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INTRODUCTION
Composite materials find a number of applications nowadays in various engineering
domains. The heterogeneous and anisotropic properties of the composite materials call for
specific non-destructive evaluation methods and ultrasonic ones appear very suitable [1-3).
In recent studies of the propagation of longitudinal ultrasonic waves impinging at normal
incidence on such materials [4,5), the finding of absorption frequencies in the transmitted
energy spectrum for crossed-ply composite samples has been reported. This phenomenon is
attributed to interferences between waves multiply reflected at the ply boundaries, the
mechanical mismatch being due to the presence of a very thin residual epoxy layer between each
pair of adjacent plies.
Crossed-ply carbon epoxy composites appear as periodic multilayer structures, so that
the propagation of longitudinal waves along a direction normal to the ply boundaries is
governed by geometrical dispersion phenomena if the acoustic wavelength is of the same order
of magnitude as the superlayer (constituted of one ply and one residual epoxy layer) thickness.
For a semi-infinite periodic medium, this leads to the appearance of frequency stop bands where
wave propagation is forbidden [6-9].
The aim of the present paper is to recall the main results of the previous studies in the 5
to 100 MHz frequency range and to present a complementary study on the ultrasonic dispersion
phenomena in crossed-ply Carbone epoxy Composite materials. The study of the dispersion of
longitudinal waves constitutes a complementary tool for the Control and characterization of the
ply boundaries in Carbon-Epoxy Composite materials.
LOW FREQUENCY (5-30 MHz) ANALYSIS OF CARBON-EPOXY COMPOSITES
Several samples with various structures (ordering ofthe relative orientations of the plies)
have been analysed: unidirectional (0°) - cross-ply with only two alternating orientations
(0°/90°) or four alternating orientations (0°/+45°/90°/-45°)repeated. The characteristics offour
representative samples among those studied are given in Table 1.
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Table I. Characteristics of the samples used in the study.
Refernce

mean sample
thickness (mm)
2
3.3
4.1
3

A
B

C
D

number of plies

mean ply
thickness (Ilm)
125
137
128
125

16

24
32
24

orierltation of
plies
unidirectional
OOI±45°190°
OOI±45°190°

oom

Analysis in the Time Domain
For a 5 MHz working frequency, the amplitude versus time diagrams (echograms) are
very similar to those obtained using an homogeneous plate sample with two parallel surface
normal to the ultrasonic propagation direction. For example, the echogram pertaining to the 24
plies sample B is given in figure I. If the operating frequency is increased, significant variations
are observed for the crossed ply samples. Indeed, an intermediary signal is seen between the
echoes coming from reflection on the front and back faces. The amplitude of this signal reaches
a maximum at frequencies of 10.8 and 12.4 MHz for samples Band C, respectively. Moreover
the back face echo is also severely distorted at these particular frequencies (see fig.2). The
response of the same sample B driven at a 30 MHz frequency is shown in figure 3. Here the
echogram is somewhat different from the corresponding one observed around IOMHz. The
very small amplitude of the back face echo observed here is easily explained by the severe
ultrasonic attenuation in the composite material at such high frequencies.
Analysis in the Freguency Domain
From the previous results, it may be stated that the echograms suffer from a significant
noise level, partly due to the anisotropic and heterogeneous structure of composite materials. It
is then very difficult to draw directly much information from them.
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Fig.l . Echogram for sample B (@ 5Mhz).
Verttical scale: l5mV/div Horizontal scale: 500 ns/div
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Fig.2. Echogram for sample B (@ 10 Mhz).
V: 20mV/div H: 500ns/div
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Fig.3. Echogram for sample B (@ 30MHz)
V: 5mV/div H: 300ns/div

Spectral analysis appears as a complementary tool for the study of such materials. Since
its first applications (some thirty years ago) for the detection and characterisation of defects
[10] , this technique (known as ultrasonic spectroscopy) it has been extended to various
domains, like the study of bonded structures or composite materials [ 11,12] . This technique
has been used here, the composite samples being insonified at a 10 or 30 MHz frequency under
normal incidence, and the transmitted or retlected energy spectra being analysed. Figures 4-a
and 4-b give the spectra of the energy transmitted through sample B. The occurrence of
minimum transmission peak is evidenced at a 10.8 MHz and at any mUltiple of this frequency.
Figure 5 gives the spectrum of the reflected signal from the back face of the sample. The
analysis of samples e and D gives results very similar to the previous ones, but that of the
unidirectional sample A doesn't evidence any noticeable feature in the transmitted or retlected
spectra. This feature will be explained in the following.
Summary and Interpretation of the Low Frequency Results
At a 5 MHz frequency, the ultrasonic wavelength inside the composite material is nearly
equal to 600 11m (assuming a longitudinal phase velocity of 3000 mls), that is around four times
the ply thickness (150 Ilffi). At this frequency, the composite material behaves like a simple
homogeneous material. If the insonification frequency is increased, the ultrasonic wavelength
diminishes and becomes closer to the mean ply thickness. For crossed ply composites (like B,
e and D samples), the echograms are significantly modified, especially at a particular frequency
(equal to 10.8 MHz for sample B) and at its harmonics.
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Fig.4.a. Spectral transmission diagram for
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The position of the peak observed in the reflection or transmission spectral diagrams
doesn't depend on the number of plies. Figures 6-a and 6-b give the frequency response for
type B samples with, respectively, 48 and 72 plies. Moreover, the peak frequency corresponds
also to the maximum of the spectral diagram for the intermediary reflected signal (see Fig. 7) :
the energy is therefore conserved between reflected and transmitted waves.
Theoretically, the equivalent elastic stiffness matrix for an ideal crossed-ply composite
(with nearby plies in perfect mechanical contact) is that for an orthotropic material. The
propagation of a longitudinal wave under normal incidence must then be insensitive to the
orientation of plies. No difference should then be evidenced between unidirectional and crossed
ply samples and homogeneous ones. However our experiments clearly show that the
intermediary signal observed in crossed ply composites corresponds to a reflected part of the
incident energy, which never reaches the back face of the sample.
This suggests the occurrence of multiple reflections which may interfere constructively at
the characteristic peak frequencies. Such reflections may only be explained by considering that
the crossed ply composites behave like multilayer structures, where very thin (a few ).lill thick)
residual epoxy layers remain between the boundaries of two nearby plies. The longitudinal
wave propagating through such a structure would then be reflected at each ply boundary, owing
to the mechanical impedance variations it encounters. For unidirectionnal composites, the
residual epoxy layers between plies must be, if they ever exist, much thinner (owing to the
easier ply gluing) and become entirely negligible with respect to the acoustic wavelength. This
explains the lack of peak frequencies for such composites.
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Fig.6.a. Spectral transmission diagram for
a sample in set Bwith 48 plies (@ 10 MHz).
Horizontal scale: 2MHzldiv

Fig.6.b. Spectral transmission diagram for
a sample in set Bwith 72 plies (@ 10 MHz).
Horizontal scale: 2MHzldiv
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An optical microscope observation of the samples with an optical magnification factor of
600 gives a confirmation of the presence of residual epoxy layers for crossed ply composites
(none being seen for unidirectional ones). By repeating the observation at different places, it
may be noticed that the thickness of these layers is not constant. Moreover, this thickness
appears higher for the 24 plies samples B (mean value around 8 pm) than for samples C (mean
value around 4 J.lffi).
In order to evidence such a multilayered structure, very high frequency, short duration,
pulsed ultrasonic waves may be used, in order to separate the reflections at the various
boundaries (which fully overlap at lower frequencies) .
HIGH FREQUENCY (100 MHz) ANALYSIS OF CARBON-EPOXY COMPOSITES
By working at high frequencies (around 100 MHz), the ultrasonic wavelength becomes
much lower (30 pm) than the ply thickness. Using sufficiently short pulses, the various echoes
may now be separated in time.
A high frequency ultrasonic transducer (100 MHz centre frequency) has been driven by
a very short electrical pulse and the echograms have been recorded. The behaviour of the
unidirectional sample is again almQst identical to that of a nearly homogeneous material. For the
crossed ply composites, the reflections at the boundaries are clearly seen (see Fig.8). However,
owing to the very severe attenuation, the echo on the sample back face is not detectable. In fact,
only the very first (5 to 8) plies are observed. The echo signals are well isolated in time (they
don't overlap and there is no phase recombination between them), but the time interval between
the nearby echoes is not a constant: this shows that the thicknesses of the carbon epoxy plies
and residual epoxy layers vary somewhat in the bulk of the samples.
The high frequency study has enabled the separation of the echoes at the different
boundaries between plies. It enforces the assumption of a multilayered structure with residual
epoxy layers between the carbon epoxy plies, for the crossed ply composite materials. From
these results, it appears interesting to model such a structure and simulate the response of a
crossed ply composite.
MULTILA YER MODELLING
The experiences presented here lead us to establish a periodic multilayer model for the
composite, which may be viewed as a collection of crossed plies separated by thin (a few pm
thick) epoxy layers. A superlayer is then defined as the association of one ply and one epoxy
layer (see Figure 9).
A computation using transfer matrices [13] has enabled us to simulate the time and
frequency responses (see Figures lOa and lOb), with a very satisfactory fit to the experimental
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Fig.9. Assumed structure for a crossed-ply composite.

ones. The parameters used for these computations were: thicknesses hi = 135 J.lm and h2 =
7J.lm, longitudinal wave velocities VI =3000mls and v2=2450mls, mechanical impedances ZI =
4.71 \06 rayls and Z2 =2.94 \00 rayls, where the lower indices I and 2 pertain to, respectively,
the ply and the epoxy layer. It may be noticed that the figures used here for hi and h2 are mean
values which give the best representation of the multilayered structure.
STUDY OF ELASTIC WAVE DISPERSION
The study of longitudinal wave propagation perpendicular to the fibre planes leads to a
dispersion equation like [7] :
(1)

where k l , k2 and k are the acoustic wavenumbers in, respectively, the ply, the epoxy layer and
the whole sample. In order to illustrate the dispersion phenomenon and to show the influence of
the epoxy layer thickness, the variations of phase velocity versus frequency are shown in
Fig.11 for the parameters hi =135 J.lm and h2 =I and h2 =7 J.lffi. One may notice that the stop
bands are clearly evidenced and the effect of the epoxy layer thickness h2 is illustrated.
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Figure \0. Modelling of the multilayered structure. a) Simulated echogram using transfer matrix
formalism and assuming thicknesses hi =135J.lffi and h2 =7J.lm. b) simulated back face echo
spectrogram for hi = 135]..lffi and h z = 7).1m.
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Figure 11. Variations of the phase velocity versus frequency. a) Theoretical results for
h l = I 3511m and h2 = 111m. b) Theoretical results for = hi = 135)1ffi and h2 = 7)1ffi.
Experimental Study
Among the various methods useful for measuring the wave velocity in materials [14],
only very few apply when the medium exhibits dispersion. The so-called '7t-point' method
[15] is a good candidate here, since the dispersion effects may not be very spectacular (small
thickness of the samples, very thin resin layers). The experimental set-up we used is very
classic: it comprises an emitting transducer driven by a variable-frequency harmonic signal, and
a receiving transducer. By virtue of the method, we get the relationship
f=(c/H).N

(2)

where c, Hand N stand for, respectively, the wave velocity, the sample thickness and a positive
integer number.
In our study, we concentrate on variations of the transmitted signal phase velocity at
frequencies around the previously mentioned absorption frequency. The frequency increments
needed to get a transmitted signal in phase with the incident signal are nearly equal here to
IMHz, leading to only a few available measurement points in our, necessarily finite, transducer
bandwidth. To get sufficient precision, a water column is introduced between the transducer and
the sample, so that the dispersion relationship becomes
(3)

where L is the overall distance between the two transducers and ~ is the wavenumber in water.
The experimental velocity dispersion versus frequency obtained using the above formula
is shown in Fig. 12. It will be noticed that the velocity exhibits a minimum at the absorption
frequency .
This result may be compared to that given in Fig. 4.a, showing the spectral transmission
diagram. Two features are evidenced: first, the occurrence of a modulation arising from the
thickness resonance of the whole sample and, second, the presence of an absorption peak at a
frequency nearly equal to 1O.SMHz. This specific frequency corresponds to the resonance of
the superlayer hi + h2. This peak lies in the transducer pass-bands and corresponds to a
decrease in the energy transmitted through the sample. The results presented here pertain to a
single crossed-ply (oo/±45°/900) sample, but are very representative of those found for a
numerous collection of samples with various characteristics (number of plies, mean ply
thickness, ply orientations).
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Figure 12. Experimental result - a minimum is observed at the frequency of the peak absorption.
CONCLUSION
Using ultrasonic spectmscopy together with low frequency ultrasonic wave
insonification normal to the composite sample faces enabled us to evidence an absorption peak
in transmitted and reflected energy spectra. The high frequency analysis performed at 100MHz
and a simple modelling have shown that crossed ply carbon epoxy composites behave like
multilayered media, two nearby plies being separated by a residual epoxy layer, which may be
seen as a defect inherent in their fabrication process. The study of variation of longitudinal wave
velocity versus the frequency allows us to evidence the dispersion phenomenon around the peak
frequencies .
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