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Abstract. In this paper we summarize results from the Freresearch project

ISABEAU (Innovating for Structural Adhesive Bondiriyaluation and Analysis

with Ultrasounds). The goal of this ANR project {392017) is to overcome the
technical obstacles to the verification of the gniy of adhesively bonded joints
using ultrasonic NDT methods. For instance, thee agskissing bonds remains a
major scientific challenge years after years. Théeetbpment of an acoustic method
quantifying the adhesivion “level” of a bonded jois also one of the ultimate

objectives of this research. Three NDT laboratoeed one chemical laboratory
gather their experience to achieve a leap in tletipative analysis of the interfacial
adhesion between assembled substrates and theivadls®r. Surface treatments
were chosen to modify the adhesion properties. Teject focuses on

aluminium/epoxy/aluminium assemblies, which areaespntative of the difficulties

that one may come across in structural bonding.

Three well identified levels of adhesion were ai#d and qualified by
mechanical tests (lap shear test). Numerous bosdeagbles were manufactured to
make it possible to use various ultrasonic methousst of them with various levels
of adhesion. Several through-transmission ultras@whniques were used to evaluate
different properties of these assemblies: (1) théenal properties of the aluminium
and epoxy, (2) the bond homogeneity and thicknggsthe state of the substrate-
adhesive interfaces together with mechanical patensiewhich are representative of
the interfacial adhesion. Lamb waves and SH waveis wsed to investigate the
variations in the adhesion level, which dependshentreatments carried out on the
metal/epoxy interface. As part of this study, tkeue of surface roughness was
addressed.
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I ntroduction

As bonded structures will be increasingly usedramgport industries, there is a need to
develop non-destructive testing (NDT) methods tausmgispection after manufacturing, or
after in-service use [1].

Three classical types of defect are investigated,4R,i. complete voids, disbonds, or
porosity, ii. poor adhesion (a weak bond betweeratiteesive layer and one or both of the
adherents), iii. poor cohesive strength (a wealesidie layer).

In the ISABEAU project (Innovating for StructuraldAesive Bonding Evaluation and
Analysis with Ultrasounds), we investigate the sectype of defects : poor adhesion. This
defect is still extremely difficult to detect, whicresults in a reduced use of bonding
techniques in structural applications. Poor adhesiareduction in the strength of the bond
between the adhesive and the adherent - a redustarh is not due to the presence of
another type of defect, such as porosity, delananair foreign bodies. When the adhesion
is null, this defect is known as the Kissing Bond.

One of the challenges of the project is to creafierence defects of this type to qualify NDT
measurements. There is clearly a need to produleced-strength bonded assemblies to
qualify non-destructive methods.rAcommendation of a recent report is that the F@psrts
the development of weak bond specimen sets todedad to the NDT communitjd].

The poor adhesion defect is extremely difficultl&tect using classical ultrasonic techniques
because the bond strength is governed by a layaneththan a conventional ultrasonic
wavelength. Surface treatments were chosen to jntdtkfadhesion properties. The project
focuses on aluminium/epoxy/aluminium assembliesjclwhare representative of the
difficulties one can come across in structural bogdi

This paper is organized as follows. Section 1 dessithe design and fabrication of the weak
bond specimensSpecimen design varies according to the objectivesyed. Section 2
summarizes the mechanical testing and qualificaigrogedures used to ensure the quality of
the reference samples. Section 3 summarizes thetitfiive results obtained using
transmission measurement and Lamb wave measureSeatiton 4 develops theoretical and
experimental results from a complementary studyuaiboe influence of the roughness.
Finally a discussion about these results and aigésn of what the next steps should be are
provided in the conclusion.

Designing reference samplesfor NDT

Some of the objectives of the ISABEAU project dre tevelopment of surface treatments
that can be used to create at least three bormp#itréevels - ideally these levels should be
well separated to help the demonstration of NDTlification - and the design of specific
sample geometries to study several ultrasonic ckemaation methods.

1.1 Geometry design

To quantify bond strength, lap shear test sampéze designed in compliance with European
norm EN 2243-1. Another objective of the projecttds propose samples for material
characterisation. These specific samples can bgased of one layer (to characterise the
adherent or the epoxy), two layers (adherent-epeygr) or three layers (bonded assembly).
A third kind of samples, with thicker plates, amsdned to test high energy waves (from
multiple arrays). Table 1 summarizes the variousnggries and the corresponding



objectives. The status of each study is indicateth, references for more details, as well as
sample dimensions : height (h), width (w) , adhetkitkness @ and bond thickness|t

Design Dimensions (mm) Objectives Status
of bonded area
h*w* (t_+t, +t,)
L ap-shear samples 12.5*25* Qualifying surface treatment ar Ended[5]
(EN 2243-1) (1.6+0.2+1.6) quantifying reduced strength

Sandwich Al 200*200* Qualifying materials (Cijkl) anc Final studies§,7,8]
Size: h.w.(t -t -ta) (2+1+2) studying the bonded interface (k)

Large bonded 450*25* Studying Lamb waves in realisti Under development
sample (4+0.3+4) geometries

Two and tri-layers Mainly Studying the behaviour of bonde Final studies9]

assemblies 200*200* joint before assemblies Ended[10]
(5+0.5)

Or((5+0.5+5) Studying roughness influence

Sandwich A3 200*200* Studying KB and volumic waves  Under development
(10+1+10)

Table 1. Summary of sample designs for characteizaf reduced-strength samples

1.2 Surface treatments to produce reduced-strength samples

Several solutions were used in the past and dfébsing used today to create reference
samples for NDT qualification. Defects can be mitafly created by adding a foreign body
at the interface between two adherdiits] or by changing the bond by incorporating a
release agei2] or particles 13,14]. To study the adhesive behaviour of a bondedalsise

the most appropriate approach would be to vareeitie surface preparation or the surface
treatment15]. Many parameters can modify the bond strength,santhe challenge is to
reproduce the same preparation steps in the samsmment[16]. In somestudies,
chemical pollution is used to reproduce the padlutyenerated during an industrial process
[17]. To obtain variable adhesion, another solution ist&1$n compressing an assembly -
which can be considered as representative of acfaig-contact kissing bond8].

In this work, we chose a two-component model systerihe epoxy adhesij&]. The epoxy
resin was diglycidyl ether of bisphenol A (DGEBAhe curing agent was a polyetheramine.
The epoxy resin and the diamine curing agent wexeammechanically at room temperature
- stoichiometric amino hydrogen / epoxy ratio eqt@ll. The mixture was carefully
ultrasonically degassed to prevent the formatioaiobubbles. A silane adhesion promoter
was used to modify the adhesive strength.

Before being joined together, the aluminium adheramderwent a three-step surface
treatment: the substrates were degreased (D), pingvithem with a tissue soaked in
isopropyl alcohol; then, the degreased substragee sand-blasted with corundum particles
to create surface roughness (D+S); finally, thergl@ged and sand-blasted substrates were
treated with a silane solution (D+S+Si).

The surface treatment was stopped at each stepasdhtree sample sets with different
adhesion levels were producdthe nomenclature adopted for these surface treasmeas

D, DS, and DSSi.



Strength results

Single lap joints were 100 * 25 nfrpieces. Substrates were treated according tchtee t
procedures described above, and assembled togethest 12.5 mm overlap (EN 2243-1).
A specific mould allowing the preparation of se\agecimens was designed. The adhesive
thickness was between 0.2 and 0.3 mm. The curiolg eyas 48 hours at room temperature,
followed by three hours at 160 °C, resulting inublyfcured adhesive.

The most complete description of the bond was soteghnsure the quality of the reference
samples. Bond homogeneity was validated using @asohic through transmission setting
[19]. We chose high frequency transducers with a diamet 0.25” so that the beam
remained extremely narrow. The focal zone was #masit 0.0625” (1.59 mm). All samples
presented a strong homogeneity: no defect and aatnistickness.

Mechanical tests were carried out on a standard M3tthg machine with a capacity of 100
kN. The machine was interfaced with a computeraidd for control and data acquisition.
The specimens were tested in static tests, loatledcanstant rate of 0.1 mm/min. An
extensometer was used to monitor the real defoomatnd tabs were bonded onto the
substrates for the alignment in the load fixturavoid flexure at the bonded interface.
Acoustic emission (AE) was also recorded. The arstlyses indicated the presence of two
classes of events: a first class of AE signals,responding to the interfacial
(aluminium/epoxy) debonding, and a second claskigtier-amplitude signals appearing
after the occurrence of interfacial debonding daemamnd probably resulting from resin
cracking[5].

All these complementary NDT results ensure theityual the mechanical results.

Figure 1 shows that three levels of adhesion whtamed as expected, even if there is slight
overlapping of the error bars for the two higherssks.
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Figure 1. Measured adhesive strengths for the tete

Adhesion evaluation using rheological model.

In the ISABEAU project, various ultrasonic methais used. Figure 2 summarizes two of
these methods : through transmission measuremehtLamb wave measurement. To
analyse the experimental data we used a springdikdel to describe the mechanical
behaviour of the bonded joints. There are seveoskiple models, depending whether
cohesive or/and adhesive properties should besepted20].
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Figure 2. Two ultrasonic measurement setups.

The first method is based on the measurement dfahemission coefficient of an ultrasonic plane
[21] wave through a tri-layer plate immersed in a watak. A study of the influence of the interfacial
conditions on the evaluation of the elastic modfilihe adhesive layer embedded between the two
substrates, was carried out both numerically anpbementally at thd2M laboratory For this
approach, the model included 5 layers: the twotsates, the epoxy bond and two interphase
layers between the substrates and the bond.

By inferring four moduli for the adhesive layer frameasurements performed for various
angles of incidence (88<50°), and assuming perfect interfacial conditicans,abnormal
apparent anisotropy can be observed, revealingrdsence of interfacial weaknesses. Thus,
under certain conditions, this method makes it iptesso differentiate a cohesion problem
from an adhesion problem. Then, if the elastic progs of the adhesive layer are known, an
ultrasonic characterization of the mechanical prioge of the interphases is possible. Such
characterisation was carried out on assemblies Yvitlifferent surface treatmentsl'wo
longitudinal and transversal stiffnesses were th&rred, by assuming that the interphase

thicknessestin, are both equal to 1um and that Kcll/tintand Kr :C6ﬁ/tint [22]. This

bonded joint model is thus equivalent to those gored in Figure 3. Stiffness results are
presented in Table 2 for the three surface treasnen

uas3ypy

two layers

three layers
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Figure 3. Rheological model for adhesion



As for Lamb-wave measurements, only two bi-lay@npgles were designed, made of the
same materials, and only two surface treatments egplied (DSSi100 and D100, cf. Table
2). An experimental study was conducted using aambtitansducer with a centre frequency
of 1 MHz placed on a 45° degrees PMMA wedge actiis@mitter and a laser vibrometer
acting as receiver (Figure 2b). The normal disptas& of the propagating wave was
measured for several positions at the surfaceeotfimple, in the propagating direction, in
steps of 0.1 mm. A double Fast Fourier Transforfil{Fwas performed on the space-time
data to determine the experimental dispersion cunveéhe wavenumber-frequency plane.
The bi-layer mechanical model also correspondsrbealogical model with two stiffnesses,
Ky, Kt (Figure 3). A semi analytic finite element (SAREddel was developed allowing the
prediction of dispersion curves, knowing materiahgiges, ultrasonic velocities and
thicknesse$23]. The comparison between experimental and theatadispersion curves
allows the evaluation of the corresponding stiffe=§24]. Stiffness values are given in
Table 2. Obtaining these results is a first stefhéncharacterization of the adhesion strength.
The aim is to extend this procedure to differeralgies of adhesion by applying different
surface treatments and to determine the correspgrstiffnesses using the inverse problem
method.

Through-transmission measurements L amb wave measurements
Surface KL(PPa/m)| Kt (PPa/m) Surface | K (PPa/m)| Kt (PPa/m)
Treatment Treatment
DSSi100 2.08 1.0 DSSi100 10 10
DS100 0.25 0.1
D100 0.1 0.02 D100 0.316 0.316

Table 2. Longitudinal and transversal stiffness sneements for two propagation modes

Effects of arough interface on shear horizontal acoustic wave propagation

Another aspect of wave propagation is considerethis project : the effect of surface
roughness at the interface in a bonded bi-layetedtare. An analytical contribution has
been proposed in the case of shear-horizontal {(fsiitled wave$25]. The thickness of the
bond layer is assumed to be non-negligible, andrttezfaces between this layer and the
plates are considered roughened, with complex shape depth profiles. It is also assumed
that the average roughness height is a small &raadf the thicknesses of the plates
everywhere. The roughness induced changes in tmaatbastics of the fields created by a
harmonic source set at the entrance edge of thetiste are expressed using 2D calculation
of the displacements and stress perturbations.

The basis of the theoretical approach is the ialeigrmulation which has been developed
previously[26] for SH wave propagation along the surface of alinosurface plate. The
development that follows involves the roughnesstedl modification of the waveguide SH
modes occurring when roughness is present. Thevimiaof the roughness-pertubed
acoustic field is presented mainly in terms of Setal couplings both inside each plate and
between plates through the layer of glue.



The behaviour of the glue is expressed using tagsaal spring-like model, with a spring
stiffnes*d Y Mg ? , Wherelg is the thickness of de glue, depending on thetipost along
g g

the surface.

We considered the perturbed displacement field wiiaefined as the difference between
the displacement field U and the incoming fiel®Uln the following equation (1) the right
side represents the perturbed displacement fieddalthe scattering on the roughness in each
plate numbered by the index g. This field represéoth the coupling of the incoming field
(Uq®) with itself and the cross-coupling between thisident SH-wave and the other modes
(maximum number is M) which can exist at the workiregjuency :

Uq(,2) = Ug” (%, 2¢)=Enm=ol Hom () + Eqm(0] X v7,,,(29) (1)

In this equation, fully explained [25], in order to express the perturbed field as anmesipa
involving a finite number of SH-modes, an orthonahset of functiong)qm was defined for
each mode m and in each layer g using the Gram-i@tipnocesg27].

The first term in the right hand sidegd, represents the boundary modal coupling due to
both the slope and the depth of the roughness,tl@decond one,q &, represents the
perturbation on the coupling between the platesuidin the layer of glue, which accounts for
the effect of the thickness of the layer of glue.

If a propagative mode is incoming in a rough atka,model can predict how the incoming
energy is divided in several propagative modes atrofpropagative modes. Another
interesting possibility of this modelling is theegliction of phase-matching effects due to
roughness spatial periodicit®& as described by the relation (2). This so-callednon
relationship represents the intersections of tlepetsion curves (incident SH-waves, k
wavenumber) with the phonon curves (kavenumber) :

Spatial periodicitieg\ could be simply calculated if the roughness peaBlregular or could
be deducted from the power spectral density oféighness profil§28]. Complete studies
[25] show that, despite the complexity of the coupéffgcts through the roughened layer of
glue, the structures of the perturbations deperahgly on the nature of the incident SH-
wave and on the phase-matching. Several simulatiensnstrate that the amplitude of the
perturbed waves is five to ten times lower tharséhof the corresponding incoming waves
and that, as expected, the field perturbation dagspropagate significantly beyond the
roughness.

For the experimental part, the periodic profile aasawtooth profile (Figure 4a). Parameters

were set to\=3.7 mm for a total length= 37 mm, and the height h of the roughness was
0.1 mm. The tri-layer assembly was composed ofawminium adherents (5 mm thick) and
the bond layer was an epoxy glue with a 0. 5 mktiess. The working frequency was set
to 480 KHz. The SHlincident field is shown in the wavenumber-frequeptane in Figure
4b. The SKHwavenumber is 958 ¥ The calculated retro-propagative phonon {8tdde)
has a wavenumber equal to 738(Figure 4c). Using equation (2) , the te2m/A is equal

to 1700 m' so this relation is largely verified (relative difence is about 0.23%).
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Figure 4. Simulation results for periodic roughness

Considering experimental results on the same salwoofile, the wave energy is distributed
in a larger domain in the wavenumber-frequency planeresults confirm the phonon
relation. Studies undergo to evaluate the transthignergy through the rough profile
depending on the roughness parameters and inctdtémiave frequency.

Conclusions and per spectives

The ISABEAU project fulfills its objectives to prope references samples for the
development of innovative ultrasonic NDT methodfiere were difficulties obtaining
gualified reference samples with several adhestoengths, as bonds should present
absolutely no defects in order to certify the dyatif the NDT studies. Another difficulty
arose when trying to propose numerous sample geesaetepending of the ultrasonic
method chosen for the investigation as several vpmepagation modes could be used :
volumic waves, Lamb waves, shear waves.

The first results are promising and will be devethpehe spring-like behavior of the bond
is the main guide to analysing variations in theasbnic measurements. In order to take the
discussion further about stiffness results fromowe wave propagation modes, we will
complement this work with the measurement of intagehdepth for each surface treatment.
This depth will be measured on fractured lap-skaarples (post-mortem study). The depth
of the interphases could be evaluated using nanoiatien and atomic force microscopy -
these methods have been shown to be effectiveidyisig the mechanical properties of the
interphase region at the sub-micrometer siZé

The possibility to detect variation in the cohesstength is also under study by varying the
cure process.

In a next step, Kissing-Bond defects could be pceduby varying locally the surface
treatments. Other ultrasonic linear methods, swcthigh energy volumic waves (using
multiple arrays), could also be evaluated for tetedtion of this type of defect. Ultrasonic
non-linear methods should be also investig&aed
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