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Abstract

Laser-ultrasonics is a well known and mature notmdesve technique for inspecting polymer
matrix composites used in aerospace. This technigase a pulse echo interrogation mode, in
which ultrasound is first generated by a pulsedrlaad then detected by a second laser coupled
to an optical interferometer. While very succesgiuind delaminations in laminates, difficulties
are found for reliably detecting disbonds in horawb and foam core structures, particularly
when the detachment occurs at the back skin. Foptirpose, a novel technique called Laser-
Tapping is proposed. Laser-Tapping is based oth#renoelastic excitation by a pulsed laser of
the top skin which bulges and is driven into vilnatf it is detached from the material
underneath. Laser-Tapping uses essentially the bardgvare as laser-ultrasonics but probes in
a lower ultrasonic frequency range. Laser-ultras®and Laser Tapping can then be
advantageously used concurrently. This paper ptessamples of applications of a combined
Laser-Ultrasonic Laser-Tapping system to honeycaosiotures with defects, including
delaminations in the skin and skin detachmentseafront side and the back side.

Keywords: Laser-ultrasonics, laser-ultrasound, detachmesliboaid, unbond, honeycomb, foam
core.

1. Introduction

Laser-ultrasonics is by now a well known and matuwaedestructive technique for inspecting
polymer matrix composites used in aerospdc&his technique uses a pulse echo interrogation
mode, in which ultrasound is first generated byisgd laser and then detected by a second laser
coupled to an optical interferometer. The techniguparticularly powerful for inspecting parts
of complex shape. As shown in Figure 1, two lagamhs essentially collinear are used and scan
the part to be inspected. The generation laser Ippaduces non-destructively, by thermoelastic
effect, a stress at the surface of the part, wincturn produces an ultrasonic wave launched
normally to the surface, independently of its shapd of the laser beam direction. Ultrasonic
waves reflected or scattered by the back wall awdl are detected by the detection laser beam
and an optical interferometer, which senses thepl@oshift of the scattered light produced by
the ultrasonic surface motion. Received signals emgentially processed as in conventional
immersion ultrasonics to display C-scans and Bscan

While very successful to find delaminations in laates, difficulties are found for reliably
detecting disbonds in honeycomb and foam core tstres, particularly when the detachment
occurs at the back skin. For this purpose, androattspection tasks for which laser-ultrasonics
usually fails (such as probing highly porous aneératating materials like metallic foams), a
novel technique called Laser-tapping is proposed.
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Figure 1. Principle of laser-ultrasonics applied to compoBIEZT. The light scattered by the
surface, which carries the ultrasonic informatismreceived by an interferometer not
represented in this figure.

Optical
scanning

Laser-tapping is based on the thermoelastic eiamitady a pulsed laser of the top layer
which bulges and is driven into vibration if itdgetached from the material undermnethThis
bulging and vibration is then detected by a sedasdr and an interferometer. The method is
made practical by using a two-wave mixing phot@etve interferometef! or a similar
interferometric detection devidé ® that are insensitive to optical speckle but amskive to
acoustic frequencies in the range from 1 kHz toHzMLaser-tapping uses essentially the same
hardware as laser-ultrasonics but probes in a loNteasonic frequency range. Laser-ultrasonics
and laser-tapping can then be advantageously useducently. The combined inspection
system provides all the features of laser-ultrasmnie. non contact, no surface preparation and
ease of probing complex parts. The inspection systan also be made very flexible by using
optical fiber coupling.

This paper presents the principle of the Laser iteppechnique followed by results on
honeycombs structures with defects, including dalations in the skin and detachment of the
skin from the honeycomb ribs, at the front side badk side. Honeycomb-structured materials
allow reducing weight while keeping a very highffeéss, and are then widely use in the
aeronautic industry. Detachments between the skohthe ribs of the honeycomb result in a
weaken structure. Therefore, probing honeycomlzitrad components to find any detachment
is highly critical to assess the quality of newlsoguced parts and the damage that could be
produced during service. In particular, since ldapping detects both skin delaminations and
skin disbonds and cannot distinguish between thieendistinction can be provided by the time-
of-flight between the laser ultrasonic echoes.

2. Principle of Laser Tapping

The principle of laser tapping is shown in FiguréA2oulse laser is absorbed at the material
surface and produces a transient and local suni@agng. When the laser heating is not uniform
and concentrated over an area smaller than theodizee detached zone, localized thermal
stresses are produced that cause a strong liftidgoanding effect. The detached layer or skin
can then be set into vibration like a membrane. Wueles of the vibration induced by laser
heating are determined by the material elastic gnggs, the geometrical shape and the thickness
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Figure 2. Thermal excitation and flexural vibration of a ngalamped membrane with optical
detection.

of the detached area. In particular, for honeycgnthe thickness considered is the skin
thickness. Also for honeycombs, it should be notledt each cell is actually a vibrating
membrane that can be set into vibration if theihgatone, i.e. the laser spot, is smaller than the
cell size. For a circular membrane, the vibraticeg@iencies can be calculated by assuming a
clamped circular plate (see Figure 2). The funddaienbration frequency,:f of this clamped

membrane is given by:
=047 | (1)
a?\ pa-v?)

where e is the thickness of the membrane, a madlisis,p is the mass density, Y is the Young’s
modulus and is the Poisson’s ratio of the material.

The surface is simultaneously illuminated by a e laser which impinges on the tested
part at a location superimposed to the excitatémed spot. The detection laser light scattered or
reflected off the surface is accordingly phase ntetdd by the small surface motion of the part.
This scattered light is then collected and sentnointerferometer. The excitation and the
detection lasers are scanned over the surface eoftebted part to produce an image. The
technigue can be seen as an equivalent to thesapged in industry and can then be called laser
tap test or laser tapping. While proposed manysyago, the technique has not found practical
use in indust§’. The technique was at that time tested using Nscimetype interferometers for
detection. These interferometers have a maximursitsgty to surface displacement when only
one speckle of the light scattered by the surfaa®ilected and collecting many speckles results
in a reduction of the sensitivity. Also, the intep®f the collected speckle strongly varies from
one location of the surface to another, and scgnairpart to get an image of the adhesion
integrity of the structured material is not veragtical.

This limitation is circumvented by measuring theface displacement with a two-wave
mixing (TWM) photorefractive interferometer, sinttes interferometer is speckle insensitive (it
has a large etendue). For practical applicatidres résponse time of the interferometer, i.e. the
photorefractive grating build up time, should bede#ast enough for the interferometer to adapt
itself to changes in the speckle pattern, to vibret and to the Doppler effect (this occurs when
scanning over a surface that is not normal todseribeam8}. The response time must also be
longer than the vibration period of the membranetfe interferometer to work effectively.
There is then a tradeoff between, on one side,stresitivity of the interferometer to low
frequency ultrasonic frequencies and, on the il its ability to adapt to ambient vibrations,
part motions and use of a pulsed laser. The resptime is controlled by the photorefractive
optical pump beam power, extracted from the deiedaser.



3. Results on Honeycomb with Carbon Epoxy Skins Samgé

Laser tapping can be successfully applied éodétection of the typical flaws found on
honeycomb structures with laminate skins. Testeeweade on a test sample with artificially
produced delaminations in the skin and detachmegiiseen the skin and the honeycomb ribs,
as sketched in Figure 3.
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Figure 3. Side views of a) a delamination within the skin &)dietachments between the skin
and the honeycomb ribs.

The excitation laser is a CO2 TEA laser, whichws pulses of 120 ns duration at 10.6 pm
wavelength. This laser makes the detached areift tgpland vibrate nearly like a membrane
clamped at its edges and generates also ultrasanies. The excitation mechanism is in this
case purely thermoelastic and non-damaging. Thectieh of the vibration and ultrasound is
performed by a pulsed single frequency Nd:YAG lagleich delivers pulses of 65 us duration at
full width half maximum with a 1.064 pm wavelengthihe detection laser light scattered off the
surface of the inspected part is sent to a TWM @iedtactive interferometer using an InP:Fe
photorefractive crystal under an applied voltig@oth lasers were scanned on the part to be
inspected using a 1-mm step size along the X aaaes. The scanning system was of the stop
type. The beams were collinear and overlapped aogéneration and detection were performed
at the same location. Vibration frequencies areenliely to be in the 20 kHz to 1 MHz range
depending on the material properties and detachdiergnsions. The low frequency cutoff of
the TWM phase interferometer was adjusted to 15, kidch means a grating build up time of
about 10 pus, by properly setting the optical puropgr of the interferometer.

Figure 4 shows the results obtained on an aluminaneycomb part containing three square
skin delaminations (top) and two areas with detamtisibetween the skin and the ribs (bottom)
of different sizes. The horizontal dimension offeacan is about 14 cm. Figure 4a show a C-
scan of the inspected area obtained by filteriregdignal with a 500 kHz cutoff high pass filter
and by plotting the maximum amplitude of the ultmais echoes in the first 10 ys of the signal.
As seen in this image, the delaminations within #ién are well detected but not the
detachments between the skin and the honeycomin #re time of arrival of the first echo or
the reverberation time between echoes, the deptheodelamination can be readily determined.
Figure 4b shows a C-scan of the frequency of thek @enplitude in the Fourier domain from
signals in a much longer time gate (140 us). Ia taise, the low frequency membrane vibration
is dominant and the frequency, which varies fromt@@20 kHz, is related to the size of the
detachments. The higher is the frequency, the esmallthe size of the detached area. As seen in
this image, both delaminations within the skin asetachments between the skin and the
honeycomb are detected. The additional indicatimesent on the left appear to be natural and
real detachments. Also, the apparent noise inntiage originates from the honeycomb structure,
the skin being itself a detached membrane over bankycomb cell. As mentioned before, it is
not straightforward to determine the depth of aadwhation from the vibration data alone. This



Figure 4. Results on a part containing three square skimdektions (top) and skin-core
detached areas (bottom) of different sizes. ajpsttnic echo C-scan (plot of the
maximum amplitude after high pass filtering) andvibbyation frequency C-scan (plot
of the frequency of the maximum of the signal ia Eourier domain).

example illustrates how this can be obtained bysimy a sufficiently short excitation pulse that
produces both ultrasonic echoes and membrane ibsatAlso, Figure 5 shows a profile of the
vibration frequency along a horizontal line crogsthe two detached areas in Figure 4b. The
detachment on the right side has a larger vibrdteguency, which is expected since its size is
smaller. The figure also shows the generation ghéi frequency modes when the laser beams
are either outside or close to the edges of a Hetharea. The higher frequencies are due to the
excitation of higher order vibration modes of themtrane. As sketched in Figure 6, when both
the excitation and the detection spots are suffitygesmall, much less than the diameter of the
membrane, higher order modes are produced andsaentelly excited at the edge of the
detached area. This feature can be very usefubdéecting large detachment of very low
fundamental resonance frequency outside the detedbandwidth of the interferometric
detection system.
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Figure 5. Profile of vibration frequencies along a horizortaé crossing the two unbond areas
in Figure 4b.



Figure 6. Amplitude distribution of the fundamental and higkibration modes of a detached
circular area.

Aerospace components are usually of structured camaplex shape, and very frequently
only one side of the part can be accessed fontgsiiests were made on a Nomex honeycomb
structure with carbon epoxy skins that has recearedmpact that crushed the part surface and
cause skin detachment. Laser tapping scanning fimenimpacted side clearly shows the
detached area at the impact site, as shown indfigar The opposite side did not show any
visible damage but, as shown in figure 7b, inspecfrom this side by Laser tapping actually
reveals the impacted zone. The indication appesaexpected as a mirror image of that in figure
7a.
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Figure 7. Laser tapping vibration frequency mapping on a lgoomb structure having been
impacted: on one side, with the laser scannedsa) kcanning on the impacted and
damaged surface and b) laser scanning on the deside.

4. Conclusion

We have reported a novel technique for deteateligbly delaminations in the skin and
detachments between the skin and the honeycombToisetechnique, which can be called laser
tapping, is based on the bulging and vibratiorhefdetached skin or layer following absorption
of a laser pulse. Detection of the induced surfacdion is then made by a two-wave mixing
photorefractive interferometer. This large etenohierferometer provides a means to detect low
frequency membrane vibrations while scanning offfic@ugh surface parts. On honeycomb
structures, if a sufficiently short pulse is ust#te proposed technique could also exploit the
ultrasonic waves that are generated at the same tomget more thorough and reliable



inspection, in particular by allowing one to disgfinsh delaminations within the skin from
detachment of the skin from the honeycomb core.

5. References

(1]

(2]

(3]
[4]

(5]

[6]

[7]

J.-P. Monchalin, “Laser-ultrasonics: from the laddory to industry” Review of Progressin
QNDE 2003, AIP Conference Proceedings, vol. 23A, pp. 3-3D4

P. Cielo, X. Maldague, G. Rousset, C. K. Jen, MaleEvaluation 43, pp. 1111-1116
(1985).

A. Blouin and J.-P. Monchalin, Appl. Phys. Lett, §p. 932-934 (1994).

M.P. Petrov, I.A. Sokolov, S.I. Stepanov, G.S. imafv, J. Appl. Phys. 68, pp. 2216-2225
(2990).

K. Paivasaari, A.A. Kamshilin, “Adaptive sensorgofigh-surface ultrasonic vibrations
based on the polarization self-modulation effeEturth International Conference on
Vibration Measurements by Laser Techniques: Advaiaoe Applications, SPIE
Proceedings vol. 4072 (2000), pp. 70-80.

B. Campagne, A. Blouin, C. Néron, J.-P. Monchdgppler Frequency-Shift
Compensated Photorefractive Interferometer Forasdtund Detection On Objects In
Motion”, in Review of Progress in QNDE, 22, editeglD.O. Thompson and D.E. Chimenti,
AIP Conference Proceedings, Melville, New York (3RQp. 273-280.

P. Delaye, A. Blouin, D. Drolet, L.A. de Montmodh, G. Roosen and J.-P. Monchalin,
Journal of the Optical Society of America B 14, pp23-1734, (1997). A. Blouin and J.-P.
Monchalin, Appl. Phys. Lett. 65, pp. 932-934 (1994)



	aBAz6nsjRqUyx6767004197136386392.bin
	aQsqg2XCeRonq3523750785702969584.bin

