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Kurzfassung

Kohlenstofffaserverstarkte Kunststoffe (CFK) werden in erheblichem
Umfang als Werkstoff fiir Flugzeugstrukturen eingesetzt. Wahrend ihrer
Lebensdauer konnen Flugzeugstrukturen Schiden erleiden, die zur
Wahrung der Flugsicherheit repariert werden miissen. Die leichtbau- und
werkstoffgerechte Klebeschaftreparatur wird durch Entfernen des
beschadigten Materials durch Frasen und das anschliefiende Aufbringen
eines Reparaturflickens hergestellt. Ein kritischer Schritt hierbei ist die
Oberflachenbehandlung.

In dieser Arbeit wurden die Auswirkungen der Nahinfrarot(N-IR)-Laser-
Oberflaichenbehandlung auf die Klebeigenschaften von gefrastem CFK
untersucht. Die Laserbehandlung ist in der Lage, unerwiinschte Fraspartikel
von der Oberflaiche zu entfernen. Dadurch wurde eine signifikante
Steigerung der Klebfestigkeit erreicht. Zusatzlich bewirkt die
Laserbehandlung eine Freilegung der Fasern. Dies verbessert die
Klebfestigkeit gegeniiber dem bereits hohen Wert des Referenzprozesses.
Die Erhéhung der Rauheit und Vergrofierung der Oberfliche wird als
treibender Mechanismus hinter der weitergehenden Verbesserung gesehen.
Im Gegensatz zum Referenzverfahren ist die Laserbehandlung in der Lage,
Kontaminationen zu entfernen. Die Entfernung von Kontaminationen ist ein
wesentlicher Vorteil der Laserbehandlung angesichts des hohen Risikos, das
von diesen ausgeht. Obwohl keine Hinweise auf eine Funktionalisierung
beobachtet wurden, zeigt die Oberfliche eine hohe Funktionalitdt ohne
Verunreinigungen und ist daher fiir eine Klebung geeignet. Der wesentliche
Nachteil des Verfahrens ist die Wechselwirkung zwischen der Matrix und
dem N-IR-Laser und die daraus resultierende Bildung von Kavititen unter
matrixreichen Bereichen. Die Kavititen kdnnen nur teilweise gefiillt werden
und konnten ein Versagen der Klebung verursachen.

Dennoch konnte bei allen getesteten Konfigurationen eine Steigerung der
Klebfestigkeit gegeniiber dem Referenzprozess erreicht werden. Dies zeigt
das hohe Potenzial der N-IR-Laserbehandlung fiir Composite-Reparaturen.

VI



Abstract

Carbon fibre reinforced polymers (CFRP) are widely used as a material for
aircraft structures. During their lifetime, aircraft structures can be subject to
damages that have to be repaired to maintain aircraft safety. For a
lightweight and material-efficient repair, the scarf bonded joint is the
preferred solution. The scarf bonded joint is produced by removing the
damaged material by milling and the application of a repair patch through
adhesive bonding. A critical step during the adhesive bonding process is
surface treatment since it significantly influences the bond strength.

This work investigates the effects of near-infrared (N-IR) surface treatment
on the adhesive properties of milled CFRP. The laser treatment is able to
remove disruptive milling debris from the surface. As a result, a significant
increase in bond strength is achieved. Furthermore, the laser treatment is
able to strip the fibres. The fibre stripping improves the bond strength
compared to the already high standard of the reference process. The increase
of the roughness and surface area is seen as the driving mechanism behind
the further improvement. Opposed to the reference process, laser treatment
is additionally capable of removing contaminations. The removal of
contaminations is a considerable advantage of laser treatment, given the
severe risk that is posed by contaminations. Though no clear evidence of a
functionalisation was found, the chemical composition shows a high
functionality without any contaminations and is therefore suitable for
adhesive bonding. The main downside of the process is the physically
induced interaction between the epoxy resin matrix and the N-IR laser and
the consequential formation of cavities under matrix-rich areas. The cavities,
though comparably small, can only be partially filled and could induce failure
in the bond.

Nevertheless, for all tested scarf ratios and lay-ups, an increase of the bond
strength compared to the reference process was achieved. This shows the
high potential of N-IR laser treatment for composite repair applications.
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Introduction

1 Introduction

Nowadays, composites and especially carbon fibre reinforced polymers
(CFRP), are a common material for aircraft structures. The newer aircraft
generations like the Airbus A350 XWB or the Boeing 787 consist of 53 and
51 per cent by weight from composites [1]. During their lifetime, aircraft
structures can be subject to damages. Collected data from Airbus of over 30
million flight hours revealed that a majority of the damages result from
impacts to the fuselage. For the Airbus A350 XWB and the Boeing 787, the
fuselage consists of CFRP to a significant part. Sources for damages are
numerous but mostly involve ground handling. While commercial aircraft
follow a damage tolerance approach that ensures operation after accidental
damage, a repair is necessary to maintain aircraft safety [2]. Following the
presence of damages that need to be repaired and the increasing use of CFRP
in aircraft structures, there is a demand for suitable repair solutions.

Composites can be repaired by either bolting, bonding or a combination of
both methods [3]. Bolted joints are easy to assess and have multiple load
paths, which is a significant advantage of this joining technique. On the other
hand, the safety factor and therefore, the weight needs to be increased
because holes in the structure introduce stress concentrations [4,5]. Bonded
repairs offer the advantage of a more evenly distributed load, but are difficult
to assess, and performance is highly dependent on the quality of the manual
work. Therefore, in the last years, considerable effort has been taken to
automise the bonded repair process and increase reliability.

In several projects milling tools and robots were designed to substitute the
manual grinding process and make an on-site repair possible (e.g. CAIRE
repair robot from Lufthansa Technik or ULTRASONIC mobileBLOCK from
DMG Mori, see Figure 1.1) [6,7]. While solutions for the automated removal
of the damaged material exist, the necessary subsequent surface treatment
relies on manual solvent cleaning so far. Generally, surface treatment is a



critical step during the adhesive bonding process, which can greatly
influence the performance of the joint. Several surface treatment methods
like chemical, plasma and laser surface treatment exist [8,9]. Recently, laser
surface treatment of CFRP has received major interest as it offers low wear
and short process times. For the laser surface treatment of CFRP,
classification by the wavelength is the most reasonable as it determines the
absorption behaviour of the constituents. Laser in the near-infrared laser (N-
IR) range offer high efficiency, are comparably cheap and can be guided by
optical fibres, making them suitable for automation purposes. The low
absorbance of N-IR laser in the epoxy resin of the CFRP matrix, on the other
hand, makes the process itself, as well as the assessment challenging [10].

Figure 1.1: Left: CAIRE repair robot from Lufthansa Technik, Right:
ULTRASONIC mobileBLOCK composite repair milling robot from DMG Mori
[6,7].



Introduction

1.1 Aims and scope

This work aims to investigate the effects of N-IR surface treatment on the
adhesive properties of milled CFRP. Adhesive bonding involves
multidisciplinary knowledge about surface chemistry, polymers, mechanics
and other scientific fields. Keeping also in mind that several adhesion
theories exist (e.g. mechanical interlocking and chemical bonding) extensive
knowledge of the surface is necessary [11].

Therefore, the first part involves the detailed characterisation of the surface
with several advanced analysis methods. In the characterisation, the surface
morphology is analysed on different scales with light microscopy and
scanning electron microscopy, both also involving the preparation of cross-
sectional views. The analysis of the morphology is accompanied by
roughness measurements that give a quantitative measure of the surface.
This part aims to investigate the effect of the N-IR surface treatment on the
morphology. Since heat is introduced into the surface, special attention is
given to potentially damaging effects. Consequently, also the effect in the
thickness direction is examined. Furthermore, the surface chemistry is
analysed by XPS. Here, the CFRP, as well as the carbon fibre, are measured to
achieve an independent view of the processes during the laser surface
treatment and to evaluate a functionalisation of the surface. Finally, the
wetting behaviour is investigated. The wetting behaviour is influenced by the
morphology, as well as the chemistry and is an important measure for the
adhesive properties of a surface.

In the second part, the resulting mechanical properties of the adhesive bonds
are evaluated. For the mechanical characterization, materials and processes
from the aerospace industry are adopted as these parameters can have a
significant impact on the outcome. Only aerospace certified materials are
used, and the curing process emulates an out-of-autoclave on-site repair.
From the composite repair geometry, the scarf bonded joint can be derived.
Therefore, the scarf bonded joint is the preferred geometry for mechanical
testing on the laboratory scale. Different scarf angles and lay-ups are tested
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under static and fatigue load to account for different loading conditions.
Furthermore, the ability to remove contaminations is investigated to
evaluate the process robustness.

In the final part, the surface properties and resulting adhesive properties are
discussed to create guidelines for the bonded repair approach with N-IR
laser surface treatment. Consequently, this work contributes to efficient
aircraft structures with suitable composite repair methods.

Parts of this work have been performed in the framework of the project
“Laser-based surface activation for CFRP bonded repairs - LABOA” that was
publicly funded by the German Federal Ministry for Economic Affairs and
Energy.



Literature survey

2  Literature survey

2.1 Scarf bonded joints for composite repair

Bonded composite repairs are usually performed by circularly removing
material in the damaged zone and thereby creating a scarf. The scarf
increases the bonding surface and creates a uniform load transfer to the
repair patch that is applied afterwards. The uniform load transfer makes the
scarf repair more weight-efficient than a bonded overlap repair and
therefore, the chosen technique for composite repairs [12,13]. As the
manufacturing of composite repairs is expensive for research purposes,
most studies use the simplified scarf bonded joint for mechanical testing. The
derivation of the scarf bonded joint from the composite scarf repair is shown
in Figure 2.1. For further simplification, the specimen geometry can be
reduced to one bond line.

Repair
A | patch A
F ¢ i F
Scarfrepair 4t |— — —|— — — — —]—.—. —Y
Sectional view \ /<
A-A \\
Scarf angle
A A
F F
Scarf bonded
c JOIz?e -i_ ................... _.iq

Figure 2.1: Scarf repair and the derived scarf bonded joint geometry. The
sectional view A-A applies for both geometries (own illustration according
to [14]).



Two main differences can be observed: First, for scarf bonded joints, only the
direction with the highest load is considered [15]. Second, the load can only
be transferred through the joint. An alternative path through pristine
material, as it is the case in composite scarf repairs, is not possible. A
numerical model showed that a two-dimensional scarf bonded joint
underestimated the strength by more than 40 % compared to a three-
dimensional composite scarf repair [16]. Therefore, the scarf joint is
considered to show a conservative estimation of the behaviour in industrial
applications [17].

2.1.1 Stress distribution and failure

The scarf bonded joint can be primarily characterised by the scarf ratio that
is given by the thickness of the laminate and the projected length of the scarf
or the scarf angle a. Scarf ratios usually range from 1:40 (a = 1.4°) for a
shallow scarf bond up to 1:5 (a = 11.3°) for a steep scarf bond. Shallow scarf
ratios result in an exponential increase of the failure load as the surface for
bonding is increased, and the peel stress ratio is decreased [18-21]. This
effect is even more pronounced in cycle fatigue tests, where shallow scarf
ratios show significantly better performance [22]. On the other hand, in an
aerospace application, the repair area is often restricted due to the proximity
to e.g. doors, making steep scarf ratios necessary. Additionally, shallower
scarf angles are more difficult to machine and are prone to adherend tip
bluntness [18,23].

The stress distribution along the bondline depends on the scarfratio and lay-
up of the adherends. For lay-ups with multiple fibre directions, peel and
shear stress peaks can be observed in the vicinity of the stiffest plies [24].
This is a major difference compared to other bonding types like the single-
lap joint, where only one ply orientation is in contact with the adhesive [25].
For quasi-isotropic (QI) laminates, strain and stress peaks were observed
close to the 0°-ply in finite element (FE) simulations and digital image
correlation inspections [26,27]. For unidirectional (UD) lay-ups, the stress
distribution is similar to adherends from isotropic materials. Here, peel and
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Literature survey

shear stress peaks, as well as strain peaks, can be found at the scarf endings
[26,27].

Similarly, the failure is dependent on the scarf ratio and lay-up of the
adherends. For QI lay-ups the failure initiates in the 90°-ply because it has
the lowest strength of all plies and then propagates through the bondline
[14,15,26]. For smaller scarf angles the amount of adherend failure further
increases [16,22]. For UD lay-ups, the failure initiates at the scarf endings in
the region of the stress peaks and propagates through the bondline [26].
Only for very shallow scarf angles (o = 0.5°), the failure changes to adherend
failure [23]. Consequently, the material and lay-up specific joint failure can
be adjusted by the scarf ratio [16].

2.1.2 Hard- and soft-patch approach

Scarf bonds can be produced by either a hard- or a soft-patch. For the hard-
patch approach, a pre-cured repair patch is bonded in a secondary bonding
process. The dimensional accuracy of the repair patch is critical as it
determines the bondline thickness. The bondline thickness, on the other
hand, is critical for the strength of the joint. A thickness between 0.15 and
0.25 mm was found to be ideal for scarf joints with brittle adhesives like
epoxy resin [28]. For the soft-patch approach, the repair patch is cured
together with the adhesive in a co-bonding process. In that case, a carrier
inside the film adhesive controls the bondline thickness. A study comparing
the strength of hard- and soft-patch repairs found similar results for both
methods with slightly better performance of the soft-patch repair [29].

2.2 Milling of CFRP

The first step of a scarf bond repair process is to remove the damaged
material. In an automated repair approach, this is done by end milling. For
further processing by laser treatment, it is therefore essential to characterise
the existing surface after milling.



While milling of CFRP has been extensively investigated in the literature,
most studies focused on the edge trimming. This is due to the fact that CFRP
parts are produced near net shape, and edge trimming is often necessary to
achieve the final shape of the part [30]. Edge trimming differs from end
milling in terms of engagement conditions. In edge trimming, the material is
removed in-plane, whereas in end milling it is mainly removed in the
thickness direction perpendicular to the laminate plane as shown in Figure
2.2[31,32].

ap = axial
depth of cut ae = radial

depth of cut
Vs

ap = workpiece
thickness

ae = radial
depth of cut

End Milling Edge Trimming

Figure 2.2: Comparison of the engagement conditions of end milling and
edge trimming [31].

Still, for the characterisation of the surface after the milling process, some
general information can be derived. Several studies found that the surface
quality, fracture mechanisms and chip formation depends on the fibre
cutting angle [33-43]. For the fibre cutting angles relevant for repair
applications (6 = 0°), they found that fibre-matrix debonding and
compression-induced fibre fractures are the main fracture mechanisms [33-
35]. Fibre-matrix debonding resulted in a large number of fibres being
exposed [34,36]. The exposed fibres show fracture surfaces that are rough
and perpendicular to the fibre direction [35,38,41]. Additionally, cavities
were detected after milling, indicating that the surface could be weakened
[33,35,38].
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The surface roughness is an essential parameter for the surface quality and
has been investigated by some authors. Arithmetic average roughnesses (Ra)
between 0.8 and 1.3 um have been reported [34,35,41]. This value is low
compared to the theoretical surface roughness between 2.5 and 6.0 um when
assuming a hexagonal arrangement and a diameter of 5 um [32]. Hence, it
was assumed that the surface roughness is influenced by abrasive
microparticles that smoothen the surface [34]. These microparticles are
residues that originate from a series of fractures during the milling process
and are usually between 0.25 and 2 pm in diameter [38,44,45].

Although some of these results date back to investigations by Koplev et al.
from 1983 [38], there has been relatively little literature published on the
effect of end milling and the resulting surface characteristics on the adhesive
bond strength of CFRP. Reisgen et al. and de Freese et al. both reported that
a higher surface roughness correlates with improved adhesive bond strength
[46,47]. Reisgen et al. produced different surface roughnesses by varying the
milling parameters. Whereas they assumed a relationship between the
surface roughness and the smoothening effect by microparticles, no
evidence for the relationship was shown. Furthermore, no method for the
removal of these particles was presented [46].

partially debonded fibers
micro particles on

surface and in surface

/ cavities

matrix cracks and

damaged fiber-
matrix interface

Figure 2.3: SEM image of a CFRP cross-section after milling and manual
cleaning with a lab wipe and acetone [46].



The study by de Freese et al. was the first to systematically investigate the
effect of milling microparticles and the cleaning method on the adhesive
bond strength. They found that microparticles are present despite a manual
cleaning with lab wipes in combination with acetone as can be seen in Figure
2.3. While other defects were also present on the milled surface, the authors
concluded that microparticles were the main limiting factor on the adhesive
bond strength. Additionally, the authors showed that with ultrasonic
cleaning, they were able to remove microparticles, increase the surface
roughness and consequently improve the bond strength [46]. Except for the
study by de Freese et al. [46], no research about further treatment of milled
CFRP surfaces has been published. Given the fact that milling is an essential
step in an automated CFRP repair approach, additional research about the
characteristics of milled surfaces and cleaning methods are necessary.

2.3 Laser beam and CFRP surface interaction

Laser beam and CFRP surface interaction can be differentiated by the
wavelength of the laser. The energy of the photons is inverse to the
wavelength. In order to break the covalent bonds between the carbon atoms
in a polymer and achieve ablation through the photochemical effect,
wavelengths below 250 nm are necessary. This is the range of ultraviolet
(UV) laser sources. For higher wavelengths, that include near-infrared (N-
IR) and mid-infrared (M-IR) laser sources, the material is heated through
excitation, which causes the photothermal effect. Additionally, the
absorption behaviour of the constituents is essential for the process [48].
Figure 2.4 shows the absorption behaviour of epoxy resin for different laser
sources that are typically used for industrial applications. The absorption
behaviour shows a strong dependence of the wavelength with an absorption
rate of around 90 to 95 % for UV and M-IR laser sources and almost 0 % for
N-IR laser sources [10]. The absorption behaviour has further implications
for the effect of material removal as the carbon fibre has a high absorption
over the complete wavelength spectrum. Consequently, for the N-IR laser,
the material is removed through the heating of the fibre and subsequent
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Literature survey
sublimation of the epoxy resin [49]. This is illustrated in Figure 2.5, where
the direct- and indirect-induced ablation is compared for a CFRP surface.

—— epoxy resin

| 304
20 -
10

T T T T T T A T 1
0 1000 2000 3000 4000 5000 6000 9000 10000 11000
wavelength [nm]

Figure 2.4: Absorption behaviour of epoxy resin. The typical laser source
ranges ultraviolet (UV), near-infrared (N-IR), and medium-infrared (M-IR)
are indicated [10].

Directly-induced ablation | Indirectly-induced ablation

Laser

radiation

Epoxy ' Lift-off
resin \ / of chip
Carbon L

e.g. by UV/M-IR laser radition e.g. by N-IR laser radition

Figure 2.5: Comparison between the directly- and indirectly-induced
ablation of epoxy resin on a CFRP surface (own illustration according to

[49]).
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The following subsections describe the interaction between typically used
laser types and the CFRP surface in more detail while focussing on the N-IR
laser that is used for the experiments in this work.

2.3.1 UV laser

UV laser systems are characterized by the high absorption of the epoxy and
ablation that is dominated by the photochemical effect. This is achieved by
high photon energy that is able to break chemical bonds in the epoxy matrix
and carbon fibres as well [50,51]. Direct targeting of the epoxy matrix is
possible, making the stripping of fibres very effective. As the ablation is
dominated by the photochemical effect, the heat-affected zone (HAZ) was
found to be less than one-third of the HAZ induced by an N-IR laser in CFRP
cutting experiments [52]. Since even UV laser systems cannot eliminate the
presence of a HAZ, it is expected that photothermal effects also have an
influence during UV laser treatment. This is especially the case for processes
with higher laser fluences [53].

2.3.2 N-IR laser

N-IR laser systems have a very low absorbance in epoxy resin, and as a result,
the epoxy matrix can only be removed by the heating of the fibre [49]. The
resulting process is characterized by the significant difference in thermal
conductivity, sublimation temperature and the latent heat released through
the sublimation of the respective material between the constituents as seen
in Table 2.1 [54]. The laser process involves the interaction between laser
and materials, chemical reactions, combustion phenomena, and so on.
Furthermore, the process takes place on different scales with large
temperature gradients in short periods [49,55]. This makes the assessment
of the laser process difficult. So far, no study was able to determine the
temperature during the laser pulse experimentally. Ohkubo et al.
investigated the interaction between CFRP and the laser pulse on a micro-
scale with a numerical model and published three separate studies [54-56].
The authors found that combustion plays a significant role during the
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ablation process [54]. The combustion is accompanied by an ablation plume
that can reach temperatures from 3000 to 7000 K, while the temperature in
the material reaches values of 500 to 1000 K [55,56].

Table 2.1: Thermo-physical properties of the CFRP constituents [57-59] (as
cited in [54]).

Carbon fibre Epoxy resin

Density in g/cm?3 1.85 1.25
Thermal conductivity in W/(m-K) II: 50, L: 5 0.2
Heat capacity in ]/ (kg-K) 710 1200
Sublimation temperature in K 3900 800
Latent heat in k] /kg 43,000 1000

Experimental investigations usually focused on the microscopic evaluation
of the surface with varying fluence, which is defined as the optical energy per
unit area, and intensity [10,49,60]. Three threshold levels depending on the
material were identified experimentally by Blass et al. [10]. At low
intensities, no ablation of the CFRP is detectable, though the material shows
an optical change. With an increase of the intensity, the epoxy resin is ablated
while the fibre remains visibly intact. With a further increase of the intensity,
the epoxy resin, as well as the carbon fibre, are ablated, and some of the
fibres are completely cut through. The intensity level for the removal of the
epoxy resin also depends on the thickness of the top resin layer with thinner
layers needing less intensity [10]. Similarly, Pagano et al. [60] defined six
quality levels ranging from stripped and undamaged fibres to severely
damaged and scattered fibres. It was therefore concluded that the level of
stripping could be adjusted by the laser parameter [60].
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2.3.3 M-IRlaser

Though M-IR lasers show a high absorbance in epoxy resin, the photon
energy is not sufficient to break chemical bonds. The absorbance of multiple
photons is only possible in an experimental setup, and therefore only
photothermal effects can be expected using an M-IR laser for epoxy resin
ablation. Experiments with epoxy resin coatings showed a decrease in
oxygen and oxygen-containing groups, indicating that deactivation took
place [61]. Carbon fibre ablation is also possible with an M-IR laser source,
though the HAZ was found to be larger than for an N-IR laser [62].

2.4 Surface treatment for adhesive bonding of CFRP

This section provides an overview of methods that are used to improve the
adhesive bond properties of CFRP. While plenty of methods are described in
the literature, this section focuses on methods that could potentially be
embedded into an aircraft structural repair. So for instance, peel-plies are
not further explained, because they need to be applied during the
manufacturing of the part and so is low-pressure plasma treatment, because
a vacuum chamber is necessary making an on-site repair practically
impossible. Furthermore, a majority of the studies focus on surface
treatment during manufacturing. After manufacturing the surface is covered
by a smooth layer of epoxy resin. Additionally, a release agent from the
mould is often present [63]. This is in contrast to the repair process where
parts of the fibres are exposed, the roughness is increased, and
microparticles are present due to the removal of the damage (see also
Chapter 2.2). Nevertheless, mechanisms and characteristics from the
manufactured surface can also be transferred to the surface after milling. As
publications dealing with the surface treatment after the damage removal
are rare, this section mainly includes publications about the surface
treatment during the manufacturing process. Literature that deals explicitly
with the surface treatment after damage removal will be pointed out in the
text.
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2.4.1 Overview of different surface treatment methods

Grit blasting, grinding and milling

While mechanical surface treatments like grit blasting, grinding and
especially milling (as presented in Chapter 2.2) are suitable methods to
remove large amounts of material, they can also be seen as a surface
treatment method. Together with solvent cleaning, it is the default method
and is therefore included as a reference in many publications that investigate
surface treatment methods mentioned further in this section. In the process
of material removal, polymer chains are broken, producing a reactive surface
[8]. The resulting surface shows an increase in oxygen as well as roughness
compared to an untreated or solvent cleaned surface [8,64-67]. Moreover,
existing fluorine contamination can be wholly or partly removed according
to several studies [8,64,68,69]. The increase of roughness and oxygen, as
well as the removal of contaminations, contributed to the improved wetting
that was observed in contact angle measurements [64,66-68]. Compared to
untreated configurations, where often a release agent from the production
process is present, the bonded joint strength could be improved [70,71]. The
damaging of fibres can be seen as one of the downsides of mechanical
abrasion techniques. Furthermore, the formation of microparticles often
makes a subsequent cleaning of the surface necessary [71].

Solvent cleaning

Solvent cleaning is the default surface treatment method of CFRP before
bonding and is also recommended by the SAE International in the aerospace
standard “Masking and Cleaning of Epoxy and Polyester Matrix
Thermosetting Composite Materials”. Several cleaning agents like methyl
ethyl ketone (MEK), acetone or the less hazardous isopropyl alcohol (IPA)
are suggested [72]. The main goal of solvent cleaning is the removal of
contaminations. The ability to remove contaminations, in turn, depends on
the cleaning agent and the contamination type itself [48]. As a result, some
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authors report that solvent cleaning was able to remove contaminations
[73], while others report insufficient cleaning performance [64]. Likewise,
the contamination can dissolve and spread across the surface and even
diminish the adhesive strength [8]. The surface morphology remains mostly
unaffected by the solvent cleaning process. Still, microparticles can partly be
removed, and solvent cleaning is, therefore, often used as a second step after
mechanical abrasion processes [23,46,70,74-79] or plasma treatment [80].
Despite the contamination removal, no significant shift of the chemical
composition has been reported and hence, no functionalisation can be
expected [64].

Atmospheric pressure plasma treatment

The primary purpose of plasma treatment is the introduction of functional
groups to the surface. These functional groups improve the adhesion by
providing a reactive surface for the adhesive [8,25]. A significant increase in
oxygen and oxygen-containing functional groups has been reported in
several studies [64,68,81-85]. Deconvolution of the carbon peaks from XPS
measurements showed an increase of carboxyl groups (-COOH) in particular
[67,85]. The increase of carboxyl groups could be directly correlated to an
increase of the lap shear strength in one case [67]. Some authors also
reported an increase of nitrogen on the surface, indicating that both oxygen
and nitrogen, could contribute to the functionalisation of the surface [67,83].
As a result of the functionalisation, an improved wetting behaviour with
increased surface energy was measured in contact angle measurements
[64,67,75,82-85]. The change of surface energy was remarkably dominant
for the polar part [67,75]. For the surface roughness, no significant change
could be observed, though some studies reported a surface ablation on a
nanoscale with increased exposure time [64,67,85]. In general, the ability to
remove material when heat introduction needs to be considered is limited to
less than 50 nm [8]. As a result, the removal of contaminations is also limited.
Though the amount of release agent could be decreased, even for longer
exposure times, a significant ratio remained on the surface [64,82]. In order
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to remove contaminations and functionalize the surface, a combined
approach where the surface was mechanically abraded or solvent cleaned in
a first step and plasma treated in a second step was used in some studies
[8,64,82]. For clean surfaces, the adhesive strength could be improved
further and a cohesive failure was observed [64,75,81-83,86].

2.4.2 Laser surface treatment with a UV laser

UV laser surface treatment of CFRP has been widely used because of the
efficient removal of epoxy resin as discussed in Chapter 2.3.1. The direct
removal of epoxy resin reduces the degradation of the surrounding material
[87]. The surface treatment strategies can be mainly divided by the ablation
depth: While the first group aims to remove a layer of epoxy resin only
[63,70,88,89], the other group aims to remove a more significant amount of
epoxy resin in order to strip the fibres [90,91]. Both strategies have in
common that the removal of contaminations like release agent is essential
for successful surface treatment. The surface cleaning effect of a UV laser has
been reported by several authors [65,87,89,91]. This effect has been
accompanied by a reduction of fluorine, chlorine and silicone on the surface
as these elements are often used in release agents [65,87]. Overall, most
publications saw a positive effect of the UV laser surface treatment on the
surface chemistry with an increase of oxygen and nitrogen on the surface
[65,87,89,92]. It was hypothesised that the UV laser treatment induced free
carbon radical through chain scission that would react with ionised gases
near the surface and created oxygen and nitrogen-containing functional
groups [89]. In some cases, also an increased surface roughness was
reported [65,90]. As a consequence, the wetting behaviour improved
[65,87]. Because direct targeting of the epoxy resin is possible with a UV
laser, a pattern on the surface could be produced without damaging the fibre
[93]. Finally, for optimized parameter sets the bonded joint strength could
be improved in single-lap-shear tests compared to untreated, solvent
cleaned, and ground configurations [63,65,73,87,91,92,94]. However, for
some parameter sets and material combinations, the adhesive strength
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decreased compared to solvent cleaned and especially ground surfaces
[70,73,89]. Here, in some cases, a weakening of the CFRP is observed [70,73].
This result emphasises the importance of the laser parameter selection and
an adjustment to the material to be treated.

2.4.3 Laser surface treatment with an N-IR laser

Keeping the characteristically low absorbance of N-IR laser radiation in
epoxy resin in mind, a complete stripping of the carbon fibres is necessary to
avoid cavities at the surface. Several studies showed that the stripping of the
fibres is possible with an N-IR laser. This could be achieved with UD laminate
[73,95] as well as fabric laminate [96,97] that has more resin-rich areas. It
was hypothesised that the stripping of the fibres benefits the interlocking
between the CFRP surface and the adhesive [98]. On the other hand, the
formation of cavities in the topmost carbon fibre layer has been reported by
some authors, as seen in Figure 2.6 [70,73]. It was assumed that this was
caused by the high transmission coefficient of the matrix. Most of the energy
is absorbed by the fibre. While the energy in some cases was enough to cause
a fibre-matrix debonding, the resulting heat was not able to sublimate the
matrix leaving cavities near the surface as a result [73]. The stripping of the
fibres is usually accompanied by a narrowing of the fibres. It was therefore
concluded that the temperature must reach 400 °C and more during the
process as this is the temperature at which the fibre begins to oxidize [73].
Some authors concluded that functionalization of the fibre takes place during
the oxidation that improves the adhesive properties [73,97]. In contrast, Sun
et al. published XPS results where the oxygen and nitrogen content
decreased after N-IR laser surface treatment [98]. Still, the lap shear strength
could be improved compared to an untreated configuration as the fibres
were stripped, which was accompanied by a removal of a release agent layer
[98]. Likewise, the wetting behaviour improved after N-IR laser treatment,
and some authors even reported a complete wetting [70,99].
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Figure 2.6: Debonding and formation of cavities after N-IR laser surface
treatment [73].

The only publication investigating the N-IR laser surface treatment of a
scarfed surface was published in 2014 by Schmutzler etal. [97]. Here, a warp
and weft fabric was used in a QI layup. The specimens were repaired with an
approximate scarfing ratio of 1:25 using sand paper. Four different laser
parameter configurations were tested. It could be shown that one laser
parameter could fully recover the strength of the QI laminate. The standard
repair was able to recover around 87 % of the quasi-isotropic laminate
strength. The improvement in static strength was 15 % compared to a
standard repair. The three other laser parameter performed similar or worse
compared to the standard repair. The investigation showed that it is possible
to increase the strength of scarfed CFRP repairs by laser surface treatment.
The study also demonstrated that the selection of the laser parameter is
critical as only one parameter set was able to improve the performance
compared to a standard repair. The improved strength was attributed to the
fibre stripping that could be seen in SEM. Additionally, it was assumed that
the laser treatment results in oxidation of the fibres, which also improves the
adhesion between fibre and adhesive.

Though the presence of cavities appears to be consequential, so far, no
detailed study on the presence and size has been published. Additionally, it
was not investigated, whether the cavities can be filled and thus further
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contribute to the interlocking. Despite the unfavourable N-IR laser-surface
interaction, several authors reported an improvement of the bonded joint
strength. This leads to the conclusion that with proper parameter selection,
an improvement of the adhesion properties is possible. The fact that a prior
mechanical abrasion exposes large parts of the carbon fibres in a repair
process should further benefit the N-IR laser characteristics.

2.4.4 Laser surface treatment with an M-IR laser

With M-IR laser surface treatment, a directly-induced ablation of epoxy resin
is possible. The degree of the fibre stripping can be adjusted by the treatment
speed, pulse energy and pulse frequency [100]. With the given laser
characteristic, some studies experimented with surface structuring and
patterning to increase the surface and improve the adhesive strength
[101,102]. The removal of contaminations appears to be the main strength
increasing effect of the M-IR surface treatment which was demonstrated in
some studies [71,100]. A functionalisation of the surface was shown to be
unlikely. As a decrease of oxygen and hydroxyl functional groups was
detected, a deactivation of the surface was observed [61].

2.5 Carbon fibre and epoxy matrix adhesion

During the milling of CFRP, the surface is stripped, and therefore the
adhesion between the fibre and the adhesive is important for the mechanical
properties of the bond. As the adhesives that are used for the repair of CFRP
in aerospace are epoxy based resins, the problem is very similar to the fibre-
matrix adhesion. Carbon fibre and epoxy matrix adhesion has been one of
the main topics in composite research since many years and comprehensive
literature can be found on that topic, e.g. in [103-106]. This chapter aims to
give a brief overview.
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2.5.1 Structure and morphology

The majority of commercially available carbon fibres are obtained in a multi-
step process involving the spinning, stabilization and carbonization of a
polyacrylonitrile (PAN) precursor. The resulting carbon fibre consists of
aromatic carbon layers with covalent bonds aligned in the fibre direction.
The layers form ribbons that run through the complete length of the carbon
fibre. Parallel to the primary direction, weaker van der Waals forces act
resulting in the characteristic anisotropic mechanical, electrical and thermal
behavior of the carbon fibre [104]. Commercial carbon fibres are available in
varying diameters between 5 and 10 um [107]. The resulting theoretical
surface area for a cylindrical fibre shape and a density of 1.85 g/cm3 lies
between 0.2 and 0.4 m2/g. Brunauer-Emmet-Teller (BET) surface area
analysis revealed that the measured total surface areas (TSA) were
significantly larger than the theoretical value for carbon fibres. It was shown
that the TSA could be increased from 0.4 up to 2 m2/g by oxidation in air
under elevated temperatures [108]. In another study, a TSA of up to
1500 m?/g was achieved by oxidation with oxygen gas mixtures [109]. The
deviation of the TSA from theoretical values indicates that the surface is
rough and contains mesopores with diameters between 2 and 50 nm [110].
Furthermore, it was hypothesized that an increased roughness could benefit
the fibre-matrix adhesion through mechanical interlocking [104].

2.5.2 Surface chemistry

The surface of carbon fibres mainly consists of carbon, oxygen and for PAN-
based fibres also a considerable amount of nitrogen [104,111]. An increased
oxygen and nitrogen content is associated with an increase of functional
groups that naturally benefits the adhesion to epoxy resin [112-115].
Consequently, the oxygen content can range from 2 % for untreated up to
20 % for oxidised fibres [104,112]. The nitrogen content on the other hand,
is significantly lower and ranges from 0 to 3 % [111,116]. Figure 2.7
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illustrates different oxygen and nitrogen containing functional groups on
carbon.

Figure 2.7: Nitrogen and oxygen containing functional groups on carbon
[117].

While various functional groups can be present on the surface, most of the
studies focus on hydroxyl (-OH, phenol contains a hydroxyl group in Figure
2.7), carboxyl (-COOH) and ester (-COOR, lactones in Figure 2.7 are a type of
ester) groups. Several authors reported that carboxyl, ester and amide
functional groups are of special importance for the interfacial shear strength,
which is a characteristical parameter for the fibre-matrix adhesion
[112,113]. The carboxyl group can react with the epoxy groups, the amine
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groups and the hydroxyl groups of the matrix and is highly reactive
[112,113,115]. Therefore, the aim of most fibre surface treatments is to
introduce functional groups.

2.5.3 Surface treatment

Fibre surface treatments aim to improve the adhesive properties of the
surface. The different fibre surface treatments can be categorized into dry
gaseous oxidation, wet oxidation, electrochemical oxidation and plasma
treatment [103]. Dry gaseous oxidation uses an oxidizing gas at elevated
temperatures in order to burn away surface layers and create active sites
[103]. Oxidation with oxygen-containing gases under 500 to 700 °C
produced promising results [109]. On the other hand, a degradation through
burned-off material can weaken the fibre and therefore, process parameters
have to be chosen carefully [118,119]. For wet oxidation, the fibres are
treated in e.g. nitric acid. Wet oxidation is comparably time consuming and
therefore rarely used in industrial processes [103]. The electrochemical
oxidation on the other hand, is generally used for the surface treatment of
commercially used carbon fibres as it is fast and produces a uniform surface
[120]. Electrochemical oxidation is a continuous process where the fibres are
immersed in an electrolyte like sodium hydroxide under a current. After the
process, the fibres are washed to remove excessive electrolyte [120]. Finally,
plasma treatment is a method that showed promising results in terms of the
introduction of functional groups, but so far lacks industrial application
[121].

2.5.4 Sizing

After the surface treatment of the carbon fibre, a sizing is applied to the
surface. The role of the sizing is to protect the fibre during handling and
furthermore improve the adhesion [105]. Generally, the sizing is an epoxy
based solution, but detailed information is hardly available. The sizing
contributes around 0.5 to 1 % by weight or 0.03 to 0.5 um by thickness to the
fibre [104]. As for the surface treatment, the choice of the sizing type is
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essential for the mechanical properties of the composite [122]. Studies found
that sized fibres are characteristic for low nitrogen content and a high
concentration of C-OR type functional groups [116,123,124].
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3  Manufacturing procedures

From the literature review, it could be concluded that the laser parameters
are very much dependent on the material and surface properties at hand.
The material and manufacturing processes involved were therefore closely
matched to aerospace standards.

3.1 Materials

3.1.1 CFRP prepreg

Two different prepreg systems were used. The primary laminate
HexPly M21/34%/UD194/T800S from Hexcel Corporation (Stamford,
United States) consists of an M21 epoxy resin matrix and a T800S carbon
fibre. The prepreg system has a cured ply thickness of 190 um. It is used for
the manufacturing of the Airbus A380 and in a modified version also for the
Airbus A350 XWB [125].

Table 3.1: Fundamental mechanical properties of the prepreg materials in
fibre direction [126,127].

Primary laminate Repair laminate

M21/34%,/UD194/T800S ~ M20/34%,/UD194/IM7

Tensile strength in MPa 2970 2600
Modulus in GPa 165 163
ILSS? in MPa 102 90

HLSS: Interlaminar shear strength

The repair laminate Hexply M20/34%/UD194/IM7 also from Hexcel
Corporation consists of an M20 epoxy resin matrix and an IM7 carbon fibre.
The M20 epoxy resin system was developed for composite repair
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applications and is qualified by the Commercial Aircraft Composite Repair
Committee (CACRC), Boeing and Airbus [128].

Fundamental mechanical properties in the fibre direction of both prepreg
systems are summarised in Table 2.1. The primary laminate material shows
a slightly better performance in terms of tensile strength, modulus and ILSS.
Both prepreg systems have a fibre volume content of 58 % [126,127].

3.1.2 Epoxy adhesive film

FM300-2M.06PSF from Solvay (Brussels, Belgium) was used as an adhesive
system. The epoxy resin film adhesive includes a carrier film from randomly
oriented polyamide fibres that control the bond line thickness. The adhesive
has a single lap shear strength of 40.7 MPa (according to ASTM 1002 at 24 °C
with aluminium adherends) [129].

3.1.3 Carbon fibre roving

For the experiments with fibre rovings, T700S carbon fibres from Toray
Industries (Tokyo, Japan) were used as the T800S carbon fibres from the
primary laminate were not commercially available. The carbon fibres have a
diameter of 7 um and are delivered on a spool with a 12K tow. T700S have a
larger diameter (5 pum for T800S fibres), lower modulus (294 GPa vs
230 GPa) and strength (5880 MPa vs 4900 MPa) compared to T800S carbon
fibres [130,131].

3.2 Prepreg autoclave process

This chapter consists of the manufacturing of the primary laminate plate and
the repair patch in an autoclave process. Several other manufacturing steps
chronologically separate both autoclave processes. These manufacturing
steps are described in the following chapters. For a better understanding, the
chronological sequence between both autoclave processes is shown in
Figure 3.1.
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Chapter 3.2.1 Chapter 3.2.2
Chapter 3.3 Chapter 3.4

Primary Repair in the

laminate co-bonding
autoclave of plate 9 treatment autoclave

process process

Figure 3.1: Process diagram of the autoclave processes and steps in
between.

3.2.1 Primary laminate autoclave process

The primary laminate was manufactured in an autoclave according to the
guidelines provided by the manufacturer. Curing was done at 180 °C for 2 h.
The relative pressure in the oven was 7 bar and -0.25 bar in the vacuum bag,.
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Figure 3.2: Curing process for the primary laminate HexPly
M21/34%/UD194/T800S from Hexcel.

Two different lay-ups were produced:

e A Unidirectional (UD) lay-up with the stacking sequence [0°]s. The
UD lay-up was used to minimize adherend failure and increase the
effect of the surface treatment method.

e Quasi-isotropic (QI) lay-up with the stacking sequence
[45°/0°/-45°/90°]s. The QI lay-up contains all fibre orientations
used for primary load-bearing composite aircraft structures. The
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precise ratio of the orientations (50 % of 0°, 37.5 % of 45° and 12.5
% of 90° according to [14]) is not matched since this would
significantly increase the thickness of the laminate and
consequently the milling costs.

Both lay-ups resulted in a cured laminate thickness of 1.5 mm. The primary
laminate plate was trimmed and then milled in the next step (see Chapter
3.3).

3.2.2 Repair in the co-bonding autoclave process

The repair laminate was cured together with the film adhesive under
ambient pressure in a co-bonding process. In this way, an out-of-autoclave
repair process was supposed to be emulated. The relative pressure in the
vacuum bag was -0.95 bar. Two temperature dwells, 100 °C for 3 h and
140 °C for 2 h, were applied. The lay-up of the primary laminate was matched
by the repair laminate.
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Figure 3.3: Curing process for the repair patch consisting of the Hexply
M20/34%/UD194/IM7 T800S prepreg from Hexcel and the adhesive
FM300-2M.06PSF from Solvay.

The film adhesive had an overlap of 5 mm on each side of the scarf endings,
and the repair laminate plies were placed overlapping. As for the primary
laminate and adhesive film, the materials were cut with the cutting machine
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Aristomat TL 1625 from Aristo (Hamburg, Germany). For a precise placing
of the film adhesive and repair plies, an aluminium mould was manufactured.
The mould was fixed at the sides of the primary laminate plate (Step 1 in
Figure 3.4). The film adhesive, as well as the repair laminate plies, were then
placed in the designated steps of the mould (Step 2 and 3 in Figure 3.4). This
way, a reliable placing of the repair patch could be achieved. The mould was
removed prior to curing as the tack was strong enough to keep the adhesive
and repair laminate in place. The combination of a plane primary laminate
and a stepped repair laminate resulted in a varying bond line thickness
(50 um to 250 pm).

1. Mould placement 2. Application of adhesive

Primary laminate

Laminate

Ru!d geart are? Adhesive

3. Application of repair laminate

Repair laminate

Figure 3.4: Schematic representation of the application of repair laminate
with a mould. For the repair laminate, the first four plies are shown.
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3.3 Milling

Milling was done in the facility of Lufthansa Technik (Hamburg, Germany).
For the milling, a diamond-coated tungsten carbide tool from Mapal (Aalen,
Germany) with a diameter of 6 mm, corner radius of 1 mm and eight cutting
edges was used. Spindle speed was set to 15 915 min-1, and the feed rate was
3.6 m'minl. A 5-axis CNC milling machine from Homag (Schopfloch,
Germany) equipped with a suction system was used for processing. By
pocket milling, the scarf was produced. After the milling, at a distance of
10 mm from the blunt scarf end and along the width of the plate, an area was
ground. Therefore 320-grit sandpaper was used. This was done in order to
avoid resin-rich areas at the scarf ends that could be critical for a laser
treatment. This step could be easily substituted by a face milling for a later
adaption of the repair process.

3.4 Surface treatment

Different surface treatments were applied on CFRP as well as carbon fibre
rovings during the investigation.

For the milled CFRP surface the following configurations were tested:

e Untreated (UT): The CFRP surface was bonded without further
treatment after the milling process.

e Release agent (RA): Release agent was applied on the surface in
order to emulate a worst case for contamination.

e Solvent cleaning (SC): Solvent cleaning with isopropanol was used
as areference process as it is the default process for surface
cleaning in aerospace (see Chapter 2.4.1).

e Laser treatment (LT, LP1-LP9): The laser treatment is generally
referred to as LT in experiments where only one laser parameter
was tested. For results involving all of the nine laser parameters,
the configurations are numbered from LP1 to LP9. LT corresponds
to LP4.
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e Release agent application with subsequent solvent cleaning
(RA+SC): The contaminated surface was cleaned with isopropanol.

e Release agent application with subsequent laser treatment
(RA+LT): Here, the laser treatment was used to remove the
contamination.

For the carbon fibre rovings, the following configurations were tested:

e Asreceived (AR): Fibres were tested as received without further
treatment.

e Acetone rinsing (AC): Fibres were rinsed in acetone for 24 h. This
has been used previously in order to remove the sizing [132,133].

e Laser treatment of the as received fibres (AR+LT).

e Laser treatment of the acetone rinsed fibres (AC+LT).

3.4.1 Solvent cleaning

Isopropanol (99.9 % purity) soaked paper wipes were wiped over the
scarfed surface in 0° fibre direction until no residues from the milling
process were visible on the wipes. The surfaces were given at least 1 h of
time prior to bonding.

3.4.2 Release agent application

As arelease agent, Mikon W-64+ from Miinch Chemie (Weinheim, Germany)
was used. The release agent is suitable for composites on an epoxy resin
basis and can be used for application temperatures up to 450 °C. As
recommended by the manufacturer, three layers have been applied with a
cotton wipe. Though this scenario is unlikely for real contamination, it
represents the worst possible case where no chemical bonding is possible.
Since the variety of contaminations is nearly endless, the worst possible was
assumed.
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3.4.3 Laser treatment

Laser surface treatment was done at the laboratory of the Fraunhofer-
Einrichtung fiir Additive Produktionstechnologien IAPT (former Laser
Zentrum Nord) in Hamburg. A nanosecond pulsed 1060 nm Ytterbium fibre
laser from IPG controlled by a scanning system. No process gas was added,
while a suction was placed in a few centimetres distance of the surface. The
main system characteristics are listed in Table 3.2.

Table 3.2: Laser system characteristics.

Characteristic Value Unit
Wavelength 1060 nm
Nominal average power 18 w
Maximum pulse energy! 0.06 m]
Focused spot diameter 325 pum
Working area 100x 100 mm?
Beam quality, M2 <13

1At 18 W and 300 kHz.

The primary scanning direction was parallel to the 0° fibre direction, as
shown in Figure 3.5. The primary laminate was fixed on a vacuum plate and
rotated in order to account for the scarf angle. This was necessary in order
to treat the complete scarfarea in the focus distance of the laser. Each surface
was only processed once. This way process times between 1.0 cm2/s to
7.4 cm?/s were achieved.
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Figure 3.5: Schematic representation of the laser treatment process.

For the laser treatment of the carbon fibres, the rovings were spread and
stretched so that the fibres were oriented in one plane and a high percentage
of the fibres could be treated by the laser. For the analysis in the SEM and
XPS, a length of approximately 20 mm of one roving was sufficient. For the
BET analysis, a mass of around 2.5 g was necessary. For a 12K tow, the fibre
diameter of 7 um and a density of 1.8 g/cm3 accounts to a mass per length of
0.8 g/m and around 3 m of carbon fibre roving. The roving was, therefore,
wound around two fixed steel tubes with a distance of 105 mm (centre-to-
centre) and a diameter of 16 mm until a length of 3 m was achieved. Only the
straightly oriented parts of the carbon fibres were treated, meaning that
some parts remained untreated. Since the aim of the investigation was to
obtain a statement about the surface area change after the laser treatment,
this approach was regarded as reasonable.

The laser parameters, including the pulse energy, pulse frequency, hatch
distance and scan speed, can be found in Table 3.3.
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Table 3.3: Laser parameter sets used for surface treatment. The parameter
label, scan speed and hatch distance are given in each cell from top to
bottom.

In % of maximum pulse energy

40 50 60
LP1 LP2 LP3
"3 1177 mm/s 1793 mm/s 2410 mm/s
E:] 12 pm 15 um 19 um
§ LP4 (LT) LP5 LP6
% § 1897 mm/s 2513 mm/s 3130 mm/s
“§ 15 um 19 pm 23 pm
£ LP7 LP8 LP9
"E 2617 mm/s 3233 mm/s 3850 mm/s
19 um 23 um 27 pm

The scan speed and hatch distance were adjusted for a given combination of
the pulse energy and frequency in order to achieve a homogenous
temperature field during the treatment. This approach was developed by the
IAPT and verified by thermography measurements. The laser-treated
specimens are labelled LP1 to LP9.

3.5 Specimen preparation

3.5.1 Cross-section preparation

Cross-sections were prepared for the analysis of the bond line. The specimen
was embedded with KEM 15 plus from ATM (Mammelzen, Germany) and
then polished with a Saphir 550 polishing machine from ATM. For the last
polishing step, a diamond suspension with a particle size of 1 ym was used.

34



Manufacturing procedures

3.5.2 lon beam milling

In order to investigate the depth effect of the laser treatment, ion beam
milling preparation was used. This was necessary as a common mechanical
polishing process would smear the surface. lon beam milling, on the other
hand, removes the material with minimal stress introduction [134].

Prior to ion beam milling, the specimens were cut to dimensions of
5 mm x 5 mm with a Brillant 220 precision saw from ATM. Preparation of the
edge to be investigated is very important for good ion beam milling results.
The effect of the cutting should be minimized. Therefore, a diamond-coated
saw blade was used. The cutting direction was chosen such that tearing off
of the fibres could be minimized.

Ion beam milling of the specimens and acquisition of the images of the
unbonded surfaces has been done by the Wehrwissenschaftliches Institut fiir
Werk- und Betriebsstoffe in Erding, Germany. The preparation of the bonded
surfaces has been done by the following procedure. The specimen was
placed in a slope cutter holder. The surface to be investigated faced the
tungsten carbide mask (see Figure 3.6). A three-step process was applied
where the surface was cleaned, polished and contrast enhanced in the EM
RES102 ion beam milling system from Leica (Wetzlar, Germany). The
corresponding process parameters are summarized in Table 3.4.

Specimen

\ Oscillating ion beam

J

Figure 3.6: Principle of ion beam milling [135].
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Table 3.4: Ion beam milling process parameter.

Parameter Cleaning Polishing Enhancing
Acceleration voltage 4KkV 5kv 3kv

Gun current 1.8 mA 2.6 mA 1.5mA
Oscillation angle +70°

Milling angle 10.5° 3° 90°
Milling time 10 min 23h 3 min

3.5.3 X-ray photoelectron spectroscopy

As XPS offers a high sensitivity for the chemical characterisation of surfaces,
avoidance of contaminations is essential. Therefore, the surface was covered
with aluminium foil and fixed by adhesive tape on the edges during cutting.
The specimens were cut to 10 mm x 10 mm for point measurements and
23 mm x 23 mm for area measurements. Then, specimens were wrapped in
aluminium foil for transportation. This type of packaging for XPS specimens
is common practise for CFRP and is assumed to have no influence on the
surface [92].

3.5.4 Scarf bonded joint

After the repair in the co-bonding process (see Chapter 3.2.2), the specimens
were cut in the Brillant 265 precision saw from ATM (Mammelzen,
Germany). A diamond-coated saw blade was used. The specimens were cut
to a width of 25 mm according to the standard DIN EN 6066 [136]. Even
though the standard has been withdrawn, in the absence of a replacement,
the standard has been used as a guideline for the geometry and testing
procedure. As suggested by the standard, no end tabs have been used for
static testing. For fatigue testing, end tabs were necessary as the specimen
tend to slip out of the clamping otherwise. The end tabs were made of glass

36



Manufacturing procedures

fibre reinforced plastic and aluminium on the outer layer. The overall
thickness of the end tabs was 2 mm.

A schematic illustration of the specimen geometry can be seen in Figure 3.7.
Four different configurations constituting of four different scarf ratios
between 1:10 and 1:30 have been tested. The corresponding geometry

measurements can be found in Table 3.5.

End tabs
(fatigue testing only)
40 mm Overlap F

| B

Thickness

Primary laminate Adhesive Repair laminate
(HexPly M21/T800S) (Cytec FM 300-2M) (HexPly M20/IM7)

Figure 3.7: Scarf joint specimen geometry. The scarf angle is labelled as a.

Table 3.5: Scarf joint specimen geometry measurements. See Figure 3.7 for

annotation.

Parameter Unit
Scarf ratio 1:10 1:15 1:20 1:30

Scarfangle  5.71 3.81 2.86 1.91 °
Overlap 15.0 22.5 30.0 45.0 mm
Length 1151 123 130 145 mm
Width 25 mm
Thickness 1.5 mm

1For fatigue testing the length was 105 mm.
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Experimental methods

4  Experimental methods

4.1 Quality assurance

4.1.1 Light microscopy

A BX51 microscope from Olympus (Tokyo, Japan) was used for the
assessment of the embedded cross-section specimen. The microscope was
used in bright-field mode.

4.1.2 Ultrasonic inspection

The bonded CFRP plates were tested with the pulse-echo method. Only the
bonded area was investigated. C-scans were created with the ultrasonic
imaging system USPC 3040 from Dr. Hillger (Braunschweig, Germany) for
quality assurance. None of the inspected bonds showed a defect.

4.2 Surface analysis

4.2.1 Scanning electron microscopy

An SEM Supra VP 55 from Zeiss (Jena, Germany) with an Everhart-Thornley
secondary electron (SE2) detector was used for a detailed analysis of the
morphology. Samples were cut dry to dimensions of up to 20 mm x 20 mm
and placed on a stub with a carbon adhesive disc. For an improved element
contrast, the specimens were not coated. As epoxy resin has a low
conductivity, the beam acceleration voltage was set to 1 kV to reduce sample
charging. The aperture was set to 30 pm.
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4.2.2 X-ray photoelectron spectroscopy

XPS has been widely accepted as the preferred method for the analysis of the
elemental composition of the surface for adhesive bonding and has been
used in numerous publications therefor.

A K-Alpha K1102 spectrometer from Thermo Scientific (Massachusetts,
United States) with an Al-K X-ray source was used for the XPS analysis. All
specimens were measured 1 d after the treatment, if not specified otherwise.
The spectrometer operated at 36 W and a vacuum of 2.0 x 10-8 mbar. A pass
energy of 150.0 eV was used for the spectra. All spectra were referenced to
285.0 eV binding energy of the Cls signal. The information depth of the
measurement was approximately 10 nm. Two different measurement
approaches were necessary:

1. 10 mm x 20 mm area scan of 110 points each having a diameter of
400 um. This way, it was possible to account for inhomogeneities
in the material like matrix-rich areas at the cost of not being able to
deconvolute the element peaks.

2. Point scan with a diameter of 400 pm. With this type of scan, it was
possible to deconvolute the C1s spectrum. The different peaks in
the C1s spectrum indicate the chemical state of the carbon.

Using both methods, the chemical homogeneity of the laser treatment
process, as well as the chemical state, were evaluated.

While the correlation of binding energies and the corresponding elements is
quite clear for CFRP and carbon fibres, the deconvolution of the Cls
spectrum is variously interpreted in different publications [137-139]. For
the peak fitting of the C1s, the parameters of Lindsey et al. [140] were used,
because it has been widely accepted and also showed a good fit quality for
the measured surfaces. Seven peaks have been identified. The fit parameter,
as well as the corresponding groups, are shown in Table 4.1.
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Table 4.1: Peak fitting parameters of the bonds and functional groups [140].

Name Bond / Shift!
Functional group

Aliphatic / aromatic structure c-C -
Amine group C-NH: 0.7
Hydroxyl group C-OH 1.8
Imine group C=NH 3.0
Carbonyl group C=0 4.4
Carboxyl group COOH 5.8
Shake up satellite m-1r* 7.0

1Shift from C-C peak

4.2.3 Adsorption measurement

The specific surface areas were determined by an adsorption measurement
with a Surfer Gas Adsorption Porosimeter from Thermo Scientific
(Massachusetts, United States), using nitrogen at a temperature of 77 K. The
carbon fibres were dried at 120 °C for 6 h in a vacuum oven before the
measurement as suggested in the literature [141]. The sample mass was
between 2.5 and 3 g. The specific surface area was calculated by the BET
method. The BET equation is given by

1 c-1 (P>+ 1
- - () 4 ——
W -1 Unl Lo TnC

X

y

with the adsorbed weight W, the partial vapour pressure of adsorbate gas p,
the saturated pressure of adsorbate gas po, the weight adsorbed in a
monolayer Wi and the dimensionless BET constant C. For the calculation of
the weight adsorbed in a monolayer, y is plotted versus x, and the slope a and
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the intercept b are determined and then solved for Wi. The total surface area
Stis then calculated by

WmNAAx
M
with the Avogadro’s constant N4, the cross-sectional adsorbate area Ax and
adsorbate molecular weight M. At last, the total surface area is divided by the

sample weight, which gives the specific surface area [142].
4.2.4 Roughness measurement

The roughness was measured with the surface profiler GD 120 from Mahr
(Gottingen, Germany). For the evaluation, a section of 12.5 mm was divided
into five parts and measured with a speed of 0.5 mm/s, as suggested by the
given standard [143]. The surfaces were measured perpendicular to the fibre
direction. Surface roughness values were evaluated according to
DIN EN ISO 4287 [144]. The arithmetical mean deviation of the profile Ra

!
1
Ra = Tflz(x)ldx
0

with the height coordinate z, the length of the profile x and the section of
measurement [ Additionally, the surface roughness parameter Rz is
calculated, that is given by the maximum peak to valley height.

4.2.5 Contact angle measurement

The change of surface energy free energy (SFE) was assessed through a
contact angle measurement. Therefore, a 10 pl droplet was placed with a
syringe on the surface, and the contact angle was measured with a high-
resolution camera facing in the 0°-direction. The right and left contact angle
were measured as shown in Figure 4.1. The average of both contact angles
was used for the results and calculation of the surface energy. The specimens
had a UD lay-up and were milled with a scarfing ratio of 1:20. The drop shape
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analyser DSA100 from Kriiss (Hamburg, Germany) was used for the
measurement. Two testing liquids were applied for the evaluation of the
surface energy: deionized water and diiodomethane. The polar and
dispersive fractions of the testing liquids are listed in Table 4.2. The SFE was
calculated according to the Owens-Wendt-Rabel-Kaelble (OWRK) method
according to [145,146]

v (cosa + 1) VYLp
——F— = Vsp —1/Vsa
2 YLa — Na4] —
y x

that can be derived from Young’s equation. The contact angle a is measured
for each testing liquid with the characteristic surface energies yi, y14, and yi,p.
Then, the linear equations are solved for the slope a and intercept b, giving
the surface energies of the solid surface ysp and ysq. Five measurements were
taken for each surface configuration.

Figure 4.1: Measurement of the left and right contact angle a. and ax.

Table 4.2: Surface free energy characteristics of the testing liquids at 20 °C
[132].

Surface energy in mJ/m?

Testing liquid Overall y. Dispersive y,a  Polaryip
Deionized water 72.8 21.8 51.5
Diiodomethane 50.8 50.4 0.4
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4.2.6 Fracture surface evaluation

The fracture surfaces were photographed with a digital camera (E-330 from
Olympus, Tokyo, Japan). Qualitative assessment of the fracture surface was
done by comparing the brightness on the primary and repair laminate. If the
bright adhesive could be found on both surfaces, it was assigned to a
cohesive failure (CF). Adhesive failure (AF) was assigned in the case that
adhesive could be found on only one of the surfaces. In the case of adherend
material on both surfaces, cohesive substrate failure (CSF) was assigned. For
the quantitative assessment, images of the fracture surfaces were analysed
by an image evaluation procedure in Matlab from The Mathworks (Natick,
USA). For the first step, the fracture surface of the primary laminate was
isolated. Then the adhesive on the primary laminate side was selected. This
was possible by a brightness selection as the bright adhesive stood out
against the dark CFRP. The selection of the adhesive and primary laminate is
solely based on the brightness. Therefore, fibres from the repair laminate
cannot be separated from the primary laminate. This poses a limitation to
the image evaluation procedure. Overall, only a small amount of failed repair
laminate is visible on the fracture surfaces, so that the error should be
negligible. The number of pixels was calculated and divided by the total
number of pixels. Additionally, the scarf endings were evaluated separately
as these represent regions with stress concentrations for UD lay-ups. The
mentioned regions reached from the scarf ending up to 10 % of the overlap
length into the middle of the scarf. Figure 4.2 shows the process of data
acquisition and the regions of interest according to the location on the scarf.
With this method, it was possible to quantify the amount of adhesive on the
fractured surface as a measure of the surface treatment quality for the UD
lay-up specimens.
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adhesive on

primary
laminate

- Overall:
40 %

Blunt end:

17 %
Feathered end:
39 %

Blunt end
Featheredwer{d ,

Figure 4.2: Processing of the fracture surface images by the evaluation
procedure.

4.3 Mechanical testing

4.3.1 Scarf bonded joint - static strength

The static strength of the scarf bonded joint was evaluated by tensile tests. A
7100 universal testing machine from Zwick Roell (Ulm, Germany) was used
for testing. The specimens were clamped at a length of 50 mm with a distance
of 50 mm to the respective scarf ending. The extensometer multiXtens from
Zwick Roell measured the displacement in a distance of 20 mm from the
respective scarf ending. The experimental setup is shown in Figure 4.3. As
recommended by the standard DIN EN 6066, a displacement rate of
2mm/min was applied [136]. All tests were executed at an ambient
temperature of 21 + 1 °C and a humidity of 50 + 10 %. For the evaluation of
the strength for the specimen with a UD lay-up, the actual bonded area was
measured from the fracture surfaces. The bond strength o4 was therefore
calculated by

F

w:*o

Oy =

with the failure load F, the width of the specimen w and the overlap o.
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As the overlap was not assessable for the specimens with a QI lay-up, the
thickness of the specimen was used for calculation of the strength. The
strength was therefore calculated in terms of the laminate stress o:

F
oy = ——
T wet

with the thickness of the specimen t.

For every configuration, a minimum of five specimens was tested.

Clamping device

Extensometer

Figure 4.3: Experimental setup for the evaluation of the static scarf bond
strength.

4.3.2 Scarf bonded joint - fatigue strength

For the fatigue tests, a servohydraulic testing system from Instron
(Norwood, USA) was used. The specimens were tested in a tension-tension
load cycle corresponding to a stress ratio of R = 0.1 at a frequency of 5 Hz.
This was found to be a suitable frequency as no heating up of the specimens
was observed during testing. All tests were executed at an ambient
temperature of 21 + 1 °C and a humidity of 50 + 10 %. The fatigue test was
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stopped when a specimen reached 106 cycles. The Wohler line was calculated
with the “Perlenschnurverfahren” according to DIN 50100 [147]. Only failed
specimens were considered for the calculation of the Wohler line.
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5 Results and discussion

5.1 Morphological characterization

The morphological characterization will be analysed on two different scales
that involve three different analyses methods. The first is the macroscopic
scale, where changes from photographs that are visible without further
magnification will be investigated. After that, the surfaces will be evaluated
on the microscopic scale. First, by LM with areas of a several hundred
micrometres, then, by SEM with areas of just a few micrometres. The basis of
all images with CFRP surfaces is a milled surface.

5.1.1 Macroscopic surface

Figure 5.1 shows images of the UT, SC and LT surfaces in comparison side by
side. While the UT and SC surfaces appear very similar and no difference can
be pointed out, the LT surface shows distinctive characteristics. The LT
surface is significantly darker than the other two configurations. As a result,
the resin-rich areas are more clearly visible in the form of wavy lines for the
LT configuration. The resin-rich areas are present in the SC as well as LT
surface, which means that neither of the surface treatments is able to remove
these layers. The LT surface appears to be smooth without fuzzy fibres
protruding from the surface as reported by some authors [97,99]. This is a
result of the low power laser used in this work which also should reduce the
HAZ. The changed appearance of the LT configuration compared to the UT
and SC configurations could be used as an indicator for surface treatment,
thus simplifying a visual quality control of surface treatment.
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30 mm

Figure 5.1: Comparison of the untreated (UT), solvent cleaned (SC) and
laser-treated (LT) surface by photography. Left column: Top view. Right
column: Side view with perspective.

5.1.2 Microscopic surface

LM images in Figure 5.2 only show slight differences between the three
different surfaces. On the lowest magnification only in the area of the resin-
rich areas, a difference is visible. Here, the UT and SC configurations show a
smoother transition of the epoxy resin. For the LT configuration, this is not
the case, as part of the epoxy resin could be removed. Looking at the higher
magnifications, carbon fibre fragments can be seen on the UT and SC
configuration. Fibre fragments are recognizable by the deviation from the 0°
direction. Comparing the UT and SC configuration, a difference in the length
of the fibre fragments can be observed. While the UT configuration shows a
significant amount of fibre fragments that can reach lengths of up to 50 pm,
the SC configuration shows only few fibre fragments which have lengths of
less than 10 um. This clearly shows the ability of the SC surface treatment to
remove larger fibre fragments from the surface.
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Orientation of the scarf in the images: | — 0° direction: —»

Figure 5.2: Images of the untreated (UT), solvent cleaned (SC) and laser-
treated (LT) surface taken with a light microscope. Each column represents
the same configuration, while each line represents the same magnification.

Overall, no fibre fragments are visible on the LT surface. This is a remarkable
result, considering the low energy of the pulse and the fact that also large
fibre fragments are removed from the surface, while the rest of the surface
appears to remain intact. Considering the knowledge about the N-IR laser
beam and CFRP surface interaction from Chapter 2.3.2, two reasons could be
possible:
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1. Asshown in an analytical model by Emonts et al. [49], considerable
pore pressures (up to 35 bar) are generated in the interface
between the fibre and epoxy resin during a pulse. The generated
pressure lifts-off fibre fragments, which are then drawn up by the
suction of the laser system.

2. The same process, as mentioned in the first point, but larger fibre
fragments are not directly drawn up by the suction. Instead, larger
fibre fragments are lifted-off by the laser pulse and again land on
the surface. This process is repeated until a critical length or mass
is reached, such that the fibre fragment can be sucked up by the
suction. As the surface is only processed once by the laser, this
requires the fibre fragments to land in front of the laser pulse.

The three configurations also show clear distinctions in the SEM images in
Figure 5.3. As in the LM images, fibre fragments can be seen on the UT as well
as the SC surface. Exposed fibres of the UT configuration indicate fibre-
matrix debonding during the milling process. Furthermore, on the UT
surface, a layer of milling debris is visible. While the SC is able to remove the
debris layer, smaller particles are still visible. The surface of the LT
configuration shows higher contrast with stripped fibres reaching deep into
the surface. The stripping of the fibres is a result of the heating and
subsequent sublimation of the epoxy resin of the surrounding matrix as
previously reported [54]. Though the exact temperature on the surface is not
known, it can be estimated from the stripping behaviour: The M21 epoxy
resin is known to decompose between 400 °C and 500 °C in air [148]. A T700
carbon fibre, which is similar to the T800S fibre in terms of thermal
properties, decomposes between 700 °C and 1000 °C [149]. Therefore, in the
proximity of the fibre temperatures of at least 700 °C are reached, while
between fibres temperatures of at least 400 °C are possible.

Smaller epoxy resin particles are also visible on the LT surface. Furthermore,
partially debonded epoxy resin strips can be observed on the LT surface.
Here, the power was apparently too low to remove the epoxy resin. As these
strips are still partially embedded into the surface, the suction was not able
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to remove the debonded parts. Adding to the fibre stripping, an increased
roughness of the fibres for the LT surface can be observed. The fibres show
wavy indentations that in part resemble a flame. These indentations could
be the result of the combustion process that was hypothesised by several
authors [49,54].

. - -

Orientation of the scarf in the images: | — 0° direction: —»

Figure 5.3: Images of the untreated (UT), solvent cleaned (SC) and laser-
treated (LT) surface taken with an SEM. Each column represents the same
configuration, while each line represents the same magnification.

Removal of residues

From the SEM images, it was evident that all configurations showed
remaining debris on the surface to a different extent. Electrically conductive
carbon adhesive discs (i.e. Leit tabs) with a diameter of 12 mm were bonded
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to the surface, to examine the scale of the remaining debris. On the other side,
the adhesive disc was bonded to an SEM pin stub with a matching diameter.
Then, the adhesive disc was removed from the CFRP surface by a peeling
movement.

Figure 5.4 shows the adhesive disc and the peeled off debris for the UT and
SC configuration. For the LT configuration, it was not possible to remove the

adhesive disc without significant damage. This indicates that the amount of
loose debris on the LT surface must be very low and therefore supports the
observations from Figure 5.3.

Figure 5.4: Debris removed from the untreated (UT) and solvent cleaned
(SC) surface by an adhesive disc. The laser-treated (LT) configuration is not
shown, as the adhesive disc could not be removed from the surface.

For the UT and SC configurations, the focus was on the largest observed
agglomeration. From Figure 5.4, the difference between both configurations
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is quite significant. While the removed debris on the UT configuration has a
size of at least 200 um and also a substantial depth, particles of around 40
um length are visible on the SC surface. Apparently, the solvent cleaning is
already able to remove larger debris agglomerates that originate from the
milling process, though some smaller particles still remain on the surface.
While it was not possible to examine the LT configuration, the results show
that a significant amount of milling debris can be removed, thus achieving a
good bond with the adhesive disc.

Comparison of different laser parameters

Differences between the investigated laser parameters were only visible in
the SEM. Figure 5.5 shows that all tested laser parameters are able to strip
the fibres, though the degree of stripping varies. The highest degree of
stripping and the cleanest surface can be observed for LP4, LP5 and LP6.
These three laser parameters were treated at a pulse frequency of 200 kHz.
The adjustment of the scan speed and hatch distance appears to work better
for this pulse frequency. As for the stripping, all laser parameters show a
roughening of the fibre and removal of milling residues. Remaining epoxy
resin appears to be embedded into the surface, though a clear distinction is
not always possible for laser parameter with a high percentage of remaining
epoxy resin (e.g. LP9). Nevertheless, in the case of embedded epoxy resin, no
negative effect on the adhesive strength can be expected since the bonding
between epoxy resins is known to be sufficiently good even without surface
treatment [25].

From the comparison of the different laser parameter, LP4 showed good
stripping without significant damage to the fibres. Furthermore, from the
parameters with a pulse frequency of 200 kHz, it had the lowest pulse
energy. Hence, a low thermal impact on the surface with effective stripping
could be expected. As a consequence, LP4 was chosen for further detailed
assessment.
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Figure 5.5: Comparison of different laser parameters in the SEM. All images
were taken at the same magnification.

Effect of different fibre directions in a lay-up

The laser surface treatment followed a strategy where the surface was only
treated in the 0° direction. CFRP, on the other hand, is a highly anisotropic
material with different thermal conductivity parallel and perpendicular to
the fibre direction [150]. The anisotropy of CFRP, on the other hand, means
that for lay-ups that contain multiple fibre directions, the heat distribution
will be different for each ply.

The heat distribution is an essential aspect of the laser surface treatment
results and therefore needs to be considered. As laminates with
multidirectional lay-ups are common in aerospace structures, it was
essential to investigate the effect of the laser treatment on these laminates.
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Figure 5.6 shows the different ply orientations of a laser-treated scarf with a
QI lay-up. No apparent difference in the morphology can be identified when
comparing the different ply orientations. The effect of the laser treatment
appears to be very similar for all ply orientations. Presumably, this is a result
of the low pulse energy and duration of the laser system used for this
investigation. As an effect, the material is only heated in the vicinity of the
laser pulse. Furthermore, all parameters involve an overlap of at least 46 %
related to the pulse distance and at least 17 % related to the hatch distance.
That means that for all laser parameters, the whole surface is covered by the
laser pulses, which leads to a homogenous treatment independent from the

ply orientation.

“Symmetry plane

Orientation of the scarf in the images: B O° direction: —»

Figure 5.6: SEM images of the different ply orientations of the laser-treated
(LT) scarf with a QI lay-up.

Fibre bundle treatment

In order to separate the effect of the laser treatment on the fibre and matrix,
treated carbon fibre bundles were investigated by SEM. Even though the
environment during the treatment of fibre bundles differs from the laser
treatment of CFRP, which means: All of the fibres are surrounded by air, and
no matrix is involved. Still, as some of the fibres are partly stripped after the
milling, the laser treatment of carbon fibre bundles contribute to the
understanding of the processes taking place on the top-most layer.
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Figure 5.7 shows a comparison between the acetone treated (AR) and as-
received (AC) as well as the laser-treated (AR+LT, AC+LT) combinations of
both. Comparing the AR and AC configuration, no clear difference can be
observed. Both configurations show a smooth surface with slight striations
in the fibre direction. Similar results have been reported previously for
T700S fibres [116]. The T800S fibres from the UT and SC configurations of
the CFRP as shown in Figure 5.3 have slightly deeper striations, which is also
in accordance with the literature [114]. Whether the sizing could be
successfully removed by the acetone treatment is not identifiable from the
SEM images. As the thickness of the sizing tends to be around 0.03 pm,
removal would not necessarily be recognizable in the SEM for the given
magnifications [103].

After laser treatment, both configurations show an increase of roughness.
For the AR+LT configuration combustion marks are visible. Furthermore, a
roughening and particles of a few nanometres size can be observed. Overall
the fibre appears very similar to the laser-treated fibres in the CFRP from
Figure 5.3. The same holds true for the AC+LT configuration, though no
combustion marks are visible. One reason for that could be the increased
energy of the combustion in case of the as-received fibre because of the
sizing. For CFRP the combustion effect is even intensified because the fibre
is additionally surrounded by epoxy resin.

The particles that are visible after the laser treatment are likely a byproduct
of the combustion process, similar to so called “low molecular weight
oxidized material” (LMWOM) that results from intense plasma treatment of
polymers. These particles appear not to be bonded to the surface. In case of
LMWOM, particles can be washed off with, e.g. ethanol. Some studies found
a strength decreasing effect, while others showed no influence from LMWOM
and argued that particles could be successfully integrated into the load
bearing surface [151]. Thus the effect of such particles cannot be clearly
stated.
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Figure 5.7: Comparison of the as-received (AR), acetone rinsed (AC) and
afterwards laser treated (AR+LT, AC+LT) configuration of carbon fibres.

5.1.3 Laser surface treatment depth

Due to the N-IR laser and CFRP surface interaction, a detailed investigation
of the treatment depth is necessary. As mechanical abrasion preparation
methods did not show any differences between the configurations, cross-
sections have been prepared by ion-beam milling. During ion-beam milling,
particles can end up on the top surface and it may appear less clean than in
Figure 5.3 and Figure 5.5.
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A comparison between the SC and LT configuration can be seen in Figure 5.8.
The cross-section reveals that the milling process introduces inter-fibre
failure of a few micrometres depth. Inter-fibre failure is a result of the forces
applied during the milling process and have been previously reported for
CFRP [46]. These defects are limited to the top-most fibre layer and are
comparably small.

—>
Orientation of the scarf in the images: k 0° direction: ®
_h

Figure 5.8: SEM images of the laser treatment prepared by ion beam
milling. Comparison between solvent cleaning (SC) and laser treatment
(LT).

For the laser-treated configuration, two phenomena depending on the depth
of the first fibre layer are visible.

1. Fibres that were already partially stripped on the surface of the
macroscopic interface are completely stripped along the entire
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surface. Some of these fibres even appear to be lifted, as they are
no longer bonded to the epoxy resin.

2. Because of the wavelength, the laser also targets the first fibre
layer that is covered by epoxy resin. In that case, the epoxy resin in
the vicinity of the fibre is removed, and complete stripping of the
fibre is not possible. The covering epoxy resin layer is no longer
bonded to the fibre and cavities develop.

Figure 5.8 also indicates that a layer of only a few micrometres (around
5 pum) of epoxy resin is enough to disrupt the stripping of the fibres. This is a
result of the low power laser used in the investigation. On the other hand, the
surrounding epoxy resin appears to be unaffected showing no sign of
degradation. Furthermore, the fibres are still well aligned even after the laser
surface treatment.

Fibre stripping

under resin-
rich area

—

Figure 5.9: SEM image of a laser-treated (LT) surface showing the stripping
under resin-rich area.
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As resin-rich areas were found to be critical for the fibre stripping effect,
additional images were taken with the SEM to achieve a three-dimensional
impression of the laser treatment.

Figure 5.9 shows a laser-treated surface that focuses on a resin-rich area.
Additionally, the surface was tilted by 45° to see the effect in depth and in
the surface plane. In the proximity to the resin-rich area, the laser stripping
is identical to that of a fibre-rich area. From the shadow under the resin, it
can be concluded that resin of a significant thickness has been removed,
which is in accordance to the findings from Figure 5.8. This leaves access to
the stripped fibres and cavities under resin-rich areas. The effect of cavities
depends on whether they can be infiltrated by an adhesive. Consequently, a
bonded surface was investigated in the next step.

The top image in Figure 5.10 shows a few hundred micrometres of the
bonded surface after laser treatment. Though a holistic view for the
evaluation of the treatment depth is not possible due to the preparation
method, some general approximations can be derived. The adhesive, as well
as the carrier fibres of the adhesive and the constituents of the CFRP, can be
distinguished by their shade of grey. The image clearly shows that overall a
significant amount of the cavities can be filled by the adhesive. In terms of
mechanical interlocking, this should benefit the adhesive properties of the
bond. On the other hand, connected cavities as large as 100 um can also be
found close to the surface as seen in the bottom image in Figure 5.10. Here,
the dependency of the cavity depth on whether it can be filled can be
observed well as both marked cavities are partially filled. The depth for
which the cavities can be filled varies between 20 pym and 30 um. Therefore,
from the investigated section, it can be concluded that areas with epoxy resin
layers that are thicker than 30 um lead to unfilled cavities. Moreover, these
cavities can reach lengths of 100 um in at least one dimension.

As a similar temperature and viscosity of the adhesive throughout the curing
can be assumed for both cavities, the depth of the filling must largely depend
on the volume and accessibility of the cavities. Furthermore, the filling of
cavities also depends on the volume of the adhesive. Given that the thickness
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of the adhesive varies throughout the bondline, sections with lower
thickness should be able to fill a higher ratio of cavities. Following the 0° fibre
direction to the surface, the partial volume of the cavities decreases, which
increases the chances of a filling.

A

Macroscopicihterfac
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Orientation of the scarf in the images: ‘ 0° direction: ®
_"

Figure 5.10: SEM image of a laser-treated and bonded surface with large
epoxy resin-rich areas and small cavities prepared by ion beam milling.

The 0° fibres run through the complete length of the adherend and are
connected to the scarf. Therefore, it is reasonable to assume that cavities can
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be partially filled perpendicular to as well as in 0° fibre direction.
Nevertheless, cavities represent potential weak points in the bonded surface.
As the whole dimension of the cavities, as well as the critical size of a defect,
cannot be quantified, mechanical testing is necessary in order to evaluate the
effect.

Another remarkable observation can be made from Figure 5.10. The epoxy
resin inside the cavities appears to be highly deformed which is surprising
given the fact that epoxy resin is not meltable after curing and furthermore
shows brittle behaviour. On the other hand, previous studies showed that
epoxy resin could undergo large deformations if the volume is sufficiently
small [152]. In the case of laser treatment, high temperatures could facilitate
highly deformed epoxy resin.

—>i
Orientation of the scarf in the images: ; 0° direction: ®
—»

Figure 5.11: SEM image of a laser-treated and bonded surface prepared by
ion beam milling. Detailed view of the fibre roughening effect.
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In the last step, the interaction between laser-treated fibres and the adhesive
was investigated. Figure 5.11 shows fibres in the proximity of the
macroscopic surface that are surrounded by the adhesive. The indentations
on the fibre surface are clearly visible in the cross-section view indicating
that the fibre has been damaged. These indentations are only visible on the
upper part of the fibre. Here the effect of the laser beam is more pronounced.

Increasing the magnification, an interlocking between the fibre interface and
the adhesive can be observed. It is not possible to state whether the
interlocking happens between the particles or the fibre and the adhesive,
though it appears as the rough section is part of the fibre. This would support
the theory that the particles can be incorporated into the load bearing
interface. The roughening is likewise only visible on the upper part of the top
most fibre layer. As for the fibre stripping and filling of cavities, an increase
of the adhesion with regards to the mechanical interlocking can be assumed
through the roughening of the fibre on a nanoscale. On the other hand, the
effect on the fibre roughening is only limited to the upper half of the first
fibre layer. Furthermore, the fibre is weakened by the reduction of the
diameter.
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5.2 Surface roughness

The morphological characterization in Chapter 5.1 showed that the surface
roughness is significantly influenced by surface treatment. The macroscopic
roughness, on the other hand, was shown to be a good indicator for the bond
strength of milled CFRP surfaces [46]. With increasing surface roughness, the
bonded surface area increases and as a consequence, the bond strength
improves. Therefore, the surface roughness was quantified by a tactile
measurement. The profiles of the respective surface configurations are given
in Figure 5.12. The LT configuration showed some pronounced peaks that
cannot be explained by the stripping of fibres but rather partly detached
fibres. Since these peaks would disproportionately contribute to the surface
roughness values, they were marked as outliers according to a distance of
three scaled median absolute deviations from the local median. Outliers
were linearly interpolated by the closest non-outlier values. Qualitatively the
profiles already can be well distinguished. While the UT and RA
configurations show small peaks, the size of the peaks significantly increases
for the SC and even further for the LT configurations. The peak heights of the
outliers from the LT configuration can be reduced effectively. Comparing the
profile heights with the cross-section views in Figure 5.8 and Figure 5.10, the
removal of outliers seems to be achieved with reasonable precision.
Furthermore, detached fibres can also be regarded as an increase of the
surface area since the adhesive can bond to the bottom side of the fibre.

Figure 5.13 shows the evaluation of the roughness profiles with the
arithmetical mean deviation of the profile Ra and the maximum peak to
valley height Rz. The determined roughness values confirm the observations
made from the profiles.
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Figure 5.12: Surface profiles for the release agent applied (RA), untreated
(UT), solvent cleaned (SC) and laser-treated (LT) configurations. Scales for
length and profile depth vary.

The LT configuration shows the highest roughness for both parameters and
even after correction for outliers. The removal of the outliers more than
halves the values of Rz from 29.7 um to 14.1 um and significantly reduces the
standard deviation. The surface roughness parameter Ra is by definition less
influenced by outliers and therefore only reduced by less than 10 %. This
emphasises that the surface is most likely roughened beyond the detached
fibres. As already seen from Figure 5.3, laser treatment is able to strip the
fibres, which increases the roughness values.
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Figure 5.13: Comparison of the surface roughness parameter Ra and Rz for
the release agent applied (RA), untreated (UT), solvent cleaned (SC) and
laser-treated (LT) configuration.

The achieved arithmetic surface roughness value Ra of 2.14 um is close to
the theoretical value of 2.04 um for an in-plane milled CFRP surface with
uniformly distributed fibres with a diameter of 5.2 um as proposed by de
Freese et al. [46]. For a T800S carbon fibre with a diameter of 5 pum, a
theoretical arithmetic surface roughness Ra of 1.96 pym can be calculated.
Given that the fibres are not evenly distributed and resin-rich layers are
present on the surface, the measured value for the LT configuration after
removal of the outliers appears to be in reasonable agreement. The
comparably high roughness furthermore emphasises an efficient stripping
and cleaning effect of the laser treatment. The surface roughness for the UT
and RA configuration is significantly lower than for both surface treatment
methods. This is due to the fact that the milling residues fill out the surface
cavities. The higher roughness of the RA configuration compared to the UT
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configuration could be attributed to the application of release agent with a
cotton wipe, thereby removing some of the milling residues.

According to the previously determined correlation between the roughness
and adhesive strength of a milled surface, both surface treatment methods
should improve the bond strength. For the SC configuration, the governing
mechanism behind the increased roughness is assumed to be the removal
of milling debris between the fibres. As milling debris tends to fill out space
between the fibres, a removal is accompanied by an increase of the
roughness. The further increase of the roughness for the LT configuration is
aresult of the additional fibre stripping. Whether the increased roughness
of the LT configuration also benefits the bond strength is not clear, since it
is accompanied by the formation of cavities.
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5.3 Chemical composition through XPS

Assessing the chemical composition of milled CFRP combined with an N-IR
laser surface treatment is not as straight forward as, e.g. for plasma treated
surfaces that are covered by epoxy resin. First of all, due to the diameter of
the measurement spot (~ 400 um), the spectrum of a milled CFRP surface is
an average of both constituents, the carbon fibre and the epoxy resin. Both
have different chemical compositions that can differ greatly. Furthermore,
during the laser treatment, the ratio between both constituents changes. In
order to account for the changing ratio of the materials and the effect of the
laser treatment, separate studies have been conducted. In the first step, the
effect of the laser treatment on milled CFRP surfaces has been investigated.
This study also involved the chemical characterisation of the epoxy resin and
a laser parameter study. In a second step, the effect of N-IR laser treatment
on the chemical composition of carbon fibre bundles analogously to the
morphological characterisation from Chapter 5.1.2 has been investigated.
Lastly, the ageing behaviour of laser surface treatment was examined. As
time spans between the surface treatment and bonding process can vary, it
was relevant to study the effect of time on the chemical composition of the
surface. The following chapters are structured as follows:

1. The elemental composition is evaluated. As the ratio of oxygen to
carbon (0/C) and nitrogen to carbon (N/C) is a good indicator for a
functionalisation of the surface (see Chapter 2.4 and 2.5.2), special
interest was on both of these factors.

2. One of the main advantages of the XPS measurement compared to
other surface chemistry characterisation methods is the ability to
evaluate the chemical bonding state of the different elements. For
carbon fibres and epoxy resin, the bonding state of carbon is of
particular interest as it can provide information about functional
groups that are bonded to the carbon. Therefore, the deconvolution
and shape of the carbon peaks (C1s spectra) are discussed in a
second step.

70



Results and discussion
3. Lastly, the chemical bonding states of carbon are quantified and
assessed.

5.3.1 CFRP

Figure 5.14 shows the elemental composition of the bulk matrix, the SC and
LT configuration. From Chapter 5.1.2 and 5.1.3, a significant fibre stripping
effect was identified after the laser treatment. As a result, matrix and fibre-
rich regions could be identified. Therefore, for the point scan results, the
laser-treated surface has been investigated separately in terms of matrix and
fibre-rich. Still, the point scan has to be seen as a composition of both
constituents. This is especially true for the matrix-rich region, as the spot
diameter is significantly larger than at least one dimension of the matrix-rich
region (compare Figure 5.2).
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Figure 5.14: Surface elemental composition of the bulk matrix and milled
CFRP after solvent cleaning (SC) and laser treatment (LT).
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Carbon and oxygen account for at least 90 % for all configurations and are
therefore by far the most present elements in epoxy resin and CFRP.
Furthermore, smaller amounts of nitrogen and sulphur were detected. The
results show no indication of a functionalisation on the surface, but rather a
decrease of the O/C ratio after the laser treatment, especially for the fibre-
rich region. Though an increase of the N/C ratio is observed for the matrix-
rich region, the increase is significantly lower than the decrease of the 0/C
ratio. The bulk matrix shows the highest 0/C ratio and sulphur content of all
configurations. Epoxy resin is known to have a relatively high oxygen ratio
of around 20 % [153]. Furthermore, sulphur most likely cannot be found on
the carbon fibre surface. A significant decrease of sulphur can be identified
for the LT (fibre- and matrix-rich) as well as SC configuration compared to
the bulk matrix. Both configurations show stripped fibres to a varying degree
on the surface. Therefore, a decrease of the 0/C ratio of the LT configurations
can be attributed to the decrease of epoxy resin on the surface to some
extent.

To get a better understanding of the processes that could lead to the changes
of the elemental composition on the surface, the C1s spectra of the respective
configurations were compared as seen in Figure 5.15. Generally, a very good
agreement between the XPS signal and the fitting (envelope) was achieved
for all configurations. All configurations have a significant amount of carbon-
carbon bonds. Given the high carbon ratio on the surface, this is a reasonable
result and in accordance with the literature [104]. Except for the fibre-rich
LT configuration, the hydroxyl group has the highest ratio of all functional
groups. Hydroxyl groups are present in cured epoxy resin systems that
involve an amine curing agent, which is generally the case for prepreg type
epoxy resins [154]. Adding to the change in the elemental composition, the
comparably low hydroxyl content of the LT, fibre-rich configuration is
another indicator for the removal of epoxy resin, but cannot be correlated to
removal of functional groups on the fibre.
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Figure 5.15: C1s spectra of the bulk matrix and milled CFRP after solvent
cleaning (SC) and laser treatment (LT).

An evaluation of the functional groups present on the surface is given in
Figure 5.16. The fibre-rich region of the LT configuration stands out in terms
of the C-NHz ratio, which is significantly higher than for the other regions. A
high amount of C-NH:z functional groups is characteristic for
electrochemically treated carbon fibres [140]. Electrochemical oxidation is
the preferred surface treatment method for industrially produced carbon
fibres and has most probably been used for the manufacturing of the T800S
carbon fibres. Additionally, the LT fibre-rich configuration shows the highest
ratio for the COOH functional group, which is known to be an indicator for
good bonding to epoxy resin [112]. All of the configurations show a high ratio
of functional groups on the surface with at least 28 % of the C1s peak being
composed of functional groups. As a functionalisation from the solvent
cleaning can be ruled out, the underlying surface is already suitable for
adhesive bonding after the milling process, from a chemical point of view.
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Furthermore, it is known that epoxy resin bonds well to epoxy resin, if the
surface is free of contaminations [25]. Therefore, all of the shown
configurations should provide strong chemical bonds with epoxy resin based
adhesives.

Ratios of C1s peak area in %

Bulk matrix SC LT, matrix LT, fibre

Figure 5.16: Functional composition of the C1s peak for the bulk matrix and
milled CFRP after solvent cleaning (SC) and laser treatment (LT).

Because of the superimposed change of the ratio of constituents on the
surface, a functionalisation could not be validated. Still, the revealed surface
after laser treatment shows a high chemical similarity to electrochemically
treated carbon fibres and thus should provide very good adhesive
properties.
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Comparison of different laser parameter

Similar to the morphological investigation for different laser parameter from
Chapter 5.1.2, the effect on the chemistry has been evaluated. A surface of
10x 20 mm? has been investigated by an area scan, to assess the
homogeneity of the surface treatment. Therefore, the result for each laser
parameter is an average of approximately 110 point measurements.

Figure 5.17 shows the effect of the pulse energy and the pulse frequency on
the elemental composition on the surface. A correlation between the pulse
energy and the atomic concentration of all four elements can be observed.
Generally, with higher pulse energies, the atomic concentration of carbon
increases, while the atomic concentration of the other three elements
decreases. As for the change from SC to LT, this could be the result of the
removal of epoxy resin on the surface. This is supported by the fact that the
laser parameters with a pulse frequency of 200 kHz have the highest degree
of stripping (compare Figure 5.5) and also have the highest atomic
concentration of carbon. Therefore it could be argued that higher pulse
energy provides a higher surface temperature and as a result removes a
larger amount of epoxy resin. The same could also be argued for higher pulse
frequencies, but in that case, the adjustment of the scan speed and hatch
distance apparently influences the effect of the surface treatment.

Overall, the differences between the atomic concentrations are small
between the different laser parameter. Keeping in mind the results from the
point scans in this chapter, it can be concluded that all surfaces should
provide similar suitable chemical bonding properties.
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Figure 5.17: Effect of the pulse energy and pulse frequency on the elemental
composition on the surface for different laser parameters.

5.3.2 Carbon fibre

The elemental composition on the surface of the carbon fibre bundles can be
seen in Figure 5.18. Compared to the elemental composition of the CFRP, no
sulphur was found on the surface. This further emphasizes that the sulphur
content in Figure 5.14 and Figure 5.17 is a good indicator for the amount of
epoxy resin on the surface.

From the composition, a difference between the AR and AC configuration can
be observed. The goal of the acetone treatment was to remove the sizing
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from the fibre. Therefore, the elemental composition has to be evaluated
with regards to that. A sized fibre is associated with higher oxygen and lower
nitrogen content compared to an unsized fibre [124,155]. The acetone
treatment causes a decrease of the oxygen and a slight increase in the
nitrogen content on the surface. Accordingly, it can be concluded that the
acetone treatment was able to remove the sizing at least partially. Further
decreasing oxygen and increasing nitrogen content can be observed for the
AR+LT and AC+LT configuration. Some authors argued that high
temperatures are necessary in order to completely decompose the sizing and
acetone treatment alone is not sufficient [156].

100 - -10.30 50.10
5 | 10.25 | 08
40.20
X 60 |Elements: 10.06
0 N O O
£ ] o) 101551 2
< 40 {|[EHC {0.04
Ratios: 40.10
e N/C
1| e O/IC i
20 0.05 0.02
0 - 0.00 -0.00

AR AC AR+LA AC+LA

Figure 5.18: Surface elemental composition of the T700S carbon fibre for
the as-received (AR), acetone rinsed (AC) and afterwards laser treated
(AR+LT, AC+LT) configuration.

As mentioned in Chapter 5.1.2, the temperature on the surface of the fibre
mustreach atleast 700 °C to sublimate material and change the morphology.
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This would be high enough to furthermore sublimate an epoxy resin based
sizing.

The Cls spectra of the different configurations in Figure 5.19 show
significant differences.
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Figure 5.19: C1s spectra of the T700S carbon fibre for the as-received (AR),
acetone rinsed (AC) and afterwards laser treated (AR+LT, AC+LT)
configuration.

The AR configuration shows a distinctive peak for the C-C bond and the C-OH
functional group. For the other configurations, the C-OH peaks seem to
diminish in the same order as the decrease of oxygen in the elemental
composition. Furthermore, the C-NH:2 peak increases. The AR and AC
configurations show a close resemblance with the results of a study by Dai et
al. [155]. In the study, a desizing of the T700S fibre was assumed. Given the
fact that the C-OH functional group, which is an indicator for the presence of
epoxy resin, further decreases after laser treatment, a complete desizing
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after acetone treatment seems unlikely. The Cls spectrum of the AC+LT
configuration shows a close resemblance with the LT fibre-rich configuration
of the CFRP (see Figure 5.15), which means that similar processes must have
taken place.

As for the LT fibre-rich configuration, the result of the fibre bundle laser
treatment is a chemical state that is similar to the electrochemical surface
treatment. Therefore it can be concluded that the presence of the embedding
matrix is negligible for the reaction of the fibres. The results of the fibre
bundle further support the finding that a laser treatment with such low pulse
energies removes the sizing as well as a layer of the fibre. The freshly
exposed surface is most likely a result of the electrochemical surface
treatment during manufacturing. Given the information depth of the XPS
measurement, at least 10 nm of material has to be removed from the surface.
Given the thickness of a conventional sizing (~0.03 um up to 0.5 pm [104])
and the morphological changes observed (see Figure 5.7) it is reasonable to
assume that at least 10 nm have been removed from the surface of the fibre.

The quantification of the C1s spectra in Figure 5.20 shows that the gradual
removal of the sizing also increases the ratio of C=NH, C=0 and COOH
functional groups. Especially the increase of COOH functional groups should
benefit the adhesion with an epoxy based adhesive, though it is small.

Finally, it is not possible to assess which chemical composition would
provide the best adhesive properties. Concerning the influence of the sizing
on the fibre/matrix, different views have been stated. While some authors
argue that the sole function of the sizing is to protect the fibre against
damage for further processing, other authors also observed an increase of
the interfacial strength [122,157]. As for the investigation of the CFRP, all
fibre bundle configurations show high ratios of functional groups and should
therefore generally be suitable for adhesive bonding.
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Figure 5.20: Functional composition of the T700S carbon fibre for the as-
received (AR), acetone rinsed (AC) and afterwards laser treated (AR+LT,
AC+LT) configuration.

5.3.3 Aging of laser-treated CFRP

The ageing of the laser surface treatment was investigated by separate
measurements of the same specimen at the same position. The first
measurement was taken after one day. This was the normal procedure for all
previously mentioned XPS measurements. The second measurement was
taken three days, and the third was taken seven days after the laser surface
treatment. Specimens were stored under ambient conditions. Figure 5.21
shows the elemental composition of the aforementioned configurations and
the SC configuration for reference. Elemental compositions for the different
measurement dates are similar, though a slight increase in 0/C ratio is

80



Results and discussion

visible. On the other side, this increase is also accompanied by an increase in
sulphur, which could be the result of a slight deviation of the measurement
point. Though the point of measurement was marked for reference, it cannot
be recovered completely. Therefore, the increased sulphur content could
indicate that an area with slightly more matrix was investigated. This is also
accompanied by an increase of oxygen, as known from the previous
investigation of the fibre- and matrix-rich region of the laser treated surface
in Chapter 5.3.3.
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Figure 5.21: Surface elemental composition for a defined time after the
laser treatment (LT) and the solvent cleaned (SC) configuration for
reference.

Still, if the increase of oxygen is a result of the ageing, it is not necessarily a
weakening effect since an increase of oxygen is generally seen as a positive
indicator for the functionality of a surface. As the elemental compositions of
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the laser treated configurations, the Cls spectra in Figure 5.22 also show
similar shapes. Overall, the shapes very much resemble the fibre-rich regions
of the laser treated configuration in Figure 5.15. As matrix-rich regions were
significantly smaller, the C1s spectra are dominated by the fibre chemistry,
which would explain the similarity to the LT fibre-rich configuration.
Therefore, as already mentioned in Chapter 5.3.1 good adhesive properties
can be expected. An increase in the C-OH peak can be observed. This could
be a result of the aforementioned shift of the measurement spot or an
oxidation process. Nevertheless, the shape is largely uninfluenced by the
time after laser treatment. As from the C1s spectra, the increase of the C-OH
functional group ratio is also visible in Figure 5.23.
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Figure 5.22: C1s spectra for a defined time after the laser treatment (LT)
and the solvent cleaned (SC) configuration for reference.

All of the configurations show a high ratio of functional groups of at least
49 %. Furthermore, the ratio for the COOH functional group remains
constant during the period of seven days. Overall, the investigated surfaces
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show a high functionality. The ageing of the laser treated surface is negligible
for the evaluated time. The variation of the elements is in the range of the
measurement scatter and therefore no ageing can be expected for the given
time. It is thus reasonable to assume that the adhesive properties of the
surface should not change and the bonding process can be postponed up to
seven days after the laser treatment.

100 ~

Ratios of C1s peak area in %

sC LT LT, 3days LT,7days

Figure 5.23: Functional composition of the C1s spectra for a defined time
after the laser treatment (LT) and the solvent cleaned (SC) configuration for
reference.
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5.4 Wetting behaviour

The wetting behaviour was investigated by a contact angle measurement.
Contact angle measurements are often used because of an easy assessment
of multiple parameters of the surface since it is influenced by the roughness
as well as the chemistry on the surface.

Figure 5.24 shows the static contact angle of the RA, UT, SC and LT
configuration.

Fluid volume: 10 pl
Test fluids: [JJJll Water ] Diiodomethane

N

o

o
I

Contact angle in °

RA uT SC LT

Figure 5.24: Static contact angle for the release agent applied (RA),
untreated (UT), solvent cleaned (SC) and laser-treated (LT) configuration of
a milled surface.

An angle of 90° is considered to be the threshold for good wetting. Despite
the RA configuration, all other configurations show good wetting with water
as a test fluid. Since the aim of the RA configuration was to have a reference
where poor adhesive properties could be expected, this result shows good
agreement. For diiodomethane, even the RA configuration shows good
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wetting, but still has the highest contact angle among all configurations.
Water has a significantly higher polar part of the surface energy than
diiodomethane (51.5 mJ/m?2 compared to 0.4 m]J/m?) and a higher surface
energy overall (72.8 mJ/m?2 compared to 50.8 m]J/m?2). Therefore, the larger
contact angle of water compared to dilodomethane can be attributed to the
high polarity and surface free energy. Comparing the UT, SC and LT
configurations the differences in the contact angle are small. The LT
configuration shows the lowest contact angle for both test fluids. For
diiodomethane, the contact angle could not be measured precisely due to the
almost complete spreading of the liquid, as shown in Figure 5.25. Since
contact angles above 5° could be evaluated by the software, the contact angle
was assumed to be less than 5°.

SC LT

Figure 5.25: Wetting behaviour of dilodomethane for the solvent cleaned
(SC) and laser-treated (LT) configuration.

The resulting surface free energies for the average contact angles calculated
by the OWRK method are shown in Figure 5.26. The RA configuration has a
significantly lower surface free energy than the other configurations. The
other three surface free energies are in the range between 46 mJ/m?2 and
52 m]/mZ. Studies reported a surface free energy between 36.3 m]/m?2 up to
39.0 mJ/m? for uncured epoxy resin [66,158]. Therefore, except for the RA
configuration, a spreading of the epoxy based adhesive can be expected.
Since the surface free energy of a surface is influenced by the chemistry and
the surface roughness, both could contribute to the improved wetting of the
LT configuration. The LT configuration showed the highest roughness of all.
In the case of good wetting, an increase of the roughness will further increase
the surface free energy [159]. Therefore, the increased roughness could be
an explanation for the higher surface free energy. On the other side, the
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chemical composition is also changed for the LT configuration and could also
contribute to a higher surface free energy.

The higher surface free energy of the UT compared to the SC configuration is
somewhat surprising, given that for the SC configuration a higher surface
roughness was measured. Since the chemical composition should be similar
on both surfaces, a higher surface free energy would be expected for the SC
configuration. A reason for the higher surface free energy of the UT
configuration could be the porous surface. While the milling residues do not
contribute to the surface roughness, this layer can be penetrated by the test
liquids and therefore improves the wetting.

Surface free energy calculated by the OWRK method
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Figure 5.26: Surface free energy calculated with the OWRK method
considering the determined average contact angles for the release agent
applied (RA), untreated (UT), solvent cleaned (SC) and laser-treated (LT)
configuration.
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5.5 Carbon fibre surface area measurement

Since morphological investigations qualitatively showed a roughening of the
fibre, the surface area of the carbon fibre rovings was quantified by an
adsorption measurement. The result of the adsorption measurements and
the subsequent evaluation with the BET method are shown in Table 5.1. The
theoretical value of the surface area as derived by Figueiredo et al. [160]
assumes a consistent cylindrical shape with a diameter of 7 um and a density
of 1.8 g/cm3 according to the datasheet of the T700S carbon fibre.

Table 5.1: Specific surface area of carbon fibre rovings calculated by the

BET method.
Specific surface
Configuration area in m2/g
Theoretical value 0.32
As received (AR) 0.42
As received + laser treated (AR+LT) 0.27

Given the observed roughness of the carbon fibres in Figure 5.7, the
measured values appear to be surprising. The results show that the laser-
treated fibre (AR+LT) shows the lowest surface area despite the observed
roughening in the SEM images. The particles that were observed on the
carbon fibre after the laser treatment also appear not to increase the surface
area. The measured value for the AR+LT configuration is even lower than the
theoretical value. The AR fibre, on the other hand, shows the largest surface

area.

For the interpretation of the data, it has to be known that all of the surface
area values are on the lower range of the measurable range when using
nitrogen (0.2 m2/g for the used porosimeter). Furthermore, it was known
from previous publications that standard deviations up to 2 m%/g can be
expected for this type of measurement [161]. In order to increase precision,
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krypton could be used. This was recognised ahead of the measurements. As
several authors [160,162] reported a significant increase of the surface area
up to 9 m2/g due to oxidation, the goal of the adsorption measurement was
to show whether similar values could be achieved by the laser treatment. The
investigation instead showed that the surface area of carbon fibre rovings
was mostly unaffected by the laser treatment. A reason for this result could
be the treatment length and the temperature achieved during the laser
treatment compared to the oxidation treatments used in the cited literature.
For the oxidation experiments in a furnace, carbon fibres were treated with
air supply and a temperature of 600 °C for a few minutes [162]. The laser
treatment is locally limited to a few nanoseconds treatment duration. The
temperature can only be estimated by numerical simulations and is in the
range of approximately 730 °C, which is not significantly higher than the
temperature in the furnace. Due to the difference in the treatment length,
that is an order of a few magnitudes higher, the oxidation and therefore,
surface area increase in the furnace is more pronounced. The fact that a ratio
of the measured fibres remains untreated could further reduce the effect of
laser treatment on the measured specific surface area.

On the other side, significant oxidation rates are accompanied by a
weakening of the fibre, because material is burned off. Since the surface area
and therefore, morphology is mainly unaffected, no significant weakening of
the fibre can be expected after the laser treatment. Therefore, the
presumably low oxidation rate could also be seen as an advantage since it
also indicates that the strength of the carbon fibre is largely unaffected.
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5.6 Adhesive scarf bond strength

The mechanical testing aimed to evaluate the effect of the surface treatment
on the bond strength as close to the industrial aerospace processes as
possible. The scarf bond was chosen for the evaluation of the bond strength
because it closely resembles the stress distribution of a composite repair.
Furthermore, the processes for the manufacturing of such a bond are very
similar a composite repair. The scarf bond has two essential parameters that
determine the failure mode, as described in Chapter 2.1. With shallower scarf
angles and the presence of 90°-plies the chances of adherend failure
increase. For an assessment of the effect of the surface treatment, on the
other hand, either adhesive failure or a change of the failure mode for
different treatment methods is necessary. Therefore, to prevent adherend
failure that would overlay the effect of the surface treatment, a steep scarf
angle with a UD lay-up was chosen for the initial investigation. Since the
presence of cavities was known from the surface analysis by ion-beam
milling (see Chapter 5.1.3) and the absolute size of cavities potentially would
increase with shallower scarf angles, the influence of the scarf ratio was
investigated in a second step.

Contaminations play a critical role in the performance of bonded joints.
While a controlled process should be able to avoid contaminations, the
ability of a surface treatment method to remove contaminations can be seen
as an evaluation factor. Thus, the third part of the mechanical testing deals
with the assessment of the removal of contaminations. Finally, the
complexity of the adhesive bond was increased by testing a QI lay-up under
static and cyclic loading.
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5.6.1 Characterisation of a milled CFRP surface

Figure 5.27 shows the effect of the solvent cleaning and laser treatment on
the scarf bond strength for a scarfing ratio of 1:10 and a UD lay-up. The
assessment of the bond strength shows that surface treatment improves the
bond strength significantly.
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Figure 5.27: Comparison of the effect of surface treatment after milling for
the untreated (UT), solvent cleaned (SC) and laser-treated (LT)
configuration.

A solvent cleaning already improves the bond strength by 44 % compared to
a milled and untreated surface. For laser treatment, a further improvement
of 6 % can be observed. An analysis of variance (ANOVA) showed that the
improvement of the LT configuration compared to the SC configuration is
statistically significant (p-value < 0.05). Furthermore, the SC configuration
was tested with 18 specimens from two different panels to account for the
complex specimen manufacturing. The bond strengths of both panels
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showed no significant difference and were therefore merged for the
evaluation.

Both surface treatment methods achieve higher strengths than given in the
material data sheet (40.7 MPa single lap shear strength with aluminium
adherends and overlap of 12.7 mm [129]). This was partially expected as
scarf bonded joints achieve higher strengths than single lap joints with the
same overlap [13]. Furthermore, stiffer adherends increase the bond
strength as bending and therefore, peel stresses are reduced [163]. On the
other hand, the overlap that was applied for the material data sheet was
smaller. As the stress concentrations at the scarf and single lap bond endings
do not increase proportionally in size with increasing overlap, smaller
overlaps exhibit higher strengths when referred to the bonded area [19].
Therefore, the achieved strengths after surface treatment can be considered
as high, given the adhesive strength.

The assessment of the fracture surfaces is a fundamental part of the
mechanical testing of bonded joints as the specimen can fail at different
locations. Therefore, a chain model that was proposed by Reitz et al. [73] was
adjusted by adding the repair laminate and implemented for the assessment.
Figure 5.28 shows the bond line and the corresponding model with the five
elements, each representing a failure location. Though this model is a
simplification of the conditions in the bond, since the failure is an aggregate
of the stress distribution and the respective strengths at the different
locations, it helps to visualize the effect of the surface treatment.
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As previously indicated, to examine the effect of surface treatment, two
outcomes are required:

1. Adhesive failure at the primary laminate interface (AF Primary in
Figure 5.28). This result returns a value for the strength of the
interface.

2. A change of the fracture location for different surface treatment
methods. The change of the fracture surface includes a shift from
adhesive to cohesive failure or adhesive failure at the repair
laminate in case of an improvement of the bond strength. In case of
a weakening, a cohesive substrate failure of the primary laminate
would be visible. This result returns a qualitative statement about
the effect of surface treatment.

F Primary laminate Repair laminate F

Repair laminate

Primary laminate

Strength

Figure 5.28: Schematic represantation of the bond line and the model for
the assessment of the fracture surface with the assumed strengths for an
arbitrary configuration. CSF: cohesive substrate failure, AF: adhesion
failure, CF: cohesion failure.

Figure 5.29 shows three representative fracture surfaces of a UT, SC and LT
configuration and the corresponding estimated strengths of the elements.
CF, AF Repair and CSF Repair are estimated to remain constant because these
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elements are not influenced by the surface treatment. For the UT
configuration, the overlap length is reduced due to manufacturing reasons.
As the scarf angle is the same for all configurations, and the strength refers
to the bonded area, the effect on the results should be negligible. The fracture
surface of the UT configurations shows almost no residues of adhesive on the
primary laminate. The repair laminate, on the other side, is entirely covered
by adhesive. As the microscopic investigation in Chapter 5.1.2 showed that
significant amounts of milling residues were present on the UT
configuration, the surface was additionally investigated in the SEM.

Primary Repair

Strength Strength

Strength

Figure 5.29: Representative fracture surfaces with an estimation of the
strengths of the chain model for the untreated (UT), solvent cleaned (SC)
and laser-treated (LT) configuration.
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Figure 5.30 shows a section of the primary and repair laminate adherend of
a UT configuration specimen. The primary laminate side of the fracture
surface appears very smooth without any significant amounts of milling
residues visible. On the repair laminate side, a rough and smooth section is
visible. The rough part could indicate a cohesive failure but also removed
milling residues. A definitive distinction is not possible, though it could be
argued that similar to the adhesive disc in Figure 5.4, the adhesive peels of
remaining milling residues on the primary laminate. This would also explain
the comparably low strength as the adhesive is only partially able to bond
with the primary laminate.

Repair laminate

Figure 5.30: SEM images of the fracture surfaces of an untreated (UT)
configuration.

The smooth section on the repair laminate shows fibre indentations. The
fibre indentations indicate a weak bonding of the adhesive with the fibre. The
darker spots on the fracture surface of the repair laminate side were found
to be relatively smooth, while brighter parts were rougher. No significant
areas with peeled of fibres were found on neither side.

For the surface treated configurations, both show mixed failure. While the
solvent cleaned specimen shows predominantly adhesive failure at the
primary laminate, for the laser-treated specimen, the failure changes to
mainly cohesive and adhesive failure at the secondary laminate. This result
supports the finding that the laser surface treatment improves the scarfjoint
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strength. A decrease in the interlaminar strength for the laser-treated
surface due to unfilled cavities is expected and indicated in Figure 5.29.
However, no cohesive substrate failure of the primary laminate is observable
and thus should not influence the bond strength.

Both, the absence of cohesive substrate failure and the increased strength of
the laser-treated configuration, are surprising given that cavities are present.
The finding suggests that the strength increasing effects (fibre stripping and
roughening) outweigh the influence of the cavities. A reason for the
restricted influence of the cavities could be the small size and ratio. The
primary laminate material is a unidirectional type prepreg with evenly
distributed fibres. Resin-rich areas and the resulting cavities can only be
expected between layers and are of limited size (compare Figure 5.1 and
Figure 5.2). Therefore, also the effect is expected to be small but could
increase for material with larger resin-rich areas like, e.g. plain weave fabric.

The fracture surface of the LT configuration shows a mix of AF primary, CF
and AF Repair failure. The complex fracture pattern is partially caused by
varying bond thickness. In regions with low thicknesses, a distinction
between the failure modes is not always possible. Nevertheless, because of
the achieved bond strength and high ratio of CF failure the laser surface
treatment can be considered as successful.

As part of the fracture surface assessment, a quantitative method was
developed to evaluate the amount of adhesive on the primary laminate after
a fracture. The adhesive on the primary laminate can either be related to
cohesive or adhesive failure on the repair laminate. Since the interface
between the adhesive and repair laminate is not modified, it is a suitable
indicator for the surface treatment effect. Figure 5.31 shows the ratio of
adhesive on the primary laminate in correlation with the achieved bond
strength.
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Figure 5.31: Correlation between the bond strength and ratio of adhesive

on the primary laminate for the untreated (UT), solvent cleaned (SC) and
laser-treated (LT) configuration.

The bond strength and adhesive ratio seem to correlate quite well for the
overall bonded surface. The results, therefore, confirm the qualitative
observations from the fracture surfaces. Furthermore, the effect can be
separated between the blunt ending and feathered ending of the scarf for the
SC and LT configuration. While the adhesive ratio is similar for both surface
treatments at the blunt end, a significant difference can be observed for the
feathered end. The scarf ends are subject to stress peaks. Consequently, the
failure may start at the feathered end. As the increase of the bond strength is
low compared to the increase of the adhesive ratio, the LT configuration
could establish the transition to the preferred cohesive dominated failure.

5.6.2 Influence of the scarf ratio

The influence of the scarf ratio on the effect of the bond strength is shown in
Figure 5.32. For this study, only the SC and LT configuration were compared
since the goal was to evaluate if the laser treatment could achieve similar
results as the established reference process.
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Figure 5.32: Comparison of the bond strength for the solvent cleaned (SC)
and laser-treated (LT) configuration for different scarf ratios.

As for the previously shown scarf ratio of 1:10, the LT configuration
performs similar or better than the SC configuration in terms of the bond
strength. The result shows that the potential increase of cavities does not
affect the bond strength negatively. Generally, decreasing bond strength can
be observed for an increasing bond area. This is a result of the previously
mentioned correlation between the size of the stress peaks and the bond
area. Nevertheless, the strength is increased in terms of the laminate stress
as shown by the values inside the bars. The laminate stress was estimated by
the average maximum force of the SC configuration and the cross-section of
the laminate given by the thickness (1.5 mm) and width (25 mm) of the
adherend.

For a scarf ratio of 1:30, the difference between the SC and LT configuration
was not significant. Additionally, the laminate stress is significantly higher
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than for the other scarf ratios. Both observations could indicate an increasing
rate of adherend failure. Generally, shallower scarf ratios are associated with
an increasing degree of adherend failure [23]. Therefore, in the case of the
1:30 scarf ratio, adherend failure could overlay the effect of surface
treatment.

1:15 1:20

Primary

Repair

Figure 5.33: Representative fracture surfaces for the solvent cleaned (SC)
and laser-treated (LT) configuration with different scarf ratios.

In order to verify this assumption, a UT configuration was additionally tested
for the 1:30 scarf ratio. The UT configuration showed a bond strength of
31.5 £ 2.0 MPa, which is between the strength of the SC and LT configuration.
Therefore it was concluded, that for a scarf ratio of 1:30, the strength is
controlled by the adherend strength. This result also shows the limiting
geometrical constraints for an assessment of a surface treatment method for
the scarf bond.

Figure 5.33 shows fracture surfaces for the 1:15, 1:20 and 1:30 scarf ratio.
Though the tendency of an overall higher adhesive ratio of the LT
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configuration is not evident as for the 1:10 scarf ratio, the feathered end
shows a significant difference for the 1:15 and 1:20 scarf ratio. The
quantitative analysis in Figure 5.34 also confirms the increasing adhesive
ratio on the feathered end for the LT configuration. Together with the
increased bond strength, this observation further strengthens the
assumption that the failure starts at the feathered end of the primary

laminate.
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Figure 5.34: Correlation between the bond strength and ratio of adhesive
on the primary laminate for the solvent cleaned (SC) and laser-treated (LT)
configuration.

Another remarkable observation is an increasing rate of detached fibres
from the repair laminate for the 1:20 and 1:30 scarf ratio. The detached
fibres generally limit the significance of the quantitative analysis of the
adhesive ratio. Since no detached fibres were found on the scarf endings, the
quantitative analysis should be valid for these parts. The detached fibres
confirm that adherend failure is present for the shallower scarf ratios and
that the bond strength is increasingly dominated by this behaviour.
Interestingly, for the 1:30 scarf ratio detached fibres from the primary
laminate of the LT configuration are also visible. For the SC configuration, no
failure of the primary laminate was detected. Consequently, this observation
confirms that the primary laminate is weakened by the laser treatment, as
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indicated in the chain model in Figure 5.29. The weakening effect seems to
be not significant as the bond strength is uninfluenced by it.

As the geometry plays a critical role in the bond performance, cross-sections
of the bonded areas have been prepared for every panel. Figure 5.35 shows
the representative cross-sections for all four investigated scarf ratios that
were prepared from the edges of the panels. Generally, the bond lines show
regularly spaced repair laminate plies. This shows that the use of moulds is
suitable for the manufacturing of high-quality bond lines for soft-patch
repairs. Furthermore, the varying bond line thickness that is a result of the
combination of the tapered scarf of the primary laminate and the stepped
repair laminate is well visible.

Noticeably, the shallower scarf ratios of 1:20 and 1:30 show a blunt tip and
to a lesser degree also the 1:15 scarf ratio. For shallower scarf ratios the
thickness and therefore the geometrical stiffness transitions slower than for
steeper scarf ratios. As a result, more extended tips with lower thicknesses
are produced. The thin tips increase the flexibility and make the
manufacturing of sharp tips more difficult. On the other hand, blunt tips
cause an increase in the stress concentrations at the scarf endings. This effect
increases for shallower scarf ratios [18]. As a consequence, higher bond
strengths could be expected for sharper tips. Furthermore, a superimposed
effect of the tip bluntness and surface treatment method can be expected.
While for the SC and LT configuration, comparable tips were produced,
comparability between scarf ratios is aggravated. As the influence of tip
bluntness increases for shallower scarf ratios, the significance of the surface
treatment decreases. Therefore, adding to the increased adherend failure,
the tip bluntness could be a further explanation for the similarity of the bond
strength for all three surface configurations of the 1:30 scarf ratio.
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F Primary laminate Repair laminate F
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Figure 5.35: Cross-section images of the bond area in the region of the
primary laminate feathered tip.

5.6.3 Influence of the laser parameter

The bond strength of the different laser parameter referenced to the SC
configuration can be seen in Figure 5.36. The mean bond strength for all
laser-treated configurations is higher than that of the SC configuration. The
improvement based on the mean values ranges from 2.2 % to 7.6 %. The
results indicate that the laser surface treatment improves the strength of the
scarf joint, though the improvement is lower than 6 % for most of the laser
parameter. No apparent correlation between the laser parameters and the
bond strength can be made. Since laser parameter sets modify four process
parameters (pulse frequency, pulse energy, hatch distance and scan
velocity), a correlation is not straightforward. Modification of all four
process parameters, on the other hand, was necessary to prevent process
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duration-dependent heating of the material. It could rather be concluded
that with the used parameter space, similar results can be achieved.

From the SEM images in Figure 5.5, it is apparent that all laser parameters
remove milling residues and induce a stripping and roughening of the fibres
with slight differences in the degree. Likewise, XPS results in Figure 5.17
show that the chemical compositions are in a similar range for all laser
parameters. Consequently, all laser parameters improve the bonding
strength compared to the SC configuration. While it is possible that the
different laser parameters improve the bonding strength to different
degrees, the effect is smaller than the scatter of the test setup. Additionally,
as bond strengths appear to be limited by the adhesive, no further
improvement is possible.
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Figure 5.36: Comparison of the effect of different laser parameter on the
bond strength in reference to the solvent cleaned (SC) configuration.
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5.6.4 Removal of contamination

The ability to remove contaminations was evaluated by the application of
release agent and subsequent solvent cleaning or laser treatment. Table 5.2
shows a comparison of the bond strength after surface treatment. The results
demonstrate that while the solvent cleaning is not able to remove the release
agent and only achieves a bond strength of 0.25 MPa, the laser treatment can
restore a notable amount of the bond strength. The remaining difference in
the bond strength compared to the results from Chapter 5.6.1 could be a
result of a blunt tip, as shown in Figure 5.37.

Table 5.2: Comparison of the cleaning effect of the surface treatment
methods after contamination with a release agent.

Configuration Bond strength in MPa
Solvent cleaned (RA+SC) 0.25+0.1
Laser treated (RA+LT) 438+ 2.7
Primary laminate Repair laminate

Figure 5.37: Cross-section image of the bond area showing the blunt tip.

As previously stated, a blunt tip decreases the bond strength for scarf bonded
joints. Therefore, the strength values should only be compared for similar
scarf endings. Additionally, the evaluation of the fracture surfaces is essential
for the interpretation of the surface treatment effect. The comparison of the
fracture surfaces is shown in Figure 5.38. A significant difference between
the configurations can be observed. After solvent cleaning the primary
laminate is very smooth, revealing the effect of the release agent. For laser
treatment, a notable amount of adhesive is visible, though a difference
between the previously tested LT configuration without prior release agent
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application can be observed. The fracture surface suggests that the release
agent was potentially not fully removed. On the other hand, the fracture
surface is significantly rougher after the laser treatment and the difference
compared to the previously tested LT configuration (see Chapter 5.6.1) could
also be attributed to the blunt tip. Nevertheless, laser treatment shows a
significantly superior ability to remove the release agent compared to
isopropanol. Given that release agent is the worst possible type of
contamination, because of the effect on the bond strength and the fact that it
is not detectable by conventional non-destructive testing methods like
ultrasonic scanning, this result is even more impressive. A release agent
layer of a few nanometres can be expected [82]. During the stripping of the
fibres, this release agent layer or at least the majority is removed.

Primary Repair

RA+SC

RA+LT

Figure 5.38: Representative fracture surfaces for a solvent cleaned (RA+SC)
and laser-treated (RA+LT) after contamination with a release agent.

It could be argued that another solvent type like, e.g. acetone, would be able
to remove the release agent. On the other side, different solvents are
necessary to remove different contamination types, and therefore all
solvents show limitations for certain contamination types. For an improved
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cleaning effect, a combination of different solvents would be necessary
further increasing the process time and complexity. Since laser treatment
uses elevated temperature to sublimate the contaminant, it should be able to
remove a variety of contamination types in a fast and repeatable process.
This finding is very significant and can be seen as one major advantage of
laser treatment compared to solvent cleaning.

5.6.5 Quasi-isotropic static and fatigue strength

During the surface analysis of the laser-treated surface, unfilled cavities were
discovered. Despite the presence of cavities, the laser treatment improved
the bond strength compared to an SC configuration. Aircraft structures are
subject to cyclic loading, which could be critical when cavities are present.
Therefore, in a conclusive study, the fatigue strength of an SC and LT
configuration were compared for a QI lay-up.

For an estimation of fatigue strength of a respective adhesive bond, the static
strength is an important parameter. Accordingly, in a first step, the static
strength of the adhesive bond with a QI lay-up was evaluated. The results are
shown in Table 5.3.

Table 5.3: Static strength for the SC and LT configuration with a QI lay-up.

Configuration Static strength in MPa
Solvent cleaned (SC) 289.1+27.2
Laser treated (LT) 322.0+9.80

It has to be noted that the strength was evaluated by the thickness and width
of the specimen. The overlap length and therefore, the bond strength could
not be evaluated precisely because of the complex fracture pattern. The bond
strength would result in 28.9 MPa for the SC and 32.2 MPa for the LT
configuration, assuming a uniform overlap length of 15 mm. These values are
significantly lower than the bond strength for a UD lay-up (compare Chapter
5.6.1) but are reasonable, given that the adherend strength and stiffness is
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also considerably smaller. For the static strength, an improvement of 11 %
for the LT compared to the SC configuration was determined.

The fatigue strength with respect to the maximum stress during cyclic
loading is given in Figure 5.39.
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Figure 5.39: Fatigue strength comparison of the solvent cleaned (SC) and
laser-treated (LT) configuration.

The maximum stress is in the range of around 50 % of the static strength for
105 cycles. For 10 cycles or more, the maximum stress is in the range of 45 %
of the static strength. These values are significantly better than previously
determined values by Yoo et al. [22] (40 % for 105 cycles and a scarfing ratio
of 1:20), which highlights the quality of the bonding. Three specimens, two
for the LT and one for the SC configuration, reached the limit of 106 cycles.
These specimens are marked by an arrow and not considered for the
calculation of the Wohler line. The determined strengths and Wohler lines
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show a slight improvement for the LT configuration within reasonable
scatter compared to the literature.

The fracture patterns showed a higher complexity compared to the UD lay-
up adherends. Especially the failure of the 90° layer of the repair laminate,
as shown in Figure 5.40 needs to be highlighted. Here, the completely
detached 90° layer of the repair laminate is visible because of the step in the
scarf. The 90° layer has the lowest strength in the loading direction.
Furthermore, the ILSS of the repair laminate is around 10 % lower than that
of the primary laminate (see Chapter 3.1.1). Therefore, this failure mode
appears to be reasonable, though it is not clear whether the failure initiates
in that region. Since failure initiation and propagation is a result of the local
stress and strength, it is not clear whether the 90° layer is responsible for the
resulting bond strength. Given that the strengths between both
configurations differ and that the strength of the 90° layer is comparable, this
assumption seems unlikely. In order to investigate potential patterns
between different configurations despite the failure of the 90° layer, the
fracture surfaces were compared for both configurations and load types.

Primary Repair

90° layer failure

Figure 5.40: Failure of the 90° layer for QI lay-ups.

Representative fracture surfaces are shown in Figure 5.41. At first, no
apparent pattern can be derived. It was known from the literature that stress
peaks in scarf bonded joints with a QI lay-up are found near the 0° plies.
Moreover, from previous mechanical testing of adherends with a UD lay-up,
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it was concluded that failure likely initiates near the feathered end of the
primary laminate. Therefore special interest was taken into these plies
(outlined in Figure 5.41).

Static Fatigue
Primary Repair Primary Repair

symmetry plane 90°-45°0°+45°

Figure 5.41: Representative fracture surfaces solvent cleaned (SC) and
laser-treated (LT) configuration with a QI lay-up.

Here, a difference between both configurations could be spotted. The 0° ply
of the SC configuration shows a smooth fracture surface, without any
adhesive residues. In contrast, for the LT configuration, a mixed failure can
be observed. The difference in the fracture surfaces could, therefore, indicate
the improvement of the bond strength of the LT configuration. A difference
in the fracture surface patterns near the regions where stress peaks can be
expected was already observed for the UD lay-up. Furthermore, the results
show that the presence of cavities does not influence the bond strength
negatively for static or even cyclic tension-tension loading. It can instead be
concluded that the strength improving mechanisms are also valid for cyclic
loading and QI lay-ups.
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Scarfed CFRP surface laser treatment model

6 Scarfed CFRP surface laser treatment model

Given the comprehensive information of the surface and the resulting bond
strength, this section aims to develop a model view of the laser treatment-
induced changes and the subsequent effect on the adhesion. Figure 6.1 shows
a schematic representation of the major effects of laser treatment, which are
explained in more detail in the following part.
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Figure 6.1: Schematic representation of the major effects after laser
treatment and the influences on the adhesive properties.
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The laser treatment causes a notable change on the surface. As the solvent
cleaning, the laser treatment is able to remove the layer of milling debris
efficiently. Large agglomerates of milling debris cause a disruption of the
interlocking of the adhesive with the load transmitting part of the surface.
The milling debris, on the other side, is only poorly attached to the surface
and can be easily removed as the adhesive disc experiments showed.
Compared to solvent cleaning, the surface is further roughened, and smaller
milling particles can be removed. The change is accompanied by a complete
circumferential stripping of the fibres. The stripping is evident in the LM,
SEM and even roughness measurement. As a result, fibre stripping increases
the effective surface area. Therefore, the removal of milling debris and fibre
stripping should benefit bond strength. Moreover, as the investigation with
contaminated surfaces confirmed, the laser treatment is also able to remove
contaminations.

However, laser treatment also introduces cavities under epoxy resin-rich
areas. Through the high transmitivity of the epoxy resin in the N-IR range,
heat dissipation is only possible on the fibre surface. Hence, epoxy resin can
be removed by heating of the fibre, but cannot be targeted directly. In cases
where the epoxy resin layer on top is too thick and cannot be removed by the
laser, cavities develop. Since fibres run continuously through the material,
all cavities can potentially be filled by the adhesive. In practice, the capability
to fill cavities is limited by the cavity volume and shape as well as the
adhesive viscosity and curing behaviour. As a consequence, unfilled cavities
remain in proximity to the surface and pose potential weak points in the
bond.

Furthermore, the morphology of the fibre changes after the laser treatment.
On the upper part, which is directly affected by the laser, the material is
removed slightly reducing the fibre diameter. In addition, the fibre is
roughened. The roughening is visible in the SEM, but cannot be confirmed by
an adsorption measurement. Thus, the increase of the fibre surface through
fibre roughening appears to be minor or not existent. The same can be stated
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Scarfed CFRP surface laser treatment model

for particles in the nanometre range that appear on the surface. Because of
the small size, a diffusion of the particles into the adhesive is conceivable.

As for the morphology, a significant change in chemistry can be observed
after laser treatment. The analysis of the chemical change is complicated due
to the simultaneous change of the constituents on the surface. Nevertheless,
independent XPS measurements of CFRP and carbon fibre bundles showed
that the resulting surface closely resembles an electrochemically treated
carbon fibre. This surface shows a variety of functional groups, including
carboxyl groups that are particularly important for a good chemical bonding
with epoxy resin-based adhesives. The proposed mechanism on the fibre
surface is, therefore, the removal of the surface layer, which reveals a
reactive surface. This reactive surface is instead a result of the
electrochemical treatment of the carbon fibre during their manufacturing
than of the laser treatment.

The chemical alteration of the matrix cannot be resolved with the given
methods. In the absence of contaminations, an epoxy resin-based adhesive
bonds well to an epoxy resin-based matrix. Therefore, the uncertainty about
the specific constitution of the matrix does not pose a significant limitation
to the surface analysis. This is supported by the fact that the solvent cleaned
surface, which is mostly covered by the matrix, also comprises a high ratio of
functional groups. Consequently, the laser-treated surface should provide a
suitable chemical condition for a good bond. As a result of the favourable
chemical constitution and increased surface area, the wetting behaviour is
improved compared to the solvent cleaned and untreated surface.

As a consequence, the bond strength can be significantly improved compared
to an untreated surface and slightly improved compared to a solvent cleaned
surface. The improvement is observed for steeper scarf ratios of 1:10 up to
1:20 and for quasi-isotropic lay-ups under cyclic loading. Therefore, the
negative effect of cavities may be limited due to the restricted size and ratio
compared to the bonded surface. For shallower scarf ratios, geometrical and
adherend properties superimpose the effect of surface treatment. On the
other hand, the fracture surface indicates a weakening of the laser-treated
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surface, which could be induced by an increase of the cavity size.
Nevertheless, the laser-treated configuration performed better for every
scarf ratio, lay-up and load type tested. Therefore, the improving effects
outweigh the weakening effects.
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Conclusion

7 Conclusion

This research has investigated the effects of N-IR surface treatment on the
adhesive properties of milled high-performance CFRP. The surface was
characterized using different advanced analysis methods. Moreover, scarf
joints that represent bonded composite repairs in aerospace were used for
the assessment of the effect on the mechanical properties.

The results showed that laser treatment performed better (5-14 %
depending on the lay-up and scarf ratio) than the reference process
consisting of a solvent cleaning of the surface. Given that the reference
process already improves the bond strength by 44 % compared to a milled
and untreated surface, this is a remarkable result.

The primary effect of the laser treatment is the removal of milling debris.
Milling debris on the untreated surface interrupts the load transfer between
the adhesive and the milled surface and reduces the bond strength
significantly. Furthermore, the stripping of fibres improves the bond
strength compared to the already high standard of the reference process. The
driving mechanism is the increase of the roughness and surface area
according to the mechanical interlocking theory. The chemical composition
shows a high functionality and no contaminations for the reference process
as well as the laser treatment and is the foundation of the excellent adhesive
properties.

The main downside of the process is the physically induced interaction
between the epoxy resin matrix and the N-IR laser and the consequential
formation of cavities under matrix-rich areas. Fracture surfaces of shallow
scarf ratios with presumably larger cavities indicate a negative impact of
cavities though no change was observed for the mechanical properties.

The major advantages of the laser treatment process compared to the
reference process are the high surface treatment rates between 1.0 cm?2/s
and 7.4 cm?/s and high level of automation. Furthermore, the possibility to
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remove harmful contaminations significantly increases the robustness of the
laser treatment process. The change in appearance that is visible with the
naked eye and can be used as an indicator of whether the surface has been
treated moreover offers a fast process assessment.

Analysis methods used in this work show a good capability for the evaluation
of the surface properties but need to be used combined for a proper
interpretation of the induced changes. SEM showed very good capability for
the observation of the morphology of the surface. Together with ion beam
milling, a holistic view of the surface was achieved. Additionally, with
roughness measurements, the change could be quantified. Increasing
roughness appeared to correlate quite well with increasing bond strength in
the absence of any contaminations. With XPS, the chemical composition
could be described well, though the change of the ratio of the constituents
aggravated a clear statement about the effect. Contact angle measurements
were able to differentiate between various configurations and indicate a
contaminated surface. A combination of the relatively cheap contact angle
and roughness measurement could separate between a contaminated,
untreated, solvent cleaned and laser-treated surface and would be suitable
for process control.

The scarf bonded joint was generally suitable for the assessment of the effect
of surface treatment. Despite the demanding manufacturing, statistically
backed statements about the effects were achieved. Only for the shallowest
scarf ratio of 1:30, the geometrical effects prevented a clear explanation.

In conclusion, the N-IR laser surface treatment offers a suitable extension to
solvent cleaning in cases where a higher degree of automation, robustness
and shorter process times are demanded. Therefore, this work contributes
to an efficient approach to composite repairs of aircraft structures. The
downside of a transmitivity in epoxy resin remains, and additional analyses
and mechanical testing is necessary before this method can be applied for
other CFRP materials or shallower scarf ratios.
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Outlook

8 Outlook

As indicated in the literature review and conclusion, laser parameters are
dependent on the material. In this work, a unidirectional prepreg has been
used. Unidirectional prepregs have high fibre volume fractions and a
homogenous distribution of fibres. Both properties are excellent
preconditions for an N-IR laser treatment. On the other side, fabric prepregs
are also used in aerospace structures. Fabrics have lower fibre volume
fractions, are less homogenous and as a result, are comprised of larger and
thicker epoxy resin-rich areas. The demands on the laser surface treatment,
therefore, are higher.

Preliminary experiments that were performed by Lufthansa Technik within
the project LABOA showed lower strengths for a laser treatment compared
to solvent cleaning for fabric adherends. One reason could be the existence
of larger matrix-rich areas and the subsequent increase of connected cavity
volume. For these experiments, the same laser treatment approach was
chosen as for the unidirectional prepreg. Hence, it would be crucial to
investigate if an improvement could be achieved if, e.g. higher energies
would be used. While higher energies could also further degrade the fibre
and matrix, more matrix could be removed to facilitate the filling of cavities.

Another possibility for the filling of cavities could be the use of lower
viscosity adhesives or primer. A rheological study of the FM300 adhesive
showed that the applied curing conditions are optimized in terms of
viscosity. Since it is challenging to approve another adhesive, the use of an
appropriate low viscosity primer could be a suitable solution. In this case,
preliminary studies with the compatible primer BR 127 from Solvay showed
a complete wetting of the treated surface indicating the potential of this
approach. On the other hand, the application of a primer would further
increase the complexity of the process, which would counteract the laser
treatment approach.
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Finally, as this work presented promising findings on the laboratory
environment, it would be necessary to confirm the results on the industrial
scale. This should include the laser surface treatment of a three-dimensional
composite substructure with a multi-directional lay-up. The proposed
combination of roughness and contact angle measurement could be used to
quantify the surface treatment and compare it to the results achieved in the
laboratory environment. Afterwards, the repair patch could be applied, and
the substructure should be mechanically tested in order to verify the repair
approach.
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