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Abstract

Many engineering structures are made of composite ralteand include, for example, a protective
coating or a bonded layer. We have developed a novel techsiquiar to laser-ultrasonics that allows
the detection of disbonds between the coating or the bdagedand the substrate. The technique is also
applicable to the detection of unbonds in honeycomb stest The technique is based on the
thermoelastic excitation by a laser pulse of the toprlayéop skin which is driven into vibration if it is
detached from the substrate underneath. This vibr&idinen detected by a second laser coupled to a
photorefractive interferometer. This detection lasex single frequency, very stable laser, which delivers
optical pulses of a few hundred of microseconds, long éntugapture the low frequency membrane
vibrations of the disbonded layers. Photorefractiterferometers allow processing these low frequencies
while keeping the system insensitive to ambient vibnati One of the most promising applications is the
in-service inspection of aerospace structures ford#tection of core unbonds in honeycombs or near
surface delaminations.

Keywords: Laser-ultrasonics, laser-ultrasound, laser-basedsalirad, disbonds, coatings, honeycomb
structures.

1. Introduction

Honeycomb-structured materials allow reducing weight whkiéeping a very high

stiffness, and are widely used in the aeronautic indusetaddments between the skin
and the ribs of the honeycomb weaken considerably thetste. Therefore, probing

honeycomb-structured components to find any detachment héy higtical to assess

the quality for either newly produced parts and for partsad@oh during service.

Coatings are another example of structured or layerakrials for which adhesion

assessment is critical. Coatings are widely used dostnial material surfaces for
protection against wear, oxidation and corrosion, or asnthl barriers. Voids or

detachments at the coating-substrate interface riesula fragile coating that could peel
off, leaving the substrate unprotected and subjected toesédweat load, erosion,

oxidation or corrosion.

This paper reports on an approach based on the transeénbeal heating of the

material surface by a pulsed laser followed by an iateretric interrogation of the

surface deformation by another laser [1]. The methadaide practical by using a two-
wave mixing photorefractive interferometer [2] or mm#ar detection device such as a
photo-EMF-based interferometer [3]. The two main fezgunf these interferometers
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relevant for this application are their large etendoresheir ability to process many
optical speckles simultaneously, and their sensithatgicoustic frequencies in the range
of 1 kHz to 1 MHz. On honeycomb, the proposed technique calstl exploit the
ultrasonic waves that are generated to get a more thoendyneliable inspection by
allowing one to distinguish disbonds within the skin frém detachment of the skin
itself. The principle of the technique that could be cdbeegr-acoustics or laser tapping
is described next, followed by examples of applicatiorhaoeycomb structures and
coatings.

2. Principle of Laser Tapping

The principle of laser tapping is shown in Figure 1. Aedgsulse is absorbed at the
material surface and produces a transient and localcsuifaating. When the laser
heating is not uniform and concentrated over an aredlesnthan the size of the
detached zone, localized thermal stresses are producedatls# a strong lifting and
bending effect. The disbonded layer or skin can thersdieinto vibration like a
membrane [1]. The modes of the vibration induced by las#ingeare determined by
the material elastic properties, the shape and the #sskof the detached area. In
particular, for honeycombs, the thickness considereithasskin thickness. Also for
honeycombs, it should be noted that each cell is dgtmalibrating membrane that can
be set into vibration if the heating zone, i.e. @gel spot, is smaller than the cell size.
For a circular membrane, the vibration frequencies lmarcalculated by assuming a
clamped circular plate. The fundamental vibration fregyer;, of this clamped

membrane is given by:
f, = 0.47i2 % (1)
a” | p@-vo)

wheree is the thickness of the membrads its radiusp is the mass density, is the
Young's modulus andv is the Poisson’s ratio of the material. A more egah
expression has been obtained from a finite eleragalysis to remove the assumption
of a clamped plate support, considering a bulkheflayer material at the edges [4].
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Figure 1. Laser excitation and detection of flexural vibres of a nearly clamped membrane made of a
detached area of the honeycomb skin and core.

For the detection of the membrane vibration, thdase is illuminated by a detection
laser which impinges on the tested part at a lonatuperimposed to the excitation laser
spot. The detection laser light scattered or refloff the surface is phase modulated
by the small motion of the surface. This light Isen collected and sent to an
interferometer. The excitation and the detecti@eia can be scanned over the surface
of the tested part to produce an image. The tedenign be seen as an equivalent to the
tap test used in industry.



While proposed many years ago, the technique has not fourtitpkase in industry.
The technique was initially tested using a Michelson-typerfierometer for detection
[1]. These interferometers have a maximum sensitiatgurface displacement when
only one speckle of the light scattered by the surfaamllected and collecting many
speckles results in a reduction of the sensitivity. Atb@ intensity of the collected
speckle strongly varies from one location of the axefto another, and scanning a part
to get an image of the adhesion integrity is not vemctiral. This limitation is
circumvented by measuring the surface displacement wiNoavave mixing (TWM)
photorefractive interferometer. This interferomebas a large etendue and can then
simultaneously process several optical speckles. Fatigabapplications, the response
time of the interferometer, i.e. the photorefractvating build up time, should be made
fast enough for the interferometer to adapt itselfltanges in the speckle pattern, to
ambient vibrations and to the Doppler effect, which ocadhen scanning over a
surface that is not normal to the laser beams [$le rEsponse time must also be made
longer than the vibration period of the membrane for titerferometer to work
effectively. There is then a tradeoff between, on side, the sensitivity of the
interferometer to low frequency ultrasonic frequencias, @n the other side, its ability
to adapt to ambient vibrations, part motions and use olsaglaser. The response time
is controlled by the photorefractive optical pump beam govextracted from the
detection laser.

3. Inspection of a honeycomb carbon epoxy part

A first example is the application to a carbon epoxndycomb structure with
artificially produced delaminations in the skin as welskis or core unbonds, as shown
in Figure 2. The excitation laser is a CO2 TEA laser, Wwidelivers pulses of 120 ns
duration at 10.6 um wavelength. This laser makes the detamtea to lift up and
vibrate nearly like a membrane clamped at its edges andafenealso ultrasonic
waves. The excitation mechanism is in this case purelymtedastic and non-
damaging. The detection of the vibration and ultrasound fenpezd by a pulsed single
frequency Nd:YAG laser which delivers pulses of 65 ps dumasit full width half
maximum with a 1.064 um wavelength. The detection lagbt bcattered off the
surface of the inspected part is sent to a TWM phasdanmeneter based on an InP:Fe
photorefractive crystal under an applied voltage [6].hBlasers were scanned on the
part using a 1-mm step size along the X and Y axes. Hmgg system stops for each
signal acquisition. The beams were collinear and overthigoethat generation and
detection were performed at the same location. Vilmatequencies are more likely to
be in the 20 kHz to 1 MHz range depending on the material giepand disbonded
area. The low frequency cutoff of the TWM phase isenfieter was adjusted to 15
kHz, which means a grating build up time of about 10 us, bygplpsetting the optical
pump power of the interferometer.

Figure 3 shows the results obtained on a part containieg square skin delaminations
(top) and two core unbond areas (bottom) of diffeseregs. The horizontal dimension
of each scan is 14 cm and the honeycomb unit cell d&ane 4.75 mm. The two
images in figure 3 were obtained from the same data Bigiste 3a shows a laser-
ultrasonic C-scan of the inspected area obtained by fifeha signal with a 500 kHz



cutoff high pass filter and by plotting the maximum aroplié of the ultrasonic echoes
in the first 10 ps of the signal. As seen in this imalge,delaminations within the skin
are well detected but not the disbonds between theasidrthe honeycomb. From the
arrival time of the first echo or the reverberationet between echoes, the depth of the
delamination can be readily determined. Figure 3b sholasea tapping C-scan of the
frequency of the peak amplitude in the Fourier domain fsamals in a much longer
time gate (140 pus). In this case, the low frequency membhraion is dominant and
the frequency, which varies from 30 to 120 kHz, is relatedth® size of the
detachments. The higher is the frequency, the smaltbeisize. As seen in Figure 3b,
both delaminations within the skin and disbonds betwhkerskin and the honeycomb
are detected. The additional indications present on fthegeear to be real disbonds.
Also, the apparent noise in the image originates frarhtineycomb structure, the skin
being itself a detached membrane over each honeycomisetientioned before, it is
not straightforward to determine the depth of a disbooch the vibration data alone.
This example illustrates how this can be obtained by sihgoa sufficiently short
excitation pulse that produces both ultrasonic echoesreamdbrane vibrations. Also,
Figure 4 shows a profile of the vibration frequency alargprizontal line crossing the
two unbond areas in Figure 3b. The detachment on thesigghthas a larger vibration
frequency, which is expected since its size is smalie figure also shows the
generation of higher frequency modes when the laser $asereither outside or close
to the edges of a disbond. This has been noted previauslyit is very useful for

detecting large disbonds in the continuous scanning mode.
a) b)
I e | I
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Figure 2. Sketch of side view a) of a delaminatidthin the skin and b) of skin unbonds for a
honeycomb structure.

Figure 3. Results on a part containing three sgglkdredelaminations (top) and two core unbond areas
(bottom) of different sizes. The horizontal dimemnsof each figure is 14 cm and the honeycomb it ¢
diameter is 4.75 mm. a) Ultrasonic echo C-scant (ilthe maximum amplitude after high pass fiiigji

and b) vibration frequency C-scan (plot of the freracy of the maximum of the signal in the Fourier
domain).



Figure 5 shows the laser tapping images obtained on a dambystructure having
suffered a crush core impact on one side. The two imagesobtained by scanning the
part from the impacted side (5.a) and from the opposite(Sib¢. The damaged area is
clearly seen on figure 5.a. More surprisingly, the damageal iaralso in figure 5.b.
While these results will need more investigations, didates that crush core damage
can possibly be detected from the opposite of the danmsgéace, which can be of
major importance for practical use since both sidekepart are not usually accessible
for inspection.

Frequency (kHz)

0 20 40 60 80 100 120 140
Position (mm)
Figure 4. Profile of vibration frequencies along aizamtal line crossing the two unbond areas in Figure
3b.

Figure 5. Laser tapping inspection of an impact damageytomb part. The scan was made from the
impacted side for figure 5.a and from the opposite sidégore 5.b.

I nspection of a Silicon Car bide Protecting Layer on a Carbon-Carbon
Substrate

Another example is the detection of detachments ocgubretween the SiC oxidation
protecting layer and a C-C substrate. Carbon-carboidslywsed as thermal shield in
rocket engines and on the fuselage of space vehiclesasubk US space shuttle. Since
carbon is prone to reaction with oxygen above 450 °C, i@afkrials are generally
protected by a ceramic coating such as one made of sdartnde. The coating being
porous, voids are produced with time by oxidation. If thesésvorow to a critical size,
the coating could get detached leaving the C-C substrateteofed and subjected to
severe oxidation.

These coatings are however porous and strongly attenitedsound. A pulse-echo
ultrasonics approach was tried on the current C-C saamleno echo was observed.
However, with the laser-acoustic technique described kigm@tion signals are clearly
observed when the coating is detached from the substfidte.results are shown in



Figure 5. Figure 5a presents a C-scan of the maximum adglof the data in the
Fourier domain. Detachments are observed at the bottahe digure near the edge of
the specimen, as confirmed by visual observation. Thedmwrmls are more clearly
observed in Figure 5b, which shows the amplitude profidagthe dotted line in Figure
5a. For comparison, Figure 5b also shows the amplitaeheg @ well bonded line.
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Figure 5. a) C-scan of the maximum amplitude of thertattrasonic data in the Fourier domain. b)
Amplitude profile along the solid and dotted lines on@agcan in Figure 3a.

Conclusions

We have reported a novel technique for reliably detgaouating detachment and skin
unbond in honeycombs. This technique, which can be calledtigsgng, is based on
the bulging and vibration of the detached skin or lay#oviang absorption of a laser
pulse. Detection of the induced surface motion is thedeni®y a two-wave mixing
photorefractive interferometer. This large etenduerfietemeter provides a mean to
detect low frequency membrane vibrations while scanning olgtizalgh surface parts.
Detection of a large area at low frequency can be absitteer by scanning system that
stops for each signal acquisition or by the detectibrhigher harmonics of the
fundamental membrane vibration. On honeycomb structir@sptoposed technique
could also exploit the ultrasonic waves that are géeera the same time to get a more
thorough and reliable inspection making it is possible tongistsh disbonds within the
skin from detachment of the skin itself. Experimentauts on coatings and on a
honeycomb structure with core unbonds show the vialofithe technique.
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