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Developmentof a laser shock adhesion test for the assessment
of weak adhesive bonded CFRP structures

Bastien Ehrhart.RomainEcaultbs, Fabienne TouchaigMichel Boustie.Laurent Berthe
Clemens Bockenheimel Bemd Valeske
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ABSTRACT

Adhesive bondin,dasagreatpocenlial far future ligbtweight bigb-loaded structuriesthe a.eronautic
industiy. A precequisite for sucb an applicationis dtat the bond qualitgf the adhesive joint cape
assesseith anondestructivevay.However, the usef da.ssicaJ Non- DesiiUctive Techniques (NDT) does

Keywords: not aUow the evaluationf the adhesiorstren,gt:h of an adhesive bondget This paper pn!sentan
Adhesive joints investigation madenweak composite bonds onlerto developalaser shockwaveadhesiortestFirst,
Debondiug the procedureo produce controlled weak bonds is desaibed. CFRdmb samples are pn!pareda
Impactbehavior spedfic wayand characterizedy ultrasonic techniquet assess the absenokany detectable defect.
Damagetoler.uke 1ben, for sorneof the .samples, theibond streDgth is evaluatedoy mechanical destructiveests and

ether .samples are loadeglv.arious intensity lasers shocks. The obtainedltsekelpto understandhe
behavior of the compositeonds underJasershock loading:. thank$o two post-mortemtechruques.
1becorrelation between the lagsrametersand the induced damagedemon.strated, The potentiaf
the lasershocktechniqueto dl.saiminate different bond qualltiés shawn, and the need ftive cest
optinuzationlsdU(U

1.Intloduc:tfon compositedy useof Non-Destructive Testing (NDT) method®)
statementganbe made regarding the qualitf the adhesion. its
Adhesive bondings for many reasonanassembly method strengthor its properties(4-7).1ndeedno evaluationof the bond
with a pronusing future. Its advantages over other assembibgrfonnances andby extensionno characterizationof weak
processes are humerous: a homogeneous stress distribution adieesive bondis yet availableby anyNDT method. Basednthis
to the absencef fastening elements, a welght saving induegd observation, a novel approach bas been Introduced beéast
this absencegnincreaseof structure fatigue resistance and theyears: 'E:xtendetNOT methods are being developtdbe ableto
ability tD join distinct substraces while actingas a corrosion assess the performances adhesive bond$3-11).Among the
protectiororinsulating layer. Thisteclmology bas a high potentiaExtended\NDT methods, two fieldsf application exist: the charac-
for the application®f tomorrow, especially with the increasing terizationof adhenmt surface prido bonding operation witcls
use of light composite structurés2).A or limitation tD the  belng investigated with technologies sucs portable FT-IR
rapid extensionf this technologyis certainly duetD the difficuJty ~ spectrometry, portable X-Ray fluorescence,even the aerosol
in achieving non-destructive assessnudihe adhesion quatity. wetting test[11,12) the second application field concerns the
The processfadhesive bondinigvery sensitive and the adhesive investigationof the adhesivbordlineafter the bonding operation.
bond performance easily affectedy significant deviationso Regardinghis second application. the laser shock adhesion test
that weak adhesive bonds at&ll to be consideredasa major  approachsidentified asa techniquef lugh potential The laser
banierothe developmertf structural adhesive bondifg).The  shock wave technique appligd the adhesiortest was flrst
literaturestaces that eveiifphysic.al defects {porosity,debonding, developed byJ.L Vossg(i3,14)Basedon shockwave propagation
cracks, etc.) can dearlye detected in adhesive joinisf induced by laser irradiation, this techniquancreate a short but
intense internai tensile loading. The LAser Shock Adhesion Test
(.LASA1) aimis to enable the assessmerfithe bond mechanical
perfonnance in a non-destructive test approabl creating
a predse tensile loaat the bondline-substrate interface. The
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concept of use for this technique makes a nondestructive test
for an optimal bond, but destructivaf the bond does not meet the
requested adhesive bond strength, which shall tieespecifiedas

to bonding,in oppositionto other approaches using the modifica-
tion or alteration of the adhesive properties its¢hf6,27] The
contaminations selected for this study are basednost aero-

design criteria. The 1.LASAT technique has already been developegpace relevant investigated parametsrdlarty etal., Wachinger

for metal assembliesr metal coatings, for whichit is now weil

etal. andjeenjitkaewvet al.[3,12,28]The first technique consists in

understood(15,16] For example, the technique bas been studie@pplying a thin layeof a silicone-based mold release agent, the

for the adhesiorof aluminum assemblies[17,18] These studies

Frekote 700 NC. on the adherent surface gndronding. Frekote

have shown the importancaf the laser parameters for the test 700 NC involves PDMS (polydimethylsiloxane) whiatanleave
efficiency. Conceming composite materials, sorne studies areaces during manufacturimgf the composite substrate. This type

currently conductedn order to understand the composite beha-

vior under a laser loading19,20] Under sorne conditions, the
I.LASAT technique bas already been testeddifferent composite
assemblies [21-23]. Nevertheless, more investigations
necessaryin orderto optimize the technique an better under-
stand the associated complex pbysical phenomena.

In this paper, the potentialf the laser shock adhesion test
weak composite bonds studied. The fucus has been madehe
productionof controlled weak bondas weil as on the onder-
standingof the bonded composite resporisdaser shock loading.

of contamination can appear in cas¢ FRP molding processes
and prevents any efficient further operation the composite
surface.n the casef a known contamination, a surface cleaning

remainprocess (e.g.: grinding, solvents UV exdmer lamp) and/or

activation treatment (e.g. Low pressure atmosphedsnpd) can
be applied[24,29]The second methodf contamination realized
in this papelis basedon the useof a contaminated peel-ply during
manufacturing. The peel-ply PFG 51789 Super release(BRB)
bas already demonstratéd the last decade a strong predisposi-
tion to surface contamination through traaesits polysiloxane

It is basedon CFRP samples manufactured with adherend surfaceoating, as weil as fluorine attributedto the transferof the
contaminationby mold release agent and contaminated peel-plyluorinated hydrocarbon coating from the peel4gyhe substrate
for the generationf weakened adhesive bonds. The present papef30].Both approaches will therefobe consideredo manufacture

introduces the stepim the productiorof relevant samples and
their characterization with use ofUltrasonic TestdegRay Photon
Spectroscopy and mechanical testimgdouble cantilever bearn

weak adhesive bonds CFRP, and evaluate which extent their
influence can reduce the bondline strength.

test Gc to finally enable correlation with the subsequent dase 22. Manu.{acturing process

shock resultsAs a second step, laser shocks were perforored
both uncontaminated and contaminated bonds. Thetefiethe
laser shock wave propagation have been studied usmgadst-
mortem techniques: cross-section observations anerféno-
metrie confocal microscopy. The correlation betweenl#ser

Composite samples were manufactured with1#8@0C curing
temperature system T800S/M21 (Hexcel Composite). Emelp
are prepared with @ry peel-plyto master surface deanliness and
roughnesssrecommendedyy Airbus process specification. Lami-

parameters and the resulting damage inside the composhatesof 6 plies [0,0, 90]s were produceth orderto reach a

assembliess studied. Finally, the potentiadf the laser shock
techniqueto discriminate different bonding qualitiessshown and
the need for the optimization of the L ASAT technige@iscussed.

2. Samplepreparation
2.1. About weak adhesive bonds

The optimal developmemf a technology abléo assess the
quality of adhesive bondingn CFRP structures is relyingn the
capacity of manufacturing different levelsf adhesionon purpose.
For this matter, methods and experiences can belycarcely
derived from the literature whictainly focuseson bonding of
metallic substrates and ageiofyadhesive joints. Three main criteria
for the definitionof a weakbond are however givelby Marty et al.
[3]: () The strength measureby mechanical test muste below
20% of the nominal bond strength; (ii) The modgfailure mustbe

thicknessof 1.5mm for a single cured panel, argb finally
approximately 3nm after the bonding operations. Thenn
thicknessis requiredasa standard for the mechanical character-
ization tests appliedo evaluate the bond strength. The laminates
were curedn an autoclave with the specified Airbus cure cycle,
with useof pressure and vacuum. The laminatéd.5mm were
inspectedby ultrasonic testing after the curing to ensure the
structure integrityof the substrates. This step was performed
successfullysothatno defect was revealed by the ultrasonic scans.
The surfacesof the laminates produced wenet additionally
treated after the curing step, only the peel-pl@sthe surface
were removed prioto bondingor contamination operations. The
first contaminationby mold release agent was brought the
surface of another single laminate substratby dip-coating.
The dip-coating process bas the advantafideing a velocity
controlled immersion, which enables the deposéa homogenous
contaminant layer over the substrate surfdoethis feasibility
study,no contamination grades are however targeted, buttbely
two extreme case®f uncontaminated and weak bond. The

adhesivein type (i.e. purelyat the interface between the adherendcontaminationis therefore applied with a concentratiof 20%

and the adhesive); (iiifhe weak bond must be undetectable from

of Frekote dilutedin hexane solvent Hence, the contaminated

normal bonds with classical NDT techniques. These criteria arepanelisdried for30minatroom temperature am®min at800C

consideredin this study and definghe target for the specimen
manufacturing.

In the frameof this study, a realistic approach closethe
challengesof manufacturing anih-service foraerospace industry
consistsin modifying surface chemistrp influence the adhesion
quality. On CFRP partsjf a contaminationis not detected and
treated,it will interact with the adherend and/or adhesive and

in an oven with air circulation. The second contaminatieith
contaminated peel-ply was applied directly during thanufac-
turing step. Specifie laminates were produced wite aofsthe
super release blue peel-ply insteafdthe standard dry peel-ply.
The contaminants thus broughn the surface during the curing
stepof the composite laminate and remains after the pgalfn
the peel-ply afterwarddNo additional steps are required for this

affect the qualityof the joint [24].Surface contamination can occur contamination.

during productionor during repairdueto process deviations (e.g.
residuesof mold release agent), fluids (e.g. silicone diicing
fluid, hydraulic fluid)or by other original organic substances].
In this paper, the contaminatiaa appliedon the substrate prior

After the contaminatiorof one adherent surface, the bonding
operationis performed with a Cytec epoxy adhesive film FM300 K
1800C system and another pre-cured larninatghe uncontami-
nated state. The contamination is thus only preserthe whole



surface of a single adherent laminate within the adhesive bond
sample. This ‘secondary bonding’ process — the assembly of two
pre-cured composite — is performed in an autoclave with use of
pressure and vacuum. The final steps of manufacturing were to
prepare the samples for the post-bonding characterization: (i) the
bonding operation success by conventional NDT inspection;
(ii) the mechanical performance by determination of fracture
toughness; (iii) the potential of laser shock adhesion test. The
samples were cut out of the bonded panels so that a single panel
provides samples for the tests i, ii and iii and so, enable an optimal
comparison based on a ‘single shot’ manufactured sample.

2.3. Characterization of samples

2.3.1. X-Ray photon spectraoscopy

Prior and after the Frekote solution contamination, the sample
surfaces were characterized by X-Ray photon spectroscopy (XPS)
to analyze the atomic composition of the substrate top surface.
The XPS technique is used to evaluate the presence of silicon and
with it, to prove a contamination of the surface. Measurements are
conducted locally at two different regions from the laminates and
the values given in Table 1 represent the average of those two
measurements. Results present first the composition of the
uncontaminated sample surface, corresponding to a standard
epoxy resin, with a high rate of carbon, oxygen and nitrogen.
Measurements on the contaminated samples exposed to the
Frekote solution revealed in addition to those elements a stronger
concentration of oxygen and a high silicon amount (18.3 at%) on
the composite surface. From this result, it was stated that the
PDMS of the release agent had released traces on the composite
substrate. The XPS data from the specimen manufactured with the
SRB Peel-ply was also showing a slight increase of the silicon rate
at the surface, with on top of it a strong signal due to fluorine
(28.7 at%), as well as low values of calcium and sodium. The high
value for the fluorine was expected and confirms the observations
cited in the literature by Parker et al. [30-323]. For both contami-
nated specimens, the lower rates of carbon and nitrogen may be
due to the presence of a masking uniform layer of contaminant on
top of the epoxy resin. Based on the XPS data, it could be stated
that both contaminations with release agent Frekote and SRB peel-
ply were applied successfully to the composite substrate. The
contaminated laminates were then used for the adhesive bonding
process.

2.3.2. Ulmrasonic inspection

After the bonding process with a clean laminate, the bonded
panels were again inspected by ultrasonic techniques (UT) to
ensure the absence of physical defects such as pores, debondings
and delaminations in the adhesive bond, but also to evaluate if a
weak bond condition could be detected by means of conventional
NDT, as defined in Section 2.1. The UT inspection was performed
according to the Airbus Test method AITM 6-0045 for the inspec-
tion of structure with UT techniques in immersion. The pulse-echo
mode was used with a focused probe Olympus V309F operating at
5 MHz and with a beam width of 12.7 mm. The step size is of
2 mm and no time corrected gate (TCG) is applied. The bond line
and the backwall echoes are represented in Fig. 1a for the

uncontaminated panel (LA), and the contaminated samples with
Frekote (LB) and SRB peel-ply (LE). All intermediate echoes at the
bondline are similar and do not show any attenuation that could
be inherent to any defect or contamination. The backwall echo in
the case of the Frekote features a higher attenuation than
uncontaminated and SRB peel-ply contamination. The values of
attenuation are referenced in Table 2. Additional UT tests with UT
phased-array were conducted to investigate this attenuation
effect. The LB panel was inspected from both sides and it could
be stated that the high concentration of Frekote present on the
contaminated substrate layer was clearly appearing on this parti-
cular interface, forming a slight barrier. The detection of Frekote
was however not expected and with regard to the literature versus
this particular case, is assumed to be possible only in the case of
high concentration, which is not likely to happen during standard
manufacturing processes in the industry.

2.3.3. Double cantilever beam test

The mechanical characterization of the bonded panels was
based on the evaluation of the bondline strength to enable
correlations with the LASAT results. For this purpose, a double
cantilever beam test G;c was performed according to the Airbus
norm AITM 1-0053 with 6 samples of each bonded state (see in
Fig. 1b and c). The specimens’ dimensions are 250 x 25 x 3 mm .
A crack initiation was applied to the DCB specimen perpendicular
to the adhesive bond line plane through the use of piano hinges
under a constant rate of displacement. The tensile strength is
applied in the mode [, perpendicular to the crack plane which
hence loads the bond line. The crack propagation and the accord-
ing load are recorded until a crack length of around 110 mm from
the initial crack is reached. The fracture toughness G;c¢ is then
calculated based on Eq. (1) where A is the energy to achieve the
total propagated crack length in J (integration under the curve),
a is the propagated crack length after crack initiation in mm and w
is the width of the specimen in mm.

- A 5, 2
(’](':axwxu) (J_m*) 1)

The results of the G;c tests (see Fig. 1b and ¢) reveal in general
low mechanical performances even for the uncontaminated speci-
mens (298 | /m?). This can be explained by the high sensitivity of
Gic to overaged prepreg or unclean peel-ply, knowing that the
composite prepreg used for the manufacturing of the panels was
close to its end of worklife. All values however respect the thumb
rule of a standard deviation between 10% and 15% usually observed
with Gyc tests. The rupture profiles of the adhesive bond repre-
sented in Fig. 1b are all adhesive for all three series of samples LA, LB
and LE. The performances are however still highly influenced by the
presence of contaminant with significant drops of the bondline
strength for LB and LE series respectively corresponding to a 78%
and a 93% loss from the uncontaminated. Thus, these series form a
set of samples interesting for the laser shock test.

2.34. Summary

The process of contaminations was successful in reducing
drastically the adhesive bond performance in mode [ for the Frekote
LB and SRB Peel ply LE specimens. Their low adhesive bond strength

Table 1
XPS results for the uncontaminated and both contaminated samples.
C (at%) O (at%) N (at%) S (at%) Si (at%) F (at%) Ca (at%) Na (at%)
UhiEsiEarnsiEd LA 72.8 15.9 10.1 1.0 0.3 - - -
Frekote LB 51.2 27.8 2.5 0.2 183 - - -
SRB Peel-ply LE 54.3 11.5 1.6 0.6 3.0 28.7 0.2 0.1
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Fig. 1. (a) Ultrasonic C-scans of bonded panels uncontaminated (LA), Frekote contaminated (LB) and SRB Peel-ply (LE) displaying UT echoes at bond line and backwall,
(b) fracture toughness energy G, of LA, LB and LE samples with according sample rupture profiles and (c) Gy specimen in testing machine.

Table 2

Measured average signal attenuation on both the intermediate and the backwall
echo for bonded panels uncontaminated (LA), Frekote contaminated (LB), SRB Peel-
ply contaminated (LE).

Plates Intermediate echo (dB) Backwall echo (dB)
Uncontaminated LA —2.2 —-9.3
Frekote LB —-14 —11.5
SRB peel-ply LE —-2.0 —-9.3

compared with the uncontaminated sample one, is relevant enough
to enable feasibility tests with the laser shock adhesion technique
on the produced specimens.

3. LAser Shock Adhesion Test (LASAT)

3.1. Laser adhesion test principle

The laser shock wave technique consists in a high power laser
irradiation of a target surface. When focused on a material, the
laser irradiation transforms the surface into a dense plasma gas.
The expansion of the plasma created on the material surface
produces a shock wave (see sketch in Fig. 2a, b). This incident
shock wave propagates through the target thickness according
properties depending on the multilayer material characteristics
and geometry (see in Fig. 2b, step 1). When reaching the sample
back face, the incident shock wave is reflected into a release wave
propagating backward. Then, this release wave can cross the
incident release wave coming from the front face and initiated
by the end of the loading (see in Fig. 2b, steps 2 and 3). This second

release wave can be understood as an unloading wave. It leads to
local high tensile stresses which could damage the material if the
local damage threshold is over passed. In case of Fig. 2a example,
the tensile stresses resulting from the laser shock wave propaga-
tion have led to a large delamination in the tested T800S/M21
composite. A higher level of damage would be characterized by the
spallation of the material target. Indeed, the resulting tensile stress
level is directly linked to the laser shock amplitude whereas its
location mainly depends on the material properties and the pulse
characteristics. As shown in the time/position diagram presented
in Fig. 2¢, the position of the maximum tensile stress is mainly
determined by the laser pulse duration. For a given material and a
given geometry, a short pulse (10-50 ns) would locate the first
tensile stresses close to the back face like in Fig. 2a (about 20-
250 ;m), when long pulses (100-300 ns) could locate the stresses
deeper inside the target (about 500-1500 m). In case of laser
shock adhesion test, the optimized case occurs when the tensile
stresses are located around the bonded interface to be tested.
Then, the pulse duration remains unchanged and the laser energy
can be tuned to evaluate the damage threshold of this interface by
changing the stresses amplitude. Therefore, the bonding quality
can be assessed and different levels of adhesion can theoretically
be discriminated.

3.2. Laser test campaign

3.2.1. Experimental con guration

The bonded composite samples are first prepared using an
aluminum coating on the front face, to enhance the interaction
with the laser. Then, they are shocked with various laser energy
levels to produce different levels of inside damage, using a water
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Fig. 2. (a) Sketch of the laser shock wave method with a shocked T8OO/M21 unidirectional composite material (2 mm thick, water confined laser pulse 1=2.11 GW/cm ),
(b) sketch of the wave propagation history, (c) time/position diagram showing a one-dimension shock wave propagation history in case of spallation.
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Fig. 3. Sketches of the laser shock experimental configuration and of the followed experimental procedure to test and analyze the bonded composites.

Table 3
Laser shock parameters used on bonded composite samples - All the shocks were
water confined and performed with aluminum coating on the targets.

Samples pgealized diameter Fulse duration  Laser Intensity
(mm) (ns) energy (]) (GW/cm )

LA-1 47 0.1 26,7, 0.2 7‘87 0.1 2.317 0.10
LA-2 4, 0.1 25445 0.2 5.4, 0.1 178, 017
LA-3 4. 01 279, 0.2 3.7, 01 1065 0.10
LB-1 4, 0.1 247, 0.2 795 0.1 2555 0.20
LB-2 4, 0.1 26,75 0.2 33, 01 0985 0.10
LB-3 4,01 260, 0.2 0.7, 01 021, 0.02
LE-1 47 0.1 27.04 0.2 7.6 0.1 2,24, 0.20
LE-2 47 0.1 242, 0.2 33,01 108, 0.10
LE-3 4, 0.1 273, 0.2 16, 0.1 0.48 5 0.05

confinement configuration in order to increase the pressure level,
A sketch of the experimental configuration is given in Fig. 3. A Nd.
YAG laser (1053 nm wavelength) whose energy is tunable in the
range [0-20 ]| was used. Optical densities were used to change the
laser energy sent on target and so, the laser intensity. The source
pulse duration is about 30 ns, which leads to an induced pressure
pulse about 60 ns because of the water confinement as shown by
the work of R. Fabbro [34]. The laser parameters measured for each
tested sample are presented in Table 2 with the associated
uncertainties. After the shock, the samples are analyzed with
two different setups as shown in Fig. 3. Interferometric Confocal
Microscopy (ICM) on the sample back face was used to quantify
the out-of-plane back face residual deformation such as height
variations (topography). Optical micrographs of sample cross
sections were also performed to observe the inside damage
resulting from the laser shock wave propagation.

3.2.2. Main damage description

A representative overview of damage resulting from laser shock
on a bonded composite is given in Fig. 4. In this work, micro-
graphies and ICM measurements are presented according the
following codes (Figs. 4-7). The cross sections were performed
perpendicularly to the 0° direction. The observed damage was
enhanced using white lines. The ICM measurement gives an image
of the sample out-of-plane back face residual deformation. The z
deformation height is represented by the color scale, where purple
is referring to non-measured points (due to roughness or out of
range height). The sample presented in Fig. 4 is extracted from the
LB contaminated series. Three main types of damage can be
observed:

(i) Delamination between the plies: they are initiated by the high
tensile stresses generated by the propagation of the laser
induced shock waves inside the composite. Indeed, with the
used laser source, the crossing of release waves occurs close to
the sample back face. Thus, the high tensile loading starts in
this region, and exceeds the composite damage threshold in
this case, inducing delamination. On the micrography (Fig. 4),
it can be observed that the delamination took place between
90-and 0° plies. The delamination width in the 90° direction
(cross section plan) corresponds to the focal diameter of the
laser spot. Thanks to the residual back face deformation
measurement by ICM, it has been evidenced that this dela-
mination propagated in the 0° direction. It is characterized by
the elliptical blister oriented in the 0 direction (see ICM in
Fig. 4).

(ii) Debonding of the bonded interface: this debonding was possi-
ble thanks to the tensile loading propagating backward from
the back face to the front face after the crossing of release
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Fig. 4. Representative micrography and ICM height measurements of damage resulting from shock wave propagation inside a bonded CFRP with a low adhesion level LB-1.

waves. Even if some fracture energy was dissipated inside the
composite to initiate delamination, enough energy remained
to initiate the debonding. In this case, the stresses exceeded
the bond interface damage threshold. The low adherence level
helped to conduct to a full debonding as shown in Fig. 4. [n
the case of debonding, no clue of a favorite propagation
direction was found by the ICM measurement.

(iii) Transverse matrix cracks, through the ply thickness: these
cracks are mainly due to the bending component of the laser
loading and occurred after the main damage initiation pre-
sented in (i) and (ii). Indeed, during the laser shock loading,
the samples are held by their edges. These experimental
conditions lead to a bending loading which is different from
the shock wave loading, but also induces damage in the
bonded composite.

To summarize, the laser shocks induce two main damage types
in a weakly bonded composite, a delamination in the composite
which is opposite to the laser shock loading and a debonding in
the bond interface. This is possible only because the stresses
generated in the composite by the waves are exceeding the
composite damage threshold and the debonding threshold
respectively.

3.2.3. Contaminated bonded composite results

The two contaminated series, referred LE and LB, were first
investigated in this work. The aim of this investigation was to
study the damage resulting from various laser shocks, in order to
evaluate the potential of the laser shock adhesion test to evidence
the presence of a weak bond. Thus, various intensity laser shocks
were produced in the water confinement configuration, for each
contamination. As previously explained, all the samples were
studied by using ICM and cross section observations after the
shocks.

Results obtained in case of LE contamination series are pre-
sented in Fig. 5a, in which three micrographies and two of the
corresponding ICM measurements are presented. A correlation
between the laser intensity and the inside damage extent is
observed (see in Fig. 5a). In the cross section observations, a
gradation in the level of damage can be seen from the lowest
intensity level to the highest. Indeed, the lowest laser shock (LE-3)
did not lead to any observable damage inside the bonded compo-
site. Samples LE-2 and LE-1 analyses show respectively more and
more cracks, as well as more sizeable delamination in the back
face composite, and more sizeable debonding. The residual back
face deformation measurements obtained by ICM also agree this
trend. As it is shown in Fig. 5a, the lowest shock did not modify the
LE-3 sample back face, which is consistent with the absence of
delamination. In case of LE-2 sample, a small blister can be
observed, corresponding to the inside delamination revealed by
the micrography observation. Case of sample LE-2 is interesting.
Indeed, the composite part of the assembly remained almost
unharmed after the laser shock wave propagation (small residual
deformation and delamination). This is probably due to the fact

that the used laser intensity ( ~1 GW/cm ) was low enough for the
induced tensile stresses to be close to the damage threshold of the
CFRP composite, meanwhile being high enough to open the bond
line of the sample, whose damage threshold was even lower
according to these observations. From results presented in Fig. 5a,
it can be concluded that in these experimental conditions the
debonding threshold of the LE series is between 0.48 GW/cm and
1.08 GW/[cm and that its composite damage threshold is in the
same range, but probably closer to 1.08 CGW/cm .

The results obtained in case of LB contamination series are
presented in Fig. 5b, and agree with the observations made in case
of samples LE. The correlation between the laser intensity and the
damage extent has also been evidenced in the case of the LB
contamination series. ICM measurement and micrographies are
still consistent (see samples LB-1 and LB-2 in Fig. 5b). The results
obtained in case of LB samples are really similar from the ones
coming from LE samples. According the results presented in
Fig. 5b, the LB series debonding threshold is in the range [0.21-
0.98 GW/cm | which is really close to what has been observed on
LE samples. This could be explained by the small difference on the
adherence level induced by the contamination. Indeed, even if the
contamination process is very different from LB to LE samples,
their consequences on the adhesion level have been identified by
the GIC testing to be close to each other (see GIC test in Fig. 1b).
Considering the uncertainties on the contamination process as
well as the uncertainties on the produced laser shock, it would be
difficult so far to distinguish these two contamination levels. With
regards to the composite damage, the out-of-plane deformation
(about 25 _m high) observed by ICM on the LB-2 sample back face
shows that the composite damage threshold is again closer to
1 GW/cm . The contaminations in case of both LE and LB series
have no reason to affect the composite part of the assembly, which
can explain the similarity between the two composite delamina-
tion thresholds. The composite being the same, it is logical that the
induced laser shock damage is also the same for a given intensity
in the different samples.

This last point has been clearly evidenced by extracting back
face deformation profiles from the ICM measurements, in order to
compare the composite part damage extent in both case of LE and
LB contamination. The ICM profiles taken at the middle of each
blister along the y axis, are presented in Fig. 5¢. The LB-3 and LE-3
samples received the lowest shock in each series, which did not
lead to any observable damage. Their back face surfaces are thus
completely flat. Regarding the laser uncertainties, it can be
considered that LB-1 and LE-1, as well as LB-2 and LE-2 have
respectively received the same laser loading. The back face
deformations measured are similar in both cases as shown in
Fig. 5¢. The small differences observed can also be attributed to the
experimental dispersion. The reproducibility of the laser technique
used is also proved by this result.

3.24. Uncontaminated bonded composite results
In a second time, the uncontaminated series has been experi-
mentally investigated, following the same protocol, and using the
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The main difference with batbe andIB seriedsthe absencef enough comparetb the debonding thresholdf the uncontami-
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induced delaminatiorin the compositeart of the assembly are

This observations confirmedby the ICM measurements also

still present. The correlation between the laser intensity and thpgesentedn Fig. 7the bade face residual deformations measured

damage extenis also shownin this casepy the cross section

on the three samples are significant For the laser shaole

miaograpluesasweil asby the ICM measurements. The compo- adhesion test objectivéé,means that the performed laser shocks

site damage thresholid also closeto the ones:valuaced on the
previous contaminated series whliishlogical since the contam-
ination doesotinfluence the composite quality.

4. Discussions

In Fig. 7the results from the sample§ different adhesion
degrees are presented The uncontaminated sdAwiles pre-
sentedhsweil asthe weak bond samplis-1 and.E.-1.Consider-
ing the experimental dispersioit.canbe considered that the
same laser shocks were perfonoeéachsample (abou23 GW/

were notoptimized for the tesif the bonded interface. Indeed,
the composite damads dueto the fact that the maximurof
tensile stresis generated/ose tothe samplédade face. Thids
especiallydue to the shortnessf the laser pulse, forcing the
crossin,pfrelease waves thelastcomposite plies. Thus. these
results show that the laser configuration watenough adapted
to the tesced assemblles. They Indicate that the developnoént
the laser adhesion test requites the optimiz.atibthe laser
parameters, in ordeéo localize the tensile loadiregthe bonded
interface and so. avoid the creatimidamagen the composite
parts wllle testing correct bonds. This optimizatieads the use
of new laser sources and/or new shock configurationskWIn

cml). Thisis confinnedby the resldual back face deformation progresso develop such original experimental setup. Once the
measurements, which show a correct agreement betwebn edaser parameters whleoptimized. the laser shock wave adhesion
other.Jnthe casef the uncontaminated bond, the laser shockest maybereali.zed without creatingny damagen the compo-
propagation did not lead a debonding whereas the same shoclsiteparts.and thusjt couldbeused as a NOT method in order

induceslamage inthe weak bondsresenced. The potentiabfthe
laser teduuquéo discriminate different bond qualities thus
provedbythisresult Indeedf keepingn mind the proof testirn.
the laser shocks produced LE. and IB samples enablé
discriminate their bonding quality comparéa IA samples.
Nevertheless,in each CaSe€.the composite pardf the assembly
was delaminaced by the high tensie stresses) the bacle side.

disaiminate weak bonds from correct bonds.

S.Condusloos

Theaimofthis papekvastoperform afeasibility studynthe
useof laser shock techniquas an extendedNOT methodto



evaluate the adhesion strength in composite assemblies. At first, a
specific process of generating on purpose weak adhesive bonds
has been developed. It is based on composite surface contamina-
tion with dip-coating in release agent and use of contaminated
peel-ply during manufacturing. The conventional non-destructive
characterization prior to laser shock test did not highlight sig-
nificant differences between the uncontaminated and contami-
nated samples, while the mechanical GIC tests have shown a loss
of adhesive bond performance about 78% and 93% compared to the
uncontaminated sample value. The laser shock test method has
thus been performed on these contaminated and uncontaminated
series.

Results have demonstrated that it was possible to discriminate
the different adhesion qualities with the laser shock method. It has
also been shown that, with the used laser configuration, the
generated maximum tensile stresses are located inside the com-
posite instead of in the adhesive bond line. It leads to the creation
of damage inside the composite parts, which has to be avoided for
the laser adhesion test to be efficient. Therefore, new laser sources
and/or configurations have to be developed in order to obtain a
non-destructive laser adhesion test.
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