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Abstract

ABSTRACT

The use of adhesive bonding as an assembly technology is still limited because of the
absence of NDT method to assess the quality of the adhesion. This work evaluates the state-
of-the-art of potential NDT technologies and focuses on laser proof test techniques. The
theory of this approach aiming at debonding weak adhesive bond and leaving strong adhesive
bond unaffected is introduced. A preparation technique and a characterization strategy for
bonded CFRP specimens with defined adhesion levels is presented. Two laser proof test
setups are then investigated experimentally. A first test focuses on the determination of
threshold energy for debonding of the different adhesive bond states. Further tests (repetition
of laser shocks, different laser energy levels, mechanical test after laser shock) are performed
to evaluate the effects on the CFRP structures. The main objective is the evaluation of the
NDT character of laser proof test. With both laser setups, a debonding intensity threshold was
achieved, but not without affecting the CFRP substrates. Ultrasonic inspections and
mechanical tests conducted before and after laser shocks are compared to analyze the role of
each laser setting in the observations. This study shows the feasibility of the concept with a
high potential of improvements for the laser technologies and for approaches towards the
industrialization.

Das Kleben als Fugetechnik besitzt ein grofdes Potenzial fur Leichtbaukonstruktionen bei der
Luftfahrtindustrie. Leider fehlt zum breiteren Einsatz der Technik eine sichere Prifmethode,
die einen zerstorungsfreien Nachweis der Gute von Klebverbindungen erlaubt. Diese Studie
beleuchtet den Stand der Technik bzgl. ZfP-Methoden und befasst sich insbesondere mit den
,Laser Proof Test‘-Methoden. Diese laserbasierten Methoden induzieren Schockwellen im
Bauteil, die sich in lokale Spannungen umwandeln. Damit wird beabsichtigt, schwache
Klebverbindungen zu zerstdren, wahrend Klebungen mit hoher Festigkeit intakt bleiben. Zur
Herstellung geklebter CFK-Proben mit definierten Klebfestigkeiten wurden eine
Praparationstechnik und eine angepasste Untersuchungsstrategie entwickelt. Zwei
verschiedene Laser-Techniken wurden experimentell untersucht. Hierbei wurde die bendtigte
Laserintensitat zur lokalen Offnung von Klebverbindungen mit unterschiedlicher Festigkeit
ermittelt. Zudem wurde der zerstérungsfreie Charakter der Lasertechniken nach wiederholtem
Laserbeschuss an gleicher Stelle und nach unterschiedlichen Laserintensitaten untersucht.
Dabei wurden Untersuchungen vor und nach Laserbeschuss mit Standardmethoden wie dem
Ultraschallverfahren und mit Hilfe der mechanischen Prifung durchgefihrt, um die Einflisse
des Laserbeschusses zu bestimmen. Diese Untersuchungen flihrten auch zur Beobachtung
von Schadigungen des Laminates. Im Ergebnis belegt die vorgestellte Arbeit die
Anwendbarkeit der ,Laser Proof Test“-Technik zur Qualitatsbestimmung von geklebten CFK-
Strukturen und zeigt Hinweise zur Verbesserung der Technik mit Hinblick auf eine
Industrialisierung der Methode auf. Entsprechende Empfehlungen und Kkonkrete
Weiterentwicklungsansatze, um einen hoheren technologischen Reifegrad zu erzielen,
werden abschliel3end erortert.
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GLOSSARY

Term

Adhesion

Adherend
Adherent surface

Adhesive (or
Bond) strength
Debond

Delamination

Defect

Disbond

Porosity

Non-destructive
Evaluation (NDE)
or

Inspection (NDI)

Non-destructive
Testing (NDT)

Weak bond

Definition

Complex mechanism linked to mechanical interlocking, diffusion,
electrostatic and thermodynamic adsorption and responsible for the
assembly of an adhesive to a substrate.

Any body or part which is joined to another by an adhesive.
Surface brought in contact with the adhesive layer.

Measured by load/area, the stress required to separate a layer of
material bonded to another material. It can be assimilated to a level of
adhesion between bonded surfaces.

Deliberate separation of the physical, chemical or mechanical forces
holding an adhesive bond together by an external force.

Failure or defect resulting in the separation of two layer of a laminated
material.

Physical and/or chemical change in the material structure. Typical
defects are delaminations, disbonds, cracks, porosity, voids (high
volume porosity), incorrect matrix cure.

Defect present at the adhesive bond/substrate interface when both are
separated. Unplanned event that may occur anytime during the lifetime
of the bonding part.

Micro-cavities in the material structure, can be resulting from gas being
trapped in the material during cure or forming.

Inspection conducted in a non-destructive way whose results are
neither normed nor clearly predicable. In opposition to NDT, no criteria
for the evaluation is provided.

Inspection conducted in a non-destructive way which can only result in
a test passed or not. The notion of criteria for passing the test is
implied.

Adhesive bond answering the following criteria:

A. The strength measured with a lap shear test must be below 20% of
the nominal bond strength.

B. The mode of failure must be adhesive in type (i.e. purely at the
interface between the adherend and the adhesive)

C. The weak bond must be undetectable from normal bonds with
classical NDT techniques.
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Introduction

INTRODUCTION

Carbon fiber reinforced polymers (CFRP) materials are playing a large role in the design of
new aircrafts. They enable weight savings, new design and new performances which make
them highly attractive for the manufacturers. The use of composite materials is however
limited due to the existing and approved assembly processes. The current processes rely on
mechanical assemblies with for example riveting concerning the high-loaded primary
structures. The mechanical processes are not in line with the composite materials due to
corrosion matters and stress concentrations. An alternative process would be adhesive
bonding.

Although the aerospace industry already have experience with adhesive bonding on
composite technology, a great potential for the development of its use in manufacturing exists.
A prerequisite for such an application is that the quality of the adhesive bond can be controlled.
Various non-destructive testing (NDT) techniques are adequate for the characterization of
defects like pores, delamination or debonding within adhesive bonds. There is however so far
no NDT technique able to ensure the detection of a weak bond and, by extension, no method
to ensure the quality of an adhesive bond. This lack remains the major issue set against a
wider application of the adhesive bonding technology.

This work is dedicated to the investigation of a potential non-destructive technology based on
a laser proof test for the assessment of the adhesion quality (see glossary) in composite
bonded structures. These laser proof tests generate a shock wave, that disbonds the weak
adhesive bonds, making the defect visible for other NDT techniques (thermography, US scan,
etc...). This approach is voluntarily identified as potentially non-destructive as this study aims
at evaluating if and how the use of laser shock for the inspection of adhesive bonds can harm
the bonded structure. The scientific objectives of this thesis are therefore derived and the
technological points needing to be studied are enumerated directly after the present
introduction.

To illustrate the current limitations, the chapter A establishes a review of the state of the art
concerning first the adhesive bonding and later non-destructive testing technique. The
challenge with the detection of weak bond is presented, as well as the innovative approach of
conventional NDT techniques being adapted for this purpose. In the end, the approach with
laser proof tests methods is presented. The past developments towards a method for
adhesion quality assessment are introduced.

Before investigating the laser proof test method, chapter B presents the functioning
principle and phenomenon involved. The principle introduced are the generation of shock
waves, their propagation in, and, their interaction with the composite substrates. The
theoretical model is detailed based on studies which investigated high strain and dynamic
ballistic impacts. The key parameters such as the laser properties, the sacrificial layer and the
confinement layer are presented. The literature reports the development of the adherence test
of coatings and the constant improvements of the technique. This 2" chapter aims at
explaining the origins of the effects of laser proof testing on composite materials.

The chapter C introduces the experimental methodology used to investigate laser proof
testing. For this purpose, the first step is the definition of relevant specimens with a range of
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different weak adhesive bond. The manufacturing of the weak adhesive composite bonds is
mandatory to ensure that proper specimens are available for assessment of laser proof tests
capabilities. Conventional characterization methods from laboratory techniques,
conventional NDT methods and mechanical testing methods are used for the verification of
the specimens quality. This chapter presents the different methods and compile the results of
the investigations for each family of specimens manufactured according to the detailed test
plan.

After the manufacturing and reference characterization of the weak adhesive bonds, the
chapter D focuses next on the laser proof test methods themselves. Two experimental
solutions with similar functioning principles are applied on the weak adhesive bond specimens.
The differences between both laser solutions are investigated through different tests. As a first
key parameter, the threshold energy for each bond state is determined. Further tests
(repetition of laser shocks, different laser energy levels, mechanical test after laser shock) are
performed to evaluate the effects on the CFRP structures. Finally, the results from the laser
parameters are correlated with the results from NDT inspections and mechanical tests
conducted before and after laser shocks.

Chapter E concludes this work with a review of the laser proof test methods based on the
different configuration investigated within this study. This chapter reviews the results obtained
in term of damages in the CFRP material in the previous chapter D, in comparison to what is
expected for an industrial quality assessment process. A gap analysis between the
requirements from the manufacturing environment and the current development state is made.

The final conclusion summarizes the achievements of this study. It underlines the scientific
gain with the results obtained towards the development of a non-destructive adhesion quality
assessment method. An outlook summarizes several leads for improvement of the laser proof
test method.
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SCIENTIFIC OBJECTIVES

Weak adhesive bonds are hurdles in the establishment of adhesive bonding as an high
potential assembly technology. The quality assessment of adhesive bonded structures may be
ensured by NDT techniques, but most of those are still being adapted for this purpose. This
will be shown within the state-of-the-art. The principle of functioning of laser proof test
methods and recent works towards an adhesion test method speak for this technique as a
method for quality assessment of bonded structures. Several parameters of the laser proof
test technologies remain unknown for the investigation of bonded composite parts. Similarly,
the behavior of composite material toward the shock waves propagation and interaction has
not been thoroughly investigated yet. In the context of this work, some essential questions
may thus be raised:

- First, is it possible to manufacture a proper weak adhesive bond with a precise
adhesion performance? Can some parameters be adjusted to obtain reliably such
specimens?

- What are the governing mechanisms of the laser proof tests principle?

- lIs it possible to measure the adhesion performance in a non-destructive way or, to
what extent does the test method influence the mechanical strength of the structure if
the adhesive bond has an optimal quality?

- Considering the high energy and the pressure profile involved, can the laser proof
technique damage a sound adhesive bond of optimal quality or even the laminate?
What would happen to a laminate of a poor quality i.e. cohesively weaker than the
adhesive performance bondline?

- Can a wrong setup/calibration of the laser proof technique damage the composite
laminate instead ?

- How is it possible to optimize the laser proof test parameters to match the bondline
quality inspection and which parameters offer the best customization potential?

- Would an implementation of the existing techniques in the industrial bonding process
chain be possible? Under what conditions?

The objectives of this work will be to verify, evaluate and review in what extent the NDT
methods, especially the laser proof tests could fulfil the requirements for a nondestructive
evaluation technique. It will be evaluated how this technology can be a future solution for the
bond quality assessment. For this purpose, the first step will be to explain in detail how the
laser proof test approach work and then, to select a method for the preparation of reliable and
relevant specimens. A test program with tests designed to provide answers the previous
questions will be conducted. These tests will include different configurations of weak adhesive
bonds to obtain a range of adhesion performances. Each laser proof test technology shall be
tested and their characteristics compared. Finally, all the tests shall provide results helping to
evaluate the capabilities of each technology and form together a basis for discussion of the
potential for their implementation in the industry.
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1. INTRODUCTION

This first chapter introduces the needs for methods to assess the quality of adhesive bonded
structures. Adhesive bonding is a general assembly technique dealing with all materials, but
due to the interest for aerospace structures, the focus is here set on carbon fiber reinforced
polymers (CFRP) materials as substrate.

The first part of the chapter presents the advantages of bonding over other assembly
methods and the current state-of-the-art regarding this assembly technique. The processes
in place in the industry, their control parameters as well as the possible defects are explained.
The special case of weak adhesive bonds is introduced.

The second part of this chapter focuses on reviewing the capabilities of the non-destructive
testing methods in place for the inspection of defects in bonded structure, with a certain
interest on the assessment of the adhesion quality (see glossary). A particular attention is
given to the methods based on ultrasonic waves, already well implemented for conventional
NDT. The technique of laser shock adhesion test is also presented in detail. Finally, few
experimental approach for the assessment of the bond quality are introduced to complete the
state-of-the-art of the potential inspection methods.

2. ADHESIVE BOND STRENGTH & INFLUENCES
2.1 Bonding today and its limitations

2.1.1 History of bonding

Adhesive bonding is one of the oldest material joining processes used in the history of the
mankind [1], [2]. Already thousands of years ago, people used natural substances such as
blood or egg white for manufacturing of decorative objects and where a nice finish was
required. However, over time and especially during the past century with the development of
industry, the demand for adhesives increased and new adhesive products were developed
such as synthetic resins and polymers [2]. The aeronautic industry whose history is closely
linked to the World Wars, is one of the most involved industries [3]. Fokker started using
adhesive bonding in 1915, showing the way to other manufacturers. In 1940, adhesive bonds
were used on wood spars of the DH 98 Mosquito [4]. In the 60s, the whole aerospace
industry started using adhesive bonding technology, convinced it was an optimal solution for
manufacturing lightweight and robust structures [2].

In constant technological progress, adhesive bonding also reached the civil aviation industry
where high performance epoxy based resins are mostly used today. As an example, Airbus
started using bonding in 1972 and Airbus now has more than 345 bonding features in their
whole aircraft families [5].

The future of adhesive bonding is also promising since the perpetual need for better
performance will keep increasing the high demand on the adhesive bonding technology and
generate new application fields with new challenges.
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2.1.2 Advantages of bonding over other assembling technologies

Many reasons can be invoked to justify the development of adhesive bonding. This assembly
method has several advantages over others processes [2]-[8]: a structure assembled with
adhesive bonding will benefit from an homogeneous stress distribution, thus minimizing any
stress concentration that appears with any other types of discontinuous assembly methods
(e.g. riveting, screw fastening, point soldering, etc.).

Since additional fastening elements like bolts are not required with adhesive bonding, this
method is also a good enabler for light, strong and even complex structures. Stoeven also
states that thin metal or composite structures are preferably bonded whereas mechanical
fastening is more adequate for thick structures.

Also, the uniform stress distribution enables structures featuring high fatigue resistance and
thus longer service lifetime than structures that had to be machined (bored, hardened, etc...)
prior to assembly.

Bonding is also a method allowing one to join two materials of different chemical nature. A
continuous adhesive joint acts as sealants and so features interesting properties in
electrolytic corrosion protection and damping of vibrations and sound. In line with other
assembly processes, adhesive bonding benefits from a full automation capability, which is of
great interest for its use in the industry on assembly lines.

As a final feature, Kwun et al. stated already in 1989 that adhesive bonding may allow
reduction of the manufacturing cost of a structure.

All these advantages present adhesive bonding as the ideal solution for the next generation
of joined structures. In opposition to other assembly methods, there are however technical
challenges that prevail a larger application field.

2.1.3 Challenges for adhesive bonding

Limitations restricting a wider field of application of adhesive bonding are numerous.
Although bonding is a wide spread assembly method in industry, the scientific world is still
not agreed on a single explanation about how adhesives adhere [3]. A real lack of knowledge
exists regarding the mechanisms of adhesion and the corresponding failure mechanisms on
the physico-chemical level (molecular models for adhesion and its physical description). For
this main reason, the aeronautic industry does not trust this method enough to use it for high
loaded, so-called “primary”, structures; instead, adhesive bonding is used for “secondary”
structure (e.g. spars, stringers, etc.) were a possible failure would not be directly harmful to
the integrity of the aircraft.

Many parameters are important in the quality of the adhesive bond: it all starts with the
bonding processes. These processes will be described in detail in a further part of this
chapter with focus on aeronautic applications only. However, it has already to be mentioned
that the realization of a good bond requires in general a clean adherent surface that has
been prepared and that presents a good affinity with the adhesive. In specific cases, the
adhesive may be tolerant to contamination but in most cases, contaminations such as dirt,
grease, etc. are prohibited and removed prior bonding operations [9], [10]. A good wettability
of the adherent surface is also needed for an optimal bonding process. The bonding process
including the surface preparation, the materials handling and the adhesive cure require a
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demanding control [2], [3], [6]. The process parameters are essential for the quality of the
adhesive bond and their control is mandatory in order to avoid defects.

Adhesive bonds as any other material part can contain defects. Within this chapter, defects
are here understood as material imperfections like delaminations, disbonds, porosity, voids
(high volume porosity), incorrect matrix cure and cracks as represented in Figure A.1 [4], [11].
After the bonding process, quality inspection is performed and must be able to detect any
defects in the finally assembled body which cannot be detected by visual inspection, most of
the time [6], [12]. For additional definitions of defects, please refer to the Glossary.

It is at this stage that non-destructive testing (NDT) methods are used to carry out the quality
control of the produced adhesive bond.

Figure A.1: Typical defects in adhesive bonds [4].

2.1.4 Limitations in the quality control of adhesive bonded parts

Non-destructive Testing (NDT) methods, also known as Non-destructive Evaluation (NDE) or
Inspection (NDI) in different industries, are methods implemented in the production process
and during the lifetime of a product to enable the control of its structural integrity, and by
extension, of its properties. The terms are more or less randomly chosen in the literature
since no clear distinction exists. As a common understanding for the use of these terms in
this study, it may be referred to the term NDT in the case of a test of a product, performed
according to existing and clearly existing inspection standards. In such a case, the term
‘Testing’ would make sense since the results of the NDT inspection can only be either ‘test
not passed’ or ‘test passed’ meaning that a defect as specified in the standard has been
detected or not. The appellation NDE may be referred to in the case of an inspection leading
to a general judgment of the part integrity and lifespan, based on the observations made
whether a standard for the process exists or not (see glossary).

In general, NDE represents an important constraint of time and costs for high volume
production where a large number of parts need to be treated. It is however often mandatory
to ensure the quality of the produced elements. As well as for metal products and metal
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bonded structures, NDE is used on adhesive joints for composite materials. The literature
reports a large amount of studies about techniques established for the NDE in composites
and bonded joints. Out of the five major methods used for metal inspection, only ultrasonic
testing [4], [13]-[16] and X-ray radiography [4], [14]-[16] are used for composites up to date,
due to the difficulties with an inhomogeneous material. Alternative methods such as low-
frequency vibration (Tap test [17], Woodpecker, Fokker bond tester [17], [18]) Acoustic
emission, infrared thermography (IRT), shearography [19] were also developed [4], [14].
Those methods are successful in the defect detection as underlined by Baumann et al. [16]
in the case of delaminations or in general by Valeske et al.[14] and Nottorf et al.[12]. They
are all standardized methods within the aeronautic industries.

Some common techniques are introduced briefly in the next paragraphs [20]:

- Low-frequency vibration tests:

the low-frequency vibration tests include several methods such as the tap test, the
automated tap test (with the woodpecker), and the Fokker bond tester. For all those
techniques, the surface is tapped with a tool producing a constant frequency and the sound
of the intact adhesive bond is recorded as a reference. When a defective bond is tap, the
sound generated is changed by a frequency shift.

The Fokker bond tester is based on the damped spring-mass system. The substrate is
considered as the mass and the adhesive layer, the weightless spring and damper.

Those test work with a large variety of manual tools (from coins to specific hammers) or
electronic hammers with integrated diagnostics. The Woodpecker for instance, is an
automated hammer offering selectable tapping intensity and frequencies ranging from 2 Hz
to 16 Hz for the inspection. The defect detection is based on a qualitative evaluation of the
emitted signal attenuation, by comparison between a safe bonded area (reference) and the
part to be measured. Deviations in signal parameters are automatically recorded and
displayed.

The Fokker Bond tester uses a piezoelectric oscillator vibrating at a range of frequencies
from 20 kHz to 500 kHz. It excites the whole bonded part to evaluate the resonance
frequencies and characterize the bonded structures. Two parameters are adjustable: the
resonance frequency A and the amplitude B. The evaluation of both parameters delivers
information about the adhesive layer nature, the substrate and the adhesive layer
thicknesses, the presence of defects and the cohesion in the adhesive layer bondline. The
technique however requires a calibration on reference samples and a correlation to results
from destructive tests. These information are only relative and qualitative and given in quality
classes created with the calibration phase.

Tap tests are easily performed and inexpensive but highly relying on the experience of the
inspector. The defects detection with tap test is limited and it is only used for voids,
delaminations and disbonds research in all kind of thin structures. The Fokker bond tester
has a better sensitivity and is still used for the detection of delamination, voids, porosity,
adhesive layer thickness and corrosion. It also allows the characterization of cure degree,
ageing (exposure to moisture, heat, fatigue) of the bonded part but fails in the detection of
adhesion quality.
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- Ultrasonic methods (UT):

Ultrasonic testing (UT) methods are probably the most versatile NDT methods. The common
principle of these techniques is the generation of a ultrasonic pulse (1 to 25 MHz)
propagating into the material, which would be reflected or attenuated by any obstacle
(defects, inhomogeneities, interfaces). The propagation behavior of the ultrasonic waves in
the material is directly linked to intermolecular forces and mechanical behavior. Ultrasonic
waves are particularly sensitive to the difference of material acoustic impedance Z=p.C;
where p; is the density of the material and C;the sound velocity in the material. All existing
variants of UT techniques involving a contact of a transducer as actuator and/or sensor
require the use of a coupling medium (water, oil, gel) to minimize the loss of signal. Once the
ultrasonic wave has been reflected or transmitted, a sensor detects it and delivers
information such as the intensity (defect size, adhesive properties) and the time of flight of
the ultrasonic wave in the inspected part (depth of obstacle).

Two main modes of inspection exist: the pulse-echo mode where the actuator is also the
sensor, and the transmission mode where two different actuator and sensor are used. The
major hurdle in the use of UT relies in the need of a coupling agent. A large variety exists
however: contacts measurements with the sensor on the surface, immersion measurements
(usually in water tanks), squirter measurements (flow of water onto the surface to avoid
complete immersion), air-coupled ultrasound measurements (without coupling medium but
therefore limited in the frequency range), and laser stimulated ultrasound measurements.
Finally, a large variety of sensors size, orientation and geometry enable different US waves
directions and beam pressure travelling in particular directions in the bonded part. This
variety of sensor enable also the generation of longitudinal, transversal and Lamb waves for
the detection variable defects orientations and geometries.

Ultrasonic testing offers a wide range of applications for the defect detection starting with the
inspection of porosity in bond lines, delaminations and disbonds in bonded parts or even
sandwich composite structures, to the determination of the precise position, size and
geometry of defects in the complete part.

- X-Ray radiography (RT) and computed tomography (CT):

A X-ray source (up to 75 kV for a standard installation or up to 450 kV for computed
tomography) irradiates the bonded part and reveals the presence of various types of defects
depending on the absorption of the x-rays. This absorption is linked to the density of an
element, and so high atomic number elements tend to absorb more X-rays than lighters such
as organic compounds. The transmitted X-rays are measured behind the inspected part,
either by a film plate or modern numerical detectors, nowadays directly connected to a
computer.

X-ray radiography reveals successfully the inner defects of bonded metallic and composite
parts. The computed tomography enables an even finer detection of small defects displaying
also three dimensional views of the inspected part. The orientation of the bonded part
regarding the irradiation is also a key parameter for an optimal result. In the case of the
classical radiography, the X-rays travel through the complete thickness of the bonded part
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and are therefore not sensitive to in-plane defects. These techniques are usually selected for
the detection of defects in sandwich structures, and mostly for the inspection of defects
suspected to involve change of absorbance of X-rays (voids, porosity, water inclusions,
presence of metal and composite materials) or reveal a deformation of the structure.

A comparison study of all these methods categorizes the technologies according to their
detection capability, cost-efficiency, time-efficiency, mobility, reproducibility, training required,
resolution. The results from the comparison in the detection of 15 types of defects in
monolithic CFRP panel is given in Table A.1 to illustrate the potential of the visual testing, the
ultrasonic testing, the infrared thermography, x-ray digital radiography and computed
tomography [21]. These methods are illustrated in Figure A.1. More detailed information can
hardly be given for any NDT technique because the effort required is highly dependent on
the application targeted.

Table A.1: NDT Methods comparison based on the detection of 15 artificial defects placed in
the mid-thickness in monolithic unidirectional CFRP coupons (6 plies - 0.8 mm thickness) [21].

NDT Method
legend: - not satisfying, + acceptable, ++ good, +++ optimal, * 3D information
VT ut IRT RT CT
Detection Capability | £y resolution +++ +++ + +++ *
Indicative Range (size) at surface mm mm mm um
only
Cost-efficiency +++ + +++ - -
Time-efficiency +++ ++ +++ ++ -
Moblllty/Mfaasurement et it it it _
size
Reproducibility - +++ +++ +++ +++
E .
ase of use_ / Training et 4+ i i _
required
Maximal resolution + + ++ ++ +++
Adhesive Strength - - - - -
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Figure A.1: View of typical experimental setups and principle for the NDT techniques ultrasonic
testing (UT), infrared thermography (IRT) and X-Ray Computed Tomography (CT) [14]

It has to be highlighted that none of those techniques, that would be referred to as
“conventional” NDT methods, is yet able to assess the performance of an adhesive bond
in term of adhesion quality, its mechanical strength or its properties. The literature
unanimously agrees to this statement [4], [14]-[16], [22].

The determination of such properties directly linked to the bond quality goes beyond the
classical ‘defectoscopy’ purpose of the NDT methods and can be referred to as a
‘propertyscopy’ goal. This limitation of the adhesive bonding technology is from utmost
importance. It represents one major stake in the further development of this technology.

To summarize, the quality of the adhesive bond can be defined as the absence of defects,
durability in the service environment, mechanical performance and the fulfillment of
additional optional requirements depending on the final application [6]. The quality is thus a
parameter that goes beyond the defect detection currently available thanks to NDT. In
opposition to the quality of other assembly technologies, the quality of an adhesive bond
requires that the physical and chemical properties of the adhesion and in the interphase with
the adherent surfaces could be characterized [22].
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2.2 Influences on the adhesive bond

To understand the influences that contaminants such as water, or that thermal degradation
can have on the physical and chemical properties of an adhesive bonds on CFRP, the
mechanisms of adhesion shall be described first.

2.2.1 How to describe adhesion — models and descriptions

As an introduction to adhesion theory with respect to NDT and NDE, the literature may
introduce the adhesion in a simple way, for instance as a well distributed ensemble of many
individual contacts with various strength that transmit the forces (the so-called spring mass
model) [23], [24]. Scientists however hardly agree on one single detailed mechanism model
to explain adhesion. If the literature does not agree on only one mechanism, it is also due to
the fact that all mentioned mechanisms are more or less applying at the same time. All those
parameters are closely linked and cannot be separated from another. On top of that, the
measurement of each of this phenomenon is yet still hardly achievable.

Four main complex theories are proposed to explain the mechanism of adhesion [2], [6], [25]:

- mechanical interlocking, based on friction up to the micro level closely linked to the
roughness and the wettability of the adherent surface;

- diffusion, when the penetration of molecules from the adhesive into the substrate is
possible depending on the chemistry of both (absorption);

- electrostatic, in some cases with electrostatic forces establishing between the
elements from both the adherent surface and the adhesive, and finally;

- thermodynamic adsorption, relying on strong chemical bonds between atoms and
molecules from each partner.

Among these mechanisms, the thermodynamic adsorption is however the most accepted
one: adhesion comes from the forces that appear between the atoms in the two surfaces
when the two surfaces are in intimate molecular contact. To allow this molecular contact, an
optimal wettability between the adhesive and the adherent surface is a necessary condition.
Common bonds are Van der Waals and Hydrogen (up to 12 kcal/mol), known as secondary
bonds, whereas lonic, Covalent and Metallic bonds are a lot stronger (up to 250 kcal/mol for
a ionic bond) and known as primary bonds [6], [26].

The adhesion quality depends on the chemical bonds between atoms of the adhesive and
adherent surfaces and the molecular structure and molecular mobility in the interphase
region [25]. Boerio et al. stated several factors for an improved adhesion quality: increasing
mechanical interlocking through high roughness, maximizing the thermodynamic work of
adhesion or, forming specific bonds across the interface [27]. Adherent surface preparation is
strongly recommended in order to improve the adhesion performance and exploit the factors
mentioned, by increasing the roughness and optimizing the chemistry of the adherent
surface for instance. All these mechanisms are roughly synthetized in Figure A.2.
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Figure A.2: Simplified physical and chemical mechanism of adhesion models incl. Van der
Waals interactions, chemical bonding, capillary interactions, mechanical interlocking, suction
forces, diffusion, electrostatic forces and magnetic [28].

In opposition to those last approaches for an improved adhesion quality, several other factors
have severe influences on the composite matrix and so, the adherent surface and by
extension the adhesive bond itself.

2.2.2 Degradation of adhesive bond

The literature treats extensively from influences on epoxy materials, including composites [2],
[4], [6], [16], [29]-[33]. Although most of the articles refer to bulk epoxy, to epoxy bonded to
metal or even glass fiber epoxy composites, the statement is the same: epoxy is subjected to
the deterioration of its chemical and physical properties at molecular level due to external
influences such as electromagnetic radiation, mechanical loadings, thermo-oxidation, and
most of all, chemical contamination (from water to aggressive solvents). Those two last
influences being risks present in the manufacturing stage, their effects deserve to be
developed.

Thermo-oxidation (exposition to high temperature in presence of air) leads epoxy to
experience several chemical and physical changes. At low temperatures, epoxies first have
their glass transition temperature (Tg) increased: this effect can be attributed to post-curing
in the material [34]. However, over time thermal degradation provokes a decrease of Tg,
which characterize chain ruptures in the material and so, a loss of mechanical performances
as assessed in the frame of Young modulus (DLTMA) and shear strength (ILSS)
measurements [35], [36]. The temperature gradient in the material also generates
mechanical loads and stresses, especially in the case of fiber reinforced epoxy where
thermal conductivity is different between fibers and matrix. The material can expand and
micro-cracks may appear with temperature increase. Over the limit of 250 °C, the damages
appearing can be softening, delamination, cracks and charring. Such temperatures lead then
to macroscopic defects that are detectable with NDE methods [37].

Chemical contamination can occur due to many different fluids from different chemical nature
(acid, alkali, oils, etc.) Among them, the case being most studied might be hydrothermal
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degradation. Consequently, the literature reports on moisture ingress in epoxy composite [6],
[38]-[42]. Moisture can be absorbed from the humid environment or from direct contact with
water up to around 5 wt.% in a thermoset resin [38], [43]. In bulk epoxy, three distinct
moisture absorption processes are suggested by Laplante et al.: according to Langmuir two-
phase model, the two state of diffusion of water as either rapid absorption of bound water
(water molecules having chemical interaction with the epoxy), or diffusion of free water (free
water molecule without chemical interaction) and increase of surface concentration [38]. In
the case of fiber reinforced composites, it is suggested by Banks et al. that water may diffuse
by permeation through the matrix and by percolation along the fibers, accelerating the basic
diffusion processes [44].

On both types, water molecules react with the hydrogen bonds and Van der Waals bonds in
the epoxy network. Water induces a plasticization and a stress relaxation. The molecular
mobility is increased whereas the value of glass transition temperature is decreased. One
wt.% of water can be responsible for a loss of 10 °C in Tg according to Banks et al. [44]. The
plasticization is reversible but over time, water may cause a swelling and so, an increase of
porosity and a debond at the fiber/matrix interface [41], [42], [45].

The consequence of moisture absorption are severe reductions of mechanical properties (up
to 25%) [40], loss of tensile resistance [16] and even de-wetting or debonding the adherend
interface [44] in the case of epoxy adhesive bonds. In any case, moisture absorption has a
global impact on the durability of the material.

The consequences of the degradation or contamination prevent any safe adhesive bonding
processes from being performed. The surface state and absence of any degradation must be
assessed by a control method to avoid a defective or weak adhesive bond.

2.3 Quality assessment within bonding process

The purpose of the following section is to introduce the control methods for the quality
assessment implemented in bonding processes in the aeronautic industry as they are
defined up to day. Over the past decades, the world of adhesives has been seriously studied
by standardization offices and ASTM or even MIL norms currently exists regarding adhesives,
bonding processes, environment and many other important parameters to the adhesive
bonding in general [8]. Being mostly related to industrial processes, this part will be
dedicated to the standards of the aeronautic industry, here represented by Airbus. About that
example, it shall be mentioned that though each manufacturer (OEM) in the aeronautic
industry has its own standards, no details are disclosed in this chapter as this knowledge is
protected as individual knowhow by special intellectual property (IP) contracts and is not
allowed to be published.

Structural adhesive bonding is an assembly process used at Airbus for instance in the case
of monolithic and sandwich composites, for joining stringers in the role of doublers and/or
stiffeners, as well as for load transfer parts. The following three processes are established for
composite assemblies [7]:

- Secondary bonding: two solid cured parts are bonded together with an adhesive

- Co-bonding: one uncured part is bonded to a cured solid part with or without any

adhesive
- Co-curing: two uncured parts are bonded together with or without any adhesive
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These processes involve several critical steps that require close inspection and
control. Norms and standard internal procedures rule the different steps that are performed
in the processes by Airbus. As an example, the steps range from surface preparation, time
between pre-treatment process and application of adhesive, work life condition of adhesive
and adherend material, shop conditions during the bonding operations, till the preparation for
the cure and curing operation.

This introduction shall give the reader an overview of the critical surface preparation protocol
as well as the control methods used in the whole process chain of structural adhesive
bonding for composite parts.

2.3.1 Surface preparation

The surface preparation is a decisive step in the realization of an adhesive bond since it
sets up the quality of the adherend. This step is closely controlled by procedures written on
the basis of qualification and test programs.

As mentioned in the limitations of the adhesive bonding, a decisive parameter of the surface
preparation is the demanding control of the environment where the operation of bonding
takes place. Norms rule the concentrations of airborne particles, or even specify the
temperature and humidity rate for optimal work conditions. The work conditions as specified
in the norms are optimal for the handling and the conservation of the chemical and physical
properties of row materials. Any deviations in the process parameters are likely to affect the
quality of the final product. The preparation itself shall take place in a clean, dry and isolated
area to prevent the surface from any contamination. The surfaces must be clean and free
from contaminations such as fatty substances, oils, foreign bodies or any other pollution
likely to affect the bonding operation and lead to failures of process, loss of quality and/or
defect formation. This cleanliness is usually assessed by means of close control and
inspection (detailed in the following paragraph) before and after the numerous critical pre-
treatment processes in place in the serial production. They aim at removing the potential
contaminants and excess of resin above the reinforcing fibers [11], [46]-[49].

Among those pre-treatments, the use of peel-ply to be removed before the application of
post-treatment has become a standard. It ensures a cleanliness and roughness of the
adherent surface. The peel-ply removal is still a part of the manufacturing process, allowing
at the same time a contamination control and a minimum surface preparation. Further
treatments besides the simple cleaning may be applied to even increase the sensitivity of the
surface for the next steps (e.g. bonding, etc.). Those treatments may be referred to as
activation treatments. Typical activation treatments would involve:

- Mechanical abrasion and grit blasting techniques: dry or wet, those treatments are
efficient in removing matrix excess and generating a specific roughness, they are
however highly time consuming and operator dependent although they can be
automated. Mechanical treatments also require cleaning steps with solvents and/or
water to remove the dust generated with the abrasion.

- Chemical surface modification: either by etching or by laser ablation, plasma
treatment activation of the surface, those methods enable the modification of the
adherent surface chemical composition and contribute to the adhesion mechanisms
[501, [51].
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Once this preparation is completed, the adherend material has to be processed as fast as
possible to avoid re-contamination and potentially, to benefit from a chemical activation of the
adherent surface. The relevant and compatible adhesive (formerly qualified through test
programs) can be applied on the adherend material and the bonding operation shall start. If
however the bonding operation cannot be performed immediately, adherend parts have to be
stored and hermetically packed. They may require a new activation in some specific cases.

2.3.2 Methods for the control of the adherent surface

A lot of methods other than NDT techniques are established for the critical characterization of
bonded composites before, while and after the process of bonding itself. The methods here
introduced are either analytical or mechanical and allow the characterization of the
surface and the bonded structures to obtain information related to the surface state [7].
They are integrated into the bonding operations to guaranty the quality prior to bonding.
Unfortunately most of them cannot be integrated into the bonding process itself.

It must be noticed that these methods, which are mostly applied for the surface quality, are
additional to NDT techniques for the defect detection (previously mentioned in section 1).
They are usually not applied to the real component itself but require additional reference /
test specimens manufactured along the component.

Surface characterization prior to bonding is thus done by means of:

- Visual inspection: visual inspection of prepared surface shall be performed for each part to
check whether the pre-treatment was carried homogeneously on the entire surface. Visual
inspection also allows the control of the homogeneity of the visual appearance of treated
areas (e.g. spots, shadows).lt is performed for the detection of any damage to the
component surfaces (e.g. abrasion, scratches), the dimensions of the parts, and of any
visible contamination or foreign bodies.

- Water break test: after pre-treatment by abrasion or blasting, a water break test (WBT) is
performed on the pre-treated adherent surfaces to be bonded to evaluate if contaminants are
present. This method, which relies on the visual inspection of the continuity of a film of water
flowing on the surface, is only qualitative and therefore criticized for not being sensitive
enough and too subjective [46], [52]. It remain a standardized and used inspection method
within most manufacturing processes of CFRP in the aeronautic industries.

Alternative methods for the characterization of the surface are also being developed and are
still under development within technology suppliers and research groups:

- The Aerosol Wetting Test (AWT) is an quantitative wetting test to be opposed to the current
WBT. The same principle is however applied and the wettability of the surface is checked
through the wetting angle of droplets [33], [53]. Droplets of de-ionized water are vaporized on
the surface whose energy influence the diameter and repartition of the droplets. The mean
size of the droplets is evaluated and correlated to the surface cleanliness state, automatically.
Other technologies based on wettability test exists but the statistical evaluation of the droplet
size over a surface is a special feature of the AWT, making it a good candidate for a
technology applied within the manufacturing process. This alternative technology is still
under development (European Project ABiTAS) but a first version is available commercially
[48], [54].
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- Spectroscopic methods could also be used to analyze the elemental composition of the
adherent surface and even the adherend itself. This purpose has been developed thoroughly
in the approach of the European Project ENCOMB (Extended-NDT for Composite Bonds)
[55]. The following methods are being adapted in this project but had already been
investigated before for detection of contaminants on CFRP parts: EDX and ESCA [33], Laser
Induced Breakdown Spectroscopy, FT-IR Spectroscopy [39], [56], Optical Stimulated
Electron Emission [52]. They are yet not giving the level of information required to evaluate
the presence of a contamination and correlate them to the adhesive bond mechanical
performance.

During the bonding process, it is the process itself that is controlled. From the
autoclaves, curing ovens, presses and related equipment, the parameters like temperature,
pressure, vacuum and time are to be recorded and controlled continuously to ensure no
derivation from the procedures.

Mechanical methods for the characterization of the surface are also used in the industry,
mainly after the bonding process. These methods are however destructive and therefore
applied to representative bonded specimens instead of real structural parts. They deliver
information related to the mechanical performance of the adhesive bond and the failure
behavior reveals help revealing what is responsible for this performance.

In the literature, mechanical testing is recognized for being the most adequate way to
characterize the adhesive bond mechanical performances [56] if not the only one [6], [11],
[57]. Those mechanical tests are quasi-static and their diversity allow the determination of
either the energy necessary to debond an adhesive bond, or the energy necessary to
generate and propagate a crack along the adhesive interface, both continuously or as a
whole. They are standardized internationally, by ISO and/or ASTM norms and sometimes
even by intern manufacturers norms derived from international ones [58].

Among the test methods applied to bonded specimens, one of the most famous is the
determination of the double cantilever beam test (DCB) and its tapered variant. This test
aims at determining the interlaminar fracture toughness energy in mode | (perpendicular to
the adhesive bondline) “G;c” since its result as the mechanical solicitation of the interface
adhesive bondline — substrate can be related to the surface substrate state prior to bonding
[58]-{60].

[ __—— Piano hinges § I T——
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Adhesive layer

Figure A.3: Double Cantilever Beam specimen with piano hinges and release film for crack
initiation [58].
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This cleavage test is performed with use of a pre-cracked double cantilever beam specimen
and consists in opening it by applying a stress on both sides of the pre-cracked extremity
(Figure A.3). To be representative, the specimens are manufactured with the same material
and under identical conditions including surface treatment as the original part. The absolute
requirement is that the failure behavior in the crack propagation must never be adhesive i.e.
the rupture must not take place at the interface between the adhesive and the adherent
surface.

Other characteristic measures are the Single Lap Shear Strength and the Interlaminar Shear
Strength [53]. In those cases, the specimens are not pre-cracked and the specimens are
tested in shear (Figure A.4). The interlaminar shear strength is a measurement of the
resistance of the composite to delamination under shear forces parallel to the layers of the
laminate. It is defined as the maximum shear stress calculated at half thickness of the
specimen at the moment of first failure [61].

f

Mode | Mode Il Mode I
Opening In-plane shear Qut-of-plane shear

Figure A.4: Mechanical Failure modes |, Il and lll (en.wikipedia.org)

Finally, to evaluate a successful curing operation, the measure of the Glass Transition
Temperature with Dynamic Mechanical Analysis (DMA) and of the Degree of Cure with
Dynamic Scanning Calorimetry (DSC) can be performed respectively on the cured laminate
and adhesive.

All methods introduced herein are standardized. The performance of several controls, for
instance DSC and DMA is mandatory to check the compliance of the adhesive bonding
process with the requirements. Mechanical tests are performed to assess that the adhesion
is of high mechanical performance and that no contamination or other surface pollution has
weakened the bond. It is however not mandatory for all manufactured parts to perform them
along the manufacturing.

2.4 Weak Adhesive Bonds

The previous sections stated that adhesive bonding is well implemented in the industry.
Quality is ensured thanks to care in the surface preparation, rigorous monitoring of bonding
processes, standard control methods that are proven to be efficient for the detection of
defects. An important lack in adhesive bonding is still the ability to assess the adhesive bond
mechanical strength.

The notion of weak adhesive bond need to be detailed in this section, therefore.
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2.4.1 Definition of a Weak bond and a kissing bond

A term to refer to weak adhesive bonding well spread in the literature is the appellation
‘kissing bond’ [15], [16], [62]. The use of the expression ,kissing bond* is strongly depending
on the scientific focus of the corresponding researcher, coming either from the ,NDE
community“ or being part of the ,adhesion society®. It is usual to read kissing bond for weak
bond in the literature, and some authors use this name as a generic for all types of
weakened bonds (slip bond, smooth bonds, partial bonds, zero-volume disbonds and
imperfect interfaces) [63]; In this study, the name kissing bond shall be kept for the particular
case where the adherent surface and the adhesive are in intimate contact i.e. “kisses” each
other but without chemical bonding to the substrate surface. This would mean that no
adhesion exists between the two interfaces. The case of a zero-volume disbond is identical.

With regard to inaccurate use of the term kissing bond, the more general term ‘weak bond’
shall be privileged in this study. The present definition is present in the glossary. According to
the literature, a “weak bond” shall also be understood as a defective adhesive bond
presenting the following characteristics [64]-[66]:
A. The strength measured with a lap shear test must be below 20% of the nominal bond
strength.
B. The mode of failure must be adhesive in type (i.e. purely at the interface between the
adherend and the adhesive)
C. The weak bond must be undetectable from normal bonds with classical NDT
techniques.

In this study, the term “weak bond” will be employed. It will refer to all possible adhesive
bonds whose manufacturing process has undergone any deviation from the standards,
leading to a significant decrease of the adhesive bond mechanical performances to mitigate
the 20% below the nominal bond strength, either by lap shear test or another test, but shall
also show an adhesive failure profile and shall not be detectable by any NDT method.

The adhesive failure is the worst case scenario where the load propagation provokes a
failure at the interface instead of within the material. This failure mechanism must be avoided
whereas cohesive failure is the ideal case.

2.4.2 How to produce a weak adhesive bond

If the presence of weak bonds has been clearly recognized as a problematic for an
expansion of the application fields, proper methods to produce such weak bonds and, to
study them are still to be defined. This concept of weak bond includes several factors:
adjustable adhesion, adjustable cohesion, adjustable co-bonding process, damaged surface
and inactive surface as represented in Figure A.5.
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Damaged surface

Pre-cured CFRP
/ Adjustable adhesion

Inactive adhesive surface

Adjustable cohesion
Pre-cured OR uncured CFRP

Adjustable “co-bonding”

Figure A.5: Possible influence factors for the generation of a weak adhesive bond in CFRP
structures (depending on adhesive bonding process)

The previous studies found the literature agree on the fact that a combination of several key
parameters [63]-[67] is necessary for the production of weak bonds matching the criteria
required. It shall be possible to affect the material chemistry (composition of the epoxy
adhesive, cure grade, ageing prior to bonding operations, etc.) but those effects have not
proven reliably in the literature that they could be tuned to focus on the adhesion quality and
so, lead to an adhesive failure. Indeed, the cohesion within the adhesive layer is concerned
in those cases. Regarding the adhesion studies, the most cited key parameters are surface
roughness (mechanical interlocking) and contamination (chemical modifications).

Among contaminations, fuel, hydraulic and de-icing fluids are frequent sources possible bond
weakeners in the aeronautic industry. Still, studies on weak bonds production nevertheless
used other contaminants:

One proposed solution is to use PTFE, either as spray [68] or in the form of Teflon tape and
sheets [69], [70] at the interface of the bond and the adherent surface. One other well spread
technique at this time consists in applying a thin layer of a silicone-based or siloxane-based
mold release agent (Frekote, Marbocote, etc.) between the adherend and the adhesive. The
use of a silicon based agents can also be either in the form of a dry layer [64], or as a fluid
[33], [49], [53], [71], [72].

Those two solutions are relatively simple and do not request complex chemical substances.
The release agents tend to transfer automatically to the composite products, more or less
homogeneously depending on the mold used as highlighted by Peter and Waghorne [46].
Engholm insists on the importance that the contaminant must not diffuse into the material but
stay at the interface. It shall neither be thicker than 10% of the bond line whole thickness to
avoid any mechanical interaction in the performance of the adhesive joint [71]. Rieck and
Wetzel et al. observed that even until a volume concentration of 1%, the effects of release
agents on the adhesive layer were still visible [33], [53].

An alternative solution is to influence the chemical reaction of the adhesive cure, by
modifying the stoichiometric ratio of a two components epoxy paste adhesive. In such a case
it is however decisive to make sure that all the polyfunctional hardener and polyepoxides
have reacted. In the other case, unreacted groups may react with other chemical elements
from the environment over the lifespan of the material. The reaction kinetic is however very
low in such a case. The addition of amine hardeners not participating in the adhesive layer
was studied only on metal substrates by Barroeta et al. but has shown weak mechanical
bond performance [72]. Another method having an effect on the adhesive is the exposition to
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hot/wet environment to generate a skin effect particularly efficient on two components paste
adhesive. This skin effect due to water and CO2 inactivates the adhesive surface which
cannot wet the substrate any more. This method is however only useful with paste adhesives.

It is also possible to proceed to proper bonding operations and contaminate the adhesive
joint by immersing it in different aggressive contaminants as suggested by Jastrzebski [73]:
the use of water, either pure or salted (NaCl) with increased temperature to boost the
diffusion is an example [73], [74]. This solution uses the effect of hydrothermal damage on
epoxy as described in the previous section.

A last possible solution found in the literature is the use of an electrically debonding epoxy
[64]. However, this solution was not ideal since the bond was completely debonded. It could
not match the criteria of a so-called weak bond through precise control of electrical
parameters.

2.4.3 Detection of weak bonds

The detection and first assessment of the presence of a weak bond was naturally studied in
the same sources. Following their definitions, weak bonds are hardly (if not) detectable by
means of NDT methods. This statement is confirmed by the literature. Most studies of weak
bonds are related to metal bonding with epoxy adhesive; research work of Zaeh et al. relates
to the capability to detect weak bonds thanks to thermography on glass bonded to metal
frames, only if appropriate algorithms are designed [68].

Marty et al. employed the Fokker Bond-Tester and the Sonic Bond-Master which were both
unable to detect any differences between a good and a weak bond. Shearography was also
investigated and showed encouraging results but still too far from a mature technology that
could be implemented in the manufacturing process [64].

Chance implemented many established NDT techniques such as oblique incidence
ultrasonics and high frequency ultrasonics and concluded that the small difference detectable
between a good and a weak bond was not relevant enough in addition to very costly
regarding both time and calculations [75].

Brotherhood et al. studied the impact of compressive loading on weak bonds generated by
liquid contaminants and dry contact weak bonds. The study demonstrated that even if the
liquid contaminants were detectable with conventional ultrasonics, the use of compressive
pressure could simulate a perfect intimate contact in the adhesive bond and so, making the
detection a lot more complex. In case of a dry weak bond, the role of the surface roughness
is pointed out: the smoother the surface is, the harder it is to detect an adhesive joint [63].

In case of our interest, the complex composite bonded to composite case, the literature is
rare. Chance and Engholm et al. refer to ultrasonic methods and technologies in adaptation
phase that are promising but no significant detection could be performed yet and the
reproducibility of any attempts seemed to be an issue [71], [75].

22



Chapter A — State of the Art

2.4.4 Conclusion

To conclude this part, the NDT technologies are not sensitive enough according to the
literature. Several conventional methods are being optimized and developed for a better
detection capability but up to today, no method can detect weak adhesive bond reliably and
with a good reproducibility, either on metal or composite substrate. The following part will
now introduce the most promising methods being under development for the detection of
weak adhesive bonds.

3. NON-DESTRUCTIVE TESTING METHOD FOCUSED ON
MECHANICAL BOND PERFORMANCES

3.1 About NDT techniques for mechanical bond performance

In the previous parts of this chapter, it has been stated that conventional NDT methods are
not able to measure the adhesive bond mechanical strength. A review of the alternative
solutions, that may also derive from further development of conventional NDT methods (such
as ultrasonics) are presented in this chapter. Their adaptation towards inspection of the
adhesive bond performance goes in the direction of NDE, and even an extension of the
those appellations since the target will be different from physical defects.

All presented methods have in common that they rely on mechanical waves for the
evaluation of the bond strength, which is itself seen as a mechanical parameter [24], [76].
This mechanical parameter is not affected in the same way depending on its history and
damages it undergoes. Hence different parameters such as frequency, signal form,
amplitude, etc. of the response signal coming back from the adhesive joint are key criteria for
the understanding of the quality of the adhesive joint [23].

Most of the methods presented here are developed so that their detection capability
(measuring probe, sensitivity, etc.) has been optimized for the characterization of adhesive
bonds.

3.2 Ultrasonic (US) methods

3.2.1 Generalities

Ultrasonic inspection is besides using mechanical waves one of the most commonly used
NDT techniques. Conventional ultrasonic methods such as pulse-echo and through
transmission are widely applied for the detection of defects of all kind in all material types.
Despite the enthusiasm in the use of ultrasonics, this NDT technology is known for not being
able to detect changes in the adhesive bond strength [77].

The ultrasonic waves can nevertheless yield information regarding the morphological and
elastic features at the interface of adhesive bonds by their behavior in the material inspected,
and so be used as an NDE technique [78].

Their propagation behavior in the material is directly linked to intermolecular forces and
mechanical behavior: depending on the mechanical properties (decreased modulus,
nonlinear stress-strain behavior) the most adequate method of ultrasonic inspection may be
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selected [76]. Hence, as an example, depending on the strain applied the material may have
a nonlinear strain-stress curve and transmit the ultrasound nonlinearly, providing higher
harmonics and so, information about the bond strength [24], [79].

Smith et al. performed a large experimental campaign regarding several different ultrasonic
methods [76]. Among all ultrasonic inspection techniques, Smith et al. assume that such
methods might be sorted in two categories whether the technique focuses on measurements
of out-of-plane (with compression waves) or in-plane (with shear waves) stress-strain
properties regarding the bond interface. It is also suggested that the use of shear waves may
be wiser since an adhesive bond is designed to support shear stress more than compressive
stress.

A description of each ultrasonic technique found in the literature is provided here for an
overview on this technology to characterize adhesive bond strength. The first introduced
techniques are using compression-wave ultrasonics for out-of-plane stress-strain
measurements.

3.2.2 Normal Incidence Narrow-Band Pulsed Spectrometry

The first technique is in the principle like the basic one, used also for conventional ultrasonic
inspection (see Figure A.6). It corresponds to the emission of ultrasonic waves with a defined
frequency. Two modes can be highlighted: ultrasonic can be performed whether in the pitch-
catch (through transmission) mode, by using one transducer to emit the sound wave and one
other for receiving it, or in the pulse-echo mode, by using the same transducer for the
emission and detection of the sound wave.

Each of these modes have their advantages and are applied in most of the other existing
ultrasonic variants.

UT Probe
Transmitting/Receiving

Incident Reflected
Wave Waves
L~

UT Probe
Receiving

Figure A.6: Ultrasonic Testing in normal incidence with pitch-catch (one single transmitting
and receiving transducer) or through transmission (two different transducers).
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3.2.3 Swept-Frequency (US Spectroscopy) Technique

The swept-frequency method, also known as US spectroscopy involves the capture of
multiple superimposed reflections through the structure and determining the amplitude and
frequency of each reflection in the material, as they are characteristic to each interfaces and
layer present in the bonded composites.

Smith et al. tested this method on an adhesive bond immerged in water at 50 °C over a
period of 17 weeks. They observed that peaks can be selected in the whole frequency
spectrum to monitor the properties of adhesive joints; measures showed that the amplitude
and frequency between the peaks are indeed dependent on the properties of the adhesive
layer (thickness, interaction with ultrasonic, etc.) [62], [76].

3.2.4 Harmonic Imaging (Nonlinear Ultrasonic) Technique

The method of nonlinear harmonics, also called harmonic imaging, relies on the principle that
binding forces have a nonlinear mechanical behavior and as a consequence, generate a
nonlinear modulation of the transmitted or reflected sound wave. The amplitude of the
ultrasonic wave needs to be high enough to cause a local mechanical deformation in the
adhesive bond to generate non-harmonic components. These components are hence
expected to yield information regarding the adhesive bond strength [1], [77], [80]. An
illustration of the ultrasonic waves with interacting shear waves emission is given in Figure

A.7 [81].
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Figure A.7: Experimental setup for the generation of ultrasonic shear waves for the non-
collinear investigations according to [81].

Bockenheimer et al. studied the case of acoustic resonance in a four weeks hydrothermal
aged multi-layered bonded metallic system [1]. They used a typical standard nonlinear pulse
receiver ultrasonic system at the frequency of 2.12 MHz for a power around 6 kW. They
stated that the amplitude of the fundamental wave (A1) and second wave (A2) were
increased and did depend on the thicknesses of the layers. No difference in the amplitude
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between the second harmonic and the first one could be observed in the scatter of the
measurements. In similar experiments, Baumann et al. concluded that no correlation could
be done with regard to the second harmonic A2 due to consequent interferences [16]. Smith
et al. managed to detect a small difference in the third harmonic (A3) of 3 dB with the second
harmonic, but by comparing bonded and disbanded joints, only [76]. Brotherhood et al. and
more recently Yan et al. focused their work on the investigation of the effect of loading a
nonlinear parameter such as respective A2/A1 or A2/A1? ratios [63], [80]. Their studies are
based on varying the compression of Al rods with one layer of adhesive in between and so
enhancing the ‘perfect’ intimate contact as in a kissing bond, until no nonlinearity could be
detected anymore. Above a value of 4.0 MPa, the nonlinearity with load decreases much
slower than below which was attributed to the major effect of a clapping mechanism below
and the acoustic contact adhesive material nonlinearity above. Also, a nonlinearity effect was
to be seen due to the presence of the PUR adhesive between the rods, which was absent
between the simple Al-Al rods contact. This effect may not be present in the case of an
epoxy adhesive bond layer in CFRP material, where all substrates and adhesive would have
a similar nonlinear behavior.

All research work on this technique agrees on the fact that the technique is not mature
enough for an application on adhesive bonds, especially in the case of weak bonds in epoxy
composite materials. Even if it is considered a promising technique, nonlinear ultrasonic still
suffers lots of errors originating from all possible sources (bonded material, measuring
devices, probes and coupling system, etc.) that need to be solved [16], [77], [80].

Next development steps for this technique involve further investigations with a better control
of the disturbance parameters and theoretical calculations and models. They shall help
developing a quantitative measurement of the adhesion strength. Also, a combination of this
technique with other ultrasonic techniques such as the oblique spectroscopy ultrasonic
method is considered to be a possibility for better results [78].

The next techniques are based on shear-wave ultrasonics for in-plane stress-strain
measurements. The physical idea behind this approach is that the use of shear waves may
yield more information since in-plane stresses are applying along the bondline and its
interface with the substrate.

3.2.5 Oblique Incidence Ultrasonic Technique

The oblique incidence technique has been the first method involving shear waves. Shear
waves are generated due to the angle of incidence in the material (generally optimal with an
angle of 14° for the shortest ultrasonic path in a composite bonded structure) and allow a
potentially more sensitive examination of interfacial properties. In Smith et al.’s study, the
detection of ‘kissing bonds’ could however not be achieved even though the method was
proven sensitive to degradation through water contamination.

3.2.6 Guided Waves Ultrasonic Technique

Guided waves are a variant of the oblique incidence technique, easily performed by moving
apart the transducer in charge of the emission and reception. The signal is reflected in the
material several times before reaching the detection probe and so, has different modes
yielding information about various properties. Smith et al. relate that good results are claimed
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for the detection of weak bonds, yet only in materials with highly different acoustic
impedance. As a consequence, one may doubt any detection capability in the case of an
epoxy composite bonded with epoxy adhesive.

3.2.7 Shear Wave Resonance Ultrasonic Technique

Shear wave resonance is a method experimented on metallic adhesive joints. Based on the
condition that the longitudinal velocity of the metallic material being twice the shear velocity,
a series of thickness-shear resonance with particle motions, relatively parallel to the surface
and so the adhesive bond interface can be observed.

In such cases, an adhesive bond causes a damping and a modulation of the shear wave
resonance. The importance of the damping and shift in frequency is believed to be
determinant for the characterization of the adhesive bond modulus. Considered promising in
metallic bonded structures, no results of experiments with this technique for adhesive bonds
in composites have been found in the literature, yet.

4. OTHERS PROMISING NDT METHODS

Besides the ultrasonic techniques introduced in part 3, other NDT techniques are being
adapted for the inspection of adhesive bonds quality. ‘Exotic’ solutions are also being
developed to be either used for an inspection or to be integrated within the bonded structure.
This last approach deals with integrated monitoring concept also known as Structural Health
Monitoring (SHM) solutions which are introduced in the end of the present part.

4.1 Shearography

Digital shearography consists of the measurement of in-plane and out-of-the-plane
deformations thanks to acquisition from coherent electromagnetic waves (light) between an
object and the detector on the inspected surface in first, a standard state, and secondly, in a
stressed state (due to e.g. thermal, vacuum, vibration excitation). The difference of the light
registered between the two states delivers a shearogram which reveals down to nanometers
deformations at the surface thanks to a change in the stiffness in the material [15]. Thin
metal or composite panels and sandwich skins are good candidates for this technique in the
frame of NDT inspections.

For NDE of mechanical bond strength, first tests conducted showed detectability of stiffness
changes under certain conditions: heat applied at the surface of the bond caused a larger
displacement in the case of a good bond [64]. Other tests showed that weak bonds
detectable were in fact delaminations in the epoxy [82].

The detection of delaminations was assessed as feasible using shearography applied to
epoxy composite exposed to piezo electrically and laser generated lamb waves [83].

4.2 Active Thermography

Active thermography is a well-established NDT technique already widely developed. It
corresponds to the simulation of a thermal flow in the specimen to be examined and the
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detection of the resulting temperature on the surface part with a sensitivity of mK. As an NDT
technique, the active thermography was established unable to assess the presence of weak
bond in composite specimens due to anisotropy of the composite material and the low
response in the heat diffusion [16], [84]. It can however be suggested that with better
resolution and improved tools, adhesive bond quality could be distinguished with active
thermography. Activities focusing on this topic have been handled in the European project
ENCOMB [85] and are not the focus of this work.

4.3 Monitoring of Damping and Vibration Frequencies

Vibrational techniques are quite known in the NDT domain with conventional time domain
ultrasonics, ultrasonic spectroscopy, vibro-thermography or even sonic tests like tap tests, as
seen in section 2.1.4. Each one of these methods is able to achieve good characterization of
materials and locate small defects within. The approach of Yang et al [67] is based on the
same principle but focus on a parameter which is not targeted by the previously cited
methods: the monitoring of damping and vibration frequencies to provide a fast screening of
the adhesively bonded structure. Damping is indeed a property considered very sensitive to
micro-structural properties of the material, and so assumed to be an adequate technique for
the monitoring of bondline quality. In their study, Yang et al. investigated the combination of
the half power band method to evaluate the damping loss factor and the impulse-frequency
response technique to measure vibration factors. In the case of weak adhesive bond in
CFRP structure produced by the absence of surface pre-treatment by sanding, the
observations were that nonlinear behavior predominates. The modal parameters were shown
consistent with the theory observed with NLUS, that the nonlinear vibration behavior is
amplitude dependent. Those conclusions enhanced the difficulty of characterizing the
adhesive bond performances with such techniques and encouraged their use in the frame of
physical defects instead [67].

5. LASER METHODS TO ASSESS ADHESIVE BONDING
QUALITY

As another alternative, a major approach in the characterization of the adhesive bond
strength is the use of high power lasers for the generation of ultrasonic waves or even shock
waves in the bonded material. In the case of sonic waves, the principle is similar to the one
of classical UT. In the case of shock waves, the principle is different: above a certain level of
intensity, the shock wave generates over few nanoseconds a pressure high enough (up to
megabars) to generate a dynamic damage in the material. This phenomenon is known under
the name of spallation.

Originally developed for others purposes than adhesive bonding inspection, the use of laser
beams has been significantly developed over the past decades. With this development, new
fields of application including strength characterization for adhesive bonding appeared
recently.

Several research groups dedicated to laser technologies are to be found in the literature and
deserve attention for their respective activities. The following sections summarize these
approaches.
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5.1 Laser Ultrasonic

The research groups from the Centre National de Recherche du Canada (CNRC), Airbus
Innovations France and Bremen'’s Institute for Applied Beam Technology (BIAS) have been
working on the development of the laser ultrasonic.

The principle of the laser ultrasonic inspection method is defined as follow: a pulse laser
sends single or multiple pulses of controlled magnitude which are absorbed by the material
surface and generate a local heating. A thermos-elastic excitation is caused and induces an
ultrasonic surface- and bulk- wave propagation in the material. It is the detection and capture
of this thermos-elastic response that deliver information regarding to the state of the
specimen [86]-[88].

An alternative approach is the laser tapping, which consists in focusing the thermal stresses
produced by the laser in order to cause a lifting and bending effect, and so induce vibration
of a potential debonded layer [89]. Both techniques can be used concurrently for more
information on the inspected specimen. The principle of laser tapping is similar to the
mechanical tap test where a hammer is used to knock on the structure and frequency shift
induced by a shallow delamination is recorded. Kopylow et al. also pointed out that
ultrasound wave can be distinguished between two regimes: non-destructive thermo elastic
and ablative due to the power level of the laser [87].

Depending on which application is addressed for the laser tapping/laser ultrasonic system,
the emission of the shock wave is done in the case of inspection of sandwich epoxy
composite structures with use of a CO, TEA laser, which delivers pulse duration of 120 ns at
around 10 um wavelength for laser tapping. The excitation used is harmless for the material
surface and purely elastic. For the laser ultrasonic use, a higher frequency range is used with
an infrared wavelength 1,064 um and pulses of tenths of ns width. The laser power is kept
low to benefit from a high resolution in the power control adjustment and relatively low but
have fine resolutions [86].

The detection of the ultrasound is performed with use of another laser: a Nd:YAG laser which
delivers stable pulses of few dozen of ys duration at full width half maximum with the infrared
1,064 um wavelength [87], [89]. Again here depending on the application, the scattered light
emitted by the second laser is recorded by a different interferometer: Blouin et al. used a
TWM photorefractive interferometer using an InP:Fe photorefractive crystal with response
time of the interferometer (also called grating build-up time) of 10 ms fast enough to detect
changes in the speckle pattern for the inspection of delamination in sandwich composite
parts for frequency detection between 10 kHz and 1 MHz [90]. On the other hand,
Campagne et al. and Kopylow et al. used a Confocal Fabry Perot (CFP) interferometer for
laser ultrasonic and also a interferometer based on two-wave mixing (TWM) in a
photorefractive GaAs crystal for laser tapping purposes with operating range between 10 kHz
and 15 MHz [91].

The analysis of the received signal is processed as conventional ultrasonics so that A- B-
and C-scans are made and analyzed for the defect recognition [87], [90], [91].
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The results obtained with this method up to today are positive. The inspection of detached
skin area in honeycomb sandwich structures which can be excited and brought to vibration
like membranes due to short excitation pulses was successful [90], as well as the detection
of all types of defects in composite materials [86]-[88].

The use of laser ultrasonic as a non-destructive technique have the advantage that they are
contactless, in opposition to conventional ultrasonic inspection, which make them ideal tools
for the inspection of complex parts [88], [90], [91]. Compared to the PAUT, the laser UT
however only have one single probe due to the measuring laser spot and so, are much
slower for the complete inspection of large structural parts.

Assessment of the quality of the adhesive bonds with Laser ultrasonic is considered to be
relevant. Unfortunately, no literature is yet available on this particular topic.

5.2 Laser Shock Processing

In other regimes than ultrasonic waves generation, laser can be used for shock waves
generation. In the late seventies, Vossen was one of the first to investigate the use of
adhesion test with laser shock [92]. In the early eighties, Fairand et al. and Clauer et al.
performed experiments with high power Q-switched neodymium laser for the hardening
treatment of metallic parts through stress waves emitted by plasma. High energy pulses for
the generation of surface pressures through plasma were studied.

Further investigations on this topic were conducted in the following decade. The workgroup
of Gupta focused on testing of thin specimens and thin adhesive film [93], [93]-[95].
Successful, Gupta finally patented as first this technique in 1994 [96].

Over the years, laser techniques evolved to become a lot more efficient and allowed their
use as new inspection tools. The techniques presented here are called LASer Adhesion Test
(LASAT), developed by the CNRS, and Laser Bond Inspection (LBI), developed by LSP
Technologies and Boeing. Their backgrounds are different but they both have the same
principle. They use a shock wave generated by a plasma originating from a high power laser
with short pulse on the front surface. In contrast to the ultra-/sound wave effects seen in the
previous sections, a shock wave involves a compressing wave front propagating faster than
sound and generating a violent discontinuity in the characteristic values of a medium state
(thermodynamical and physical).

Figure A.8 represents the functioning principle of those techniques: a shock wave arises from
an increasing high pressure. This shock wave propagates through the inspected structure in
compression waves which are reflected when they reach the back surface. The crossing of
the end of the incident compression wave and the release wave coming back from the rear
surface generates the tensile forces at a precise depth in the material. It is then the tensile
force, normal to plies or bondline that can induce a delamination or respectively, a debond
[97]-[101].
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Figure A.8: Laser proof test functioning principle (case of defect generation) [102].

For the purpose of the adhesive bonding inspection, the concept of application for those
techniques relies on the fact that a weak adhesive bond would be damaged by the tensile
stress generated in the at the bondline-substrate interface whereas a sound adhesive bond
would resist to above a precise level of stress induced by the shock wave [12], [103]-[105].

5.2.1 Laser Shock Adhesion Test (LASAT)

Tests with LASAT were performed for several applications: several PhD students working
together on the LASAT system investigated the adhesion of coated systems and thin films,
principally on thin metallic substrates [106], [107] and also in the frame of cold spray coatings
[108]. They also started developing numerical modeling approaches for the shock wave
phenomenon. These applications were successful with the very short pulse laser existing at
that time. The short laser pulse generates a tensile stress close to the free surface of the
substrate and so was adapted for the control of coatings.

Later on, Arrigoni et al. published also a comparative study of conventional adhesion test
such as bulge and blister test with the LASAT [109]. The results obtained were consistent
and indicated already a high potential for the laser adhesion test as a standalone technique
with the characteristic of being a local and dynamic test. After a long time with focus on thin
metallic substrates and metallic or ceramic coatings [110], the LASAT technique was
extended to the domain of adhesive bonded structures, especially alu-epoxy-alu bonded
assemblies studied by Laporte, also in the frame of his PhD Thesis [111]. Experiments on
aluminum films bonded with epoxy involved a Nd:Glass laser delivering 25 J in nanosecond
regime was used to attain the power density of range 1-300 GW/cm? [112]. This power could
generate pressure in GPa range on the surface target. Jagdeesh et al. found a threshold
value of 0,36 GPa for the delamination appearance in the case of epoxy bonded aluminum
thin sheets, what value should not be considered as general for these kind of assemblies.
This value was validated by simulation in their attempt to determine the threshold tensile
stress [112].The use of LASAT required power density in ns duration in the range of 1-500
GW/cm? [113].

In his experimentations with Alu-epoxy-alu, Arrigoni et al. managed to observe systematic
delamination in the velocity signal peaks for power density higher than 4.7 GW/cm? [101]. It
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was also stated thanks to the changes in the peaks visible with the FFT, that even for lower
power density (around 3,7 GW/cm?) the adhesive bond was affected at the interface.

Introducing a new challenge due to the composite anisotropy, experiments were also
performed on bulk epoxy composite materials to observe the behavior of the laminates with
an exposure to different intensities ranging from 0,1 to 1340 GW/cm? with pulses each 3 or
10 ns [104], [114]-[116]. It was found that with much lower power density (1,03 GW/cm? in
Gay’s case), a delamination was already detectable in the laminate.

Below this value of about 1 GW/cm?, the compressive waves are not generating damages
obviously and, it could be concluded that the stress wave propagates in the elastic regime
without damaging the laminates. This result is encouraging since propagation of the
compressive wave can be harmless to the CFRP laminate itself. Perton et al. emphasize that
the “elastic limit for the carbon fiber is well above the rupture threshold of the epoxy” and the
epoxy rupture is itself brittle at high strain rate, without any prior plastic deformation. The
LASAT would hence be indeed a non-invasive and receivable NDT technique if a laser proof
test is conducted at lower energy than the epoxy threshold and so do not generate any
delamination or debond in the material [105]. Dynamic loads applied for the proof test are
however to oppose to quasi-static conditions where the load can be around 10 times lower
[101]. This remark was also done by Bossi et al. regarding the LBI [100].

The understanding of the shock wave propagation in the CFRP assemblies however was
however not sufficient with these studies.

5.2.2 Understand the shock waves behavior in CFRP

For the application on CFRP assemblies, the understanding of shock phenomenon in
composite materials was missing. This lack was the motivation for a thorough study focusing
on the understanding of the dynamic behavior of composite materials. A parallel PhD thesis
led by R. Ecault dealing with the Laser Shock adhesion Test (LASAT) technique ended in
December 2013. This work is complementary to this study in the way that its scientific
objectives included modeling the phenomenon in order to further adapt the technology to the
composite applications.

To perform this study on composite materials, few laser sources of very high intensities and
pulse length in the ns and ps range were tested. On top of these laser sources, pressured air
lancers were used to allow longer shock waves generation. To monitor the shock wave
propagation, a large range of time-resolved techniques such as the Velocimetry
Interferometer for any reflectors (VISAR), similar velocimeters and shadowscopy were used.
Other diagnosis tools for observations of damages post-shocks were including optical
microscopy, confocal microscopy, x-ray radiography, DSC and DMA. Specimens were also
inspected by means of ultrasounds in cooperation with a partner.

The first experimental approach consisted in testing the components of the CFRP separately:
the epoxy resin without fibers and the composite substrates, in different plies orientation. In
the first step, shear stresses could be detected during the shock wave propagations. For
very low pulse length (fs range), neither residual stress nor microstructural changes could be
observed [117]. For short pulse length (ns range), only residual stress in MPa range were
detected [117]. The analyze of crossed plies composite substrates finally evidenced the
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anisotropy of the spall depending on the ply orientations. The elliptic deformation was
investigated by confocal microscopy applied on the CFRP back face. This ellipse study led to
the creation of models for a possible characterization of the damage type based on the back
face observation. The VISAR was tested and the reproducibility of its measurements could
be demonstrated on all types of CFRP configurations. Also to be noticed, the VISAR
evidenced increasing damages in the case of unidirectional laminates after repeated shocks
[117].

In earlier studies, numerical modeling of the rear free surface velocity has also been
performed, especially in the case of LASAT development, thanks to shock waves simulation
codes such as SHYLAC, a 1D hydrodynamic Lagrangian Simulation Code and HUGO [112],
[113], [118]. Based on the preliminary investigations, a consequent work was performed on
numerical modeling in order to determine the stress, the rear free surface velocity and the
shock waves nature in composite. Due to a lack of existing literature on dynamic mechanic
on CFRP, a simple mechanical model, namely an elastic/orthotropic was chosen for the
CFRP ply modeling. The Chang-Chang criteria chosen for damage modeling is also basic
and shall describe well at least the damage initiation [117]. The parameters for the models
were derived for experimental data from pure resin, unidirectional laminates and quasi-static
material parameters. Anisotropy could be observed in stress propagation, but the essential
transversal compressive/tensile stress, responsible for the spallation, was shown to be
isotropic [117]. The selected models were based on restrictive hypothesis but seemed to fit
the experimental results and were therefore used for the whole work.

Bonded composite assemblies were tested in symmetrical (two identical laminates bonded)
and non-symmetrical (two different laminates bonded) configurations. The confocal
microscopy was used to identify the damage present in the composite substrate while the
Ultrasonic testing was used to identify the intensity thresholds to open the bondline. The
observation of micro-cuts after impact was also performed to observe the cracks depending
on the contamination states of the bonded samples. The shot parameters of the laser
available revealed that the laser was inadapted to the geometry of both configuration of
samples. Most of the samples tested feature damages in the composite laminate instead of
the bondline. All tests could however be well correlated to the numerical model and so,
validated it [117]. Additionally, ten repeated laser shocks at the same location with an
intensity of ~30% of the debonding threshold did not reveal any structural changes or
influence on the debonding threshold from the sample [117].

The whole study concludes with a final proposal towards improvements for a better adapted
laser solution. It must be underlined that this proposal is mainly based on simulation from
numerical modeling. The actual setup available could debond successfully an adhesive bond
with an cohesive strength of 40% from the composite intralaminar cohesion [117]. To
improve this performance, the optimal laser beam spot size was determined to be above 4
mm for the best tensile stress generation in the thickness [117]. The laser pulse duration can
also be increased to hundreds of ns to localize the stress area near the bonded interface and
rise the discrimination range from 40% to 100% [117]. The highest stress levels are however
also located in other depth region in the laminates [117]. To prevent these inaccuracies,
alternative setups are proposed and discussed [117]. It was however not possible to evaluate
the propositions experimentally.
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5.2.3 Laser Bond Inspection (LBI)

A similar other approach, called Laser Bond Inspection (LBI), has been patented by LSP
Technologies and developed for Boeing in cooperation of US research programs [119]. A
direct analogy to the LASAT laser parameters can be observed, however, the LBl was
developed for the particular case of the bond inspection instead of coating inspection.
Therefore, the laser settings such as the pulse duration and energy have been tailored to suit
the requirements of bonded thick structures inspection. A Nd:Glass Laser manufactured by
LSP Technologies itself has been used [120]. It produces a wavelength of 1054 nm (infrared)
and a Gaussian like pulse ranging from 3 to 50 J with a duration ranging from 70 ns to 300
ns [98], [119].

In the case of the LBI, which focused more on inspection of adhesive bond than other
applications, Bossi et al. established through numerous experimentations that the laminate
failure prior to bond line failure was not to fear. Limitations regarding thickness of the
adhesive bond due to attenuation of the stress were however suspected even if this issue
may be irrelevant for weak bond inspection [98]. The same issue was again later on
addressed with a maximal thickness of 23 mm for the whole samples and the satisfaction
that no edge effects were influencing the measurement [99]. In comparison to the LASAT
results, it is to be noted that the pulse duration enable the analysis of thicker laminates.

A “fatigue” effect was observed in the results where bond line delamination occurs at lower
input/velocity if repeated pulse were applied at the same location, but no precise information
about the conditions of tests were provided [98]. As a conclusion of the LBI results, it can be
underlined that no mechanical performance reduction was measured (lap shear, DCB tests)
on the specimens which were attested as damaged by ultrasonic scans. Finally, only very
few information is available regarding modeling work from LSP and Boeing side [98].

These original techniques appear as the most promising for the inspection of adhesive bonds
and the optimization of the integrated bonded design. A more detailed presentation of the
characteristics of both techniques will be the object of the next chapter.

6. SUMMARY

The numerous literature sources evaluated in this paper clearly demonstrate that the
adhesive bond quality is a critical parameter that cannot be assessed by any NDT
techniques, yet. Several conventional methods are being optimized and developed for a
better detection capability but up to today, no method can reliably and with a good
reproducibility detect weak adhesive bonds, either on metals or on composite substrates.

Ultrasonic alternative methods (US spectroscopy; Nonlinear US; Guided Waves ; Oblique
Incidence; Shear Wave Resonance; Laser Tapping/Ultrasonic, etc.) as well as laser proof
tests (LASAT; LBI) and are reported as methods with high potential for the measurements of
adhesive bond strength. Those methods have already been applied to the characterization of
delamination, defects, or coating strength measurement in complex structures. Materials
including bonded aluminum, epoxy composites laminates bulk or bonded, and even
honeycomb sandwich panels have been tested based on those techniques. Further
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development of all those methods needs however to be realized in the different research
groups to reach significant achievements in the characterization of adhesive bond strength.
The evolution in term of detection capability, resolution, etc. shall demonstrate the true
potential for their use as an enabler for adhesive bonding as a major assembly technique.

The advanced studies already performed on adhesive bonded structures, either in composite
or metal assemblies, however give a particular advantage to the techniques of laser proof
test methods, the LASAT and LBI approaches. The efforts made for the characterization of
laminates and composite bonded structures deserve a large interest from the aerospace
companies. The state of the technic and its potential for improvement shall be investigated
with relevant materials and ‘reliable’ weak adhesive bonds, generated by realistic causes in
the aerospace fields such as contamination.

To develop the scientific approach, the following chapter will introduce the mechanic of shock
wave propagation and transmission in a medium. The interaction shock wave-medium will be
presented in order to ease the understanding of the technique. The chapter B will also
present a review of the most important parameters for the application of laser proof test on
an adhesive bonded structure.
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1. INTRODUCTION

This chapter presents the principle and phenomenon involved in the methods of laser proof
tests, either the LASAT-CNRS or LBI-LSP whose principles are the same. The principle
introduced here is the generation of a shock waves and their propagation in the substrate. The
following content is based on information based on existing literature to explain how this
technique should be applied on CFRP structures for bondline proof tests and to understand
the corresponding physical principle.

In the first part, the physic behind shock waves is introduced. This involves:
i the mechanisms of shock wave generation in the material,
ii. the propagation of the wave in the material and the response with the defects, back
wall and induced response wave,
iii. the interaction of the waves in the composite material, effect of propagation in
Epoxy (observations in monolithic laminate), mechanical effects (compression &
tension).

In the second part, the constituting elements of the laser proof test approaches and their
principle of functioning is described:
iv. the parameters of the laser source,
V. the plasma generation and its confinement with an overlay, and the sacrificial layer
which protects the surface and ensures the integrity of a surface state for the shot,
Vi. the existing diagnosis implemented along with each technology (VISAR, EMAT)

Finally, the approach for the use of Laser Proof Test as well as the challenges have been
presented in this chapter and allow the reader to understand in which directions the next
chapters are going i.e. the generation of weak bonds for having reliable samples, the setup of
a test program to evaluate the challenges of the technique.

2. ABOUT SHOCK WAVES

The study of shock waves is as the study of adhesive bonding, closely linked to technical
progress entailed by wars, and especially here, the evolution of bombs. From early ages and
first experiments with saltpeter to the atomic bomb, all bombs are based on the generation of
a shock wave to shock and so destroy. The arise of the electricity and laser technologies
allowed later the capacity to focus photons enough to provoke a local but intense pressure
increase, showing the way to several applications from laser peening (local hardening) to laser
adhesion tests where the shock wave is the mean used for testing the adhesion quality.

This part will therefore present how shock waves are generated and how it is possible to
describe them and their interaction with the medium.
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2.1 Generation of shock wave into the material

2.1.1 Definition of a shock wave

A shock wave is the propagation of a “discontinuity” in the thermodynamic characteristic
values of a medium.

An analogy to the mechanical sound wave can be made: sound waves travelling in material
have a speed depending on the pressure discontinuity amplitude. A shock wave is a
mechanical wave generated when the pressure applying over the time is very high and
increasing over a very short time, almost instantaneously. When these conditions are fulfilled,
the pressure ramp of the sound wave is so straight that a shock wave is generated. This is the
discontinuity of the thermodynamic characteristics. Once generated, the shock wave travels
into the medium rapidly and applies serious mechanical constraints to the medium.

2.1.2 Shock induction

Shock waves can be induced via several approaches: from the simple mechanical impact gun
(low strain rate) through the air pressured canon systems (high strain rate) to laser (ultra high
strain rate), a wide range of shock regimes can be produced.
When a high intensity pulsed power laser beam (A typically around 1064 nm) interacts with a
material surface, a significant energy is being absorbed by the material. The laser wavelength
is a key characteristic for the absorption and is detailed later in this chapter. The energy
deposition increases the temperature locally at the upper ym. If the energy is high enough
(above 10° W/cm?), a plasma is generated.
The expansion of this plasma generates a pressure at the surface which itself leads to the
shock wave. It may be noticed that the energy used for the shock has a direct influence on the
pressure generated at the surface, and so, on the shock wave intensity.
The energy intensity is an important parameter that will be used in the next chapters to
compare the performance of each laser method. This intensity ® (GW/cm?) is defined by the
energy E (J) delivered to the medium surface S (cm?) in the pulse length 1 (ns) as in equation
Eqg. 1:

E

b =—
7.5

Eq. 1
The areas where the shock wave is being produced by the laser beam and its resulting
plasma are illustrated in the following Figure B.1 [1]. Different areas are to be considered in
Figure 1: at the point of impact, the energy brought by the laser beam is absorbed by the
surface and generates the plasma. Due to the ablation occurring for the generation of plasma,
it is recommended to use a coating or sacrificial layer to protect the surface material. The
plasma is generated instantly due to the high level of energy. The electrons present in the
plasma have a specific density that allows a certain transmission rate of photons incoming.
The rate of absorbed photon is depending on the conditions of irradiations (laser parameters
and experimental setup) [2]. These parameters will be introduced in detail in part 3.

The incoming energy from the laser beam is being transferred by the plasma expansion and
ablation occurring due to thermal conductivity during the pulse. The electron density at the
ablated level is maximal. The results of the thermal shock and plasma expansion is an intense
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pressure, with a steep rise time turning into a shock wave that propagates in the medium.
The shock induction can be done in several interaction regimes that are presented in the next
section.

medium

/

—

N\

sacrificial layer shock wave

Figure B.1: Description of laser-matter interaction in the case of laser shock wave generation

2.1.3 Shock wave sources - interactions with direct/indirect irradiation

The generation of a shock wave with a pulsed laser beam requires that the photons from the
laser reach the surface of the material. The laser beam pulse has usually to go through air or
vacuum, or any other transparent medium to reach this surface. When the medium is not
vacuum, it may be ionized by a high power density of the laser beam. This phenomenon of
ionization of the medium and resulting opacification to the photon hinders a proper plasma
generation and hence, induces a loss in the power and pressure of the shock wave. This
phenomenon is called “optical breakdown”. The threshold for an optical breakdown is
depending on the medium where the laser beam travels between the source and the surface.
The breakdown power density threshold is about a few GW/cm? in the air. The order of
magnitude of GW/cm? may be noticed [3].

In laser shock experiments, two different modes of irradiation are generally used in order to
modify the shock loading parameters with a single laser source [4]: direct (represented in
Figure B.1- without confinement) or indirect (Figure B.2b - with confinement).

medium medium
/
plasma — plasma
N\

sacrificial layer shock wave conflnement sacrlflmal layer shock wave

Figure B.2: lllustrations of the laser shock in a) direct irradiation and in b) indirect irradiation/
with confinement layer
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The followings observations are hence derived from several studies on the confinement and
parameter dependencies for an optimal shock wave generation.

- Direct irradiation:

the direct irradiation is obviously limited in power density by the ionization of the medium (air).
Therefore it is often chosen to work with vacuum to be able to apply higher power densities.
Bolis references shots with power densities ranging from 1 GW/cm? to 3 TW/cm? in vacuum,
leading to pressure between 0.1 GPa to 100 GPa at the surface of the impacted material [5].
A vacuum between the laser source and the object surface is however a major challenge to
setup, and does not represent a realistic approach for the use of a laser proof test as a serial
control method of adhesion quality in an industrial environment. This point will be developed
later in this chapter with the introduction to the sacrificial layer.

- Indirect irradiation/ shock with confinement:

in the case of an indirect irradiation, a transparent layer to the laser wavelength is chosen.
Water or glass can be used as transparent layer. The plasma is confined and both the
pressure level and duration can be increased this way. The phenomenon of optical breakdown
however also appears in the transparent confinement layer, as it appears in air. For a given
laser intensity, glass confinement yields to a higher level of pressure than water due to its
higher density. It is however hard to establish an intimate contact between the glass layer and
the medium surface. For this reason, water is preferred to glass in our case also as introduced
in part 2. Berthe stated in the study of the dependencies of laser parameters regarding
breakdown thresholds, that higher laser wavelengths as well as shorter pulse durations lead
to higher breakdown threshold, and so increase the pressure level [6], [7]. Wider pulse
durations imply that a lower pressure level is requested for breakdown threshold. Sollier
determined that the threshold for a laser shock generated with water confinement with a
gaussian laser pulse of 25 ns duration and 20 J max. was about 8 GW/cm? [8].

2.2 Mechanics of shock waves propagation — theoretical approach

2.2.1 Equations of Rankine-Hugoniot

The propagation of a shock wave is considered at first in an isotropic homogeneous medium
in a one dimensional plane. It is also considered that the shock wave generated is stable, its
pressure ramp is straight and that all external thermal exchanges are negligible. The
referential for the description of the shock and medium states is absolute. Figure B.3
illustrates the propagation of the shock wave in a medium, with D the shock wave velocity, P;
the pressure, p; the density, E; the energy and u; the material velocity for each state i. The
difference u;, —ug can also be noted u. The state 0 (before shock) and 1 (after shock) are
represented.
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State0 ——>
t=0

Po Po Eo Ug

D.dt ,
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t=0

Po Po Eo Ug

u,.dt

Figure B.3: Propagation of a shock wave in a medium

Even if the shock wave is a “discontinuity” (see section 2.1.1), the conservation of the mass
(Eqg. 2), the momentum (Eq. 3) and the energy (Eq. 4) gives the following equations:

Conservation of mass po(D —ugy) = p1(D —uy) Eq. 2
Conservation of momentum Py — Py =po(D—uy)(us —uy) Eq. 3
Conservation of energy 1 1 1 Eq. 4
E, - E, ZE(PI-I_PO)(___)
Po P1

Those conservation equations are named the equations of Rankine-Hugoniot, who derived
them [9]. They yield information regarding the partial state of the shocked material, but are not
sufficient to describe the thermodynamic state, which is in this case defined by the
thermodynamic parameters (the pressure P, the energy E, the specific volume V=1/p) and the
velocity parameters (shock velocity D, material velocity u).

An additional empirical equation defines the shock velocity. Marsh et al. have investigated this
velocity for thousands of materials and it has been shown experimentally in most cases that
the shock velocity D is defined by Eq. 5, provided the fact that the initial state is unloaded (P,
=0)[10]:

D=Cy+s.u Eq.5

with C, being the sound velocity in the material and s a material constant without dimension
but representing the slope in the linear shock velocity-particle velocity relation. Both are
characteristic values of the medium that can be measured experimentally. It must be noted

that the parameter C, can be determined by the relation C, = /CLZ —%C% with the sound
velocity in longitudinal C, (in tensile - mode | with regard to the adhesive bond) and transverse

Cr direction in the medium (in shear — mode Il with regard to the adhesive bond).

To complete the equation system in order to describe the thermodynamic state, an equation of
state (EOS) is still required. In the case of high energy shocks with low pulse durations
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inducing pressures up to the Mbar, the EOS of Mie-Griineisen (Eq. 6) [10] can be used to
describe the behavior of the shock wave in the material. This EOS links the parameters P, E,
V as follows:

PV) - Pref(v) = # (E + Eref(V)) Eq. 6

with P, and E,s the pressure and the energy in the medium at the reference state, I'(V) the

coefficient of Grlneisen being a characteristic from the medium varying linearly with V for

pressures until the Mbar (100 GPa). It can hence be assumed that the ratio %V) = % is almost
0

constant.

2.2.2 Characteristic shock curves

The system of equations from Eq. 2 to Eq. 6 can be used to represent the states generated by
the shock wave in the medium [11]. By combination of those equations, it can be written:

14
C2(1 -1
0( VO

V(,[1—s(1—['§—(1)]2

Pl—P0=

Eq.7

The Eq. 7 gives the end states achieved in the medium in the plane (P,V). The curve obtained
by the Eq.7 is named the Hugoniot curve, or also Hugoniot (standalone) or shock adiabat [9].
This curve allows one to determine the locus of any state starting from the reference state 0,
based only on the pressure P;, the specific volume V,; and three materials constants V,, s and
Co (ref. to Eq.5). Figure B.4 shows the Hugoniot curve and the shock polar, which is also
named Hugoniot in English.

Hugoniot Polar

2X

Pressure

Isentrope

P, >U

a) V1 Specific volume VO b) U=u,-u,

Figure B.4: a) Hugoniot curve (P,V) and b) shock polar (P, u) [12]
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Finally, it is also possible to represent a curve of all states under shock in the plane (P, u): the
shock polar. This curve is based on the conservation of momentum (Eq. 3) where D is
replaced by its formulation of Eq. 5.

P1—P0=p0.C0.u+p0.S.u2 Eq. 8

The shock polar is a characteristic of one material since the properties linked by the relation
are intrinsic to the medium itself. The Eq. 8 links the pressure applied P to the medium velocity
u. The line between state 0 and state 1 represents also the Rayleigh line, whose slope is
given by the shock impedance Z = p,.D.

In the case of low pressure (<10 GPa), the medium velocity u is also very low in comparison
to the shock velocity D. In such cases the shock impedance is also the standard acoustic
impedance and the polar tends to straighten to be similar to the Rayleigh line. Hence it is
assumed that D = C,.

In general, for moderate pressures (<100 GPa), it may be assumed that only one Hugoniot
exists, no matter if it starts from the state 1 or state 0. As well, it can be assumed that the
shock polar and isentrope are similar since the changes of entropy are negligible in a solid
medium where the pressures decreases with the sound velocity [3], [12]. This last assumption
allows one to avoid using a state equation like Mie-Grlineisen and ease the description of the
phenomenon.

It must be reminded that the behavior presented is only applicable to an hydrodynamic
medium or a fluid, whose behavior is slightly different from the composite materials. The
presented state equations are relevant for the description of the wave regardless of the elastic
behavior of the medium and regardless of the damaging process. Those relations are hence
valid in the elastic deformation domain and above, until the dynamic limit load.

The behavior of the material under shock in elastic deformation mode may be described better
by a mechanical model [3].

2.2.3 Mechanical models for composite materials

The description of the shock wave propagation in an hydrodynamic medium needs to be
completed with mechanical law when the medium is a solid. In the presence of low pressures,
the elasto-plastic or visco-elastic behavior of the medium is not negligible and must be taken
into account. For the description of the interaction between shock waves and induced
pressures with the material elastic and plastic properties, constitutive models have been
developed. Complex models including the effects of various parameters playing a role in high-
strain deformation have been developed. In many cases, the models however focus on
metallic materials, what has the advantage that properties are mostly isotropic and the
material homogenous.

The homogeneity of CFRP may be discussed since the whole thickness is built up with
stacking of plies with fibers in varying direction embedded in a polymer resin matrix. CFRP are
per definition orthotropic and only particular stacking sequences can approach a quasi-
isotropic behavior. In the present study, the models for metallic materials are not relevant due
to the anisotropy of the composite assemblies. The choice of a right model developed for
composite materials is conditioned by the velocity of the impact. In cases of impacts above 1
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km/s to 3 km/s, typically corresponding to plate impacts, 3D anisotropic viscoplastic models
were developed for GFRP materials [13]. Cohesive laws were used for interface modeling. In
the study from Espinosa, the conclusion showed that there were shear stresses but no
influences on the velocity signal but on the tension leading to delamination of the structure.

More complex models as the anisotropic viscoplastic were created for the description of the
damage initiation and propagation [14]-[17]. The model proposed by Chang and Chang in a
study of high strain damage modeling in composite structures is a simple approach [18]: the
focus is set on the damage initiation since the purpose is the proof test of adhesive bonded
structures. The damage propagation after its initiation is not as relevant if the bond was not
able to withstand the high strain applied. Therefore, the criteria of Chang-Chang implies that
each one of the criterion, namely i. tensile failure in fiber direction, ii. compressive failure in
fiber direction, iii. tensile failure in matrix direction, and iv. compressive failure in matrix
direction is set to zero when the stress applying leads to failure. In the other case, each
criterion gives relation between all oriented mechanical properties of the CFRP material, as
long as the strain remains in the elastic domain. This criteria is well indicated for damage
initiation but is limited with the propagation. Other models consider more parameters for the
damage propagation such as the RADIOSS model [14] or approach the damage with
progressive opening thanks to softening of material properties, proven only in cases of ballistic
impacts studies [15], [16]. These models give good results where the interest is set on
damage extent, residual strength, and other residual material properties. Modeling laser shock
is however different than ballistic impacts since the duration of the impact is contained in us
domain and the shock wave propagation is the phenomenon of interest instead of the material
properties after impact.

To address the modeling of shock wave propagation, the material models have to implement
the equation of state. This is reported in few studies investigating the high strain rate effects
on mechanical properties [19]-[22]. The equation of Mie-Grineisen (Eq.6) is often
implemented to add the hydrodynamic components between pressure and density in elastic
models. The use of elastic models is justified by considering the brittle character of CFRP
materials. Vignjevic et al. thus developed a thermo-elastic damage model for CFRP with the
EOS of Mie-Grlineisen applied on a stress tensor [20]. Wicklein et al. developed a similar
approach for the CFRP model, based on linear relations between stresses and strains and by
using elastic constants [22]. This approach however implies that material constants must be
known or experimentally determined to feed the model. One can consider that the
determination of materials parameters experimentally is also complex and linked with errors

To summarize, the choice of the model must account the properties of the composite material.
The anisotropic character is essential in the case of CFRP. As highlighted by Ecault, the use
of commercial elastic and hydrodynamic model is possible but these last ones are still under
developments [23]. An additional challenge for these models are the material parameters and
properties required to feed to model. They are hard to obtain for each variant of composite
materials existing because of the numerous experimental tests required for their determination.
The use of elastic models is well adapted considering the low pressure applied by the plasma
from the laser shock (<1 GPa). This choice could be validated in the frame of his
investigations. The fitting between model and experimentation was verified thanks to the
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measurements of shock waves propagation realized by rear free surface velocimetry (RFSV)
[23].

To better understand the difficulties of modelling the shock wave propagation, the next section
introduces how the shock waves interacts with the matter and the interfaces as in bonded
composites.

2.3 Interaction of shock waves in bonded structures

2.3.1 Propagation and transmission of shocks

In a material composed by several medium, the shock wave is being transmitted and reflected
depending on the shock impedance Z of each medium. In composite structures, this implies
also a reflection at each different layer since each layer is itself a relatively inhomogeneous
polymer matrix with carbon fibers embedded. The case of bondline inspection implies also that
an adhesive bond is present. This one can also be from a different nature than the polymer
present in the laminate. In general, the type of wave propagating depends on material
impedance variations between layers, and transmission and reflection properties.

In the 1D plan, the transmission and reflection phenomena can be introduced according to the
material respective acoustic impedance ratio and the shock polar diagram enable a
visualization of the pressures in the targets (section 2.2.2) [3], [23]. Figure B.5 and Figure B.6
represents targets made of two mediums perfectly bonded together and unloaded (state (0))
at time t,. An incident shock on the front face (left) is applied at time t, and starts propagating
in the target from medium A to medium B. The continuity of pressure and material velocity
from one interface A-B must be considered. The incident shock wave induces a compressive
pressure in medium A and loads the medium in state (1). This shock wave is reflected in either
a release wave or a shock wave at the interface A-B, depending on the impedances ratio Z,
/Zs. The impedance ratio is also responsible for the pressure P, in state (2) which applies in
medium B, initially unloaded (state (0)).

- In Figure B.5: Zg<Z, corresponds to the case where the medium A has an higher
acoustic impedance than the medium B. The shock polar shows the Hugoniot (Fig. 5b)
displaying the increases of the pressure in medium A to the value P4 higher than P..
The shock wave transmitted in the medium B leads to the pressure state (2) lower than
the pressure state (1). Meanwhile, the reflected wave in medium A is a release wave.
A rear free surface or zero impedance frontier would have the same effect on the
reflected wave.

- In Figure B.6: Zg>Z, corresponds to the case where the medium B has an higher
acoustic impedance than the medium A. This time, the shock polar shows the
Hugoniot (Fig. 6b) displaying the increases of the pressure in medium A to the value
P, lower than P,. The shock wave transmitted in the medium B leads to the pressure
state (2) higher than the pressure state (1). Meanwhile, the reflected wave in medium
A is a shock wave. The use of material with such a ratio of impedances can hence be
helpful to enhance the level of pressure in the second layer, as highlighted by Ecault
[23].
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To summarize, it can be noticed that the transmitted wave is always from the same nature
than the incident one. If Zg<Z, the reflected wave will be from the opposite type, and when
Zg>Z,, the reflected wave is from the same type. Whenever there is a mismatch in the
acoustical impedances Zg compared to Z, after interaction at the surfaces / interfaces,
multiple types of waves are propagating and are interacting / interfering with each other
thereby producing positive or negative superposition of shock waves (i.e. states of increased
or decreased pressure depending on the interference situation).
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Figure B.5: a) Time-position diagram (x,t) representing the shock wave propagation in a two-
layers targets with acoustic impedance Zgz<Z, and the according b) shock polar diagram with the
pressure increase P,<P, (P, u) [23]
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Figure B.6: a) Time-position diagram (x,t) representing the shock wave propagation in a two-
layers targets with acoustic impedance Zz>Z, and the according b) shock polar diagram with the
pressure increase P,>P, (P,u) [23]
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In the case of no impedance mismatch (Zz=Z,), the propagating wave would not be affected
and keep propagating in the thickness without any reflection. Such a case is also equivalent to
a single medium. Based on this example, it is also possible to introduce the effects of the
crossing of waves in a 1D plane [23].

Figure B.7 represents a target unloaded before time to. Atthis moment the material is in state
(0). At time to, the laser shock generates a pressure increase at the front face. This high
pressure induces a shock wave in the medium which starts propagating in the thickness of the
part — state (1) — until it reaches the back free surface where the zero impedance frontier
reflects the shock wave in to a release wave. In the meantime, the end of the pressure peak
applied at the front face induces a release wave following the shock wave. The release wave
is responsible for the reduction of compressive pressure in the material and brings the
material thus in state (2), which is similar to state (0) in this simple example. Both release
waves will propagate through the mediums and eventually cross each other after reflection
depending on acoustic impedance and thicknesses. The pressure is neutralized in the area
where the release wave starts propagating through the beginning of the reflected shock wave
(also a release wave here), but the medium velocity is still affected by the shock wave as
visible in state (3). In the case of an intersection of both release wave, the medium is set in
state (4) where the resulting pressure is negative. Figure B.7 represents this pressure as
being —P; which corresponds to an ideal case where a tensile stress is applying without
attenuation of the pressure. In the case of laser shock, the phenomenon is dynamic and of
very high strain. It corresponds to the interesting area in the frame of this study since the
precise local tensile stress generation is one of the objective of this study.
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Figure B.7: a) Time-position diagram (x,t) representing the principle of very high strain loading
by laser shock in a single layer target with the according b) shock polar diagram (P,u) without
attenuation consideration [23]
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This example does not involve a possible failure of the medium under the tensile stress. In
such a case, the waves would keep propagating through the medium thickness until complete
attenuation. The case of failure is detailed in the next section.

2.3.2 Tension and Spallation

The transmission and reflection of waves principles as exposed in part 2.3.1 can be used to
generate a local tensile stress on purpose at a precise depth in the medium i.e. one uses the
interference pattern to reach the desired pressure. This is the phenomenon desired to test and
assess the quality of the adhesion with laser proof test.

A similar example to the one presented in Figure B.7 may be used to illustrate the spallation
principle. This illustration is given in Figure B.8a and the according pressure and velocity
states are presented in the shock polar in Figure B.8b: an unloaded single layer target is
submitted to a laser shock inducing loading to the pressure state (1) P4. The shock wave
travels through the layer until it reaches the back free surface where it is reflected backwards
as a release wave setting the medium in state (3). In the same time, after the peak pressure, a
release wave starts propagating through the thickness and relaxes the medium from state (1)
to state (2). When both release waves intersect, the pressure is tending to —P, as illustrated
by the Rayleigh lines in Figure B.8b. In this case, the tensile stress exceeds the dynamic
failure limit oy and leads to a crack initiation and/or failure, depending on the mechanical
behavior of the medium. This phenomenon is called spallation.

In the case of spallation, the shock wave transmission and reflection is affected. The crack
has generated a new zero impedance surface within the layer and the waves cannot
propagate through it. They are reflected back and forth in both the spall and the rest of the
layer at the front face. Accordingly, the pressure states are affected and reduced. This effect
can be measured by certain diagnosis methods such as rear free surface velocimetry as
introduced in part 3 section 3.
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Figure B.8: a) Time-position diagram (x,t) representing the principle of spallation in case of
dynamic tensile loading and the simplified b) shock polar diagram (P,u) without attenuation
consideration [23]
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2.3.3 Other Effects

The shock wave propagation in a medium has other important effects which have not been
discussed yet. These effects have been neglected in the previous parts for an easier
description of the generation and transmission phenomenon. They are however essential
regarding the aim of this study, namely the bond quality assessment. They are introduced in
the present section.

- Hydrodynamic and elasto-plastic attenuation:

based on section 2.2.1, the shock wave is due to a pressure pulse released in the medium
travelling at the velocity D. The propagation of this shock waves set the medium initially at Py
with a velocity ug in the state P;and induces the velocity medium uq>u,. For this reason the
shock wave front is straightening while the propagation goes on as displayed in Figure B.9.
For the same reason but inversely, after the pressure pulse, the pressure is decreasing and
the release wave follows, bringing the pressure P, to P,. The start of the release wave travels
at the wave velocity C, in the medium at velocity u, while the bottom reaches P, and u,. This
difference of velocities make the release wave spread over the propagation. Based on this
hydrodynamic considerations seen in section 2.2.1, it can be summarized that the velocities of
the shock wave front is D while the upper part of the release wave is C4+u; Thisimplies that
the release wave front eventually reaches the shock wave front and start attenuating it. This
phenomenon is called the hydrodynamic attenuation [5], [8].

The hydrodynamic attenuation can also be combined with the elasto-plastic attenuation, valid
of course in the case of materials with an elasto-plastic behavior .

P Shock wave front
1 Release wave ,discontinuity
P, widening straightening
N — 7/ —————————— ot
~ 5
e Hydrodynamic
~-.  attenuation
\.
4
\,
o
\.
\A
\‘
\.
\,
\.
N n
Po T

Figure B.9: Influence of elasto-plastic attenuation on pressure pulse profile over thickness

In the case of the elasto-plastic mechanical regime, the high pressure applied by the laser
shock is likely to generate a strain exceeding the Hugoniot elastic limit oy. In this case the
Hugoniot curve is a straight line (Rayleigh line) in the elastic regime, and a typical Hugoniot
curve as represented in Figure B.4 in the plastic domain. It is impossible to draw a single
Rayleigh line from the pressure P to Po. The shock waves is thus divided in two parts as
represented in Figure B.10: one involves the shock wave travelling in the elastic regime
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(between Py and oy) and another one travelling in the plastic one (between oy and P4). The
first elastic part is called the elastic precursor. It travels at the sound velocity C, which is
greater than the shock velocity D based on Eq.5. This behavior enables the elastic precursor
to propagate faster in the medium. Its effects shall also be detectable on rear free surface
velocity measurements [5], [24], [25].

This is also applying to the upper part of the release wave directly below P,. Since the release
wave travels faster than the shock wave, it reaches eventually the peak pressure and
attenuates it. This phenomenon is named the elasto-plastic attenuation. It may apply in solid
with an elasto-plastic behavior and in the range of low pressure (<10 GPa).
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Figure B.10: Influence of elasto-plastic attenuation on pressure pulse profile over thickness

In general, the attenuation phenomena illustrates that the pressure and so the strain
generated at the surface is not exactly the one reaching the place where the tension due to
release wave crossing should happen. The strain cannot exceed the amplitude of the incident
shock wave measured at the rear free surface [3] .

- Lateral release waves « 2D effects »:

an edge effect interfering with the shock wave propagation may appear depending on
geometrical considerations. Directly after the emission of the shock wave in the medium, the
shock wave is followed by release waves generated at the interface loaded-unloaded (edges
of the laser beam spot) area by the laser. These release waves do not propagate properly in
the same direction as the shock waves but also perpendicular to it (see Figure B.11). As the
laser spot is spherical, the field of generation of those 2D effects is as well spherical and the
propagation is cone-shaped. Their crossing generates additional local concentrations of
tensile stresses in the medium over this cone shape [12], [23], [26].

To avoid these edge effects, an empirical observation advises to load the structure with a focal
spot diameter at least two times larger than the thickness of the material [3].
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Figure B.11: lllustration of 2D effects following the shock and release wave and responsible for
tensile stress in the medium

3. TECHNOLOGY PRINCIPLE (STATE OF THE TECHNOLOGIES)

The chapter A already reported the principles of the both similar techniques LASAT and LBI
techniques. After many theoretical notions dealing with shock waves generation, propagation
and transmission in part 2, This 3™ part focuses now on the key parameters for the
experimental success and will introduce how each parameter is linked to a particular effect for
the proper realization of an adhesive bond quality assessment.

3.1 The essential laser source parameters

The first essential parameters correspond to the ones from the laser source itself. Only few
information from literature can be found in the case of the LBI because of the private research
funded by Boeing. The studies for the development and optimization of the LASAT is in the
contrary abundantly documented due to public funding and several PhD Thesis run on this
topic.

The principal laser source parameters comprise the type of laser (eg. Nd:YAG, Nd:Glass, etc.)
with the associated wavelength (also responsible for the color and density of the laser), the
energy/intensity of the laser beam and the laser pulse duration. Other secondary parameters
that may be mentioned are the repetition rate of laser shots and the focal spot size, which may
also appear important in case of repeated shot but is only a secondary parameter in the frame
of this study. The repetition rate is indicated later in Table 1.B but is voluntarily not discussed
in details in this study. It may however represent the time limit for the repeatability between
two measurements in a future industrial adhesive quality assessment process.

3.1.1 The laser wavelength

Different type of laser offer also different types of wavelengths. In general, laser shock is
performed with solid state lasers (Nd:YAG or Nd:Glass in most of the literature) These laser
have generally a wavelength of about 1 um, much more intense than CO, lasers for instance.
The wavelength choice is essential for a proper plasma generation because of the
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photoionization mechanism. Berthe et al. investigated the effect of the wavelength choice on
plasma generation at the substrate surface [7]. The study, a comparison of IR (1064 nm),
Green (532 nm) and UV (355 nm), highlighted the importance of the stable plasma generation
at the surface for an efficient and long enough pressure pulse induction. The plasma
breakdown in the confined regime was favored by shorter wavelengths even though they
could lead to higher pressure levels. In the end, the 1064 nm wavelength offers one of the
best compromise for stability of plasma for the shock generation, but not as much power as a
shorter wavelength could offer.

This wavelength (about 1050-1060 nm) is therefore the one used the most often for laser
proof tests techniques.

3.1.2 The pulse duration

The pulse duration from the laser pulse is often a property of the laser defined at the design
stage. Several lasers with different pulse durations are available and can be found by laser
manufacturers. In case of particular requirements, laser can of course also be ordered with
precise laser pulse duration on demand.

The shock propagation and initiation mechanisms presented in part 2, underlines the decisive
role of the laser pulse length. Figure B.12 illustrates the consequences of the crossing of
release waves with an energy corresponding to the threshold value of the interface A-B
(considered as the weakest position in the target). The effect would be as follow in case of:

- a) Short pulse duration (typically 1 — 50 ns): the crossing of release waves is likely to
happen close to the back free surface of the medium impacted. A short pulse duration
implies also a thin loading curve, which would be affected by the attenuation
phenomenon described in section 2.3.4. The stress generated may not be significant
enough to debond any bonded/coated interface.

- b) Large pulse duration (50 — 300 ns): due to the longer loading, the crossing of the
release waves takes place later than directly after reflection on the back free surface. It
is possible to generate a tensile stress closer to the center of the target. Furthermore,
attenuation is minimized by the long pulse, and hence the pressure intensity is
conserved longer over the propagation in the thickness.
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Figure B.12: Time-position diagrams (x,t) representing a) inadapted intersection of waves (in the
layer) and b) adapted intersection of waves for the interface A-B strength test

Most of the LASAT applications presented in Chapter A refer to relatively short pulse length.
This is normal since the original LASAT technology development was driven towards testing of
coating adhesion on thin metal substrates. It could however be an issue in the case of
adhesive bond testing in composite structures, where substrates are thicker than thin films.
The use of a broader pulse duration is relevant to this particular application in opposition to
the inspection of coatings strength [27], [28]. On the other hand, the LBI was developed
especially for this adhesive bond inspection. The laser used has an interesting particularity
which is its tunable pulse duration ranging from 100 to 300 ns. Such a long pulse was seen as
mandatory by Sokol et al. to avoid damaging the composite materials and bond [29].

3.1.3 The energyl/intensity of the laser beam

It has been explained how the laser pulse length could be affected by the attenuation. The
energy of the laser shock is of course also critical in this context. In most of the literature
sources about laser proof tests, the energy of the laser beam is the variable used for the
experiments. Authors use their laser configuration as it is, and try to reach the desired effect
(debond, delamination, spallation) by increasing the energy until the threshold value for which
the effect is reached. Similarly to Figure B.12, Figure B.13 illustrates how a laser shock with
inadequate wave crossing and too high energy can provoke a damage (here spallation) in the
target layers instead of the interface.
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Figure B.13: Time-position diagrams (x,t) representing inadapted intersection of waves (in the
layer) a) below critical energy for target or b) over critical energy causing spallation

The laser energy is however most of time limited by its amplification system and each laser is
purchased with a maximum energy. The energy setting available for each laser shock can be
either tuned by adjusting the amplification power (most robust solution), or also by optical
means with filters and optical densities to reduce the intensity of the focal beam. The repetition
rate of the laser is linked to the laser and especially the amplifying technology, since it
represents the time necessary for the system to cool down before a new laser shot.

The focalization of the laser beam is often performed to increase even more the energy locally.
Most of the time, optical lenses are used. The beam spot size reaching the surface should
however not be too small in order to reduce the edge effects with the lateral release waves
(see section 2.3.4). In the case of the LASAT recent investigations on composite assemblies,
the spot size diameter was 4 mm for max 4 mm thickness of CFRP specimens while the
literature refer to 10 mm diameter for the LBI also for 4 mm thicknesses.

Finally, the effects of the energy alone can hardly be expressed without the parameter of
pulse duration and the beam spot size after focalization. Eq. 1 allows one to calculate the flux
of energy, its power, reaching the surface. This value is a combination of all parameter and
facilitates the comparison of each laser system performances. The wavelength is not directly a
critical parameter because it principally affects the pressure duration at the surface and the
maximal pressure level before any optical breakdown (see §2.1.3) [7].

To summarize, the main characteristics of the laser proof test approaches, LASAT and LBI
techniques, are presented in Table 1.B.
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Table B.1:Summary of laser shock sources appearing in literature for CNRS [23] and LSP

Characteristics
Laser Wavelengths | Pulse duration (o
Laboratory source (nm) (ns) Energy (J) | Repetition rate
ELTES " | LULI 200 1053 nm 1-5ns 1000 J 1 shot/ 60min
CNRS -
ELFIE ELFIE 1053 nm 300 fs 0-10J 1 shot/
CNRS - | LASAT
PIMM Nd-Glass 532 nm 3-10ns 0-1.5J 10 shots/ s
CNRS - .
PIMM Hephaistos | 532 nm 10 ns 2x7J 2 shots/ s
CNRS- LASAT :
PPRIME Nd:-Glass 1053 nm 25-30ns 0-20J 1 shot/ 5min
LSP LBI 1053 nm 70 -300 ns 0-50J 1 shot/ 8s
Nd:Glass

3.2 The plasma generation: confinement and sacrificial layer

The laser parameters are a first essential key characteristic when it comes to laser proof
testing. As seen in section 2.1.3, the interaction mode at the impacted surface can also affect
significantly the properties of the shock wave generated in the medium.

At the beginning of the technology development, experiments tailoring stress waves were
conducted with metallic overlays like zinc and lead, black paint or plastic tapes [30],
transparent overlay like water or fused quartz [31]-[33]. They all proved that the shot shape of
the thermal expansion provoked by the confined plasma could enhance the peak pressures
required for the generation of the plastic deformation. Two main parameters were identified
and can be pointed out: the decisive role of confinement of the plasma blow-off for the control
of the stress wave amplitude and, the protection of the material surface due to its exposition to
the laser generated and ablative plasma. The use of confinement regime and sacrificial layers
was hence widely studied in the following years [6], [31], [34].

Regarding the confinement regime, the ‘purest’ solution to avoid plasma breakdown is to use
vacuum chamber for the atmosphere of the shock. Due to the effort required and the limiting
size of vacuum chambers, other solutions for a practical use were investigated. Fabbro stated
that the use of solids like glass was advantageous for the level of pressure generated. The
intimate contact with the material below was however the main difficulty in this process, so
that in the end, water was offering the best compromise as a transparent overlay. The plasma
expansion is confined in this layer and hence the pressure and shock duration may be
multiplied by up to a factor 2 to 3 in comparison to direct irradiation without confinement
regime [31], [6]. Meanwhile, water has been used in most of the following studies and is now
well established.
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Additionally to the essential water confinement layer, the use of a sacrificial layer is important
for the surface protection as the plasma is slightly burning the upper layer of the impacted
surface. This phenomenon is even more relevant for polymer composite materials. The
sacrificial layer plays also a role in the stress generation, as a constant type of interaction
layer. In the literature, the use of an absorbing metalized paint layer or a black adhesive tape
have been applied for a better control of the shock pressure and its duration, and
simultaneously, to avoid surface damages via burning [28], [35]. Two solutions are mainly
established: the use of a polyvinyl adhesive black tape [35]-[37] or, the use of an aluminum
painting spray [28].

Several authors underline the importance of the sacrificial layer for the stress calibration in the
material [23], [31], [37]. Fabbro et al. and Arrigoni et al. already identified in the nineties that
the pressure P induced in aluminum target was a function of the laser beam intensity | shown
in Eq. 11 [31], [38], [39].

P o VI Eq. 11

LSP Technologies performed measurements of rear free surface velocity to evaluate which
confinement and sacrificial layer was giving the best result in term of ratio energy input vs.
stress generated [37]. The laser shots were performed on pyrex with different overlays as
represented in Figure B.14. The stress peak (pressure) is plotted in function of the laser
fluence. The material chosen for the shock (pyrex) is however hardly representative from the
composite substrate that will be investigated in this study.

100
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VISAR data
/ (pyrex, front surface)
WBT Diamond Symbols 290-ns Pulse
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0.1 ' ' : —
1 10 100

Fluence (J/cm?)

Figure B.14: Calibration curve in case of the LBI varying pulse duration laser (1054 nm
wavelength) for different confinement and sacrificial layer couples for pyrex targets [37]: PTBT:
packing tape, black tape; WBPSTS: water, black paint, stainless steel; WBT: water, black tape
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Ecault underlines however in his thesis that the calibration has to be done for each shot
configuration (target type with confinement and sacrificial layer) and review the use black
adhesive tape as unsure due to the fact that the tape represent an new bonded layer on top of
the target [23]. In his case, the sacrificial layer applied to the composite targets bond was
aluminum spray painting to approach the well-known aluminum interaction modes. The
calibration curves are displayed in Figure B.15. The pressure is assumed lower than in
aluminum due to the lower density of composite targets compared to pure aluminum, but this
parameter was not verified. However, the relation in Eq.11 could be verified and adjusted to
the case of epoxy composite with M21 resin into P = 0.6v/1. It must finally be kept in mind that
this relation is only valid in the particular configuration of laser source and water confinement
overlay.

O Alu 0.250 mm

2,5 i i | o
& T800/M21 0.5mm
2 | /
. / © T700/M21 cross-ply
g / a
= P=+/I
2 15 4 - - o
> T800/M21 3.0 mm
g} /
a _— °

_— P = 0.6v1 O T700/M21 Bonded

<
0,5 + o ; i i —Model root

——Model 0.6*root

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

I (GW/cm?)
Figure B.15: Calibration curve in case of the Pprime 25 ns laser shock in water confinement
configuration for aluminum samples and all the composite targets with aluminum painting
added sacrificial layer [23].

3.3 The integrated diagnosis techniques

In the different previous sections, the measurement of the critical characteristic being the rear
free surface velocity (RFSV) is indicated as a solution to evaluate the stress generated by the
shock wave and even, a solution for failure analysis [27]. In both techniques presented,
LASAT and LBI, an integrated diagnosis in the form of a time resolved method may be used
for the detection of shock waves coming through the structure. This last section finally
introduces how this is realized and the techniques for the detection of shock waves effects
present in the literature.

64



Chapter B — Mechanics of shock waves and laser proof test parameters

First studies reporting on laser spallation in the nineties mentioned the use of Doppler velocity
interferometer for the measurements of the free surface velocity [40]. In the LASAT studies,
the detection is performed based on this Doppler principle on the rear side of the sample with
help of a second single frequency laser, a ND:YAG Laser with 0,532 ym wavelength. It
delivers 400 us duration pulses with quite low peak power. The spot diameter is up to 400 um
and the light scattered is recorded either by a Fabry-Perot etalon interferometer which gives a
signal proportional to the back surface velocity [41]. It is alternatively also realized with a
continuous 5W Verdi laser with 0,532 um wavelength and a Velocimetry Interferometer
System for Any Reflectors (VISAR) [23], [35], [42], [43]. The VISAR is a Michelson type
interferometer with measuring capabilities from 1 to several km/s with nanosecond resolution.
Its complete functioning principle is represented in Figure B.16. A condition for an optimal use
of the VISAR is that the surface reflectivity is high. In the case of composite, Ecault noticed the
strong absorbance of the laser wavelength in composite and burning traces due to the Verdi
energy. These issues can be partly solved by polishing the rear surface of samples and
applying a little aluminum paint also to improve the reflectivity [23]. On the whole, the VISAR
implementation for composite materials is very demanding for those last reasons.

Other diagnosis tools are mentioned as potential techniques for future evaluations such as
transverse visualization with shadowgraphy technique for a real time visualization of potential
delamination occurring [44]. Ecault has shown how these methods could be implemented with
a simple setup for the visualization of plate impacts. He also used a more complex
configuration of shadowgraphy for the live visualization of stressed areas, based on light
deflection changes induced by density variations in impacted targets [23].
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Figure B.16: Sketch of the two VISAR practical setups (the optical line and the fiber line) and
picture of the VALYN VISAR interferometer and the barker probe used to irradiate the target and
collect the reflected light [23]

In the case of the LBI, the VISAR was also investigated for RFSV measurements on both the
opposite and front side (with the front side being the impacted surface). However, principally
due to the complexity in setup and cost of a VISAR, another method has been privileged: a
simple electromagnetic acoustic transducer gauge (EMAT), represented in Figure B.17. While
the laser generates a shock putting the target in motion, an electrical current is induced in a
metallic sticker bonded to the target impacted face. As the panel is put in vibrations, one
EMAT coil generates a magnetic field and another picks up the affected electrical field from
the inspection sticker. This solution is customizable for each application [29], scanning a larger
area and allowing use on either the front or the back surface but implying physical contact with
the sample [27]. The velocity signals obtained are visible under the form of peaks coming from
the reverberations of the shock wave in the material. The signal is recorded by the EMAT (or
other sensors) and is analyzed by Fast Fourier Transformation to improve the bond state
diagnostic.

66



Chapter B — Mechanics of shock waves and laser proof test parameters

Inspection sticker pattern EMAT, Coll

Laser

Laser beam axis
— 1

EMAT Pickup coil — _ |

Magnet Pole pieces y

&

= 7

¥ \
3 Magnetic field Rear Surface current
a) / b) produced by Surface induced
EMAT sensor motion on inspection sticker

Figure B.17: Sketch of the a) LBI EMAT probe head (applicable only on front face) and b) the
EMAT functioning principle [45]

Finally, it can be observed that in the case of adhesive bonding inspection and especially for
failures, the use of conventional NDT testing additionally or alternatively to the velocity
measurements is advised. The literature reports several conventional ultrasonic scans made
after the proof test for the characterization of the bond line [23], [35], [36], [41]. Ultrasonic
testing methods are among the most reliable methods to assess non-destructively that the
shock wave generated a delamination or debond in the target. These methods are however
not time-resolved and imply that the inspection is realized after the laser proof test. This would
mean an additional inspection step in the frame of an industrial implementation of laser proof
test in the industry.
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4. SUMMARY

Laser Proof Test methods are based on the shock wave theory. This theory is highly complex
and different from classical elastic wave propagation theory (applicable for ultrasound waves).
The presentation of the shock wave theory was done according to the hydrodynamic
hypothesis, which is hardly applicable in the case of a composite target. To account the
material response to a shock wave, complex state equations should be applied such as Mie-
Gruneisen, when the pressure is considered high. In the low range of pressure investigated
(<10 GPa), the behavior can be approached by the classical sound wave propagation.

The mechanical behavior of the material needs to be described as the elasticity, plasticity and
failure are essential parameters to evaluate the pressure levels and response to the tensile
stress generated. The case of composite material is again relatively complex, as the material
is brittle and do not present an elasto-plastic behavior like metals. The difficulty is even higher
since the shock wave phenomena are high strain rate dependent. Few literature sources give
model of composite for proper modeling approach but an elastic orthotropic model could be
implemented to verify the shock wave effects in the case of Ecault’'s PhD.

The approach of Laser proof test is based on the generation of high pressure loading that
travels through and back a target. Depending on numerous properties of this target, including
i.e. the acoustic impedance, the waves are reflected and transmitted. The crossing of release
waves following the incident shock wave and the reflection of this shock wave on the rear free
surface produces the tensile stress in the target thickness. This tensile stress can lead to the
phenomenon of spallation i.e. delamination or debonding in the case of adhesive bond
performance.

The shock wave propagation is however affected by attenuation and other edge effects that
respectively lower the pressure and disturb the shock waves. To counter these effects, several
properties of the laser such as wavelength, pulse duration and naturally energy can be
adjusted. They are mostly all linked together and several previous investigations of their
optimal setup were realized. The plasma induced by the laser shock, responsible for the
stress/pressure generation in the target, can also be controlled. Its efficiency can be enhanced
by the use of confinement and sacrificial overlays. The two methods, LASAT and LBI, both
use water confinement and respectively aluminum paint or black polyvinyl tape for the
sacrificial layer.

Finally, for the development of both the LASAT and the LBI methods, time-resolved diagnosis
tools have been implemented: the Doppler velocimetry, the Velocity interferometer for any
reflectometer (VISAR) or the Electromagnetic Transducer (EMAT) all allow one to measure
the target vibrations under shock and so, the effect of spallation when it occurs. Other
techniques non time-resolved such as ultrasonic inspection after shock waves are also well
adapted for detection of spallation effects.

This chapter has underlined the state of the technology and reviewed the critical parameters
that will have to be investigated for the assessment of adhesive bond quality.
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1. INTRODUCTION

This 3™ chapter introduces a methodology used to investigate the technology of laser proof
test presented in the previous chapter B. First, the scientific objectives of this thesis are
presented and technological points needing to be studied are enumerated. Afterwards, the
state of the art regarding the first key criteria, namely the controlled generation of weak
adhesive bonds already introduced in chapter A is detailed. The selection of one relevant
method for the generation weak adhesive composite bonds is important to ensure that proper
specimens are available for the assessment laser proof tests capabilities.

The following part 4 refers to all the methods of conventional characterization previously
mentioned in the manufacturing and tests procedure. Each measuring principle from
laboratory characterization method (DSC, XPS) to conventional NDT method (UT & PAUT, X-
Ray) and mechanical testing method (DCB) is explained.

Finally, this chapter is concluded with the presentation of the manufacturing process and the
results from the all conventional characterization for each family of specimens manufactured
according to the detailed test plan.

2. PROCESSES FOR WEAK ADHESIVE BONDS
MANUFACTURING

The preparation of reliable weak adhesive bond is the first essential step when it comes to the
development of a method for assessing weak adhesion. In Chapter A, part 2.4 introduced the
studies present in the literature, which attempt to investigate weak adhesive bonds though
several methods. If those methods varies depending on the aim of each author, it is in general
however agreed that the key parameters for adhesion properties are surface roughness
(mechanical interlocking) and contamination (chemical modifications). The contamination
parameter has been selected in many studies that may be shortly summarized here again. Its
application is depending on the nature of the adhesive, the substrate but also the processes in
place. In this study focusing on the aeronautic industry and lightweight materials, the substrate
of interest is carbon fiber reinforced and typical adhesives are epoxy adhesive films systems.

2.1 About contamination

2.1.1 Contaminants

Several investigations presented in chapter A involved contaminations of adhesive bonds
after bonding (ageing) with the example of immersion in pure or salted water at high
temperature [1]-[3] to damage a good adhesive bond and weaken it. This approach does not
represent the safest method for weak bond generation since it assumes that the bonding
process itself has been carried out perfectly and that the adhesive bonds are of high adhesion
performance before starting the damaging process, itself not easy to master.

The contamination of the surface substrate is more likely to have a direct influence on the
adhesion quality by influencing the chemistry of the adherent surface. In this connection, a
wide variety of exotic substances have already been tested: artificial human sweat, mineral
and vegetal oils, detergents, etc. are mentioned in the literature. The interest is however
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focused in this study on aeronautic relevant contamination sources. In this context, fuel,
hydraulic fluids and de-icing fluids are relevant contaminants for the aeronautic industry but
rather in the case of repair purposes. Other manufacturing relevant contaminants are typically
based on mold release agents.

Mold release agent, also release agent, are of various nature and are used for composite
manufacturing on order to have a smooth unmolding process with tooling roughness aspect.
The nature of release agents can be either PTFE, as spray [4] or polymer film [5], [6] placed at
the interface of the bond and substrate, or a silicon-based or siloxane-based mold release
agent diluted in dibutylether (Frekote, Marbocote, etc.) or water-based (Departure). Like PTFE,
the use of silicon-based release agents can also be either in solid [7] or in the fluid form [8]—
[10] and is well documented in the literature. Alternative contaminants, fluor or silicon-based
may also be applied in diverse forms. The contaminant itself is only partly responsible for the
bond performance. The method for application of the contaminant, as well as the bonding
process parameters play indeed decisive roles on the adhesion strength since they condition
the thickness, and so amount, of contaminant at the adherent surface.

2.1.2 Contamination processes and effects

The literature reports different application of the contaminants: the first method involves the
application of Frekote by means of a fine and tightly spun cotton bud. In the work of
Jeenjitkaew et al., two coats were applied with a dwell time of 20-30 minutes between both
applications. A SEM observation with WDX showed the presence of a 1 um interlayer at the
aluminum-epoxy interlayer. The SEM observation indicated that the Frekote layer was
observed to be on the atomic scale. Also the presence of C, O and Si at the substrate surface
and within a few micrometers away from the surface was determined. This confirmed the
content of PDMS (polydimethylsiloxane) in Frekote. As a result, the measurement of the total
free surface energy showed a decrease of 67% in comparison to the non-contaminated
control specimen. Frekote provided a full release with the experiments showing a reduction of
27% in joint strength with only 25% of contaminated joint area [10]. Others could not achieve a
good differentiation between “normal” and weak bond even though they applied three times
the contaminant to form a thicker layer [11]. These experiments highlight the important role of
type of application without giving any clear indication on the concentration of release agent
applied. Rieck and Wetzel et al. observed that even until a volume concentration of 1%, the
effect of release agents on the adhesive layer were still detectable [12], [13]. Furthermore, the
manual application with a cotton bud or even a soaked cloth implies a human factor and so, a
lower repeatability compared to an automated process. Two possible alternative may be
considered.

The second variant is only applicable in the case of composite manufacturing. In this case,
a contaminated peel-ply (either voluntarily with liquid contaminant or due to a bonding
incompatible coating e.g. Super Release Blue SRB) can be used during the manufacturing
process of the raw composite. The contaminant remains at the composite surface after the
peel-ply removal. The surface substrate is then irremediably textured by the peel-ply, which
has an impact on the surface roughness. The homogeneity of the coating on the peel-ply is
however an important parameter that cannot be completely ensured in such a method. Also,
the manufacturing of composite panels with this technique implies that the whole substrate
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surface has the same contamination. Different contamination grades can hence only be
obtained by post-treatment of this surface, for example with sandpapering or with atmospheric
plasma treatment (see Figure C.1).

Contaminated
Peel-ply

CFRP substrate

AP Plasmanozzle e ]

20mm

260 mm / 9 samples

CFRP
over treated under treated

Figure C.1: a) lllustration of contaminated peel-ply removal and b) scheme of atmospheric
pressure plasma cleaning process with effects of nozzle distance inspired from [14]

The most common methods are sandpapering, grit-blasting or grinding. These methods are
however badly reproducible due to the difficulty to describe the mode of operation and to
define how to produce different levels of contamination. At last, the plasma treatment could be
an optimal solution which has known a rapid development. The current state of the art
technologies allow an exact regulation of power, distance and speed of the plasma while
being fully user-independent.

Finally, the third variant is the most adaptable solution: the contamination with mold release
agent carried out by dip-coating. Dip-coating enables the homogenous application of
contaminant on the adherent surface based on the immersion at a precise rate in a
contaminated solution. The system used is represented by Figure C.2.

Bottom of
CFRP plate with
fixture

— Steel recipient

3l _— CFRP substrate

Contaminant
— solution

Figure C.2: Scheme from contamination with dip-coating process

Two steel recipients are connected by pipes and a continuous pump enabling an immersion at
constant speed rate and so, the application of an homogenous thickness of contaminant at the
surface. The solution used is generally made of Frekote diluted into hexane/heptane to adjust
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the concentration of the contaminant and hence the thickness of the layer applied on the
surface. Dip-coating has the advantage to have only few machine parameters and to be user-
independent. It enables a uniform thin release agent films (few nm) with a high reproducibility.
Markus performed CFRP surfaces preparation based on dip-coating process successfully,
showing that layers of 8 nm with a standard deviation of 12% between 3 different
manipulations could be obtained [15]. Naturally, an optimal dip-coating process demands an
homogenous contamination solution (diluted or not), and the outcomes are affected by the
solution viscosity and the substrate surface free energy. This third method allows the
application of different concentrations and an easy repetition capability (to increase the layer
thickness) in comparison to the use of a contaminated peel-ply during production. The
substrate surface can be pre-treated or post-treated whereas it can only be post-treated in the
case of the peel-ply technique.

These three methods all have pros and cons. In general, to obtain a weak adhesive bond with
an adhesive failure, the contaminant must not diffuse into the materials but stay at the
substrate interface. Therefore, all the approaches presented include a dry-out of the
contamination layer to ensure its cross-linking. Engholm showed also that the contaminant
layer shall not exceed 10% of the bond line whole thickness to avoid any mechanical
interaction in the mechanical performance of the adhesive joint [16].

2.2 Selected methodology for contamination

The experiences of close work groups from Airbus as well as the literature have influenced the
choice for the material and the preparation method for weak adhesive bond. For an optimal
comparison with the results generated by parallel working groups, the approach for this study
was selected similarly.

The material selected is the epoxy composite tape material from Hexcel M21 with carbon
fibers T800S. The lay-up is made of 6 layers (0, 90)s for a standard monolithic plate of
thickness of 1.5 mm. The monolithic plates are however manufactured with a release film
instead of a peel-ply on both surfaces (bag side and tool side) due to one sandpapered side
before contamination and the other in order to provide smooth and shiny surfaces for the tests
with time-resolved measurements (VISAR and EMAT) and also ease the UT inspections by
contact methods.

The contamination of the adherent surface takes place after the adherent surface sanding and
cleaning steps, also including a water break test. It is performed with help of the dip-coating
process with however lower concentrations of release agent. The dip-coating is followed by a
dry-out for 30 min at room temperature and for 60 min at 80 °C in an oven with air-circulation.
The contaminated surfaces are characterized to quantify the amount of silicon remaining at
the top surface: in this case also XPS was chosen to indicate the residual concentration of
Silicon in at.% from at least two distinct vertical positions on the substrate surface. This
approach for the contamination has been privileged over contamination due to peel-ply due to
the impossibility to ensure the homogenous peel-ply contamination and the dependency on
the cleaning process with AP Plasma necessary afterwards.
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After contamination, the panels in this work were not bonded with secondary bonding but with
the co-bonding process (uncured + adhesive film on cured). Co-bonding offers two main
advantages over secondary bonding: i) the process is the actual bonding process in Airbus
manufacturing and ii) it spares the preparation of the surface from the adherend composite.
Jeenjitkaew also evidences that the diffusion of Silicon into the adhesive or even the uncured
composite panel is very limited if the contamination has been dried out before. Only few
microns in depth in the adhesive or in the surface interphases displayed traces from Frekote
after an hour at 175 °C [10]. The 180 °C epoxy adhesive film FM300 K.05 was used for the
co-bonding process.

Three parameters can be highlighted in the selected approach for the present work:

- the CFRP surfaces were sandpapered and had their cleanliness assessed by water-break
test,

- the contamination by dip-coating with different Frekote concentrations enabled different
grades of adhesion strength thanks to the contamination process itself,

- the bonding process involved co-bonding with a 180 °C adhesive system.

2.3 Summary on weak bonds production

The choice of specimen preparation has been based on results from the literature. The most
important change compared to the literature consists in the co-bonding process, which
matches currently used bonding production processes. Table C.1 summarizes the approach of
the present work. The names of the products used are not mentioned anymore in the next
sections.

Table C.1: selected approach for the preparation of weak adhesive bonds

Selected approach

Material Epoxy Tape UD M21/T800S

Monolithic Composite Lay-up

(02, 90)s— 1.6 mm thick

Adherent Surface preparation

Sandpapered & water break test

Contaminant / Release agent

Frekote 700 NC (PDMS)

Contamination process

Dip-coating

Adhesive

Cytec FM 300 K.05 180 °C

Adhesive bonding process

Co-bonding with clean laminate
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The next part will introduce in detail the different characterization methods used in this work
for the investigation of the specimens during the specimens preparation, prior and after laser
tests.

3. EXPERIMENTAL METHODS FOR CONVENTIONAL
CHARACTERISATION OF BONDED SPECIMENS

The present part introduces the experimental methods used for the conventional
characterization of the composite laminates, the contamination, as well as the adhesive bond
quality. Each method and its functioning principle is presented. These methods for
conventional characterization are more or less laboratory methods with a broad variety of
technologies and measurement principles (destructive and non-destructive), which require
specific specimens and which are therefore at least partially destructive testing methods in
most cases. Several methods are also only applied to the base materials. Also, conventional
NDT techniques like UT or X-Ray Radiography or computed tomography are applied. They
also are restricted to small samples and parts with simple geometry.

3.1 Dynamic Scanning Calorimetry (DSC)

Dynamic Scanning calorimetry (DSC) is a thermal analysis technique which monitors heat
effects associated with phase transitions (fusion, crystallization, glass transitions, etc.) and
chemical reactions as a function of temperature. The difference in heat flow dH/dt between the
investigated sample and a reference in the same oven is recorded as a function of a
temperature cycle. This difference of heat flow is either positive or negative depending on the
endo- or exothermic process. In general, the reference is an inert material such as alumina or
an empty aluminum pan. In classical DSC, the temperature of both samples and reference is
increased at a constant and linear rate. The latest evolution called modulated DSC involves a
modulation in the linear temperature. The modulation allows the simultaneous measurement
of both heat flow and heat capacity and separates the reversible processes from the
irreversible ones. The periodic mix of low heat rate and high heat rate combines the
advantages of high resolution and high sensitivity, allowing a more precise detection of fine
changes in the analysis [17], [18].

In this work, the variation of enthalpy AHesureq iS Calculated to evaluate the cure degree a of
the adhesive film and the composite substrates. This evaluation is conducted based on Eq.1.

AHmesured

a=1 Eq.1

AI'Ireference
To evaluate the reaction enthalpy for a fully cured part AH cterence; SamMples from the adhesive
film and the composite pre-preg batch are taken as reference. The glass transition
temperature is also measured to allow a comparison with literature data on the used materials.
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Figure C.3: DSC plots of partially cured M21/T800 as example and illustration of the used
experimental DSC Calorimeter TA Q2000

The modulated DSC analysis is performed with a Q2000 calorimeter from the company TA
Instruments (see Figure C.3). The preparation of the samples is conducted by grinding of
corners and edges of the cured composite plates and the analysis of 11 £ 2 mg of grinded
dust or uncured material. The material are weighted, placed carefully in the pans and with the
lid previously pinched to enable the escape of gas during the test. The pans are installed in
the DSC sampler and the test parameters are programmed. In this work, the DSC samples
are stabilized 2 minutes at 25 °C and then heat up to 350 °C with a linear heating ramp of 5
°C/min. A modulation of the heating rate of £0.5 °C every 40 seconds is used. The analysis of
the results is then realized with the software TA Universal Analysis 2000 from TA Instruments.

3.2 Ultrasonic and Phased Array Ultrasonic Testing (UT & PAUT)

Ultrasonic testing (UT) and its phased array variant are methods based on the sound wave
propagation and reflection phenomenon in materials. UT can be used to detect defects
generating new interfaces like pores, crack, delaminations, disbonds, etc. and were identified
as best solution for visualizing indications of potential defects in CFRP before and after laser
proof tests. A piezoelectric transducer vibrating at a Mhz frequency generates an ultrasonic
wave which propagates in the inspected material. The sound waves are affected by changes
of acoustic impedance Z; The signal is reflected or attenuated before being detected either
from a single emitter-receiver (pulse-echo mode) or on the opposite side with a separated
receiver (through transmission mode). This reflection and attenuation gives an indication of
depth and size of the defect thanks to the Time Of Flight (TOF) and Amplitude (Amp) that
allow a quantitative evaluation. The result of the sound beam of one single transducer in 1D is
represented by a so-called A-scan. Other representation in 2D are available: the B-scan is a
cut view of the specimen in the direction of the sound beam; the C-scan is a view from the top
surface plane, orthogonal to the sound wave. All these representations are illustrated in Figure
C.4.
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Figure C.4: lllustration of pulse-echo technique with representations of A-, B-, C- and D-scan in
space with their corresponding signals [19]

The first UT inspection was performed for the quality control of the monolithic composite
structure with UT techniques in immersion according to the test method AITM 6-0045. The
pulse-echo mode (Figure C.4) was used with a focused probe Olympus V309F operating at 5
MHz and with a beam width of 12.7 mm. The step size was of 2 mm and no time corrected
gate (TCG) was applied. Data were acquired and the evaluation was made manually with NDT
Kit® (also named Ultis).

The second and third inspections were conducted on the adhesive bonded panels (250*200*3
mm?), respectively prior and after the application of laser proof tests. A R/D Tech Omniscan
MX, with phased array module and an Olympus probe head 5L-I3 5 MHz with 128 elements
and a 2 cm Plexiglas delay line were used. The data were acquired with a TCG of 15 dB at 4
mm depth. The signals were later visualized and analyzed with help of the Olympus
TomoView software or NDT Kit v2.5.1. Both setups including the typical scans pattern are
represented in Figure C.5. The view of UT signals in A-, B- and C-scans is also represented,
especially in the case of the PAUT mobile inspection.
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Monolithic CFRP inspection Adhesive bond inspection
Top: UT in water immersion in tank Top: PAUT with Omniscan & 5Mhz 128 elements probe
Bottom: C-scan of CFRP main panel Bottom: A-, B- and C-scans of bonded CFRP

= =
et

Figure C.5: ultrasonic inspection setups in UT immersion or mobile PAUT with according scans
performed and results visualization

3.3 X-Ray Photoelectron Spectroscopy (XPS)

The X-Ray Photoelectron Spectroscopy (XPS) measures the photoelectrons emitted by an
object exposed to x-rays radiation based on the photoelectric effect. The kinetic energy of
these electrons can be analyzed using the relation E,, = Ey, + Eg , where Ey, is the total
energy, Exn is the kinetic energy and Egis the binding energy of the electrons. The calculated
binding energy is characteristic for each element and its chemical binding state which enable
the determination of the atomic composition of examined surface. XPS is only surface
sensitive since it can only detect electron emitted in a depth of about 10 nm.
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Figure C.6: XPS Kratos Ultra system and obtained spectra (intensity in A.U. in function of
electron binding energy in eV)

XPS requires small specimens (few mm?) due to the small measurement chamber where an
ultra-high vacuum needs to be done. Process control specimens were hence manufactured to
be contaminated and cut in order to be measured by XPS. Measurements were conducted
using Kratos Ultra (Figure C.6) applying the following acquisition parameters: base pressure:
4*107° mbar, sample neutralization applying 3.3 eV electrons, hybrid mode (electrostatic and
magnetic lenses are used), take off angle of electrons 0°, pass energy 20 eV in high resolution
spectra and 160 eV in survey spectra, excitation of photoelectrons by monochromatic Aly
radiation. The analysis area is elliptically shaped with main axes of 300 um x 700 ym. All
spectra (see ) taken are quantified using the “relative sensitivity method” which is based on
the assumption of a homogeneous distribution of the considered elements within the
information depth (up to 10 nm). XPS spectra are documented without charge correction. The
energy scale can be corrected by referring the C1s component of C-C and C-H species to
285.0 eV binding energy [20].

3.4 Wetting behavior with Surface Analyst™

The Wetting behavior evaluation of a substrate surface characterizes the surface energy and
its wettability for the adhesive. The Surface Analyst (SA)™ is not an established reference
characterization tool but is based on the same principle as most of the wetting aerosol devices:
the surface energy is calculated from the contact angle of a drop of probe liquid on the surface
to be evaluated. The particularity of the Surface Analyst is the ballistic deposition of the probe
fluid drop on the surface. Indeed, the drop is spread on the surface from a pulsed stream of
microdrops, providing the on-growing drop with kinetic energy which helps the drop to reach
its equilibrium shape. Heterogeneities from composite structure (roughness or chemistry
effects of the surface) are avoided and the results are more accurate than with classical
methods. The volume V of the final drop is known and controlled by the device and stays
below 2 pL. The use of little volumes guarantees that the drop will be spherical. The Surface
analyst can then optically detect its total perimeter and calculate the average diameter d of the
drop. Knowing the volume and the diameter of the drop, the average contact angle 8 is
obtained using Eq. 2. The entire drop perimeter is evaluated what reduced errors.
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Measurements are taken randomly on the surface of the reference and the conditioned CFRP
panels. The determined angles are averaged and correlated to XPS data in at.% Si measured
at the surface.

3.5 X-ray radiography

X-Ray Radiography uses the principle of differential absorption of x-ray penetrating radiation.
Each specimen under evaluation has differences in density, thickness, shape, size, in
absorption characteristics which results in the different amounts of radiation absorbed and
transmitted (Figure C.8a). The unabsorbed radiation that passes through the part is recorded
on a photographic film, fluorescent screens or other radiation monitors. Indications of internal
and external conditions appear as variants of grey on exposed film, or variants of color on
fluorescent screens. This technique is suitable for the detection of voids and porosity, or also
for the detection of foreign bodies incorporated in a part.

In this work, the bonded panels (250*200 mm?) were placed at 5 cm distance before the
electronic detector to be inspected in one shot. The X-Ray installation MCN 165 from the
company Yxlon GmbH was used in direct exposition mode (Figure C.8b,c,d,e). Measurements
were taken with 25 kV and 80 mA for the global radiography. Specific zooms in suspicious
areas were done with microfocus using 50 kV and 3 mA in order to enable detection of defects
ranging from 50 to 100 um, especially post laser shocks.

82



Chapter C — Preparation and characterization of weak adhesive bond specimens

X-Ray Radiography

a) Radiography of CFRP specimen
b) Separated command room

c) X-Ray source and emitter

d) CFRP specimen on support

e) Electronic detector

\’»

Figure C.8: X-Ray Radiography with a) radiography of one bonded CFRP specimen with reveale&
fibers orientation and b,c,d,e) general X-Ray installation MCN 165 from Yxlon GmbH and
experimental setup

3.6 Optical Microscopy

For detailed observations of the laser effects on the CFRP bonded structures, micro-cuts of
selected locations for cross-section micrographies have been prepared. This characterization
is based on the visual inspection of cross-section with help of different microscopes (Figure
C.9a). The range of magnification is depending on the microscope used and rises up to 50x
for fine details observation in this work (Figure C.9b). Optical microscopy is a simple but very
important final diagnostic because it allows one to observe directly how the structure was
impacted by the laser proof test at microscopic level (Figure C.9c). It is the reference way to
compare the results obtained with Ultrasonic testing. It is thus applied for the verification of
NDT diagnosis, for the determination of crack, delamination real size and for the optimal
correlation between NDT data and real defect in presence.
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Figure C.9: Representation of (a) a microscope used with automated table and computer
observations, (b) a micrography of the laser impacted surface (x50) and (c) the cracks
observation under microscope in the complete thickness

The preparation of micro cuts is done by first cutting the composite panels in stripes in the
horizontal direction (parallel to the outside 0° layer). Later, the finest cuts are performed
directly with a thin (<1 mm) diamond disc mounted on a circular saw perpendicularly to the 0°
fibers. This cut is done at the precise location which will be observed. The direction of
observation is chosen perpendicular to the 0° fibers (also in majority in the composite) in order
to have a better visualization of the cracks. Unfortunately, it is not possible to visualize other
crack in the other planes. The specimens were cut in cross section of about 30 mm width,
including a location of a laser shot in the middle.

3.7 Scanning Electron Microscopy (SEM)

In precise cases where the adhesive interface has to be investigated, detailed images of the
adherent surface aspect after Gic testing have been captured with help of a Scanning
Electron Microscope (SEM). The SEM was only applied in particular cases of rupture to
evaluate the nature of the rupture and any possible influence from the laser shocks on the
adhesive-substrate interface, in comparison to a non-affected interface. A Zeiss SEM model
LEO1530 in secondary electron imaging mode (Figure C.10a), with 5 kV voltage and an
working distance of 14.5 mm were used. Images were captured with a magnification up to
1000x in resolution 1024*768 and 112 nm/pixel in 8 bits grey levels. The images from the
SEM reveal the failure profiles of the adhesive bond at microscopic level. Carbon fibers or rest
of adhesive can be identified precisely (Figure C.10b) and provide an additional level of
information regarding the effects of laser shock on the failure mechanism.
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a) - chambe b) Rests of adhesive (rupture profile)

| — |
20 um

Figure C.10: Representation of (a) the Zeiss LEO 1530 Scanning Electron Microscope used and
(b) a micrography of a the adherent surface (x1000) after G,¢ test

3.8 Double Cantilever Beam Test (G4c)

The double cantilever beam (DCB) test Gy is the mechanical test used in this work for the
correlation with the laser and contamination data. The G, test, already presented in Chapter
A, consists in loading the adhesive bondline in pure tension. A pre-crack is first generated by
the use of a release film insert in the first 40 mm of the specimens. Its length is of 10 mm
further and it correspond to the initiation crack for the measurement. After pre-cracking, the
tensile strength is applied in the mode |, perpendicular to the crack plane which hence loads
the bond line (Figure C.11a). The crack propagation and the according load are recorded until
a crack length of around 110 mm from the initial crack is reached. The fracture toughness Gic
is later calculated based on the AITM Eq. 3 where A is the energy to achieve the total
propagated crack length in J (integration under the curve - Figure C.11b), a is the propagated
crack length after crack initiation in mm and w is the width of the specimen in mm. The formula
is hence an integral from the pre-crack until the final crack. This feature of the AITM formula
allows a simpler test than with the ISO norm where the position of crack during propagation
has to be marked and later measured.

GlC = a * 106 (]/mz) Eq. 3

* W

The final evaluation of results is correlated to the observation of the specimens failure type,
represented here for a co-bonded composite with sanding pre-treatment in Figure C.11c, d
and e. The failure modes can be adhesive (failure targeted through contamination and weak
bond criteria - Figure C.11c here), cohesive if the adhesive remaining are on both substrates,
delamination in case of rupture inside the composite substrate, “wet-wet’ at the interphase co-
bonded/adhesive.
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Load (N)

Continuous straight line
from a;., to point of origin

>
d (ain)
Cross head displacement (mm)
d(a) Cross head displacement at initial crack length
d (a.,) Cross head displacement at final crack length
C e : A Calculated energy |
Failure mode e
No Characteristic Prepreg pre-cured
0 Inside adherent (delamination) 0
1 Inter adherent-fibre / Peel-ply resin Pre-treated surface 2
7 Adhesion El o———3 Location of fracture
3 Cohesive inside the adhesive Film adhesive o~ 4
—1—>5
4 “Wet-wet” — Interphase
d) 5 Inside adherent (delamination) e) Prepregico honded

Figure C.11: Double Cantilever Beam Test G;¢ with a) specimen under test, b) the typical load-
cross displacement diagram (extract from AITM 1-0053 [21]), c) the failure profile (here adhesion)
and d) the existing failure modes with e) the locations in the bonded specimen cross-section

The tests were performed according to the test method ‘AITM’ 1-0053 [21]. The specimens
were dimensioned shorter than recommended by the AITM norm without any consequence,
with only 180 mm instead of 250 mm length. This was done to maximize the amount the
number of specimens manufactured out of the CFRP main plates. Seven specimens
(180*25*3 mm?) were cut out of each bonded panel using water abrasive jet cutting. This
process was chosen in order to avoid detrimental vibration effects from conventional diamond
saws on the adhesive bond mechanical performance observed in ENCOMB pre-tests.
Aluminum load blocks MP005310 in compliance with the AITM norm were used. Each G, test
was performed in ambient temperature and moisture conditions on a Zwick test machine Z10
1445. A load cell of 10 kN, a crosshead extensometer and a test speed of 10 mm/min were
used.
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3.9 Summary on characterization methods

All characterization techniques used in this work are summarized in Table C.2. For each
technique, the information delivered and the application are described.

Table C.2: Summary of characterization techniques and information expected in this work.

Characterization Technique

Information targeted

Use in the present work

Dynamic Scanning
Calorimetry (DSC)

Remaining reaction enthalpy
(AHmeasured), glass transition
temperature (Tg)

Control of degree of cure
(adhesive & co-bonded
composite)

Ultrasonic and Phased
Array Ultrasonic Testing
(UT & PAUT)

Size and position of potential
defects (delamination,
disbonds, pores, etc.)

Control of defects after
manufacturing (monolithic
plates & bonded panels).

Inspection after laser tests for
debonds detection

X-Ray Photoelectron
Spectroscopy (XPS)

Atomic concentration of
contaminant (Si at.%)

Verification of contaminant
presence on pre-cured
composite surface

Surface Analyst™

Surface energy through
wetting angle

Verification of contaminant
presence on pre-cured
composite surface
(experimental)

X-Ray Radiography

Detection of defects (porosity,
foreign bodies)

Control of bonded panels
after manufacturing

Micrographies

Delaminations and disbonds
profile in material
microstructure

Evaluation of cracks and
debonds after laser proof
tests

Double Cantilever Beam
Test G1c

Fracture toughness energy
(mechanical parameter) of
bonded specimens

Evaluation of mechanical
performance of adhesive
bond in pure tension, for
correlation with Laser Proof
tests results

The next part will introduce in detail the different steps and care taken for the production of the
specimens. The composite material, the contamination, the adhesive bonding operations and
the intermediate characterization results of the specimens are presented. They introduce the
test specimens families used for the laser test designed to provide answers to the scientific

objectives.
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4. PREPARATION AND CHARACTERIZATION OF WEAK
ADHESIVE BONDED CFRP SPECIMENS

In this part, the specimens preparation for all specimen families is being introduced. Based on
the scientific approach and the questions raised, three different conditioning treatments are
performed on top of the adherent surface contamination. All conditioning treatments are
introduced hereafter.

4.1 Specimens families

With regard to the problem statement and the scientific objectives three families of specimens
are being produced in the frame of this work. In each family, five adhesive bond states i.e. one
reference and four contamination levels are prepared. In each family, the composite used is
the CFRP M21 with T800S fibers. The difference and reason for the families can be
introduced as follow:

- Specimen family standard - fully cured - type ‘C’

The standard type ‘C’ of specimen is based on fully cured CFRP panels. They define the
standard type of materials where no defect should be present. No deviations from norms,
apart for the contamination process, is applied. The sole variations in the specimens type ‘C’
is the contamination by release agent with different concentrations.

The ‘C’ type is designed to be representative for real industrial bonded composite material.
The laser proof tests are performed on the specimens as they would be after manufacturing,
in a manufacturing environment. The tests conducted on standard specimens focus on the
bondline adhesive performance assessment.

- Specimen family - partially cured - type ‘PC’

In opposition to the standard family ‘C’, the type ‘PC’ stands for Partially Cured. This
deviation of the norms recommendations is being realized during the co-bonding process
where a lower temperature as the 180 °C recommended is selected to avoid the full cross-
linking of the epoxy molecules in the uncured composite layer. This family also involves a full
range of contaminated specimens as well as reference ones (not treated).

This family has been designed to evaluate the effects of laser proof tests on the composite
laminate itself instead of the adhesive bondline, when the composite substrate is weaker than
the adhesive bondline. This hypothesis is often neglected by the consideration of a stronger
cohesion in the laminate as adhesion at the bondline/substrate interface.

- Specimen family - moisture saturated - type ‘MOC’
The type ‘MOC’ stands for MOisture Contaminated. It involves standard specimens (type C)

which have been first dried out from ambient humidity and then saturated in a climatic
chamber at 80 °C /85% r.H. until saturation. All conditioned adhesive bonds, are saturated
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with moisture and then tested with laser proof test. The mechanical performances are also
investigated through DCB mechanical testing.

The aim of the MOC family is to evaluate the effect of laser proof test on aged specimens to
simulate a control of bondline after entry in service, or even a possible repair environment.
Indeed, after manufacturing of an adhesive bonded structure, the adhesive joint and the whole
structure may be exposed to moisture ingress, which itself may affect the performances of the
adhesive bond through plasticization and so, even decrease the properties of a weak(er)
adhesive bond.

4.2 Specimen nomenclature

The specimens are marked with engravings to avoid loss of names during all specimen
conditioning and pre-treatment (cleaning with organic solvent) steps. The code specified in
Table C.3 includes information related to the origin of the specimen (main plate, 1200*600*1.5
mm?3), the specimen cut out (10 out of each main plate, 250*200*1.5 mm?), the contamination
state (5 levels from reference to 10% release agent) and in case of additional tests, the
specimens family (see section 4.1) and the initial position (from bottom to top resp. 1 to 7) of
the specimen in the test panels with help of a dedicated numbering.

Table C.3: Specimens nomenclature and codes for markings and engravings

#A#H# (_type #)

_——— N\ N\

Contamination state Additional numbering for special

Main plate Specimen (Release Ag';ent tests incl. cut-outs (i.e. Grc)
concentration)
1to 4 1to 10 0 reference _C 1to7 cured
1 1% Release agent _PC 1to7 partially cured
2 2% Release agent _MOC_1to7  moisture aged
3 5% Release agent (_LAS_1to7) Ilasertested
4 10% Release agent

Example:
Specimen 2.8.3 originates from main plate N°2, specimen N°8 and is contaminated with
release agent diluted to 5%.

4.3 Monolithic laminates preparation

4.3.1 Materials choice

Already mentioned in section 2.1.2, the carbon prepreg selected for specimen manufacturing
in this work is referenced HexPly UD/M21/ 35%/268/T800S). It is a unidirectional tape (UD),
intermediate modulus carbon fiber reinforced epoxy prepreg with a fiber areal weight of 268
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g/m? and a prepreg resin content of 35% nominal. The same batch is used for the
manufacturing of the monolithic main plates.

The epoxy adhesive film with carrier mesh from Cytec Engineered Materials FM300 K.05 is
selected. The ‘K.05’ in its reference indicates that the carrier is knitted and the areal weight is
0.05 pounds per square foot, or in metric system, 244 g/m>.

4.3.2 Composite lay-up

The first steps involved the manufacturing of four main monolithic composite plates numbered
from one to four (1200*600*1.5 mm?3). The stacking sequence of six plies (0,, 90)s for a total
thickness of approximately 1.56 mm is displayed in Figure C.12.

The surface are covered by a release film Richmond type ET 6335-OR from 3.8 uym thickness
in order to guarantee a smooth surface aspect.

f e | s

OO

Figure C.12: Lay-up (0, 90)s from first monolithic composite plates

This lay-up of 1.56 mm thickness is also used for the uncured part, later co-bonded to this pre-
cured and treated monolithic layer. The symmetrical specimens derived are fulfilling the
geometrical criteria of the selected mechanical test G4¢ as in the AITM 1-0053 [21]: they are
symmetrical, of the same material, approximately 3 mm thick and the external layers are in the
0° direction.

4.3.3 Curing cycle

Once laminated, the plates have been prepared for curing in the autoclave. The cure cycle
parameters are standard for the used material. It is given in Table C.4 and the autoclave setup
is represented by Figure C.13. It must be noted that in classical cases the layers in contact
with the prepreg are peel-ply films instead of the here used release film Richmond type ET
6335-OR. The use of a caul plate (aluminum, 1.5 mm thick) allows a better repartition of the
pressure on the complete surface of the laminate.

Table C.4: Autoclave cure cycle for M21/T800S

Temperature increase 2 °C/min (+0.5/-0.5 °C)
Pressure increase rate 0.2 bars/min
Plateau at 180 £ 5 °C 120 min +15/-0 minutes
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Temperature decrease rate

2 °C/min (+0/-1 °C)

Pressure

7 £ 0.5 bars

Vacuum

0.8 £ 0.1 bars

-+~ Vacuum bag
-+ Breather fabric

-+ Rel film

c————— = Pressure Plate

< Rel film
-~ < Release film
Seal / "' = = Prepreg
e e, g 2 . < Release film
S AN >« Mold or tool

a) Peel ply stripe Cork

Figure C.13: a) Scheme and b) illustration of autoclave preparation for CFRP curing (with release
films on tool and bag side)

After curing, the main plates were successfully inspected by conventional UT inspection. A
probe head of 5 MHz in through transmission mode in immersion into a water tank was used.
Very little heterogeneities with attenuation ranging from 2 to 5/6 dB could be revealed within
the plates without having an importance on the laminates health. These attenuations are
assumed to be due to porosity.

The main plates were then surface treated to enhance the surface wettability for first the
contamination step and later, the co-bonding process.

4.3.4 Surface pre-treatment

After the monolithic plates cure, all plates had one surface pre-treated to provide a cleaned
and bonding ready surface for the later steps.

At first, a dry paper sanding treatment was performed with an rotating sanding machine
Festool and a new paper with grit size 150 for each plate (Figure C.14a). The resin abraded
and carbon dust were collected by suction during the sanding operation. The surface was
finally rinsed with de-ionized water (Figure C.14b) and cleaned to remove the dust rests with a
white lint free cloth. After the rinsing, the panels were put in almost vertical position for the
water-break test. For this purpose, de-ionized water was flown over the surface and the
continuity of the water film was observed over the abraded surface during about 1 min. No
contamination or improperly sanded area could be identified by the water-break test for any of
the four main plates (Figure C.14c).
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Papersanding with Festool Dust cleaning with water Water-break test
and grit paper 150 with continuity water film

Figure C.14: a) Surface pre-treatment per paper sanding, b) cleaning with de-ionized water and c)
water break test on a M21/T800S main plate (1200*600*1.5 mm?)

The plates were trimmed and cut into the final panel size of 250*200*1.5 mm? with use of a
dry diamond disc saw (see Figure C.15). The panels were also engraved with the
nomenclature for the referencing of all specimens.

90°

410 | 420 | 430 | 440 | 454

464 474 481 492 4.10.3

-+
Main plate (1200600 mm? before trimming) 7 \ specimen (250*200 mm?)

Figure C.15: Main composite plate (Number 4 here - 1200*600 mm?) with schematic view of final
size CFRP panels (250*200 mm?) and trimming zones

Finally, the cutting operations were conducted on a dry diamond circular saw, and finally
followed by a last cleaning to remove the carbon dust produced by the cutting. Specimens
were cleaned with isopropanol on lint-free cloth until no black dust could be observed
anymore. They remained 30 minutes at room temperature for drying and were then sealed
into polyethylene films before the next step: the contamination.
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4.3.5 Contamination of adherent surface and verification

After the adherent surface pre-treatment, the pre-cured panels were contaminated. The silicon
based release agent is diluted in heptane solvent at the concentration of 1%, 2%, 5% and
10%. It must be noted that to avoid recurrent bias from surface pre-treatment and
manufacturing of the main composite plates, each contamination is not systematically
performed on a similar located panel out of the main plates, but originates from different
locations e.g. the panel out of bottom left from the main plate is not always the panel
contaminated to level 1.

The contamination is applied by dip-coating (see section 2.1.2). Two steel recipients
(50*250*300 mm?®) connected by pipes and a continuous pump are used. The solution is first
brought into the recipient where the panel is held, and after stabilization of the solution surface,
is pumped back in the second recipient. The speed of the immersion is set at 4000 mL/min.
The surfaces are then dried out of 30 min at room temperature and subsequently heated for
60 min at 80 °C in an air circulating oven to ensure the cure of the PDMS at the surface.

The XPS analysis are performed at three or two different positions depending on the
contamination level: 1-top, 2-bottom, or 3-middle (see Figure C.16). The silicon amount is
given in at.% at the surface in Table C.5. This amount is an indicator for the degree of surface
contamination by release agent (PDMS) and so, an indicator from the surface energy and
wettability. The results reveal a satisfying contamination for each level, with a noticeable
results for the unexposed reference panel as the Si at.% is not zero. This result can be
explained by an insufficient paper sanding which would have let fine traces of the release film
coating.

Table C.5: Si concentration based on XPS results after dipcoating contamination on CFRP

panels
Contamination Position of
Concentration of XPS too/ tNo/ tco/ tso/ ts‘l'/ g.vertaf/ge Std
Level | Release agent in measutre- (at.%) | (at.%) | (at.%) | (at.%) | (at.%) i (at.%) ev
solution men
Pos. 1 17.6 5.3 76.3 0.6 0.1
0 - (Reference) Pos. 2 17.4 3.7 77.7 0.6 0.6 0.43 0.29
Pos. 3 16.5 3.7 78.5 0.7 0.6
Pos. 1 19.0 25 771 0.7 0.8
1 1% 0.7 0.14
Pos. 2 17.2 4.3 771 0.8 0.6
Pos. 1 18.2 5.0 74.3 0.9 1.6
2 2% 1.30 0.42
Pos. 2 17.5 4.6 76.0 1.0 1.0
Pos. 1 21.4 3.5 70.8 0.7 3.6
3 5% 3.50 0.14
Pos. 2 20.7 3.1 72.0 0.8 3.4
Pos. 1 24.0 2.5 68.1 0.7 4.7
4 10% Pos. 2 251 3.1 63.3 0.4 8.1 6.37 1.70
Pos. 3 24.5 2.6 65.7 0.9 6.3
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Back side
(contaminated)

Front side

TOP

XPS measurement
Position 1

XPS measurement
Position 3
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XPS measurement
Position 2

Contact angle
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Figure C.16: Scheme of the XPS and Contact angle measurements on CFRP monolithic panel
(250*200*1.5 mm’)

xxxx_ | BOTTOM

The wetting behavior was then evaluated with help of the Surface Analyst™ from Brighton
technologies. This approach was experimental and shall be considered as a potential
technique for wettability testing on CFRP. The results of up to five random measurements on
the bottom and top part (see Figure C.16) of the pre-cured and conditioned M21/T800S
substrates is introduced in Table C.6. The correlations with the XPS data provided in Table
C.5 and corresponding to each local region (top or bottom) is done separately. The
correlations of the bottom and top parts are presented respectively in Figure C.17.

Table C.6: Contact angles determined by Surface Analyst™ random measurements on up to five
locations on top and bottom of conditioned composite substrates

Bottom Contact angle (°) ::Z::?; Std Dev | Top | Contact angle (°) :::::?3) Std Dev
- 28 | 28 | 27 | - - 27.7 0.6 - 31 29 26 28.7 25
1% 3431|3433 - 33 14 1% 33 32 34 33 1
2% 30 30|35 - - 31.7 2.9 2% 31 34 39 34.7 4
5% 43 | 41 | 33 | - - 42.3 1.2 5% 46 42 43 43.7 2.1
10% 44 | 46 | 50 | 49 | 49 47.3 25 10% | 81 78 77 78.7 2.1
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Figure C.17: Correlation between XPS data (contamination in Si at.%) and water contact angle
measured by Surface Analyst™ on a) bottom and b) top parts of conditioned M21/T800 panel

A linear regression was plotted to enhance the correlation between the Si at.% and the
averaged contact angles. For the bottom and top parts, R* are resp. equal to 94.4% and
98.0%. Despite this precision, the standard deviation is around 5% and the sensitivity to
concentration < 1.6 Si at.% is relatively low: all three lowest values are in the same range
when the standard deviation is considered. In general, a consistent relation between the Si
concentration and the contact angles measured by the SA™ is however observed and the
surface analyst has shown potential for detection of higher concentration Si at.%.

4.4 Adhesive bonding

4.4.1 Specimens preparation

The CFRP panels are bonded by co-bonding process. This involves the cure of the adhesive
film and prepreg simultaneously on the cured and pre-treated panel. Co-bonding process is
selected to approach manufacturing applications i.e. composite stringer on skin or skin on
stringer, and so show the feasibility of weak adhesive bond specimen preparation with the
actual industrial process.

The autoclave is prepared for standard co-bonding operations according to the specification of
the adhesive film FM300 and similarly to the setup illustrated by Figure C.13. The autoclave
table is arranged with the CFRP panels pre-cured and contaminated used as caul plate and
placed on top of the uncured prepreg to optimize the pressure (see Figure C.18).
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l

Figure C.18: a) autoclave preparation for CFRP co-bonding with use of pre-cured CFRP as caul
plates and b) example of panel setup for bonding with release film insert (in blue) for mechanical
test specimens

The lay-up for the co-bonded layer is the same as for the monolithic panels (0,, 90)sin orderto
produce fully symmetric specimens of about 3 mm thickness, fitting the mechanical testing
requirements. The lay-up, including the representation of the adhesive film and contaminated
face is represented in Figure C.19. The same figure introduces also the axis system that is
used during the complete work: the x-axis is the 0° fiber direction and the z-axis is chosen as
the thickness direction, without fibers). The uncured panels were manufactured and cut wider
than 250*200 mm? in order to avoid shrinkage during curing. These edges were trimmed with
the same dry diamond circular saw as for the cutting of the main plates.

The cure cycle is by default the same as for the manufacturing of the main M21/T800S basic
plates (section 4.3.3 — Table C.4) Only in the case of the type PC —partially cured—specimens,
the curing temperature is reduced to 120 °C instead of 180 °C. The degree of cure is
evaluated by the determination of the rest enthalpies by DSC for both the adhesive bond and
the co-bonded CFRP panel.

REAR SUBSTRATE

M21/T800S (8-13)
L < uncured

FM300 K.05 (7)

v
4%
fr =

" Contaminated layer

M21/T800S (6)
<« Pre-cured

Lr
%
y:y = ] - FRONT SUBSTRATE
.

Figure C.19: Complete lay-up of adhesive co-bonded panels including contamination on pre-
cured and pre-treated panel and view of the bonded panel from the front substrate [22]
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4.4.2 Verification of degree of cure

The degree of cure could be estimated based on Eq.1 and the data given in the product
specifications. Regarding M21/T800S, the released enthalpy AH,q corresponding to the full
cure (100%) shall be comprised between 310 and 500 J/g. This value is referring to pure resin
and must therefore be pondered with the resin content of the used material. With the actual
35% of resin involved, the AHeterence is hence around 108 to 175 J/g. The adhesive FM300
K.05 has a released enthalpy of 270-320 J/g according to material specification.

The two composite substrates co-bonded at curing states NC and C, as well as the adhesive
FM300.K05 are controlled by DSC to evaluate the degree of cure in the material. For each
state, at least 3 measurements on separated specimens have been performed. The features
of resulting DSC curves can be observed on Figure C.20.
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Specimen DSC Results Observations
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Figure C.20: DSC results and general observations for each specimen type: composite substrate
M21/T800S in state C (cured), PC (partially cured) and the epoxy adhesive FM 300 K.05 (both C
and PC)

- Specimens type ‘PC’: the lower temperature for the cure cycle has led to a cure
degree of about 55% (+ 8%), based on the reference value from pre-preg AH,¢ =
133.5 J/g. The glass transition temperature of the PC state co-bonded laminate
reaches Tg = 102 °C (+ 4 °C) whereas a standard value for M21/T800S should be
ranging around Tg = 180 °C.

98



Chapter C — Preparation and characterization of weak adhesive bond specimens

- Specimens type ‘C’: the DSC curves do not allow any Tg determination. Only the little
rest enthalpy could be determined. The cure degree of ‘C’ specimens is of 99.5% (+
0.2%), again with consideration of the pre-preg reference value of 133.5 J/g.

- The adhesive layer from the ‘PC’ type specimens was investigated. The results show
an advanced cure grade with an average Tg = 162 °C corresponding to a cure degree
of 93.7% (x+ 4.7%) according to Sprute [18]. On the basis of this high cure degree and
the previous results for PC and C specimens, the adhesive layer is implicitly assumed
fully cured for type C specimens. The cure degree can be explained by the very low
thickness of the adhesive film and its direct contact to the pre-cured and pre-treated
CFRP substrate, which diffuses heat faster than the uncured substrate. Also, the two
material being different, the reaction kinetic may be in favor of the adhesive layer.

The cure degree evaluated with rest enthalpies are in line with the expectations. The adhesive
layer is fully cured in each configuration. The standard deviation on the cure degree can be
mitigated by the numerous influencing parameters, both in DSC and evaluation of DSC curves
for the determination of the Tg and rest enthalpies.

4.4.3 Characterization of the adhesive bondline

Independently from the contamination state, a weak adhesive bond should not present any
defect in the bondline. This condition was one of the three main criteria defined in Chapter A.
To verify the absence of defects in the CFRP bonded panels, each of the adhesive bond
panel is therefore inspected by Phased Array ultrasonic PAUT and X-Ray radiography.

The PAUT inspection is performed after bonding operations on each of the small bonded
panels. Signals are acquired from the rear surface in the form of three stripes vertical stripes
as represented earlier in Figure C.5 or with focus on the A-, B- and C-scans in Figure C.21.
The data are recorded and stored for ‘before and after’ laser proof test comparisons presented
in the chapter D. In general, no major defects were detected in the adhesive bonded layer
before laser tests. Inhomogeneities in the adherent composites layers can be detected but are
not of a representative size, or large enough to prevent the use of the affected panel.

A particularity due to the symmetry of the panel (1.5 mm CFRP substrate on each side of the
adhesive layer) is the 4" echo. It is indeed an artefact caused by the constructive reflections
on each frontier, the adhesive bondline and the backwall/rear free surface. A representation of
this phenomenon due to the geometry of the sample is given in Figure C.22. This 4™ echo has
no physical meaning and will not be further considered.
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Figure C.21: A-, B- and C- scans from one bonded panel (250*200*3 mm?®) for the phased array
ultrasonic inspection after bonding operations showing a standard indication-free structure and
the according UT echoes
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Figure C.22: Representation of ultrasonic wave paths in the symmetrical bonded composite
materials. The different echoes visible in the B-scan are conditioned by the length of the path.

The X-Ray radiography with microfocus mode has enabled a visualization the fibers
orientation in the laminates as well as veins (brighter colors left in Figure C.23a) in the
adhesive at the border of the composite panels. No indications could however be found with
UT in such areas. The visualization of the release film inserted in the bonded panel as crack
initiator for DCB coupons is possible. Also light micro porosity can be observed in few areas of
bonded panels. The orientation of pores indicates their presence in the bondline near the
adhesive polyester knit, which can be observed in Figure C.23b.
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Figure C.23: X-Ray through transmission visualization of the composite bonded panels showing
a) a complete panel with G¢ release film insert b) focus on the micro porosity visible and the
adhesive layer knit

4.5 Conditioning of moisture aged composite panels

The adhesive bonded specimens MOC were conditioned with moisture exposure to
investigate moisture ageing effects on laser proof tests performances. Specimens from each
adhesive bond state have been pre-cut in DCB specimens size to prepare the finite test
coupons for DCB tests and simultaneously allow a precise weight of each small coupon in the
first dry-out phase and in the saturation phase.

Before saturation, all MOC coupons are dried out to remove standard ambient moisture and
bring them at the same moisture level. The dry out is performed in an oven with air circulation
with the temperatures and times defined in Table C.7 according to the AECMA standard EN
3615 for exposure to humid atmosphere and moisture absorption [23]. The saturation cycle is
as well performed according to the same standard and in compliance with the parameters
from Table C.7.

Table C.7: Cycle and criteria for moisture dry-out and saturation operations for composite
materials according to AECMA standard EN 3615 [23]

according to
AECMA EN Dry-out Saturation
3615 [23]
- 72 (+20/-0) hours at 50 (£5) °C
Cycle - 72 (+20/-0) hours at 70 (£5) °C - x hours at 80 °C/85 r.H. until a
- X hours at 90 (£5) °C until a constant mass is reached
constant mass is reached
Constant mass is defined as three Constant mass is defined as three
End Criteria successive weighing of coupons successive weightings of coupons
carried out at 72 h intervals and carried out at 168 h intervals and
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Figure C.24: Average moisture concentration (in wt.%) versus time (in hours) in bonded
M21/T800S coupons MOC during dry-out and moisture saturation phase

Figure C.24 gives the average weight with a precision scale of 0.1 mg from seven coupons.
Weighing operations are conducted on coupons 10 minutes after removal from oven or
climatic chamber to let the weight and diffusion behavior stabilize. The result of the weighing
control is presented on one single graph for better clarity. The dry-out cycle on the left shows
an average loss of 0.27 wt.% of moisture in 408 hours (17 days). The saturation phase leads
to a moisture ingress of 1.11 wt.% in 1702 hours (71 days).

Once the saturation is completed, the MOC coupons are let in the climatic chamber further
until the test period. The coupon are then taken out, wrapped individually in a lint free cloth
soaked with de-ionized water, wrapped in aluminum foil and packed in plastic bags, later
sealed to avoid any re-drying of the coupons before laser or mechanical testing.

4.6 Adhesive bond mechanical performances

After all preparation steps and first characterization with NDT methods, the adhesive bonded
specimens are tested mechanically to determine their fracture strength in mode |. This step is
essential to determine the adhesive strength of each designed type of specimen prior to
testing laser proof test methods on them.
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The double Cantilever Beam test is the chosen test because it corresponds to pure tension on
the adhesive layer. It is assumed to be therefore the most representative for the local tension
generated by laser proof tests within the bonded structure.

4.6.1 Performances of fully and partially cured bonded specimens

Seven G;c coupons from bonded laminates with pre-treatment ranging from reference state to
level 4 contamination state were prepared and tested.

Results are discussed by type of specimens, cured C; partially cured PC and moisture
contaminated MOC considering the failure profile presented by Figure C.25.

- Cured C specimens: it can be observed that the G;c values from the cured
specimens are stable for < 0.70 Si at.% around 700 J/cm? and strongly decrease of
more than 60% with increasing Si at.% concentrations.

In case of level 0 (ref), 1 and 2, the crack initiation energy of up to three coupons per
family did not match the expected values. The observation of failure mechanisms
revealed an adhesive failure for these particular coupons, whereas the rest of the
specimens had shown mix failure modes of cohesive and delaminations from the
substrates, with a tendency to adhesive in some rear parts of the specimens. A
comparison in between the coupons with other failure patterns does not make sense
since the failure modes are not similar. For this reason, the presented G values for
levels 0, 1 and 2 do not include the specimens whose failure pattern are adhesive. The
average is made with the coupons whose crack initiation energy and failure patterns
are featuring mix failure patterns.

In the case of level 3 and 4, the concentration of Si at.% is high enough to provoke a
clean adhesive failure, as expected in case of significant release agent contamination.
The standard deviation is at its maximum (23.7%) for the reference value. This
standard deviation is relatively high and can be explained by the delamination visible
where mixed failures are present. The delaminations are indeed directly impacting the
scatter because the force account the tension applied on the carbon fibers in this case.
The Gy scatter is on the whole acceptable knowing that standard deviations of 20%
are often applying for DCB tests. This value decreases down to 17% with increasing
contamination levels and adhesive rupture behavior.

- Partially Cured PC specimens: the incomplete cure of the co-bonded layer is
responsible for a parasitic effect for the level 0, 1 and 2. The partial cure does not
enable the optimal cohesive strength of the composite substrate. During the DCB test,
intralaminar failure occur (see view in level 0 and 1 in Figure C.25) and the data
recorded did not focus on the adhesive bond but on both cracks propagating. This
phenomenon invalids the test results which cannot be attributed to any of these crack
especially because of the mix of both cracks propagations. No data are hence
available for level 0, 1 and 2.

Level 3 and level 4 could however be tested. The CFRP intralaminar cohesion is
assumed stronger than adhesive bondline contaminated with high Si at.%
concentration. This is emphasized by the clean adhesive failure. The Gic
performances are approx. twice lower but along the cured specimens performances of
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levels 3 and 4. The standard deviation is anecdotic for so low fracture toughness
results.

Moisture aged MOC specimens: due to a lower amount of samples due to material
restrictions, only four specimens were for the moisture ageing Gic performance. The
moisture ageing of samples fully cured shows a direct effect on the adhesive failure
mechanisms of all contaminated states. Only in the case of reference state, a slight
mix of adhesive failure pattern and cohesive can be distinguished on small areas. The
failure patterns for specimens of level 1, 2, 3 and 4 is adhesive, and similar to the one
of the cured specimens in level 3 and 4. The standard deviation is kept below 20% for
level 0, 1 and 2 but drastically increase for levels 3 and 4 (up to 75% on low values).
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Figure C.25: Failure profiles and remarkable results for all tested G;¢c coupons from coupon
families cured C, partially cured PC and aged with moisture MOC

In conclusion, Figure C.26 introduces the results for the cured composite C, partially cured PC
and moisture aged MOC composite. The adhesive bond performances determined by DCB
tests are matching the expectations. The influence of the substrate contamination is clearly
evidenced by a loss of more than 60% of fracture toughness Gic with concentration of Si
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superior to 0.70 at.%. The criterion defined in chapter A, a loss of 20% of the nominal
mechanical value, is validated for levels 2, 3 and 4.
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Figure C.26: G¢ results of Cured C, partially cured PC and moisture aged MOC specimens
showing decrease of fracture toughness energies with increasing contaminations of adherent
surface

The adhesive failures for level 0 coupons is in line with the XPS data scatter seen in part 4.3.4,
and reveal that local higher concentrations of Si or bad sanding may be responsible for these
adhesive failures. This observation is however not prejudicial. The mix of failure patterns
indicates regions with delaminations appearing surprisingly in parallel. These delaminations
encourages the effect of fiber bridging during the test which is responsible for higher Gi¢
values that are however not representative of the adhesive itself but more of the adhesive
bond assembly as a whole. Later results from DCB tests in Chapter D will be discussed on the
base of the failure profiles.

In case of partially cured PC composite, the intralaminar cracks have revealed that the
adhesive bond is stronger than the laminate cohesion itself in case of a cure of 55%. This is
valid until a concentration of 1.3 Si at.% where few laminates could be opened but have
shown an adhesive failure, due to the Si contamination. In this range of contamination, both
phenomena of adhesive rupture and intralaminar delamination are equally competing. When
the contamination is higher, its effects dominate and provoke an adhesive failure. The
objective of preparation of weak composite substrate with substrate cohesion less efficient
than the adhesive bondline is hence validated with the PC specimens.

The specimens aged with moisture MOC have revealed a significant drop of fracture
toughness G¢ performance for level 0, 1 and 2 with respectively drops to 49%, 26% and 52%
from the sound cured C specimens Gic values at similar levels. For the highest levels of
contaminations (3, 4), the G,¢ values is increased of respectively 31% and 29%, with however
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a large standard deviation inhibiting any conclusion about an improvement of performances.
The adhesive failure pattern present on all levels leads to the assumption that moisture
ingress (after bonding) is responsible for a degradation of the adhesive-substrate interphase.
Moisture, due to the plasticization and the induced swelling, could be responsible for a de-
wetting at this interphase and so, would lead to adhesive failures. This effect is in line with the
observations of Banks et al. in his study on water ingress in CFRP [24].

5. SUMMARY

The scientific approach has highlighted the challenges of the use of laser proof testing and the
questions to be answered in priority. Questions regarding the assessment of the NDT aspect
of laser proof test are raised. Before starting assessing laser proof test methods, the first
decisive step is the preparation of weak adhesive bonds in a controlled way. Approaches for
manufacturing weak adhesive bond have been presented based on relevant literature.

The characterization methods involved in this work and their principle have been presented:
laboratory characterization method (DSC, XPS, contact angle measurements), conventional
NDT method (UT & PAUT, X-Ray) and mechanical testing method (DCB) are used
complementarily to ensure the proper manufacturing of weak adhesive bonds.

Monolithic plates are produced, are pre-treated by sanding, cleaned and further contaminated
with diluted release agent prior to co-bonding operations. Different level of contaminations,
level of cure and one ageing with moisture configuration offer a large spectra of specimens for
further laser proof tests. The characterization methods did not reveal at all stages of the
manufacturing any major defects such as void, delaminations or disbonds. The mechanical
testing with DCB test has shown the expected tendency of decreasing Gic bonded
performances with increasing adherent surface contamination. Criteria for weak adhesive
bonds (absence of defect detected via NDT, 20% or more reduction of nominal mechanical
performances, adhesive failure) could be verified for the three highest levels of contamination.

The next chapter will present the test campaign with the laser proof test techniques. It will
focus on providing answers to the question raised regarding the non-destructive character of
laser proof test techniques.
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1. INTRODUCTION

This chapter D introduces the results of the scientific approach for the evaluation of the laser
proof test technologies.
In a first step, both investigated laser proof tests set-up, the LASAT from CNRS and the LBI
from LSP Technologies, are shortly presented. The chapter introduces then the specific laser
tests designed to assess laser proof tests methods and evaluate their effects on adhesive
bonded composite structures. Four different tests have been designed to review laser proof
tests techniques. These tests whose results will be presented in the chapter concern:
- the determination of the damage intensity threshold for debonding for all samples,
- the evaluation of damages size and numbers evolution in case of repeated shocks at a
same location,
- the evaluation of laser shots below debonding threshold on the mechanical DCB
performance of a bonded structure, and finally,
- the demonstration of the capabilities of each time-resolved measuring technique, the
Electro Magnetic Acoustic Transducer (EMAT) and the Velocity Interferometer System
for Any Reflector (VISAR), both introduced in detail in chapter B.
These tests allow one to compare the laser proof test techniques performances with regard to
conventional characterization, with NDT methods and with mechanical destructive testing
results (DCB test). In particular, ultrasonic testing (UT) for the determination of the damage
size are correlated to the type of damage observed and number of damages measured via
optical microscopy.
The results are finally discussed with regard to the analysis of the laser parameters and their
effects on the damage observed.

2. LASER PROOF TEST SET-UP

Two experimental setups were investigated in the frame of this study. The principle for testing
is the same in both case and only the laser properties and experimental setup are different.
With this approach, both results can be opposed and the most adequate parameters can be
identified. Both laser setups are summarized in Table D.1 and are described hereafter.

Table D.1: Summary of laser shock sources investigated in the present study

Characteristics
Laser . .
Laboratory source Wavelengths | Pulse duration Energy | Repetition rate
CNRS- LASAT ,
PPRIME Nd:Glass 1053 nm 25-30ns 0-20J 1 shot/ 5min
LSP LBI 1053 nm 70 — 300 ns 0-50J 1 shot/ 8s
Nd:Glass
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2.1 Laser source LASAT — CNRS PPRIME

The LASAT source from the French CNRS laboratory PPrime has been used for the laser
shock investigations. The experimental setup for this laser is presented in Figure D.1. This
Nd:Glass laser can deliver an energy up to 20 J at a 1053 nm wavelength. The pulse duration
is about 25 ns in a Gaussian pulse at full width and medium height. The laser spot diameter
available goes up to 25 mm but is kept to 4.5 mm to enable intensities of about 5 GW/cm?,
which is in the range of the confinement layer breakdown energy. As a reminder, the
breakdown must be avoided since it is responsible for a release of the plasma into the
environment instead of the specimen.

The experimental lab is made of three separated rooms. A first command room (Figure D.1a)
is used for adjusting the laser amplification and oscilloscopes. The laser itself is placed in the
second room on an optical table (Figure D.1b). Finally the laser beam coming from the second
room enters the experimental room where it goes through optical densities in order to reduce
the energy and so, the intensities hitting the specimens. A mirror system enables a measure
of the energy shot via an electronic sensor. The beam is then focalized by convergent lenses
to reach its 4.5 mm diameter and driven to the target.

Figure D.2a shows the setup with the last mirror and lens. The laser beam arrives to the
surface of the CFRP sample after a final glass protection to prevent water spatters from the
confinement layer to reach the last lens (Figure D.2b). At the impact location, a sacrificial layer
made of aluminum paint spray is used to ensure a similar laser/matter interaction at all
locations on the samples. A water confinement made of 10 drops of de-ionized water is placed
on top in a plastic seal ring in order to increase the pulse pressure level (see chapter B section
3.2). The time-resolved diagnostic used for specific test with the LASAT setup is the VISAR,
previously introduced in chapter B section 3.3. The scheme of the specimen derived from
Figure D.2b illustrates the cut view of the specimen at the impact and the VISAR laser arriving
at the rear free surface of the sample.

) ¢ A § @ il

Figure D.1: Experimental setup of laser CNRS PPRIME 25 ns with (a) the command room, (b) the
laser source and (c) the experimental room with the target [1]
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1 Plastic seal ring
2 Sacrificial layer: aluminum paint

3 Overlay: de-ionized water

laser beam

Bonded specimen

Figure D.2: Representation of (a) the composite target and (b) magnification with scheme of
preparation for laser shot

2.2 Laser source LBI — LSP Technologies

The LBI source from the American company LSP Technologies has also been used for laser
shock experimentations. The experimental setup for laser tests is shown in Figure D.3.
Compared to the LASAT source, the laser properties are slightly different with a maximum
delivered energy of 50J at a 1053 nm wavelength. The pulse duration is also adjustable in a
large range from 70 to 300 ns. This feature is a proprietary development, which makes the LBI
laser particular compared to the commercial laser sources available [2], [3]. In the
experimental setup, the laser source on its optical table (Figure D.3a) with power amplification
and measuring devices are placed in the command room. The laser beam is sent to the
adjacent experimental room, conducted via mirrors and lenses that focus the beam to 10 mm
diameter. An industrial robot holds the clamped CFRP sample in a vertical position before the
laser shock (Figure D.3b). The laser shots take place in this experimental room. In the case of
the LBI, the sacrificial layer is an adhesive vinyl tape which can be removed directly after laser
shock. The vertical position of the sample also demands a continuous flow of water at the
surface of the CFRP sample, in order to ensure a proper plasma confinement layer. This flow
of water before a laser shot is so limited in time that no diffusion of water in the CFRP matrix is
considered.

The time—resolved EMAT diagnosis tool was tested to demonstrate its potential. The tests
were however realized with another similar laser, designed as a transportable laser proof test
commercial prototype. The laser and all electronic and optical systems are assembled as
shown in Figure D.4a. The mobile arm shown in Figure D.4b illustrates how the probe head
includes the laser beam delivery and the EMAT sensor. The water confinement application
and removal is also included in the probe head.
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Figure D.3: Experimental setup of laser LSP Tech 200 ns with (a) the command room and (b) the
experimental room with the target
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Figure D.4: Experimental setup of the (a) mobile laser prototype from LSP Tech and (b) the detail
scheme of the probe head including the EMAT diagnosis tool [4]

Both laser setups are tested in this study. The parameters of shots for the laser tests are
selected in the way that a comparison between the two sources is made possible: the only
parameter adjusted is the energy of the laser beam. The laser beam spot size, the laser pulse
duration, the approaches for confinement and sacrificial layer stay specific to each source and
will be discussed. The pulse duration was identified in chapter B as being responsible for the
depth of generation of the tensile stress. It is set at 25 ns for the LASAT source tested,
corresponding to the short pulse duration. In opposition, the pulse duration is set at 200 ns for
the LBI source, the large pulse duration. In the rest of this study, the lasers will be referred to
as “laser 25 ns” for the LASAT setup and “laser 200 ns” for the LBI setup.

Based on the theoretical consideration exposed in chapter B, a numerical model for shock
waves has been developed [1]. The particular case of the composite system with resin M21
and T800S fibers in a symmetrical 6 plies laminate with adhesive bond has been simulated
and are provided by R. Ecault based on personal communication. This is possible thanks to
the validation of the MATLAB model on the similar composite material, carbon fibers and
epoxy adhesive. The two time/position diagrams in Figure D.5 represent the results of the
MATLAB simulation in tensile stress loading in the z-direction (through the thickness). The
shock wave propagation is evidenced and the stress levels range from compression stress
(blue) to tension (in red). For both laser setups, the position where spallation may occur in the
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laminate is also marked by the dashed circle. This region correspond to the highest 5% of
tension in the thickness (also in white).

Cross-sections of the actual CFRP laminate are represented to illustrate the lay-up and
thickness organization used for the model. One can observe that for the laser 25 ns, the
tensile stress concentrates close to the back free surface of the laminate. In comparison, the
larger pulse duration with the laser 200 ns concentrates the tensile stress first in the rear
laminate and second in the adhesive/substrate interface. This last area corresponds to the
targeted depth with the adhesive bond strength to be tested. The NDT- and micro-
observations of the shocked locations will be compared to these simulations to determine
where the spallation really occurred.

Laser Pulse of 25 ns - CNRS Laser Pulse of 200 ns - LSP

40 o s o1 015 02 025 03 0% 04 04 i i} 0 il o 01 02 035 03 0%
Kem) Heer)

Figure D.5: Numerical time/position diagrams showing the 5% max. tensile stress loadings in z-
direction (white areas) in a 3.2 mm thick symmetrical adhesive bonded CFRP laminate for laser
25 ns (left) and laser 200 ns (right)

3. EXPERIMENTAL APPROACH FOR DETERMINATION OF LASER
PROOF TEST EFFECTS ON BONDED STRUCTURES

Several tests with laser sources have been designed to understand the effects from laser
shots on composite bonded structures. Four tests are presented hereafter. They aim at
assessing the non-destructive character of the laser proof test approach for the inspection of
adhesive bonded composite structures.

3.1 Test A - Determination of intensity threshold for each adhesive
bond states

The first test, to be referred as Test A, is the first important step in the evaluation of the laser
proof test capacities in discriminating adhesive bond quality. Test A must be conducted at first
in order to determine for which intensity a spallation at the bondline/substrate, i.e. a debonding,
is created in the adhesive bond tested.
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The intensity requested for a debonding is considered to be the maximal intensity that an
adhesive bond can withstand. It is here defined as the threshold intensity. It is hence also
considered that if the intensity does not reach the threshold, no debonding shall occur. This
maximal and threshold intensity will later be referred to as 100% intensity and inferior intensity
levels will be considered in percentage of this maximal level.

The threshold intensity is specific for each material configuration, adhesive performance and
geometrical properties. Each laser configuration is thus provided with CFRP specimens from
the C, PC and MOC families and with the four states of contamination i.e. weak adhesive
bond state, in addition to the reference state.

The laser shot is applied on the front face of the specimen at a precise location marked by a
grid to ensure a regular distance between all shot locations. Figure D.6a introduces the setup
for specimens for the cured C and partially cured PC families while Figure D.6b introduced the
setup for moisture contaminated MOC specimens including four G;c coupons due to reduce
the amount of samples manufactured. In comparison, laser shocks are applied on whole
specimen for the C and PC tests whereas they are only applied on G,¢ cut-outs for the MOC
specimens family.

The target is the determination of the threshold intensity, which will only be precisely defined
by NDT inspection and observations of micro-sections of laser impacts. The characterization
of the specimens is ensured prior and after laser proof test by means of the phased-array
ultrasonic (PAUT) inspection. The results after laser shock have also been verified by
microscopic observation of the impacted locations. While higher intensities than threshold lead
consequently to a debonding, a lower intensity may not be damageable. This characteristic of
the laser proof test setup is investigated in test B.

Laser shot — |
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Specimens for laser
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Figure D.6: Setup of laser test A for the determination of threshold intensities for debonding of
(a) each adhesive bond state specimen (250%200*3.2 mm3) and (b) particular setup for moisture
contaminated specimens including G;c coupons for fracture toughness evaluation
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3.2 Test B - Evaluation of potential damages in materials after
repeated shocks

The second test focuses on the effect of assessment of adhesive bond quality performed with
a lower intensity than the intensity threshold value. It is based on the assumption that a
bonded composite structure will have a long lifetime and undergo multiple inspections.
Therefore, the test B aims at evaluating the effects of repeated laser shots on the adhesive
bond and the complete composite structure. The purpose is to investigate a possible
weakening or destructive effect over the structure if a precise location is impacted several
times at a certain laser beam intensity. This test can be performed based on the information
obtained from test A, which provides the threshold intensity for a reference state (without
contamination) specimen from the cured C state. The characterization of the specimens post-
shock is ensured by NDT phased-array ultrasonic inspection and cut views observed with
optical microscopy.

Different lower intensities below threshold are chosen and laser shots are repeated up to 5
times at a precise marked position indicated by the grid pattern on the specimen as described
in Figure D.7. The laser shots are repeated with intervals of several minutes because of the
time needed to mount/unmount the specimen and reapply a sacrificial layer (adhesive tape or
aluminum paint) to protect the specimen surface from the plasma. The intensities applied and
number of impacts are registered in order to map the eventual damages that will be correlated
with a standardized ultrasonic NDT inspection and cracks observations.

30 %
40 %
50 %
60 %
70 %
80 %
95 %

Laser intensity
(arbitrary)

1 2 3 4 5
Number of laser shots

Figure D.7: Setup of laser test B for the evaluation of effects of repeated shocks below threshold
limit at same locations on a bonded CFRP specimen (250*200*3.2 mm°®)

The nature of shock waves described in Chapter 2 may lead to the assumption that damages
can occur even with lower intensities than threshold. The possible effects of laser shot at
lower intensity, if no damage is observable, is investigated in the next test C.
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3.3 Test C - Evaluation of mechanical performances after laser proof
test

In the frame of Test C, an investigation of the possible effects of laser proof test on the
mechanical G performances of a reference state adhesive bond is conducted.

Laser shots are performed at a relatively high level of intensity (around 70% of the threshold
intensity), each one separated by a distance of about 30 mm along a line, corresponding to
what could be later for example, an inspection of a stringer foot adhesively bonded to a CFRP
skin. Figure D.8 introduces the design of the CFRP plate specimen where four laser shots on
seven Gic coupons are foreseen. The shots are performed at first over the complete CFRP
plate.

The characterization of the specimens post-shock is ensured by NDT phased-array ultrasonic
inspection to make sure that no damage has been generated consequently to any laser
shocks. The reference specimen tested is then cut in G;c coupons by means of water jet. The
G1c coupons are tested mechanically and the results are then compared to the reference Gic
results, without any laser shocks.
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Figure D.8: Setup of laser test C for the determination of mechanical G,c performances after a
simulated inspection with laser proof test on a reference adhesive bond state specimen
(250*200*3.2 mm°)

imensions inmm

The previous tests A, B and this last one, test C, involve specific series of measurements for
which the time-resolved diagnosis tools are avoided. A last test, test D, aims at evaluating this
last feature of each laser proof test setup.
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3.4 Test D - Use of integrated time-resolved diagnosis from laser
proof test methods

Test D is designed close to test A in order to evaluate the signals that can be expected from
all time-resolved diagnosis tool, the EMAT and the VISAR, for the direct evaluation of a laser
shock as represented in Figure D.9. A reference specimen (without contamination) is tested
by the mobile laser prototype with the EMAT probe head in the case of the 200 ns laser. In the
case of the 25 ns laser, the VISAR laser is used on the back face of the composite to measure
the back face velocity.

The selected intensities cover a range below and above the threshold in order to ensure a
damage generation in the CFRP specimen. The diagnosis tool should hence distinguish the
shot by lower and higher intensities above thresholds based on the effect on the waves
propagation in the damaged structure. Test D shall thus check the capability and reliability of
tests with the existing prototype as it has been developed up to date.

No particular grid pattern or consign for this test is provided for this test. Only a phased-array
ultrasonic inspection is conducted before and after the laser shocks to verify the damage
generation in the CFRP specimen. The relevant results are the EMAT and the VISAR signals.
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Controls \ /
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Figure D.9: Setup of laser test D for the evaluation of the capabilities of time-resolved diagnosis
tools proposed by each laser proof test technique

All tests performed with the two laser setups are summarized in Table D.2. The effort
demanded is concentrated in Test A on the determination of the intensities threshold for all
specimens families and contamination states (five states for each of the three families — refer
to chapter C).

The additional laser tests B, C and D are performed only on standard specimen, cured and
without any contamination, in order to evaluate the effects of the laser tests on a specimen
representative of what an adhesive bond should be like in manufacturing. The experimental
approach is oriented on a comparison of both laser systems, requiring thus a similar specimen
for tests.
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Table D.2: Summary of laser tests organization with relevant composite specimens families and
contamination states investigated as defined in Chapter 3

Laser 25 ns Laser 200 ns
- Cured C - States 1t0 5 - Cured C - States 1t0 5
Test A | - Partially Cured PC - States 1to 5 - Partially Cured PC - States 1t0 5
- Moisture contaminated MOC - States 1to 5
Test B | - Cured C - State 1 - Cured C - State 1
TestC | - Cured C - State 1 - Cured C - State 1
TestD | - Cured C - State 1 - Cured C - State 1

3.5 Characterization methods and type of damages post-shocks

The composite specimens tested by laser proof test are inspected with phased-array
ultrasonic method to reveal the presence and, when requested, analyze the debonding and
other collateral damages. After this first non-destructive analysis, the most relevant damages
are selected for microscopy preparation and investigation of the fractures with magnifications.
This step allow a finer determination of the damages size, numbers and repartition in the
specimens. Both analysis of damages post laser shocks are introduced hereafter.

3.5.1 Evaluation of phased-array ultrasonic scans for damage size
determination

The phased-array ultrasonic (PAUT) scans are done before and after laser shocks. The
experimental steps for the acquisition are not presented again here — for more information,
refer to Chapter C — section 4.2. The inspection is performed to avoid misinterpretation of
potential damages with any inhomogeneity from specimen production. The ultrasonic scans
made on the front side (the side impacted by the laser shock) are used for the damage
characterization. This choice is encouraged by two reasons: first, the detection of damages
with ultrasonic testing (UT) is more precise when the damages are far from the surface, in the
‘far field due to the absence of sound waves interferences. Secondly, an industrial
consideration with the usual accessibility to the structure in a manufacturing and repair
environment, where complex airplane composite structures might prevent any sensor from
accessing to the back face. Based on Figure D.5, the tension shall be concentrated in the rear
laminate and also close to the rear free surface, so that the UT inspection from the front face
would lead to better results.

The main objective of the UT analysis post-shock is to detect and evaluate the damages in the
composite specimens resulting from a laser shock. Any damage shall induce an acoustic
impedance change and hence an increase of signal in the adhesive bondline echo. By
consequence, damages are detectable in certain segments of the ultrasonic signal also called
gates. In this case, the detection is optimal behind the adhesive layer, in the backwall echo.

The PAUT C-scans are therefore analyzed via the NDT Kit software in order to evaluate
where and how severely the composites are damaged [5]. Signal gates are set manually by
comparing a sound and a damaged location in the specimen as represented in Figure D.10.
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The gates are set in a way that the damage signals are accounted, but no changes are
reported in a sound area. In this study, five gates are defined: the entry echo at the front face,
the laminate A, the bondline, the laminate B and the backwall echo. The gates measurement
parameters are set on ‘max’ and ‘amplitude’ in order to record the maximum amplitude and
visualize the size of the defect with at the gates’ positions.

To evaluate systematically the damage size, the signal amplitude loss by half (-6 dB criteria) is
chosen. This criteria relies on the principle that when the ultrasound beam hits the edge of a
damage, only half of the signal is reflected. Therefore the amplitude of the signal is divided by
two compared to the signal from the maximal reflection when the damage is completely
exposed to the beam. A necessary condition is that the defects are smaller than the sound
beam, otherwise beam interferences may occur below the defect. The 6 dB attenuation is
made visible by adjusting the color palette from the interesting cartography — here the
backwall echo (see Figure D.10 bottom). The damage detection can then be launched
manually without minimal damage size. Damages are detected in circular and rectangular
shapes. The rectangular shape is only attributed when a damage detected has a length L
superior to two widths W. In case of multiple uncontinuous damages (due to parts with
attenuation inferior to 6 dB), the option ‘damage grouping’ is chosen. The criteria for grouping
two damages implies that the distance between those two damages is less than half the
smallest damage radius, or mathematically if damage D1 < D2, then Dg.q2 < rp4/2.

Regarding the depth of indications in the composite: if the laminate A or B gates reveal an
event, an indication of damage in the composite substrate itself is yielded. In this case, an
additional C-scan cartography is plotted in Times of Flight to evaluate the depth of the
damages with their size. This information is useful to understand at which depth the composite
substrate was delaminated and so, correlate the depth with the maximal tensile strength depth
from the crossing waves. In most cases, the damage surface (size) is measured in the
backwall echo. It is later correlated to the laser intensity from the corresponding laser shock
and correlated to the crack measured via optical microscopy.

122



Chapter D — Experimental assessment of laser proof testing methods

Backwall
echo !

d Entry
echo
Bondline
echo

%

mia s +BLOoC

FauNZEOE-

] s ws on El ws as = % I ™ ms s M ioas

= 2 Carto Backwall A (%) Processed

o

oo

Ontec e, Sntencs At Sy, L il 1
-mA A+ B0 ALY g9
T 1T 1 T T

7 04435 468 80 1088

108 9 13 BAMENIN NN N

# 2 Caro Backwall A (% Processed
e ] w00 00 ws wea =00 i e
e : b : b
5 L]
o -
- 11 =y -
i o # 7%
i o P .} & I3 = 3
I . I - & __,.; ;f ] & ;ﬁ:
1 ~ i’_

Color code of gates

Process of backwall echo
cartography

Application of half
amplitude filter to reveal
significant damage

Automated relevant
damage detection and
evaluation

Figure D.10: Analysis of UT phased-array results with the position of gates for signal processing,
cartography of backwall echo, application of -6dB criteria and signal evaluation
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3.5.2 Observations of damages with optical microscopy

After non-destructive investigations, the specimens are cut and prepared for optical
microscopy. The preparation protocol was described previously in Chapter C — section. 4.6.
Observations with optical microscopy enable a precise visualization of the damages below the
laser impact location.

Different magnifications can be used and a full view of the cross section is captured with 2.5x
magnification for each relevant location on one CFRP specimen. This full capture represented
in Figure D.11a consists in a high resolution picture displaying all layers, the matrix and fibers
and the adhesive bondline. Due to the high resolution, the identification of damages in the
thickness can be done manually as represented in Figure D.11b. This process is long and
subjective but also more precise than the automatic recognition function of the software. An
automated damage recognition is indeed possible but did not provide satisfying results due to
the low contrast and the similar aspects of recording artefacts and actual cracks. All cross-
sections are hence observed and marked digitally with the multiple line tool from the Stream
software [6]. The marking accounts both the number of cracks per sample and the size of
each crack. Both pieces of information are used for correlations with the other laser test
results.

Different types of damage can be observed. The nature of these damage is depending on the
laminate very local quality and mostly on the laser parameters that condition the shock waves
generation and by extension, the area submitted to tensions in the specimen depth.
Observations thanks to optical microscopy can reveal several types of damages:

- undamaged areas where no cracks are visible despite a laser shock impact.

- Debond at the conditioned interface. Debond is the expected type of damage where
the adhesive bondline has been broken by the shock wave at the interface adhesive-
substrate. The failure is adhesive and this kind of damage is detectable via ultrasonic
inspection. This is the ‘adhesion test’ which is expected via laser proof test.

- delamination between plies. Delamination may occur between the fiber layers of the
laminate, independently of the fibers orientation (0° or 90°). This damage type
illustrates a ‘wrong’ placed concentration of tensile stress loading, responsible for an
opening at a different depth than at the adhesive bondline layer. In certain cases,
delamination also shows poor quality of the laminate itself, depending on the laser shot
intensity and the specimens properties.

- intralaminar cracks which are caused by bending effects in z-direction induced by the
shock waves travel through the thickness. This type of crack can be present regularly
and be frequent in a single location.

In the majority of the investigated samples, more than two types of cracks are present
together at a single location. The effects are then mixed as visible in Figure D.11.

The analysis of damages with UT is now compared to the number and size of cracks and
altogether are correlated to the laser parameters to assess the potential of laser proof
techniques. The results are presented in part 4 Results .

124



Chapter D — Experimental assessment of laser proof testing methods

e e
e e e
o B TS R T

Figure D.11: Types of damages observed and marked with optical microscope. Representation
of debond corresponding to aimed damage, delamination between plies and intralaminar cracks
through plies in z-direction

4. RESULTS

The present part introduces the results of the laser tests A, B, C and D introduced in part 3.
The results are a compilation of parameters which are correlated to each other. Several
results are also illustrated by specific micro-sections to enhance the interpretations. The
discussion of the results is integrated in each section directly.

4.1 Evaluation of intensity thresholds
The first test is conducted on fully cured (C) specimens in order to evaluate the threshold of

specimens with solely different adhesive bond conditions. Further configurations of adhesive
bonded specimens, namely the partially cured (PC) and moisture contaminated (MOC)
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families, are inspected in a further step. The threshold is established for a standard and cured
C specimens.

4.1.1 Intensity thresholds of cured specimens

Both laser setups are investigated with their default configuration, without any time-resolved
diagnosis tool as described in part 2.

The results presented in Figure D.12 are a compilation of all the relevant shock data from
laser 25 ns and laser 200 ns. Figure D.12 represents the damage size in mm? as evaluated
with PAUT and the methodology described in Figure D.10 as function of the intensity applied
for each laser shock in GW/cm?. The cracks generated are not represented more precisely in
this figure, the results from measurements with the microscope are represents later in another
illustration. In Figure D.12, a dedicated symbol and color tone is selected for each
contamination state. This codification shall ease the comparison of the two ranges of laser
beam intensities and similar contamination states.
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Figure D.12: Damage size vs. Laser beam intensity for laser shocks on the five adhesive bond
configurations. Comparison of laser 25 ns and 200 ns on C specimens

As a first observation, the range of intensities for both laser areas can be distinguished. A
factor ten exists between the intensities of laser 25 ns and laser 200 ns. This factor ten is
directly linked to the pulse duration itself and the spot size diameter, respectively 4.5 mm and
10 mm. It can be noticed that to generate a damage of ~20 mm? in a reference state specimen,
the laser 25 ns requires an intensity of ~0.9 GW/cm? whereas the laser 200 ns only requires
an intensity of ~0.05 GW/cm?.
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The data scatter is large for both setup but significantly higher for the laser 25 ns. For each
specimen state, no clear linear relation between the damage size and the laser intensity can
be derived from the data.

The threshold intensity has been identified based on the different laser shock conditions at the
different shot locations. Figure D.13 represents the threshold intensity value (in white in the
bars) for each contamination state in the case of laser 25 ns. The fracture toughness energy is
represented to illustrate the mechanical tests performance decrease in comparison.

For each laser configuration a threshold value can be specified. This threshold value is given
when two conditions are satisfied: i) a damage must have been detected by PAUT and ii) the
micro-observation of the detected damage must reveal a debond. This threshold is defined
independently of any size in mm? of damage detected. The threshold intensity is thus an
intensity limit level for which debonding would systematically occur. This type of damage is the
one targeted since laser proof test is meant to assess the adhesive bond quality. The
ultrasonic detection ability is also mandatory to be able to detect such a debond in a non-
destructive way [5].

Few indications via PAUT without debonds were noticed. They correspond to the detection of
other types of cracks in the laminate thickness, especially delamination which are also
perpendicular to the UT waves propagation. The opposite case (debond but no PAUT
indication) also occurred and can be due to the limit of 6 dB criteria, which may not be
reached by all size of debonds. In any case, such results are very rare and almost all PAUT
damage indications match a debond.

The uncertainty of the intensity ® is determined by the addition of all relative uncertainties
from the definition terms: the energy E in (J), the pulse duration T in (ns) and the laser beam
spot size S = 1(d/2)? in (mm?) (see Eq. 1). For laser 25 ns, AE = 0.2 J, AT = 0.1 ns and Ad =
0.1 mm. The uncertainties rise up from ~8 % to ~16 % for the contamination state 4 where
very low energy levels were applied.

A AE At _Ad Eq. 1

E
s @ EtTTTeg

Figure D.13 illustrates the drop of threshold intensities along with the increase of Si at.%
contamination on the adherent surface. Due to the uncertainty of about 10%, the reference
state (0.43 at.%) and the states 1 (0.7 at.%) and 2 (1.3 at.%) are hardly distinguishable from
another. Only states 4 (3.5 at.%) and 5 (6.37 at.%) can be clearly distinguished. For
comparison purposes, the G,c values seen in chapter C are plotted for each contamination
states. The G,¢ values are noticeable on the right y-axis of the diagrams. They allow one to
gauge the evolution of the laser intensities with the evolution of the former reference
mechanical characterization, on specimens without laser shocks.

The laser threshold intensities for laser 200 ns can be represented alike. In this case, AE = 0.1
J, AT = 1 ns and Ad = 0.1 mm. The uncertainties are calculated in the same way and are
around 4 % for all contamination states. This low uncertainty is directly to be related to the
long pulse duration (200 ns vs. 25 ns) and the diameter of the laser spot size (10 mm vs. 4.5
mm).
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Figure D.14 shows the same tendency for laser 200 ns as for 25 ns: the threshold intensities
for debonding decrease along with increasing contamination. An exception is the case of state
2 (1.3 at.%) where the threshold is higher than for state 1 and only 1.5 % lower than the
reference state threshold.
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Figure D.13: Threshold intensities requested for debonding vs. contamination state. Case of
laser 25 ns on cured C specimens. The G¢ values evolution is indicated for comparison
purposes.
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Figure D.14: Threshold intensities requested for debonding vs. contamination state. Case of
laser 200 ns on cured C specimens. The G¢ values evolution is indicated for comparison
purposes.

The representation of the threshold intensities is however only referring to one single laser
shot for which debonding starts appearing systematically. This can be completed by another
representation for a higher statistic relevance. The ratio of the sum of laser intensities for all
shocks divided by the sum of damage size corresponding to all the laser shots is represented
in Figure D.15 and Figure D.16. The ratio itself has no direct meaning but is an average
indicator of the complete results. The error bars represent the sum of the mean standard
deviations of both the laser intensities and the defect size as given by NDT Kit.

Based on Figure D.15, the laser 25 ns appears as not adapted to the geometry of the tested
specimens. The damages are similar and the different adhesive bond states are not clearly
distinguishable from each other. Only a significant higher threshold value can be observed for
the reference state. In comparison, Figure D.16 represents the more regular decrease of this
ratio for laser 200 ns. For laser 200 ns, only the state 2 (1.3 at.%) and 3 (3.5 at.%) are
showing almost similar results in term of ratio with respectively 49.3 % and 45.7 % of the
reference ratio value. Both values show a similar uncertainty range and are hardly
distinguishable from another.
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Figure D.15: Ratio total laser intensity/total damage size vs. contamination state. Case of laser
25 ns on cured C specimens. The G,¢ values evolution is indicated for comparison purposes.
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The first tests on cured specimens have revealed the feasibility in distinguishing the different
contamination states between one another. The errors and uncertainties have been
determined with a simple conservative approach and reveal a higher uncertainty for laser 25
ns (about 8 to 16 %) than for the laser 200 ns (4 to 5 %) due to the laser pulse duration and
the laser beam spot size.

Both laser setups, 25 ns and 200 ns, led to damages and for a certain intensity, to a debond.
For a standard cured reference state, the threshold value i.e. the 100 % of intensity for which
debonding starts occurring, is of 0,44 GW/cm? for laser 25 ns and 0,037 GW/cm? for laser 200
ns. Again, a magnitude 10 is present between the two threshold values, principally due to the
difference in pulse duration and the laser beam spot size.

These observations are in line with the simulation in Figure D.5, representing the 5 % max. of
tensile stress occurring in the material thickness for both laser setup.

The irregularities observed in the ratio intensities/damage size plotted for laser 25 ns can be
attributed to the fact that the max. stress concentration is close to the rear free surface instead
of the adhesive bondline. This feature is better represented by the laser 200 ns. A
confirmation is given by the cut views in Figure D.17. Delamination occurs in the rear laminate
and last plies for laser 25 ns whereas not any can be observed for laser 200 ns. Instead of
delamination, the number of intralaminar cracks reveal important bending effects happening
during a laser shock. The formation of these cracks seems to be favored with a wider laser
beam spot size, possibly due to a ‘pinch’ effect (in the case of laser 200 ns).

In conclusion, the laser 200 ns has proven its better adaptation to the specimens thickness
and geometry. The tensile stress generated by the crossing of the shock waves causes
spallation at the adhesive/adherent surface interface. The adhesion quality is hence tested.
This encourage tests on intensity threshold determination on partially cured specimens and
moisture aged specimens with the most adapted laser, laser 200 ns.
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Figure D.17: Comparison of micro-sections of C specimens impacted at threshold intensity in
each contamination state with laser 25 ns and laser 200 ns, observed with optical microscope
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4.1.2 Intensity thresholds of partially cured specimens

In the case of partially cured specimens, the laser threshold intensities are assumed to be
affected by the lowest cure degree of the laminate. The medium with acoustic impedance Z
where the shock wave travels is directly affected by the cure degree. This effect is
investigated in the frame of Test A of PC samples, in order to compare them to C specimens
performances.

The damage size represented in Figure D.18 show the results of laser 200 ns on PC
specimens. Due to unnoticed overwritten ultrasonic data from the specimen from state 1, no
results can be presented for this specimen. In general, a common tendency for all specimens
is noticeable. Independently of the contamination states, the damage size increases regularly
with the laser beam intensity. The depth of the damages is represented in Figure D.19, which
also includes the ultrasonic signal scatter based on the software indications. The defect depth
is representative of the poor quality of the rear laminate which was co-bonded. The damages
have mainly the same depth of 2.7 mm in the case of the reference specimen. Only states 3
and 4 reveal damages close the adhesive bondline with 1.75 mm depth. This may be
attributed to the higher contamination levels, which could lead to another type of interaction
and propagation of the shock and release waves for these states.
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Figure D.18: Damage size in the laminate vs. Laser beam intensity for laser shocks on the five
adhesive bond configurations - laser 200 ns on PC specimens
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Figure D.19: Damage depth in the laminate vs. Laser beam intensity for laser shocks on the five
adhesive bond configurations - laser 200 ns on PC specimens

An observation of the cross sections from the impacted specimens reveals a large number of
intralaminar cracks and delaminations in the rear laminate (Figure D.20). It can be noticed that
no debond is present in the case of state 0 to state 2. For all intensities tested in those states,
no debonding could be achieved, confirming that the intralaminar cohesive strength of the
partially cured laminate did not withstand the tensile stress and was less resistant than the
adhesive bondline up to the contamination of 1.3 at.% for state 2. Above state 2, debonding
starts appearing. This is obviously to be attributed to the higher contamination of the adherent
surface, that decrease the adhesion quality and break due the tensile stress.

Due to the absence of debond for the states 0 and 2, the threshold and micro-sections
represented are set at the first damage detected by PAUT. It is interesting to notice that all
four micro-sections represented in Figure D.20 are resulting from shots with 0,022 GW/cm?.
This common threshold illustrates that the common cure state of all PC specimens is
responsible for the damage significance to PAUT. The cure grade of the composite matrix is
responsible for the optimal material intralaminar cohesive strength, which was not reached in
the case of the PC specimens. This result was partly expected but the effect of contamination
to induce a weak adhesive bondline was awaited. This contamination is responsible for the
decrease of the number of intralaminar cracks and delaminations while debonding appears
and increases with the increase of at.% Si.
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State Micro-sections of PC specimens at threshold

Figure D.20: Micro-sections of PC specimens impacted at threshold intensity in each
contamination state with laser 200 ns, observed with optical microscope

The rear laminate was cracked and severely damage due to the lack of cohesion induced by
the partial cure. The adhesive bond was not opened for contamination up to state 2 (1.3 at.%
Si). The contamination was however high enough in state 3 and 4 (above 3.5 at.% Si) to lead
to debonding in addition to the damage in the partially cured CFRP substrate.

In conclusion, the systematic important damages with 0,022 GW/cm? allow one to use laser
proof test to verify the optimal cure grade of the composite substrates reveal the partial cure
of the rear laminate.

4.1.3 Intensity thresholds of moisture contaminated specimens

The last investigation of laser threshold intensity was performed on cured specimens
saturated with moisture. All five adhesive bond conditions were tested with help of the laser
200 ns.

Due the effort needed for the specimens preparation, 12 laser shots were performed on
moisture saturated specimens. The results of the PAUT analysis of these 12 locations can be
observed in Figure D.21. The highest contamination is the first showing with a noticeable
damage and the reference state, the last one. The damage size increases rapidly.
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Figure D.21: Damage size in the laminate vs. Laser beam intensity for laser shocks on the five
adhesive bond configurations - laser 200 ns on MOC specimens
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Figure D.22: Micro-sections of MOC specimens impacted at threshold intensity in each
contamination state with laser 200 ns, observed with optical microscope
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In comparison to the previous specimens C and PC, the number of damages is low and the
proper debonding as well as few intralaminar cracks are visible and the micro-sections in
Figure D.22.

Two assumptions can be made to justify these results: first, the saturation of moisture may
have induced a plasticization of the composite matrix and so, a reduction of the glass
transition temperature T4. This would enable a better tolerance toward the bending effect in
case of laser shock and so, justify the low number of intralaminar cracks [7].

Secondly, the adhesion at the contaminated surface may also have been reduced by the
moisture ingress. De-wetting effects occur at the fibers/matrix interface and a similar effect
could affect the substrate/adhesive bond interface [8]. Chemical ageing at molecular level can
be responsible of larger adhesive failure and large debondings. In her work, Parker revealed
the complex combination of moisture and additional loadings on the reduction of mechanical
performance of bonded CFRP specimens [9]. Here, moisture loading in the extreme case of
saturation combined with adherent surface contamination obviously lead to mixed effects
regarding tolerance to shock waves and damages induced.

The comparison of all threshold intensities for laser 200 ns and all specimens states C, PC
and MOC is summarized and discussed in the next part.

4.1.4 Overview for all tests

Threshold intensities corresponding to the intensity required for debonding have been
researched for all contamination states and all specimens: fully cured C, partially cured PC
and moisture contaminated MOC.

The results of the laser 25 ns did show that the intensity requested was much higher due to
the laser properties. It also appeared to be inadequate with the generation of delamination in
the last plies, close to the rear face, mainly due to the short pulse duration of the laser. The
laser 200 ns provide better results with the tested specimen geometry with less cases of
delaminations in the rear substrate.

The threshold intensities for all states are represented in Figure D.23. A direct comparison
between the specimens states is possible:

- For fully cured C specimens: the threshold decrease slowly with increasing
contamination. The error on the intensity of about + 5 % attenuates the differences.
The effects follow a predicable trend. The results are to be considered as the
standards for the material and adhesive bond geometry.

- For partially cured PC specimens: the threshold is common to all contaminations
states. 0,022 GW/cm? were necessary to damage the rear laminate up to state 2 but
the adhesive bondline could not be opened (no debonding), even with higher
intensities. For 0,022 GW/cm?, state 3 and 4 presented both damages in the rear
laminate and debonds, due to the important contamination in the adhesive bondline.

- For moisture contaminated MOC specimen: the thresholds are higher than for the C
specimens without moisture ingress. They however continuously decrease with
increasing contamination in the adhesive bondline. The same trend, even clearer, is
observable

Figure D.24 provides a statistically representative overview of the results with the ratio of the
sum of intensities (in GW/cm?) divided by the sum of generated damage surface (in mm3).
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This ratio has no physical meaning but in opposition to the Figure D.23 is not relying on a
single shot location since all the impacts are considered for each contamination state. With the
ratio representation, the result comparison has more signification. A low ratio value indicates
that either low intensities were required for debonding, or that debond were of important size.

Laser beam intensity at threshold (GW/cm?)

For fully cured C specimens: the previous statements are enhanced with use of the
ratio. When the contamination increases, damages size increase and threshold values
decrease.
For partially cured PC specimens: the ratio are almost constant and significantly low,
as were the threshold intensities.
For moisture contaminated MOC specimen: the tendency shown by the single values
in Figure D.23 is not confirmed immediately by the ratios. A similar tendency as the
one of the cured specimens would have been expected. Instead, the ratio increases
from 0,0006 for reference state 0 to 0,0019 for state 2. After state 2, a decrease of the
ratio down to 0,0004 for state 4 is noticeable. The particular evolutions of the ratios in
the MOC case is attributed to the lower amount of impacts available for tests (12
locations) and the presence of large debonds for specific intensity, which lowers the
ratio considerably in comparison to several smaller debonds or intralaminar cracks
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4.1.5 Summary of intensity thresholds

In the first test series, it has been demonstrated that laser proof test can distinguish different
quality levels of specimen. Within the specimens cured C, partially cured PC and moisture
saturated MOC families, different contamination grades in the adhesive bond were debonded
with different laser intensity thresholds.

The cured specimens have shown a decrease of the intensity threshold with increasing
contamination levels, as expected. The higher the contamination, the larger are the debonds
for a precise intensity.

Regarding the partially cured specimens, the threshold intensity was identical for all
contamination levels. The damages were all located in the rear laminate instead of the
adhesive bondline. This consistency confirms the low resistance of the rear laminate in
general, which does not benefit from its optimal cohesion strength due to the partial cure state.
Finally, in the case of the moisture contaminated specimens, the results are following the
same trend as for the cured specimens. However, a plasticization of the composite matrix and
the presence of moisture in the specimens during the test may be responsible for higher
intensity threshold general. The breakage of bonds between the epoxy resin and the carbon
fibers due to the moisture could have strengthen the composite resistance to bending. The
shock wave propagation and the tensile stress generation in the thickness may have been
affected.
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4.2 Evaluation of damage effects due to repeated shots

The second test relies on the conclusions from test A. The threshold value for the fully cured
specimen with reference state is now considered the reference threshold for this particular
material and geometry. The threshold is also depending on the laser used.

In the present part, the question of damages appearing below the threshold is raised. It is
evaluated if the laser proof test approach can truly be considered a non-destructive technique
when a laser shot is done with lower intensity than threshold value. At the same time, the test
aims at assessing the damage generation in case of repeated laser shock at the same
location.

4.2.1 Effect of repeated laser shock on reference cured specimens

Test B focuses on a standard specimen, corresponding to a bonded composite fully cured and
in the reference surface state (without contamination). The threshold intensities were
determined with test A for this specimens for both laser setups. For test B, both laser setup
are tested in order to evaluate the type of damages when the laser properties are not
optimized. Only the laser energy is adjusted. The tensile stress is thus generated at a depth
which is proper to each laser setup.

The results from laser 200 ns are introduced in Figure D.25. The representation of the
damage generation is complex due to the amount of relevant information. The figure
represents each impacted location on the composite specimen panel. Each location has been
shot from 1 to 5 times (x-axis), at a precise level of intensity (y-axis) around and inferior to the
threshold value for a C reference panel: 0.037 GW/cm?2. For each location, the number of
cracks counted at this location is reported in dark blue as a circle. The size of the circle is a
subjective indication for the amount which is reported left to it. The light blue dots indicate the
size of the largest crack observed at the location. The blue cross at ~75% is an information
related to Test C, detailed later in section 4.3.

It must be noted that when the maximum size of crack is inferior to 1 mm, the location does
only feature intralaminar cracks but no delamination or debonding. The green discs represent
(subjectively) the location where the PAUT inspection revealed a damage, again based on the
6dB criteria. Based on all these information, several comments regarding test B with laser
200ns can be done. They can be divided in three main points:

- The top line was shot with an intensity slightly above the threshold but within the
uncertainty established in test A — laser 200 ns (104 %). The results confirm that all
locations were damaged and most of them were confirmed with PAUT previous
observations. With the repetition of laser shots, the size of the largest damage (few
mm) does not significantly grow in opposition to the number of cracks. This
characteristic seem to be valid only for shots whose intensity is above the threshold.

- For the laser shots with 89 % and 80 % (illustrated in Figure D.25) of threshold, an
inconstant damage growth is observed with repeated shocks. Few repetitions can
cause larger damages with debonds than more repetitions. As an example: for 89 %,
with four repetitions, the largest crack is 6.2 mm long whereas with five repetitions, the
longest crack is 4.1 mm long. Also for 80 %, two and three repetitions have induced
respectively 1.5 and 1.2 mm, more than for three repetitions with 0.6 mm. The total
number of cracks present is however increasing regularly and illustrate how repeated
laser shocks lead to more cracks in the composite laminate.
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- For the lowest two levels of intensities (72 % and 64 % of threshold), the results are
not constant and do not show a clear trend. Several locations do not present any
damage, even after five repeated laser shocks. However, the fact that few intralaminar
cracks appear even at 64 % show that the bending effect may lead to little sporadic
damages, probably linked to the material local quality. Their effect on the structure
may be questioned, even though their detection with NDT technique would be
challenging.

In general for laser 200 ns, below the threshold intensity, the more laser shocks are applied
on the same location, the larger the damages. The same rule applies to the number of
damages, especially the intralaminar cracks which are resulting from the laminate flexure.
Below 72 % of the threshold, the damages observed are not following any particular trend.
Few intralaminar cracks are likely to occur depending on the local material intralaminar
cohesive strength what randomize the occurrence of little intralaminar cracks.
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Figure D.25: Evaluation of damage from repeated laser shocks with various intensities at same
shot location. Experiments performed on a C reference state adhesive bond with laser 200 ns
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Figure D.26: Micro-sections of specimens with repeated laser impacts at 80 % threshold
intensity. Tests with laser 200 ns, observed with optical microscope.

The same test B has been conducted with the laser 25 ns and are represented in Figure D.27
as in Figure D.25. Another reference C composite panel was used and impacted. The
percentage of threshold value for the different series of repetition is lower in this case than for
laser 200 ns. This is due to the fact that the threshold value intensity was corrected to a higher
intensity after the UT and optical microscope observations.

It can be noticed that no damage could be detected by PAUT inspection for laser 25 ns.

For all laser shots performed around 72 %, 59 % and 47 % of threshold intensity, the
damages size and the damage number tend to increase with the amount of laser shot
repetition and the intensity of the laser. All damages are relatively small with size around 2
mm max. except for the five impacts at 72 %. Despite the tendency, the maximum size of
damages is not totally consistent with the amount of shot repetition and the material quality
locally may play a role in the damage maximum size. It must be highlighted that the damages
are still numerous even below 50 % of the reference threshold value.

The difference of laser beam intensity levels for each laser configuration is important. In
comparison with the laser 200 ns where almost no damages were appearing below 72 %, the
effect of laser 25 ns are noticeable. All the tests performed below the 72 % reveal an
important number of damages in the structure.

The conclusion of this test is that the pulse duration is responsible for the inadequate tensile
stress formation close to the back surface. This correspond to the theory of the shock wave
propagation developed in Chapter 2. Additionally, it can be assumed that the smaller laser
beam spot size and hence a higher intensity of the shock could increase the bending effects,
provoking more intralaminar cracks. These observations illustrate again the parameter
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optimization possible between both laser setups. In the present state, the laser 25 ns is not
adapted to the geometry of specimen investigated.
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Figure D.27: Evaluation of damage from repeated laser shocks with various intensities at same
shot location. Experience performed on a C reference state adhesive bond with laser 25 ns. No
damage could be detected by PAUT inspection for laser 25 ns.

4.2.2 Effect of repeated laser shock on the microstructure

It is assumed that the CFRP material could have its microstructure changed by laser shocks.
This assumption is justified by the high energy used and the resulting high strain generated in
the material. Possible damages in the molecular network would increase the molecular
mobility and result in the decrease of the glass transition temperature. Another possible effect
could be a post—curing effect due to the local and very short temperature increase. This effect
would lead then to increase of the glass temperature.

To verify those assumptions, the literature reports DSC tests conducted on the front faces and
back faces of epoxy CFRP samples before (as reference) and after laser shocks. For both the
front and the back face, no significant changes in the glass transition temperature could be
measured on very high pressures and short pulse durations (few ns) [1]. The same test was
performed for two different laser configurations to make sure that this effect was not
depending on a particular laser parameter. A slight increase of Tg of about 5% was then
stated for lower pressure levels and longer pulse durations (30 ns). This effect was however
only visible on the back face and when spallation of the epoxy composite had occurred. An
alternative test could have focused on DMA measurements for the determination of Young
modulus, but this would have required the DMA to be performed at the exact location of a
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laser shocks whereas these specimens have been investigated destructively for microscope
observations. This test constitutes an option for further studies.

The level of compression being low in the shot regime applied, the origins of this Tg increase
are not clear but may be attributed to an additional cure due to very short temperature
increase locally as a consequence from the laser shots. Non-exhaustive parameters such as
the pulse duration, strain regime and damage initiation should be considered playing a role in
the Tg increase [1]. Additional tests should be performed to better understand this
phenomenon. In general, the slight Tg increase has two effects: first, the laser shock leads to
a local post-curing effect which increase the Tg of the epoxy CFRP and so, lead to better
global cure of the substrate. Secondly, this effect should not be observed in the case where
no spallation occur, which should never be the case in the frame of a bonded structure
inspection and optimal laser shot setup. Indeed, the spallation occurs only when the tension
loading is set in the composite thickness instead of the adhesive-substrate interface.

4.2.3 Summary on damage generation after repeated shocks

Test B involved repeated laser shocks at different locations and with laser intensities lower
than the threshold value. It has been performed to evaluate any potential damage generation
due to the successive laser shots. Several minutes occur between two laser shocks at the
same location, so that this test aims more at assessing the consequences of laser shocks
over the same location over the adhesive bond lifetime, or also in the case where two laser
shots should be applied close to each other is one decide to have a high density of shots to
map the adhesive bond quality on the whole structure. At the same time, it allowed the
investigation of the low intensity laser shots on the structure.

Both laser 25 ns and 200 ns were used for this test. The laser 25 ns was used with
proportionally lower laser intensities compared to the laser 200 ns. The damages observed for
laser 25 ns confirmed the systematic presence of intralaminar cracks and even delamination
whereas almost no damage could be seen for intensities below 72 % for laser 200 ns.
Ultrasonic inspection did however not detect the cracks present in the laser 25 ns, probably
due to their low number conjugated with their small size and mainly their intralaminar
orientation, parallel to the ultrasonic waves which are hence not reflected.

The general trend for all laser is the increasing damage size and damage number with laser
shock intensity and repetition. Lower intensity than the debonding threshold generate
damages as well and the technique of laser proof test cannot be considered a non-destructive
technique above a certain laser intensity level and also, when the laser shocks are repeated
on the same location.

The microstructure investigation reported in the literature indicates that for the “worst” case of
the laser 25-30 ns (about 10 time higher intensities than laser 200 ns), glass transition
measurements via DSC did only reveal slight increase (5 %) when the intensity was large
enough to provoke spallation. In case without spallation, no changes in the glass transition
was reported. The next test aims at evaluating if regular laser shots below the intensity
threshold, as would happen in the case of an adhesive bond quality control, affect the
mechanical performances of the adhesive bond.
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4.3 Effect of low intensity laser shots on adhesive bond mechanical
performances

Test C is performed with fully cured C and reference adhesive bonds panels, with laser 25 ns
and laser 200 ns. The panels are shot at all locations possible with the same laser intensity
corresponding to 70.8 % of the threshold value for laser 25 ns and 74.8 % for laser 200 ns.
These values are represented by the cross on Figure D.25 and Figure D.27.

The specimens were inspected in non-destructive way via PAUT before and after the laser
shocks and did not reveal any damage at any shock location. No observation with optical
microscope could be performed since the impacted locations were part of the mechanical test
coupons. The specimens were hence cut out of the composite plate in their final form of Gi¢
test coupon with water jet. They were then tested mechanically in the same manner as the
standard sets of Gic coupons for the reference destructive test characterization. The outcome
of the mechanical test is compared with the reference values obtained and are presented in
Figure D.28.

The G, results from the impacted specimens are consistent for both laser setups. The error is
of respectively 21.9 % and 13.4 % for laser 25 ns and 200 ns. The G;¢ values obtained after
impact are however much lower than for the specimen before impact. The G,c values are
reduced by more than half and the effect is similar for both laser setup, if we consider the error
on the G,¢ data. The uncertainty on the intensity generated by each laser source must also be
considered: based on Eq. 1, the uncertainties reach 4.79 % for laser 200 ns and 13.26 % for
laser 25 ns. The precision on the intensity levels from test C is thus significantly reduced. The
observations must be made in consequence.

The observation of the failure profiles from the coupon reveal adhesive ruptures. This is
particularly visible for the 200 ns, where the tensile stress is focused in the adhesive layer.
Parts of the coupons 4, 5, 6 and 7 from laser 25 ns show small delamination and mix-modes,
which can be responsible for the larger error on the G,c data. It must be noted that no
particular crack propagation or even sign of laser shot is noticeable on the failure profiles,
neither on the adhesive side, nor on the adherent surface side. Figure D.25 and Figure D.27
however indicate that intralaminar cracks are susceptible to occur in the laminates in the
domain of the chosen intensities (~70 %). The bending of the specimen under laser shot could
be responsible for a diminution of the fracture toughness resistance. Despite the absence of
detectable damage, the loss of fracture toughness resistance Gic reveals that the specimen
bending, intralaminar cracks previously observed in test B, or another effect at microstructural
level could have been induced by the shock waves.
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Figure D.28: effect of simulated ,control‘ with laser shock around 70% of threshold intensity on
the G;c mechanical test performance. Test performed on C and PC families for laser 200 ns and
laser 25 ns

The surface of opened Gic coupons have been investigated with scanning electronic
microscope (SEM) to evaluate if the shock waves had any visible effect on the interphase
adherent surface/adhesive bond. Regions from the failure profiles of the different specimens
from each laser (represented by A to D) and the reference specimen (E and F) are displayed
in Figure D.29. The reference specimen (right side) has not been impacted by laser shocks.
The SEM images (magnification x1000) show the same patterns which are characteristic from
an adhesive rupture as thought from the simple macroscopic observation. This observation
also means that the potential effects from laser shocks on the G;c performances is not
explainable at this microscopic level. The responsibility of laser shocks on the Gi¢
performances can thus not be confirmed with the observations of the failure profiles. It may be
assumed that the loss of Gy¢ strength is related to a presence of intralaminar micro-cracks, as
highlighted previously.
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Figure D.29: SEM Observations of G1C failure profiles from reference unschocked coupon, laser
200 ns and laser 25 ns shocked coupons

4.3.1 Summary on low intensity shock effect on mechanical
performances

Test C included laser shot of reference specimens, with a lower intensity (70 to 75%) than
threshold. The specimens were impacted along the length of future G,c test coupons, four
times every 30 mm. The inspection with PAUT did not reveal any difference before and after
laser shocks.

The G4¢c performances are however severely affected by both laser setups (25 ns and 200 ns).
The performances are reduced by more than half compared to a similar specimen without
laser shock.
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The intensities chosen are close to domain were intralaminar cracks can appear. Another
effect of the shock waves on the adhesive bondline may have happened to reduce the Gi¢
data so significantly. Investigations were conducted on the coupons failure profiles to assess
any microscopic effect but could not evidence a direct effect from laser shock on the
microstructure of the adherent surfaces and their rupture profiles.

4.4 Integrated time-resolved diagnostic tool for calibration of system

The final test corresponds to the evaluation of the integrated diagnosis tools for laser 200 ns
and laser 25 ns. These are respectively the EMAT and the VISAR, previously presented in
Chapter B part 3.3. Their use can yield information concerning the occurrence of a spallation
in the structure. The quality of this information and its relevance for an industrial use is
investigated in this test.

4.4.1 Investigation of VISAR capabilities with laser 25 ns

The VISAR technique is applied in combination with the laser 25 ns. It measures the rear free
surface velocity via the interferences in a second continuous laser beam signal. The surface
velocity can directly be correlated to the shock wave induced events in the composite material.

Attempts to capture the rear free surface velocity were performed on reference C specimen.
The quality of the VISAR signals recorded on CFRP surfaces is however relatively low
because of the poor reflectivity of carbon fibers composite. The effect can be reduced thanks
to a metallic spray paint, in order to improve the reflectivity. Paint was thus applied to mottle
the surface in a random way. The velocity signals from four shot at locations A2, A3, A4 and
A5 can be observed in Figure D.30 respectively a), b), ¢) and d). The analysis of the signals
induced in the VISAR by each laser reveal patterns common to all four locations presented in
the graphs a, b, ¢ and d. One can be introduced at first with the main first peak illustrating the
arrival of the shock wave at the rear free surface. Further smaller peaks follow and are linked
to physical effects of the shock waves reflection and propagtion in the material thickness. The
time (in ps) allow a calculation to determine where the shock wave front is progressing. The
differences in length of signal are however due to the poor quality of the recordings. They
show how difficult the implementation of VISAR on the composite surface can be.

It must be noted that no location represented here featured any damage after PAUT
inspection.
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Figure D.30: Rear free surface velocities measured experimentally with VISAR, on a reference C
specimen, at different intensities and location (a, b, ¢, d) without spallation

The recent work with VISAR and numerical modeling present in the literature has led to
successful correlations between the surface velocity and the mechanical stresses [1], [10]. A
fine presentation of the relation between the stresses and the VISAR measurements is
reported in Figure D.31. In this case, a non-symmetrical (4 mm thick) composite system with
resin M21 and T700 fibers is shocked with the laser 25 ns with a low intensity for which no
spallation occur. The time/position diagram is generated by numerical model, validated
experimentally by Ecault, and is compared to the simulated and experimental shock wave
velocities. The arrows represent very well the origins of each peak in the surface velocity. A
detailed description of the coorelation is given.
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Figure D.31: time/position diagram of a non-symmetrical reference specimen correlated with the
experimental VISAR and numerical rear free surface velocity curves. Case without spallation [1].

At first, after the laser shot, the shock wave starts propagating in the composite bonded
structure. It rapidly reaches a first front interface substrate/adhesive where a part of the shock
wave is reflected due to the acoustic impedance mismatch of the composite and the adhesive
layer at the interfaces 1 and 2 (resp. [1Bo-FF and 12Bo-FF). These first reflections are not
visible on the back face velocity yet. The phenomenon starts when the shock wave breaks out
with the large increase of the back face velocity. This phenomenon is followed by 2D
anisotropic effects (see Chapter B part 2.3.4) o, and later o,,and at the same time, the main
shock wave is reflected back in the specimen [1].

On its way back to the front face, the shock wave encounters impedance mismatches at the
interfaces 2 and 1 (resp. 12Bo and 11Bo) between the composite substrate and the adhesive
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bond, which are high enough to generate the small bounce in the rear face velocity [1]. This
little bounce is important enough to induces 2D anisotropic effects oy again. The propagation
of the shock wave continues and again, the shock wave is reflected at the front face. The first
interface effect is then visible on the rear free surface velocity with peaks corresponding to
[1Bo-FF and I2Bo-FF. The phenomena of reflection due to interfaces or free surfaces are
repeated until the hydrodynamic and elasto-plastic attenuation (see chapter B part 2.3.4)
reduce the stress levels to a too low level for detection. The optimal match of the peaks from
the rear free surface velocity with the identified stresses accounted in the model is a
confirmation of the model validity.

The representation of the shock wave propagation mechanism is done in the same way in the
case of the location A5 (Figure D.30d). The same numerical model is used to evaluate the
laser shot effects in the symmetrical case and correlate the rear face velocity. Figure D.32
represents hence the case of a symmetrical specimen with 3,2 mm thickness, with the result
of the simulated back face velocity and the velocity measured with the VISAR. After the laser
shot, the shock wave propagates in the composite bonded structure. A part of the shock wave
is reflected at the first front interface substrate/adhesive due to the acoustic impedance
mismatch at the interfaces 1 and 2. These reflections correspond to the reflections named
[1Bo-FF and I2Bo-FF in the previous Figure D.31. They travel back to the front face of the
specimen, where they will be again sent back, while the initial shock wave breaks out at the
rear face of the specimen. This one is also reflected back in a release wave, which generates
the tension (in red) in the composite. Little 2D assymetrical effects o, and later ¢,, can be
noticed in a region where several peaks appear in the measured rear face velocity.

The next large peak named “Inter Bo” is the effect of the symmetry of the specimen: the wave
from the multiple reflections from the Ibo-FF and the reflection from the main release wave at
the rear interface composite substrate/adhesive layer get mixed and travel back toward the
rear free surface again. The phenomenon go on until the hydrodynamic and elasto-plastic
attenuation totally annihilate the shock wave propagation.

The particular effect of the symmetrical specimen is that the main shock wave and its
reflections due to the acoustic impedances changes in the bondline (at middle thickness)
cross each other in opposite directions, in the adhesive bondline, and so, annihilates each
others rapidly. An indication of this is the diffuse and low pressure and tension levels observed
for the 2" shock wave break-out and later peaks.

A final remark concerning the case of spallation: based on the phenomenon measured by
VISAR and the numerical model, if a spallation occur, a new interface is created in the
material. This spall disturbs the shock wave propagation and by extent, the rear face velocity.
No measurements in such a case could however be performed in this study.
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Figure D.32: time/position diagram of C reference symmetrical specimen correlated with the
experimental VISAR and numerical rear free surface velocity curves. Case without spallation.

4.4.2 Investigation of EMAT capabilities with laser 200 ns

The EMAT sensor is the diagnosis tool from the LBI, here named laser 200 ns. The approach
for the evaluation of the shock effects with use of the EMAT is different from the one of the
VISAR, though it is also based on rear or front face velocity. The mobile laser prototype with
same properties as the laboratory setup was used since the EMAT is built in the probe head of
the laser arm (Figure D.4). Measurements are hence done on the front face of the specimen,
this is a first difference with the VISAR. To proceed, several laser shots have been applied on
a reference cured C panel with use of the EMAT sensor.

The measurements are performed based on the so-called “Low-High-Low” method and is
reported by Bossi et al. [11]. Instead of a direct measurement during the laser shock, a first
low intensity probe pulse is emitted onto the surface. A shot with higher intensity (intensity of
test) is then performed, and then again a second low one. The comparison of the surface
velocities between the two low intensity pulses give an indication of a spallation in the target
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thickness as illustrated in Figure D.33. The evaluation of a failed adhesive bond is only based
on the difference of EMAT signals. No further information is or can be derived from the EMAT
signals. This is mainly due to the absence of characterization from the adhesive tape
sacrificial layer at the surface which is measured.

The position of this spallation in the bonded part is not given and this approach relies on a
strong assumption that the adhesive bond interfaces with the substrates have the lowest
fracture toughness limit load. In the case of composite assemblies, this means that the
bondline would be debonded before any delamination in the plies occur.

100601

a) Part: 9701-30156 (4.3.0), Location: A-4 (4.6 Jfl:mZ}I

B00E-02
6.00€-02
400602
2006-02

000E-0 fidd
0

-2008-03

400602

100601

b) Part: 9701-30156 (4.3.0), Location: B-1 IIB.ZJ,I'l:leI

£00€-02

600602

4.00€-02

~2O0E-02

Figure D.33: EMAT signals representing the Low-High-Low shots method to diagnostic a failure
generation in the tested material
a) No significant difference (green) = No failure occurred (0,022 GW/cm?)
b) Significant difference (green) = failure occurred due to higher intensity (0,096 GW/cm?)
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5. SUMMARY

In this chapter, the experimental setups, methods of investigation and final results of laser
tests are presented. Two laser setups offering different conditions, laser 25 ns “LASAT” and
laser 200 ns “LBI”, have been investigated with the same composite bonded specimens to
enable a comparison of the results. All specimens have been characterized by ultrasonic
inspection before and after laser proof test. This has enabled a damage detection and their
objective size determination. The most relevant shot locations were further cut-out from the
composite plates and micro-sections in the middle of a laser shock were observed with optical
microscope. This final observations allowed the precise count of the damage, as well as the
measure of their size.

Four tests have been designed to assess the effect on both lasers on the bonded composite:

The first test aims at the determination of intensity thresholds for each adhesive bond
state (one reference state and four contamination grades) and for three states of
specimens: fully cured C as standard, partially cured PC and, moisture saturated MOC.
Fully Cured specimens revealed different threshold levels decreasing with decreasing
adhesion quality. A magnitude ten between the intensities required by both laser is due
to the laser pulse duration and laser beam spot size. For laser 25 ns, the occurrence of
delamination in the rear laminate together with debonding highlighted the importance
of the long pulse duration. Further tests were hence only performed with laser 200 ns.
They revealed that the partially cured PC specimens were damaged in the rear
laminate for a relative low intensity value. Debonds were only observed when the
contamination effects dominate the intralaminar cohesive strength of the rear face
laminate.

The moisture contaminated MOC specimens requested higher threshold values than
for specimens without moisture, but showed at the same time larger damages in low
contaminated states. An effect of swelling and plasticization could be responsible for
the higher shock wave tolerance and simultaneously an adhesive bond weakening.

The second test aims at evaluating if repeated laser shots below the threshold intensity
could damage the composite structure. The laser shot were applied from 1 to 5 times
on the same location, with several intensities from 105 % to about 50 % of the
threshold values.

In the case of the laser 200 ns, a general tendency of damage size and number
increase with the threshold and with the repetition rate is visible. Above threshold the
damage size stay the same, illustrating that the shock wave cannot travel further in the
material and extend the size of the damage once created. Little intralaminar cracks
occurred even with the lowest intensity levels on one single laser shot.

For laser 25 ns, lower intensity levels than for laser 200 ns were tested. The same
general remarks stay valid, however with the observation of even larger damage size
in the structure, probably to be related to the inadapted tensile stress concentration in
the specimen thickness.

Focusing on the modification of the microstructure of the composite matrix, the
literature reports that the glass transition temperature after laser impact is not
significantly modified. This test was however performed with even lower intensity levels
that the ones investigated.
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- Athird test aims at evaluating whether laser shots applied below threshold would affect
the mechanical performance, here represented by double cantilever beam test G4¢. No
damage could be detected after the laser shocks, what was expected for the intensity
level chosen (approx. 70 % of threshold). The Gic values for laser 25 ns and 200 ns
were reduced by half compared to an impact-free specimen. This result indicates that
the laser proof test methods may have weaken the adhesive bond at a microstructural
level, which is not detectable by current means of NDT inspection. SEM investigations
did not reveal any additional information regarding the failure profile patterns. No
differences are visible between a shocked specimen and a reference (without shock)
specimen in our case.

- Finally, the fourth and last test focuses on the integrated time-resolved diagnosis tools,

the EMAT probe and the VISAR system, in order to assess any damage in the
composite structure. For laser 25 ns, the VISAR system was investigated. Its setup
was complex due to the low reflectivity of the black CFRP surface but enough signal
could be detected for analysis. The signals reveal the detection of shock waves
arriving at the rear free surface and even other waves phenomenon, such as 2D
effects and plies interferences. The quality of the signals could however not deliver
precise information about the tested structure after impact. The locations impacted did
not present any damage after PAUT inspection, what highlighted the challenge in the
data acquisition on row CFRP surfaces and its interpretation. An extract of the signal
correlation to the model from Ecault illustrates however the potential of VISAR for fine
phenomenon at the rear free surface.
In the case of laser 200 ns, the prototype of laser used includes the EMAT sensor. The
approach relies on a low-high-low method, which only compares two ‘signature’ free
surface velocity signals before and after the effective laser shock. The signal difference
is used as an indicator of damage in the structure, however without any further precise
indication of type or depth of damage. This technique is only qualitative and not
properly time-resolved. Both use of EMAT and VISAR are discussed further in the
following chapter.

These four major tests have brought relevant answers in the assessment of the non-
destructive character of the laser proof test methods. The challenges and the potential for
their use as a quality inspection technique for adhesive bonded structure must be discussed.
The next and final chapter reviews these and introduces ways of improvement for an industrial
use.
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1. INTRODUCTION

Chapter E reviews the state-of-the-technology of the laser proof test based on the different
configuration investigated within this study. It discusses the results obtained in term of
damages in the material in the previous chapter D. The present chapter also discusses in
what extent the scientific objectives specified at the beginning of the study have been reached.
These objectives can be summarized as follow:
- manufacture a proper weak adhesive bond with a precise adhesion performance by
influencing some precise parameters.
- measure the adhesion performance in a non-destructive way or evaluate the potential
damages induced in the structure if the adhesive bond has an optimal quality.
- evaluate which parameters are essential and should be optimized to match the
bondline quality inspection method.
- investigate the effect of the high energy and the pressure released by the laser proof
technique in a sound adhesive bond or in the substrate.
- investigate the effect of an inadequate setup of the laser proof technique.
- evaluate the diagnosis tool possibilities for the assessment of a safe adhesive bond
after or during the laser proof test.
The requirements for an implementation as a non-destructive testing method within a quality
assessment process chain for adhesive bonding processes are specified. This final chapter
concludes with a discussion on the potential of improvement in term of laser configurations.

2. LESSONS LEARNED

The tests performed in this study have highlighted several characteristics of the laser proof
test approach. This study relies on the investigation of two very different laser setups despite
their common physical principle for the adhesion quality assessment. The preparation of
specimens with weak adhesive bond was the first mandatory step. Afterwards, four major
tests aiming at reaching the scientific objectives have been conducted.

This section does not recall the tests principles or the results developed in the previous
chapter. Instead, it focuses on the key information learned through these results.

2.1 Manufacturing of weak adhesive bond

The first objective in this work consisted in the production of weak adhesive bonds. A range of
adhesive bond levels are a pre-requisite in order to assess a technology aiming at verifying
the level of adhesion mechanical performance. In this study, the process involved the
production of CFRP monolithic plates, pre-treatment by sanding, cleaning, contamination of
surface substrate and co-bonding operations.

The adhesion quality of the specimens was conditioned by the substrate surface
contamination before co-bonding. A reference state was produced according to normal
manufacturing standards and without use of any contaminant. Four different grades were
prepared with silicon based release agent applied at the substrate surface. The application of
release agent was conducted by dip-coating. X-Ray photon spectroscopy enabled the local
control of the surface chemical composition after contamination to verify the homogeneity,
which was satisfying despite a large scatter (standard deviation of 30 % in average)

158



Chapter E — Review of achievements and leads to a non-destructive adhesion quality test

All these steps led to the so called “fully cured (C)” also meaning here ‘standard’ set of 5
specimens, each with another level of adhesion. After bonding, the specimens passed the
control via X-Ray and ultrasonic inspection to verify the absence of any physical defects and
the compliance to manufacturing standards. A destructive mechanical test, the double
cantilever beam test, enabled the determination of the adhesion performances generated: Gi¢
values start around 700 J/cm? for contamination below 1 Si at.% (in mixed mode) and
decrease rapidly down to the worst case of 50 J/cm? with adhesive failure profiles when the
silicon content overcomes 3.5 Si at.%. Such results correspond to the weak adhesive bond
ranges required for investigations with laser proof test techniques.

Additionally to the standard set, another set of specimens was prepared by partial cure (PC)
during the co-bonding process. This complementary set aimed at reaching poor intralaminar
cohesion strength properties of the composite substrate in comparison to the adhesive bond
properties. The double cracks generation in both the adhesive and the substrate co-bonded
during DCB tests confirmed the low cohesive strength performances of the assembly but
prevented the determination of Gic values due to the record of two crack propagations
simultaneously.

A third and last set of specimens was based on a fully cured set exposed later to moisture
until complete saturation (MOC). This set of specimens represents an aged composite
material in the case of an adhesive bonded repair on a structure already in service. Moisture
saturation on a set of specimen led to low G,¢ values and more adhesive failures.

In all cases, the criteria for weak adhesive bonds (absence of defect detected via NDT, 20%
or more reduction of nominal mechanical performances, adhesive failure) could be verified for
the three highest levels of contamination. This validates the process used for the preparation
of weak adhesive bonds.

2.2 Intensity threshold for debonding in different bonded composite
specimens

The determination of intensity thresholds depending on the quality of the adhesive bond
focuses on the second scientific objective: to measure the adhesion strength and evaluate the
potential damages. The three sets of specimens were tested: fully cured C, partially cured PC
and moisture saturated MOC.

Starting with general remarks: for the two laser setups tested, a factor of 10 was observed
between the two intensities to generate the same effects in the composite structure. This can
be explained by the differences in the pulse duration (25 ns vs. 200 ns) but also by the laser
beam spot size on the surface with respectively 4 mm vs. 10 mm diameter. This factor of 10 is
linked to the time of application (pulse duration) at the material surface and the energy
concentration on the surface (beam spot size). Both are key parameters towards the
assessment of adhesive bond quality. This observations validates the theory and roles of
these parameters developed in chapter B. Also, the ratio laser beam spot size/thickness of the
adhesive bonded structure is as important as the laser pulse duration: phenomena like the 2D
effects of the shock waves or waves crossing at inadequate depth in the laminate (see
chapter B) influence the proper inspection of the adhesive bond interface with the substrate.
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Concerning the “fully cured” C specimens and potential damages in the laminates: the
delaminations in the rear plies observed for example in the case of the 4 mm spot size and 25
ns are a confirmation that the laser parameters are not optimal for this structure. This effect is
discussed further on in the next section 2.3. On the whole, the results of the standard state
were according to the expectations, the intensity for debonding was decreasing with the
decreasing adhesive bond strength due to surface contamination. Above state 2 (1.3 at.% Si),
the failure profiles of mechanic tests showed an adhesive failure profile due to the important
contamination. This feature could also be observed in the low G;¢ values.

Among the other sets, the moisture contaminated MOC specimens requested higher threshold
values than for specimens without moisture, but showed at the same time larger damages in
low contaminated states. An effect of swelling and plasticization of the substrate epoxy
composite could be responsible for the higher shock wave tenacity and simultaneously an
adhesive bond weakening.

The partially cured PC specimens were damaged in the rear laminate for a relative low
intensity value. The threshold was stable at 0,022 GW/cm? while delaminations occurred in the
partially cured layer for all laser impacts above this threshold. This observation confirms that
the intralaminar cohesive strength is weaker than the adhesive strength in the case of the low
contamination levels. Debonds only occurred at the contaminated interface when the
contamination effects reduces the adhesive bond strength below the intralaminar cohesive
strength. More precisely, with a cure rate of 55 + 8 %, the debond occurs for specimens of
level 3 and 4. The intralaminar cohesive strength can be assumed equal or higher than the
adhesive strength at the contaminated interface for level 2 and levels below for which the
contamination has not been so relevant.

In the present experimental case for which the lasers are not optimized for the inspected
structure, these results confirm that the ratio adhesive bond strength over substrate
intralaminar cohesive strength is determining. It also highlight the capability of assessment of
cure degree of a laminate through laser shock tests. This application was not the aim of this
study but the results have shown that the intralaminar cohesive strength can be investigated.

In conclusion, laser thresholds intensities could be determined for debonding of all level of
contaminations in the three families of specimens C, PC and MOC. The adhesion strength is
not directly measurable but can be correlated if destructive mechanical data, G¢ for example,
are available. The setup of both laser proof test techniques are however not optimized and
generated damages in the substrates. Delaminations and other cracks must be avoided to
make the laser proof test a non-destructive testing method.

Also, the application of laser proof test to other materials or geometries has not been
conducted yet. Results shall hence be considered with care for the specific cases presented.

2.3 Effects from repeated occurrences of laser shot at same location

Both laser 200 ns and 25 ns were used for repeated laser shocks at the same location on a
reference uncontaminated fully cured specimen. This test aims at evaluating the effects of
energy release and local repeated pressure application in the composite substrate. The
sacrificial layer and confinement layer were applied between two laser shocks. The frequency
of the laser shocks was not relevant since the specimen surface had to be prepared again and
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again for each laser shock. The intensity of the laser beam was set to different levels from the
reference threshold intensity down to about 50 % of the threshold value.

Observations of impacts revealed a general trend of increasing damage (delaminations and
intralaminar transversal cracks) size and number with increasing laser shock intensity and
repetitions. Beyond this outcome, it is the level of intensity for which these damages still occur
that must be noticed: for respectively the laser 200 ns and 25 ns, down to 64 % and 47 % of
the reference debonding threshold intensity level. At these intensity levels, no delamination
between plies is observed and very few transversal cracks occur in the substrate layer. The
number of transversal cracks generated is not depending on the repetition of laser shock
anymore. It can be assumed that the transversal cracks may be also linked to local structural
weaknesses.

This difference of intensity levels between both lasers can be linked to the intrinsic laser own
characteristics. Indeed, the pulse duration and laser beam spot size play a decisive role in the
shock wave propagation as seen in section 2.2. However, due to the same characteristics, the
uncertainty for all compared data raise to 13.2 % for laser 25 ns and 4.8 % for laser 200 ns. A
precise range of intensity level can hardly be derived from the results due to this large
uncertainty. The presence of the random number of transversal cracks, even at half the
intensity level from the reference debonding threshold intensity may be considered a major
obstacle. However, the optimization of the laser parameters shall improve the efficiency of the
shock wave and prevent from a too large stress in the substrate layers. The effect of
transversal cracks on the mechanical performances is discussed further in the next section.

2.4 Effects of laser shock on the mechanical performances in mode |

This test aimed at assessing the adhesive bond mechanical performances after laser shock.
For this purpose, the level of intensity chosen for both lasers 25 ns and 200 ns was set below
the debonding threshold intensity to simulate a potential inspection in a manufacturing quality
control process. For each laser setup, a standard C panel was impacted with one laser shock
at 28 locations regularly placed over the panel. The panel was kept as a single piece to better
approach a large structure behavior during laser shot. After verification by UT inspection that
no defect had been induced, 7 coupons for double cantilever beam tests (Gic) were cut with
water jet to avoid micro-stresses of any other mechanical saw. The intensity selected turned to
be around 70.8 % from the debonding threshold for laser 25 ns vs. 74.8% from debonding
threshold for laser 200 ns. A value of 70 % was approximatively targeted and the real values
could only be determined precisely after all characterizations yielding the debonding threshold
intensity itself. This explains the little difference between both levels.

In general, the results obtained from the DCB test on impacted coupons indicate more than 50
% loss of mechanical fracture toughness in mode |. The investigation of microstructures in the
frame of repeated shots at the same location however revealed that at 70 % from the
threshold intensity, transversal micro-cracks may occur in the external plies. Micro-cracks in
the coupons cannot be totally excluded even if no defect could be detected after the laser
shocks. Due to their size below the mm range, the micro-cracks cannot be detected by UT
inspections. Table E.1 gives the uncertainties and errors to appraise the G results relevance.
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Table E.1: Summary of intensity levels and their uncertainty for repeated laser shock test

Laser 25 ns Laser 200 ns
Intensity level (% of reference debonding threshold) 70.8 74.8
Error in repeatability of the laser shock (%) 6 6
Uncertainty in intensity determination (%) 13.2 4.8
Intensity level approx. (%) 70.8 £19.2 74.8£10.8

It appears that the errors and uncertainties from the intensity determination are too high to be
negligible. With respectively 20 % or 11 % added to the 70.8 % or 74 %, the assumed
intensity applied may be too close to debonding threshold intensity. It cannot be ensured that
the G1¢ performances obtained are not related to any laser shot with much higher intensity. As
a confirmation, the repeated impacts at the same location (section 2.3) had revealed important
damages for intensity levels higher than 80 %. In the present case, the G1¢c coupons were also
investigated by SEM but did not reveal any remarkable feature at the substrate/adhesive
interface that failed.

In conclusion, it was possible to observe a significant decrease of mechanical strength from
the adhesive bond after laser shock. The level of about 70 % of the debonding threshold
intensity is not satisfying for any adhesion quality assessment with the actual laser
configurations because the uncertainties remain too high. In the future, this test must be
conducted again with adapted laser systems and probably lower levels of intensity (if
reachable). The optimized laser setup shall lead to more precise intensities and hence, to Gi¢
performances close to the ones from specimens without laser shocks.

2.5 Evaluation of the associated time-resolved diagnosis techniques
capabilities

To complete the experimental assessment of the laser systems, two methods of time-resolved
diagnosis were investigated within this study. Both of them were each propriety of the
associated scientific partner owning its laser source:

- An EMAT for front/rear face velocity measurement with laser 200 ns, and

- A VISAR for rear face velocity with laser 25 ns.

Laser shock were applied on a reference uncontaminated panel around the threshold intensity
level. This allowed similar tests than described in section 2.2 with use of the time-resolved
diagnostics, knowing what intensity shall generate a debonding and by consequence, provoke
a change in the diagnosis technique signal.

The setup of both techniques was not easy and requested care and time. The composite
substrate is mainly responsible: the black surface of non-painted composite is neither
reflecting in the case of the VISAR nor is the composite conductive enough for the EMAT
requirements. Specific preparation such as aluminum painting for the rear face of specimen
(VISAR) or metallic adhesive tapes for electromagnetic signals were required (EMAT). These
obstacles are hurdles against a generalized use of these time resolved techniques.
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The successful measurements could be used for correlation of results. In particular for the
VISAR signal which is more precise, the correlation to simulated shock wave positions in over
time and space can be used for learning processes. The data, when its acquisition is
successful, can be used to understand what occurs in the material thickness during the
adhesive bond quality assessment. The efforts demanded to setup and analyze such signals
is however too consequent to encourage its use in a serial quality control process. The level of
information is, in such a case, not required.

On the other side, the EMAT technique was only used with a “low-high-low” approach
requiring three laser shots for one measurement and the metallic adhesive tape to ensure an
electromagnetic signal. The first “low” laser shock represents a shockwave “signature” travel
in the structure, the “high” represents the real structural test and the last “low” is compared to
the first one. The information obtained is only a qualitative indication of an event in the
material thickness. No precise information regarding the depth, size or nature of the damage
can be extracted from any difference of the two low intensity laser shock. The EMAT “low-
high-low” method becomes interesting when the adhesive bond is weaker than the composite
substrate.

It must also be noticed that both the VISAR and EMAT needed to be activated during the laser
shot but could not (at the present stage of development) deliver any diagnostic right after the
laser shock due to necessary post-processing of signals (VISAR). The low-high-low approach
itself (EMAT) does not allow a diagnostic during the proofing laser shock (“high”) due to the
very aim of this comparison test.

As a conclusion, both VISAR and EMAT could be used to assess the shock wave effects in
the structures. Their implementation is costly in time and efforts. The level of information from
both methods is not equal and none of them is adapted for a serial use in the case of an
industrial quality assessment process. The VISAR however particularly showed its potential as
a precise tool to calibrate the laser parameters. It can be helpful for an optimal shock wave
generation. Investigation of other diagnosis tool methods could be of advantage.

3. POTENTIAL FOR LASER PROOF TEST IMPROVEMENTS

The scientific objectives of this study have been reached but have also shown a way forward.
Laser proof test techniques were evaluated successfully and have the potential to become an
adhesive bond performance quality control method. Yet, both installations tested do not allow
reaching a proper control of the adhesion bond quality without damaging the bonded
substrates. The potential for improvement toward a technique able to focus on the adhesive
layer-substrate interface is large. The diagnosis tool necessary to control the status of the
adhesive bonded structure after laser shock must also progress. This section introduces
concepts for improvements of the techniques.
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3.1 Leads to laser sources improvements

In the current state of development shown by this study, the laser sources are not optimized
for the application on materials of 3.2 mm thickness with an adhesive bondline at mid-
thickness. The results in chapter D have shown that the composite substrate is damaged even
when the adhesive bond interface stays intact.

Few concepts may be developed regarding alternatives in the principle of laser proof test. The
approach are i. the tunable laser parameters with the current laser shock configurations, ii. the
repeated laser shock and iii. the symmetrical laser shock. If the first approach seems natural,
the other concepts are more sophisticated. The validity of the concepts has been verified via
simulation in the frame of Ecault’'s PhD thesis [1].

3.1.1 Tunable laser shock parameters

Among the parameters of the lasers, the only one used in this study was the laser beam
intensity. The other parameters are intrinsic properties of the laser construction and can hardly
be changed. According to the theory developed in chapter B, an adjustment of the laser pulse
duration and/or the laser beam spot size (by extent, the focus of the laser beam) could
however be an ideal solution.

On one hand, the laser beam spot size: investigations on unidirectional composite M21/T800
and bonded M21/T700 highlight the influence of 2D effects [1]. Below 2 mm in diameter, the
2D effects are so high that they significantly reduce the tensile stresses c,,. Above 3 mm
diameter, the tensile stresses o,, have reached their maximum. The 2D effects are however
influenced by the impedance mismatch occurring at the adhesive layer-substrate interface,
and by extension, influenced by the structure geometry. In specific case, a late stress
concentration may be induced inside the substrate [1]. This phenomenon must be prevented
to avoid damaging the substrate.

On the other hand, the laser pulse duration offer more possibilities. Depending on its length,
the maximal tensile stress can be focused more or less deeper into the impacted structure.
With the laser 25 ns in its actual configuration (4.5 mm laser beam spot diameter, confinement
with water and metallic paint sacrificial layer), a simulation determined the adhesive bond
strength required for a proper adhesive bond quality assessment [1]. It was shown that for an
adhesive bond strength assumed to be at 40 % of the substrate intralaminar strength, the
weak adhesive bond interface could be debonded [1]. This means that without any
optimization of this laser, only adhesive bonds whose adhesion strength is equal or inferior to
40 % of the intralaminar cohesive strength can be tested. This result is illustrated in chapter D
within the section 2 “Laser Proof Test Set-up”. The illustration is recalled in Figure E.1 in this
chapter to highlight the influence of the pulse duration on the maximal tensile stress o,, zones.
The 25 ns pulse localizes the maximal tensile stress region (the highest 5% are represented in
white) closer to the back face than the 200 ns pulse duration.

The 200 ns pulse configuration is better adapted to the tested geometry. The impedance
mismatch at the first change substrate-adhesive layer reflects a part of the shock wave. This
reflection is optimal as its next crossing with the main release wave creates the 5 % of
maximal o,, tensile stresses (maximal stress area B). Area B is located at the right depth to
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test the adhesive bond interface. It can also be observed that another smaller area of maximal
o, tensile stresses region is located distributed in the rear substrate (maximal stress area A).
This last remark highlights another challenge: the tensile stresses are distributed within the
substrate. They are likely to cause cracks as observed in this study. The pressure loading
(directly linked to the beam intensity and interaction) must be precisely adapted to the
structure to avoid any damage.

Laser Pulse of 25 ns - CNRS

F%Zi 71523 ¥ i
2N R \
A
!

Laser Pulse of 200 ns - LSP

] - "TE e AT ) iid AB

5 -|za_ [ .»r g "". ‘E

- ¥ W & y
| . .

==r,  Max.
~+ = tensile
|+ stress

[E3 04 T Iz

Figure E.1: Numerical time/position diagrams showing the 5% max. tensile stress loadings in z-
direction (white areas) in a 3.2 mm thick symmetrical adhesive bonded CFRP laminate for laser
25 ns (left) and laser 200 ns (right)

Experimentation with other parameters such as the laser pulse confinement or the sacrificial
layer are required to prevent any damage in the substrate.

3.1.2 Repeated laser shock

An alternative approach to the single laser pulse relies in the use of repeated short laser
pulses on the front face of the structure. In principle, the use of the crossing of the first release
wave and the second shock wave create the tensile stress at the depth required. This depth is
conditioned by the delay between the two laser pulse. In practice, the double pulse would be
based on a laser shooting twice on the same location after short delay (few ns). Figure E.2
introduces the role of this delay in the depth of the maximal stress generation.
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importance of the delay between laser pulses for the tensile stress generation in different

simulations [1]

This approach is potentially better than the single pulse approach because each laser pulse
requires less energy than a single long laser pulses for an equivalent interface strength tested
[1].

The main challenges with repeated laser shocks would be the need for sacrificial layers
sustaining two laser shocks and the need for a confinement layer staying over the surface in
between the laser pulses. No actual laser shock configurations, neither the 25 ns nor the 200
ns, are not offering these two capabilities. The repetition rate of the lasers becomes an
important characteristic due to the fine tuning in the short delay required between two laser
shocks. The best rate is currently of 10 Hz for the ND:Glass laser present at the CNRS PIMM
institute (see chapter B — Table 1), corresponding to 0.1 second between two shocks. The
lasers are still far from a repetition rate in nanoseconds.

3.1.3 Symmetrical laser shock

The last alternative approach is based on the use of two laser pulses applied on each face of
the structure. In principle, the tensile stress loading occurs at the location where both release
waves issued from the first shock waves reflection cross each other paths. The adaptation of
the depth position is realized by adapting the delay between both laser shock pulses. Figure
E.3 represents the application of two laser pulses on each face of a bonded structure. The
role of the delay in the positioning of the tensile stress is illustrated: the latest the second
pulse is applied, the closer to the opposite face the tensile loading will be generated. In case
of simultaneous laser pulse, the tensile loading will occur in the middle of the structure
thickness.
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Figure E.3: Time-position diagrams (x,t) representing the symmetrical approch leading to
precise high level of pressure. The delay between both laser shock is responsible for the depth
of the maximal tensile stress zone.

First experimentation with this recent approach have been conducted and are further ongoing.
The tests done have led to interesting results showing that in the case of weak bonds, the
adhesive bondline could be delaminated without causing more than few intralaminar cracks in
the substrate loaded [1]. The interface strength which can be tested can reach the composite
almost the interlaminar strength. This approach is also a patented solution filed from CNRS in
2013.

Despite the interesting results, the symmetrical approach is an hardly practicable solution for
the industrial environment. The need for an access of the adhesive bonded structure from
both sides would be an obstacle to the technology deployment. If it is assumed that adhesive
bonding is used to enable the design of always more complex geometries and large
composite parts, the accessibility would also decrease. The margin in operating the
symmetrical laser shock approach would decrease with it. The other parameters are however
speaking for the use of this approach: the sacrificial layer can be used, as well as a plasma
confinement layer system (water flow, transparent adhesive tape, etc.).

3.2 Leads to an advanced diagnosis tool

The laser proof test is itself only a method applying a local stress to a structure in order to
verify that the structure can withstand this precise stress. The laser source can only generate
the shock wave necessary for this test and does not play any other role. Another technology is
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requested for the inspection of the impacted location. This method is a diagnosis tool that can
be either time-resolved for a measure during the laser shock or simply, post laser shock.

With regard to the industrial application, a technical tool may satisfy certain requirements. The
methods shall be simple to handle, enable a fast data evaluation, universal application,
inspect a large area, deliver clear diagnostics, have specific detection capability, be robust
and all of these at the lowest cost possible.

The two time resolved diagnosis methods assessed within this study were the EMAT for laser
200 ns and the VISAR for laser 25 ns. They have demonstrated their potential and limits in the
type and amount of information that they can yield to the end user. Their implementation as
diagnosis tools for a use in an industrial quality assessment process is limited.
To summarize, in the actual configuration, the VISAR has the following characteristics:
- Pros: precise, correlate signal with mechanical stress in structure, contactless method.
- Cons: hard to set-up due to reflective surface required, complex signal processing,
very sensitive, access from rear free surface preferred, laser used may degrade
composite (high continuous energy).
On the other side, the EMAT has following characteristics:
- Pros: simple in set-up, only front face access is required
- Cons: purely qualitative judgment without information about damages generated in the
CFRP structure, requires electromagnetic material (or metallic tape on composite).
The literature also mentions positive experience with an alternative time resolved method: the
Photonic Doppler Velocimetry (PDV) [1]. The PDV has a similar principle than the VISAR but
uses two lasers. The interferences resulting from the reflected beam from one laser with the
frequency of the reference laser is analyzed. This characteristic from the PDV requires that
the temporal resolution is adjusted for the velocity calculation. The PDV is said to be easier to
set up because of a lower number of parameters to adjust than for the VISAR, especially
regarding the interferences research. The PDV characteristics can be summarized as follow:
- Pros: simple in set-up, contactless, less energy required than VISAR lead to less
degradation of composite surface.
- Cons: temporal resolution limited for small phenomenon.

In opposition to the time-resolved techniques, other methods of conventional characterization
may be applied after laser shock. Among them, the NDT techniques such as ultrasonic testing
techniques UT or the thermography IRT are standardized in the current manufacturing
processes and can easily be deployed for the detection of debonds. Indeed, UT inspections
after shock have been used in this study as a reference method to check the presence of
damages and characterize the damages induced by laser shock in the composite assemblies.
- Pros: standardized solution already used in manufacturing, fast inspection of large
surface, existing criteria for defect detection, quantitative results for debonds and any
spallation.
- Cons: inspection requests time after laser shock.

To conclude on the diagnosis method required for the assessment, Table E.2 summarizes the
characteristics of the two investigated time-resolved techniques (EMAT and VISAR), another
time-resolved technique identified in the literature (PDV) and post-shock techniques such as
ultrasonic testing (UT). The deployed techniques such as UT have a significant advantage but
involve that the inspection is done after the laser shock. The ideal technique shall be a
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compromise between the level of information required and the time frame given for the

evaluation.

Table E.2: Comparative table of diagnosis tool methods for characterization of the laser proof

test effects in the composite structure.

Diagnosis technique

*as tested in this study

Require- .
9 EMAT* VISAR* PDV Ultrasonic | ldeal method
ments
- Small - scanning
. - Laser system | - laser system .
integrated requirin requirin probe head - simple
Handling probe applied g 9 g 9 driven system with
manual manual
on front . . manually or easy setup
adjustments adjustments !
surface automatically
. - sl - sl . .
Fastness for | - medium slow due to slow due to - fast possible | - real-time data
. experimental experimental . o
data (low-high-low data data real-time data acquisition and
processing | approach) processing processing evaluation processing
- not on
complex - requires - requires - probe head L
. - no limitation
geometries, access to rear | access to rear adapted to any of
Universal requires face and laser | face and laser | type of material .
.. . . . material/geome
application magnetic reflective reflective and structure,
. try, absence of
material, surface, surface, contact
contact
contact contactless contactless preferred
required
- Limited to _ .
Large area local - L|m|.ted to . - L|m|lted to . - small to I-arge - Iargg area
. . . . local inspection | local inspection | area possible covering the
inspection inspection . .
it (laser spot (laser spot (laser spot depending on whole adhesive
capacity . P size) size) probe head layer
size)
I - information
. . - quantitative .
- simple with - complex - complex . . on adhesion
p ; . . information
Clear low-high- processing and | processing and . : strength or
\ . " . - . - with depth, size )
diagnostics | low interpretation interpretation correlation
. . and geometry
approach of signal of signal damage-
of damage
strength
- only . pr.e0|§e i pr.e0|§e - depth, size . quantltgtlve
o indication of indication of information
qualitative mechanical mechanical and geometry with depth, size
Detection results ) . of damage, P,
- . events in the events in the . and geometry
capability without . . limited to NDT :
material material . of damage incl.
assurance of . . standards in .
. thickness, no thickness, no adhesion
debonding . . use .
size of damage | size of damage strength info
i . vV . ) "
Robustness Sensitive to ery sensitive Sensitive to - Robust - Robust

environment

to environment

environment
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4. REQUIREMENTS AND APPROACH FOR IMPLEMENTATION OF
LASER PROOF TESTS

4.1 Requirements for the laser proof test implementation in
production

The interest of end-users for a technology allowing adhesive bonding for high loaded primary
structures is large. Figure E.4 illustrates the manufacturing process concept. The innovative
process involves several technologies to position and pre-treat the adherent substrate, check
their surface cleanliness, apply the adhesive layer, join the substrate, cure the adhesive and
finally and evaluate the bondline quality for example via laser proof test.

Positioning of joining partners Camera measurement system

\ i
| Computer aided gap analysis

| Laser Scanning and virtual fit analysis of joining

areas
Y
Surface Pre-treatment | Various automated methods
Y _ _
Surface quality check | Ad\fanced Wetting tgchnlque and
various spectroscopic methods
Y
Adhesive application | Automated gap-adapted application of adhesive
Y
Joining | Automated joining of part fixtures and fixation
\
Curing of the adhesive | Room temperature, oven curing, spot curing

:

LExtended® NDT

NDT of bondline (defects, gap size,
degree of cure, adhesion state ...)

Figure E.4: manufacturing process chain for adhesive bonding including the quality assessment
of surface cleanliness and adhesive bond performances [2]

To optimize the laser proof tests results, several ways have been introduced in section 3.1
and 3.2. In particular the double pulse approaches (repeated pulse, symmetrical pulse) are
limited. They deserve attention for research purposes but involve either new sacrificial and
confinement layer, or access to both faces of the structure to inspect.

More generally, the technology needs to reach a higher level of maturity in order to get
compatible with the requirements of the manufacturing process chain. For manufacturing
processes, a new technology must show a compliance to the existing standards and avoid
perturbing the rest of the process. Few characteristics of the laser proof test technology as
they stand today would therefore discourage any potential end user. The following
characteristics, even if they are identified as entire parts of the techniques must be thought
over to develop more practicable solutions:
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- The sacrificial layer: required to avoid damaging the composite matrix and to ensure
the interaction laser-matter (chapter B — section 3.2). Its use is however hardly
realizable since it would involve an additional step of coating application before
performing the laser test.

- The confinement layer: required to increase the pressure generated in the material
by the laser pulse and so, use lower laser intensities. It represents an inconvenient if it
means that the structure inspected must be wet or have a tape layer applied on it.

- Any additional surface preparation regarding diagnosis tool: the use of VISAR

required painting the rear face of the substrate to get a sufficient reflectivity whereas
the EMAT included a magnetic tape layer at the top surface to get a proper signal from
the composite top surface. Other techniques may include other preparations. These
preparations are costly in time and equipment and would slow down the manufacturing
process.
As an alternative, it can be proposed to extend the existing implementation of NDT
methods well established in manufacturing processes. Ultrasonic inspection UT (or
PA-UT used in chapter D) is a standardized automated method. UT enable a precise
characterization of the defects present in the adhesive bonds. It can be used for the
characterization of the adhesive bonded structure after laser shock to evaluate the
presence of debonds and delamination.

Additionally to the mentioned parameters, the uncertainties on i. the material local intralaminar
strength (may slightly vary depending on manufacturing process parameters), ii. the laser
robustness and stability to provide the precise energy level required, iii. The laser pulse-matter
interaction due to the sacrificial and confinement layers, must all be accounted. This list is not
exhaustive since several parameters may have an effect of the interaction of the shock waves
generation or propagation. The current capabilities of the lasers show a potential of
improvement, which will be required to move to an higher level of maturity for adhesive bond
quality assessment.

4.2 Approach for the use of Laser Proof Test

Provided that technological improvements are completed, a practical approach for the use of
laser proof test as performed in this study has been specified [1]. It gathers all necessary
steps for the use of the laser proof test as a quality assessment method of any adhesive
bonded assembly whose adhesive and/or materials has never been tested by laser. This
process involves the realization of numerical model and therefore, first tests to determine the
intrinsic parameters of the elementary materials present in the final adhesive bonded
assembly.

In Figure E.5, a five-steps process including two main tasks is represented:

- The first step consists in the characterization of the laser-matter interaction with all
materials, the adhesive and the substrate, in presence in the future assembly. Laser
tests are performed with measures involving a time-resolved diagnosis tool such as the
VISAR. Several levels of energy are tested to get key information regarding the
response of the materials towards dynamic loadings up to damage generation (step 1).
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Based on the characteristics determined, the models can be created to match the
response of the elementary materials (step 2). This data enables also the creation of a
model of the final adhesive bonded assembly. It is helpful for the choice of the laser
parameters for the test on the adhesive bonded structure.

It must be noticed that this first task is only required if the dynamic response of the
elementary materials is unknown. It is indeed impossible to create a model without
these intrinsic parameters.

The second step consists in reproducing the laser tests on the adhesive bonded
structure. These laser tests are done in the same manner than the tests with the
elementary components, including the time-resolved diagnosis tool (ex. VISAR) and
the analysis of the structure post-laser shock (step 3). The data collected from several
laser shots at different intensities defines the performances of the adhesive bonded
structure. The results are hence used to validate the model previously created in task
one (step 4).

Finally, the step 5 is a refinement of the model to determine what are the optimal
settings for the adhesive bonding assessment. The laser proof test can be adjusted for
the adhesive bonded structure inspection.
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Figure E.5: suggested protocol for implementation of laser proof test for any adhesive bonded
assembly according to [1]
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5. SUMMARY

The laser proof test approach for adhesive bond inspection has been investigated
experimentally in two configurations of pulse length : 25 ns and 200 ns. The laser tests led to
the determination of debonding thresholds intensities for all level of contaminations in the
three families of specimens: cured C, partially PC and moisture contaminated MOC.

The main scientific objective is achieved: laser proof test could successfully debond weak
adhesive bonds. The investigation of specimens however revealed that the laser also induced
damages in the composite substrates. Tests including repeated laser shocks at the same
locations indicated that the number of damages increases with the laser intensity and laser
shots. The damage occurrence is such that for the laser 25 ns even 47 % of the threshold
intensity causes intralaminar cracks. The mechanical test performed on specimens which
were previously impacted at around 70 % of the debonding threshold intensity revealed a loss
of Gy¢ performances. In general, the investigations of specimens after laser shocks revealed
that both laser systems are inducing stresses in the material substrates and are not yet
optimized enough for a precise adhesive bond assessment. The intensity level required for
debonding cannot be given precisely because both configurations involve large uncertainties
on the intensities (13.2 % for laser 25 ns, 4.8 % for laser 200 ns).

Three ways of optimization are specified in order to increase the efficiency of the method:

- the adaptation of the laser pulse duration which is an improvement of the approach
evaluated within this study with the comparison 25 ns to 200 ns. It is the most
practicable solution on the industrial point of view since it only implies changes in the
laser technology.

- the repeated laser shots (high frequency), would concentrate the tensile stress in a
specific depth thanks to a short delay between two laser shocks. This solution requires
a better approach for the laser beam coupling at the material surface.

- the symmetrical laser shock, potentially the most effective alternative as the tensile
stress can be generated precisely at any depth in the material thanks to shock waves
coming from both sides. A delay between the laser shocks would be the parameter to
adjust in order to specify the depth where the tensile stress occur. This solution
however represent an industrial challenge since both side of a structure must be
shocked by a laser (accessibility, geometry, etc.).

In any case, the optimization of technology shall go through laser improvements in term of
energy stability, tunable pulse duration and frequency of laser shocks.

The adhesive bondline status after shock is not directly revealed by the laser shock technique
itself. Diagnosis tool methods must be used to check the presence of a debond or not. Both
VISAR and EMAT methods were tested to assess the shock wave effects in the structures.
The precision of the VISAR enable the calibration of the laser shock proof method to the
structure. Its implementation is however complex and costly. Tests with both methods
revealed that the level of information is not comparable and none of them is adapted in the
case of an industrial quality assessment process. Investigation of alternative diagnosis tools
were not done in this work but appear in the literature (case of PDV). The requirements for an
industrial method have been discussed in this chapter and a diagnosis method may be similar
to the NDT methods in place which can even quantify the potential damages (eg. ultrasonic
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inspection). Moreover, the implementation of laser proof test would be facilitated by a smooth
integration in the existing control processes.

Finally, in its current principle of functioning, no direct adhesion performance is given by the
laser proof test. The debonding threshold intensity is correlated to a destructive mechanical
test such as the Gy¢ test in this study. The use of calibration on row materials and simulation
of the final assembly shall enable a direct application of the laser proof test. This objective
shall remain the ultimate goal of any adhesive bond quality method. If its implementation may
be demanding in term of efforts, it is believed that the laser proof test approach is a valid
candidate for this challenge.
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CONCLUSION

The deployment of the adhesive bonding technology for high-loaded structural elements in
aeronautic require that the adhesion quality can be controlled on the assembled part. A non-
destructive method is therefore needed to control the final bonded parts instead of testing
destructively process control specimens. In this study, the focus is set on lightweight epoxy
composite with carbon fibers materials, which correspond to the need of lighter structures and
assemblies.

The literature in the first chapter underlines that adhesion quality is a critical parameter that
cannot be assessed by appropriate NDT techniques yet. Deviations in manufacturing
processes or surface contamination may lead to weak adhesive bonds. Up to now, only
structural parameters are determined by mechanical testing to assess a global quality of the
assembly but without focusing on the adhesion parameter. NDT methods have been further
developed to target the measure of the adhesive bond strength. Among the promising
methods, the laser proof test approach is the technique deserving the most interest. Indeed,
previous studies report developments conducted with success towards an inspection method
for the adhesion of coatings, metal assemblies and even adhesive bonded composite over the
last decade.

The approach of laser proof test is based on high pressure loadings travelling back and forth
through the target tested. The crossing of incident shock waves and their release waves after
reflection generates the tensile stress in the target thickness. It is this tensile stress which acts
as a local mechanical test in the adhesive bonded structure. The scientific objectives from this
study aim at verifying their non-destructive character for the adhesive bonded assemblies.
Their effects are investigated experimentally on a range of different quality of adhesive bonds.
The laser proof test setup, the physical parameters and the mechanisms of laser proof tests
are evaluated. The potential for further development is finally derived from the experimental
results with correlation to the literature.

First, to enable a better understanding of the key characteristics, the 2" chapter introduces
the laser proof test functioning principles. It is highlighted that the lasers generate a shock
wave propagating inside the material and being reflected at all interfaces. The phenomenon
takes place at high level of pressures and high strain. The shock wave theory is therefore
presented with the particular case of composite materials. Due to the complexity of the
anisotropic composite, shock waves interaction and propagation models are however still
poorly described in the literature. It is agreed that the level of pressure reached in the material
(<10 GPa) allow one to approach the behavior with the classical sound wave propagation
principles. The literature also uniformly tends to elastic-orthotropic models for all modelling
purposes. More complex models are only at development stages as this conclusion is being
written.

Among the parameters responsible for the a shock wave induction in the bonded structure,
three main properties may be mentioned: the laser wavelength, the pulse duration and the
energy. These parameters can be adjusted to obtain the most optimal shockwave/specimen
interaction. They constitute the variable parameters investigated in the frame of this work.
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The presentation of the two experimental laser setup LASAT and LBI introduced their
approach for the shock wave induction: both involve water confinement to maximize the
pressure generated by the plasma’s expansion (respectively by thin layers or by thin flowing
film) and sacrificial layer to regulate the plasma/matter interaction at the surface (respectively
with aluminum paint or black polyvinyl tape). The differences between the two experimental
setup remain the laser pulse profile, laser beam spot size (density) and over all, the laser
pulse duration range.

In order to assess the laser proof test methods, a specific range of 5 weak adhesive bond
were manufactured. This step was a first challenge in this study, due to the inexistence of a
specific operational mode. A process involving surface contamination by silicon based release
agent gave the expected range of weak adhesive bonds. The 3 specified criteria for weak
adhesive bonds (absence of defect detected via NDT, 20% or more reduction of nominal
mechanical performances, adhesive failure) were verified for the three highest levels of
contamination. Additional states with moisture ageing of the bonded structure and poor curing
of the adhesive were also prepared.

All specimens were characterized by reference methods before and after laser testing: The
degree of cure of the composite and the adhesive were verified by DSC, XPS revealed the
atomic composition of the contaminated surfaces, contact angle measurements validated the
difference between levels of contamination with release agent. Conventional NDT method with
X-ray provided information about the absence of porosity in the composite and in the bondline
while UT & PAUT could reveal any defect in the composite and weak adhesive bond layers.
Finally, mechanical testing method with the double cantilever beam test showed the
decreasing G1C values with increasing contamination amount. Later, the impacts of laser
shock on the bondline were also evaluated by DCB. Micro-cuts of laser impacted structure
were also prepared to witness the damage and verify the other diagnosis indications.

After the characterization of the specimens, the experimental phase of this work opposed the
two laser LASAT with 25 ns and LBI with 200 ns pulse duration by adapting their energy for
each shock. Laser shock were applied in the frame of 4 major tests.

The first test was applied on the three families of specimens (fully cured C as standard,
partially cured PC and moisture saturated MOC) to determine the debonding threshold
intensity. This parameter defines the laser beam intensity for which each adhesive bond state
show damages in the adhesive bondline. In general, fully cured specimens revealed threshold
levels decreasing with weaker adhesive bonds. The laser with 25 ns pulse duration showed
however that damages in the rear substrates where occurring simultaneously to debonding. It
was not investigated any further because of the unsuitable pulse duration. The laser with 200
ns did not induce as many cracks in the composite substrate. Regarding partially cured PC
specimens, damages could be observed in the poorly cured substrate layer. The adhesive
bond layer only got affected in the when the adhesive bond strength was lower than the
substrate cohesive strength. This result highlights a novel possible application of the laser
proof test for the evaluation of the cure degree of a composite. Indeed, if the material has not
reached 100% cure, its mechanical properties are affected and the cohesive strength is
slightly reduced. This parameter can be targeted by laser proof test.
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For moisture contaminated MOC specimens, higher threshold values together with larger
damages in low contaminated states were observed. This effect was attributed to swelling and
plasticization of the bonded structures.

In general, the intensity levels shall not be considered with precaution due to the large
uncertainties: 13.2 % for laser 25 ns versus 4.8 % for laser 200 ns.

Assuming that a control of an adhesive bond layer would involve laser shock with intensity
level below a specific threshold value, the second test assessed the effects of this kind of
shock. Laser shocks were applied repeatedly from 1 to 5 times at the same location, with
several intensities from 105 % to about 50 % of the threshold values.

Observations post-impact, both by ultrasonic inspection and micro-cuts revealed damages in
the form of delaminations and transversal cracks (with length <200um) one-ply in the
composite substrate. Their number increased with the laser intensity and the repetition rate,
which confirms that the present configurations are not properly non-destructive. This remark is
emphasized by the occurrence of single transversal intralaminar cracks after shock of very low
intensity, around 47 % for laser 25 ns and 70 % for laser 200 ns.

The third test aimed at evaluating whether laser shots applied below threshold would affect
the mechanical properties of the assembly. This test was performed based on fully cured DCB
coupons, which were impacted by laser shock at approximately 70% of the threshold values.
Despite no damage detectable by UT inspection, the mechanical performances were
decreased by around 50 %. The origins of this decrease may be related to the previous
observation in the second test. Occasional micro-transversal cracks may appear at this level
of shock intensity. However, no observation of the failure profiles or impact locations did
reveal differences compared to any standard coupon (without shock), so that the origins of this
decrease are not established yet.

The last test involved standard laser shock test on C specimens with the two diagnosis tool
from both laser setup tested. Because both were based in separated lab or company, no
switch between diagnosis and laser type could be done. This test allowed only an overview of
the capability and limitations of the diagnosis systems. On one side, an Electromagnetic
transducer (EMAT) probe was used for the laser 200 ns, providing a so called low-high-low
approach to compare the state before/after laser shock. This diagnosis enables a simple
qualitative statement on any change in the tested material. On the other side, the velocimeter
for any reflector (VISAR) was tested with the laser 25 ns. After a difficult setup and complex
data treatment, it provided valuable information thanks to time-resolved measurements on the
rear face of the tested panel. The signals revealed the detection of shock waves and other
interferences, which highlight the need of the VISAR or similar tool for modeling of the laser
shock process in a new material.

Alternative diagnosis tools were not investigated in this study. The literature however mentions
additional leads for monitoring of laser proof tests.

The final chapter proposes three optimizations in order to improve the laser proof test
approach and bring it to the next level of maturity:

1. the adaptation of the laser pulse duration, the most practicable solution on the

industrial point of view because directly linked to laser technology. This solution does
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not solve all the challenges related to the tensile stress concentration but is the easiest
to develop for short terms improvements.

2. the use of repeated laser shots at high frequency to focus the tensile stress in a
specific depth. This solution requires a better approach for the laser beam coupling at
the material surface.

3. the symmetrical laser shock with delay in order to generate the crossing of the shock
waves at precise depth in the material. This solution is potentially hard to deploy in the
industry since both side of a structure must be shocked by laser (accessibility,
geometry, etc.).

In any case, the optimization of technology shall go through laser improvements in term of
energy stability, tunable pulse duration and frequency of laser shocks.

To conclude, this study shows that laser proof test methods could successfully debond weak
adhesive bonds. All tests completed lead to the conclusion that in the present state of
development, collateral damages in the composite substrate are however not negligible.
Furthermore, this study has demonstrated that with their current functioning principle, the laser
proof test do not provide a direct information about the adhesion level. This would only be
possible after precise calibration of the laser proof system on the desired material assembly.
The calibration on row materials and simulation of the final assembly shall enable a direct
application of the laser proof test. The outlook highlights a way forward to the ideal laser proof
test technique.
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OUTLOOK

This study has revealed limitations of the current laser proof test approaches. The lasers
tested (25 ns and 200 ns pulse duration) with their respective confinement and sacrificial
layers are not optimal for adhesion test on the specimens tested. The main focus was set on
the comparison of the laser beam intensity for both laser systems and their effect on the
composite materials. Results have shown that even a laser shock intensity at approximately
70 % of the debonding threshold intensity damaged the CFRP substrate. Also, no other
geometry than symmetrical bonded CFRP specimens of 3 mm thickness were tested.
Therefore, no comments can be made on other geometries or other materials.

Provided the fact that the laser systems allow improvements in repeatability, stability and
precision with the laser beam intensity, it is advised to investigate lower levels of intensity to
assess the presence of damages in the substrates and visualize for which proportion of the
threshold intensity the laser proof test can be assimilated to an NDE technique. Future works
shall also address the simulation of the laser shock propagation and interaction with each type
of material.

Upcoming studies shall also analyze the feasibility of the three concepts for improvements (i.
the adaptation of laser parameters, ii. the repeated laser shocks and iii. the symmetrical laser
shock). These improvements will have to deal implicitly with the question of laser pulse
confinement (here with water or tape) and sacrificial layer (metallic paint or tape) because they
represent the first technological obstacles. First studies on alternatives may be necessary at
first to improve the understanding and dependency to these parameters.

Finally, the implementation of a new technique as a diagnosis-tool or use the existing NDT
ones (UT) shall be developed in the next studies.

It is believed that with the further research and dynamic around this topic, that the technology
could reach an industrial maturity in 3 to 5 years.
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