption depth and the laser pulse duration to 

achieve maximum displacement.
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