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Abstract

A laser-based ultrasonic system was used
to study thermoelastic and ablative ul-
trasonic laser generation mechanisms in
graphite/polymer composite structures. Ul-
trasonic waveforms were generated in 16-layer
quasi-isotropic AS-4/PEEK composite and 8-
layer thick AS-4/PEKK [0/90]zs composite
panels. Waveforms generated on one side of
the samples were observed on the opposite side
using a confocal Fabry-Perot (CFP) based de-
tection system. The waveforms, as functions
of the generation-laser power density, show
that there are two distinct generation mech-
anisms. Below a well-defined threshold power
density, the observed signals were proportional
to the power density and are assumed to
be generated thermoelastically. Above the
threshold the observed waveforms are a super-
position of a thermoelastic (TE) and ablatic
(AB) waveforms. The relative amplitudes of
the TE and AB components were determined
as a function of power density by fitting a theo-
retical model to the data. The ablation thresh-
old was independently observed through pho-
todetection of the light radiated by the abla-
tion plume. Further experimentation partially

characterized the directivity of the generation
mechanisms for the graphite/PEEK compos-
ite panel.

Introduction

When a laser pulse strikes an opaque mate-
rial, part of the pulse is reflected and part
is absorbed. The absorbed light energy is
converted to thermal energy, causing a local
thermoelastic expansion of material near the
impact point. The rapid expansion creates
an thermoelastic (TE) ultrasonic pulse which
propagates through the material.[1, 2] Purely
thermoelastic generation is limited at higher
intensities by the onset of surface melting and
vaporization. The laser power density at the
point of vaporization is referred to as the ab-
lation threshold.

When the ablation threshold is exceeded,
the laser pulse vaporizes surface material. A
high-temperature plasma, caused by the rapid
heating and ionization of the material, is
formed just above the sample. The electro-
magnetic energy is converted into electronic,
thermal, chemical and mechanical energy at
the solid surface. The vaporized material may
consist of neutral atoms and molecules, posi-



tive and negative ions, clusters, electrons, and
photons [3]. A review article by Srinivasan [4]
includes excellent photographs of ablation of
pure polymers.

These processes have been shown to create
an ultrasonic wave, the ablatic (AB) wave-
form, in the host material in addition to those
generated thermoelastically. Although there
is a significant amount of ablative generation
studies,[5, 6, 7, 8] few have demonstrated the
superposition of the two waveforms. An ex-
ception is the work of Dyer et al. [9], who used
wide-band polyvinylidenefluoride film piezo-
electric transducers to detect combined ther-
moelastic/ablatic waveforms in 12 pm thick
polymethylmethacrylate films.

In this work, A laser-based system was used
to study thermoelastic and ablative ultrasonic
generation mechanisms in graphite/polymer
composite materials. Ultrasonic waveforms
were generated in 16 layer (2.9 mm thick)
quasi-isotropic AS-4/PEEK composite and
8 layer (1.5 mm thick) AS-4/PEKK [0/90]2s
composite. The superposition of thermoelastic
and ablatic waveforms occurred when the laser
power density exceeded the ablation thresh-
old. Detection was accomplished by using
a confocal Fabry-Perot (CFP) interferometric
system [10]. The ultrasonic signal was de-
rived from light reflected from the CFP inter-
ferometer to take advantage of the improved
frequency response [11, 12]. Photodetection
of light produced by the ablation plume pro-
vided independent confirmation of the abla-
tion threshold. The directivity characteristics
of the laser-generated TE and resolved AB
waveforms were studied for the AS-4/PEEK
composite panel.

Measurement of the Ablation

Threshold

Before a quantitative study of the wave-
form generation mechanisms is discussed, the

method used to identify the ablation thresh-
old power density I,;, will be described. The
threshold I, is defined as the lowest power
density level at which laser ablation is de-
tected. The method uses a photodetector to
capture the light produced during laser abla-
tion. The amplitudes of the resulting signals
will be used to compare I,;, measured in this
fashion to the power density at which an ab-
latic wave is first detected.

A photodetector was placed near the sam-
ple, as shown in Figure 1. A pulsed Nd:YAG
laser, producing an infrared pulse with approx-
imately 5 ns width, was directed towards the
AS-4/PEEK composite panel. The detector
was fitted with a filter to block most of the
initial infrared laser light and pass most of
the visible light. The purpose was to capture
only the light produced by the ablation plume.
With this configuration, the signal amplitude
from the ablation detector can be measured
concurrently with the detection of the laser-
generated waveforms.

Figure 2 shows a series of photodetected
plume signals plotted as a function of time
and source power density. For power densities
below 60 MW /cm?, the photodetector picked
up only a weak trace of the generating beam.
Strong signals evolve at higher power densi-
ties. The signals have rise times on the order
of 120 ns and decay times longer than 1 us.
Figure 2 also shows the maximum amplitudes
plotted as a function of laser power density.
The results strongly suggest a parabolic de-
pendence of the form

P(I) :{ 3+b(1f1ab)f’ (1)

with power p = 2. This equation was fit-
ted to the data. The best fit occurred with
the parameters I, = (59 & 2) MW/cm?, a =
(—0.061 £ 0.005), and b = (0.46 & 0.02). This
provides strong evidence for a well-defined
threshold.

for I < I
for I Z Iaby
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Figure 1: Experimental setup for the study
of ablatic waves. A customized photodetector
captures light produced by the ablation plume.
The aperture and attenuator control the power
density range in which the experiments take
place.

The generating laser power densities re-
ported in this work were determined by mea-
suring the laser power with a power meter
and dividing the power by the surface area
as measured upon incidence on burn paper.
The average power density is then divided by
the pulse repetition rate (20 pulses per sec-
ond) and the pulse width at full-width half-
maximum (5 ns), as specified by the manufac-
turer of the laser [13]. The pulse width has not
been verified independently. Using these num-
bers, a measured power density of 1.0 W/cm?
translates to a power density of 10 MW /cm?
per pulse. The typical surface area of the illu-
minated area is about 0.2 cm?.

Generation of Ultrasonic Waves
across the Ablation Threshold in
AS-4/PEEK Composite

The transition from thermoelastic to ablative
generation was studied as a function of laser

z
IS
=
g 2/ 1
= ;
k) g™
s 1 o ]
c o]
(=2 o o_o
@ oo C°0 00 o o
. o
0 20 40 60 ) 80 100 120
I (MW/cm®)

Figure 2: Top: photodetected ablation plume
signal vs. time and laser power density. No
detectable signal other than electronic noise,
is found below the onset of ablation. Bot-
tom: the peak signal from the upper plot
as a function of laser power density I. A
model with a parabolic dependence above a
threshold I, was fit to the data; the best fit
was obtained with threshold power density of
I =59 MW /cm®,

power density. The basic experiment consisted
of generating and detecting ultrasonic wave-
forms as the generating laser power density
was varied across the ablation threshold. The
generation system is shown in Figure 1. Ultra-
sonic waves were generated in the AS-4/PEEK
composite panel by a pulse of infrared light
produced by a Nd:YAG laser. The power den-
sity of the pulsed laser was varied by adjusting
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Figure 3: The CFP-based detection system
in a reflection configuration. Polarizing beam
splitters allow the light reflected from the
etalon to be used to derive the ultrasonic sig-
nal. Light transmitted through the etalon pro-
vides the signal for the servo circuit.

the voltage supplied to the laser flash pump.
A variable aperture was inserted to ensure a
consistent spot size. An attenuator was in-
serted to lower the laser energy to a more
useful range. The amplitude of the ablation
plume signal was also taken at each power den-
sity level. Prior to each experiment, a power
meter was inserted, at the position shown, to
calibrate the laser power density with the dig-
itally displayed flash pump voltage. The de-
tection system is shown in Figure 3. A cw
Nd:YAG laser emitted 200 mW of 532 nm
light. The vertically polarized light was di-
rected to the sample using polarizing beam
splitters (PBS). Surface-reflected light was col-
lected into the CFP interferometer [14] using
a telescopic lens system. Light reflected from
the CFP etalon was diverted by a PBS to the
signal photodetector, providing the signal for
the digital oscilloscope. Transmitted light was
collected into a second detector providing a
reference signal for the servo circuit. The servo
circuit, based on a design by White and Em-
mony [15], was connected to a piezo-electric
translator mounted to one of the CFP mirrors.
This provides active stabilization of the detec-
tion system to counteract normal frequency

Ablation

Figure 4: Laser-generated ultrasonic wave-
forms in 16-layer AS-4/PEEK composite sam-
ple with average laser power density I, and
detected with the CFP-based system in a

through-transmission configuration. The ar-
rows mark the power density at which ablation
was first optically observed. A delayed longi-
tudinal pulse and a transverse pulse emerge
with increasing power density.

fluctuations of the laser. The detection-side
surface was coated with aluminum paint to
enhance the reflectivity, improving the system
sensitivity. Starting from moderate thermoe-
lastic power densities (about 21 MW /cm?),
waveforms were captured and averaged over
twenty laser shots to reduce the effect of noise
in the final data. As the power density was in-
creased, the amount of averaging was reduced
to decrease the amount of surface damage done
to the composite. Only three waveforms were
averaged at the highest power density level.
Figure 4 shows the waveforms plotted as a
function of laser power density. The plots rep-
resent the surface velocities created by the ul-
trasonic waves. Looking at the lowest intensity
waveform, generated in the low thermoelastic
regime, the first peak corresponds to the ar-
rival of the longitudinal wave. Near the de-
tection epicenter, the transverse wave is not
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Figure 5: Three waveforms generated at ¢t =0
by power density laser pulses in the thermoe-
lastic regime incident on the AS-4/PEEK com-
posite sample.

discernible. At 3 us the echo of the longitudi-
nal wave arrives. The shape of the wave does
not change as power density is increased in the
thermoelastic regime (see also Figure 5). How-
ever, starting at about 60 MW /cm?, a second
peak, attributed to the ablatic wave, evolves
from the back of the TE wave. At higher
power densities, the peaks of the two waves
are clearly visible. At the highest power den-
sity tested, the AB wave tends to obscure the
TE wave. There is also a detectable transverse
wave occurring in the ablation regime, where
none was detected in the thermoelastic regime.
Ablative generation therefore gives rise to a
different waveform than thermoelastic genera-
tion and subsequently must be considered as
a distinct generation mechanism.

Also note in Figure 4 that the resolution
of the TE and AB peaks in the echo of the
combined waveform is not as pronounced. As
the waveform travels through the material, the
higher frequencies are attenuated faster than
lower frequencies. This attenuation can also
be seen in the purely thermoelastic waveforms,
below I,,. As a result, the AB wave is much
more difficult to discern in thicker samples, or

as will be shown later, at significant detection
points away from the generation epicenter.

Thermoelastic and Ablatic Ampli-
tude Dependence on Power Den-
sity

The data of Fig 4 were analyzed by assuming
the waveform y(¢, I) at power density I was a
superposition of a TE signal C(I)f(t) and an
AB ssignal D(I)g(t). The data were recorded in
digital form at times ¢; and and discrete inten-
sities I;. The data set thus consists of m ultra-
sonic signals y;; = y(t;, I;) at n different power
densities. The thermoelastic and ablatic wave-
forms are f; = f(t;) and g; = g(¢;) in similar
notation. These are assumed to vary linearly
with coefficients C; = C(I;) and D; = D(I;)

(2)

The basis waveforms f(¢) and g(t) were ar-
bitrarily assigned unit amplitude at their first
maxima. The remaining values of f; and
g; were determined by a nonlinear fit of the
model to the data. The best values of f;, g,
C; and D; were determined by minimizing the

(3)

yij = Cifi + Djg;.

S= lyij = Cifi + D;gil?
ij

with the two unit values of f; and g; held con-
stant. For the AS4/PEEK data, there were
n = 38 intensities and n = 188 time-steps be-
tween 0.5 and 2.0 us. For a fit to this data
range there were accordingly mn = 7144 data
and 2(38 4 187) = 450 free parameters. Fig-
ures 6 and 7 show the results of fits to data in
this range and to a restricted range between
0.8 and 1.3 mus. Nearly equivalent results
were obtained from data in the two ranges.
As stated above, the thermoelastic and ab-
latic waveforms were arbitrarily assigned unit
amplitude at their respective maxima. Oth-
erwise, the forms were completely determined



Figure 6: Thermoelastic waveforms f(¢) (+)
and ablatic waveforms g¢(t) (x) determined
from a fit to the data of Fig 4 as described
in the text. The upper plot is for a fit to data
for 0.5 us <t < 2.0 us; the lower is for a fit to
data in the range 0.8 us <t < 1.3 us. Both
plots show that the peak of the ablatic wave-
form is delated about 0.1 us with respect to
the thermoelastic peak.

from the data. The TE waveform has a peak
at 1.016 ps with a full width at half maxima
of 0.053 ps. The AB waveform has a peak at
1.12 ps and a full width at half maximum of
0.13 ps.

Figure 7 shows that the amplitude C' of
the thermoelastic component varies approxi-
mately linearly with the power density over
the full range of the experiment. Although
there is considerable scatter, fits in the two
time ranges are reasonably consistent. The fits
also show a distinct threshold for the ablatic
wave amplitude D. Equation (1) with a linear
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Figure 7: Coefficients C' and D of the thermoe-
lastic and ablatic waveforms determined from
a fit to the data of Fig 4 as described in the
text. The solid symbols were obtained from a
fit to data in the range 0.5 us <t < 2.0 us; the
open symbols were obtained from a fit to data
in the range 0.8 us <t < 1.3 ps. The lines are
fits to the data as discussed in the main text.

dependence (p = 1) above the threshold was
fit to data in the 0.5 — —2.0 us range. The pa-
rameters were found to be a = —0.003£0.008,
b = 0.0085 + 0.0004 and I,;, = (62 £+ 2). This
threshold is in excellent agreement with the
value of (59 2)MW /em?® determined through
photodetection of the ablation plume.

The AB components of the waveforms are
displayed separately in Figure 8. These wave-
forms, obtained by subtracting af f(t) from
the full experimental waveforms, show the evo-
lution of the ablatic with increasing power
density. The longitudinal signal and its first
echo are clearly resolved, and a transverse
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Figure 8: Separated ablatic waveforms plotted
as a function of generating laser power den-
sity. The waveforms were obtained by sub-
tracting a scaled TE waveform from the full
experimental expression. A linear fit applied
to the sub-threshold TE coefficients is also
shown, demonstrating the proportionality be-
tween thermoelastic wave amplitudes and gen-
erating laser power density.

peak is also visible.

The width of the longitudinal wave is much
larger (= 100 ns) than the width of the TE
peak shown in Figure 5 (= 35 ns). As evi-
dent in Figure 2, the process of ablation lasts
over a much longer time than the generating
laser pulse. This is consistent with the find-
ings of Kukreja and Hess [16]. It is plausible
that the ablative generation process, in com-
parison with the thermoelastic process, occurs
on a longer time scale, and that the AB wave-
form reaches maximum amplitude at a later
time as a consequence.

Directivity Patterns of Thermoe-
lastic and Ablatic Waveforms

The method for establishing the generating
mechanism of ablatic waves was put forth

Detection
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Generation
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Sample
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Figure 9: The experimental arrangement for
measuring directivity patterns. The angle 6 is
the directivity angle.

by Hutchins et al. [6]. Empirical directivity
patterns (measuring the ultrasound amplitude
as a function of propagation angle) in alu-
minum were convincingly compared to theo-
retical patterns, based on the idea that the
ablation creates a normal pressure applied to
the surface. This has led to the prevailing as-
sertion that the pressures associated with ab-
lation create the AB waves. The shape of the
directivity pattern depends on source power
density, optical penetration depth [17], and
generating spot size. In this case, the diameter
of the illuminated area was 5.0 mm. In order
to examine the generation mechanism in the
composite structure, an experiment for mea-
suring the directivity patterns of ultrasound
was carried out.

The experimental arrangement is shown in
Figure 9. While the detection point was held
fixed, the generating spot was translated from
one side of the generating beam axis to the
other. The peak-to-peak amplitudes of wave-
forms at each point were recorded as a function
of generation position.

The directivity pattern in the thermoelas-
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Figure 10: Directivity pattern of thermoelastic
and resolved ablatic longitudinal waves in a 16
layer AS-4/PEEK composite panel. The plot
shows the dependence of signal amplitude on
detection angle.

tic regime is shown in Figure 10. The ge-
ometry is rectangular; thus waves travelling
at greater angles travel through more mate-
rial. The waveforms at higher detection an-
gles are attenuated more than waves near the
epicenter. Therefore, the directivity pattern
becomes more focused. This form is compa-
rable to the theoretical pattern calculated by
Dubois et al. [18] for an optical penetration
depth of 100 pum in isotropic solids. However,
given the anisotropic nature of the composite
panel, the situations are quite different.

The anisotropy also complicates the direc-
tivity pattern. As shown in Scudder et al. [19],
ultrasonic propagation is heavily dependent on
fiber orientation. Waveforms travelling per-
pendicular to fiber orientation attenuate more
than waveforms travelling parallel to fiber ori-

entation [20]. For the case above, this may
counteract the focusing produced by the ge-
ometry of the test sample.

To directly measure the directivity pattern
of the AB component, a simple method which
determines the influence of the AB wave on
the combined waveform was initiated. The
height of the AB peak that projects out of
the TE waveform was measured and plotted
with angle. Unfortunately, this is more a mea-
sure of the resolution of the two waves that
results from the attenuation of higher frequen-
cies, than the directivity of the AB waveform.

The resulting directivity pattern is shown
in Figure 10. The region where the AB wave
can be resolved is quite narrow. For this com-
posite, the wave can only be seen at positions
less than 20 degrees (or 1.1 mm) of the epi-
center. This does answer the question of why
the AB wave seems so elusive. The narrow
region for which the AB is resolved from the
combined waveform is comparable to the size
of the detection laser spot size (d ~ 0.7 mm).
Waveforms captured with small misalignments
in laser beams will not show the waveform.

Ablatic Waveforms
AS-4/PEKK Composite

The ablatic wave experiments were repeated
using an 8 layer AS-4/PEKK [0/90]25 compos-
ite specimen with a total thickness of 1.5 mm.
As with the Gr/PEEK before, a series of ultra-
sonic waveforms were generated and detected
in the panel as the laser power density was in-
creased through the ablation threshold. The
resulting waveforms are exhibited in Figure 11.
The first longitudinal wave occurred at 430 ns,
followed by an echo at 1.3 ps. The first signif-
icant ablation was detected at a power density
of 113 MW /cm?. Following this, the ablatic
wave peak, superimposed on the back slope
of the longitudinal wave, can be seen, espe-
cially at higher power densities. The series of
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Figure 11: Evolution of the ablatic wave in an
8-layer AS-4/PEKK [0/90]2s composite panel
with a total thickness of 1.5 mm. The ab-
latic wave-peak can be seen to emerge from
the back slope of the thermoelastic longitudi-
nal wave.

peaks occurring between echoes are attributed
to a superposition of the TE longitudinal and
transverse waves, and the AB longitudinal and
transverse waves. Since the sample was com-
paratively thin, the waves interfere with each
other.

Three waveforms with the lowest power den-
sities were averaged to form the TE basis func-
tion. The AB basis function was derived by av-
eraging the three highest-intensity waveforms
and subtracting off the scaled thermoelastic
component. A series of regression fits were
then performed on the empirical waveforms us-
ing the basis functions.

The coeflicients are plotted as a function of
power density, along with the signal amplitude
of the ablation plume detector, in Figure 12.
The TE coefficients show a discernible change
in slope near the threshold. The AB coeffi-
cients are once again consistent with the ab-
lation plume data, revealing a threshold near
125 MW /em?.

There are two significant differences be-
tween the ablative effects in this composite
and the AS-4/PEEK composite. In contrast
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Figure 12: Thermoelastic (open circles) and

ablatic (black boxes) coefficients for the AS-
4/PEKK composite specimen as a function of
laser power density. Also shown are the abla-
tion plume amplitudes (open boxes). The AB
coefficients and ablation plume amplitudes ex-
hibit similar thresholds.

to the previous experiment, the TE coefficients
have an increase in slope following the detec-
tion of ablation. This is possibly a result of
some contamination of the TE coefficient by
the AB component. Contamination would re-
sult if the AB basis function contains a portion
of the thermoelastic wave. The second differ-
ence is the significantly higher ablation thresh-
old measured in the AS-4/PEKK composite.
This is likely a result of greater reflectivity
of infrared light by the polymer. Increased
reflectivity decreases the absorption of light,
thus decreasing the energy deposited in the
sample [21]. The laser power density calibra-
tion does not account for the reflectivity of the
sample. As a result, the ablation threshold,
as measured by this method, will be greater.
In addition, much higher power densities were
needed to detect the two-peaked longitudinal
wave. This would also result from the material
having a higher reflectivity.



Conclusions

Thermoelastic and ablative generation mech-
anisms have been investigated in two graph-
ite/polymer composites. Superposition of the
TE and AB waveforms, as detected by the
CFP-based detection system, was evident for
each composite panel. Regression coefficients
for each wave type have been calculated and
plotted as a function of laser power density, re-
vealing a well-defined ablation threshold. In-
dependent photodetection of light produced
by the ablation reaction allowed the correla-
tion of the onset of the ablatic wave and laser
ablation. The detection of a transverse wave
in the ablation regime, where it had been ab-
sent in the thermoelastic regime, provided ev-
idence that ablative generation is a separate
and distinct generation mechanism from ther-
moelastic generation.

Directivity patterns were measured for each
wave type in a AS-4/PEEK composite panel.
The resolved AB directivity pattern demon-
strates the narrow region in which an AB wave
can be resolved from the combined waveform.
The increased attenuation of the higher fre-
quencies resulted in narrower directivity pat-
terns.
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