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ABSTRACT

Adhesive bondin,g bas a great pocenlial far future lightweight bigb-loaded structures in the a.eronautic
industiy. A precequisite for sucb an application is dtat the bond quality of the adhesive joint can be
assessed in anon-destructive way. However, the use of da.ssicaJ Non-DesiiUctive Techniques (NDT) does
not aUow the evaluation of the adhesion stren,gt:h of an adhesive bond yet This paper pnlsents an
investigation made on weak composite bonds in onlerto develop alaser shock wave adhesion test First,
the procedure to produce controlled weak bonds is desaibed. CFRP bonded samples are pn!pared in a
spedfic way and characterized by ultrasonic techniques to assess the absence of any detectable defect.
1ben, for sorne of the .samples, their bond streDgth is evaluated by mechanical destructive cests and
ether .samples are loaded by v.arious intensity lasers shocks. The obtained results help to understand the
behavior of the composite bonds under Jaser shock loading:. thanks to two post-mortem techruques.
1becorrelation between the laser parameterS and the induced damage is demon.strated, The potential of
the laser shock. technique to dl.saiminate different bond quallties is shawn, and the need for the cest

optintizationlsdU(U

1.Intloduc:tfon

Adhesive bonding is for many reasons an assembly method
with a pronusing future. Its advantages over other assembly
processes are numerous: a homogeneous stress distribution due
to the absence of fastening elements, a welght saving induced by
this absence, an increase of structure fatigue resistance and the
ability tD join distinct substraces while acting as a corrosion
protection orinsulating layer. Thisteclmology basahigh potential
for the applications of tomorrow, especially with the increasing
use of llght composite structures [1.2).A oOr limitation tD the
rapid extension of this technology is certainly due tD the difficuJty
in achieving non-destructive assessment of the adhesion quatity.
Theprocess ofadhesivebonding isvery sensitive and the adhesive
bond performance is easily affected by significant deviations so
that weak adhesive bonds are stiJl to be considered as a major
banier to the development of structural adhesive bonding (3).The
literature stacesthatevenifphysic.al defects{porosity,debonding,
cracks, etc.) can dearly be detected in adhesive joints of

composites by use of Non-Destructive Testing (NDT) methods, no
statements can be made regarding the quality of the adhesion. its
strength or its properties (4-7).1ndeed. no evaluation of the bond
perfonnances and by extension no characterization of weak
adhesive bonds is yet available by any NDT method. Based on this
observation, a novel approach bas been Introduced over the last
years: 'E:xtended NOT methods are being developed tD be able to
assess the performances of adhesive bonds (8-11).Among the
Extended NDT methods, two fields of application exist: the charac-
terization of adhenmt surface prior to bonding operation wluch is
belng investigated with technologies such as portable FT-IR
spectrometry, portable X-Ray fluorescence, or even the aerosol
wetting test [11,12); the second application field concerns the
investigation of the adhesive bondline after the bonding operation.
Regarding this second application. the laser shock adhesion test
approach is identified as a technique of lugh potential The laser
shock wave technique applied to the adhesion test was flrst
developed byJ.L VVossen (13,14).Based on shockwave propagation
induced by laser irradiation, this technique can create a short but
intense internai tensile loading. The LAser Shock Adhesion Test
(.LASA1) aim is to enable the assessment of the bond mechanical
perfonnance in a non-destructive test approach by creating
a predse tensile load at the bondline-substrate interface. The
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concept of use for this technique makes it a non-destructive test
for an optimal bond, but destructive if the bond does not meet the
requested adhesive bond strength, which shall then be specified as
design criteria. The I.LASAT technique has already been developed
for metal assemblies or metal coatings, for which it is now weil
understood (15,16]. For example, the technique bas been studied
for the adhesion of aluminum assemblies [17,18]. These studies
have shown the importance of the laser parameters for the test
efficiency. Conceming composite materials, sorne studies are
currently conducted in order to understand the composite beha-
vior under a laser loading [19,20]. Under sorne conditions, the
ILASAT technique bas already been tested on different composite
assemblies [21-23]. Nevertheless, more investigations remain
necessary in order to optimize the technique and to better under-
stand the associated complex pbysical phenomena.

In this paper, the potential of the laser shock adhesion test on
weak composite bonds is studied. The fucus has been made on the
production of controlled weak bonds as weil as on the onder-
standing of the bonded composite response to laser shock loading.
It is based on CFRP samples manufactured with adherend surface
contamination by mold release agent and contaminated peel-ply
for the generation of weakened adhesive bonds. The present paper
introduces the steps in the production of relevant samples and
their characterization with use ofUltrasonic Testing, X-Ray Photon
Spectroscopy and mechanical testing by double cantilever bearn
test Gic to finally enable correlation with the subsequent laser
shock results. As a second step, laser shocks were performed on
both uncontaminated and contaminated bonds. The effects of the
laser shock wave propagation have been studied using two post-
mortem techniques: cross-section observations and interfero-
metrie confocal microscopy. The correlation between the laser
parameters and the resulting damage inside the composite
assemblies is studied. Finally, the potential of the laser shock
technique to discriminate different bonding qualities is shown and
the need for the optimization of the . ASAT technique isdiscussed.

2. Samplepreparation
2.1. About weak adhesive bonds

The optimal development of a technology able to assess the
quality of adhesive bonding in CFRP structures is relying on the
capacity of manufacturing different levels of adhesion on purpose.
For this matter, methods and experiences can only be scarcely
derived from the literature which mainly focuses on bonding of
metallic substrates and ageing of adhesive joints. Three main criteria
for the definition of a weak bond are however given by Marty et al.
[3]: (i) The strength measured by mechanical test must be below
20% of the nominal bond strength; (ii) The mode of failure must be
adhesive in type (i.e. purely at the interface between the adherend
and the adhesive); (iii) The weak bond must be undetectable from
normal bonds with classical NDT techniques. These criteria are
considered in this study and define the target for the specimen
manufacturing.

In the frame of this study, a realistic approach close to the
challenges of manufacturing and in-service for aerospace industry
consists in modifying surface chemistry to influence the adhesion
quality. On CFRP parts, if a contamination is not detected and
treated, it will interact with the adherend and/or adhesive and so
affect the quality of the joint [24].Surface contamination can occur
during production or during repair due to process deviations (e.g.
residues of mold release agent), fluids (e.g. silicone oit, de-icing
fluid, hydraulic fluid) or by other original organic substances [25].
In this paper, the contamination is applied on the substrate prior

to bonding, in opposition to other approaches using the modifica-
tion or alteration of the adhesive properties itself [26,27]. The
contaminations selected for this study are based on most aero-
space relevant investigated parameters by Marty et al., Wachinger
etal. andjeenjitkaew et al. [3,12,28].The first technique consists in
applying a thin layer of a silicone-based mold release agent, the
Frekote 700 NC. on the adherent surface prior to bonding. Frekote
700 NC involves PDMS (polydimethylsiloxane) which can leave
traces during manufacturing of the composite substrate. This type
of contamination can appear in cases of CFRP molding processes
and prevents any efficient further operation on the composite
surface. In the case of a known contamination, a surface cleaning
process (e.g.: grinding, solvents or UV exdmer lamp) and/or
activation treatment (e.g. Low pressure atmospheric plasma) can
be applied [24,29].The second method of contamination realized
in this paper isbased on the use of a contaminated peel-ply during
manufacturing. The peel-ply PFG 51789 Super release Blue (SRB)
bas already demonstrated in the last decade a strong predisposi-
tion to surface contamination through traces of its polysiloxane
coating, as weil as fluorine attributed to the transfer of the
fluorinated hydrocarbon coating from the peel-ply to the substrate
[30].Both approaches will therefore be considered to manufacture
weak adhesive bonds in CFRP, and evaluate to which extent their
influence can reduce the bondline strength.

22. Manu.{acturing process

Composite samples were manufactured with the 180 0C curing
temperature system T800S/M21 (Hexcel Composite). The panels
are prepared with a dry peel-ply to master surface deanliness and
roughness as recommended by Airbus process specification. Lami-
nates of 6 plies [0, 0, 90]s were produced in order to reach a
thickness of 1.5mm for a single cured panel, and so finally
approximately 3 mm after the bonding operations. The 3 mm
thickness is required as a standard for the mechanical character-
ization tests applied to evaluate the bond strength. The laminates
were cured in an autoclave with the specified Airbus cure cycle,
with use of pressure and vacuum. The laminates of 1.5mm were
inspected by ultrasonic testing after the curing to ensure the
structure integrity of the substrates. This step was performed
successfully, so that no defect was revealed by the ultrasonic scans.
The surfaces of the laminates produced were not additionally
treated after the curing step, only the peel-plies on the surface
were removed prior to bonding or contamination operations. The
first contamination by mold release agent was brought on the
surface of another single laminate substrate by dip-coating.
The dip-coating process bas the advantage of being a velocity
controlled immersion, which enables the deposit of a homogenous
contaminant layer over the substrate surface. In this feasibility
study, no contamination grades are however targeted, but only the
two extreme cases of uncontaminated and weak bond. The
contamination is therefore applied with a concentration of 20%
of Frekote diluted in hexane solvent Hence, the contaminated
panel is dried for 30 min at room temperature and 60 min at800C
in an oven with air circulation. The second contamination with
contaminated peel-ply was applied directly during the manufac-
turing step. Specifie laminates were produced with use of the
super release blue peel-ply instead of the standard dry peel-ply.
The contaminant is thus brought on the surface during the curing
step of the composite laminate and remains after the peeling of
the peel-ply afterwards. No additional steps are required for this
contamination.

After the contamination of one adherent surface, the bonding
operation is performed with a Cytec epoxy adhesive film FM300 K
1800C system and another pre-cured larninate in the uncontami-
nated state. The contamination is thus only present on the 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, il 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 spectroscopy

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, oxyzen 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. [30-33]. 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. Ultrasonic 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
5MHz 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. 1la 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,¢ 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 I, 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¢ is then
calculated based on Eq. (1) where A is the energy to achieve the
total propagated crack length in [ (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.

Gic=

5, 2
e w < 10°0-m%) )

The results of the G¢ 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
Gyc 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 Gi¢ 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 shoclk 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%)
Uncontaminated LA 728 159 10.1 10 03 - - -
Erelote 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 (¢) Gy, specimen in testing machine.

Table 2

Measured average signal attenuation on both the intermediate and the backwall
echo for bonded panels uncontaminated (LA), Frelote contaminated (LB}, SRB 'eel-
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. 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 pgcalized diameter Fulse duration  Laser Intensity
(mm) (ns) energy (J) (GW/cm )

LA-1 47 0.1 26,7, 0.2 7.87 0.1 2.317 0.10
LA-2 4, 0.1 254, 0.2 545 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 45 0.1 27.0, 0.2 76 0.1 2,24, 0.20
LE-2 47 0.1 242, 0.2 33, 01 108, 0.10
LE-3 45 0.1 273, 0.2 1.6, 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 J] 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 GO 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 3 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 907 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. In
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
agradation 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 CW/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.

3.2.4. 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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sametools. The characcerization of the damage resulting fromthe intensity one. For this uncontaminated sample. the tensile stresses
lasershock wave isalsocarried out. Resultsare presenced in Fig. 6. generatEd by the laser shock wave propagation were not high
The main difference with bath € and IB series is the absence of enough compared to the debonding threshold of the uncontami-
debonding for none of the generated shocks, even the highest natEd bond interface. Nevertheless, the transverse aacks and the
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induced delamination in the composite part of the assembly are
still present. The correlation between the laser intensity and the
damage extent is also shown in this case, by the cross section
miaograplues as weil as by the ICM measurements. The compo-
site damage threshold is also close to the ones evaluaced on the
previous contaminated series which is logical since the contam-
ination does not influence the composite quality.

4. Discussions

In Fig. 7.the results from the samples of different adhesion
degrees are presented The uncontaminated sample 1A-1 is pre-
sented asweil asthe weak bond samples IB-1 and |.E.-1. Consider-
ing the experimental dispersion. it can be considered that the
same laser shocks were perfonned on each sample (about 23 GW/
cml). This is confinned by the resldual back face deformation
measurements, which show a correct agreement between each
other. Jn the case of the uncontaminated bond, the laser shock
propagation did not lead to a debonding whereas the same shock
induces damage inthe weak bonds presenced. The potential ofthe
laser teduuque to discriminate different bond qualities is thus
proved by thisresult Indeed. if keeping in mind the proof testairn.
the laser shocks produced on LE. and IB samples enable to
discriminate their bonding quality compared to IA samples.
Nevertheless, in each Case. the composite part of the assembly
was delaminaced by the high tensie stresses, on the bacle side.

This observation is confirmed by the ICM measurements also
presented in Fig. 7:the bade face residual deformations measured
on the three samples are significant For the laser shock wave
adhesion test objective, it means that the performed laser shocks
were not optimized for the test of the bonded interface. Indeed,
the composite damage Is due to the fact that the maximum of
tensile stress is generated close to the sample bade face. This is
especially due to the shortness of the laser pulse, forcing the
crossin,g of release waves in the lastcomposite plies. Thus. these
results show that the laser configuration was not enough adapted
to the tesced assemblles. They Indicate that the development of
the laser adhesion test requites the optimiz.ation of the laser
parameters, in order to localize the tensile loading at the bonded
interface and so. avoid the creation of damage in the composite
parts wlule testing correct bonds. This optimization needs the use
of new laser sources and/or new shock configurations. Work is In
progress to develop such original experimental setup. Once the
laser parameters will be optimized. the laser shock wave adhesion
test may be reali.zed without creating any damage in the compo-
site parts. and thus, it could be used asa NOT method in order to
disaiminate weak bonds from correct bonds.

S. Condusloos

The aim of this paper was to perform afeasibility study onthe
use of laser shock technique as an extended NOT method to



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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