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Abstract

Carbon fibre reinforced polymer composites are broadly used in complex
structures. Manufacturing of these structures requires joining composite
parts with each other or with other materials. Adhesive bonding offers
many advantages compared to mechanical fastening such as lightweight
and homogeneous stress transfer. However, adhesive joints suffer from
low fracture toughness and time- and labour-intensive processes prevent-
ing intensive use by the industry.

The first objective pursued by this thesis is to investigate composite co-
curing through a thermoplastic interlayer to tackle the process intensity
issue. PEI, PES, PSU, PA, PC and PMMA are the thermoplastic materi-
als investigated for this purpose. Interdiffusion is key to achieve a good
toughness but under certain conditions a weak interface can develop along
the morphological gradient, resulting in a brittle joint or interphase.

Secondly, toughening strategies are investigated. First, polyethylene fila-
ments are inserted to trigger significant bridging. As an alternative, a TP
film is manufactured through 3D printing to introduce channels that can
be filled or left empty during the co-curing process. This controlled filling
allows fine tuning the properties of joints in terms of toughness and shear
resistance. The last investigated strategy is the addition of a dissipative
layer which proves to be efficient if this layer is soft and stacked between
two thin brittle layers.

Strategies to improve the joint toughness also affect other properties such
as the shear strength and stiffness of the joint. To compare toughened joints
with their classical counterpart, a selection methodology is developed to
determine under which loading conditions the toughened solutions per-
forms the best.
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Résumé

Les composites polymeres renforcés de fibres de carbone sont largement
utilisés dans les structures complexes. La fabrication de ces structures
nécessite I'assemblage de pieces composites entre elles ou avec d’autres
matériaux. Le collage offre de nombreux avantages par rapport a la fix-
ation mécanique, tels que la légereté et le transfert homogene des con-
traintes. Cependant, les joints collés souffrent d'une faible ténacité et de
procédés de mises en oeuvre complexes, empéchant leur utilisation inten-
sive par l'industrie.

Le premier objectif de cette thése est d’étudier la co-cuisson des compos-
ites par le biais d"une couche intermédiaire thermoplastique pour réduire
I'intensité du procédé. Différents matériaux sont étudiés metant en avance
I'importance de l'interdiffusion pour obtenir une bonne ténacité. Cepen-
dant, dans certaines conditions, une interface fragile peut se développer,
résultant en un joint ou une interphase fragile.

Deuxiemement, des stratégies de ténacification sont étudiées. Tout d’abord,
des filaments de polyéthylene sont insérés pour déclencher un pontage.
Dans un second temps, un film TP est fabriqué par impression 3D pour in-
troduire des canaux pouvant étre remplis ou non pendant la co-cuisson. Ce
remplissage contrdlé permet d’ajuster les propriétés du joint. La derniere
stratégie étudiée est I'ajout d’une couche dissipative qui s’avere efficace si
cette couche est souple et empilée entre deux fines couches fragiles.

Les stratégies visant a améliorer la ténacité des joints affectent également
d’autres propriétés telles que la résistance au cisaillement et la rigidité du
joint. Pour comparer les joints trempés avec leur équivalent classique, une
méthodologie de sélection est développée pour déterminer dans quelles
conditions les solutions architecturées sont les plus performantes.

| xix






Introduction

Carbon fibre reinforced polymer composites (CFRPs) are broadly used in
complex structures such as in airplanes, automotive, marine structures or
windmills [1, 2]. Indeed, CFRPs offer strength to weight and stiffness to
weight ratios superior to metals, allowing for lighter structures. In addi-
tion, CFRPs offer good corrosion and fatigue resistance. Weightsaving is
an important parameter in airplanes or cars as it results in lower fuel con-
sumption and lower CO, emissions. Consequently, the amount of com-
posite parts in airplanes drastically increased since the 70’s. Today, CFRPs
represent up to 50% of the total weight of some airplanes such as the Boe-
ing B787 or the Airbus A350 (Figure 1.1) [2]. In order to manufacture these
complex structures, the CFRP parts must be joined to other CFRPs or to
other materials such as titanium or aluminium. This requires the develop-
ment of efficient and reliable joining techniques.

Three main methods exist to join materials together, namely: mechanical
fastening, adhesive bonding and welding [1]. Mechanical fastening corre-
sponds to the joining through rivets or bolts. Holes must be drilled into
the adherends to insert the fasteners, resulting in stress concentrations re-
ducing the structural integrity potential [3, 4]. CFRPs are very sensitive to
holes due to their brittleness and anisotropy. Consequently, thicker parts
are used to guarantee structural integrity, resulting in extra weight in addi-
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1 | Introduction

Figure 1.1 Evolution of the relative composite weight in airplanes over
the years. Taken from [2].

tion to the weight already coming from the insertion of the fasteners, play-
ing again the expected weight gains. Welding can be achieved between
two metals or if one of the parts to join is a thermoplastic (TP) matrix com-
posite [3, 5, 6] but not with thermosetting composites which still represent
the largest share of the CFRPs used in advanced structures. The last op-
tion is adhesive bonding which does not suffer from stress concentrations
resulting from holes drilling and which is thus suitable to join CFRP parts.
Consequently, adhesive bonding is used in many applications involving
CFRPs such as airplanes, cars, windmills, building, marine structures or
sport equipments as shown in Figure 1.2.

Adhesive bonding is achieved through the intermediate of an adhesive in-
terlayer [1]. An adhesive joint is thus made of two substrates referred to as
the adherends assembled to each other through the adhesive. Similar and
dissimilar materials can be joined. Opposite to mechanical fasteners, it of-
fers homogeneous stress transfer across the joint. If properly designed, it
is even possible to benefit from the full strength of the adherends. In addi-
tion, it results in weightsaving. Adhesive joints also offer good sealing per-
formance, improved damping properties and improved fatigue resistance.
Finally, adhesive bonding allows the assembly of complex structures. For
example, in windturbine blades or marine structures, the use of adhesive
allows to bond parts separated by large gaps of varying thickness resulting
in joints with an adhesive thickness up to 30 mm [7]. Although, adhesive
bonding presents a large number of advantages, some disadvantages pre-
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Figure 1.2 Applications involving adhesive bonding. Taken from FlatI-
con.

vent its use at a larger scale and in critical structural components. Indeed,
adhesive joints are often limited to the bonding of secondary structures
and not to load-bearing primary structures. The first main problem is the
formation of adhesion defects due to surface contaminations. This type of
defects cannot be detected by non-destructive testing techniques to ensure
the joint strength which is a critical point of the certification regulation pro-
cess in aeronautic [8]. In addition, the adhesive bonding process involves
many steps such as composite curing, surface treatments and finally bond-
ing resulting in a time- and labour-intensive process. The last main prob-
lem is the limited fracture toughness Gj. of the adhesive joints. Hence,
defects can easily lead to joint failure and adhesive joints are sensitive to
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peel stresses. Consequently, adhesive joints are mainly loaded under shear
(lap-shear joints) or under tension (butt joints). To prevent this issue, many
studies focus on adhesive toughening by using rubber particles, a thermo-
plastic phase or organic and inorganic fillers in the adhesive [9, 10]. More
recently, it has been suggested to develop extrinsic toughening strategies
involving crack blunting or crack deflection for example (see [11] for a re-
view).

Objectives

The objective of the thesis is to tackle the two following issues encountered
with adhesive bonding: (i) the time- and labour-intensive process and (ii)
the limited Gy, of the joints. This led to the following research questions:

Q1 - How can we manufacture composite joints in a single step to achieve simulta-
neous composite curing and bonding? The so-manufactured joints are referred
to as the co-cured joints.

Q2 - How can we toughen the co-cured joints based on extrinsic dissipation mech-
anisms?

The last question has been extensively addressed during the thesis. Many
strategies have been developed to extrinsically toughen adhesive joints.
However, not only the G, of the joint matters, but also its resistance under
shear. This led to the following question

Q3 - How do toughened joints compare to classical adhesive joints depending on
the loading configuration, objectives and constraints of the application?

Outline

The thesis is divided into 9 chapters (including this introduction and Chap-
ter 9 being the conclusion) divided into three parts, each part correspond-
ing to one of the above-mentioned questions. The outline is schematically
shown in Figure 1.3

Chapter 2 reviews the state of the art. It is divided into three parts. Sec-
tion 2.1 briefly introduces joining methods for CFRPs. Section 2.2 reviews
the state-of-the-art regarding co-cured adhesive joints and an alternative
to it using a thermoplastic interlayer exhibiting good chemical interactions
with the CFRP matrix. The toughening of adhesive joints through extrinsic
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mechanism is reviewed in Section 2.3.

The first part focuses on Question 1. It investigates the manufacturing of
composite joints through co-curing using a thermoplastic interlayer.

Chapter 3 investigates the use of a polyetherimide (PEI) interlayer for the
manufacturing of co-cured joints. Voleppe et al. [12] reported an interest-
ing crack trapping mechanism in PEI-epoxy interphases resulting in a high
fracture toughness (=880 J/m?). The origin of this crack trapping mecha-
nism is first investigated by understanding the failure mechanisms taking
place in PEI-epoxy blends and interphases. Then, the Gy, of PEI co-cured
composite joints is investigated.

Chapter 4 investigates other thermoplastic materials such as PSU, PES, PA,
PC and PMMA as interlayer for the manufacturing of co-cured composite
joints. It is a preliminary study which only focuses on the Gy, of the joints
and not on the formation of the interphase and the deep understanding of
the failure mechanisms taking place in each of them.

Appendix A is linked to this part. As CFRPs are not only joined together
but also to metals. As first step towards the manufacturing of co-cured
composite-TP-metal joints, it investigates the welding conditions leading
to the strongest titanium-TP-titanium joints.

The second part focuses on the investigation of extrinsic toughening strate-
gies for the thermoplastic co-cured composite joints (Question 2). It re-
mains the core of this thesis.

Chapter 5 investigates the addition of fishing lines between the PEI film
and the composite adherends to trigger crack bridging. This study investi-
gates the influence of the spacing between the fishing lines and their tensile
strength on the joint fracture toughness. This is assessed through experi-
ments and an analytical model.

Chapter 6 focuses on the design of an architected 3D printed PA film con-
taining channels that can be either filled with resin or left empty during
the co-curing process. The mode I fracture toughness is determined exper-
imentally while a finite element (FE) model allows to further understand
the failure mechanisms taking place in the joint. The FE model is also used
to predict the lap-shear strength depending on the amount of filled /empty
channels and their position in the joint. This chapter is linked to the patent
application number EP23161330.8.
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Chapter 7 studies the potential toughening provided by the addition of a
soft layer in a joint in which plastic deformation takes place. It investigates
the crack propagation locus depending on the different material properties
and geometric parameters. This is achieved using the steady-state code
implemented by Martiny et al. [13].

The third part focusses on Question 3 corresponding to the comparison of
toughened joints with classical adhesive joints.

Chapter 8 presents a selection approach for adhesive joints based on the
influence of the adhesive thickness on the joint properties. The developed
method allows to compare adhesive together but also to compare tough-
ened joints with their classic counterpart.






State of the art

curing of adhesive joints and toughening strategies for adhesive
joints. Part of this information will sometimes be repeated in
the results chapters but, this current state of the art chapter is

e This chapter covers the literature results dealing with the co-
generally more detailed.

Carbon fibre reinforced polymer composites (CFRPs) are broadly used in
advanced structures such as in airplanes, wind turbine blades or marine
structures, owing to a high strength and stiffness to weight ratio. In many
structures, CFRPs are joined together or to other materials such as metals.
Section 2.1 briefly describes available techniques to join dissimilar materi-
als with a focus on structures including CFRP parts. Among these, adhe-
sive bonding is an interesting solution but its use remains limited due to
intensive bonding processes and to the limited fracture toughness (Gj.) of
the adhesive. Section 2.2. presents bonding through co-curing as an alter-
native to common adhesive bonding processes which can be implemented
with an adhesive (subsection 2.2.1) or with a thermoplastic (TP) film (sub-
section 2.2.2). This last strategy requires good interactions between the
composite matrix and the thermoplastic (see subsection 2.2.3). Section 3
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focuses on the improvement of the fracture toughness of adhesive joints
either by chemical modification of the adhesive (subsection 2.3.2) or by
triggering extrinsic toughening mechanisms (subsections 2.3.3 to 2.3.8).

Joining of dissimilar materials

CFRPs are broadly used in advanced structures such as in airplanes, wind
turbine blades or marine structures. The manufacturing of these structures
requires to join the CFRPs parts. Several techniques exist and among them:
mechanical fastening, adhesive bonding and thermoplastic welding. These
techniques are introduced here-below.

Mechanical fasteners have been used to join isotropic materials for a long
time and their use has been extended to the joining of composite materials
in the 70’s [3, 4]. Mechanical fasteners include screws, bolts, nuts, washers
or rivets. Mechanical fastening requires to drill holes in the adherends.
Due to their brittleness and anisotropy, CFRPs are sensitive to holes. Upon
mechanical fastening, stress concentration develops close to the holes and
the inserted fasteners, reducing the structural integrity [10]. In order to
prevent premature failure, thicker adherends can be used. However, this
results in additional weight while today the trend is to decrease the weight
of structures of airplanes and cars for example. As advantage, mechanical
fasteners can be removed allowing to repair the adherends and to control
their integrity. In addition, stiff assemblies are obtained. Although they
present major disadvantages, mechanical fasteners are still widely used in
aerospace because they constitute a trustworthy solution which has proven
to be efficient.

The second technique is adhesive bonding [1, 4]. In this case, an adhe-
sive is inserted between the two parts to join and is then cured to achieve
bonding. In structural applications, adhesives are mainly made of ther-
moset polymers such as epoxy, urethane, phenolic or acrylic resins that
can be toughened by adding rubber particles, a thermoplastic phase, silica
particles, carbon nanotubes and many others [10]. Adhesive bonding is
a labour- and time-intensive process. Indeed, the two parts to join must
first be manufactured involving some relatively long processes if com-
posite parts must be joined together. Then, the surfaces to bond must
be treated. Depending on the adherends material and on the adhesive
physico-chemical properties, the optimum surface treatment may vary [1,
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Figure 2.1 Summary of the common adhesive bonding process (sec-
ondary bonding) and its alternatives: co-bonding and co-curing.

14]. The parts can finally be bonded using the adhesive as shown in Fig-
ure 2.1. This process is referred to as secondary bonding. In order to re-
duce the number of steps and the manufacturing time, co-bonding and
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co-curing [15] are two alternatives as shown in Figure 2.1. One consid-
ers two composite adherends. In co-bonding, one of the two adherends
is already cured while the other one is a uncured pre-preg. An adhesive
is inserted between the two adherends and is cured simultaneously with
the second composite adherend. In the case of co-curing, the two compos-
ite adherends are uncured pre-pregs and prior to their curing, an adhesive
is inserted inbetween in order to achieve composite curing and bonding
simultaneously. Co-curing and co-bonding require to have matching cur-
ing cycles for the composite and adhesive. Hence, these techniques can
be applied only with a limited number of adhesives. In addition, during
the bonding process, although the surfaces have been carefully treated, ev-
ery joint contains some adhesion defects degrading the mechanical per-
formances of the joint and that cannot be detected upon bonding. Such
defects constitute a major issue because adhesives suffer from low to mod-
erate fracture toughness and cracks can thus easily initiate and propagate
in the joint. Due to their limited fracture toughness, adhesive joints easily
fail under tensile and peel loads. Hence, they must be preferably loaded
under shear. Adhesively bonded joints are also difficult to repair and are ir-
reversible. However, adhesive joints lead to an homogeneous stress trans-
fer across the joint and in lighter structures compared to structures joined
using fasteners. Adhesive joints also offer improved fatigue life and are
suitable to join shock-sensitive surfaces. This leads to an increased demand
from high performance industries to improve adhesive joint performances
and processes to replace mechanical fasteners. Adhesives and mechanical
fasteners have been combined to design strong, reliable joints. According
to Lehman and Hawley [16], combining adhesive bonding and mechani-
cal fastening joint results in enhanced strength. However, it can also lead
to a strength reduction. The company Haviland used this combination in
1949 to introduce windows on the ceil of the airplane [17]. However, this
combination led to three fatal accidents five years later.

Polymer composites can be either produced with a thermoset or a thermo-
plastic matrix. Thermoplastic composites have the advantage of melting
above a certain temperature Ty, allowing to weld them with another mate-
rial. In this case, one refers about thermoplastic welding [3, 5, 6]. The main
limitation is that thermoset composites still represent the largest share of
composites used in structures. Different technologies have been developed
to perform thermoplastic welding (Figure 2.2) such as ultrasonic welding
[18], laser welding [21], friction welding [19], resistance heating [6] or in-
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Figure 2.2 Thermoplastic welding technologies: ultrasonic welding,
laser welding, induction welding, resistance welding and friction weld-
ing. Images taken from [18-20].

duction welding [20]. In any case what matters is the amount of heat pro-
vided to the thermoplastic material in order to melt it without degrading
it. Hence, the achieved temperature is important, but also the applied pres-
sure. Indeed, the pressure must be high enough to induce penetration of
the thermoplastic into the surface roughness to create intimate contact but
must be also low enough to prevent to squeeze out a large amount of ther-
moplastic material. Thermoplastic welding works to bond either two ther-
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moplastic based adherends together or one with another material such as
a metal.

Adhesive bonding is thus an interesting solution for the joining of dissimi-
lar materials when welding is impossible as adhesive joints offer lightweight
and homogeneous stress transfer. However, due to the time- and labour-
intensive process, the low fracture toughness of joints and the high proba-
bility of defects in the bondline, adhesive bonding remains limited in high
performance applications. Section 2.2 deals with solutions to improve the
bonding process while Section 2.3 summarizes investigated toughening
strategies for adhesive joints.

2.2 Co-curing of composite joints

Adhesive bonding refers to three different manufacturing processes: (1)
secondary bonding, (2) co-bonding and (3) co-curing as shown in Figure 2.1.
Co-curing and co-bonding allow to improve the bonding process efficiency
for composite joints by simultaneously bonding composite laminates and
curing at least one of them. Co-curing has already been applied to the join-
ing of composite-composite, composite-metal and composite-sandwich struc-
tures (subsection 2.2.1) [22-26]. As the co-curing of composite laminates
and adhesive results in lower joint fracture toughness, it has been sug-
gested to replace the adhesive by a thermoplastic film (subsection 2.2.2)
having good interactions with the composite matrix (subsection 2.2.3).

2.2.1 Co-curing of composite joints with adhesive

Co-curing of composite pre-pregs and adhesive has already been applied
to the joining of composite-composite, composite-metal and composite-
sandwich structures. The defects coming from the co-curing process, the
dimensional stabilities of the so-produced parts and their mechanical prop-
erties have been investigated. According to Kim et al. [22], the co-curing of
hat-stiffened panels results in high geometric accuracy and improved me-
chanical properties compared to co-bonding and secondary bonding that
leads to the lowest accuracy. Although, in co-cured composite sandwich
structures, a higher level of defects is sometime reported such as increased
level of porosity and poor bonding between the composite facesheets (pre-
pregs) and the sandwich core due to pre-preg resin flowing into the ad-
hesive and the sandwich core [23-25]. Mohan et al. [27, 28] and Brito
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al. [26] compared the mechanical performances of co-cured and secondary
bonded joints. Both reported a lower mode I fracture toughness for co-
cured composite joints than for secondary bonded joints. For co-cured
joints, interfacial failure tends to take place instead of cohesive failure as
in secondary bonded joints, reducing G.. The main origin of this differ-
ence is coming from the presence of voids developing at the adhesive-
composite interface due to the release of free and bound water from the
pre-pregs and the adhesive during the co-curing process. For secondary
bonded joints, the composite laminate being previously cured, the joints
are only affected by free and bound water from the adhesive reducing the
amount of voids. Another consequence of this phenomenon is the lower
glass transition temperature Tg of the adhesive in the co-cured assembly
compared to the secondary bonded composites. Mohan et al. [28] also
reported a decrease of the Mode II and mixed-mode fracture toughness
for co-cured joints. Brito et al. [26] also investigated the influence of hy-
grothermal ageing on the properties of co-cured and secondary bonded
joints. Co-cured joints are less affected by hygrothermal ageing than sec-
ondary bonded joints. In secondary bonded joints, hygrothermal ageing
leads to adhesive failure instead of cohesive failure as the absorbed mois-
ture tends to weaken the fibre-matrix interface. Consequently, the joint
fracture toughness is more negatively affected than in co-cured joints in
which adhesive failure already takes place in un-aged systems. To con-
clude, in addition to increasing process efficiency, co-curing improves the
geometrical accuracy of bonded parts but it also leads to a larger number
of defects such as voids resulting in a lower fracture toughness compared
to secondary bonded joints. For this reason, Quan and co-workers [15, 29—
32] suggested to replace the adhesive by a thermoplastic film for co-cured
joints as introduced in the following subsection 2.2.2.

2.2.2 Co-curing of composite joints with thermoplastic interlayers

Due to the lower G, of the co-cured composite joints, Quan and co-workers
[15, 29-32] suggested to replace the adhesive in co-cured composite joints
by a thermoplastic film, a methodology already suggested to increase com-
posite delamination fracture toughness [33, 34]. In addition, replacing the
adhesive by a thermoplastic film removes the need for selecting only ad-
hesives cured at a temperature similar to the one of the composite. A good
bonding strength between the composite matrix and the thermoplastic can
be achieved if they show a good compatibility [5]. These interactions can
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be of different type and will be further developed in subsection 2.2.3. Com-
pared to adhesives, thermoplastic films have an infinite shelf-life, will not
overflow during the curing process, do not require low storage tempera-
ture and the bonding thickness can be easily controlled. Here is a number
of examples from the literature.

Van Velthem et al. [33] inserted phenoxy and polyethersulfone (PES) films.
They reported an improvement in Gy, of +100% when inserting 40 um thick
phenoxy film and +150% with 80 um thick films while the PES film led to
a decrease in Gp.. It is believed that this difference arises from the better
compatibility between epoxy and phenoxy than between PES and epoxy,
resulting in the complete dissolution of the phenoxy film but not of the PES
film. On the contrary, Cheng et al. [34] reported complete dissolution of
porous PES film with thicknesses ranging from 20 to 100 pm. This leads
to an increase of the mode I and mode II delamination fracture toughness
that depends on the film thickness. An improvement of the interlaminar
shear strength is also reported. Cohesive propagation in the interdiffusion
layer and formation of microcracks due to the presence of PES spheres are
at the origin of the improvement in fracture toughness.

Surface treatments have been applied to TP film to promote adhesion. Us-
ing UV-irradiation, Quan et al. [29] investigated the co-curing of polyether-
etherketone (PEEK) and polyphenylene sulfide (PPS) composites with an
epoxy-based composite. Both the mode I fracture toughness and the lap-
shear strength of the co-cured joints are lower than for the secondary bonded
joints. Without UV-irradiation treatment, no adhesion could be achieved.
This study highlights the importance of a surface treatment at the thermo-
plastic side to achieve bonding using a thermoplastic film.

In later studies, Quan and co-workers [30, 31] investigated the co-curing of
epoxy-based composites with a PEEK or a polyetherimide (PEI) film. The
PEEK film requires a surface treatment while bonding can be achieved with
PEI without any surface treatment. Regarding the co-cured PEI-composite
joints, they are characterized by a lower mode I fracture toughness and a
larger mode II fracture toughness at room temperature compared to sec-
ondary bonded joints while at 130°C, the PEI co-cured composite joints
better perform in both cases than the adhesively bonded joints. During
co-curing, interdiffusion between the epoxy resin and the PEI takes place.
The interdiffusion layer exhibits a nodular morphology with epoxy nod-
ules embedded in PEI Particle debonding and void growth are observed at
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room temperature while at 130°C, the crack tends to propagate at the inter-
face with the carbon fibres where it can be pinned by PEI particles. Under
mode II loading, discontinuous cracks develop ahead of the crack tip in the
PEI film due to the ductility and high failure strength of PEIL. Co-cured lap-
shear joints also exhibit a shear strength larger than the adhesively bonded
systems at both room temperature and 130°C. For all these properties, a
maximum is reported when the PEI film is 200 um thick. Then, for the
PEEK-composite co-cured joints, a higher fracture toughness is reported
in both mode I and in mode II at room temperature and 130°C compared
to the secondary bonded joints. Under mode I, the high fracture tough-
ness results from the cohesive crack propagation in the PEEK film and
large plastic deformations of PEEK. Under mode Il loading, discontinuous
cracks develop as for PEI co-cured joints. Regarding the lap shear strength,
it is equivalent to the one of secondary bonded joints at room temperature
while at 130°C, PEEK co-cured joints perform about 3 times better than sec-
ondary bonded joints. Regarding the fracture toughness, it is maximized
for 250 um thick PEEK films (the thicker tested films) while the thickness
has no influence on the lap-shear strength. Liu et al. [32] inserted PEEK
meshes and a PEEK tape with carbon fibres instead of a plain film result-
ing in a fracture toughness larger than the reference laminate, but lower
than co-cured joints with a plain PEEK films due to either adhesive failure
between the PEEK mesh and the composite or modest PEEK fracture lim-
iting the fracture toughness. The largest fracture toughness was achieved
with the PEEK tape containing carbon fibres. Using the same PEEK tape,
Quan et al. [15] reported improved mode I and mode II fracture toughness
and lap shear-strength compared to secondary bonded joints. Composite
co-cured joints with PEI and PEEK films surpass thus the mechanical per-
formances of secondary bonded joints or adhesively co-cured joints, except
for the mode I fracture toughness of PEI co-cured joints at room tempera-
ture. In addition, all conditions led to higher performances than the refer-
ence laminate (composite without adhesive).

Composite laminates have been co-cured with thermoplastic films not only
to produce co-cured joints but also to generate a thermoplastic layer at the
surface of thermoset composite to perform thermoplastic welding [5, 35—
39] or to improve some surface properties such as erosion resistance [40].
Upon co-curing, two composite-thermoplastic laminates can be welded
together. To meet this objective, several thermoplastics have been used
as surface layers: PEI [35, 36], PEEK [35, 36], poly(methyl methacrylate)
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(PMMA) [37], PPS [36], polyvinylidene fluoride (PVDEF) [36], polyamide 12
(PA12) [37], polypropylene (PP) [39], polysulfone (PSU) [41] and phenoxy
[37]. Zweifel and Brauner [37] reported interphase formation in PMMA-
epoxy and phenoxy-epoxy systems but not in PA12-epoxy systems prior to
welding. Upon welding two composite-thermoplastic laminates together,
the system made of the phenoxy layer is characterized by the highest lap-
shear strength due to high diffusion between epoxy and phenoxy resulting
in cohesive failure instead of interphase failure. The PA12 welds exhibited
a higher lap shear-strength than the PMMA welds even in the absence of
any interphase due to cohesive failure. PMMA welds failed adhesively
although they presented a good weld quality. Regarding PEI, PEEK, PPS
and PVDF, Brauner et al. [36] reported the formation of an interphase only
for the the composite laminates co-cured with a PEI surface layer. Upon
welding of two composite-PEI laminates, a lap-shear strength of 38 MPa is
reached with cohesive failure indicating a strong interphase between PEI
and epoxy. Fernandez Villegas and van Moorleghem [35] welded epoxy
composites with a PEI surface layer to PEEK composites. Upon welding,
the PEl-epoxy interphase is almost unaffected and the joints are charac-
terized by a lap-shear strength about 25 MPa. Replacing the PEI surface
layer by a UV-treated PEEK layer led to similar performances but sponta-
neous peeling has been reported after few months of storage. Rubino et al.
[39] used PP as surface layer material. However, no interphase is reported
in this case but the excellent properties of the welded co-cured joints are
achieved by hot-pressing the PP film with one fibre ply so it partially im-
pregnates the surface ply of the composite laminate. Finally, Erartsin et
al. [40] co-cured a polyester composite with both ABS and PC films for
applications to leading edge protection. Better mechanical properties are
reported when the composite is co-cured with ABS than with PC due to a
better compatibility between the two polymers. In PC-polyester systems
the crack is found to propagate at the interface between the developed
morphological gradient and the composite while in the ABS system, the
crack propagates through the morphological gradient.

The co-curing of thermoset composite joints with thermoplastic films has
already been investigated during the last decade to toughen composites, to
replace adhesives or to enable thermoplastic welding with thermoset com-
posites. The studies [29-31, 33, 35-39] show that good interactions between
the composite resin and thermoplastic layer material can lead to the for-
mation of a strong interface. Although, even in the absence of interactions,
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some strong joints can be manufactured. The following section discusses
the interactions between different thermoplastics and epoxy resins.

2.2.3 Thermoplastic-epoxy interactions

Interactions between thermoplastic and epoxy can be of two different types:
(i) interdiffusion of the polymers resulting in a chemical gradient and (ii)
chemical reactions between functional groups to create, for example, co-
valent bonds. These interactions depend upon many parameters such as
the curing cycle, the molecular weight of the thermoplastic, the viscosity
of the resin, the solvent used to prepare blends and, the hardener. In what
follows, interactions between epoxy and several thermoplastic used in the
present work (see Chapter 3 and 4) will be discussed for blends and some
interphases. The influence of the processing parameters and the mechani-
cal performances of blends and interphases are discussed after introducing
the Hansen solubility parameter, a criterion for polymer compatibility.

Criterion for polymer interactions

The Hansen solubility parameter is often used [42] to determine the com-
patibility of two polymers. One of the two polymers must be a solvent. In
the case of TP-epoxy blends, the uncured epoxy resin can be considered as
the solvent. For each molecule/polymer, one needs three parameters:

¢ 44 :the energy from the dispersion forces (intermolecular forces such
as Van der Waals forces) between the molecules of polymer i.

* b, the energy from dipolar intermolecular forces between molecules
i.

* Jy;: the hydrogen bonds energy of molecules i.

They can be seen as coordinates in a 3D space. The closer the molecules
from each other, the more likely they will interact with each other. The
distance between two molecules A and B is given by

Ro = \/4(‘5»13 —044)* + (6pp — 0pa)* (OB — Ona)?, (2.1)

A second required value is the interaction radius Ry of the molecule being
dissolved (the thermoplastic). This is the radius of a sphere of which the
centre corresponds to the coordinate (¢, OpisOni)- Ro has been computed
for many molecules and can be found in tables. Knowing R, and Ry, the
relative energy difference ratio (RED) can be computed and is given by
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RED = R;/Ry. Two molecules present a high-affinity if it is lower than 1
while if insolubility corresponds to a RED larger than 1. TP-epoxy blends
can thus be processed if the RED ratio is lower than 1. For example, for
epoxy blended with PEI, PSU and PES, the RED value is about 0.8, 0.8 and
0.4, respectively [43].

Epoxy and Polyetherimide (PEI)

Polyetherimide is one of the thermoplastics used to toughen epoxy resins
owing to its high stiffness, strength, toughness and temperature resistance.

0 PEl-epoxy blends

PEI-epoxy blends are characterized by different morphologies mainly de-
pending on the PEI content [12, 44—48]. It is often reported that below 15
wt%, the blends exhibit a sea-island morphology due to a nucleation and
growth mechanism (Figure 2.3a). Above 15 wt%, phase inversion takes
place leading to a nodular morphology (Figure 2.3c). Around 15 wt%, a
co-continuous morphology is observed with regions characterized by the
one or the other morphology (Figure 2.3b). The PEI molecular weight has
also an influence on the observed morphologies. Indeed, Wang et al. [48]
observed ribon-like morphology for blends containing 5 to 20 wt% of PEI
by increasing the PEI molecular weight, as shown in Figure 2.3d.

Figure 2.3 Morphologies of PEl-epoxy blends containing a) 10 wt%, b)
15 wt% and 20 wt% of PEI. d) morphology for a blend containing 10 wt%
of PEI with a higher molecular weight. e) Failure mechanism of low PEI
content blends: deformation of PEI domain bridging the crack and subse-
quent interfacial decohesion. Taken from [48].
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The blend morphology influences the mechanical properties and the fail-
ure mechanisms taking place in the blends. Regarding, the Young’s modu-
lus [44, 45, 47, 48], no influence of the PEI content and of the morphology is
reported. However, a general increase of the yield and the tensile strength
is found when the PEI content is increased with a sharper increase when
phase inversion takes place [44, 45, 47, 48]. Some authors reported a small
decrease of strength at around 15 wt% [12, 44, 48]. It is believed that the
origin of this decrease is due to the large number of weak PEI-epoxy in-
terfaces in these blends exhibiting a sea-island morphology [44]. Indeed,
weak adhesion between PEI and epoxy domains is often reported due to
their different polarity and the lack of interacting functional groups [47].
In addition, increasing the PEI content improves the blend ductility [44,
45,47, 48]. The main investigated property is the fracture toughness of the
blends [12, 44—48]. An increase of fracture toughness is reported as the PEI
content increases with a slight increase for low PEI content and a sudden
increase at the transition between the sea-island and the nodular morphol-
ogy. For example, by increasing the PEI content from 15 to 20 wt%, Kim
and Kim and Harismendy et al. [45] reported a doubling of Gj.. The evolu-
tion of the fracture toughness with the PEI content is related to the failure
mechanisms taking place in the blends depending on the morphology [44,
49, 50]. At low PEI content, fracture is brittle. The slight toughening effect
results from the deformation and bridging of the crack by the PEI domains.
The crack can further propagate due to the decohesion between the epoxy
matrix and the deformed PEI domains as shown in Figure 2.3e. For blends
exhibiting a nodular morphology, ductile tearing of the PEI matrix and de-
cohesion between the epoxy domains and the PEI matrix are reported.

0 PEl-epoxy interphases

The development of PEI-epoxy interphases has also been investigated de-
pending on the curing cycle, curing agent and PEI film thickness. During
the curing, the epoxy resin swells the PEI and both polymers are able to
diffuse in each other, resulting in a chemical gradient and thus in a mor-
phological gradient. The morphological gradient exhibitis generally three
zones [12, 44, 49]: (i) close to the PEI film, a region with a nodular mor-
phology referred to as PEI-rich zone, (ii) a zone exhibiting a co-continuous
morphology, referred to as transition zone and, finally, (iii) a region char-
acterized by a sea-island morphology away from the PEI film referred to
as epoxy-rich zone. These regions are shown in Figure 2.4a and c. The
transition zone is not always observed [12, 49, 51]. Kim and Kim [44] re-
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ported a reduction of the interphase length as the amount of curing agent
is increased as the reaction tends to dominate over the diffusion of the two
polymers. The curing cycle can also have an influence on the interphase
as shown by comparing Figure 2.4a (fast cycle with dwell stage) and Fig-
ure 2.4b (slow cycle).

Figure 2.4 Morphological gradient observed by a)-b) Voleppe et al. for
a fast curing cycle with a dwell stage at 160°C and b) a slow curing cycle
without any dwell stage. ¢) Morphological gradient observed by Teuwen
et al. and d) the associated chemical gradient similar to the one proposed
by Lestriez. Taken from a)-b) [12] and c)-d) [52].

Some authors cure their PEI-epoxy interphase in two steps. The first step
is the dwell stage during which the species diffuse and occurs after in-
creasing the temperature up to a certain temperature Tj,,; and holding
it for a certain time before increasing the temperature up to the final cur-
ing temperature. Zweifel et al. [53] investigated diffusion during the dwell
stage. They found that the diffusion length of the species increases as T,
increases. In addition, they reported Fickian and non-Fickian diffusions
to occur simultaneously. Farooq et al. [51] investigated the influence of
the dwell stage in fully cured epoxy-PEI interphases. The interphase gets
thicker as Ty, increases up to 160 °C. For higher Tj;,,;; the interphase
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thickness starts to decrease. In addition, the duration of the dwell stage,
referred to as the dwell time ¢, also plays a role, leading to a thicker
interphase if the dwell stage finishes at the onset of phase separation than
when ending when 80% of conversion is achieved. In addition, Tj;,,;; and
tawen influence the size of the observed features along the morphological
gradient. As Ty, increases, the size of the epoxy domains in the PEI-
rich zone close to the epoxy-rich zone increases. t;,,; does not influence
the size of these large epoxy domains, but well influences the frequency of
small epoxy domains close to the PEI film.

Teuwen et al. [52] reported concentration profiles upon curing similar to
the profile of Lestriez in the same systems as Farooq et al. [51] (Figure 2.4d).
Voleppe et al. [12] also investigated different curing cycles resulting in
different morphological gradient (Figure 2.4a-b). The PEI and epoxy-rich
zones are also reported when diffusion dominates (Figure 2.4a) but not
if the curing cycle is very low and that curing reaction is favoured (Fig-
ure 2.4b). However, the features observed at the transition between the
epoxy-rich and PEI-rich zone differ from what is commonly found. Indeed,
the transition zone is more tortuous as shown in Figure 2.4a compared to
the classical observation shown in Figure 2.4c.

The failure mechanisms taking place in specimens containing PEI-epoxy
interphases have been recently investigated. Vadugappatty Srinivasan and
Vassilopoulos [54] and Farooq et al. [49] ran crack perpendicular to the in-
terface. Vadugappatty Srinivasan and Vassilopoulos [54] initiated the crack
in the epoxy resin and observed that when approaching the PEI film, the
crack is deflected along the PEI film and does not propagate through it, sig-
nificantly improving the fracture toughness. Farooq et al. [49] investigated
the failure mechanisms of PEl-epoxy stacks cured following several cur-
ing cycles and with PEI films of different thicknesses. For low Tjy,;;, short
cracks were deflected along the interphase before propagating through the
PEI film (Figure 2.5b) while for high T,,.;; and/or long crack, no deflection
was observed, but only propagation through the stacking (Figure 2.5c).
Mactotoughening is found if the remaining PEI layer is thicker than the
PEI plastic zone (62 pm) upon curing. If it is thinner, only microtoughen-
ing due to the presence of large epoxy particle (larger than 3 um) in the
PEI-rich part of the morphological gradient is generated, see Figure 2.5a.
Depending on the investigated system, fracture toughness even larger than
the one of PEI were obtained.
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Figure 2.5 a) Variation of the fracture toughness perpendicular to PEI-
epoxy interphase with the residual PEI film thickness. The shades of red
correspond to different dwell temperatures. b) Deflection of a short crack
in a sample cured at a dwell temperature of 120°C with an initial film of 60
um and c) no deflection for Tj,,.;; equal to 180°C. Taken from [49].

Opposite to these works, Voleppe et al. [12] propagated cracks parallel to
the interface and reported a toughening effect associated with a crack trap-
ping mechanism taking place in the PEl-rich zone of the morphological
gradient shown in Figure 2.4a. The different failure scenarios are shown
in Figure 2.6 with the trapping mechanism corresponding to the scenarios
1, 2 and 3. This mechanism is not well understood but they tentatively
explain that this crack trapping mechanism originates from a softening
(lower yield stress) in the transition zone as shown in Figure 2.6b. In addi-
tion, they reported an interphase fracture toughness dependent upon the
curing cycle with the highest values about 880 ] /m? if the temperature is
increased at a rate of 2°C/min until the dwell stage occurring at 160°C for
90 minutes and if the final curing stage takes place at 180°C for two hours.

Epoxy and Polyamide (PA)

Polyamide is a potential candidate for co-curing owing to its ability to form
covalent bonds with epoxy. PA-epoxy interactions have been investigated
in the context of the development epoxy-nylon adhesives. Most of the
studies focuses on the cure kinetics and the different phases present in PA-
epoxy blends. Blends can be obtained by either dissolving PA and epoxy
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Figure 2.6 a) Failure mechanisms taking place in PEI-epoxy interphases
for cracks running parallel to the PEI film observed by Voleppe et al.[12].
Mechanisms 3 and 4 correspond to the trapping mechanism that is believed
to originate from soft transition zone. b) Variation of yield strength and
fracture toughness along the interphase. Taken from [12].

in an alcohol based solvent or by adding fine polyamide particles in the
epoxy matrix, leading to different results. Wang and Chen [55] and Zong
and Guo [56] both used the dissolution technique to process their blends.
Wang and Chen observed three phases in PA-epoxy blends containing 60
to 100 wt% of PA: a semi-crystalline PA phase, an amorphous epoxy phase
and an amorphous PA-epoxy phase. On the contrary, Zong and Guo did
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not add any curing agent forcing the epoxy pre-polymers to react with the
PA chains and resulting in a single amorphous PA-epoxy phase. Kim et
al. [57] added nylon powder into the epoxy and mixed the blends, all con-
taining 5 wt% of PA6 at different temperatures. Different morphologies
were found depending on the mixing temperature. For low temperatures,
the PA particles and the epoxy resin can well be distinguished from each
other while when mixing takes place at temperatures higher than 215°C,
the interface between the PA particles and the epoxy is less distinguishable
due to the reaction between the primary amine end group and the epox-
ide group. Zong and Guo also reported an additional reaction for blends
containing at least 63 wt% of epoxy as the products of the first mentioned
reaction become the reactants.

The mechanical properties of PA-epoxy blends have been investigated in
the literature [55, 57, 58]. Wang and Chen [55] reported a maximum tensile
strength for blends containing 90 to 95 wt% of PA due to stress-induced
crystallization. However, by performing lap-shear tests, the maximum
shear strength is attained by adding 70 wt% of Nylon into epoxy. Gor-
ton [58] also reported an increase in lap shear strength by adding 15 wt%
of epoxy in PA from 19.7 MPa to 46.7 MPa. Blends containing 5 to 10 wt%
of epoxy are characterized by the highest tensile strength. According to
Gorton this originates from the double effect of the epoxy resin that simul-
taneously plasticizes and crosslinks nylon. Crosslinking tends to increase
the tensile strength while plasticizing tends to decrease the yield strength.
The combination of both leads thus to a maximum. Kim et al. [57] in-
vestigated the influence of the mixing temperature on PA-epoxy blends
containing 5 wt% of Nylon. A maximum fracture toughness was found
for blends mixed at 215 °C, just below the melting temperature of PA re-
sulting from a combination of crack path altering, primary crack bridging,
initiation of secondary cracks and ductile fracture of the nylon phase. In
addition, increasing the mixing temperature promotes the development of
tiny crystal lamellae forcing the crack to proceed as a series of fingers and
not as a straight crack.

Epoxy and Polysulfone (PSU)
Polysulfone has been used as additive in epoxy resins due to its high T
about 190 °C, high strength, good electrical properties and its high resis-
tance to many solvents. Furthermore, adding PSU to epoxy resins proved
to have a toughening effect.
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0 PSU-epoxy blends

Depending on the functional end groups and on the molecular weight of
PSU, different morphologies can be observed. With unreactive PSU, blends
containing less than 15 wt% of PSU exhibit a sea-island morphology with
PSU domains embedded in the epoxy matrix (Figure 2.7a-b) while a nodu-
lar morphology resulting from phase inversion is observed above 20 wt%
of PSU (Figure 2.7d) [59-61]. Around 15 wt%, a co-continuous morphology
with some regions exhibiting the nodular morphology and others the sea-
island morphology is reported (Figure 2.7c). These morphologies are not
always reported. For example, for low molecular weight PSU, Hedrick et
al. [62] only reported a single phase morphology in which PSU and epoxy
cannot be distinguished from each other.

Figure 2.7 Morphologies of PSU-epoxy blends containing a) 5, b) 10 c) 15
and 20 wt% of PSU. Taken from [60].

Regarding the evolution of the glass transition temperature T, with the
PSU content, Martinez et al. [61] reported a decrease of the Ty from 15
wt% of PSU while PSU is characterized by a higher T than the used epoxy
resin. This is believed to be due to the phase inversion taking place for
these blends. This agrees with the results of Min et al. [59] who reported a
decrease in epoxy conversion as the PSU content increases.

Regarding the mechanical properties, due to the high stiffness of PSU, the
Young’s modulus of PSU-epoxy blends is known to not be drastically af-

| 27



2 | State of the art

fected by the increasing amount of PSU and can even be increased [59-
62]. The same accounts for the tensile strength. Increasing the PSU content
improves the blend fracture toughness as already reported for PEI-epoxy
blends due to changes in morphology. At low PSU content, G|, slightly in-
creases with the PSU content and the toughening mechanism is crack path
deflection and crack pinning by the PSU domains that can also plastically
deform [59-62]. However, decohesion between the PSU domains and the
epoxy matrix is reported in the absence of reactive end-groups due to low
interfacial adhesion between the two polymers. Above 15 wt% of PSU,
fracture toughness is significantly improved due to phase inversion as the
matrix now corresponds to the tough PSU in which the epoxy domains
are embedded. Adhesion between epoxy and PSU can be increased by
adding some functional groups, resulting in a significant improvement of
the fracture toughness. As reported by Fu and Sun [63], in that case, the
toughening effect depends on the end-groups with a higher effect being ob-
tained with hydroxyl-terminated PSU (reactive) than chlorine-terminated
PSU (unreactive). Finally, by increasing the molecular weight of PSU, frac-
ture toughness can also be improved [62].

J PSU-epoxy interphases

Min and Kim [60] inserted a PSU (no reactive end groups) film in an epoxy
resin prior to curing. Upon curing, a morphological gradient forms as
shown in Figure 2.8, similar to the one observed for PEIl-epoxy interphases.
Close to the PSU film, a 240 um thick PSU-rich zone exhibits the nodular
morphology (Figure 2.8b-c) while away from the film, the sea-island mor-
phology corresponds to a 260 um thick epoxy-rich zone (Figure 2.8e). This
originates from the the interdiffusion of the two polymers, leading to a
chemical gradient. In addition, a clear boundary region shows up between
the two zones which does not exhibit a co-continuous morphology due to
the steep chemical gradient (Figure 2.8d).

Epoxy and Polyethersulfone (PES)

PES is another thermoplastic used as epoxy resin toughener.
0 PES-epoxy blends

As for PEI and PSU, the curing cycle, the PES molecular weight or the end-
groups influence the observed morphologies and the mechanical proper-
ties of PES-epoxy blends. At low PES contents [64-66], a sea-island mor-
phology can be observed. Increasing the PES molecular weight increases
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Figure 2.8 Morphological gradient of PSU-epoxy interphase: a) whole in-
terphase, b) PSU-rich zone close to PSU film, ¢) PSU-rich zone with nodular
morphology, d) boundary region between the PSU and epoxy rich zones
and d) epoxy-rich zone. Taken from [60].

the PES nodules size. The curing cycle is also reported to have an influence
[66]. It is often reported that the observed nodules are mainly made of PES
but also of crosslinked epoxy resin as they cannot be dissolved due to the
reaction of the hydroxyl end-groups of PES with the epoxy [64]. At larger
PES content, a co-continuous morphology (20 wt% of PSU) or a phase-
inverted morphology (minimum 25 wt% of PSU) are found [67]. The phase
inverted morphology corresponds to epoxy-rich domains embedded in a
continuous PES-rich phase. With some epoxy resins, phase separation does
not occur [64].

Different trends have been observed regarding the mechanical properties
of PES-epoxy blends, depending on the PES reactive functional end groups.
The Young’s modulus is not affected by the addition of PES into the epoxy
resin [64]. Bucknall et al. [64] reported a limited change in fracture tough-
ness by adding PES in epoxy resin. This slight increase is reported to be a
consequence from the deviation of the crack front around the PES-epoxy
nodules. According to Raghava [65], the blend G, is also dependent on the
PES molecular weight with a higher molecular weight leading to a higher
toughness due to the higher ductility of PES. The influence of PES on frac-
ture toughness also depends on the functional end-groups. According to
MacKinnon et al. [63], non-reactive PES leads to an improved toughening
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effect compared to reactive PES. Opposite, Yoon et al. [67] did not report
any difference between reactive and unreactive PES at low PES contents
while at high PES contents, the toughening effect is enhanced for reactive
PES.

0 PES-epoxy interphases

Voleppe et al. [68] inserted a PES chlorine-terminated (unreactive) film
in the RTM6 epoxy resin. The resulting morphological gradient can be
decomposed into two zones: a PES-rich zone exhibiting a phase-inverted
morphology and an epoxy-rich zone exhibiting a sea-island morphology,
as shown in Figure 2.9a. However, this gradient is dependent upon the
curing cycle. Adding a dwell stage at 160°C leads to a longer penetration
front (66 pm). In the absence of this plateau, a fast curing cycle also re-
sults in a longer interdiffusion length (33 versus 3 um). The interphase
resulting from the lowest curing cycle is shown in Figure 2.9b while the
morphological gradient in Figure 2.9a is representative of a fast curing cy-
cle with a dwell stage. As for PEl-epoxy interphases, Voleppe [69] inves-
tigated the failure of the PES-epoxy interphase parallel to the PES film.
Two populations of samples were produced with different Gj. around 270
and 600 J/m?. The brittle population corresponds to a crack propagating
in the epoxy-rich zone or at the interface between the PES and epoxy-rich
zones while the tough population is associated with crack propagation in
the PES-rich zone. The low fracture toughness of samples for which the
crack propagated at the interface between the two zones of the morpho-
logical gradient originates from the low mechanical interlocking between
the two regions and the lack of interactions between PES and epoxy.

Epoxy and polycarbonate (PC)

Polycarbonate is another potential thermoplastic toughener added in epoxy
resins. Studies focused on the interactions between PC and epoxy [70-72],
but not on the mechanical properties of these blends. In many PC-epoxy
blends, a single homogeneous phase is observed and during the curing
of the blend, reaction between epoxy and PC takes place. Don and Bell
[70] and Li et al. [71] reported chain scission during the curing reaction at
150°C resulting from a transesterification reaction between the secondary
hydroxyl groups of the epoxy and the carbonate groups of PC. Opposite
to common results, Lee et al. [72] reported a slightly heterogeneous mor-
phology associated with a rough fracture surface indicating some potential
toughening. Although, compared to other blends, this morphology is al-

30 |



Co-curing of composite joints | 2.2

Figure 2.9 Morphological gradient of PES-epoxy interphase depending
on the curing cycle: a) 90 min at 160°C and 2h at 180°C with a heating rate
of 2°C/min, b) 2h at 180°C with a heating rate of 0.2°C/min. Taken from
[68].

most homogeneous due to the degradation of PC during curing, increasing
its miscibility with the epoxy resin.

Epoxy and poly(methyl methacrylate) (PMMA)
1 PMMA-epoxy blends

Poly(methyl methacrylate) has been incorporated into epoxy resin as tough-
ener. The properties of PMMA-epoxy blends have not been widely inves-
tigated. Studies more focused on the influence of the hardener and, of the
PMMA molecular weight on the observed morphologies. Ritzenthaler et
al. [73] Rastegar et al. [74] reported an influence of the epoxy resin hard-
ener on the morphology. For a given PMMA concentration, depending on
the hardener, a sea-island, a co-continuous morphology or a nodular mor-
phology can be observed. Olmos et al. [75] investigated the influence of
the PMMA molecular weight on the observed morphology. Increasing the
PMMA molecular weight results in a change in morphology going from a
sea-island morphology 34 kg/mol) to a phase-inverted morphology (360
kg/mol). Increasing the molecular weight from 34 to 76 kg/mol results in
an increase of the size of the PMMA rich domains dispersed in the epoxy
matrix. In addition, PMMA domains debond from the epoxy resin indi-
cating low interfacial adhesion in agreement with the results of Rudresh
and Mahorti [76]. In addition, Rudresh and Mahorti reported a sea-island
morphology for blends containing at least 6 wt% of PMMA while lower
PMMA content blends only involve a rough surface. In addition, the frac-
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ture toughness increases with the PMMA content from 0 to 6 wt% owing
to shear deformation preventing crack propagation. Above 6 wt%, particle
debonding can take place and as the number of PMMA domains increases,
the fracture toughness slightly decreases due to particle debonding. Fi-
nally, the modulus and flexural strength decrease as the PMMA content
increases in agreement with the results of Galante et al. However, Galante
etal. [77] reported a co-continuous morphology for blends containing both
3 and 7 wt% of PMMA (hardener = MHTPA). The hardener seems thus to
have a strong influence on the observed morphologies of PMMA-epoxy
blends.

0 PMMA-epoxy interphases

Zweifel et al. [37] investigated the formation of an interphase in PMMA-
epoxy systems containing a PMMA film. They reported the formation
of such interphase with a PMMA-rich region exhibiting a phase-inverted
morphology as shown in Figure 2.10. This interphase has a thickness about
20 pm.

Figure 2.10 Interphase observed at the interface between a PMMA film
and glass fibre reinforced composite with an epoxy matrix. Image from
[37].

Other thermoplastics

The interactions of epoxy with several thermoplastics have been discussed
in the former subsections. However, this is not a comprehensive list and in-
teractions are possible with other thermoplastics, but which are not used in
Chapter 4 as potential interlayer materials allowing the manufacturing of
co-cured composite joints. Epoxy has been reported to have a good com-
patibility with phenoxy [33], poly(phenylene oxide) (PPO) poly(ethylene
oxide) (PEO), poly(vinylpyrrolidone) (PVP), PEEK, polystyrene (PS) or poly-
imide (PI) [5, 78].
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2.3 Toughening of adhesive joints and of other assemblies

One of the main disadvantage of adhesive bonding is the inherent presence
of flaws. These defects originate from the manufacturing process (kissing
bonds due to contamination, voids) or appear during the service-life due
to the mechanical loading or due to the exposure to the environment (sol-
vents, thermal changes, UV, ...). In order to avoid joint failure, the crack
propagation resistance, and thus the fracture toughness, is an important
properties of adhesives. However, most structural adhesives used today in
the industry are made of thermosets which are strong and stiff but brittle.
Consequently, increasing the joint fracture toughness has been a topic of
particular interest for the last decades. Two main strategies can be consid-
ered: (i) the chemical modification of the adhesive and (ii) the development
of extrinsic toughening mechanisms. The chemical modification strategy
is first briefly introduced. As the goal of the present work is to increase
the joint fracture toughness by investigating different extrinsic toughen-
ing strategies, strategies and designs already suggested in the literature
are presented, as summarized in Figure 2.11. Finally, strategies to improve
other joint properties such as the shear strength are briefly summarized.

2.3.1 The toughness of adhesive joints

The adhesive joint fracture toughness is dictated by the competition or co-
operation between several mechanisms taking place during crack prop-
agation. Each adhesive is characterized by a cohesive energy Gy which
corresponds to pure mode I crack propagation in the neat adhesive and in
absence of any extra toughening mechanisms. For adhesives which do not
contain a secondary phase, this corresponds to the fracture toughness of
very thin joints. When toughening mechanisms take place, the total frac-
ture toughness is the sum of Gy with other contributions:

G = Go + TP  Tdeflection | pbridging | (2.2)

with T? the energy dissipated by plastic deformation, T%//cton additional
energy dissipated by mode II crack propagation when a crack is deflected
and T?81"8 the contribution of crack bridging. Other contributions are
possible, as explained in the next subsections.

In addition, if the failure is cohesive, Gy is the one of the adhesive while if
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Figure 2.11 Summary of the strategies available to toughen adhesive
joints. Images taken from [13, 79-84].
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adhesive failure takes place, it corresponds to the resistance of the interface
between the adhesive and the adherend. In order to produce tough joints,
cohesive failure must be favoured requiring a good adhesion between the
adhesive and the adherends.

Modelling joints toughness

Joint fracture toughness can be predicted using finite element models. Sev-
eral techniques exist to consider crack propagation such as the virtual crack
closure technique or cohesive elements [85]. Some models allow to deter-
mine the contribution of different mechanisms. For example, this is the
case using a cohesive law of energy Go embedded in an elastoplastic mate-
rial to determine I'” [13]. To consider bridging, multilinear cohesive laws
are often used. In what follows, cohesive zone modelling and the maxi-
mum principal stress criterion are introduced.

Cohesive zone modelling (CZM) Cohesive elements are interface ele-
ments [86]. In general, the cohesive law is characterized by an elastic part,
with a stiffness K, until the traction reaches a critical value o.. This part
is followed by a softening regime which represents intense damage accu-
mulation. The traction vanishes when the displacement reaches a critical
value ;. The area under the curve is the cohesive energy I'.. The cohe-
sive elements can either represent the whole bondline or two crack faces
initially bonded together. In the first case, the cohesive parameters change
with bondline thickness while in the second case, they are kept constant
and I': = Gy and the joint behaviour depends on the surrounding materi-
als. For example, if the cohesive law is embedded in an elastoplastic mate-
rial, it is possible to predict the influence of the adhesive thickness on the
joint fracture toughness [13]. The cohesive law can follow different shapes:
trapezoidal, linear, exponential ... For brittle elastic adhesives, the shape
does not influence the response. For ductile, plastically deforming adhe-
sives the cohesive law may have an influence and a trapezoidal law must
be preferred [87-90]. However, the trapezoidal law often results in more
convergence issues than linear and exponential laws. Crack path predic-
tion based on cohesive zone modelling suffers from mesh dependency in
the sense that the crack path is determined by the position of the cohesive
elements and the mesh topology (structured VS unstructured).

Maximum principal stress criterion (MPS) In this kind of model a crack
propagates when the maximum principal stress ahead of the crack tip reaches
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a critical value o at a critical distance X from the crack tip. This criterion
does not suffer from mesh dependency as long as the mesh is sufficiently
refined. Hence, joint fracture toughness can be predicted, but also the crack
propagation direction. Such criterion has not been extensively used in ad-
hesive joints but well in metals [91]. However, Martiny et al. [92] showed
that for some adhesives, cohesive zone models fail to accurately predict the
influence of adhesive thickness on the joint fracture toughness. Indeed, the
MPS criterion better captures the high level of constraint and of triaxiality
ahead of the crack tip in thin bondlines resulting in a more accurate pre-
diction.

2.3.2 Toughening through blending

The joint fracture toughness can be improved by modifying the adhesive
response through the chemical modification of its formulation. Four types
of second constituents can be added: rubber, thermoplastic, inorganic filler
or organic filler [10].

Toughening by the addition of liquid-rubber or rubber particles is a well
known strategy [10, 93]. When liquid-rubber is added to the adhesive, de-
pending on the rubber concentration and the processing conditions, differ-
ent morphologies, as observed in thermoplastic-epoxy blends, are found:
sea-island, co-continuous and phase-inverted morphology. However, the
addition of rubber into the adhesive results in a decrease of thermal re-
sistance (lower Tg) and of strength and stiffness. Hence, it is preferred to
introduce low amounts of rubber to achieve a sea-island morphology with
spherical rubber domains embedded in the adhesive. A similar morphol-
ogy is achieved when introducing rubber particles. Adhesive toughening
results from the cavitation due to the debonding between the rubber par-
ticles and the adhesive that results in microvoids shielding the stress field
ahead of the crack tip.

An alternative to rubber is the use of a thermoplastic phase that has good
interactions with the adhesive material (see subsection 2.2.3 for epoxy ad-
hesives) [10]. The advantage of the addition of thermoplastics such as PEI,
PES or PSU is their high T, stiffness and strength compared to rubber [78].
Opposite to rubber-modified adhesives, in this case, large amount of ther-
moplastics are added in order to obtain a co-continuous morphology or a
phase-inverted morphology as these morphologies are associated with a
large improvement in fracture toughness compared to the sea-island mor-
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phology obtained with low amounts of thermoplastic. Depending on the
added thermoplastics, different toughening mechanisms take place: crack
pinning, micro cracking or plastic deformation of the thermoplastic phase.
Thermoplastics can also be inserted in the form of filaments and short fi-
bres such as kevlar short-fibres or PEEK fibres [9].

Inorganic rigid particles such as silica particles can also be added into ad-
hesive but are less effective than rubber to toughen adhesives. However,
the stiffness is improved, curing shrinkage is reduced and they have a lim-
ited effect on the Tg. Kinloch and Taylor [9] also added mica that proved to
be efficient for adhesive toughening with crack deflection being the main
toughening mechanism.

As organic fillers, carbon nanotubes and graphene derivatives have been
widely incorporated into adhesives. They not only provide a toughening
effect but also other functional properties such as improvement in thermal
and electrical conductivity, their sensing capability to detect some defects.

2.3.3 Enhanced plastic dissipation

The first strategy to improve the fracture toughness of the joint is by en-
hancing plastic dissipation. Indeed, the higher the energy dissipated by
plastic deformation, the larger the fracture toughness [94]. In bulk ma-
terials, the dissipated energy due to plasticity depends on the cohesive
strength ¢, and on the plastic response of the material (yield stress oy and
strain-hardening behaviour). There is a threshold ¢, /oy ratio above which
significant plasticity yielding takes place [94]. For a material exhibiting a
strain-hardening-law modelled using a power-law given by

1/n
_% (o
e= 7 ((70) (2.3)

with € being the strain corresponding to the stress ¢, E the Young’s mod-
ulus and #n the strain-hardening exponent. An improvement in Gy, takes
place when o, /0y is typically above 3 if n = 0.1 as shown in Figure 2.12a.
For a perfectly plastic material (n = 0), this threshold ratio is decreased and
if the strain-hardening exponent is increased, this threshold ratio is higher.
In addition, there exists a 0./0y ratio above which the toughening effect
is infinite and the crack tip blunts indefinitely. For hardening exponent
equal to 0, 0.1 and 0.2, this upper ratio is about 3, 3.75 and larger than 5,
respectively. The larger the o, /0y ratio, the longer the crack advance over
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which the R-effect takes place. When, an elastoplastic material is bonded
to a perfectly elastic material as shown in Figure 2.12b, the fracture tough-
ness of the interface for a given o, /0y is enhanced by increasing the elastic
mismatch between the two materials with the elastoplastic one being the
less rigid [95]. If now the elastoplastic material corresponds to a single
layer of thickness t between two elastic solids (Figure 2.12c), the interface
fracture toughness depends on the elastic mismatch, on 0./ 0p and the ratio
between t and the plastic zone size Ry, t/Rq [95, 96].

Figure 2.12 Evolution of the steady-state toughness with the cohesive
strength ratio 0./ 0p for three situations: a) in an elastoplastic material, b) at
the interface between an elastoplastic and an elastic material, c) an elasto-
plastic layer between two elastic materials. Adapted from [94-96].

In adhesive joints, the thickness t of the adhesive layer also influences the
joint fracture toughness as explained here-below. Another option to in-
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crease an assembly fracture toughness, is to add a softer layer in the as-
sembly in which plastic dissipation can take place [79, 97]. This strategy
will be introduced after the thickness effect in adhesive joints.

Influence of adhesive thickness

The influence of the thickness on the joint toughness is a well known effect
in adhesive joints [13, 92, 93, 98-100]. The following lines are very much in-
spired from [101]. In general, the toughness increases with thickness until
reaching a maximum at a thickness t* corresponding approximately to the
plane stress plastic zone size of the bulk adhesive equal to 2G;.E,/ (7103,)
where E; and 0y, are the adhesive Young’s modulus and yield strength, re-
spectively [13, 99, 102]. With increasing thickness, the degree of constraint
in the bondline decreases, and the plastic zone can expand. Not only plas-
tic dissipation explain the changes in fracture toughness. Indeed, for thin
adhesive layers, the high degree of contraint leads to a high triaxial stress
state ahead of the crack tip [103], which may lead to a change in failure
mechanism [93, 98]. With increasing ¢, the plastic zone can spread over
a larger volume and more energy can be dissipated by plastic deforma-
tion. For large thickness, two different behaviors are reported. In some
adhesive systems, once the maximum Gy, is reached at t = t*, the fracture
toughness does not vary anymore with ¢, corresponding to adhesive A in
Figure 2.13a [13, 104]. However, in other systems, after the optimum thick-
ness has been attained, Gj. decreases (adhesive B in Figure 2.13a) [13, 99,
102]. Martiny et al. [13] investigated the different contributions to plastic
dissipation. They observed three main contributions: (A) plastic dissipa-
tion around the crack tip due to crack-tip stress field, (B) reverse plastic
loading due to unloading before the crack tip and (C) plastic dissipation
due to shear stresses developing close to the interface with the adherends.
The evolution of these contributions are shown in Figure 2.13b. The en-
ergy dissipated by contribution A increases with thickness until reaching
a plateau. The contribution of phenomenon B is negligible. Regarding the
contribution of C, it first increases with thickness upon reaching a peak and
decreases then to zero. This leads to the peak followed by a decrease and
finally a plateau.

Addition of a dissipative layer

In order the improve the interfacial fracture toughess of some assemblies,
it has been suggested by Bertholet et al. [97] and Dépinoy et al. [79] to
introduce a soft elastoplastic interlayer. Bertholet et al. [97] pursued the
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Figure 2.13 a) Influence of the adhesive thickness on the joint fracture
toughness with two types of adhesives A and B. b) Evolution of each con-
tribution to the fracture toughness of the joint: crack tip stress-field (A),
unloading (B) and shear stresses at interface (C). Images taken from [13,
101].

objective of increasing the toughness of bonded wafers made of a SiO,
layer deposited on a Silicon substrate. Between the two layers they in-
serted a ductile alumina layer resulting in a Si-Aly03-5i0, / SiO,-Al»03-Si
multilayer. Dépinoy et al. [79] investigated a system similar to the one
tested in the thesis of F. Strepenne [105] consisting of an elastoplastic mate-
rial deposited on a stiff elastic substrate and bonded to the other substrate
using an adhesive, softer than the deposited layer. The two configurations
are shown in Figure 2.14a-b. These authors investigated the influence of
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the thickness of the two layers and their relative properties.

Figure 2.14 Configurations with a dissipative interlayer investigated by
a) Bertholet et al. [97] and b) Depinoy et al. [79]. c) Influence of hy,,; and
hso st in Bertholet et al. [97] and d) influence of iy, in Depinoy et al. [79].

The two systems can be generalized to a case of a four-layer material with
the two external layers being the stiff elastic adherends and in between
these two adherends, there is a hard elastoplastic layer of a thickness hy,;,4
and a soft/ductile interlayer of thickness h,s;. The crack propagates at the
interface between the hard layer and the bonded adherend. Bertholet et
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al. reported an optimum thickness hy,,; below which the plastic dissipa-
tion in the hard layer increases with the thickness and above which, the
plastic dissipation in the interlayer decreases due to less interactions of the
crack tip stress field with the interlayer (Figure 2.14c). Depinoy et al. [79]
reported a similar behaviour in the presence of an purely elastic interlayer.
However, if the interlayer has an elastoplastic behaviour a decrease in Gj.
as hy,yy increases (Figure 2.14d) is found. In all cases, increasing h, ft Te-
sults in a increase in Gj.

Depinoy et al. [79] also investigated the mechanism leading to this tough-
ening effect. Depending on the presence or not of the interlayer and on
the mechanical response of the interlayer material, plastic dissipation takes
place at different places. In the absence of any interlayer, similar zones as
those observed by Martiny et al. [13] are reported. If an elastic interlayer
is added, plastic dissipation takes place ahead of the crack tip due to crack
stress field, at the interface with the interlayer behind and in front of the
crack tip and at the interface with the adherend behind the crack tip. If an
elastoplastic interlayer is introduced, plastic dissipation takes place in both
layers and is the highest at the interface between them. It is important to
note that these studies did not consider the fracture toughness of the hard
layer and the interlayer. If one of these two layers is weaker than the in-
terface, the crack could be deflected in this layer reducing the toughness of
the assembly.

This could be extended to adhesive joints as shown in Figure 2.14e and f
by inserting a soft interlayer either close to the adherends or at the middle
of the joint [11]. This is investigated in chapter 7.

2.3.4 Crack deflection

Crack deflection is another mechanism that can enhance the fracture tough-
ness of adhesive joints [11]. One considers crack propagation in the middle
of an adhesive joint propagating under pure mode I. If the crack encoun-
ters an obstacle through which it cannot propagate, it will be deflected. If
one consider the geometry in Figure 2.15a, behind the obstacle, the crack
propagates in the adhesive under pure mode I while when approaching
it is deflected following the boundaries of the obstacles. Although, pure
mode I is applied to the joint, locally some mode mixity (mode I/1II) ap-
pears depending on the slope of the edges of the obstacle as shown in
Figure 2.15a. If the obstacle edge is perfectly perpendicular to the crack
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propagation path, pure mode II applies. It is well known that the most
critical mode is the mode I and that mode mixity generally enhances the
apparent fracture toughness when a crack propagates along an interface.
This can be applied at the micro and macroscale.

Figure 2.15 a) Schematic picture of the deflection toughening mechanism
driven by forced crack deflection to favour mode II, depending on the ar-
chitecture of the adherends. b) Sinusoidal interface of Cordisco et al. [106]
and Zavattieri et al. [107] with the locus of stable and unstable crack propa-
gation. c) Failure mechanism taking place in the square-waved interface of
Maloney and Fleck [80, 108] with horizontal interfaces loaded under mode
I failing first and then the vertical edges loaded under mode II.

At the macroscale, Zavattieri et al. [107] and Cordisco et al. [106] designed
sinusoidal interfaces to benefit from the toughening effect induced by crack
deflection. Compared to a flat specimen, the crack surface area is increased
with a patterned specimen for a given horizontal crack propagation length.
This increases in surface area cannot solely explain the toughening effect
which also comes from the local mode-mixity at the crack tip due to crack
deflection along the interface. The increase in surface area and the mode-
mixity depends on the geometrical parameters: the wavelength amplitude
A and the period A. The larger the A/A ratio, the higher the toughening
effect. In addition, it does not only affect the maximum propagation tough-
ness reached in the specimens, but also the initiation fracture toughness in
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a similar way. During crack propagation, stable and unstable crack propa-
gation events take place. These are shown in Figure 2.15b and depend on
the relative crack tip position (x) with respect to A. One considers a crack
located in a valley. It will propagate in a stable way until reaching an adi-
mensionnal distance x/A = 1/6 before unstable crack propagation takes
place until the crack reaches the following peak (x/A = 1/2) as shown in
Figure 2.15b. The crack then again propagates in a stable way over a dis-
tance equal to x/A = 1/6 before being unstable until reaching the follow-
ing valley. Following a similar idea, Maloney and Fleck [80, 108] designed
square-waved adhesive joints. In this case, the adhesive is subjected to
pure mode I at the top and bottom interfaces of the square while mode II
loading is applied along the vertical edges. By increasing the amplitude
of the squares (length of vertical edges), the energy dissipated in DCB and
tensile butt joints is enhanced, indicating an improvement of the effective
fracture toughness of the joint. As shown in Figure 2.15¢, debonding first
takes place at the corners and then propagates leading to the failure of the
mode I loaded zones. Subsequently, failure is initiated along the edges
loaded under mode II until final failure of opposing faces.

Patterning the interface at the microscale has also been investigated. Sur-
face roughness can induce some mechanical interlocking resulting in a
toughening effect for interfacial cracks [109-113]. Hence, the performance
of adhesive joints with various surface treatments such as grid blasting
and sandblasting have been compared. For each adhesive, there exists an
optimum surface roughness depending on its mechanical properties and
physico-chemical properties such as viscosity. More recently, researchers
patterned interfaces using other techniques such as lithography (on the
substrates [114, 115] or to manufacture a mold for composite adherends
[116-118]). Matsuzaki and co-workers [116-118], Reedy [119], Hamilton
et al. [115] all designed square-waved interfaces. Suzuki et al. [116] and
Reedy [119] both reported an increase in apparent fracture toughness as
the interface area increases. This corresponds for example to deeper chan-
nels or to an increase of the aspect ratio. However, Suzuki et al. [116]
observed that for channels deeper than 40 um and for a given aspect ratio,
the fracture toughness was not longer affected. As observed by Maloney
and Fleck [80] the horizontal edges are subjected to mode I and first fail
while the vertices are loaded under mode II, improving the apparent frac-
ture toughness. Kim et al. [114] and Yukimoto et al. [117] also observed
an improvement in mode II fracture toughness using patterned adherends
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while Hamilton et al. [115] reported an improved lap-shear strength.

2.3.5 Crack tip blunting

Crack tip blunting is known to enhance the apparent fracture toughness.
Considering a single edge notch tensile specimen with a crack of radius p,
the tensile stress acting ahead of the crack tip at a distance x is given by

_ o a4 14p/x
Tw =\ oy (14 p/2x)3/2 @4)

where 0 is the remote tensile stress and a the crack length [120]. As the
crack tip radius increases, the stress at a distance x decreases, reducing
the crack tip driving force. Consequently, blunting leads to toughening of
the material. However, this is only true if the crack tip radius is above a
certain critical radius p. ~ K%C /Eop = Gp./0p. Adhesives being brittle, the
critical radius is rather limited. Adhesive joints can thus be toughened by
introducing an architecture allowing for crack tip blunting. Following this
idea, Heide-Jorgensen and Budzik [121, 122] and Maloney and Fleck [123]
inserted holes in the adhesive bondline.

Heide-Jorgensen and Budzik [121, 122] investigated the influence of the
void length and the spacing between the voids with respect to the pro-
cess zone length [, equal to the inverse of the elastic foundation number
Aw (see subsection 6.7.1 and section 8.5). If the spacing between the stop
holes is too short, the process zone length expands over several bonded
and unbonded regions resulting in a weakening effect as shown in Fig-
ure 2.16b. At the opposite, if the bonded region is long enough (~ 1),
the process zone will expand over a distance encompassing maximum one
void and an oscillatory behaviour is observed with improved overall frac-
ture toughness compared to the previous case (Figure 2.16a). A bonded
length ranging from [, to 1.5/, seems to be sufficient.

Regarding the length of the voids, two behaviours can be observed. For
small holes (Figure 2.16c), as the crack starts to propagate, a slight R-effect
is observed. However, when the crack tip is located at a distance equal to
I, from the stop hole, the fracture toughness decreases and unstable crack
propagation takes place. The crack is then trapped by the stop hole and
must be reinitiated. The shorter the void, the smoother the process (less un-
stability). However, the reinitiation fracture toughness does not exceed the
joint fracture toughness in the absence of void. As shown in Figure 2.16d,
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Figure 2.16 Load displacement curves for bondlines containing a) 20 mm
long bonded zones followed by 10 mm long voids b) 3 mm long bonded
and unbonded zones. R-curves in presence of c) 0.14/, long void and d)
1.82], long void. e) R-curve of a 4 mm thick adhesive joint with holes of a
diameter of 4mm and spaced by 32 mm. Images taken from [121, 122] a) to
d)) and [123] (e).
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for larger void (length > 0.451,), the R-effect is more pronounced as the
crack starts to propagate. Then, unstable crack propagation takes place at
a distance about [, from the void as for short voids. However, opposite to
short voids, a critical state (02G;/d%a > 0) is attained at a distance rang-
ing between 0.5/, and [, from the void indicating a snap-down behaviour
due to the reduced load bearing capacity of the adhesive. The crack is then
trapped by the stop hole and must be reinitiated. In this case, a toughening
effect is generated compared to the classical joint. They concluded that a
maximum toughening effect is obtained if the void has a length of at least
21y,

Within the same idea, Maloney and Fleck [123] investigated the influence
of the hole radius versus the adhesive thickness (r/t), the spacing between
two consecutive holes and the influence of the adhesive thickness. They
reported no influence of the stop hole radius and the adhesive thickness
(1 and 4 mm) and no significant influence of the spacing between the stop
holes.

Comparing both studies, the spacings investigated by Maloney and Fleck
[123] ranged between 0.5 to 1.6l for the 4 mm thick bondline and between
0.8 and 2.3 I, for the 1 mm thick bondline. This agrees with the recom-
mendations of Heide-Jorgensen and Budzik [121] regarding the bonded
length. In addition, a similar failure mechanism is reported with a con-
stant toughness away from the void that decreases when approaching it.
Once trapped by the void, crack blunting results in a toughening effect
but after reinitiation unstable crack propagation is directly reported until
the crack tip reaches the next stop hole while Heide-Jorgensen and Budzik
reported a more stable behaviour due to a less pronounced toughening ef-
fect, observed by comparing Figure 2.16a to Figure 2.16e. Heide-Jorgensen
and Budzik used compliant PMMA adherends while Maloney and Fleck
used stiff aluminium adherends. The modulus mismatch between the ad-
herends and adhesive and the bending stiffness of the adherends could be
at the origin of this difference, but this has not been investigated yet.

2.3.6 Crack bridging

Crack bridging is a well known toughening mechanism [11]. Upon crack
propagation, bridging takes place behind the crack tip. To further propa-
gate the crack, additional energy must be provided to the systems in order
to deform and break the bridging material. Hence, the total fracture tough-
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ness can be written as
oint .y
G = Gy, + TBridging, (2.5)

with G{, being the fracture toughness of the joint in the absence of bridging
and TBrging the contribution of the deformation of the bridging material.
One considers a DCB with one bridging ligament behind the crack tip and
at a distance L, from the crack tip. The force carried by the bridging liga-
ment Fj, depends on the beam deflection at the position L, and thus on the
crack length and the applied force. The bending moment applied to the
crack tip if My,jqy = —Pa + FyLp. If no bridging ligament is considered,
the bending moment is equal to M, = —Pa. The crack driving force is
equal to G; = M?/WEI. Crack propagation takes place when G; = Gy,
meaning that the bending moment must be equal to a critical value M,.
As for a given load P, |[My,s| < |M,|, P leading to failure is higher in the
presence of a bridging ligament. The total fracture toughness being given
Glot = P242 /WEI, bridging results in a larger fracture toughness. Several
strategies exist to trigger this phenomenon. A summary of the investigated
strategies to induce bridging are shown in Figure 2.17.

In composites, crack bridging is triggered to improve the delamination re-
sistance. For this purpose, fibres plies can be stitched together, thickness
reinforcements called Z-pins are sometimes inserted or thermoplastic veils
can be added at the mid-plane. Stitching leads to ply bridging behind the
crack tip allowing for composite toughening. This toughening effect de-
pends on the stitching pattern and the stitching density [125, 126]. Another
alternative is to insert Z-pins which are reinforcements inserted through
the thickness of the composite [127, 128]. Hoffmann and Scharr [128] inves-
tigated the influence of the amount of Z-pins and the shape of the Z-pins
on the fracture toughness. By increasing the Z-pin volume content up to
2%, they improved the fracture toughness by a factor 42 for unidirectional
laminates and a factor 13 for quasi-isotropic laminates for rectangular Z-
pins. If circular pins are inserted, G, is only increased by a factor 38 and
7. By changing the geometry, the contact area between the matrix and the
Z-pins changes and is the highest with rectangular pins which can partly
explain the higher fracture toughness as friction applies over a larger area.
Cartié et al. [127] also reported a higher fracture toughness with increasing
the frictional area between the matrix and the Z-pins as the main failure
mechanisms are Z-pin debonding and pull-out under mode I loading. Un-
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Figure 2.17 Strategies investigated in the literature to trigger bridging in
composite laminates (stitching, thermoplastic/metallic veils and Z-pins)
and adhesive joints (Z-pins, carriers, changes in adherence). Images taken
from [81, 124, 125].

der mode II loading, transverse shear failure of the pins may occur. It is
important to note that when the spacing between the Z-pins increases, the
bending to shear ratio of the pins increases, modifying the failure modes.
Finally, thermoplastic veils are inserted at the mid-plane of composite lam-
inates to trigger crack bridging [124, 129-131]. Depending on the ther-
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moplastic material, the areal weight and the composite architecture, the
toughening may be more or less important. For example, Quan et al. [124]
showed that the bridging effect is more important in unidirectional (UD)
laminates than in non-crimp fibres and H5-satin laminates. In addition,
they reported a higher toughness by adding PET and PPT veils than with
PA veils in UD composites while in H5-satin laminates, the thermoplastic
material did not influence the results. In addition, by increasing the ther-
moplastic areal weight, the fracture toughness is increased. The solubility
of the thermoplastic material in the composite matrix has also an influence
[129, 131]. Metallic fibres can also be added instead of thermoplastic ones
[130].

Regarding adhesive joints, Z-pins can also be inserted, but other strate-
gies have also been investigated as shown in Figure 2.17. A commercially
used bridging strategy is the addition of a carrier [132]. They are mainly
2D polymer meshes. Following a similar idea, Yudhanto et al. [81], man-
ufactured a 2D mesh but with some waviness through 3D printing. The
waviness is introduced by some weft lines printed on both sides of the
mesh. They did not observed any strong influence of the spacing between
the weft lines. However, an influence of the amount of adhesive present
in the bondline has been found. In saturated joints, the bridging strands
are rather short and they are difficult to form. In unsaturated joints, bridg-
ing strands easily form and are longer, providing additional toughening.
Regarding mode II fracture toughness, unsaturated joints are not char-
acterized by a higher fracture toughness than saturated adhesive joints.
Maloney and Fleck [123] also inserted a 3D copper mesh that proved to
toughen their adhesive joint. Another strategy suggested by Maloney and
Fleck [123] and Tao et al. [83, 133-135] is to locally vary the adherence be-
tween the adhesive and the adherends. The difference between the two
works is shown in Figure 2.17. Maloney and Fleck introduced weak zones
using PTFE films while Tao et al. introduced strong zones by controlling
the laser blasting surface treatment. In both cases, the succession of strong
and weak zones allows for the development of bridging ligaments. In the
case of Maloney and Fleck, crack first propagates along one of the two
interface. When sufficiently close from the weak zone at the opposite in-
terface, a second crack is initiated at the weak point and propagates while
the first one almost stops resulting in a bridging ligament that bridges both
interfaces. In the case of Tao et al., the crack propagates along one inter-
face and when it encounters a strong zone, a second crack starts to prop-
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agates at the opposite weak interface. This also leads to a bridging liga-
ment. However, the baseline fracture toughness corresponds to the one of
the weak zones while in the work of Maloney and Fleck, it corresponds
to the one of the strong zones. Tao et al. [83] numerically investigated
the influence of the ratio between the cohesive strength and between the
toughness of the strong and weak zones on the failure mechanisms. If
the strength and toughness ratios are low, no bridging ligament is created.
If the strength ratio slightly increases and the strong zones toughness re-
mains limited, several bridging ligaments can be triggered. Finally, for
high strength and toughness ratios, a bridging ligament is created but fails
before creating the next one. Both groups also investigated the influence
of the spacing between the strong and weak zones. Maloney and Fleck
reported a higher toughness for short zero-adherence regions and small
spacing between these regions. Tao et al. [134] also reported an improved
toughness if the distance between the strong zones is decreased. Hence,
the low adherence zones must be as short as possible to trigger a maxi-
mum number of bridging ligaments. Lubineau and co-workers [136, 137]
also triggered crack bridging by introducing sacrificial cracks in adhesive
joints

2.3.7 Elastic heterogeneities

Exploiting elastic heterogeneities along the crack path can also lead to some
toughening effect. Kendall [138] and Xia et al. [139] investigated the peel-
ing of strips of varying stiffness. Stiffness variation along the crack patch
can be achieved either by locally changing the adherend Young’s modulus
or the adherend thickness. Both works reported an increase in peel force
when the crack propagates from a compliant region to a stiffer region. As
the crack propagates towards the stiffer material, its velocity decreases and
the peeling force starts to increase resulting in a larger Gj.. This arises from
the fact that a significant proportion of the external work is transferred to
the bending of the stiffer region, decreasing the crack tip driving force. As
the crack further propagates, it is progressively accelerated and the crack
reaches its initial velocity. If the crack propagates from the stiff to the com-
pliant region, it is accelerated when reaching the interface before being de-
celerated. It is thus possible to create a peel strip with alternating stiff and
compliant regions to create several arrest/accelerating events. According
to Kendall, these regions must have a critical length which depends on the
bending stiffness of the stiff and compliant regions. According to Xia et
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al., the longer the heterogeneity with respect to the characteristic length
scale of the bended film, the larger the toughening effect. This is true up
to a certain length above which any increase in length does not further
toughen the joint. This toughening effect does not completely vanish for
small heterogeneities.

Following a similar idea, Luo and Turner [140] designed DCB specimens
with varying bending stiffness along the DCB arms. There exists a mini-
mum length for the stiff inserts to maximize the joint fracture toughness
and this length increases with the beam thickness. Regarding the spacing
between the inserts, there exists a critical spacing above which each stiff
insert behaves independently of the other which corresponds to 1.5 times
the beam thickness. Below this value, at least two consecutive stiff inserts
interact together, further improving the joint stiffness. Following a similar
idea, Morano et al. [82] manufactured channels in their adherends to cre-
ate compliant regions. They investigated the influence of the shape of the
channels, their spacing and their dimensions on the joint fracture tough-
ness. Square channels result in a larger fracture toughness than ellipsoidal
ones. For the squared channels, the fracture toughness is maximized if
their height is equal to 0.65 times the beam thickness, their length to height
ratio 1.25 and if the spacing between the channel is about 0.75 to 1 times
their length. As observed previously, the toughness is higher when the
crack propagates along the stiff regions than along the compliant regions.

2.3.8 Metamaterials as bondline material

The compliance of the bondline affects the stress distribution in the joint.
A compliant bondline results in a broader stress distribution and lower
stresses at the crack tip. Heide-Jorgensen et al. [141] changed the bond-
line compliance by designing pillar interfaces as shown in Figure 2.18a.
They investigated the influence of the aspect ratio of the pillar (height over
length) on the load at failure. The lowest failure load is reported for an as-
pect ratio of 1. Both, decreasing the aspect ratios below 1 and increasing it
above 1 result in a higher failure loads. The bondline compliance follows a
similar parabolic trend with first a decrease as the aspect ratio is increased
up to 1 and then a slight increase of the compliance is reported if the aspect
ratio increases. When the aspect ratio exceeds 1, an increase in aspect ratio
results in a better stress redistribution with more pillars being affected and
for a given load, the first pillars are subjected to lower stresses delaying
failure as shown in Figure 2.18b-c. Pillar interfaces only toughen joints if
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they are aligned parallel to the crack direction, but not perpendicular.

Figure 2.18 Interfaces architected with metamaterials: a) pillar unit cell,
b) triangular unit cell (octet truss in 3D) and c) hexagonal unit cell (Kelvin
unit cell in 3D). Images taken from [84].

Toughening must be activated in all possible crack propagation directions.
Considering this, led to the design of interfaces with metamaterials. Differ-
ent unit cells have been investigated. Athanasiadis et al. [84] and Hedvard
et al. [142] inserted pillar, triangular and hexagonal unit cells in the bond-
line (Figure 2.19). Inserting metamaterials changes the process zone length
depending on the dimensions of the unit cell resulting in a change in the
stress distribution ahead of the crack tip. Depending on the unit cell pat-
tern and its dimensions, different failure modes can be observed. The pil-
lar and triangular unit cells can fail under buckling if the truss of the unit
cells are too slender (low radius of truss over truss length radius) while for
slenderness ratios approximately above 0.01, they fail under tension. The
transition between the two failure modes also depends on the bondline
thickness. Increasing the bondline thickness results in a larger slenderness
ratio for which the transition between the two regimes takes place. In both
cases, the load at failure increases as the slenderness ratio increases when
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failure is dominated by buckling while it decreases in the tensile failure
regime. Regarding the hexagonal unit, only a bending-dominated failure
regime is reported with a decreasing load at failure as the slenderness ra-
tio of the trusses increases. The advantage of introducing metamaterials
is to cover a larger range of elastic process zones compared with classical
adhesive joints by controlling their geometrical dimensions. In addition
metamaterials as bondline materials result in lighter joints compared to
plain adhesive joints.

Figure 2.19 Interfaces architected with metamaterials: a) pillar unit cell,
b) triangular unit cell (octet truss in 3D) and c) hexagonal unit cell (Kelvin
unit cell in 3D). Images taken from [84].

2.3.9 Improving other joint mechanical properties

Fracture toughness is not the only important properties of adhesive joints.
Indeed, adhesive joints are mainly loaded under shear in applications.
Hence, the shear strength and stiffness are also important, but as the frac-
ture toughness, they are influenced by the adhesive thickness. However,
opposite to toughness, the shear strength and stiffness tends to decrease
with the adhesive thickness [143-147]. The shear strength is an effective
shear strength denoted 7/* which depends on adhesive properties, geo-
metrical parameters and adherend properties.

The most investigated configuration is the lap-shear joint in which an ad-
hesive bonds two adherends over a certain length (overlap length). Analyt-
ical models predict an increase of the lap-shear strength with the adhesive
thickness [148]. However, experimentally, a decrease is observed. Some
argue that this arises from the fact that increasing ¢ statistically leads to a
larger number of larger microdefects (e.g. entrapped air) in the bondline
[149]. In addition to increasing the number of defects, t has an influence
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on the stress state in the bondline and stresses tend to localize close to the
joint edges [143, 145, 150, 151] promoting adhesive instead of cohesive fail-
ure. This strength reduction is dependent upon the type of adhesive. Lap-
shear tests have shown that this effect is less marked for ductile adhesives
compared to brittle ones [147]. The stress distribution in lap-shear joint is
shown in Figure 2.20 for a stiff /brittle and a compliant/ductile adhesive.
Stress concentrations are more important for the stiff/brittle adhesive than
for the compliant/ductile adhesive. The main issue is thus stress concen-
tration at joint edges due to geometrical changes and material mismatch.
Load eccentricity is also responsible for stress concentration by develop-
ing peel stresses at the edges. The decrease of strength with ¢ is not only
observed in lap-shear joint, but also in thick adherend shear tests (TAST)
[151] or arcan tests [144]. Several strategies have been investigated to im-
prove the shear strength of joint and are summarized in Figure 2.21 and
explained here-below.

Figure 2.20 Lap-shear configuration with schematic representation of the
shear stress distribution along the overlap is stiff and flexible adhesives
and the general peel stress distribution along the overlap. Image inspired
by [152].

The first strategy is reducing stress concentrations at joint edges [152]. It
has been suggested to introduce spew fillets [153]. Adhesive fillets corre-
spond to additional adhesive at the edges to reduce the geometrical dis-
continuity. The stresses act then over a larger region and are smoothed
resulting in a lower peak stress at the ends of the overlap. The two most
important parameters are the shape of the fillet and the adhesive proper-
ties. Rounded fillets may provide additional strength compared to tapered
fillets. Stress concentrations can also be controlled by varying the shape of
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the adherend corners [153-155]. Instead of having a sharp 90° corner, the
corner is rounded. The important geometrical parameter in this case is the
corner radius. Both strategies have a more beneficial effect on the strength
of joints made of brittle adhesives than with ductile adhesives which are
less sensitive to stress concentrations. A third strategy is to progressively
decrease the adherend stiffness when approaching the joint edges by taper-
ing the adherends [156]. Outside and inside tapers can be designed. The
design of wavy-lap joints [157] has also been investigated to develop com-
pressive stresses at the edges instead of strongly detrimental peel stresses.
However, manufacturing wavy adherends is complex preventing further
development of this strategy. As alternatives to tapered joints, scarf joints
[152] have been designed. In this case, the tapered edges of the two joints
are bonded to each other. The adherends being aligned, the load eccentric-
ity is eliminated preventing the development of peel stresses at the edges
of the overlap. The most important parameter is the scarf angle as it con-
trols the overlap length and the amount of peel and shear stresses in the
joint. Again, the manufacturing complexity limits their use. A last strat-
egy is to design stepped joints which operate in a similar way as the scarf
joints.

The second strategy category is the introduction of a gradient of properties
in the bondline. The first strategy is to design bi-adhesive joints [152, 158].
The initial idea is to get advantage of the strength of stiff /brittle adhesives
and of the development of lower stresses at the edges for ductile adhesives.
Bi-adhesive joints are thus made of a ductile adhesive at their edges and
a stiff /brittle adhesive at their centre. Such joints offer improved thermal
resistance in addition to improved shear strength. However, their manu-
facturing is complex and results in many defects at the junctions between
the two adhesives. Some strategies have been suggested to prevent the use
of several adhesives for example, by introducing stiff particle at the centre
or soft particles at the edges of the joint [159], by progressively changing
the amount of particles added in the adhesive [160] or by changing the
curing parameters by induction heating [161].

The last strategy is similar to the second one, but instead of grading the
adhesive, the properties of the adherends are progressively changed [152].
The idea is to vary the adherend stiffness close to the edges to minimize
the mismatch with the adhesive. For this purpose, a softer zone can be
added close to the overlap edges. For composite adherends, this can be
achieved by adding a polymer layer. Varying the stiffness can also be
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achieved through additive manufacturing. This category also involves ad-
herend tapering.

This is an exhaustive list of the strategies investigated in the literature.
Other strategies have also been investigated such as the introduction of
Z-pins [162] and have been proven to improve the joint shear strength in
addition to the fracture toughness. In addition, adhesive joint can also be
loaded under tension. In butt tensile joints, stress also tends to concen-
trate close to the edges at the interface with the adherends. The tensile
strength improvement did not gain as much interest as the shear strength
improvement. However, Maloney and Fleck [80] showed that their square-
waved interfaces (see subsection 2.3.4) result in the one hand in toughness
improvement and on the other other in a tensile strength improvement.
Interface patterning is also known to improve the lap shear strength if the
adherends interlock each other [115].
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PEl-epoxy interphases and
co-cured composite joints

3.1 Introduction

This introduction covers literature results concerning PEI-epoxy
blends, interphases and co-cured composites joints using a PEI
film, as already presented in section 2.2 with more details.

Carbon fibre reinforced polymer composites (CFRPs) are broadly used in
advanced structures such as in airplanes owing to their high strength and
stiffness to weight ratios. Manufacturing these structures often requires
assembling CFRPs together or with other materials. Primary load carry-
ing structures are frequently joined through mechanical fasteners, altering
the composites structural integrity [1]. Adhesive bonding offers a more
uniform stress distribution and additional weight saving. However, lim-
ited resistance to crack propagation and long sequential bonding processes
constitute two barriers for a more intensive use of this technology [1]. Re-
garding the manufacturing, composite bonding requires the curing of com-
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posite parts prior to bonding with, possibly, some surface treatment steps.
Regarding the toughness, even if adhesives used for high performance ap-
plications such as in aerospace have been intensively toughened by adding
rubber particles, a thermoplastic (TP) phase, and/or short carbon fibres [9,
163] their fracture resistance remains a point of concern.

To tackle these two issues, it has been suggested to use other materials
than epoxies such as adhesives, typically high-performance thermoplastics
such as polyetherimide (PEI), polysulfone (PSU), polyethersulfone (PES),
etc [15, 29-33]. These thermoplastics are inserted in the form of a film either
in the middle of the composite lay-up [15, 29-33] or at the surface [35]. If
it is added at the surface, the composite part can be joined to another com-
posite part or to a metallic part via thermoplastic welding. Integrated man-
ufacturing, also referred to as co-curing and co-bonding, can be achieved
by inserting the TP film at the midplane of the lay-up prior to composite
curing. The use of thermoplastics as bonding material can thus improve
the fracture toughness of joints and reduce work- and time-intensity.

However, the integration of TP requires to create a tough interface between
the composite and the thermoplastic film [5]. For this reason, thermo-
plastics exhibiting good interactions with epoxy have been used such as
PEI, PES, PSU or polyetheretherketone (PEEK). These polymers can cre-
ate a semi-interpenetrating network (semi-IPN) when in contact with the
epoxy, leading to the development of a morphological gradient, and some
functional groups can even react with the epoxide groups as found with
polyamide. The formation of a PEI-epoxy interphase has been extensively
investigated over the last years [44, 51, 53]. Hence, it is well-known that
the curing cycle, the molecular weight of PEI or the resin viscosity can in-
fluence the development of the morphological gradient at the interphase.
Recently, PEI has also been used as a surface layer material in epoxy CFRPs
for ultrasonic welding [35], as a substrate material for the design of sensors
for composites [164, 165] and also as an interlayer for co-curing [15, 29-32].
The addition of PEI results in an increase in fracture toughness compared
to the composite in the absence of any TP film, and even compared to com-
posites bonded with the FM3000 adhesive in some cases. However, the
failure mechanisms taking place when a crack propagates in the interphase
between PEI and epoxy has not been deeply investigated. The mechanics
of PEI-epoxy blends has been more extensively explored.
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An enhancement of the tensile strength, ductility and fracture toughness
(Gjc) is often reported as the PEI content increases. This is associated with
a change of morphology and failure mechanism. Blends containing a low
amount of PEI (typically <15 wt%) exhibit a sea-island morphology. The
failure mechanism is governed by the brittle epoxy matrix and decohesion
between the continuous epoxy phase and PEI domains takes place. Blends
containing a larger amount of PEI (>20 wt%) undergo a phase inversion,
with epoxy domains inside the PEI matrix. Failure occurs by yielding of
the PEI and decohesion between the PEI and epoxy domains resulting in a
significant improvement of the fracture toughness. A co-continuous mor-
phology develops for intermediate concentrations of PEL. Decohesion of
PEI and epoxy domains is often reported due to a difference in polarity
and due to the lack of reacting functional groups [47]. PEI-epoxy blends
have also been used as matrix for composites [166]. In that case, it has been
found that the fracture toughness increases as the PEI content increases,
but not linearly. If the PEI content exceeds 15 wt%, the increase in Gy, of
the composite is not proportional to the increase in Gj. of the matrix. This
arises from the fact that due to phase inversion, the fibres are in contact
with the PEI phase instead of the epoxy phase. Indeed, the interfacial shear
strength decreases when exceeding 15 wt% of PEI, indicating a weakening
of the interface with the fibres when phase inversion takes place.

Regarding the epoxy-PEl interfaces, Kim and Kim [44], Vadugappatty Srini-
vasan and Vassilopoulos [54] and Farooq et al. [49] looked at crack propa-
gation perpendicular to the interface. Kim and Kim [44] initiated the crack
in a PEI-rich zone (nodular morphology) resulting in a high fracture tough-
ness. Vadugappatty Srinivasan and Vassilopoulos [54] initiated the crack
in the epoxy resin and observed that, when approaching the PEI film, the
crack is deflected along the PEI film and does not propagate through it,
significantly improving the fracture toughness. Farooq et al. [49] investi-
gated the failure mechanisms of PEl-epoxy stacks cured following several
curing cycles and with PEI films of different thickness. For low curing tem-
peratures, short cracks were deflected along the interphase before propa-
gating through the PEI film, while for high curing temperatures and/or
long cracks, no deflection occured, only propagation through the stacking.
If the remaining PEI layer is thicker than the PEI plastic zone upon curing,
macrotoughening is reported. If it is thinner, only microtoughening is gen-
erated due to the presence of large epoxy particles in the PEl-rich part of
the morphological gradient. Depending on the investigated system, these
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authors measured fracture toughness values even larger than the one of
PEL Opposite to these studies, Voleppe et al. [12] propagated cracks paral-
lel to the interface and reported a toughening effect associated with a crack
trapping mechanism taking place in the part of the morphological gradi-
ent characterized by a nodular morphology. PEI-epoxy interphases are also
observed in co-cured composites joints and lead to high fracture toughness
competitive with classical aeronautic adhesives [31, 32]. In this case, cracks
are forced to run parallel to the PEI film and fibres lie in the epoxy-rich zone
of the morphological gradient and debond during delamination. Consid-
erable plastic deformation, void growth and particle debonding take place
when the crack propagates and even some cohesive failure in the PEI film.
When performing lap-shear tests, failure occurs at the interface with the
carbon fibres [30]. PEI particles are found on the fibres and act as mechan-
ical lockers, ensuring a high shear strength. Opposite, Kim and Kim [166]
reported a decrease of the interfacial shear strength between carbon fibres
and epoxy matrix containing 15 wt% of PEI and more, preventing the full
development of the toughening effect of PEIL

The goal of the present work is to further understand and mobilize this
crack trapping mechanism, as observed by Voleppe et al. [12], and to
unravel the failure mechanism taking place in PEl-epoxy interfaces. In-
deed, the first experiments conducted by Voleppe et al. [12] suggested
the existence of a soft region (lower yield strength) corresponding to the
co-continuous part of the morphological gradient, which is opposite to
common literature results as increasing the PEI content results in a larger
strength [12, 44, 49, 54]. In order to investigate the failure mechanism,
blends and interface samples are manufactured. The properties of the
blends are determined through compression, nanoindentation and single
edge notch bend (SENB) tests and nanoindentation tests are also performed
along the PEI-epoxy interphase. For the samples containing an interface,
small SENB samples are manufactured to perform tests under a micro-
scope to follow the propagation of the crack along the interface and per-
pendicular to the interface. Finally, co-cured composite joints with PEI
films are manufactured to investigate the failure mechanisms taking place
and the fracture toughness of these joints to determine whether the crack
trapping plays a role in PEI-composite joints or not.
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3.2 Materials and Methods

3.2.1 Materials

The epoxy resin considered in this work is the aeronautic grade epoxy resin
HexFlow RTM6 [167], provided by Hexcel. This highly-crosslinked epoxy
resin is characterized by a glass transition temperature around 220°C upon
curing. The second material is the polyetherimide (PEI) grade Ultem 1000
from Sabic Innovative Plastics, a high-performance thermoplastic. It is
characterized by a molar mass about 50 000 g/mol and a glass transition
temperature of 220°C. In order to manufacture homogeneous blends, PEI
pellets are grinded using a pulverisette 14 machine from Fritsch. For the
composite joints and the samples with an interphase, PEI films with thick-
ness values equal to 50, 175 and 500 pum are used. For the composite sam-
ples, HexForce G0956 carbon fibres plies from Hexcel with an H5-satin ar-
chitecture.

3.2.2 Sample processing

Three different types of samples are processed: (1) homogeneous PEI-epoxy
blends, (2) samples exhibiting a PEI-epoxy interphase and (3) PEI co-cured
composite joints. The processing method varies depending on the type of
sample.

PEl-epoxy blends

Homogeneous PEI-epoxy blends containing 0, 5, 10, 15, 20 and 25 wt% of
PEI are manufactured as follows. First, the PEI powder is dissolved into
dichloromethane at room temperature. The RTM6 resin is added to the
mixture which is stirred until obtaining an optically transparent solution.
Then, the solvent is evaporated at 90°C during 30 minutes before pouring
the mixture into the moulds. Glass tubes with a diameter of 13 mm are
used to process the compression and nanoindentation samples and, rect-
angular aluminium moulds are used to manufacture the SENB samples.
Once in the moulds, the mixture is degassed at 90°C for 30 minutes. The
PEl-epoxy blends are then cured following the C180 curing cycle, shown in
Figure 3.1, as the C160 led to the burning of the samples. The temperature
increases up to 180°C at a rate of 0.5 mm/min and is kept constant for two
hours before cooling down the samples at a rate of 5 mm/min. In practice,
after removing the solvent, the blends containing 20 and 25 wt% of PEI

| 65



3 | PEl-epoxy interphases and co-cured composite joints

were too viscous to be poured into the moulds. Hence, only small sam-
ples could be produced and only nanoindentation tests were performed
for these compositions. The compression samples are 12 mm high cylin-
ders with a radius of 6 mm. The SENB samples are 52.8 mm long, 12 thick
and 6 mm wide. The pre-crack length is about 6 mm.

160

Temperature [°C]

o0

| |[——C160

20 ’ . . . . .

-60 0 60 120 180 240 300 360
Time [min]

Figure 3.1 Curing cycles: the C160 cycle (black) is used to cure the sam-
ples containing a PEI film while the C180 cycle (gray) is used to cure the
PEI-epoxy blends.

Samples with a PEl-epoxy interphase

The specimens with a PEI-epoxy interphase are processed using two-part
aluminum moulds following the process of Voleppe et al. [12]. A 175 pm
film and a 30 um Kapton (Polyimide, PI) film from Dupont are inserted
between the two parts. The Kapton film is inserted to create a pre-crack
due to the lack of adherence between PI and PEIL The mould is then filled
with RTM6 resin before degassing at 90°C for one hour. Curing takes place
following the C160 curing cycle shown in Figure 3.1. The temperature is
first increased at a rate of 2 mm/min up to 160°C, and maintained for 90
minutes in order to promote the swelling of the PEI film by the resin and
the formation of the morphological gradient. The temperature is then in-
creased to 180°C at a rate of 2 mm/min, and kept constant for two hours.
The samples are finally cooled down at a rate of 5 mm/min. SENB sam-
ples are manufactured from these plates and the width W, the height H and
the length L are set to 3, 6 and 30 mm. The ratio between the initial crack
length and the width is set to 0.5 and to 0.7 for three samples. Two larger
samples with dimensions H = 14 mm, W = 7mm and L = 61.6 mm are also
manufactured in order to compare the fracture surfaces at the small scale
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and at the large scale. A pre-crack is introduced using a Kapton film with

a/W =0.5.

PEI co-cured composite joints

The PEI co-cured composite joints are manufactured through resin transfer
moulding (RTM) as follows and shown in Figure 3.2. The first five G0926
carbon plies are laid down in the RTM mould. The PEI film is then inserted
and two 70 mm long, 30 pm thick Kapton films (Dupont) are stacked on
top of it to introduce a pre-crack. The last five plies are then deposited.
The RTM mould is closed using a 8 bar press. The RTM6 resin is heated in
a piston up to 90°C and injected at the same temperature into the mould
until reaching a pressure of 6 bars. The composite is then cured following
the C160 curing cycle shown in Figure 3.1.

Figure 3.2 Manufacturing steps for PEI co-cured composite joints involv-
ing stacking of the plies and of the film and resin injection and curing.

3.2.3 Mechanical testing

Compression, nanoindentation and fracture toughness tests are performed
in order to determine the mechanical properties of the homogeneous PEI-
epoxy blends. Nanoindentation is also performed along the PEI-epoxy
interphase to determine the local properties. In order to understand the
failure mechanism of this interphase, SENB tests are carried out under op-
tical microscope. Finally, the mode I fracture toughness of the PEI co-cured
composite joints is determined through double cantilever beam (DCB) tests.
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Compression

The uniaxial compression tests follow the ASTM D695 standard and the
modifications made by Morelle et al. [168] in order to investigate the elasto-
plastic behaviour of the blends as epoxy then to be brittle under tensile
loading. They are performed for homogeneous blends containing 0 to 15
wt% of PEI and for pure PEI samples. The tests are performed on cylin-
drical samples with a diameter and a height equal to 12 mm (Figure 3.3a)
using a Zwick Z250 Roell screw driven machine equipped with a 250 kN
cell force at a rate of 1 mm/min. A subpress supplied by Wyoming In-
strument is added to the machine. In order to minimize friction and avoid
barrelling, 60 um Teflon films are inserted between the subpress platens
and the samples. The tests are performed in a ventilated room at a temper-
ature of 23°C and a relative humidity content of about 50%. In addition to
the compression tests, a test is conducted on the subpress alone in order to
consider the compliance of the mounting stage.

Figure 3.3 Schematic of a) compression and b-c) SENB test samples for
b) blends and c) with an interphase. d-e) DCB samples from d) top view
and e) lateral view.
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Mode [ fracture toughness of the blends

In order to determine the mode I fracture toughness of the homogeneous
PEI-epoxy blends containing 5, 10 and 15 wt% of PEI, SENB specimens are
tested following the ASTM D5045 standard [169]. The tests are performed
on a Zwick Z50 Roell screw driven machine equipped with a 50 kN cell. A
3-point bending test bench is added with pins having a radius of 2.5 mm.
The bottom pins are spaced by a distance of 48 mm. The SENB samples
are 6 mm thick (W), 12 mm (H) high and 53 mm long (L) as shown in
Figure 3.3b. Prior to testing, a 5.4 mm long notch in machined and a sharp
crack is inserted using a dropping tower equipped with a razor blade. The
tests are then performed at a rate of 1 mm/min.

Nanoindentation

Nanoindentation tests are performed on homogeneous blends containing
0 to 25 wt% of PEI, on pure PEI and along PEI-RTM6 interphases, using a
G200 nanoindenter from Agilent Technologies with a pyramidal Berkovich
diamond tip. The samples are polished prior to testing. 1200 and 4000
MD-Piano disks from Struers are used before finishing with a 0.3 um alu-
mina suspension (AP-D Suspension 0.3 um, Struers Inc.). The Continuous
Stiffness Measurement (CSM) method is applied and the Oliver and Pharr
[170] method is used to extract the elastic modulus and hardness. Drift cor-
rections are not considered as, for polymers, this correction is strongly af-
fected by viscoelastic effects [171]. On homogeneous blends, 16 indents are
performed on each sample. Regarding the samples exhibiting a PEI-epoxy
interphase, indents are performed along the interphase and the measure-
ment is repeated over 10 zones for each sample. In both cases, different
penetration depths equal to 0.5, 1 and 2 um are investigated.

SENB on samples with interphase

The SENB specimens shown in Figure 3.3b are mounted on a microtest 3-
point bending stage equipped with a 2 kN cell (Deben UK ltd., UK) and
placed on the visualization stage of the VHX numerical optical microscope
from Keyence. The tests are performed at a speed of 0.02 mm/s. Optical
micrographs are recorded before, during (when possible) and after the test
to observe the crack propagation path along the morphological gradient.
Prior to testing the samples are polished following the same protocol as for
nanoindentation.
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DCB tests on co-cured composite joints

The DCB samples, shown in Figure 3.3c-d, are machined from the cured
panels with a length of 200 mm and a width of 20 mm. The 70 mm long
Kapton film inserted to create the pre-crack results in initial crack length
of 50 mm. The total height of the samples is about 4 mm. The DCB tests
are performed following the ISO 25217 standard [172] on a Zwick/Roell
machine equipped with a 50 kN loadcell, at a constant cross-head speed of
1 mm/min. The machine is located in a ventilated room at constant tem-
perature and relative humidity values close to 23°C and 50%, respectively.
Prior to testing, the edges of the samples are graduated to measure the
crack length. The evolution of the crack is monitored by taking a picture
every 3 seconds with a Canon EOS1400D camera. Gy, is then computed
following the single beam theory [172].

3.2.4 Microscopy

3.3

33.1

The SENB tests on the samples exhibiting a PEI-epoxy interphase are per-
formed under a VHX numerical optical microscope from Keyence. In ad-
dition, an Ultra 55 Field-Emission SEM (Zeiss, Germany) is used to charac-
terize the fracture surfaces. The samples are coated with a 1 um thick gold
layer and imaged at 5 keV. In order to determine the morphology associ-
ated to the PEI content of the homogeneous blends, fracture surfaces from
compression samples are used, except for blends containing 20 and 25 wt%
of PEL For these two cases, fracture surfaces are produced by breaking the
small processed samples with a hammer. The fracture surfaces of the SENB
tests obtained from the blends and from the samples with an interphase
are also characterized to understand the failure mechanisms taking place
in these samples.

Results for epoxy-PEI blends

Influence of PEI concentration on blend morphologies

Depending on the PEI content, the morphology of the blend is modified.
These morphologies, shown in Figure 3.4, have been identified by SEM
characterization for the blends containing 5 to 25 wt% of PEL Two differ-
ent morphologies are identified. First, the blends containing 5 wt% and
10 wt% of PEI display a sea-island morphology (Figure 3.4a-b) with PEI
nodules (white spheres) dispersed in the epoxy matrix. This morphology
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Figure 3.4 SEM micrographs of PEI-epoxy blends containing: a-b) 5wt%
of PEL c) 10 wt% of PEL d-f) 15 wt% of PEL; g) 20 wt% of PEI and h-i) 25
wt% of PEL

is formed via a nucleation and growth mechanism [44, 78]. Increasing the
PEI content leads to an increase of the number of PEI domains dispersed
in the epoxy matrix. Secondly, for the blend containing 25 wt% of PEI (Fig-
ure 3.4h-i), phase inversion takes place with nodular morphology formed
via spinodal decomposition [44]. In this case, epoxy-rich domains are em-
bedded in a PEI matrix. The blends containing 15 wt% (Figure 3.4d-f) and
20 wt% (Figure 3.4g) of PEI are made of a co-continuous morphology with
some zones exhibiting a sea-island morphology (Figure 3.4f) and others
exhibiting a nodular morphology (Figure 3.4e). The nodular morphology
tends to be more present when increasing the PEI content from 15 to 20
wt%. In the literature, the same morphologies are often reported for sim-
ilar PEI contents [44—48, 173]. It is important to note that the morphology
of thermoplastic epoxy blends can be affected by the molecular weight of
the thermoplastic [48], the presence of reactive end groups, the precure
temperature or the curing agent [174]. In addition, the SEM micrographs
shown in Figure 3.4 reveal decohesion between the PEl-rich and epoxy-
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rich domains. Indeed, in Figure 3.4b, unbroken PEI domains can be ob-
served or some holes corresponding to the imprint left by the decohesion
between the epoxy and the PEI. Figure 3.4c shows that some PEI particles
are broken indicating deformation of the PEI domains during facture and
bridging of the crack as often reported [49]. Figure 3.4i indicates that the
epoxy nodules are intact while the PEI matrix has been torn when breaking
the samples. The epoxy domains have a diameter lower than 3 pm, which
is the characteristic length for PEI particles under which decohesion takes
place instead of epoxy particles fracture, according to Farooq et al. [49]. A
poor adhesion between the epoxy and the PEI is often reported as a con-
sequence of the lack of reactive groups on the PEI chains and due to their
difference in polarity [47].

3.3.2 Mechanical properties of PEl-epoxy blends

The elastoplastic response of PEI blends containing 5 to 15 wt% of PEI is
determined by uniaxial compression tests, as shown in Figure 3.5a.

The Young’s modulus decreases with increasing PEI contents from 0 to 15
wt%, even though PEI is stiffer than the RTM6 epoxy resin. According
to Morelle et al. [168] a batch-to-batch variability can lead to variations
of the Young’s modulus of the RTM6 up to 10%. Hence, the variations of
the Young’s modulus values obtained for the blends are not significant.
In the literature, the Young’s modulus is reported to not be significantly
influenced by the PEI content [44, 45, 47, 48].

Compression curves all exhibit a local maximum corresponding to the up-
per yield stress, followed by a local minimum referred to as the lower yield
stress Ué, indicating a true softening response as observed in a majority of
polymer systems. The influence of the PEI content on these two proper-
ties is illustrated in Figure 3.5c. The upper yield stress oy tends to slightly
increase from 127 MPa to 131 MPa when the PEI content is increased up
to 15 wt%. The more significant increase is between the pure RTM6 sam-
ple and the blend containing 5 wt% of PEIL The PEI is characterized by
a yield stress equal to about 150 MPa. Regarding the lower yield stress,
it is almost not influenced by the PEI content and is about 110 MPa for
all the blends. In the literature, tensile tests rather than compression tests
have been performed on such blends with failure occurring before signifi-
cant plasticity development, hence not enabling the determination of these
quantities. For blends, the tensile strength increases by adding only 5 wt%
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of PEI while further increasing the PEI content does not significantly lead
to an increase of the tensile strength [45, 47] and can even lead to its de-
crease [12, 44, 48, 173]. This drop is associated to debonding at the in-
terface between the PEI domains and the epoxy matrix for the sea-island
morphology. If the PEI content increases above 15 to 20 wt%, a sudden
surge in tensile strength is found associated to phase inversion [12, 44, 48]
in agreement with the current results.
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Figure 3.5 Influence of the PEI content on the mechanical response of
PEI-epoxy blends under compression: a) uniaxial compression curves; b)
variation of Young’s modulus; c) variation of the upper and lower yield
strength and d) variation of the strain at failure.

The PEI content also has an effect on the ductility (Figure 3.5d). Increasing
the PEI content in the epoxy resin increases the strain at failure, in agree-
ment with literature data [44, 48, 78, 173].

Figure 3.6 presents the hardness values measured by nanoindentation in
the PEI-epoxy blends containing 5 to 15 wt% of PEI, but also in blends con-
taining 20 and 25 wt% of PEI for which no compression samples could be
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manufactured due to the high viscosity of the mixture before curing. Hard-
ness is a measure of the resistance to plastic deformation and can therefore
be related to the upper yield strength. For blends containing 5 to 15 wt%
of PEI and the neat RTM6 and PEI samples, the ratio between the hardness
and the upper yield stress is equal to 2.4. By increasing the PEI content
from 0 to 20 wt%, the hardness only slightly increases by 2.6% as does the
upper yield strength by increasing the content from 0 to 15 wt% of PEL
Further increase of the PEI content to 25 wt% results in a sudden increase
of the hardness by 5%, and thus of the yield strength in agreement with lit-
erature data [44, 45]. Bulk PEI exhibits the highest value, consistently with
the behavior found for o}.
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Figure 3.6 Variation of the hardness measured by nanoindentation as a
function of the PEI content.

Figure 3.7 shows the variation of the toughness Gy, for the blends and the
corresponding fracture surfaces. The toughness slightly increases for 5 and
10 wt% PEI contents compared to the neat RTM6 epoxy. For the blend con-
taining 5 wt%, riverlines, a mark of brittle failure, are observed on the frac-
ture surface (Figure 3.7b-c). The riverlines extend from one PEI domain
to another. Intact spherical domains or holes are found on the fracture
surface, corresponding to the presence of PEI domains. The same conclu-
sion can be drawn for the 10 wt% PEI blends (Figure 3.7d-e), except for
the presence of riverlines. In addition to the debonded PEI particles, some
broken PEI particles are observed on the fracture surfaces of blends with
10 wt% of PEI indicating the deformation of PEI and the bridging of the
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Figure 3.7 a) Variation of the fracture toughness with the PEI content of
the blends and SEM micrographs of the corresponding fracture surfaces:
b)-c) 5wt% of PEL d)-e) 10 wt% of PEL f)-g) 15 wt% of PEL Red arrows
indicate the crack propagation direction.

crack leading to toughening, as previously reported [49]. The toughness
of these blends is thus mainly governed by the epoxy resin, but the pres-
ence of the PEI particles results in a slight toughening effect. Gy, is more
than doubled when increasing the PEI content from 10 to 15 wt%, associ-
ated to the emergence of a co-continuous morphology (Figure 3.7e-f). In
the zones characterized by a sea-island morphology, the same features as
those presented for 5-10 wt% PEI are observed. In the zones exhibiting a
nodular morphology (Figure 3.7f), the crack propagates through the tough
PEI phase and decohesion between the epoxy nodules and PEI occurs, as
well as PEI tearing. No test has been performed for blends containing 20
or 25 wt%, but from the literature [44, 78], it can be assumed that G;. will
further increase due to the phase inversion. In this case, yielding and frac-
ture of the PEI matrix are reported to be the toughening mechanisms. The
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increase of Gj. in the blend containing 15 wt% of PEI is due to the presence
of zones exhibiting the nodular morphology, in which the crack is forced
to propagate through the tough PEL

Voleppe et al. [12] reported upper and lower yield strength values equal
to 115 and 95 MPa for the 15 wt% PEI blend, respectively. These values are
lower than those found in this work which are equal to 127 and 110 MPa,
although the same materials were used. In the current study, it has been
checked that all compression samples exhibited a co-continuous morphol-
ogy through imaging of the fracture surfaces. This information is not con-
firmed for the work of Voleppe et al. [12] However, the transition from sea-
island morphology to co-continuous morphology takes place at around 15
wt% of PEL It is thus possible that the blends of Voleppe et al. [12] ex-
hibited a sea-island morphology for the batch tested under compression, if
the exact composition was slightly below the transition value. In this case,
a lower yield stress could be measured as many weak interfaces between
the PEI domains and the epoxy matrix would be present. This would be
in agreement with some results of the literature [44]. It has been checked
through finite elements simulations that this difference does not affect the
interface fracture toughness as explained in Appendix A.

3.3.3 Linking morphology and mechanical properties

Figure 3.8 summarizes in a schematic way the influence of the PEI con-
tent on the microstructure, yield strength, hardness, ductility and fracture
toughness. Blends with less than 15 wt% PEI exhibit a sea-island morphol-
ogy characterized by spherical PEI domains dispersed in the epoxy ma-
trix. These blends only demonstrate a slight improvement of the mechan-
ical properties. The properties are governed by the epoxy matrix which
is softer and more brittle than PEI. Therefore, the presence of PEI con-
tributes to a modest improvement in performance. For instance, the cracks
are bridged by the PEI particles, which contributes to some shielding and
reduction of the local stress intensity factor. Increasing the PEI content
above 20 wt% leads to a phase inversion and, to a sharp increase of all
the investigated properties. As the epoxy particles are now embedded in
a PEI matrix, the tough and strong PEI governs the properties. With a co-
continuous morphology (blends containing 15-20 wt% of PEI), the elasto-
plastic response is not drastically modified, but the fracture toughness is
significantly improved by the presence of zones exhibiting a nodular mor-
phology in which the crack is forced to penetrate.
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Figure 3.8 Summary of the influence of the PEI content on the mi-
crostructure, mechanical properties and failure mechanisms in PEI-epoxy
blends.

3.4 Results for PEl-epoxy interphase

Although the mechanical properties and failure mechanisms of PEI-epoxy
blends have already been investigated in the literature [44, 45, 47, 48], the
response of PEI-epoxy interphases has been much less studied. Hereafter,
the morphological gradient is characterized and nanoindentation tests are
performed along the interphase. SENB experiments are carried out in
order to further investigate the crack trapping mechanism described by
Voleppe et al. [12] in PEI-RTM6 systems.

3.4.1 Morphological and chemical gradients

The morphological gradient, which is shown in Figure 3.9, involves five
different zones. The first two zones correspond to regions were only one
of the two polymers is present. The first one is the pure PEI zone, corre-
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sponding to the inserted film, while the second one is the pure RTM6 zone
located 100 um away from the PEI film. Close to the PEI film, Figure 3.9
shows a region exhibiting a nodular morphology referred to as the PEI-rich
zone. Close to the pure RTM6 zone, a sea-island morphology is found, see
Figure 3.9¢, referred to as the epoxy-rich zone. Between the epoxy- and
PEl-rich zones, a more tortuous interlayer can be observed, referred to as
the transition zone, see Figure 3.9d. At the boundary between the transi-
tion and the epoxy-rich zones, a thick PEI layer can be observed as high-
lighted by the yellow arrows in Figure 3.9d. The decohesion between the
PEI boundary layer and the epoxy resin takes place when the crack propa-
gates perpendicular to the interphase, in agreement with the low adhesion
between PEI and epoxy already reported before.

Figure 3.9 a) Optical micrograph of the interphase; SEM micrographs
of b) the interphase after fracture perpendicular to the interphase, c) the
epoxy-rich zone, d) the transition zone and e) the PEI-rich zone. The yellow
arrow in d) indicates the decohesion between the PEI boundary layer and
the epoxy.

As previously mentioned, the morphologies are dependent on the PEI con-
centration. From the micrographs like the one shown in Figure 3.10b, the
chemical gradient can be determined by drawing computation lines. Over
each line, the amount of black phase (PEI) and gray phase (epoxy) is com-
puted. The resulting chemical gradient is given in Figure 3.10a. The PEI
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Figure 3.10 a) Chemical gradient of the RTM6-PEI interphase; b) High
concentration PEI zone corresponding to the transition zone with compu-
tation lines; c) PEI depletion zone after the transition zone; d) common
morphological gradient reported in the literature and e) the corresponding
chemical gradient (taken from [52]).

concentration linearly decreases away from the PEI film. However, in the
transition zone, a sudden increase of the PEI concentration is found, in-
creasing from 20 to 40-60 wt%. The transition zone in the optical micro-
graph (Figure 3.10b) is darker than the rest of the micrograph, indicating a
high PEI content. This jump had already been observed by Voleppe [69].
In addition, just after the transition zone, where the epoxy-rich zone starts,
the PEI content is about 0 wt% and then increases, over a distance of 15
um, to 12 wt% before decreasing down to 0 wt% over the next 40 pm.
Figure 3.10c shows this depletion in PEI right beyond the transition zone.
This chemical gradient is different from what is commonly reported (see
Figure 3.10e), see e.g. the profile suggested by Lestriez et al. [175], but
the morphological gradient formed at the RTM6-PEI interphase is also dif-
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ferent from the one often reported in the literature. Indeed, the tortuous
structure observed in the transition zone in Figure 3.9 does not show up
in Figure 3.10d. The chemical gradient corresponding to the interphase of
Figure 3.10d is also found in Figure 3.10e. The PEI content almost linearly
decreases away from the PEI film, and no concentration peak is observed
at the transition from the PEI-rich zone to the epoxy-rich zone [44, 52]. It is
known that the curing cycle, the curing agent, the viscosity of the resin or
the molecular weight of the TP can all influence the morphological gradi-
ent, providing a series of explanation for the observed differences [44, 51,
53]. The formation of this morphological gradient is left for further inves-
tigations.

3.4.2 Mechanical properties

The variation of the hardness along the interphase is evaluated through
nanoindentation. In addition, a comparison can be made with the blends
through the chemical gradient. Figure 3.11 shows a good match when com-
bining the blends hardness and the chemical gradient to the hardness mea-
sured along the interphase. The hardness decreases when moving away
from the PEI film in the PEI-rich zone. This decrease is almost linear until
the end of the transition zone. At the interface between the transition zone
and the epoxy-rich zone, the hardness drops, but remains higher than in
bulk RTM6 before slightly increasing over 10 um due to the increase in PEI
content in this region, see Figure 3.11b. Finally, the hardness decreases and
tends towards the value of bulk RTM6 epoxy resin. In the transition zone,
a higher hardness was expected based on the chemical gradient, but not
found. Note that the indentation response is affected by the surrounding
environment depending on indentation depth normalized by the distance
to the regions exhibiting a different behavior. As the two zones framing the
transition zone contain less PEI, they are softer and the extracted hardness
of the transition zone can therefore appear lower than the true value.

Through nanoindentation, it is also possible to measure the elastic mod-
ulus, although the value is different from the modulus measured under
compression for blends. For blends, the modulus measured by nanoinden-
tation was found to increase with PEI content with no minimum for the
15 wt% PEI blend unlike what was obtained from the compression tests.
A decrease of the modulus is also found along the interphase as the PEI
content decreases.
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Figure 3.11 Variation of the hardness along the interphase: measurement
along the interphase and coupling between the chemical gradient and the
results on PEI-epoxy blends.

3.4.3 Investigation of the failure mechanisms

One of the goals of the work was to further investigate the trapping mech-
anism proposed by Voleppe et al. [12] for a system similar to the one ad-
dressed in this work. In the work of Voleppe et al. [12], it was argued that
the trapping of the crack between the PEI-film and the epoxy-rich zone was
due to the presence of a transition zone softer than the PEI- and epoxy-rich
zones. In the present study, the transition zone is characterized by a tortu-
ous structure exhibiting a nodular morphology similar to the one observed
by Voleppe et al. Nanoindentation and compression results show that this
region is not, in our case, softer than the neighboring regions.

In order to understand the crack trapping mechanism, SENB tests simi-
lar to those of Voleppe et al. [12] are performed. At first, smaller SENB
samples are tested under optical microscope. The interphase observed by
optical microscopy prior to testing and after failure and the fracture sur-
faces are characterized by SEM. The same crack trapping mechanism as
that found by Voleppe et al. [12] is identified, as shown in Figure 3.12
when the crack is initiated in the tough PEI-rich zone (Figure 3.12a and Fig-
ure 3.12c-e). Indeed, the crack first propagates in a zone exhibiting a nodu-
lar morphology (Figure 3.12c-e) before propagating along a flat featureless
surface (Figure 3.12e-f). Figures 3.12d-e focus on the transition from crack
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Figure 3.12 Crack initiation and propagation loci when the pre-crack lies
in the PEl-rich zone. Optical micrographs a) before loading and b) upon
fracture. SEM micrographs of fracture surface c) initiation locus in the PEI-
rich zone with d) a zoom in the initiation zone and e) at the location of
the deflection along the interface between the PEI boundary layer and the
epoxy resin; f) slight deflection in the PEI-rich zone during propagation, g)
zoom highlighting the cutting of the PEI boundary layer to propagate in
this zone, h) opposite surface.

propagation in the PEI-rich zone to propagation along the featureless zone.
Figure 3.12e shows that the crack propagates through the PEI layer before
being deflected and propagating along the following featureless surface.
This PEI layer corresponds to the PEI boundary layer at the interface be-
tween the transition zone and the epoxy-rich zone. In addition, during
the propagation along this featureless surface, the crack sometimes prop-
agates into the transition zones as shown in Figure 3.12f to h. Some areas
exhibiting a nodular morphology are detected. Again, at the boundary
of these zones (Figure 3.12g), the crack is found to propagate through the
PEI boundary layer forming the interface between the transition zone and
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the epoxy-rich zone. This short propagation through zones exhibiting a
nodular morphology is believed to originate from the tortuous structure of
the transition zone. This mechanism probably requires less energy to the
crack to propagate straight into this region instead of being deflected along
the weak PEl-epoxy interface, which would introduce some local mode II
components. A propagation close to the transition zone agrees with the
optical micrographs shown in Figure 3.12a and b taken prior and upon
failure. Comparing these two micrographs confirms that the crack propa-
gates close to this interface. The privileged scenario is crack propagation
along this interface due to low adhesion between PEI and epoxy resin, the
weakest point of the interphase. For the other samples, the PI film used to
insert a pre-crack moved during the curing and did not lay in the PEI-rich
zone anymore. In this case, the crack is initiated in the epoxy-rich zone.
Indeed, Figure 3.13 shows that the crack propagates away from the PEI,
and a sea-island morphology is observed on the fracture surface indicating
crack propagation in the epoxy-rich zone. In this case, no propagation is
detected along the interface between the transition zone and the epoxy-rich
zone.

100 pm r . 20 pm

Figure 3.13 Crack initiation and propagation loci when the pre-crack lies
in the epoxy-rich zone. Optical micrographs acquired a) before loading
and b) upon fracture. SEM micrographs of one of the fracture surfaces: c)
initiation locus in the PEI-rich zone, d) zoom on the fracture surface high-
lighting propagation in the epoxy-rich zone exhibiting a sea-island mor-
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To verify that the smaller size of our SENB specimens compared to those
made by Voleppe et al. [12] did not alter the failure mechanisms, SENB
specimens of the size selected by Voleppe et al. [12] are also tested but not
under the optical microscope. Figure 3.14 shows one fracture surface of a
crack initiated in the PEI-rich zone. The crack first propagates in the PEI-
rich zone, characterized by a nodular morphology in Figure 3.13b, and a
leaves-like pattern is observed in this region. Then, at some point, the crack
starts to propagate along a flat featureless surface as mentioned earlier. At
the transition between these two loci, the crack propagates through the PEI
boundary layer of the transition zone before being deflected and propagat-
ing along the featureless interface. The same failure mechanism is thus
observed as in the small SENB specimens.

20 ym

Figure 3.14 SEM micrographs of fracture surfaces of large SENB sam-
ples: a) initiation in the PEl-rich zone with b) a leaves-like pattern, c-e)
deflection at the interface between the PEI boundary layer of the PEl-rich
zone and the epoxy-rich zone. c-d) opposite images and e) zoom in d) at
the deflection locus.

The failure mechanisms are summarized in Figure 3.15. Two cases can be
distinguished, depending on the crack initiation locus: (i) in the PEl-rich
zone or (ii) in the epoxy-rich zone. In the first case, the crack first propa-
gates through the tough PEI-rich zone before being deflected at the inter-
face between the transition and epoxy-rich zones where the crack propa-
gates between the epoxy matrix of the epoxy-rich zone, and the PEI bound-
ary layer of the transition zone, due to the lack of adhesion between PEI
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and epoxy resin. In the second scenario (ii), the crack is initiated in the
epoxy-rich zone and propagates through it without being deflected to-
wards the interface with the transition zone.

(i) Initiation in B PEI-boundary layer

PEI-rich zone

g PEl-rich zone
(ii) Initiation in
epoxy-rich zone

Epoxy-rich zone

1.1 Propagation between the PEI boundary layer and the epoxy resin
1.2 Deflection in transition zone due to tortuosity of the boundary between the PEI- and epoxy-rich zones

Figure 3.15 Schematic summary of the failure scenarios with (i) a pre-
crack in the PEl-rich zone and (ii) in the epoxy-rich zone. In case (i), the
crack propagates along the PEI boundary layer and the epoxy resin (i.1)
but can be deflected in the PEI-rich zone due to tortuosity of the interface
(i.2).

Finally, we discuss now the fracture toughness values measured by Voleppe
etal. [12]. For SENB specimens tested in the present work, no crack propa-
gation is observed before complete failure of the samples. This means that
an initiation value is measured and, not a propagation one. Hence, the
measured value of 880 ] /m? in the case of the crack starting in the PEI-rich
zone corresponds to the initiation fracture toughness. A high value is ex-
pected in this zone as the nodular morphology resulting from the phase
inversion is known to be beneficial. The fracture toughness of the inter-
face between the PEI boundary layer of the transition zone and the epoxy-
rich zone cannot be measured through SENB testing. This highlights the
fact that when testing a thermoplastic-epoxy interphase, or any other one,
not only initiation is important but also propagation because the pre-crack
does not always stay in the weakest part of the interphase, resulting in
an overestimation of its fracture toughness. This requires to design a test
set-up to properly test interfaces as suggested in Appendix B.

In summary, this study confirms that if the crack initiates in the PEI-rich
region, Gy, is high. However, the crack does not necessarily stay in the
tough region and propagates in a more brittle way with much less dissi-
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pation. In other words, the scenario of Voleppe et al. [12] of the crack
being trapped in a softer zone is only very partly recovered. There are two
reasons for this. The first is that the generation of a softer region in the
interphase region is not guaranteed and requires conditions that are deli-
cate to reproduce. The second reason is that Voleppe’s work did not look
at the propagation beyond the first stage of cracking and maybe had sim-
ilar effects. This cannot be verified as the specimens are no longer avail-
able. This does not mean that the idea of crack trapping in a soft/tough
region/layer is not a rich idea to keep pushing in further studies, just that
the PEI/RTMBS6 is not necessarily the best system to activate this mecha-
nism partly due to the difficulty to control in a reproducible way the local
graded microstructure. Finally, note that the transverse toughening when
the crack penetrates transversely the interphase has been investigated in
the literature [49, 54] and is efficient.

Results for PEI co-cured composite joints

Fracture toughness and failure mechanisms

Figure 3.16 shows the R-curves resulting from the DCB testing of the com-
posite parts and of the PEI co-cured joints. Inserting a 50 um thick PEI film
results in a fracture toughness equal to 284 -+ 89 J/m? while a 175 pum thick
film results in a lower Gy, equal to 146 4- 28 J/m?2. The highest fracture
toughness is achieved with a 500 um film and is equal to 370 + 47 J/m?.
The G, associated to interply delamination is equal to 359 - 109 J /m?. The
insertion of a 500 pm film is thus competitive with the delamination energy,
but not with classical structural adhesives which are characterized by Gy,
values around 800 to 1000 J/m?. Inserting a 50 um thick PEI film results
on average to a lower Gy, compared to composite delamination, although
some results are competitive with composite delamination. The 175 pm
film always leads to a lower fracture toughness, compared to the reference
composite.

The adhesive thickness is known to influence the joint fracture toughness
by affecting the degree of constraint in the bondline, and thus the stress
triaxiality and the constraint on the development of the plastic zone. As
the adhesive thickness increases, the degree of constraint decreases and
the plastic zone can develop resulting in an increase in fracture toughness
up to a thickness equal to twice the plastic zone size of the adhesive, if
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Figure 3.16 R-curves for the co-cured composite joints with a PEI a 50
um (blue), a 175 pm (black) and a 500 um (green) thick film. The grey lines
correspond to the reference composite.

the crack propagates in the middle of the joint. The thickness has also an
effect for cracks propagating along an interface. If the interface cohesive
strength is about 2 to 4 times the adhesive yield strength, the maximum
toughness is reached if the adhesive thickness is equal to twice the plastic
zone size, which depends on the elastic mismatch between the adhesives
and the adherends and is given by

Ro (3.1)

2 {1—1/52_1—1/3}_1&)

“3r(1-pY) | E E, 72

with vs and v, the Poisson ratios of the substrate and the adhesive, respec-
tively, E; and E; the Young’s modulus of the adherends and the adhesive
and oy,, the adhesive yield strength. § is the second Dundur’s parameter
expressed as

(3.2)

where y; is the shear modulus of material i, given by E;/2(1 + v;). In the
present case, this results in a plastic zone size close to 350 um. Hence, the
maximum toughness is achieved with the 500 um film. Quan et al. [31]
reported a maximum fracture toughness for PEI layers of about 175 um
thickness.

Figure 3.17 shows the failure mechanisms taking place in co-cured com-
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posite joints with a 50 um thick PEI film. Due to the architecture of the
carbon fibres plies, the crack can propagate in resin-rich pockets or along
carbon fibres. Upon curing, a morphological gradient like that reported by
Voleppe et al. [12] develops. First, in the resin-rich pockets (Figure 3.17b-
e), this gradient can fully develop and the crack propagates along the in-
terface between the resin and PEI-rich zones (Figure 3.17d). Sometimes, it
is also slightly deflected into the PEI-rich zone (Figure 3.17e). In the sec-
ond case, the crack propagates away of a resin pocket (Figure 3.17f-i). The
crack can propagate through the PEI film (Figure 3.17f and g), generating
some short bridging PEI ligaments and some local mode-mixity due to the
deflection. If it does not propagate through the film, it propagates along
the carbon fibres located in the PEI-rich zone owing to the development of
the morphological gradient (Figure 3.17h and i).

Figure 3.18 shows the failure mechanisms taking place in co-cured compos-
ite joints with a 175 or 500 pm thick PEI film. The crack is no longer able
to propagate through the PEI film as shown in Figure 3.18a. As with the
50 um thick PEI film, in resin-rich pockets, the crack propagates along the
interface between the PEI-rich and epoxy-rich zones of the morphological
gradient (Figure 3.18d-e). Away from the resin pockets, crack propagation
takes place along the fibres in the PEI-rich zone (Figure 3.18f-g). Opposite
to the present results, in adhesive joints, an increase in G, is reported with
the adhesive thickness and, up to now, the same behaviour was observed
by increasing the PEI film thickness between 90 and 250 pm. Hence, it is
believed that the higher toughness resulting from the insertion of a 50 um
PEI film originates from the crack deflection through the PEI film, that re-
sults in some mode-mixity at the crack tip and in the formation of small
PEI bridging ligaments. Crack deflection [119] and bridging [124] are two
well-known toughening mechanisms in adhesive joints.

An additional feature that can be observed on all fracture surfaces is the
presence of ellipsoidal circles as shown in Figure 3.18b. Zooming on these
features do not reveal any of the previously mentioned morphologies. These
spots seem to correspond to zones without interdiffusion between PEI and
epoxy. This lack of interdiffusion could result in decohesion at the bound-
ary between the PEI film and the epoxy matrix. The origin of these ellip-
soidal circles is unknown but as these are not observed in PEIl-epoxy in-
terphase, they could arise from the manufacturing process and resin flows
during injection. In addition, such features are not reported by Quan and
co-workers who used pre-pregs without resin injection, preventing resin
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Figure 3.17 Failure mechanisms taking place in co-cured composite
joints with a 50 um thick PEI film: a) scheme of the joint, b) morphological
gradient in a resin pocket and c¢) zoom on the PEI-rich/epoxy-rich inter-
face where the crack propagates d) along the PEI-rich/epoxy-rich interface
or e) locally in the PEI-rich zone, f) fracture surface with PEI on both sides
indicating g) propagation through the PEI film. h-i) Propagation along the
fibres present in the PEl-rich zone away of the resin pockets. The red ar-
rows indicate the crack propagation direction.
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flow.

Figure 3.18 Failure mechanisms taking place in co-cured composite
joints with a 175 or 500 um thick PEI film: a) whole fracture surfaces with
the PEI film remaining only on one face, b) SEM micrograph of a zone
without interdiffusion, c) scheme of the composite (PEI in blue), d-e) prop-
agation in resin rich pockets where f) the morphological gradient devel-
ops and g) the crack propagates along the PEI-rich/epoxy-rich interface or
slightly in the PEl-rich zone, f) propagation along the fibres in g) the PEI-
rich zone. The red arrows indicate the crack propagation direction.

Opposite to the results of Quan and co-workers [30, 31], inserting a PEI film
results in a lower Gj. compared to that of the reference composite. Along
the fibres, delamination in the PEI-rich zone was also reported. However,
crack propagation along the PEI-rich/epoxy-rich interface and through the
PEI film were not observed by Quan et al. [30, 31]. Propagation through
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the film cannot explain the lower Gj., while the propagation along the PEI-
rich/epoxy-rich interface could but this mechanism only takes place very
locally and cannot explain such a difference. One of the explanations can
be related to the nature of the materials that are used. Quan et al. [30, 31]
used the 8552 epoxy resin, which is harder than RTM6 and PEI. Hence, a
decrease of the hardness and strength is expected from the epoxy-rich zone
to the PEI film while in the present case, the RTM6 is softer than PEI result-
ing in an increase in hardness. In the work of Quan et al., the PEI can po-
tentially act as a dissipative layer [79, 97] but does not for the investigated
PEI-RTM6 system. In addition, the 8552 resin is toughened by a thermo-
plastic and the sizing of the fibres could be adapted to this particularity
while not for the present used carbon fibres resulting in a weaker interface
with the carbon fibres, decreasing the fracture toughness. Finally, the pro-
cess can also be at the origin of the lower fracture toughness as Quan et
al. [30, 31] used pre-pregs combined with autoclave curing without sub-
sequent resin injection while resin is injected during the RTM process in
the present work. However, this must be further investigated. The com-
parison of these two works show that it is important to understand what
happens during the manufacturing process but it is also important to con-
sider the material properties. It could be interesting to test systems made
of other epoxy resins to more deeply understand the failure mechanism
taking place in the PEI co-cured joints. In addition, manufacturing pro-
cesses such as pre-pregs with autoclave curing or RTM could be compared
to determine whether the process has an influence on the co-cured joint
performances.

3.5.2 Trapping mechanism and its implication on composite-PEl joints

Figures 3.17 and 3.18 show that due to the composite architecture, resin
pockets form at the locations where the carbon fibre orientation changes.
In these pockets, the morphological gradient can completely develop, re-
sulting in the formation of a sharp boundary between the PEl-rich and
epoxy-rich zones similar to that observed in PEI-RTM6 interphases (Fig-
ure 3.9). The crack propagates along this boundary as in SENB specimens,
indicating that the interface between the two zones is the weakest point
in these pockets. This confirms that the weak interface between these two
zones is at the origin of the crack trapping mechanism observed by Voleppe
et al. [12]. The development of this weak interface must be prevented and
consequently, the full development of the morphological gradient too. This
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requires to force the carbon fibres to be located in the PEI-rich zone by de-
positing the PEI film directly into contact with the carbon fibres. Hence,
the distance between the PEI film and the carbon fibres must be lower than
the length of the PEI-rich zone. If not, the crack will propagate along the
weak interface. Understanding the failure mechanism is therefore impor-
tant for the design of tough co-cured PEI-composite joints and in general
for TP-epoxy interphases, requiring the design of an adequate test set-up
(Appendix B).

Conclusion and perspectives

In order to reduce the processing intensity of adhesive bonding, co-curing
is an interesting solution, though it requires the adhesive and composite
resin to have matching curing cycles and it is limited to process without
any flow of resin. An alternative to the use of an adhesive is the insertion
of a thermoplastic film such as PEIL. Upon curing, the interdiffusion of PEI
and epoxy results in a morphological gradient with two main zones: a PEI-
rich and an epoxy-rich zone separated by a thin transition zone. The first
goal of the current study was to understand the failure mechanisms taking
place in PEI-epoxy interphases when a crack propagates parallel to the PEI
film as Voleppe et al. [12] reported a fracture toughness up to 880 J/m?
for such interfaces. The second goal was to manufacture co-cured PEI-
composite joints through RTM processing in order to assess the fracture
toughness of such joints.

Investigating the properties of PEI-RTM6 interphases and blends revealed
that the softening found in the transition zone by Voleppe et al. [12] could
not be reproduced. Indeed, the yield strength /hardness and the Young’s
modulus tend to increase with the PEI content resulting in a decrease of
these properties along the interphase when moving away from the PEI
film. By performing SENB tests, two failure mechanisms have been ob-
served. The first one is observed when the crack is initiated in the epoxy-
rich zone and does not go back to the PEI film. The second one corre-
sponds to the crack trapping mechanism observed by Voleppe et al. [12],
and takes place when the crack is initiated in the PEI-rich zone. Once ini-
tiated the crack tends to propagate towards the epoxy-rich zone without
reaching it. The crack then propagates along the interface between the
PEI-rich and epoxy-rich zones, due to the lack of adhesion between PEI
and epoxy. Hence, the toughness value computed by Voleppe et al. [12]
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corresponds to an initiation toughness in the PEI-rich zone, and not to the
fracture toughness of the weak interface. To determine the fracture tough-
ness of the weak interface, another geometry must be used than the SENB
one. We suggest to perform wedge-peel tests, but this is left for further
investigation.

Regarding PEI-composite co-cured joints, the toughness is found to de-
pend on the PEI thickness, which controls the failure mechanism and the
plastic dissipation. Atlow thickness (50um), the crack can propagate through
the PEI film resulting in a fracture toughness higher than for a film of
175 um. For thick films, the degree of constraint is lower and the frac-
ture toughness increases if we compare the 175 pm and 500 pm thick films.
However, compared to composite delamination, the toughness is only slightly
improved, limiting the interest for such joints. Opposite, Quan et al. [31]
reported an improved toughness. Hence, there could be an influence of
the epoxy resin properties with respect to those of PEI and also an influ-
ence of the process. However, this must be further investigated. Finally,
the presence of a weak interface must be considered in the design of such
joints. Indeed, if the spacing between the PEI film and the fibres exceeds
the length of the PEl-rich zone, the weak interface can develop and this
could be detrimental to the joint fracture toughness as well.

As a perspective, in order to confirm the presence of the weak interface
and compute its fracture toughness, crack propagation tests along PEI-
epoxy interphases must be performed. For this purpose, we suggest to
perform wedge-peel tests following the method described in Appendix B.
This could be applied to any type of interface to guarantee a measure of the
interface fracture toughness, and not only of an initiation fracture tough-
ness at a location that does not correspond to the weakest point of the in-
terface. In addition, failure mechanisms for different PEI/epoxy systems
could be investigated (with the epoxy being harder or softer than PEI) as
well as for joints manufactured through different processes.

3.7 Appendices

3.7.1 Appendix A: Influence of transition zone properties

It has been shown that the crack propagates along the interface between
the transition zone and the epoxy-rich zone. In addition, different proper-
ties were obtained for this transition zone in the work of Voleppe et al. [12]
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and in the current study. This raised the question “Does the elastoplas-
tic response of the transition zone influence the fracture toughness mea-
sured when a crack propagates along the interphase?” To answer this ques-
tion, finite element analyzes are performed using cohesive elements with
Abaqus. For the cohesive elements, a UEL using the Gauss integration
scheme and a trapezoidal cohesive law has been implemented. The geom-
etry is the one of a single edge notch tensile (SENT) specimen as shown in
Figure 3A.1a and is meshed using 4 noded plane strain elements with re-
duced integration (CPE4R). The interphase is modelled by dividing it into
5 zones: the PEI film, the PEI-rich zone, the transition zone, the epoxy-rich
zone and the pure epoxy zone as shown in Figure 3A.1b-c. The width W of
the SENT is equal to 500 times the plastic zone size of RTM6 RXTM6 and the
total height of the SENT is equal to 5.5W. The initial crack length is equal
to 0.5W.

Pure RTM6
RTM6-rich
Pure PEI

@™ PELrich

F— 35w
¢
RTM6-rich
w Transition
= Y ¥ PEl-rich

Figure 3A.1 a) Geometry of the SENT sample. b-c) Partitions to model
the interphase with the 5 zones: pure RTM6, RTM6-rich zone, transition
zone, PEl-rich zone and pure PEL

Constitutive laws

Mechanical properties have been assigned for each zone of the interphase:

* Pure RTM6: compression curve for bulk RTM6 obtained in the present
study, but which is similar to the one of Voleppe et al. [12].

* Epoxy-rich zone: compression curve for PEI-RTM6 blend containing
5 wt% of PEI obtained in this study, similar to the one of Voleppe et
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al. [12].

¢ Transition zone: compression curve for the blend containing 15 wt%
of PEI The properties assigned in this zone differ in the two investi-
gated cases.

* PEl-rich zone: extrapolated compression curves based on nanoin-
dentation data for the blend containing 25 wt% of PEL

® Pure PEIL: compression curve for bulk PEI obtained in the present
study, similar to the one of Voleppe et al. [12].

What differs between the two cases is the elastoplastic response of the tran-
sition zone. In the first case, the response corresponds to the one shown in
Figure 3.5a for the 15 wt% blend. For the second case, the curve has been
adapted to match the upper and lower yield stress obtained by Voleppe
et al. The stress-strain curves used as constitutive laws are shown in Fig-

ure 3A.2. In what follows the upper yields stress will be referred to oy/.

Figure 3A.2 True stress - true plastic strain response for the different ma-
terials used in the simulations based on compression curves obtained at a
constant cross-head speed of 1 mm/min.

The PEI-RTM6 blends exhibit strain-softening which is known to lead to
the development of shear bands that can lead to mesh-dependent results.
To circumvent this issue, strain-rate sensitivity has been introduced by con-
sidering a strain-rate sensitivity exponent of 0.03 [168]. Although, this did
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not completely remove the mesh-dependency. Hence, the two cases are
compared using similar structured meshes.

Cohesive zone elements

Cohesive elements are zero-thickness interface elements used to model
crack propagation as shown in Figure 3A.3a. Their behaviour is governed
by a cohesive law relating the traction ¢ to the nodal separation (relative
displacement) J. In the present case, a trapezoidal cohesive law is used as
the one shown in Figure 3A.3b. It is characterized by an elastic part for
Ay = 6/6. < 0.15 with 6. being the critical opening displacement. This
part is followed by an constant stress part over which the traction is equal
to the critical stress o, and extends from A; = 0.15 to A = 0.5. Finally,
traction decreases when A > 0.5 and vanishes when A = 1 corresponding
of the breaking of the element. The cohesive energy is given by
- ocde

.= 2 (1=2A1 4+ Ap). (3A.1)

A Az 1

Figure 3A.3 a) Schematic representation of a cohesive element and its
node numbering. b) Trapezoidal cohesive traction: traction ¢ versus adi-
mensional separation A.

Cohesive elements are already implemented in Abaqus. However, in pre-
liminary studies, it has been found that with excessive plasticity (0c/0y >
3), the COH2D4 elements do not properly open. Abaqus cohesive ele-
ments use the Newton-Cotes integration scheme which has already been
reported to fail in presence of plastic deformations around the cohesive
zone [176, 177]. Consequently, a user element subroutine (UEL) has been
implemented in Fortran and in which the Gauss integration scheme is
used.
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0 UEL implementation

One considers of 4 node elements as shown in Figure 3A.3 and the nodal

displacement vector is given by u = (ul u; u? uﬁ cour uﬁ)T with uf

being the nodal displacement of node j in direction i. The separation vector
is then

Uy — Uy
1 4
U, —u
A= |7y Y. (3A.2)
Uy — Uy
2 _ .3
My My

Based on the nodal separation vector A, the separation at the integration
points § can be obtained using the interpolation matrix S. J has two com-
ponents: the normal separation 6" and the tangential separation 57 and is

given by
6T S1 0 S2 0
N [ } =SA= {O s1 0 S2 A (5A-3)

with S; and S; begin the two interpolation functions given by S; = (1 —
7)/2and Sy = (1+ 17)/2 with 57 being the position of the integration point.
1 is set to O for the Newton-Cotes integration scheme while it is equal to
0.57735 for the Gauss integration scheme. J is the separation vector in the
global coordinates while in the local coordinates, the separation vector is
denoted by v and is given by

cosf sin@

v =6 =0SHu = [— sinf cos@

] SHu = Nu. (3A.4)

The cohesive elements contribute to the virtual work that postulates that
the internal virtual work (right term in Equation 3A.5) is equal to the ex-
ternal virtual work (left term Equation 3A.5). The internal virtual work is
the sum of the virtual strain energy and the cohesive fracture energy on
the fracture surface.

5dT . FdS — / seTodV + / Sv-Tds, (3A.5)
Sext 14 L.

éd represent the virtual displacement vector, de the corresponding varia-
tions of the small strain tensor, v the separation between the faces of the
cohesive element and T the traction acting on the cohesive surface. The
contribution of the cohesive elements is equal to the second right term and
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can be rewritten as

/ Sv-TdS = / svTHds = / (Ndu) #dS = du” / NTTdS = fou,
T T JT¢

e
(3A.6)
where f represents the internal forces vector and is given by
. 1 1 1
f— / NTTdS = / / N"JdpdZ = B / NTT|J| dy, (BA.7)
JT. J-1./1 J1

where B is the out-of-plane thickness of the cohesive element and |[J| is the
determinant of the Jacobian and is equal to I, /2 with I, being the length
of the cohesive element. The Right-hand side matrix can be then computed
and is given by

1
RHS — —f — —B/ NTT|J| dy. (3A.8)
-1

The stiffness matrix, denoted by AMATRX in Abaqus, is given by

AMATRX:K———B/ TaTand —B/ NT Nd17

(3A.9)
The link between the traction and the separation is introduced through the
cohesive law. A trapezoidal law is used in the present case. Figure 3A.3
shows the evolution of the traction ¢ depending on the adimensional sep-
aration parameter A given by

SN 2 5T 2
A=/ = -, 3A.10
(&) + () OA10
with 6N and 7 being the current normal and tangential separations while

0N and 67 are their critical values above which no traction is exerted any-
more and the cohesive element breaks.

[ Issues with cohesive elements

Some preliminary simulations have been run following those performed
by Hutchinson and Tvergaard [94] by considering material properties of
polymers. The yields stress oy is equal to 56 MPa and the oy / E ratio is set
t0 0.019. The cohesive energy G, is set to 100 ]/m?. The cohesive strength is
varied. These simulations showed that with extensive plastic deformation
a compromise must be found between:
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1. The critical opening displacement must be lower than the half of the
length of the cohesive element otherwise the first element infinitely
opens at the side of the crack tip and does not open at its other edge.

2. A sufficient number of elements (3 to 5) must be found in the frac-
ture process zone that is given by Is = I.E/37(1 — v?)c? if there is
plasticity

3. The plastic zone must be sufficiently discreticized

The first rule imposes a maximum length to the cohesive length /,,;, while
the others impose a minimum length. The evolution of the maximum co-
hesive element length following these three rules is shown in Figure 3A 4.
Ideally, the cohesive element length must be lower than indicated by the
blue and red curves corresponding the sufficient discretization of the plas-
tic zone and the process zone. It can be observed that if I.,;, = 5J. or
leon, = 100, for 0./ 0y, the second and third rules are not satisfied.

0.03 T
= Processzone: | =l /
£ coh  proc
= 0.025 . Discretization: lmh—l{{]-“']tl
= N ———d/A =0
_3 Ed ¢ “coh
= 002 N coendedl =02
B N ; coh )
E L A1, =05
= 0.015 R,
(5] ~
g " e
= L2 Sy
o 0.01 o Sl
o sy e S—
= Tm——
3 L
£ 0.005 A
G i e e
0 == —
1 15 2 25 % %5 4
oo [-]

Figure 3A.4 Variation of the cohesive element length with the cohesive
strength for the three rules allowing to determine /..

To circumvent this issue, we investigated a scaling of the material prop-
erties by keeping the plastic zone size Ry constant. Hence, the Young's
modulus is increased by a factor X and the I'; is divided by X. Simulations
with values of X=5, 7 and 10 have been run. It is observed in Figure 3A.5
that X has no influence on the results. This agrees with the results Hutchin-
son and Tvergaard [94] who showed that the ratio ¢y /E has only a limited
influence on the results. Hence, this strategy has been kept for the simula-
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tions of the interphase.

= ]
=

[
o

0.8 . . . . . : J
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Normalized crack propagation length da/Rg [-]

Figure 3A.5 Influence of the scaling factor x for G, and E on the fracture
toughness in terms of stress intensity factor. The scaling factor is set to 5, 7
and 10 and I.,;, = Rg/20.

Results

Before modelling SENT samples with the interphase, SENT with homoge-
neous materials have been modelled using the transition properties deter-
mined in the current work and in the work of Voleppe et al. [12]. Owing
to long computation times (> 400 hours), the steady-state fracture tough-
ness G%° is taken when the crack has propagated over a distance equal to
0.1Rp, Rg being the plastic zone size of the investigated material. It can
be observed that as reported by Depinoy et al. [178], the evolution of the
fracture toughness with the cohesive strength exhibits a sigmoidal shape
(Figure 3A.6a). For a given range of 0., G°° increases (toughening regime)
while for high cohesive strength, it is almost constant (saturation regime).
For a given ¢/ 0}/ ratio, G> tends to be slightly higher with the properties
for the 15 wt% PEI blend of the present work compared to the one of the
work of Voleppe et al. [12]. However, this difference is not significant. The
results are in agreement with those of Depinoy et al. [178].

As first case for SENT with an interphase, a crack is inserted in the RTM6-
rich zone at a distance of 65 um from the transition zone. Figure 3A.6b
shows that the properties of the transition zone do not influence the steady-
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Figure 3A.6 Evolution of steady-state fracture toughness with cohesive
strength for a) homogenous SENT made of RTM6 and 15 wt% PEI blends
from the present work and the work of Voleppe et al. [12], b) for a crack
propagating in the RTM6-rich zone and c) a crack propagating at the inter-
face of the transition zone.

state fracture toughness for a given o.. G°5 is computed after the crack
propagated over a distance equal to 0.25Rgrrpe. Indeed, the plastic zone
size of the RTM6 being about 12 pm, the plastic zone size developing ahead
of the crack tip does not interact with the transition zone that is only elas-
tically deformed. As for homogeneous blends, a sigmoidal shape is ob-
served for the evolution of the steady-state fracture toughness.

Finally, the cohesive zone is inserted at the interface between the transi-
tion zone and the RTM6-rich zone. The evolution of G°° evaluated after a
propagation length of 0.25RorTMme With the cohesive strength is shown in
(Figure 3A.6c). Tt can be observed that for a given o, G%° is not affected
by the transition zone properties. Indeed, main of the plastic dissipation
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takes place in the RTM6-rich zone and in the PEl-rich zone as the transi-
tion zone is thin compared to the plastic zone size. In addition, in homoge-
neous SENT, the difference between the two cases was already marginal.
To conclude, the presence of a soft zone in the transition zone of Voleppe
et al. [12] does not affect the interface fracture toughness compared to the
current study in which no softening is observed.

3.7.2 Appendix B: Testing method for TP-epoxy interphases

In PEI-RTM6 interphases, it has been shown that when the crack initiates
in the PEI-rich zone, it is deflected towards the epoxy-rich zone. However,
it does not reach this zone due to the presence of a weak interface between
the PEl-rich and epoxy-rich regions. By performing SENB tests, the initi-
ation fracture toughness is measured. Hence, the G|, value measured by
Voleppe et al. [12] corresponds to the one of the PEl-rich zone and not the
one of the weak interface. It is thus important to design a test set-up al-
lowing to measure the fracture toughness during crack propagation. We
suggest to manufacture wedge-peel samples made of epoxy blocks with a
PEI film inserted at the middle. The first step is thus to manufacture 4 mm
thick samples with a width of 10 mm and a length of 150 mm. This requires
to design a mould in which the PEI film can be inserted. For this purpose,
a mould with two parts has been designed and these parts join each other
with screws. The mould is shown in Figure 3B.1.

Figure 3B.1 a) Mould to manufacture wedge-peel samples and b) wedge-
peel samples and its dimensions.

Once the samples are manufactured, wedge-peel tests can be performed by
inserting a razor-blade between the Kapton and the PEI films. The tests are
performed under a 3D microscope allowing to determine the beam deflec-
tions to determine the crack tip position. The distance between the crack
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tip and the razor blade is referred to as the crack length a and the fracture
toughness is given by

_ 3EW3D?

~ 16a%(1 —12)
with E being the beam Young’s modulus, D the razor blade thickness, /1 the
epoxy beam thickness and v the Poisson’s ratio of the beam material.

e (3B.1)

The idea is thus to measure the fracture toughness for different crack tip
locations and then determine by the analysis of the fracture surfaces, the
corresponding crack propagation locus. This combination will allow to
determine the toughness of the interface if the crack propagates along it.

Such tests have not been performed as the manufacturing of the samples
has been found to be challenging with leaks of resin taking place during
curing. This probably requires to optimize the mould design.
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Co-cured composite joints:
selection of potential TP
interlayers

Chapter 3 indicates that PEI co-cured composite joints manufactured by
the RTM do not result in joints with superior toughness as expected. As
other thermoplastics (TP) than PEI can interact with epoxy, this chapter
investigates the potential candidates for thermoplastic interlayer material
in co-cured composite joints. Hence, the focus is on the mode I fracture
toughness of the joints and the main failure mechanisms as a first step
towards a more in depth analysis of TP layers for co-curing. We do not
cover the chemistry beyond the formation of the interphases and the fail-
ure mechanisms along the interphases as covered in Sections 3.3 and 3.4
for the PEI-epoxy interphases.
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Introduction

This introduction covers literature results concerning co-cured
composite joints and TP-epoxy interphases already presented
in Section 2.2 but with more details.

Carbon fibre reinforced polymer composites (CFRPs) are broadly used in
advanced structures such as in airplanes owing to their high strength and
stiffness to weight ratios. Manufacturing these structures often requires
assembling CFRPs together or with other materials. Primary load carrying
structures are frequently joined through mechanical fasteners, altering the
composites structural integrity [1]. Adhesive bonding offers more uniform
stress distribution and additional weight saving. However, limited resis-
tance to crack propagation and long sequential bonding processes consti-
tute two barriers for a more intensive use of this technology [1].

To tackle these two issues, it has been suggested to use other materials than
epoxies as adhesives, typically high-performance thermoplastics such as
polyetherimide (PEI), polysulfone (PSU), polyethersulfone (PES) ... [15,
29-33]. These thermoplastics are inserted in the form of a film either at the
middle of the composite lay-up [15, 29-33] or at the surface [35]. If added
to the surface, the composite part can be joined to another composite part
or to a metallic part via thermoplastic welding. Integrated manufacturing,
also referred as co-curing and co-bonding, can be achieved by inserting
the TP film at the mid-plane of the lay-up prior to composite curing. The
use of thermoplastics as bonding material can thus improve the fracture
toughness of joints and reduce work and time-intensity.

However, the integration of TP requires the creation of a tough interface
between the composite and the thermoplastic film [5]. For this reason, ther-
moplastics exhibiting good interactions with epoxy have been used such as
PEI, PES, PSU or PEEK. These polymers can create a semi-interpenetrating
network when in contact with the epoxy leading to the development of
a morphological gradient and some functional groups can even react with
the epoxide groups as observed with the use of polyamide. One of the most
investigated material is PEI for the manufacturing of co-cured composite
joints [15, 29-32, 35]. Although, Quan and co-workers [15, 29-32] reported
improved Gj. compared to composite delamination when using autoclave
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curing, in Chapter 3, it has been shown that PEI co-cured composite joints
manufactured through resin transfer moulding suffer from limited fracture
toughness (< 500 J/m?).

The goal of the present chapter is to investigate the manufacturing of co-
cured composite joints with other thermoplastics than PEI. For this pur-
pose, polyethersulfone (PES), polysulfone (PSU), polyamide 6 (PA6), poly-
carbonate (PC) and polymethylmethacrylate (PMMA) films are inserted in
a composite joint. The mode I fracture toughness of these joints is investi-
gated as well as the morphological gradient developing upon curing and
the local properties through nanoindentation. This is a preliminary study
which does not consider the chemical effects and the details of the failure
mechanisms have not been deeply investigated. The idea is to identify po-
tential candidates for composite joints co-curing through a TP layer.

Materials and methods

Materials

For the composite adherends, the HexFlow RTM6 resin and the G0926 Hex-
Force carbon fibres fabrics are used. Then, six different thermoplastics
are inserted: polyetherimide (PEI), polyethersulfone (PES), polysulfone
(PSU), polycarbonate (PC), polyamide 6 (PA6) and polymethylmethacry-
late (PMMA). They are inserted under the form of 500 um films supplied
by GoodFellow. The PSU film is initially 900 um thick but the thickness is
reduced using a hot static press and a 500 um thick spacer. The properties
of these materials are given in Table 4.1.

4.2.2 Samples manufacturing

Epoxy-TP interphases

The specimens with a TP-epoxy interphase are processed by inserting the
TP films in glass tubes. The tubes are filled with RTM6 resin before de-
gassing it at 90°C for one hour. Curing takes place following the C160
curing cycle (Figure 4.1). The temperature is first increased at a rate of
2°C mm/min up to 160°C before maintaining it for 90 minutes in order to
promote the formation of the morphological gradient [12, 68]. The temper-
ature is then increased to 180°C at a rate of 2°C mm/min before keeping it
constant for two hours.
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Table 4.1 Properties of the thermoplastic materials used for compos-
ite joints co-curing. A stands for amorphous while 5-C means semi-
crystalline. Values under brackets are the values obtained in Chapter 3
while other values come from EduPack [179].

Material | Tg [°C] | E [GP4] | 0, [MPa] | Gy [k]/m*]| | Amorphous ?
RTM6 220 2.8 100 (127) 0.08 Thermoset
PEI 215 | 3(34) | 80(140) 155 A
PES 220 2.5 50-75 2 A
PSU 190 2.7 75 2-7 A
PMMA 100 2.4-33 54-72 0.2-0.9 A
PC 150 24 60 2 S-C
PA6 50-60 1.5-2 50 6-8 5-C

Figure 4.1 C160 curing cycle used for processing of the TP-epoxy inter-
phases and the co-cured composite joints.

Co-cured composite joints

The TP co-cured composite joints are manufactured through resin transfer
moulding (RTM) following the process illustrated in Figure 3.2. The first
five G0926 carbon plies are first laid down in the RTM mould. The TP
film is then inserted and two 70 mm long, and 30 um thick Kapton films
(Dupont) are stacked on the top of it to introduce a pre-crack. The five
last plies are added. The RTM mould is then closed using a 8 bars press.
The RTMBS6 resin is then heated in a piston up to 90°C before being injected
at the same temperature in the mould until reaching a pressure of 6 bars.
The composite is finally cured following the C160 curing cycle shown in
Figure 4.1.
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4.2.3 Mechanical testing

Nanoindentation along interphase

Nanoindentation tests are performed along TP-epoxy interphases using a
G200 nanoindenter from Agilent Technologies with a pyramidal Berkovich
diamond tip. The samples are polished prior to testing. 1200 and 4000
MD-Piano disks from Struers are used before finishing with a 0.3 um alu-
mina suspension (AP-D Suspension 0.3 um, Struers Inc.). The Continuous
Stiffness Measurement (CSM) method is used relying on the Oliver and
Pharr [170] method to extract the elastic modulus and the hardness. Drift
corrections are not considered as, for polymers, this correction is strongly
affected by viscoelastic effects [171]. Indents are performed along the in-
terphase with repetitions over 3 different zones for each sample. The pen-
etration depth is set to 1 um.

DCB testing

The DCB samples have been machined from the cured panels with a length
of 200 mm and a width of 20 mm. The 70 mm long Kapton film inserted
to create the pre-crack induces an initial crack length of 50 mm. The total
height of the DCB is about 4.4 mm. The DCB tests are performed following
the ISO 25217 standard [172] on a Zwick/Roell machine equipped with a
50 kN loadcell, at constant cross-head speed of 1 mm/min. The machine is
located in a ventilated room at constant temperature and relative humidity
content about 23°C and 50%, respectively. Prior to testing, the edges of
the samples are graduated to measure the crack length, allowing to track
the crack by taking one picture every 3 seconds with a Canon EOS1400D
camera. Gy, is then computed following the single beam theory [172]. For
each condition, 4 samples are tested.

4.2.4 Microscopy

A VHX optical microscope from Keyence and an Ultra 55 Field-Emission
SEM (Zeiss, Germany) are used to characterize the fracture surfaces of the
DCB samples and to characterize the morphologies of the TP-epoxy inter-
phases. For SEM imaging, the samples are coated with a 1 um thick gold
layer and imaged at 5 keV. For samples containing an interphase without
fibres, they have been broken perpendicular to the film using a razor blade.
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Infrared spectroscopy

The chemical gradient of PMMA-epoxy and PC-epoxy interphases is qual-
itatively investigated with infrared (IR) spectroscopy. Spectra are acquired
every 5 pm along a line extending over the interphase. The experimen-
tal Spectra are measured using a Nicolet iN10 MX infrared imaging mi-
croscopy, configured with the following detectors: a room temperature
DTGS, a single point MCT-A and a linear array MCT-A detector. Each sam-
ple is placed on the sample post of an imaging ATR microscope accessory
and raised to make contact with the germanium ATR crystal for measure-
ment (pressure of 25 bar). 64 scans are taken over 22 seconds and the spec-
tral resolution is set to 4 cm~!. The qualitative profile is determined based
on peak amplitude normalization. For the PMMA interphase, the peaks at
1725 (esther function of PMMA) and 1551 mm ™! (aromatic group of epoxy)
wavelength are used. For the PC-interphase, the peaks at 1771 (carbonate
function of PC) and 1613 mm ! (aromatic group of epoxy) wavelength are
used.

Results and discussion

Epoxy-polyetherimide interphase

The results regarding the epoxy-PEI interphase have already been pre-
sented in Chapter 3. Upon curing a morphological gradient develops with
a PEl-rich zone and an epoxy-rich zone. The Gy, of the joints is shown
again in Figure 4.2. The PEI film thickness influences the results with the
higher toughness being attained with the 500 pm thick film and which is
equal to 370 4 47 J/m?. In PEI co-cured composite joints, the crack propa-
gates along the carbon fibre located in the PEI-rich zone. However, due
to the architecture of the carbon fibres fabrics, resin pockets are locally
found where the full morphological gradient develops. At these locations,
the crack propagates along the weak interface between the PEIl-rich and
epoxy-rich zones. Finally, for the 50 pm thick film, the crack is also able to
propagate through the tough PEI film.

4.3.2 Epoxy-polyethersulfone interphase

Upon curing, a morphological gradient develops in PES-epoxy systems
with a PES-rich zone and an epoxy-rich zone as shown in Figure 4.3a. The
10 pm long PES-rich zone is characterized by a nodular morphology while
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Figure 4.2 R-curves for the co-cured composite joints with 50 um (blue),
a 175 um (black) and a 500 um thick PEI films.

a sea-island morphology is observed in the epoxy-rich zone. This mor-
phologcial gradient is identical to the one reported by Voleppe et al. [68]
for the same system. A sharp transition is observed between the two zones
and according to Voleppe et al. [68], it is at the origin of the low toughness
of this system. Indeed, as for PEI and epoxy, PES and epoxy functional
groups do not react with each other to create strong bonding.

Figure 4.3b shows the evolution of the hardness along the interphase. As
the PES-rich zone is quite thin, a progressive increase of the hardness from
the PES film to the epoxy-rich zone is not found as the indents in the PES-
rich zone are affected by their surrounding environments. If a tough inter-
face could be formed, PES could potentially be an interesting material to be
used as dissipative layer [79, 97] owing to its lower hardness with respect
to RTM6.

Figure 4.4a shows the R-curves extracted from the DCB tests performed on
the PES co-cured composite joints. These joints are characterized by a Gy,
equal to 70+11 J/m2. This is a low value. Figure 4.4b shows the fracture
surface which is completely featureless. The crack propagates adhesively
at the interface between the PES film and the composite. Figure 4.4c shows
that interdiffusion takes place during co-curing. Based on the results of
Voleppe [69], the main hypothesis is that the crack propagates at the in-
terface between the PES- and epoxy-rich zones. This again highlights the
importance of (1) being able to correctly determine the interface Gy, and (2)
to force the fibres to be in the TP-rich zone as already explained in Chapter
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Figure 4.3 a) PES-epoxy interphase and b) evolution of hardness along
the interphase.

3 for PEl-epoxy interphases to avoid the development of the PES-epoxy
weak interface between the PES film and the carbon fibres.

4.3.3 Epoxy-polysulfone interphase

The PSU-epoxy interphase is shown in Figure 4.5. A PSU-rich zone exhibit-
ing a nodular morphology is observed close to the PSU film (Figure 4.5¢)
while away from the film, the epoxy-rich zone is characterized by a sea-
island morphology (Figure 4.5d), as reported by Min and Kim [60]. Be-
tween these two zones, a transition zone develops with a gradual change
in morphology as shown in Figure 4.5b which differs from the transition
zone reported by Min and Kim [60]. This zone exhibits a co-continuous
morphology combining the nodular and the sea-island morphologies. Op-
posite to PEI-epoxy and PES-epoxy interphases, the transition between the
TP-rich and the epoxy-rich zone is smooth. In addition, the interphase
is thicker than the one observed in PEI- and PES-epoxy systems as it has
thickness about 100 um.

Figure 4.6 shows the evolution of the hardness along the interphase. An
increase of the hardness is found along the interphase when approaching
the epoxy-rich zone. A similar behaviour is expected for the PES-epoxy
interphase although it is difficult to observe it due to the thin TP-rich zone
while for the PEI-epoxy interphases, the opposite evolution is found. As
PES, it is a good candidate to create a dissipative layer.
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Figure 4.4 a) R-curve for the PES co-cured composite joints (black curve
= average). b) SEM micrograph of the fracture surface and c) optical mi-
crograph of the joint cross-section highlighting the interdiffusion zone.

The R-curves for the PSU co-cured joints are shown in Figure 4.7a. The
joints are characterized by a toughness equal to 203460 J/m?. Looking
at the fracture surfaces reveal crack propagation between the PSU film
and the composite. On the SEM micrographs, delamination along the car-
bon fibres laying in the PSU-rich zone is found (Figure 4.7b). However,
many featureless spots similar to those appearing in PEI co-cured compos-
ite joints are observed as shown in Figure 4.7b-c. These spots presumably
correspond to zones without any interdiffusion. In these zones, the crack
propagates along the interface between the film and the resin. This inter-
face is believed to be brittle due to the lack of interdiffusion, resulting in
joints characterized by a low Gj..

4.3.4 Epoxy-polyamide interphase

As shown in Figure 4.8a, no morphological gradient develops upon curing
in PA-epoxy based systems. When breaking the samples perpendicular
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Figure 4.5 SEM micrographs of a) the PSU-epoxy interphase with b) the
transition zone, c) the PSU-rich zone and d) the epoxy-rich zone.

Figure 4.6 Evolution of the hardness along the PSU-epoxy interphase.

to the film, the crack is directly deflected along the PA-epoxy interface.
This indicates the presence of a brittle interface. The presence of this weak
interface is confirmed by the DCB tests as G|, is found to be equal to the
very low value of 26+6]/ m?. In addition, adhesive failure can be observed
between PA and the composite. Two perfectly smooth, featureless fracture
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Figure 4.7 a) R-curve for the PSU co-cured composite joints (black curve
= average). b) SEM micrograph of the fracture surface and c) zoom in a
zone without interdiffusion.

surfaces are obtained as shown in Figure 4.8b and SEM micrographs are
completely featureless.

Additional tests have been performed with sandblasted PA films in or-
der to improve the toughness of PA co-cured composite joints. Because
of the flexibility of the film, it is difficult to obtain an homogeneous rough-
ness over the whole surface film. The toughness of these joints is equal to
120434 J/m?. This represents an increase of the toughness by a factor 5
compared to the untreated PA film. Adhesive failure still takes place but
opposite to the untreated film, the fracture surface exhibits some rough-
ness. The roughness induced by sandblasting can thus be responsible for
the improvement of the toughness by inducing some mechanical interlock-

ing.
PA-epoxy blends are obtained by dissolving the two species in an alcohol-
based solvent [55, 56]. Dissolution favours the interactions between PA

and epoxy. Opposite, Kim et al. [57] mixed Nylon powder with epoxy
and found that the mixing temperature must be at least above 215°C to
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Figure 4.8 a) Optical micrograph of the PA-epoxy interface. b) R-curve
for the PA co-cured composite joints (black curve = average). c) Optical
micrograph of the fracture surface of one joint.

induce a reaction between the two polymers. In the present case, the curing
temperature (160°C) is thus too low to favour chemical interactions and,
consequently, to achieve bonding.

4.3.5 Epoxy-polycarbonate interphase

Upon curing, epoxy and polycarbonate interact with each other resulting
in the formation of a chemical gradient with a very fine morphology simi-
lar to the one observed by Lee et al. [72] as shown in Figure 4.10. This cor-
responds to the phase-inverted morphology found for the PEL, PSU and
PES-epoxy interphases. Interdiffusion is confirmed by the FTIR analysis
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Figure 4.9 a) R-curve for sandblasted PA co-cured composite joints (black
curve = average). b) SEM micrograph of the fracture surface.

as shown in Figure 4.10d, confirming that intediffusion took place during
curing. However, simultaneously, large voids form at the interface due to
the reaction between epoxy and PC.

The evolution of the hardness along the interphase could not be deter-
mined as the indents could not be found over the specimen surface upon
testing. Although, the PC hardness is around 200 MPa, lower than the one
of the RTM6 which is about 310 MPa. Owing to this mismatch, PC could
act as a dissipative layer.

The Gy, of PC co-cured composite joints (Figure 4.11a) is equal to 804+511
J/m?. A stick-slip behaviour takes place during crack propagation with
toughness values up to 2000 J/m?. As shown in Figure 4.11b, the fracture
surfaces reveal crack propagation through the PC film. The local maxima
found in Figure 4.11a corresponds to the locations of crack deflection to-
wards the opposite interface. During curing, voids nucleate at both inter-
faces with the composite. It is believed that these voids are at the origin
of crack deflection. No fibres are observed on the fracture surfaces when
the cracks propagates along the PC-composite interface. The crack seems
to be propagating in the PC-epoxy interphase. Indeed, in the absence of
an interphase, the crack would propagate along the fibres as in composites
produced without TP film.
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Figure 4.10 SEM micrographs of the PC-epoxy interphase at different
magnifications showing a) the interphase region, b) the PC-rich zone of
the interphase, c) the morphology of the PC-rich zone and d) FTIR profile
for the carbonate group.

4.3.6 Epoxy-polymethylmethacrylate

Regarding the PMMA-epoxy system, epoxy and PMMA interact with each
other during curing, as already reported by Zweifel et al. [37]. The mor-
phological gradient cannot be accurately distinguished on the micrographs.
Nevertheless, changes on the fracture surface features are found on the
fracture surface indicating the potential presence of a morphological gra-
dient. As highlighted in Figure 4.12a-b, a rougher zone is observed over 40
um. By zooming in this rough zone (Figure 4.12c), some small features can
be distinguished. It is impossible to accurately separate the two phases
(PMMA and epoxy). However, as this zone is close to the PMMA film

118 |



Results and discussion | 4.3

Figure 4.11 a) R-curve for the PC co-cured composite joints. b) optical
micrograph of the fracture surface and c¢) SEM micrograph of the fracture
surface

and that the fracture surface features change away from it, it probably cor-
responds to the PMMA-rich region of the morphologcial gradient which
should be tougher than the epoxy-rich region. Interdiffusion is confirmed
by the FTIR analysis as shown in Figure 4.12d and an interphase thickness
of 40 pm is found, in agreement with the SEM micrographs.

Figure 4.13 shows that the hardness increases over 40 pm away from the
PMMA film, in agreement with the changes in morphology. This confirms
the formation of an interphase.

PMMA co-cured composite joints are characterized by a toughness equal
to 6704138 J/m? (Figure 4.14a). The crack only propagates between the
PMMA film and the composite, as shown in Figure 4.14b. However, al-
most no imprints of fibres appear on the fracture surfaces as shown in
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Figure 4.12  a)-c) SEM micrographs of the PMMA-epoxy interphase with
different magnifications such that b-c) show the rough zone corresponding
to the interphase. d) FTIR profile for PMMA along the interphase.

Figure 4.13 Evolution of the hardness along the PMMA-epoxy inter-
phase.
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Figure 4.14d-e. The cracks seems thus to propagate either in the PMMA
film close to the interface with the composite or in the interdiffusion zone.
However, microscopic analyses could not accurately reveal the crack prop-
agation locus. At crack initiation (Figure 4.14c), different features resem-
bling to fingerprints are observed but not during further crack propaga-
tion. These features have not been observed in PMMA-epoxy interphases
and are only found near the initiation site related to the PI insert.

Figure 4.14 a) R-curve for the PMMA co-cured composite joints. b) opti-
cal micrograph of the fracture surface with the SEM micrographs of c) the
initiation zone and d-e) steady-state propagation region.
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4.4 Conclusion and perspectives

Figure 4.15a compares the toughness of the different co-cured joints with
the associated failure mechanisms (Figure 4.15b) while Figure 4.15¢ shows
the variation of the hardness along each interphases. Some conclusions can
be drawn from these results:

1. Interdiffusion favours adhesion. PA joints with no interdiffusion show
very poor toughness.

2. TP film roughening improves the joint toughness (improved G, of
PA joints by sandblasting).

3. If there is interdiffusion, the presence of a weak interface between
the TP-rich and the epoxy-rich zones between the TP film and the
fibres must be avoided (low Gj. of PES joints). The interphase thick-
ness must be at least such that the TP-rich zone reaches the fibres,
but it does not mean that it must be as thick as possible. Indeed,
depending on the thickness of the interphase, the morphological fea-
tures can have different size resulting in different toughening effects
as observed by Farooq et al. [49]. The optimum thickness interphase
is thus a parameter to be investigated that depends for example on
the curing cycle.

4. Crack deflection through the TP film is favourable, but is random
and results in large scatter.

5. If there is interdiffusion in the region including fibres and the crack
does not deflect, a softer TP layer may be favorable to improve Gy,
by increasing the plastic dissipation (PSU and PMMA joints).

6. PMMA joints result in the highest G|, for the tested conditions.

Based on these conclusions, the two best systems are the PEI (500 pm) joints
and the PMMA joints which compete with composite delamination. How-
ever, PMMA is characterized by a lower glass transition temperature and
has thus a lower thermal resistance preventing its use in high temperature
applications compared to PEL. However, PMMA co-cured joints could find
some applications such as in windmills as Arkema already manufactures
PMMA windturbine blades [180].

In this work, only an exhaustive list of TP materials has been investigated
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Figure 4.15 Summary of the results for the different TP co-cured com-
posite joints: a) fracture toughness, b) failure mechanisms and c) schematic
evolution of the hardness along the interphase.
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as interlayer for composite joints co-curing. This already gives some in-
dications such as the toughest joints will be obtained if interdiffusion be-
tween the TP and the composite resin occurs, the morphological gradient
must be thick enough to develop within the composite and that Gj. can
be improved by roughening the TP film. However, to determine the best
system, additional reseach is required.

1.

124

Influence of the curing cycle: The development of a morphological
gradient depends on many parameters such as the curing cycle, the
resin viscosity or the TP molecular weight [44, 51, 53, 69]. Further
work should thus focus on these aspects to determine the processing
conditions resulting in the toughest joints.

. Influence of the degree of crystallinity for semi-crystalline TP: PC and

PA6 are both semi-crystalline polymers. Depending on the curing
cycle, the degree of crystallinity might change. For both bulk ther-
moplastics and thermoplastic composites, a decrease of the fracture
toughness is reported as the degree of crystallinity increases [181—
183].

. Influence on other joint properties: Not only mode I fracture tough-

ness is important in joints but also lap shear strength and stiffness as
joints are mainly loaded under shear. Hence, performing lap-shear
tests is also important to compare the joints and evaluate their me-
chanical performances. In addition, thermal resistance, resistance
to solvents and other conditions (UV, humidity ...) must be inves-
tigated.

. Influence of film thickness: Thee joint properties are also influenced

by the remaining film thickness (depending on initial film thickness
for given processing conditions) as it is for classical adhesive joints.
The thicker the joint up to a thickness about twice the plastic zone
size, the higher the toughness if plastic dissipation takes place in the
joint. Hence, by varying the film thickness, another system than the
PMMA one could be the best.

. Influence of the manufacturing process: Locally, no interdiffusion

takes place (with PSU and PEI). Consequently, the presence of these
defects should be understood to manufacture reliable joints. For the
RTM process, the influence of some parameters could be investigated
such as the injection speed or the pressure in the mould. In addition,
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several manufacturing processes could be envisaged such as auto-
clave curing using pre-pregs or infusion. Changing of manufacturing
process could lead to a change in materials such as the epoxy resin or
the initial degree of resin curing and these parameters can influence
the formation of an interphase and thus the joint properties.

To conclude, a large amount of work is still needed to optimize co-cured
composite joints using a TP interlayer which is a topic that started to gain
interest during the last five years [15, 29-32, 35-39].
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Crack bridging in co-cured

joints

This chapter is based on an article that will be submitted soon:

Charline van Innis, Michal K. Budzik and Thomas Pardoen,
Crack bridging in co-cured joint.

5.1 Introduction

This introduction covers literature results concerning co-cured
composite joints and extrinsic toughening strategies, as already

presented in Sections 2.2 and 2.3 with more details.

Carbon fibre reinforced polymer composites (CFRPs) are broadly used in
advanced structures such as airplanes, wind turbine blades or marine struc-
tures, owing to a high strength and stiffness to weight ratios. The man-
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ufacturing of these structures requires the joining of CFRP components.
Mechanical fastening is one option but drilling holes in the adherends
lowers the structural integrity due to the generation of stress concentra-
tions [1]. Adhesive bonding offers more homogeneous stress transfer and
lightweight. However, adhesives often suffer from limited mode I tough-
ness G, and cost and time intensive bonding process [1], preventing a gen-
eralized use of this joining technique in advanced applications such as in
airplanes.

Co-curing is an alternative to secondary bonding, with a decrease of the
manufacturing intensity. Co-curing involves simultaneous curing and bond-
ing of the composite parts. In secondary bonding, the adherends must first
be cured apart, the surfaces must be treated and the CFRPs adherends can
finally be bonded together. Co-curing is only possible when no resin has to
be injected during the process to prevent the adhesive to flow out. Hence,
co-curing is possible using pre-pregs, but not with resin transfer moulding
process (RTM). On the one hand, co-cured composite joints are known to
be characterized by a lower mode I fracture toughness compared to sec-
ondary bonded joints due to the development of defects at the adhesive/-
composite interface [23-25]. On the other hand, co-curing results in im-
proved geometrical accuracy [22] of the components and are less affected
by hygrothermal ageing [26].

In order to solve the issue of lower Gj., Quan and co-workers [30, 31] sug-
gested to replace the adhesive by a thermoplastic film compatible with the
composite resin [5]. This led Quan and co-workers to insert polyetherim-
ide (PEI) and UV-treated polyetheretherketone (PEEK) films between pre-
pregs made of the 8552 epoxy resin. Regarding the PEI co-cured joints, at
room temperature, an improved mode I toughness was reported compared
to the composite toughness during delamination, but lower than the Gy, of
the co-cured adhesive joint. The PEI film results in higher mode II fracture
toughness (Gjj;) and lap-shear strength compared to composite delami-
nation with an adhesive-based co-cured joint. In addition, increasing the
PEI film thickness improves the mode I, mode II fracture toughness and
lap-shear strength with an optimum thickness around 200 pm. The good
adherence between the composites and the PEI results from the interdif-
fusion of PEI and epoxy during curing. Other candidates for co-curing
include among others phenoxy [33], polyethersulfone (PES) [33, 34], and
polysulfone (PSU) [60]. Recently, we co-cured composite joints using PEI
films of varying thicknesses (see Supplementary Material 1). However,
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these co-cured joints also suffer from low mode I fracture toughness when
compared to the composite delamination toughness, requiring the explo-
ration of effective toughening strategies.

Several toughening strategies have been investigated for adhesives. The
first consists in enhancing the plastic energy dissipation in the joint by in-
creasing the adhesive thickness [13, 93, 99, 102]. Plastic energy dissipation
can also be improved by inserting a softer layer close to the crack prop-
agation plane in the assembly [79, 97]. Crack deflection by architecturing
the adherends has been proven effective to raise the mode I fracture tough-
ness through forcing local mode-mixity at the crack tip [80, 106, 107, 119].
A crack can also be deflected from the propagation plane by adding stiff
particles or cavities. If a cavity is added, it can trap the crack and if large
enough, it blunts the crack, delaying its reinitiation and increasing the ef-
fective G, [80, 122]. It has even been suggested to create arrays of cavi-
ties referred as pillar interfaces [141]. Following this idea, more generally,
the bondline can be structured using metamaterials concepts [84, 142] to
trigger complex failure modes. Elastic heterogeneities [138, 139] are also
known to influence the effective Gj. and can be achieved by architecturing
the adherends [82]. Finally, one mechanism that has proven very efficient is
crack bridging. Bridging is a phenomenon commonly taking place in com-
posites due to fibres attached to both crack faces behind the crack tip. It can
also be triggered by adding Z-pins [127, 128], by inserting a carrier in the
adhesive [80, 81, 132] or by changing the local adherence at both interfaces
[80, 135]. In composite parts, thermoplastic veils [124, 130] are also often
introduced at interplies to trigger bridging and improve the delamination
toughness. The areal weight of such veils is known to have an influence on
G|, with an existing optimum areal weight. The resulting toughness varies
depending on the thermoplastic from which the veil is made and on the
architecture of the carbon fibre fabrics (e.g. unidirectional UD, H5-satin or
non-crimp fibre NCF). For example, Quan et al. [124] reported a higher im-
provement in UD composites compared to NCF and to H5-satin laminates.
Bridging is the toughening principle addressed in the present study.

Several models have been developed to predict the mechanical response of
structures involving fibre bridging. In the context of finite element analy-
sis, cohesive zones model are often used with multilinear traction-separation
laws [184]. Analytical or closed-form models have also been proposed such
as the one developed by Cox and Marshall [185, 186] or by Serensen and
Jacobsen [187] who considered the continuous effect of bridging and non-
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discrete bridging events opposite to Spearing and Evans [188], Szekrényes
and Uj [189] and Li et al. [190]. In these models, a bridging law relating the
bridging stresses to the opening displacements is required. The bridging
law shape depends on the bridging phenomenon. For instance, if pull-out
takes place, bridging stresses decrease with increasing opening displace-
ment. One of the main issues in modelling bridging is the occurrence of
snap-back instability upon failure of a ligament resulting in a sudden de-
crease of the applied displacement and of the force as the energy released
by the advancing crack exceeds the energy dissipated to form the new frac-
ture surfaces [190]. Sequence linear analysis [191] and crack length control
schemes [192] are more adequate than a classical Newton-Raphson scheme
to solve such problem.

The present work aims at triggering crack bridging in co-cured PEI com-
posite joints using polyethylene ligaments provided as under the form of
fishing lines deposited perpendicular to the crack propagation direction.
The influence of the bridging ligament strength and spacing is investigated
experimentally and modelled analytically. Increasing the spacing between
the fishing lines and the tensile strength of the lines results in a significant
improvement of the fracture toughness. An important parameter is also
the tensile elongation of the bridging ligaments, which has not been tested
experimentally but addressed based on the analytical model. Guidelines
are given for the optimization of joints toughened through the addition of
bridging ligaments.

Materials and Methods

Materials

The composite adherends are made of the Hexflow RTM6 epoxy resin [167]
and HexForce G0926 H5-satin carbon fabrics. Each adherend consists of
five plies stacked parallel to one another. The two composite adherends
are joined by co-curing with a PEI film in a RTM press. The PEI film (Ultem
1000, Sabic, sold by GoodFellow) is 50 um thick (see Supplementary Mate-
rial 1 for the choice of the thickness) and is degreased using acetone prior
to co-curing. Fishing lines made of Ultra-high-molecular-weight polyethy-
lene (UHMPE) from the Decathlon brand Caperlan are inserted between the
carbon fabrics and the PEI film. Different diameters and strength of fish-
ing lines were tested, listed in Table 5.1. The strength is given in kg but in
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terms of stress, all the lines should have a similar tensile strength as they
are made of similar material.

Table 5.1 Properties of the fishing lines used to investigate the influence
of tensile strength and spacing

Diameter
Tensile of the line | Investigated
Fishing line | Description | strength | (diameter of | spacing
[kg] one strand) | [mm]
[mm]
Caperlan 4  strands
TX4 60 pm braid 3.9 (38 N) | 0.26 (0.06) 1,2,5,10
Caperlan 8  strands
TX8 60 pm braid 5.7 (56 N) | 0.19 (0.06) 1,2
Caperlan 8 strands
TX8 100 um | braid 8.3 (81 N) | 0.25(0.1) 1,2
Caperlan 8  strands | 17.2 (167
TX8200 ym | braid N) 035 (0.2) L2

5.2.2 Joints manufacturing

Prior to joint manufacturing, the fishing lines are manually positioned with
fixed spacing at both sides of the PEI film. We followed different proce-
dures to introduce the fishing lines. For the joints made of the Caperlan
TX4 60um lines, the PEI film has been first stacked on the top of a paper
sheet with graduation. Afterwards, each line has been positioned at a time
and attached at its edges on the PEI film. This process was repeated at the
other side of the PEI film. As an alternative, shown in Figure 5.1, a board
has also been designed with spikes spaced by a given distance. This pre-
vents cutting of each strand deposited on the film. When, all the fishing
lines are deposited, the lines are attached along their edges to prevent any
motion.

The joints are manufactured by resin transfer moulding. The first five
G0926 carbon plies are first laid down in the RTM mould. The PEI film
with fishing lines on both sides is then inserted and two 70 mm long, 30pm
thick Kapton films (Dupont) are stacked on top of PEL in order to act as pre-
crack for the fracture tests. The five last plies are then deposited. The RTM
mould is then closed under 8 bar pressure. The RITM6 resin is heated in
a piston up to 90°C before being injected at the same temperature in the
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mould until reaching a pressure of 6 bar. The composite is cured following
the optimized curing cycle for PEI-RTM6 interphase developed by Voleppe
et al. [12]. The temperature is increased at a rate of 2°C/min up to 160°C
for 90 minutes. Finally, the temperature is increased up to 180°C at a rate of
2°C/min and the temperature is maintained constant for two hours. From
the panels, double cantilever beam (DCB) samples are machined as shown
in Figure 5.2.

Figure 5.1 a) Board with spikes spaced by 1 mm to deposit the fishing
line on the PEI film every 1 mm. Fishing lines are inserted at both sides of
the PEI film. b) Scheme of the fishing line distribution at both sides of the
film.

5.2.3 Mechanical testing

DCB samples, shown in Figure 5.2a and b, have been machined from the
cured panels with a length of 200 mm and a width of 20 mm in a direction
such that the fishing lines are aligned perpendicular to the crack propa-
gation direction (direction z in Figure 5.2¢c). The 70 mm long Kapton film
inserted to create the pre-crack corresponds to an initial crack length of 50
mm. The total height of the samples is about 4 mm. The DCB tests are
performed following the ISO 25217 standard [172] on a Zwick/Roell ma-
chine equipped with a 50 kN loadcell, at constant cross-head speed of 1
mm/min. The machine is located in a ventilated room at constant tem-
perature and relative humidity content about 23°C and 50%, respectively.
Prior to testing, the edge of the samples are graduated to measure the crack
length by taking one picture every 3 seconds with a Canon EOS1400D cam-
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era. The mode I toughness G| is then computed following the single beam
theory [172]. Four replicate samples are tested for each condition, except
for a spacing of 7 mm for which only one sample was available.

Figure 5.2 a-b) DCB sample and dimensions from a) the top and b) the
side. c) Optical micrograph of the bondline with fishing lines spaced by 1
mm.

5.2.4 Microscopy

5.3

53.1

Scanning electron microscopy (SEM) with Ultra 55 Field-Emission SEM
(Zeiss, Germany) under 5 keV and optical microscopy with a VHX mi-
croscope from Keyence has been used for fractography analyses. This re-
quired cutting joints along the crack propagation direction and polishing
the cross-section prior characterization.

Analytical model

Governing equations

An analytical model, similar to the one of Li et al. [190], has been devel-
oped in order to predict the joint toughness. The model considers the joint
toughness in the absence of fishing lines Gy, line spacing A, Young’s mod-
ulus E/, tensile strength Ff and radius r of the fishing lines. The materials
properties and dimensions of the composite adherends enter the problem.
The DCB is of width B, arm thickness & and made of a material of Young's
modulus E. The crack has a length a. In this DCB, n fishing lines are posi-
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Figure 5.3 Double cantilever beam configuration with a width B, a height
2h. A crack of length a is bridged by n ligaments in the wake, located at the
positions L;.

tioned with spacing A and are thus located at the positions L; (i=1, 2, ... n)
as shown in Figure 5.3. The deflection at the position L; is given by

P} L F <L3 L;L?

. . 1
wi (L)) = gz 51 (e 5 >+CL +D; (.1)

where P is the applied force, F; is the force carried by the bridging liga-
ment at position L; while C; and D; are two constants (see Supplementary
Material 2). If i is set to 0, one gets the deflection at the loading point. Solv-
ing these equations requires to derive a bridging law relating the applied
force to the bridging ligament located at L; to the beam deflection at the
same point (see subsection 5.3.2). In addition to these equations, a crack
propagation criterion is required. The crack propagates when the crack tip
driving force Gy, is equal to the toughness of the joint in the absence of
bridging ligament Gy

2
Giip = BEI( ZF a—L >:G0. (5.2)

The unknowns of the problem are thus the deflections at the bridging lig-
ament positions, w; (i=1,2, ... n) and the macroscopic force P while the
inputs are B, h, E, a, Gy and the bridging law. The (n+1) equations corre-
spond to the 1 equations coming from Equation 5.1 and one last equation
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coming from Equation 5.2. A Newton-Raphson method is used with as
guess for the kth iteration X; = (Wi, Wy, ... Wy, P) and the function

to solve is
Wi —wq (L1)
Wor — w3 (L2)
H (X)) = : =0. (5.3)
Wkn — Wn (L”)
Giip — Go

This is repeated for each crack length a in order to predict the correspond-
ing the macroscopic load P () and total fracture toughness G (a).

5.3.2 Bridging law

The bridging law relates the bridging force F; to the deflection at the posi-
tion of the bridging ligament w;(L;). The distance between the two DCB
arms at the position L; is equal to 2w;. Hence, the bridging law gives
F(2w;). Although the bridging law influences the results, Spearing and
Evans [188] showed for two different laws, but characterized by the same
fracture energy (surface area under the curve), that Gy, is similar. In the
present case, the four laws shown in Figure 5.4 have been addressed each
of them being selected as partly representative of the phenomenology of
the bridging specific to our configuration (see later with the results). Law
# 1 considers that the fishing lines behave as springs while for Law # 2,
the fishing lines must first be unfolded before being loaded under tension.
Law # 3 considers that the ligament is attached at the edges at opposite
interfaces while Law # 4 considers a ligament attached to the bottom inter-
face, but debonded over a distance 4 and which is bonded to the opposite
interface at the middle of the debonded length. The two last laws strongly
depend upon the fishing line Young’s modulus Ef and radius r. In all
cases, the fishing lines break when the force exerted along the loading axis
is equal to the tensile strength F/. More details are given in Supplementary
Material 2. An influence of the bridging law is found on the results. How-
ever, as long as the surface area under the bridging law is constant, a sim-
ilar toughness is reached while if it is increased, G|, increases. However,
depending on the law, the tensile elongation of the fishing line differs. The
higher the tensile elongation, the less steep the R-curve and the maximum
toughness is reached after a longer crack propagation length, in agreement
with the results of Li et al. [190].
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Figure 5.4 Bridging laws: a) Law # 1 the ligament behaves as a spring, b)
Law # 2 the ligament first unfold before being loaded under tension, c) Law
# 3 the ligament is attached at the edges of the DCB, d) Law # 4 decohesion
takes place over a short distance d while the debonded part adheres to the
opposite interface.

Results

Influence of spacing from experimental DCB tests

Figure 5.5a shows the experimental R-curves extracted from the DCB tests
performed on co-cured joints with a 50 um thick PEI film and fishing lines
with different A. No matter the spacing, the toughness first increases over
a certain crack propagation distance (Aa**) that varies with A before reach-
ing a plateau corresponding to the steady-state region. For a spacing of 1
mm, the steady-state toughness is equal to 763 + 102 J/m? and the R-effect
takes place over a crack propagation length Aa*® = 10 mm (defined in Fig-
ure 5.5b). If the spacing is increased up to 2 mm, the steady state G7 is
about 718 + 89 J/m? and is reached after a crack propagation length about
10 to 15 mm. For spacings equal to 5, 7 and 10 mm, the steady-state is
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reached after 25 mm of crack propagation and the steady-state toughness
is equal to 433 & 66, 614 £ 34, 563 £ 99 for each spacing, respectively. One
can also define G?Zit for Aa — 0 by linear extrapolating the results as shown
in Figure 5.5b. The plain joint fracture toughness Gy (without fishing lines)
is equal to 284 + 89 J/m? (see Chapter 3). The key results are gathered in
Figure 5.5¢c. Bridging by the fishing lines leads to a maximum G7; /G ratio
of about 2.7. The toughening effect decreases as the spacing increases.

Figure 5.5 a) R-curves for PEI co-cured composite joints with fishing lines
perpendicular to the crack propagation direction spaced by a distance A
equal to 1 (blue), 2 (red), 5 (purple), 7 (black) and 10 (green) mm. b) Scheme
of R-curve defining G, G and Aa**. ¢) Evolution of steady-state G35 and
initiation toughness G?C”'t with spacing.
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5.4.2 Influence of strength from experimental DCB tests

The R-curves resulting from the crack propagation in PEI co-cured com-
posite joints in which fishing lines with different tensile strengths are in-
serted are shown in Figure 5.6. Figure 5.6a corresponds to joints in which
the fishing lines are spaced by 1 mm while in Figure 5.6b, they are spaced
by 2 mm. For joints containing fishing lines spaced by 1 mm and character-
ized by a tensile strength of 5.7, 8.3 and 17.2 kg, the steady-state toughness
G§$ is equal to 559 + 141 J/m?, 502 + 135 J/m? and 931 = 237 J/m?, re-
spectively. If the spacing is increased up to 2 mm, the 5.7 kg fishing lines
result in a toughness equal to 537 & 95 J/m?, the 8.3 kg to a G§3 equal to
432 483 ]/m? and the 17.2 kg to a toughness equal to 494 -+ 187 J/m?. This
is summarized in Figure 5.6¢c. In the case of the 17.2 kg fishing lines spaced
by 2 mm, a first peak is reached for a crack propagation length of 20 mm
with an associated toughness of about 690 J/m? before a sudden decrease.
For the joints made with 1 mm spaced fishing lines, the toughness tends to
increase with the tensile strength of the fishing lines while when spaced by
2 mm, G, is almost constant although a slight increase is observed at the
beginning of the R-curve with the tensile strength. To conclude, increasing
the fishing line strength tends to be beneficial for the joint fracture tough-
ness. In addition, the tensile strength does not influence the distance over
which the R-effect is taking place and ranges from 10 to 20 mm in all cases.

5.4.3 Fractography

Figure 5.7 shows the fracture surfaces giving interesting indications on the
failure mechanisms taking place during crack propagation in samples with
fishing lines spaced by 1 mm (results are similar for 2 mm spacing). Fig-
ure 5.7a schematizes decohesion between a fishing line and the composite
(Figure 5.7b) or between a fishing line and the PEI film (Figure 5.7c) some-
times takes place. In addition, the crack can propagate along the com-
posite outside of the morphological gradient that forms upon co-curing as
fibre imprints can be observed in the micrograph of Figure 5.7b. As for
joints without fishing lines, the crack propagates through the tough PEI
film (Chapter 3 and Figure 5.7b). In addition, fibre bridging takes place
as shown in Figure 5.7d, originating from a change in crack propagation
plane. At a given crack length, along the DCB width, the crack propagates
above and below a given fishing line as shown in Figure 5.7e and upon
loading, the fishing line breaks as observed on the fracture surfaces in Fig-
ure 5.7f and g. In addition, inserting fishing lines results in a wavy PEI
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Figure 5.6 R-curves for PEI co-cured joints containing fishing lines of
varying tensile strength: 5.2 kg (blue), 8.3 kg (red) and 17.2 kg (black)
spaced by a) Imm and b) 2 mm. c) Evolution of Gji/Go with the fish-
ing line strength.

film and the fishing lines cause some degree of crack deflection. Crack de-
flection and bridging induce toughening, but it is believed that the major
contribution arises from crack bridging by the fishing lines. Figure 5.7h
schematically represents a cross-section of a joint containing fishing lines
spaced by at least 5 mm, showing that the PEI film is less wavy. Close
to the fishing lines, similar mechanisms as those shown in Figure 5.7a are
found while between two consecutive fishing lines, the fibres are close to
the PEI film and lay thus in the morphological gradient. In these regions,
failure mechanisms similar to joints without fishing lines are reported in
Chapter 3: delamination in the PEI-rich zone, propagation along the PEI-
rich/epoxy-rich interphase in resin pockets and propagation through the
PEI film.
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Figure 5.7 Failure features in PEI co-cured joints with fishing lines spaced
by 1 or 2 mm: a) schematic representation with decohesion of the fishing
line along b) the composite fibres or c) the PEI film with crack propagation
through the PEI film. d) DCB picture taking during a test with bridging
by the fishing lines due to e) a crack propagation at both sides of a fish-
ing line that f-g) breaks upon loading f) optical micrograph and g) SEM
micrograph. h) Schematic representation along the DCB length for a joint
containing fishing lines spaced by 5 mm.
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Figure 5.8 shows the fracture surface of a joint made of 17.2 kg strength
fishing lines spaced by 2 mm. The bottom part exhibits zones with limited
number of fishing lines segments (highlighted in gray), revealing the sur-
face of the composite. In these regions, a limited number of fishing lines act
as bridging ligament reducing the potential toughening. The same is ob-
served on all fracture surfaces for this condition, probably explaining the
sudden drop in toughness for a crack advance above 20 mm in this case
(Figure 5.6b, black line).

Figure 5.8 Optical micrograph of the fracture surface of a co-cured com-
posite joint with 17.2 kg strong fishing lines spaced by 2 mm (orange
strands). The grey regions correspond to zones with a limited number of
fishing lines acting as bridging ligaments.

Figure 5.9 schematizes the bridging phenomenon. As shown in Figure 5.9b,
at a given x position, the crack propagates either between the fishing line
and the PEI film or between the fishing line and the composite depending
on the z position. As shown in Figure 5.9c-d, this results in the develop-
ment of bridging ligaments. This change of crack path location can take
place several time along the joint width, resulting in many bridging liga-
ments as shown in Figure 5.9e which upon deformation break (Figure 5.9f),
resulting in fracture surfaces with small fishing line parts as shown in Fig-
ure 5.9g and Figures 5.7f and Figure 5.8.

Discussion

The experimental results confirm that the introduction of fishing lines in
PEI co-cured composite joints results in significant toughening owing to
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Figure 5.9 a) Scheme of a joint with fishing lines. b-g) Schematic repre-
sentation of the bridging phenomenon with b) a crack propagating above
and under the fishing line for a given x= L; position resulting in the con-
figuration shown in c) for the view from the opened side and d) for the
3D view upon loading. e-f) Generalization to the actual joints where one
bridging ligament can result in several bridging ligaments e) before liga-
ment failure and f) upon failure. g) Scheme of the fracture surface at the
composite and PEI film side with bridging ligament parts at both sides.
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crack bridging. The toughness is increased by a factor of minimum 1.5 up
to 3.3 depending on the nature and spacing of the fishing lines. In H5-satin
composites, fibre bridging is known to have only a moderate influence
on Gj. when inserting thermoplastic veils leading to toughening factors
(Gf:/Gop) lower than 2 [131]. The areal weight is comparable to the one
of thermoplastic veils (210 g/m?) for a joint with lines spaced by 1 mm
(~20 g/m?). Hence, extensive toughening was not expected. This also
shows that there is space for potentially improving thermoplastic veils by
controlling the orientation of the fibres.

Experimentally, the strength of the fishing lines and spacing significantly
impact the toughness. Upon loading, one part of the bridging ligament is
attached to the top composite part and the other one to the bottom part.
Many segments can be observed on the fracture surface as shown in Fig-
ure 5.7f and Figure 5.8, indicating the bridging mechanism can be better
assimilated to the behaviour of Law # 4 described in subsection 5.3.2 (Fig-
ure 5.4d).

Identification of the model parameters

The only unknown in the model relying on Law # 4 (Figure 5.4d) is the
debonding distance d which is used as fitting parameter. The identifica-
tion of d is shown in Figure 5.10 for the 3.9 kg strong fishing lines spaced
by 1 and 2 mm. In order to reproduce the experimental results, d must
range between 0.25 and 0.5 mm. If now, the 5.7 kg strong fishing lines are
considered, d must be set to 0.1 mm, a value similar to the radius of the
fishing line. Hence, in this case, bending dominates over tension (Supple-
mentary Material 2). If this bending is considered, the results cannot be
properly fitted anymore. This may be explained by the low Young’s mod-
ulus of the fishing lines resulting in large deformations, not captured by
the analytical model. The model also neglects potential defects that can be
present in joints.

The distance d is thus an important fitting parameter but it cannot be con-
trolled by inserting the fishing lines. In addition, the model requires to
consider large deformations and tension and bending dominated regimes,
including the transition, which is beyond the scope of the present analysis.
Consequently, in order to discuss the influence of the spacing and strength
on the joint fracture toughness, Law # 1 will be used for what follows.

With Law # 1, the fitting parameter is no longer d but the tensile elonga-
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Figure 5.10 Fitting of experimental results (grey dots and dark line) using
the 4th bridging law with different debonding distances d for a) 3.9 kg — 1
mm, b) 3.9 kg —2 mm, ¢) 5.7 kg — Imm and d) 5.7 kg — 2 mm.

tion of the fishing line 1. Although this law does not accurately represent
the bridging mechanism, it is possible for each condition to determine f
values so that the predicted joint toughness matches the experimental G7:.
The tensile elongation I/ is determined for the joints with 3.9 kg strong fish-
ing lines spaced by 1, 2, 5, 7 and 10 mm as shown in Figure 5.11. Ideally,
If, as d with Law # 4, should be equal to the same value for all conditions.
However, for the 3.9 kg strong fishing lines, values of I/ ranging between
0.4 and 0.6 mm are found to fit the results for A=1 mm while for A=2 mm,
1/ must be set with a value between 0.7 mm and 1 mm. Using values rang-
ing from 0.5 to 1.5 mm allows capturing the Gj. of joints with fishing lines
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spaced by 5,7 and 10 mm, but, as with Law # 4, the distance over which the
R-effect (Aa*) takes place is not well predicted. This may arise from a dis-
tribution in the tensile elongation of the fishing lines as they can debond
over different length. For the fishing lines characterized by a strength of
5.7,8.3 and 17.2 kg and A set to 1 and 2 mm, If values ranging between 0.1
et 0.5 mm reproduces the results, except if the strength is about 5.7 kg and
A is set to 2 mm, a condition for which I/ must range between 0.7 and 1
mm (see Supplementary Material 3).

Once using Law # 1, I can strongly influence the results and by analogy
the same occurs if 4 in Law # 4 is used. By fitting the experimental results,
it is found that for the joints for which the fishing lines have been placed
manually, I/ and d are larger compared to the joints manufactured by in-
serting the fishing lines using the board with spikes. Placing the fishing
lines using the board results in a higher tension in the fishing lines prior
to bonding which could have an influence on residual stresses. The initial
tension in the fishing lines may thus have an influence, but this parameter
is hard to control. Now, we must recognize that the present model involves
a lot of assumptions and can only be considered as semi-quantitative, al-
though sufficient to discuss next some key trends.

In what follows, the influence of the spacing and of the strength will be
discussed by only considering Law # 1 and keeping I/ constant but using
different values within the identified spectrum. The goal at this point is
thus to use this model to unravel the influence of the spacing (subsection
5.5.2) and the fishing line strength (subsection 5.5.3) in order to optimize
the joint fracture toughness (subsection 5.5.6).

5.5.2 Influence of spacing

Figure 5.12a shows that the maximum toughness G}** decreases as the
spacing between the fishing lines decreases in agreement with experimen-
tal results. Above a spacing A, a stick-slip behaviour (Figure 5.12c, A=4
mm) is observed because when one fishing line breaks, the crack advances
but without additional fishing line introduced behind the crack tip. This re-
sults in a saw-tooth R-curve as shown in Figure 5.12¢ (dashed lines). Above
a spacing A, the spacing does no longer influence the maximum and min-
imum G attained during crack propagation and the minimum G, (GJi"

is equal to Gp. For the fishing lines characterized by a tensile elongation
of 0.25 mm and 1 mm, this happens when the spacing between the fish-
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Figure 5.11 Identification of I/ on experimental results (grey dots and
dark line) using the bridging law # 1 for different spacings by adjusting the
tensile elongation: a) Imm, b) 2mm, ¢) 5 mm, d) 7 mm, e) 10 mm.
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Figure 5.12 Influence of the line spacing on the joint toughness and re-
sponse of the joint for two tensile elongations of the lines equal to 0.5 and
1 mm: a) evolution of toughness with spacing, b) evolution of the bridging
zone length with the spacing and c) R-curves for spacings of 1, 4 and 15
mm.
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ing lines is equal to 9 and 19 mm, respectively. As shown in Figure 5.12b,
this occurs when the bridging zone length [, is equal to A. The bridging
zone length corresponds to the zone comprised between the first intact
fishing line behind the crack tip and the crack tip. If A is lower than /,
there is always at least one fishing line acting as bridging ligament so that
GIin > Go. If A > Ay, a stick-slip behaviour is also found as shown in Fig-
ure 5.12c with the maximum toughness corresponding to the toughness in
the presence of one fishing line and the minimum one to the joint tough-
ness without fishing lines (G/"" = Gy). In this case, any increase of spacing
does not affect the toughness but as A increases, the frequency at which a
peak toughness is reached decreases, reducing the number of toughening
events. For values of I/ up to 5 mm, A is not affected by I/ and is equal to
2 while A, increases as [ £ increases as it increases Iy.

5.5.3 Influence of the strength of the fishing lines

Increasing the strength can be achieved by changing the ligament material,
by triggering bridging ligaments acting in parallel [190] or by increasing
the diameter of the ligament. For given spacing and tensile elongation of
the lines, increasing the strength results in an improved toughness, but not
in all cases as shown in Figure 5.13a. This arises from the fact that as the
strength increases, the bridging zone length progressively decreases. For
two ligaments of similar strengths such that F/1 < Ff2, it is possible to
have I} > I2 resulting in a more pronounced toughening effect for fibres
of strength F/1. This is shown in Figure 5.13c. In addition, the toughening
effect resulting from an increase in strength also depends on the tensile
elongation of the fishing lines. The toughening effect is enhanced when
increasing 1f. Figure 5.13a shows that although the spacing between the
lines is set to 1 mm, some conditions result in a maximum and minimum
toughness. A R-curve corresponding to such case is shown in Figure 5.13d.
As the crack advances, the deflection at a distance [}, slightly increases and
may exceed the tensile elongation of the fishing line reducing the bridging
zone length and the fracture toughness. For a given tensile elongation of
0.5 mm, the combined influence of tensile strength and spacing is shown
in Figure 5.13b. Increasing the strength results in an increase of A..

5.5.4 Influence of tensile elongation of the lines

The influence of the tensile elongation has been previously discussed with
the tensile strength and the spacing. An increase in tensile elongation re-
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Figure 5.13 Influence of the tensile strength of the fishing lines on the
toughness: a) spacing of 1 mm and different elongations (0.25, 0.5 and 1
mm), b) combined influence of strength and spacing, c) Increase in ten-
sile strength with a decrease in bridging zone length reducing the fracture
toughness (A=1 mm, [f=0.5 mm), d) R-curve exhibiting a local stick-slip
behaviour as the bridging zone length is suddenly reduced.

sults in an increase in toughness. However, as the tensile elongation is
increased, the distance over which the R-effect takes place increases, delay-
ing the attainment of the maximum toughness. In addition, by decreasing
the tensile elongation, the toughening effect resulting from the decrease in
spacing and the increase in strength is reduced. For the 5.7, 8.3 and 17.2
kg strong fishing lines, using bridging Law # 1, the tensile elongation is as-
sumed to be around 0.1 and 0.2 mm (Supplementary Material 3), explain-
ing why the toughening effect resulting from an increase in tensile strength
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is not properly captured experimentally.

5.5.5 Influence of the joint toughness in the absence of fishing lines

Depending on the initial joint fracture toughness, the toughening effect
from the use of fishing lines can be more or less important. In any case,
for a given set of (A, If,Ff ), the toughness G§ increases with Go. However,
the toughening effect is reduced as shown in Figure 5.14a for different F/
and If and A=1 mm. For a bare joint without fishing lines, if Gy increases,
the beam deflection at a distance x from the crack tip increases. Hence,
when the fishing lines are inserted, for low values of Gy, the distance be-
tween the two DCB arms at a position L; does not exceed If while this
value is well exceeded for larger values of Gy. Hence, the bridging zone
length decreases as Gy increases as shown in Figure 5.14b, reducing the
energy dissipated in the bridging zone. Hence, to obtain a similar tough-
ening effect, the strength of the bridging ligament must be increased if the
initial joint toughness is larger. Figure 5.14c shows that the toughening
effect is governed by the ratio between the energy required to break the
ligament Up,igee = Ff1f /2 and Gy. Finally, it is important to note that Gy
only slightly influences the distance over which the R-effect takes place.

This explains why the toughening effect is slightly larger in joints with a
175 pm PEI film than in joints with a 50 um thick film. The 50 pm thick film
results in a higher toughness with and without bridging compared to the
175 pm film. However, if the toughening ratios (toughness with ligaments
over toughness without) are compared, it is higher for the 175 pm thick

film.

5.5.6 Optimizing joints with architected bridging features

The influence of the bridging ligament properties, distribution and the ini-
tial joint toughness have been investigated in the previous sections. In-
creasing the tensile strength and the tensile elongation of the fishing lines
and decreasing the spacing between the ligaments results in an improved
toughening effect. The tensile strength can be increased by (i) changing
the ligament materials for a stronger material, (ii) increasing the radius of
the ligament as the maximum tensile force matters and not the maximum
tensile stress or (iii) by triggering bridging ligaments acting in parallel. In
contrary, the tensile elongation cannot be easily controlled. The toughen-

ing effect is also dependent on Gy.
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Figure 5.14 Influence of Gy on the total joint toughness G for A = 1
mm and different If and F/: a) toughening effect depending on Gy and b)
influence of Gy on the bridging zone length [;,. c¢) Evolution of toughening
ratio with the ratio between the energy required to break a ligament and
Go.

Regarding the tensile elongation, it increases the joint fracture toughness
but also the distance over which the R-effect takes place. Hence, the joint
toughness increases more progressively as the crack propagates if it is en-
hanced. Hence, in some case, for short crack propagation distance, if one
considers two joints made of the same bridging ligaments but with dif-
ferent elongation, the joint with the less ductile ligaments can be tougher
than the one with the ductile ligaments. For example, this is shown in
Figure 5.11 and in Figure 5.12c. However, for long crack propagation dis-
tances, the joint with the ductile ligaments is the toughest. Consequently,
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the design of the joint is dependent upon the maximum allowable length
of the crack present in the joint.

Adhesive joint selection analysis [101] can be qualitatively applied to the
present case. However, in the present case, the shear behaviour of the joints
with fishing lines is unknown. Although, it can be argued that if the radius
of the fishing lines increases, the bondline thickness will increase result-
ing in a decrease of the shear stiffness and shear strength. In addition, it
will result in a slight mass increase of the joint. If the objective is to min-
imize the joint mass or if the constraints on shear stiffness and strength
are quite severe, joints with thin bridging ligaments must be preferred. If
one considers joints with thin ligaments and that the objective is to maxi-
mize the effective tensile strength of the joint, the selection depends on the
crack length. Consequently, a trade-off must be found between the liga-
ment strength and elongation for this crack length. If the objective is to
maximize the joint fracture toughness, the selection is crack length inde-
pendent and joints containing strong and long ligaments will be preferred.
The answer is more nuanced when minimizing the joint weight. If the lig-
aments are thin, it can be assumed that the mass is negligible compared
to the rest of the joint components. Hence, a spacing of 1 mm will be an
optimum although the joint weight is slightly higher than for joints with
larger spacings. In addition, this gain in weight will be counterbalanced by
the improved toughness. However, this is only true for short spacings as
for long spacings, the joint toughness is no longer dependent on the spac-
ing. Hence, the design of joints containing bridging ligaments depends on
the initial toughness Gy of the joint, the minimum toughness that must be
attained and the maximum distance over which the crack can propagate
before attaining G§. Depending on this and on the choice of A, Ff and If
can be tuned to meet the requirements. This is true if one considers the
bridging ligaments acting as springs (bridging law # 1 — Figure 4a) while if
bridging Laws # 3 and # 4 (Figure 5.4c-d) accounting for bending are con-
sidered, the bridging ligament Young’s modulus must also be considered
in the design.

Conclusion

Co-curing of composites with an adhesive is an alternative method to sec-
ondary bonding, but it results in a lower joint toughness. Hence, it has
been suggested to replace the adhesive by a thermoplastic film such as PEL
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Using pre-pregs, this method showed improved joint toughness compared
to composite delamination. However, when the co-curing between the
composites and the PEI film is achieved through the Resin Transfer Mould-
ing process, a lower toughness than composite delamination is achieved,
requiring the development of mitigating toughening strategies. In the present
work, crack bridging has been triggered by inserting fishing lines at both
sides of the PEI film resulting in an improvement of the toughness by a
factor +100% to +200%. Fishing lines joints are characterized by a tough-
ness significantly larger than the delamination toughness of the composite
and can compete, depending on the design parameters, with some classi-
cal adhesive joints. Triggering crack bridging by inserting fishing lines in
PEI co-cured joints proved thus to be efficient.

The toughness of the joint can be optimized by controlling the spacing be-
tween the ligaments, the tensile strength and the tensile elongation of the
strands. Low spacing and high tensile strength allow to improve the joint
fracture toughness. Increasing the tensile elongation also results in a larger
fracture toughness, but it delays the attainment of the maximum fracture
toughness. Hence, for small crack propagation length, joints with less duc-
tile ligaments can be tougher than joints with ductile ligaments. Conse-
quently, the joint design must consider the maximum allowable crack ex-
tension and the level of toughness required upon a certain crack propaga-
tion distance in order to fulfill the mechanical requirements. If the crack
is allowed to only extend over a small distance, it must be preferred to in-
crease the bridging ligament strength by changing of material, increasing
the ligament radius or have ligaments acting in parallel than increasing the
tensile elongation. If the crack extends without restriction, increasing the
tensile elongation of the ligament is an option, however, difficult to control
experimentally.

5.7 Supplementary materials

5.7.1 Supplementary material 1: Preliminary study

The original version of this supplementary involves results pre-
sented in Chapter 3 and have been removed here to not be re-
dundant.
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Owing to the lower mode I fracture toughness of adhesive co-cured com-
posite joints with respec to secondary bonded joints, Quan and co-workers
[30, 31] suggested to replace the adhesive by a thermoplastic film such as
polyetherimide (PEI). They inserted PEI films of varying thicknesses be-
tween composite pre-pregs made of the 8552 epoxy resin. They reported
a larger mode I fracture toughness compared to composite delamination
but lower than compared to secondary bonded joints. In addition, they
reported an increase in Gj. with the PEI film thickness with an optimum
thickness around 200 pm. To our knowledge, co-curing of composite joints
using a PEI film has never been performed through the resin transfer mould-
ing (RTM) process. In the case of pre-pregs, the carbon fabric plies are al-
ready impregnated by the resin leading to a resin layer between the PEI
film and the carbon fibres before curing. Opposite, in RTM, the carbon fi-
bres are in contact with the PEI film and the resin is then injected. Hence,
the fibres can remain in contact with the PEI films.

Chapter 3 investigates the toughness of co-cured composite joints through
RTM and the influence of the PEI film thickness on Gj. and the failure
mechanisms taking place. The fracture toughness was found to be lower
than 400 J/m? for all film thickness (50, 175 and 500 um. The goal is to
determine whether adding fishing lines or not between the PEI film and
the carbon fibres could be beneficial for the joint toughness.

For this purpose, fishing lines spaced by 5 mm have been inserted at both
sides of 50 and 175 pum thick PEI films prior to co-curing. The fishing lines
were deposited one by one and when there coated with resin to prevent
their motion. The resulting R-curves are shown in Figure 552.1. Inserting
fishing lines in the joint joints with the 50 pm film results in a steady-state
fracture toughness about 837 4 50 J/m? which represent an increase by
a factor 2.9. If fishing lines are inserted with the 175 um thick film, Gy,
is about 464 + 55 J/m?, an increase by a factor 3.1 compared to the joint
without fishing lines. This toughening originates from the fishing lines
acting as bridging ligaments behind the crack tip.

Inserting fishing lines into a co-cured composite joint with a PEI film re-
sults in toughening effect originating from the bridging induced by the
fishing lines. No matter the thickness of the PEI film, the mode I fracture
toughness is increased by a factor 3 by inserting fishing lines at both sides
of the PEI film every 5 mm. For the following experiments, a 50 um thick
film has only be used as it leads to the highest fracture toughness. In addi-
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Figure 5S1.1 R-curves the co-cured composite joints with a PEI a 50 um
(red) and a 175 um (blue) thick film in which fishing lines are inserted,
spaced by 5 mm.

tion, this could also lead to the strongest joint as the tensile and lap-shear
strength of joints are known to decrease with the adhesive thickness. The
joint containing a 50 um thick film thus probably offers the trade-off in
term of toughness, stiffness and strength.

Supplementary material 2: Analytical bridging model

Governing equations

The considered configuration is the one of a double cantilever beam (DCB)
of a thickness 2k, width B and in which a crack of length a is present. In
addition, toughening occurs by bridging due to the presence of n bridging
ligaments spaced by a distance A and that are placed at the L; positions
(i=1,2,...,n) as shown in Figure 552.1.

When the DCB opens, the bridging ligaments are deformed and carry each
one a force F; that depends on the beam deflection at the position w;(L;)
such that F; = F;(w; (L;)). This requires to define a bridging law. The
equations describing the beam deflection are first derived based on the
Euler-Bernoulli beam theory. The relationship between the beam deflection
and the load for a simple DCB is given by

ow? M  Px
2= TE B (552.1)
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Figure 552.1 Double cantilever beam configuration with a width B, a
height 2h. A crack of length a is present with n bridging ligaments present
in its wake, placed at the positions L;.

with x being the position along the DCB with the origin corresponding
to the loading point, M the bending moment resulting from the applied
load P. E is the beam Young’'s modulus and [ is the second moment of
inertia equal to Bh3/12. If n bridging ligaments are now considered, the
deflection of the beam between two consecutive ligaments located in L;
and L; 11 (i =1,2,...n)is given by

dw? M Px—Y R(x-L)
0x2  EI El

for Li S X S Li-‘rl‘ (5522)

This leads to an expression for w;(x), the beam deflection equation for L; <
X S Li+12

2
w-(x):——ii B L cxtn,. (552.3)
l 6EI EI\6 2 e

If i is set to 0, the second term is equal to 0 and the deflection and the
loading point § = wy is determined. The boundary equations needed to
determine the C; and D; constants are

wy (a) =
owy, (a)
ox
w; (Lit1) = wit1 (Liv1)
ow;(Liy1) _ Owiyy(Liy1)
Jx - Jx

oS o

(552.4)
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The two first boundary conditions allow to determine the C, and D,, coef-
ficients of w, such thatL, < x <a

Pllz n F] 112
Co = =557 +]; i (2 — l]-a> , (552.5)
Pa’ ad L]'a2
_ L b 2.
Dn "~ 6EI —Caa Z EI (6 2 (552.6)

The two last boundary conditions prov1de a generic formula for the other
C; and D; coefficients for i = 0,1,2,...n — 1. i = 0 corresponding to the
deflection equation for x < L;.

Fiy L7
Ci = Cis1 =~ (552.7)
Fi+1Lz3+1
D; = Diy1+ (Ciy1 — Ci) Liy1 + —57—- (552.8)

3EI

Equations 552.3, 552.5, 552.6, 552.7 and 552.8 are used to compute the beam
deflection at the position of each bridging ligament. In order to deter-
mine the toughness by considering the action of the bridging ligament,
one needs a crack propagation criterion. The total toughness is given by

Giotar = Go + Gbridging (552.9)

with Gy being the fracture toughness in the absence of the bridging liga-
ments and Gyyigqing the contribution of the bridging ligaments behind the
crack tip. The crack propagates when the crack driving force at the crack
tip Gyip (Equation 552.10) is equal to Go.

2
1 n
Gtip = 5] (Pa —]; F; (a— Lj)> = Go. (552.10)

In order to determine the Gy;, P and the bridging forces F; must be deter-
mined. Determining the F; forces requires to determine the deflection of
the DCB at the positions L;, w;(L;) as the bridging force and the deflection
are linked together through the bridging law. A system of n+1 equations
is obtained that can be solved using the Newton-Raphson method. The
guess of iteration k is denoted X = (Wyy, Wy, ..., Wy, Px) with Wy being
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the guess of iteration k for the deflection in L; while P is the guess for the
applied load. The guess for the next iteration k + 1 is given by

G (Xi41)

X1 = X+ 55
’ Hr (Xjet1)

(552.11)

where H is a real-value function of Xy and H’ is the jacobian of H. H is
given by

Wi —wq (Ly)
Wor — w3 (L)
H(X;) = : . (552.12)
Wien — wn (Ln)
Gtip —Go

Convergence is achieved when the residuals | Xj 1 — Xi| are lower than a
certain value €. In the present case |Wj;, 1 — Wj| < 0.001 and |P 1 — By| <
0.1.

Bridging law

The bridging law relates the bridging force F; to the deflection at the posi-
tion of the bridging ligament w;(L;). The distance between the two DCB
arms at the position L; is equal to 2w;. Hence, the bridging law gives
F(2w;). Tt is well known that the bridging law influences the predicted
DCB response. For example, Spearing and Evans [188] showed that if the
area under the different bridging laws and the bridging ligament strength
are kept constant, the final fracture toughness is also constant. They con-
sidered bridging laws corresponding to a perfectly plastic ligament, a lin-
ear elastic ligament and fibre pullout (softening). The increasing part of the
R-curve is modified with the steady-state fracture toughness being reached
first for the perfectly plastic law and then for the pull-out case and finally,
the elastic ligament. In addition, the perfectly elastic and plastic laws result
in an exponential increase of the toughness as the crack propagates while
the increase is smoother when considering fibre pull-out. Li et al. [190]
used a bilinear trapezoidal law and the showed that the ligament ductil-
ity can influence the response by impacting the snap-back instability and
the resulting total fracture toughness. Four types of behavior have been
considered here and are shown in Figure 552.2.

¢ Law # 1:The bridging ligaments behave as springs (Figure 552.2a).
Each one has a stiffness K and breaks when the applied force reaches
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the tensile strength F/.

e Law #2:The bridging ligament is first unfolded and starts to be loaded
under tension when it reaches a length /) and breaks when the tensile
force is equal to Ff (Figure 552.2b).

e Law # 3:The bridging ligament is attached to the DCB arms at the
opposite interfaces close to the DCB edge. Depending on the radius
of the bridging ligament and the width of the DCB, tensile or bending
conditions dominate (Figure 552.2c and e).

* Law # 4:The bridging ligament is bonded to one arm except in one
point where it is attached at the opposite interface and decohesion
between the ligament and the two adherends take place over a dis-
tance d. Depending on this distance and the ligament radius, bending
or tension dominates (Figure 552.2d and f).

0 Bridging law # 1: springs (Figure 552.2a)

The bridging ligaments act as springs. The force linearly increases with
the applied displacement and they break when the applied force is equal
to the bridging ligament tensile strength F/ and when their final extension
is equal to If. The stiffness of the ligament is given by K = Ff/1f. The
bridging law is thus written as

2Kw; 0<2w; <1f
F (2w;) = {0 ! _lf ;Ew, . (552.13)

[ Bridging law # 2: elongation and tension (Figure 552.2b)

This bridging law considered that the bridging ligament is loaded under
tension when it has a length /|y meaning that a bridging force is applied
on the ligament when w; > Iy. For w; < Iy, the ligament is unfolded.
The ligament breaks when the applied force is equal to the bridging liga-
ment tensile strength F/ and when their final extension is equal to If. If
the ligament is perfectly elastic, I/ depends on the ligament Young’s mod-
ulus Ef and is given by If = (1 + (Ff /AEf )) lp with A being the fishing
line cross-section area. This would require to have a curve similar to the
dashed one shown in Figure 552.2, but convergence issues appear due to
the sharp increase in stiffness when w; = . Consequently, it is assumed
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Figure 552.2 Bridging laws: a) the ligament behaves as a spring, b) the
ligaments first unfold before being loaded under tension (dashed-curve:
ideal case; plain curve: modelling), c) the ligament is attached at the edges
of the DCB, d) decohesion takes place over a short distance 4 while the
debonded part adheres to the opposite interface. e-f) Bridging ligament
configuration for e) the law in ¢) and f) the law in d).

that it slightly increases during unfolding and the ideal bridging law is ap-
proximated by an exponential function such that F; (w; = Ip) < 0.1Ff. The
bridging law is thus given by

by exp (2brw;) 0 < 2w; < If
F; (w;) ={ ! g’( 2i) V< ow (552.14)
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with by and b, being two fitting coefficients.

[ Bridging law # 3: ligament attached at opposite interface close to the
edges (Figure 552.2¢)

Figure 552.3 Variation of Fyenging and Fiension for the bridging Law # 3
with the bridging ligament radius for different displacements a) 0.1 mm,
b) 1 mm and c) 10 mm. The width B is set to 20 mm and the ligament
Young’s modulus to 5 GPa. The r/W ratio at which the transition from the
tension-dominated regime to the bending dominated regime takes place is
given in each graph.

The bridging ligament is considered to be attached to the DCB beams only
at the edges of the DCB. Along the width of the DCB, decohesion takes
place. Depending on the radius of the bridging ligament and the width,
bending or tension dominates. Under small deformation, the force re-
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quired to bend the ligament is given by

3Emrt (2w
Fbending (Li) = %/ (552.15)
while the tensile force applied on the ligament is given by
1 — cos (w) ’
Frension (Li) Emre, (552.16)

~ cos (a) sin ()

with & being the angle between the bridging ligament and the DCB arm
given by a = arctan(2w;/B). Figure 552.3 shows the evaluated Fyepging
and Fiepgi0n, for several values of radius r and displacement values 2w;.
The transition from the “tension dominated” mode to the “bending dom-
inated” mode takes place when r/B is about 0.4 for small deflections and
increases as the deflection increases. This transition ratio is independent
on Ef which only affects the magnitude of Fyending and Frension-

Assuming that tension dominates (thin bridging ligaments), it is possi-
ble to determine the force required to cause the ligament failure so that
Frension (w;) sin(a) = F/ which also provides the beam deflection at failure
I

[ Bridging law # 4: local decohesion (Figure 552.2d)

The fourth bridging law assumes that the bridging fibre debonds from the
bottom arm over a distance d and is attached at its middle to the upper
arm as shown in Figure 552.2d and f. Under small deformation, the force
required to bend the bridging ligament is given by

48Emtr* (2w;
Fyending (Li) = % . (552.17)

The force applied on the DCB if tension in the bridging ligament dominates

is given by
1—cos () ’

Fiension (Li) =2—————FE 552.18

tension (Li) cos () sin () e, ( )

with « = arctan(4w;/d), the angle between the bridging ligament and

the bottom DCB arm. Figure 552.4 shows the evolution ofFjgi,g and

Fiension with the fibre radius and the displacement. It can be observed that

the transition from a tensile-dominated regime to a bending-dominated

regime always occurs for a r/d ratio about 0.2. If tension is assumed, the
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force required to apply failure can be determined based on Fi,ysjo, (w;) =
2 sin(oc)Ff from which the deflection at failure I/ can be determined.

Figure 552.4 Variation of Fyenging and Frension for the bridging Law # 4
with the bridging ligament radius for different displacements a) 0.1 mm,
b) 1 mm and c) 10 mm. The distance d is set to 5 mm and the ligament
Young’s modulus to 5 GPa. The /W ratio at which the transition from the
tension-dominated regime to the bending dominated regime takes place is
given in each graph.

Numerical algorithm

The algorithm is schematized in . The inputs of the models are the DCB
beam Young’s modulus, thickness and width, the spacing between the
bridging ligaments A, the initial crack length ag and the final crack length
for computations 4.y, the position of the first bridging ligament L; and
the joint toughness in the absence of bridging Gy. In addition, depending
on the selected bridging law, several inputs can be required such as the lig-
ament Young’s modulus, radius, tensile strength, tensile elongation or ini-
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tial unfolded elongation. Then for each crack length a,,, the position of all
potential bridging ligaments L; are determined based on L;. The Newton-
Raphson algorithm is then used to determine the macroscopic load P, and
the w;(L;) deflections. When it has converged, the algorithm checks if all
ligaments are still unbroken or not. If not, L; is modified such that it cor-
responds to the position of first intact ligament. The same computations
are performed for each a,, ranging from ag to ay,y. Finally, knowing the
macroscopic load Py, for each value of a,,, the toughness is computed based
on the Euler-Bernoulli beam theory:

_ 12P242,

The equation used to compute the toughness has an influence on the R-
curve. Lietal. [190] compared the compliance method and the single beam
theory. Using the compliance method, Gj. is constant until the ligament
starts to be damaged and G, increases until the ligament breaks. Using
the single beam theory, as soon as the ligament is active, Gy, increases until
the ligament fails.

Influence of the bridging law on the results

The four bridging laws introduced in Section 5.7.2 are compared in term
of the DCB response. However, one must determine how the different
parameters will be adapted depending on the bridging law to obtain some
equivalents. For this purpose, 5 cases have been analyzed and are given
in Table 5.2. For every bridging law one considers a DCB having an initial
crack length of 50 mm and the only considered bridging ligament is located
at a position L1=60 mm.
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Figure 5S2.5 Algorithm for computing the joint fracture toughness con-
sidering the presence of bridging ligaments.
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These cases can be compared to one another. Comparing case 1 and case
2, the energy dissipated by the deformation and breaking of the ligament
is larger in case 1 than in case 2 due to the higher tensile elongation in
case 1, resulting in a higher toughness. The bridging ligaments of cases
1 and 3 are characterized by similar properties. However, case 3 consider
unfolding of the bridging ligament resulting in lower dissipated energy
and lower Gj.as consequence and a smoother R-effect. For cases 2 and 3,
the resulting toughness is similar as the same energy is dissipated by the
breaking of the bridging ligaments. However, the ligaments are not char-
acterized by the same tensile elongation. In case 2, the tensile elongation
is lower and the toughness raises faster than in case 3. The tensile elon-
gation influences thus the distance over which the R-effect is taking place.
Case 4 can be compared to case 1 as the fibres are characterized by similar
properties. However, in case 1, the force applied on the fibre only acts par-
allel to it while in case 4, it acts at angle a with respect to the horizontal.
Hence, the tensile force acting on the fibre is lower than the macroscopic
load. Consequently, the macroscopic load can be increased up to 55 N re-
sulting in more energy dissipated by the bridging ligament and a higher
fracture toughness. However, in both cases, the maximum fracture tough-
ness is reached for a similar crack length which governs the beam deflec-
tion at the ligament position. In cases 4 and 5, a lower amount of energy
is dissipated by the ligament in case 4 and its tensile elongation is much
lower resulting in a lower G, and a steeper R-effect, in agreement with
the previous comparisons. For case 5, the decohesion length d influences
the results as the shorter d, the lower the tensile elongation but the macro-
scopic load at failure is not affected. Increasing d results thus in a higher
fracture toughness. These examples showed that to be able to extrapolate
or fit experimental results using a bridging model, three main parameters
are important:

e The energy dissipated by one fibre: for a given F/, similar Gj. values
are attained for a given amount of energy dissipated by bridging.

* The tensile elongation of the fibre controls the crack propagation length
over which Gy, increases, the shorter, the steeper the increase.

¢ The bridging event: depending on the bridging phenomenon (law),
the two above mentioned parameters are influenced.
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Figure 552.6 a) Force-displacement curves and b) R-curves for the five
cases of Table 5.2.

5.7.3 Supplementary material 3: ldentification of fitting parameters of
experimental results

The experimental results for the joints made of Caperlan TX4 60 wm fishing
lines spaced by 1 to 10 mm are already shown in Figure 10. Figures 553.1
and 553.3 show the fitting of the experimental results for the other fishing
lines spaced by 1 and 2 mm, respectively.

The parameter 1/is also used to fit the experimental fracture toughness. Al-
though, a fit of the R-behaviour is not really observed. For all conditions,
the tensile elongation is almost the same and ranges between 0.1 and 0.3
mm, indicating that the deposition method using the spikes board leads
to reproducible results in this case while for the hand lay-up technique, a
larger scattering is observed as observed in Figure 5.11 when comparing
the I/ ranges. In addition, hand lay-up deposition results in longer bridg-
ing ligaments. Hence, the deposition method could have an influence on
the I parameter, but this parameter remains difficult to control.
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Figure 5S3.1 Fitting of experimental results (grey dots and dark line)
using the 1st bridging law for different a spacing of 1 mm and tensile
strengths of a) 5.7 kg, b) 8.3 kg and c) 17.2 kg.
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Figure 5S3.3 Fitting of experimental results (grey dots and dark line)
using the 1st bridging law for different a spacing of 2 mm and tensile
strengths of a) 5.7 kg, b) 8.3 kg and c) 17.2 kg.
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This chapter is based on the article published in Composites part
A: applied manufacturing and sciences: Charline van Innis, Michal
K. Budzik and Thomas Pardoen, Ultra-tough architected adhesive
joints for integrated composite processing and bonding, Comp. A,
February, 2024.

This chapter is also linked to the patent application number
EP23161330.8. (C. van Innis, T. Pardoen, Film for joining parts,
EP23161330.8)
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6.1 Introduction

Carbon fibre reinforced polymer composites (CFRPs) are broadly used in
advanced structures such as in airplanes, wind turbine blades or marine
structures, owing to a high strength and stiffness to weight ratio. Manufac-
turing these structures often requires assembling CFRPs together or with
other materials. Depending on the application, the adhesive thickness can
vary from 100 pm (e.g. aeronautic) to several centimeters (e.g. windmills
or marine structures) [7]. Primary load carrying structures are frequently
joined through mechanical fasteners, altering the composites structural in-
tegrity [1]. Adhesive bonding offers more uniform stress distribution and
additional weight saving. However, limited resistance to crack propaga-
tion and long sequential bonding processes remain two barriers for more
intensive use of this technology [1].

Adhesive bonding is a time and labour-intensive process involving careful
surface treatment to reach acceptable mechanical performances [133]. Ad-
herends join upon curing of the adhesive under clean and controlled envi-
ronment. Co-curing is an attractive alternative enabling the simultaneous
bonding and composite curing, without an adhesive, hence reducing the
number of steps and removing the need for surface treatments. Integrated
manufacturing of joints can be achieved through classical composite pro-
cesses such as resin transfer moulding (RTM), i.e. the interface between
the two adherends can be seen as the bondline, made of a thin resin matrix
layer. However, even high performance epoxy resins such as RTM6 [167,
193] are significantly more brittle than the best adhesives, characterized by
a fracture toughness typically lower by one order of magnitude. This sets
a major challenge for the development of tough joints.

Several strategies have been proposed to enhance the crack propagation
resistance of adhesive joints. Figure 6.1a shows a double cantilever beam
(DCB) joint made of two composite adherends (gray), a “bondline” (blue)
and two interlayers (yellow) corresponding to a thin surface layer of poly-
mer matrix on the composite adherends. Many failure scenarios can be
anticipated based on which class of toughening mechanism is activated.
Enhanced plastic dissipation is the primary known mechanism to toughen
adhesive joints [94]. Plastic dissipation (Figure 6.1-i) is dependent upon
adhesive thickness [13, 93, 99, 102]. In the presence of a soft layer (Fig-
ure 6.1-ii) adjacent to the layer where crack propagates, plastic dissipation
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can take place, enhancing the fracture toughness [79, 97].

Figure 6.1 Schematic illustration of (a) a DCB joint with the composite
adherends (gray), central bondline (blue) and two interlayers (yellow) on
both sides, and (b) of the toughening mechanisms that can take place in the
joint depending on the cracking mechanism — failure scenario. (i) Plastic
dissipation, (ii) additional plastic dissipation due to soft layer, (iii) struc-
tured interface, (iv) crack deflection by cavity and (v) subsequent trap-
ping and blunting, (vi) pillar interfaces, (vii) local stiffness variation, (viii)
shielding by a cavity, (ix) crack bridging by a mesh and (x) tough interface
due to polymer chemical interactions.

Crack deflection and zigzagging requires more energy than straight mode
I cracks as a result of the introduction of a mode II component (Figure 6.1-
iii). Sinusoidal interfaces [106, 107] and squared interfaces [80] have been
designed to increase the crack surface area. Adding surface features [194,
195] and modifying surface roughness [22, 110] also improves mechani-
cal interlocking. In homogeneous materials, crack deflection can also be
triggered through stiff particles [196] or cavities [197] (Figure 6.1-iv). The
influence of the relative position of pores with respect to the crack leads to
crack trapping and anti-shielding (i.e. an effective Gj. lower than the local
material Gj.) if located ahead of the crack tip.

Crack trapping by cavities leads to crack tip blunting [121-123] (Figure 6.1-
v) with a positive effect on fracture toughness as the crack must reinitiate
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to further propagate. If the cavities are large with respect to the layer thick-
ness and close to each other, the joint may behave as pillar interfaces [141]
(Figure 6.1-vi). More generally, metamaterials can be used as bondline to
improve the fracture toughness [84].

Varying the local properties of the adherends or of the adhesive is one addi-
tional toughening strategy (Figure 6.1-vii). Morano et al. [82] designed ad-
herends with channels (Figure 6.1-viii) to improve crack propagation resis-
tance, involving parameter optimization. The adherend-adhesive interface
strength through surface treatment can also be locally varied to force crack
meandering from one weaker zone to another [138, 198, 199]. This further
leads to bridging ligaments by alternating the strong interface zones [123,
135]. Crack bridging proved to be a very efficient toughening mechanism.
Thermoplastics veils [130, 200] are, for these same reasons, inserted in com-
posites to improve the interlaminar fracture toughness. Metallic [123] and
polymeric [81] meshes in adhesive joints can be inserted to emulate this
mechanism (Figure 6.1-ix).

The first major challenge addressed in this study is to simultaneously ac-
tivate most of the toughening principles to anticipate all possible failure
scenarios and avoid a weak link option for crack propagation, and to reach
joint toughness values unattainable with homogeneous joints. A key ele-
ment to implement this vision is to consider the strength of the different
interfaces which are: (i) the composite resin — carbon fibres interface for
the interlayer-composite interface, (ii) the interface between the interlayer
and the central bondline, i.e. between two polymers. For the latter, chemi-
cal interactions between compatible polymers can lead to tough interfaces
[5]. Polyamide (PA), polyetherimide (PEI), polyethersulfone (PES), poly-
carbonate (PC) and polyetheretherketone (PEEK) are good candidates to
promote a tough interface (Figure 6.1-x). The second objective is to inte-
grate the bonding step into a seamless manufacturing process. This im-
plies insertion of the architected bondline at the midplane of the compos-
ite before resin injection. The architecture is designed to trigger most of
the toughening mechanisms addressed above for all possible scenarios of
crack propagation. To embody this vision, the core novelty has been the
design of a bondline made of 3D printed Nylon (PA) thin bands with reg-
ularly spaced channels, which consists of a tough polymer but sufficiently
soft (owing to the presence of cavities). The 3D printed film is shown in
Figure 6.3. Upon injection, two extreme joint configurations can be pro-
duced with either (i) all channels filled by resin or (ii) all left empty depend-
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ing whether the channels are left open or not at the edges of the film. In ad-
dition, some intermediate configurations are obtained with (iii) the filling
of only a fraction of the channels. In case (i), crack deflection is prevented,
but local variation of properties can lead to crack trapping. Case (ii) can
potentially lead to the behaviour observed for pillar interfaces when the
crack propagates in the central layer [141]. Case (iii) permits a combina-
tion of the two modes. As the mechanical resistance under shear loading is
also important in applications, it will be addressed by finite element mod-
elling to determine the influence of architecture. Eventually, the Ashby’s
material selection approach [201] is used to analyze the trade-off between
toughness and shear resistance.

Materials and methods

Joints manufacturing

Figure 6.2 schematically outlines the bonding process from the architected
film printing to final joint (see Appendix B for a description of the full pro-
cess). The Nylon structures, layer height of 100 um, are 3D printed using
NylonWhite material (supplied by Markforged) on a MarkTwo machine
with the default/optimized manufacturer settings. The design rules for
adherends with channels set by Morano et al. [82] based on finite element
simulations are used to select the height (H), the width (W) and the spac-
ing (S) between the cavities. The total bondline thickness is referred as ¢.
These authors found that Gy, is maximized if H/t has the largest possible
value (0.65 in their study), if W/H is equal to 1.25 and if S is equal to W. In
addition to these rules, the structure thickness is set by the available RTM
mould. The dimensions are: thickness of 1.4 mm, cavity height and width
of, respectively, 1 mm and 1.2 mm and spacing between cavities is equal
to 1 mm. The 3D printed structure, shown in Figure 6.3a, is inserted at
the midplane of the composite in the mould after visual inspection. The
two composite adherends are made of four plies of H5 satin fabric made of
carbon fibres each (HexForce G0926 supplied by Hexcel). At the midplane,
in addition to the architected Nylon tape, a non-adhesive polyimide (Kap-
ton) film is inserted to create a pre-crack required for DCB fracture testing.
Once the RTM mould is closed by a pressure of 8 bar, the epoxy resin RTM6
from Hexcel is injected at a temperature of 90°C. Then, the temperature is
increased up to 160°C at a rate of 2°C/min and this temperature is held
for 90 minutes before increasing it up to 180°C at the same rate, with a
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post-curing duration of two hours. During injection, the pressure inside
the mould is increased and maintained to 6 bar. Upon curing, the chan-
nels have a height of 0.8 mm and a length of 1.1 mm, with 1 mm spacing
(Figure 6.3d).

Figure 6.2 Manufacturing steps for architected joints from 3D printing of
the architected Nylon part to the unmoulding.

6.2.2 Mechanical testing

The DCB samples, shown in Figure 6.3a, have been machined from the
cured panels with a length of 200 mm and a width of 20 mm. The 70
mm long Kapton film inserted to create the precrack results in initial crack
length of 50 mm. The total height of the samples is about 4.4 mm includ-
ing the structured insert of 1 mm. The DCB tests are performed following
the ISO 25217 standard on a Zwick/Roell machine equipped with a 50 kN
loadcell, at constant cross-head speed of 1 mm/min. The crack tip position
is tracked using Digital Image Correlation (DIC) using two cameras and
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the Istra4D software. For the DIC analysis, the facet size and the grid spac-
ing are set to 21 and 7 pixels, respectively. Gy, is then computed following
the single beam theory. As large deflections take place, the corrected beam
theory and the experimental compliance method should be preferred but
cannot be applied in the present case due to the stick-slip behaviour [172]
which introduces some uncertainty on the exact value of Gj..

Tensile tests are performed, using the same mechanical testing machine
and settings as before, on flat dogbone NylonWhite specimens to deter-
mine the tensile properties. The specimens shown in Figure 6.3e have a
thickness of 2 mm and width of 5 mm along the 30 mm long gauge section.
Extensometers with an initial spacing of 20 mm are used to determine the
strain.

Figure 6.3 Nylon film and specimens with their dimensions: (a) Nylon
film after 3D printing, (b) zoom on the edge of the Nylon film with the
dimensions of the cavities after printing, (c) DCB specimen from the top,
(d) lateral view of the DCB specimen and zoom on the film after bonding,
(e) tensile specimen.

6.2.3 Fractography

For fractography analyses, scanning electron microscope (SEM) and opti-
cal microscope have been used. An Ultra 55 Field-Emission SEM (Zeiss,
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Germany) has been used to analyze the fracture surfaces with a voltage
of 5 keV. An Olympus Provis AX70 optical microscope has been used to
analyze fractured joints. This required to cut the joints along the crack
propagation direction and to polish the cross-section prior to observation.

Finite element modelling

Two finite element (FE) models are developed. The first one is for the
DCB configuration and is used to investigate the failure mechanisms tak-
ing place in the architected joints and observed experimentally. The second
one addresses the lap-shear joint configuration to investigate the influence
of the architected film and of the position and fraction of filled /empty
cavities in the joint on the shear properties.

Double Cantilever Beam configuration

The DCB specimen with 100 mm length, 50 mm pre-crack and 20 mm
width is modelled using the commercial FE code Abaqus (Dassault Sys-
temes, France). A 2D model is created with four-nodes plane-strain el-
ements with reduced integration (CPE4R) to perform computations un-
der static conditions. Different configurations are modelled by varying
the channels left empty or filled by resin to determine how the fracture
toughness is affected when varying some key parameters based on a fail-
ure criterion of the type “maximum principal stress at a critical distance”.
Six cavities are considered, but only the state of the third, fourth and fifth
cavities in Figure 6.4a is changed. If a joint made of only empty cavities
is modeled, 12 channels are considered in the model. The initial crack is
introduced as a seam and the mesh is refined around the crack tip with the
smallest elements having a length of 5 um. Different meshes have been
tested to check the convergence of the results in terms of mesh refinement.

Regarding the material properties, the Nylon tensile test data of Figure 6.4c
and data from previous experimental campaigns of our laboratory are used
for the epoxy resin and the composite (Figure 6.4c-d). The composite is
characterized by an in-plane Young’s modulus of 70 GPa, an out-of-plane
modulus equal to 3 GPa and a Poisson ratio equal to 0.3 [167]. Nylon is
assumed to be isotropic although the properties depend on the printing
direction. The epoxy resin behaviour is modelled with isotropic linear elas-
ticity and with the Drucker-Prager yield criterion for the plastic response,
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see Morelle et al.[168].

Figure 6.4 Geometries of the finite element model and corresponding
mesh: (a) Double Cantilever Beam configuration and (b) Lap-shear con-
figuration. (c) Engineering stress-strain curve data for NylonWhite, RTM6
and the composite used to model the Nylon film. (d) Properties of the ma-
terials and parameters of the failure criterion.
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The failure criterion requires the determination of a critical stress o as-
sociated to a critical distance X, for each material and interface. Such a
two-parameter criterion has been shown to better capture thickness effects
than cohesive zone models in adhesive joints [92]. The crack is assumed to
propagate in the channels filled by RTM6 resin when the maximum prin-
cipal stress is equal to 300 MPa over a distance of 10 um, as identified in
a former study [193]. Although the tensile strength of the Nylon is equal
to 136 MPa (when tested in the longitudinal direction, see Figure 6.4c), a
value of 50 MPa is used for the critical stress in this case. This low value
is justified by the significant anisotropy in the fracture resistance associ-
ated to the 3D printing process which potentially leads to much smaller
cracking resistance in the direction orthogonal to the printed layers. Fur-
thermore, a larger critical stress leads to extreme deformation close to the
crack tip and to convergence issues before fulfilling the criterion. Hence,
the choice of the 50 MPa value at a distance of 200 um for the printed
Nylon is much more phenomenological (and based on extrapolating data
from Kinloch and Williams [120]) than the values chosen for RTM6 which
were based on a systematic analysis of the fracture mechanisms [193]. The
interface with the composite is assumed to fail when the maximum prin-
cipal stress is equal to 50 MPa over a distance of 100 um. When one of
the failure criteria is met, the corresponding applied load P is extracted in
order to determine Gy, using the ISO 25217 standard [172]:

4p? /322 1
Cle = Ewe (m * h> (1)

and the orientation of the maximum principal stress is also extracted in or-
der to determine the crack propagation direction. The algorithm is shown
in Figure 6.5.

6.3.2 Single lap-shear joint

A lap joint shown in Figure 6.4b made of the architected film compris-
ing six cavities that can be either filled or left empty is modelled. The ad-
herends length, width and height are set to 100 mm, 20 mm and 1.7 mm,
respectively. The channels are symmetrically distributed. A 10 um thick
resin layer is modelled between the composite adherends and the archi-
tected film. As for the DCB simulations, CPE4R elements are used as well
as the same material constitutive laws as described earlier. In addition, the
fraction and position of the filled cavities are varied. The shear strength is
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Figure 6.5 Finite element procedure implemented to determine the frac-
ture toughness corresponding to given failure scenario and the crack path.
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computed when one of the failure criteria described above is met.

Results and discussion

Mode | fracture toughness

The experimental crack resistance curves are given in Figure 6.6a while
Figure 6.6b shows a typical crack resistance curve giving the variation of
mode I critical energy release rate, G, as a function of crack growth Aa.
Three regimes of Gy, are distinguished. The configurations associated to
these regimes is shown in Figure 6.6¢, as well as the G, values predicted
by the FE model. Regime (1) is characterized by Gj. between 600 and 1200
J/m? (precisely 828 +157 J/ m?). Regime (2) corresponds to 1500 to 2500
J/m? (precisely 1704 £422 ]/ m?) while the largest Gy, are above 3000 ]/ m?
(precisely 4267 + 846 J/m?) up to exceptionally high values larger than
5000 J/m? in regime (3). For comparison, the interlaminar toughness of
composite made of G0926 carbon fibres fabrics and RTM6 is ~#350 J/m?.
Adhesives used in aerospace such as FM300 or EA9695K05 have Gj. in
the range 800 to 1000 J/ m? [27]. The two best regimes exhibit a resistance
1.5 to 5.5 times of classical adhesives while being produced in a single co-
curing step. Even the lowest Regime (1) results in resistances higher than
the interlaminar toughness. Independent or not of the presence of a weaker
regime, ultimately, crucial for crack propagation resistance is the presence
of a strong crack arrestor mechanism as triggered in the present joints.

In Regime (1), Figure 6.7a-b shows that the crack propagates along the in-
terface between the composite and Nylon structure. The variations orig-
inate from the coexistence of three sub-mechanisms. First, broken fibre
bundles along the Nylon side indicate that fibre bridging is activated (Fig-
ure 6.7b) with, we assume, only a minor toughening role - the H5 satin
fabrics are indeed known for involving limited contribution of fibre bridg-
ing to Gy [202, 203]. Subsequently, the crack propagates between two ad-
jacent 3D printed layers resulting in small bridging ligaments. The crack
deflection between two printed layers has not been fully elucidated, but
probably originates from poor local adhesion between layers. Finally, the
main path is along the composite-Nylon interface where the crack is not
deflected into the composite or into the Nylon structure. Opposite to the
current results, Tao et al. [135] inserted a PA film in the middle of an ad-
hesive layer, but with a detrimental effect on Gj.. This configuration in-
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Figure 6.6 (a) Experimental crack resistance curves for architected joints.
(b) One of the R-curves with the associated joint configuration. (c) Mi-
crostructure associated to each regime with the Gj. computed by FE mod-
elling.

cluding only filled cavities is modelled by finite elements. As shown in
Figure 6.7c, the computed G|, varies from 490 to 1550 J/m? depending on
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the crack tip location. This comes from the difference in energy dissipated
by plastic deformation. Indeed, when the crack is located above a filled
channel, the plastic zone is constrained by the stronger epoxy resin in the
channel. An increase in fracture toughness above the channels due to the
higher local stiffness as in Morano et al. [82] was expected opposite to the
present results. This indicates a competition between the contribution of
plastic dissipation and the effect of stiffness variations. In the present case,
plastic dissipation dominates. In addition, when the crack tip is located be-
tween two adjacent cavities, stresses first concentrate at the interface above
the filled channel ahead of the crack tip, leading to the initiation of a sec-
ondary crack that interacts then with the main crack. Plastic dissipation in
the Nylon film thus contributes to the toughness associated to Regime (1)
as it acts as a dissipative layer [79, 97]. In addition, 3D printing generates
some roughness on the film surface that can lead to mechanical interlock-
ing also contributing to the increase in fracture toughness.

The second regime corresponds to crack trapping by a channel (Figure 6.6
and Figure 6.8) left empty upon resin injection, while the others are filled
as shown in Figure 6.8a-b. The finite element model shows that when the
crack is located at the interface above the last filled channel before the void,
stresses tend to concentrate between the crack tip and the cavity, see Fig-
ure 6.8c. This leads to crack deflection towards the cavity when the failure
criterion is met, and it becomes trapped by the empty channel. Although
the crack propagates through Nylon, the Nylon fracture toughness is not
attained as the void leads to an anti-shielding effect [204] resulting in the
apparent fracture toughness equal to about 1500 J/m? in the simulation.
The micrographs show that the crack propagates through the tough Nylon
film from the cavity towards the same interface as previously. In this case,
the finite element model indicates, as observed in Figure 6.8d, that stress
concentrates at the interface close to the filled channel ahead of the void re-
sulting into the initiation of a small crack that progressively propagates. At
some point, the secondary crack and the main crack interact and join each
other, see Figure 6.8e, leading to the main crack propagation. This mecha-
nism is summarized in Figure 6.8f and the computed fracture toughness is
about 2500 ] /m?. In addition, the main crack is not sharp and, as explained
by Maloney and Fleck [123] and Heide-Jorgensen et al. [121, 122], the crack
tip gets extensively blunted and must then re-initiate, improving the joint
toughness. Propagation of the crack through the tough Nylon contributes
to the Gj. improvement, although the bulk Gj. of Nylon is never attained.

186 |



Results and discussion | 6.4

Figure 6.7 Optical micrographs corresponding to the fracture surface in
Regime (1) from (a) the side and (b) the top of the Nylon film. (c) Vari-
ation of Gy, throught FE modelling, with the crack tip position and the
corresponding plastic zones: crack located (d) above the filled cavity, in
the middle of it; (e) above the last corner of the filled cavity; (f) between
two consecutive filled cavities and (g) above the first corner of the filled
cavity.

The experimental scatter on Gy, is explained by the partial filling of some
of the channels (Figure 6.8b). Deflection is observed when the channel is
empty at least over one third of the joint width. In this case, only a small
part of the crack front is trapped by the empty cavity while the rest of the
crack still propagates along the weak composite-Nylon interface. To con-
clude, the toughness of Regime (2) is due to the crack propagation inside
the tough Nylon film originating from its deflection by the channel and
its deflection back to the interface when reinitiated due to the initiation of
microcracks along the interface.

Regime 3, observed in Figure 6.9, is triggered when the crack propagates
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Figure 6.8 Failure mechanism associated to the presence of an empty
channel (Regime 2): (a)-(b) Optical micrographs from (a) the side of the
DCB and (b) the top surface of the PA film. (c)-(e) Stress distributions when
(c) the crack is located behind the cavity and (d)-(e) the crack is trapped by
the cavity (d) before and (e) after secondary crack initiation. (f) Summary
of the failure mechanism when the crack has been trapped by the cavity.

through the thickness of the film, from one interface to the other. This crack
path is observed for all the points, obtained on different specimens, charac-
terized by a fracture toughness larger than 3 kJ /m? in Figure 6.6a. The frac-
tography could not reveal the root cause of this deflection. Although the
crack is arrested for the cases for which the crack is trapped by an empty
channel or when it propagates through the entire thickness of the structure,
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an unstable crack propagation jump is observed along the weak composite-
Nylon interface when reaching Gj.. It is deemed that it originates from a
sudden change in the adherence at one of the interfaces. The top interface
in Figure 6.9c¢ is stronger than the bottom one, leading to the crack deflec-
tion at the weakest interface (Figure 6.9c-e) as it has been reported by Tao
and co-workers [83]. This is modeled by inserting a secondary crack at the
bottom interface. It can be observed in Figure 6.9f-g that the two cracks in-
teract with each other and that the primary crack propagates through the
Nylon film. A maximum fracture toughness of about 4300 J/m? is com-
puted using the FE model for this Regime 3, in very good agreement with
the experimental results.

In addition to these three experimental observations, FE simulations have
been performed for other configurations in order to guide towards even
larger theoretical joint design. First, a joint made only of empty channels
is modelled. In this case G, reaches 40 kJ/m? with the Nylon structure
acting as bridging ligaments. This value is extremely high and, although
most probably unrealistically high, but provides a motivation for further
optimization. However, when one wall fails, a large amount of energy is
released which is not considered by the model and could be detrimental
to structural integrity and could be associated to a snap-back instability.
However, under the displacement-controlled conditions, when one of the
walls fails, the energy will be released following unloading paths. Thus,
once the next wall is attained, the energy stored in the loaded composite
beams will be much lower than the fracture energy and the propagation is
altered [122]. In addition, integrated manufacturing of such joint is com-
plicated, asking for perfect control of the printing process preventing the
resin from entering the channels. Note that other failure scenarios could
take place such as composite delamination and, though not considered by
the model.

As a further step, the influence of the second channel ahead of the cavity
on the failure process has been considered (subsection 6.7.1). The process
zone length is evaluated (Figure 6A.1a) to be around 3 to 4 mm. Given
the channels dimension, the second cavity ahead of the crack tip could
also have an influence on Gj.. An empty channel has a shielding effect
(Figure 6A.1b-e), leading to higher Gj.. Thus, an empty channel can result
in two antagonistic effects depending on its position with respect to the
crack tip, i.e. anti-shielding if located ahead and shielding if located far
enough.
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Figure 6.9 Optical micrographs corresponding to the fracture surface in
Regime (2) from (a) the side and (b) the top of the Nylon film. Stress distri-
butions when the crack is located (c) before the void, (d) is trapped by the
void and (e) when the two cracks interact with each other. (f)-(g) Progres-
sive propagation through the film thickness due to main crack interactions
with a secondary crack at the opposite interface.

6.4.2 Lap-shear joints

The fracture toughness of the joint is not the only important property to
consider when designing bonded joints under shear dominated loads. In
aerostructures, the adhesive thickness must remain below a certain thresh-
old to limit the decrease of shear stiffness and strength. This has been ad-
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dressed, using as an example, the lap shear joint configuration with the
architected bondline. For this purpose, the number of empty and filled
channels varies as well as the position. Table 6.1 shows that increasing the
number of filled cavities improves the joint strength and stiffness. How-
ever, it can also be observed that, for a given amount of filled channels, the
position of the filled channels does influence the shear strength.

Table 6.1 Joint stiffness, strength and fracture toughness of architected
joints depending on the configuration, determined by finite element mod-
elling.

Amount Apparent .
of filled | Configuration shear Strength | Maximum
cavity modulus | [MPa] Gre [K]/m?]
[MPa]
0% EEE 52 6 40
33% FEE 138 9 16
EFE 138 11 16
EEF 137 12 16
66% EFF 221 14 2.2
FFE 222 12 2.2
FEF 223 13 2.2
100% FFF 306 14 1.5
Nylon | / 143 12 ?i579] - M
Resin / 1070 20 0.09[167]

First, the two extreme cases, EEE and FFF models, are compared to one
another. Figure 6.10a-d shows that, for a given applied load, shear stresses
are smaller in the joint with all channels being filled. This arises from the
fact that by filling the channels, the effective cross-section area over which
the applied shear force act is increased, reducing the magnitude of the lo-
cal shear stresses. In addition, filling all the cavities also results in lower
peel stresses near the edges. Regarding failure, the criterion is first met at
the joint corner for EEE while it is first met in the interface above the first
filled cavity for FFE. The shear strength is thus improved by increasing the
amount of filled channels, but also the shear stiffness, as when filling all
the cavities, a stiffer material is present in the bondline.

When joints containing 33% and 66% of filled channels are considered, an
influence of the location of the empty and filled channels with respect to the
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Figure 6.10 Peel (left) and shear (right) stress distributions in lap-shear
joints containing (a)-(b) 0%, (c)-(d) 100%, (e)-(h) 33% of filled channels. (e)-
(f) The filled channel is located at the joint centre or (g)-(h) at the edge of
the lap joint.

joint edges is found (Table 6.1). Indeed, if the channel close to the edge is
left empty, the shear strength is improved with respect to the case for which
the edge channels are filled with resin. The stress distributions are shown
in Figure 6.10e-h for the FEE and EEF joints, both containing 33% of filled
channels. The shear stresses (Figure 6.10e, g), in both situations, are the
highest right above the filled cavity. Regarding the peel stresses, they tend
to be the highest near the joint edges in both cases, but their magnitude is
slightly larger when the first channel is left empty which could negatively
affect the shear strength. However, due to the combination of the large peel
stresses and the shear stresses near the filled channel when located near the
edge, the failure criterion is first met for the joint with the filled channel
near the edges, resulting in a lower shear strength. The introduction of an
empty channel near the joint edges thus improves the stress distribution
and the shear strength. The same accounts for a joint containing 66% of
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filled channels.

These findings agree with common results found in the literature. Indeed,
Kumar et al. [159] tailored the stiffness of adhesive bonds. They deter-
mined an improved strength when the centre of the joint is stiffer than
the edges. Here, a larger shear strength has been found when for a given
amount of filled cavities, the empty cavities are located at the edges of the
joint. When the edge activity is left empty, peel stresses near the joint cor-
ners tend to be larger. However, shear stresses near the edge are lower
and the cavity allows for better shear stress distribution in the joint, result-
ing in higher shear strength. Indeed, when the first channel is filled, high
shear stresses localize near the corner, in the interface right above the filled
cavity leading to premature failure. As a further perspective, it would be
interesting to investigate the influence of the amount of filled channels and
their position in the joint for industrial assembly by using a more complex
model.

Materials selection for joints with tunable properties

In the previous section, the influence of the position of the filled and empty
channels on the joint properties have been investigated. Contrary to the
fracture toughness, stiffness and strength are improved by increasing the
amount of filled channels (Table 1). Hence, depending on the joint con-
figuration, the properties of the joint can be modified. To determine the
best joint configuration, a rational materials selection procedure [201] has
been followed as further developed elsewhere [101]. The objective of the
selection chosen here is to minimize the mass of the structure, m = pLW¢
with p the density of the architected film, L and W the length and width
of the joint, and t the film thickness. The joint is subjected to two forces:
a tensile force F, and a shear force F; (Figure 6.11a) resulting in a tensile
stress 0| and a shear stress t. This leads to two constraints: (1) F, cannot
lead to crack propagation in the presence of a crack of length 2a imply-
ing that K < Kjc and (2) F; cannot result in a displacement larger than
Ut |max. Through FE modelling, the joint stiffness and fracture toughness
are computed for different amount of filled cavities (0, 33, 66, 100 %) and
architected film thicknesses ranging from 0.05 to 1 mm. It is important to
recognize that small film thicknesses cannot be used with the current man-
ufacturing procedure but could be produced with other techniques such as
selective laser sintering, stereolithography or selective thermoplastic elec-
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Figure 6.11 Materials selection approach for architected adhesive joints
(a) problem description, (b) case where the toughness dominates the prob-
lem due to high peel stress and (c) the problem is stiffness-dominated.

trographic process. The lowest attainable film thickness is thus a matter
of access and progress in 3D printing technology. If the joint is mainly
subjected to tensile stresses (Figure 6.11b), the selection is dominated by
Gic and the best joint is made of empty cavities. On the other hand, if
only shear is applied to the joint, the shear stiffness constraint dominates
(Figure 6.11c), the best joint contains 66% or 100% of filled cavities. These
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two examples show that depending on the loading, the best configuration
changes. The degree of freedom in the architecture allows tuning perfor-
mances depending on the application to get an optimum response. Fur-
ther work will focus on extending this selection analysis to a wider range
of objectives, constraints and load configurations as attempted elsewhere
for mainly classical adhesives [101].

Conclusion

Intensive use of adhesive bonding in composite applications is prevented
by the moderate fracture toughness of available adhesives and long man-
ufacturing times. To simultaneously unlock these two barriers, we printed
architected Nylon films with channel holes to bond composites by co-curing.
This leads to several major findings:

* First, exceptionally high fracture toughness larger than 5000 J/m? is
attained during crack propagation with intermediate regimes also of
high fracture toughness. Several toughening mechanisms are trig-
gered involving: plastic dissipation, crack deflection, crack tip blunt-
ing and crack shielding.

* Second, single step co-curing is enforced by simultaneously bonding
and processing of the composite panels, saving time and energy, and
avoiding surface treatments.

 Third, the shear stiffness and strength can be modulated by playing
with the architecture depending on the structural requirements.

* Aside from proving excellent toughening potential, this study made
use of the simple stress-at-a distance failure criterion. This failure
criterion proved very effective to predict the magnitude of Gy, for
the different cracking mechanisms occurring along the crack path af-
ter identification from independent data on the bulk materials under
consideration.

* An original materials selection approach is adapted to adhesive joints
to guide the design approach of the best joint configuration depend-
ing on the application.

As a perspective, controlling the filling of the cavities and the film thickness
can lead to a wide variety of ultra-tough joints with controlled strength
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and stiffness based on a single architected film. However, controlling the
film thickness requires to change manufacturing technique which is left for
further investigation.

Appendices

Appendix A: Influence of the second cavity ahead of the crack tip

An important parameter to consider when designing architected joints is
the length of the process zone. Heide-Jorgensen and Budzik [122] define it
as the inverse of the elastic foundation wavelength A;, for adhesive joints
given by
_ 3/mE W

Ay = 17 EI (6A.1)
where E; and ¢ are, respectively, the Young’s modulus and the thickness of
the adhesive which has a Poisson ratio v,, the composite modulus E;, the
DCB width W, the second inertia moment I while m defines the stress state
at the crack tip in the following way:

¢ For plane-strain conditions and plane stress conditions in the trans-
verse direction: m = 1/(1 — v2);

* For plane strain conditions in in-plane and out-of-plane directions:
m=(1—va)/[(1—2v,)(14va)];

* For plane stress conditions in all directions: m = 1.

Assuming that the central layer is made of NylonWhite only, this equation
leads to values of process zone lengths ranging from 3.12 mm to 3.95 mm.
As the length of one channel is 1.1 mm and the spacing between two adja-
cent channels is 1 mm, when the crack is located above the right (crack A)
or the left (crack B) corner of a cavity, the process zone spans over cavity 111
as shown in Figure 6A.1a. Consequently, channel III must be considered.

Leaving cavity III in Figure 6A.1a empty has a beneficial effect as the com-
puted fracture toughness corresponding to when the first failure criterion
is met is higher. Depending on the case, the fracture toughness is increased
by 10 to 25% when the cavity III is left empty. When the two first cavities
(I and II) are filled and if cavity III is empty, the fracture toughness is im-
proved by 7 to 15% when the crack propagates along the composite inter-
face between the two first channels. The improvement is only 7% when it
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Figure 6A.1 (a) Schematic view of the process zone length and the part
of the joint covered by this zone if the crack is located at the left (crack B) or
at the right corner (crack A) of a channel. (b)-(e) Maximum principal stress
distribution when (b) and (c) the crack propagates along the interface and
(d)-(e) when the crack has been trapped by a cavity and the first cavity
ahead of the crack tip is full of resin. In (b) and (d), the last considered cav-
ity is filled while in (c) and (e) it is left empty resulting in an anti-shielding
effect.

is close to the right corner of cavity I while the increase is of 15% when the
crack is close to cavity II. The stress distributions in this last case are shown
in Figure 6A.1b-c for an arbitrary load applied on the DCB. The stresses
near the crack tip are lower when the last cavity is left empty. If channel I
is empty while channel II is filled, the fracture toughness increases by 25%
if cavity III remains empty. The maximum principal stress distributions
are shown in Figure 6A.1d-e, with lower stresses near the interface when
cavity Il is empty. To conclude, if the empty cavity is located far enough
from the crack tip and is located in the process zone, it has a shielding ef-
fect while it has an anti-shielding effect when it is close from the crack tip
(this is the case where the crack is deflected towards the cavity).

| 197



6 | Thermoplastic film architected with channels

6.7.2 Appendix B: Detailed description of the manufacturing steps of the
joints
The different steps of the integrated manufacturing process needed to ob-
tain the architected joints are presented by showing pictures (while only
schematics are given in the paper). It is made of four steps: 3D printing

of the film, stacking of the film and the carbon fibres plies in the mould,
curing of the lay-up and unmoulding of the panel.

» Step 1 (Figure 6B.1) 3D printing of the Nylon film. The Nylon film
upon 3D printing is shown in Figure 6.3b.

Figure 6B.1 Step 1 - 3D printing of the Nylon film made of NylonWhite
with a MarkTwo printed from Markforged.

e Step 2 (Figure 6B.2): Stacking of the Carbon fibres plies and the films
and mould closure

* Step 3 (Figure 6B.3): Resin injection and curing of the panel

* Step 4 (Figure 6B.4) — Unmoulding. After unmoulding the panel is
machined to obtained DCB samples, shown in Figure 6.3c-d.
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Figure 6B.2 Step 2 - a) Stacking of the first four Carbon plies, b) stacking
of the Nylon film and the Kapton film to insert the precracks, c) stacking of
the last four plies of Carbon fibres and d) mould closure by inserting it in
the press and increasing the pressure to 8 bar.

Figure 6B.3 Step 3 — a) RTM processing lab during resin injection and
curing; the resin is injected by the piston at the right and goes out of the
mould at the left side. b) Curing cycle of the joints.
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Figure 6B.4 Step 4 - Composite panel after opening the mould.
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Toughening through a
dissipative layer

7.1 Introduction

Several potential toughening mechanisms have been described in Section
2.3 including plastic dissipation, crack deflection, crack bridging, crack
blunting, toughening through elastic heterogeneities or the use of metama-
terials in the bondline. Crack bridging and bondline architecturing have
been investigated for co-cured composite joints in Chapters 5 and 6, re-
spectively. The current chapter investigates the toughening that can be
potentially generated by adding a dissipative layer in the joint.

This work has several motivations. First, Voleppe et al. [12] claimed that
the trapping of the crack in the PEI-epoxy interphases was the result of
the presence of a soft evidenced transition zone towards which the crack is
deflected and in which it gets stuck, quite similarly to a crack propagating
in a laminated glass that initiates in the glass and then propagates into the
adhesive film. The second motivation comes from the high toughness of
the PA film-composite interface evidenced in Chapter 6 which is assumed
to partly originate from the plastic dissipation taking place in the soft PA
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film. Finally, this concept of a dissipative layer has already been applied
in the molecular bonding context [97, 105] and proved to be very efficient.
The goal is to apply this concept to adhesive joints.

To meet the objective, the configuration of Figure 7.1 is investigated. It con-
sists of a multi-layer made of two elastoplastic layers stacked between two
elastic rigid adherends. The two elastoplastic layers have different Young’s
modulus, yield strength and toughness. In addition, their thickness /; and
hy is varied. The goal is to determine the magnitude of the overall joint
toughness (G.) depending on these parameters. One key difficulty is that
G, depends on the position of the crack in the stack. Hence, the crack prop-
agation locus must be determined. This leads to the two main questions of
this chapter:

1. Depending on the material properties and the layer thickness, where
does the crack propagate? The selected crack path will be referred to
as Yerqck-

2. Depending on the material properties, 11, hp, what is the joint frac-
ture toughness knowing Y, ,?

This is investigated numerically using the steady-state FE code developed
by Martiny et al. [13, 92] on the basis of a first version of the code written
by Landis et al. [205]. We intend to derive guidelines regarding the design
of tough adhesive joints including a dissipative layer.

Figure 7.1 Multi-layer configuration to investigate the toughening effect
of a dissipative layer in the joint.
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7.1.1 Crack propagation in multilayers

Crack propagation in multi-layers is a topic that has already been addressed
by several authors [206-208]. The focus was on elastic materials or more
generally to cases for which Linear Elastic Fracture Mechanics (LEFM) can
be applied. Crack path selection and stability can be addressed in terms
of the asymptotic stress field ahead of the crack tip. The stress field at a
distance r from the crack tip is expressed as

o Ty| _Ki [1 0} Kiy {o 1} [T o}
[Txy ‘Tyy] S lo 1T Vamlt o/t lo o +O0(Vr) (7.)

with K; and Kj; being the mode I (opening) and mode II (shearing) stress
intensity factors. It is often assumed that the crack chooses the trajectory
for which Kj; = 0. T is constant and denotes the T-stress acting parallel
to the crack plane. The T-stress has several origins such as resulting from
internal stresses or from the geometric constraint. It governs the crack sta-
bility. Cotterell and Rice [209] demonstrated that a crack is stable (in terms
of remaining straight) if T < 0 and unstable if T > 0.

Based on LEFM, Fleck et al. [206] investigated crack propagation and
stability in brittle adhesive joints assuming infinite rigid adherends. The
mode-mixity at the crack tip is given by the phase angle ¢ defined as
arctan (Kj;/Ky). ¢ depends on the elastic mismatch between the adherends
and the adhesive through the first and second Dundur’s parameters « and
B. ¢ also depends on the position of the crack across the adhesive thick-
ness. The T-stress depends on the elastic mismatch through « and j, on the
adhesive thickness, on the adherend thickness and on the internal stress
[206, 210]. For an adhesive joint loaded under mode I, four scenarios can
take place as shown in Figure 7.2a. The only case in which the crack propa-
gates in a stable way in the bondline is when dKj; /dy > 0and T < 0 and as
shown in Figure 7.2b, it depends on a (Equation 7.2) and B (Equation 7.3).
Fleck et al. [206] made the assumption of infinite adherends. Chen et al.
[210] showed that the T-stress increases if the adherend thickness h; de-
creases or if the adhesive thickness t increases, favouring unstable crack
propagation.
o= (1_1/{1)/%1_(1_1/5)/]45 (7.2)
(1 - Va)/,ua + (1 — Vs)/,us
e (1= 2v) /pta — (1 = 2v5) /ts
=05
(1 - Vu)/]/la + (1 - Vs)/ﬂs

o

(7.3)
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Figure 7.2 a) Crack path selection scenarios in adhesive joints depending
on 0Kj;/dy and T and b) regimes of crack path selection depending on «
and B. Taken from [206].

The crack path location predicted by Fleck et al. [206] has been verified
in adhesive joints, but also in other systems such as glass/copper/glass
[211, 212], alumina/aluminium/alumina [211]. However, McNaney et al.
[211] also showed that the distance between the interlayer and the crack
is an important parameter. If the interlayer is located too far away, the
crack propagation is not affected by the presence of the interlayer. These
studies only focused on elastic materials. In addition, the presence of a
weak interface can also have an influence on the crack path selection [212].
For example, in glass/copper systems, the crack should propagate away
from the copper layer but if the glass/copper interface is weak, the crack
propagates towards the interface.

If the interlayer is elastoplastic and a crack propagates parallel to the in-
terface, there is a competition between (i) the stress concentration induced
by the lower compliance of the soft layer attracting the crack and (ii) the
enhanced plastic dissipation resulting in a higher G, if the crack propa-
gates towards the soft layer [213, 214]. If the amount of plasticity remains
limited, the crack deflection is governed by the elastic mismatch while if it
is important, the deflection will be dominated by the plasticity [212, 213].
In this last case, a crack can be deflected away from the interface while
the theoretical analysis by Fleck et al. [206] predicts the crack to deflect
towards the interface.
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7.1.2 Fracture toughness of multilayers

Bertholet et al. [97] and Dépinoy et al. [79] investigated the influence of k;,
hy and of the material properties of the layers on G, for interfacial cracks
between one adherend and the hard layer. Both studies demonstrated that
hy (hard layer) must be minimized in order to maximize the plastic dissipa-
tion in the soft interlayer. Increasing h; (soft layer) results in an improved
G.. However, above a certain value, the improvement is no longer signifi-
cant. More details about these findings are given in subsection 2.3.2.

7.1.3 Problem statement

The precise configuration analyzed here is a four-layered joint shown in
Figure 7.3. The two external layers are the adherends characterized by a
Young’s modulus Es; and a Poisson ratio vs with a thickness hs. The two
adherends surround two elastoplastic layers referred to as the "adhesive
stack”. The top layer (subscript 1) is softer than the bottom layer (subscript
2). Both are characterized by a Young’s modulus E;, a Poisson ratio v;, a
yield stress 0y;, a hardening exponent n;. They are modelled using a power-
law given by Equation 7.4 and using the von Mises theory of plasticity
considering isotropic hardening. In addition, each layer is characterized
by an intrinsic fracture toughness Gy;.

El-s if EiS < 0p;

= Eie\" 74
7 00i < i > otherwise 7.4)
i

In addition, the crack propagation path and the joint toughness are pre-
dicted based on a cohesive zone model through a traction separation law.
The cracking resistance of each elastoplastic interlayer is characterized by
a cohesive strength o,; a,d a cohesive energy Gy,;. A trapezoidal cohesive
law is used, defined by the cohesive strength o,;, the critical opening J,;
and the cohesive energy I'- = Gp. The traction depends on the parame-
ter A defined by /(6" /61)% + (6 /5)Z with 6* being the normal (k = 1) or
tangential (k = t) opening displacement while 5% is the critical opening dis-
placement in mode k. It is assumed here that 6. = " = 4. and is given by
Equation 7.5. Consequently, the mode I and II cohesive energies are equal.
Traction increases until reaching A = A; = 0.15 and remains constant until
A = Ay = 0.5 before decreasing and vanishing when A = 1. The cohesive
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strength, energy and critical opening displacement are related by

Uci‘sc
Goi =

(1=2A1+ Ap). (7.5)

Figure 7.3 Modelling strategy: a joint made of two layers in which the
crack position is change. Then, ¢ and G, are computed for each position y
to determine Y,,,0x = y( = 0) and Gc Yy g0k

To determine the crack propagation locus in the joint, several simulations
are run for one set of parameters by changing the position of the cohe-
sive elements in the joints as shown in Figure 7.3. For each simulation, ¢
and the joint toughness G, are computed giving their evolution with the
crack position in the joint y. The crack path (y = Y,) is the one such
that ¢(y) = 0 and the joint toughness is then taken as G¢(Y,qck). Some
assumptions are made:
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* The two elastoplastic materials are characterized by the same intrin-
sic toughness (cohesive energy) Go; = Gp2 = Go.

* Perfect interfaces are assumed to neglect crack deflection towards a
weak interface.

These assumptions lead to the following dimensional analysis for the joint
fracture toughness G., depending on the material properties and some ge-
ometric parameters.

Ge <E1 E; 001 002 O 02 hi hy Iy
- = F T 7 7/1/]/1/2/1/ /nl/nZ/ = 7 s T Ty T 777 (76)
Go Es" Eq ? E1" 001" 001" 0c1” Ror” Roz2” ha
where R, is the plastic zone size of material i given by
Go:E:
Ro; = o (7.7)

3m(1—v?)og
As a first step, we assume that the joint is only made of the soft layer (1).
A first analysis will be conducted for linear elastic material response to
compare with the results from Fleck et al. [206] but here using a cohesive
zone model. Then, plasticity is introduced to determine the influence of
0.1/ 091 on the crack propagation path. Then, the second interlayer is intro-
duced. First, an elastic analysis is performed again to determine the crack
path depending on E;/E; and hy / hy, before introducing plasticity in both
layers.

Finite element model

The steady-state code developed by Martiny et al. [13, 92] based on the
work of Landis et al. [205] is used, to determine the steady-state fracture
toughness G, of a joint.

The model assumes that deformation and damage take place in a restricted
zone ahead of the crack tip. This zone is referred to as the fracture process
zone denoted as [s. In the present model, it is represented by the trac-
tion versus separation condition across the crack plane described earlier.
Cohesive elements are thus inserted along the joint at a position y. The
surrounding materials are considered as continuum. The possible tough-
ening mechanism is plastic dissipation in the elastoplastic layers. Hence,
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G is equal to G. = Go + I'Y + T} with Ff being the contribution of plastic
dissipation in layer i.

The model is implemented within a quasi-static plane-strain, large rota-
tions, steady-state finite element formulation developed by Martiny et al.
[13, 92]. More details about the formulation can be found in [13]. The ad-
herends and the two interlayers are modelled with quadrangular elements.
As a wedge-peel configuration is assumed, the wedge is considered with
the help of displacement-like boundary conditions.

The phase angle ¢ is estimated by determining the energy dissipated in the
cohesive element located at a distance d from the crack tip corresponding
to 0.5/s with the process zone length of material i (1 or 2) given by

_ GoE;

Isi = 7.
0= M, 738)

where M is a parameter depending the cohesive law model and on the
surrounding materials [215]. If the surrounding material is only elasti-
cally deformed, it is equal to 1 while it is set to 1/37(1 — v?) if it is plas-
tically deformed. Knowing the shear and normal opening displacements
of the cohesive elements in d, it is possible to determine the amount of
energy dissipated in mode I (opening) and mode II (shearing), referred
to as I'; and Iy, respectively. ¢ is then obtained using the relationship

¢ = arctan(Kj;/Kj) = arctan(y/T1;/Ty).

Monolayer adhesive joint

This section focuses on a joint with a single layer between the two ad-
herends referred to as the adhesive. First, we consider a perfectly elastic
material to recover the results from Fleck et al. [206] and we investigate
the influence of 0,1 and #; on the mode-mixity evolution along the adhe-
sive thickness. Then, we consider an elastoplastic material to investigate
the influence of o1 /0y and h1/Rg; on the crack path selection. In both
cases, hs = 5 mm, v; = 11 = 0.3 and E; and E; are such that « = 0.89
and B = 0.26. Note that G, is not influenced by the crack position as it is
assumed that the mode I and II cohesive energies are equal.
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7.3.1 Elastic adhesive

The objective of this section is to re-assess with the steady-state FE code
and using a cohesive model the results of Fleck et al. [206] which are based
on a LEFM approach. Here, the CZM introduces a length scale. This length
scale is the cohesive zone length I; which is the distance between the crack
tip and the point where the cohesive strength is first attained. According to
Parmigiani and Thouless [208], 5 influences the measured phase angle in
an asymmetric DCB if the ratio between /s and the thickness of the thinnest
beam is larger than 10. For larger values of I, i decreases. If I is small
enough, the LEFM should should be recovered.

First, Figures 7.4 to 7.6 show that the predicted crack propagation locus is
at the centre of the adhesive bondline, no matter the values of 0.1 and /4, in
agreement with the results of Fleck et al. [206]. Indeed, for « and j values
equal to 0.89 and 0.26, regime A of Figure 7.2 is expected.

Influence of the distance at which mode-mixity angle is determined

The distance ahead of the crack tip d at which the mode-mixity angle i is
evaluated has an impact on the value of ¥ due to the oscillatory nature of
the stress field [209]. More precisely, LEFM predicts a variation of i ahead
of the crack tip if B # 0. For this reason, in asymmetric DCBs with the
thinnest beam having a height 4, ¢ is commonly evaluated at a distance
d = h from the crack tip. The variation of i with d is given by (d) =
P(h) + eln(d/h) [207]. Figure 7.4a shows the evolution of  with y/hy if
h1=1 mm and d = 0.5h; and d = 0 mm (i.e. in the first element in front
of the crack tip). For 0,1 > 100 MPa, satisfying the condition Is > hy, the
Y profile is strongly affected by the choice of d at which it is determined.
Y tends towards 0° if d is large, predicting values far from those of Fleck
et al. [206]. The cohesive elements located at such a distance from the
crack tip are not loaded showing that this choice is not relevant. The mode-
mixity must be estimated at a position which is representative of the failure
process.

This raises the question of choosing an arbitrary value for d which is quite
small and which is lower than the value of I; for all values of o;. In Fig-
ure 7.4b, it is fixed to 0.5/s(0;; = 400 MPa). In that case, there is no overlap
between the 1 profiles, opposite to what is found for d=0 mm. Hence,
using cohesive zone modelling, d cannot be set to a constant value inde-
pendent of o,;. Indeed, the evolution of the stress field ahead of the crack
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Figure 7.4 a-b) Variation of the phase angle ¢ along the adhesive thick-
ness for different values of 0.1 and d set to a) 0 mm and b) d = 0.5 = 0.5
mm. c-d) Evolution of the phase angle i ahead of the crack tip for h; =1
mm, different values of 0, and ¢) y/h; =0.6 and d) y/h; = 0.9.

tip depends on the process zone length. If the distance ahead of the crack
tip is normalized by the process zone length and if I; < Ah; (distance to
the closest adherend), for a given d/I; ratio, ¢ reaches a similar value for
all values of o, as shown in Figure 7.4c while if [s > Ahj, the magnitude of
1 changes as shown in Figure 7.4d for 0,;=100 MPa. An idea could be to
take d as being a fraction of I;, for example d = 0.5/;. In that case, as for
d = 0 mm, the profiles overlap as shown in Figure 7.5a and b. However,
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it is shown in Figure 7.5¢, that d influences the value of ¢(y/hy) but crack
propagation is still predicted to take at the centre of the joint. d is set to 0
mm for what follows.

Figure 7.5 a-b) Evolution of the phase angle ¢ along the adhesive thick-
ness for four values of o, (50, 100, 200 and 400 MPa) and an adhesive
thickness /1 equal to 1 mm for d set to a) 0.25; and b) 0.5/;. Evolution of ¢
with y/hq for 0,1 = 400 MPa and different values of d.

Influence of 0.1 and I

The variation of ¢ along the adhesive thickness is shown in Figure 7.6 for
four different oy (Is « 1/0?) resulting in /5 values equal to 1.2, 0.3, 0.075
and 0.019 mm. The adhesive thickness is set to 1, 0.5 and 0.1 mm in Figures
7.6a, b and c, respectively. It is found that for o, values ranging from 100
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to 400 MPa, the evolution of ¥ along the joint thickness is quite similar if
h1=1 mm, except close to the interface with the adherends. If i is set to
0.5 mm, 0,1 equal to 200 and 400 MPa predict similar values of ¥(y/hy)
while 0,1=100 MPa predicts lower values of . If i is set to 0.1 mm, o
influences the values 3. In agreement with Parmigiani and Thouless [208],
for low values of [;/hy, the i profiles given obtained for different values
0.1 overlap.

Figure 7.6 Variation of the phase angle 1 for crack located at different
positions across the adhesive thickness for four values of o, (50, 100, 200
and 400 MPa) for adhesive thickness /1 equal to a) 1 mm, b) 0.5 mm and c)
0.1 mm. The grey dashed line in a) corresponds to the solution from Fleck
etal. [206] withw = 0.8 and B = 0.2.

Although an overlap is observed between the profiles obtained for the dif-
ferent values of o, for the 1 mm thick adhesive, the predicted ¢ profiles do
not overlap close to the interface and i then depends on o,1. For 0,1 equal
to 100 and 400 MPa, the profiles overlap if 0.4 < y/h; < 0.6. Let us denote

212 |



Monolayer adhesive joint | 7.3

Ahy as being the distance between the crack tip and the closest adherend.
If y/hy is equal to 0.4 or 0.6, Ahy is equal to 0.3 mm which is the length of
the cohesive zone. If the ¢ profiles for o, equal to 200 and 400 MPa are
compared, an overlap is found for 0.1 < y/h; < 0.9 if h1=1 mm and for
03 < y/hy < 0.7if h1=0.5 mm. In both cases, outside this range Ah; is
lower than ;.

To conclude, in agreement with Parmigiani and Thouless [208], there is
thus an influence of the cohesive zone length on i when Iy > Ahy. Al-
though, evenif Ahy < Is or Is > hy, the shape of i profile is well predicted,
accurately predicting the crack propagation locus. It only has an effect on
the predicted value for . In our problem, what matters is not the accu-
rate value of ¢, but well the shape of the profile to determine the crack
propagation locus.

Influence of the adhesive thickness

Figure 7.7 shows the evolution of ¥ across the adhesive thickness for dif-
ferent values of h; when o is set to 400 MPa. A clear influence of &1 on the
value of 1 if found while not predicted by Fleck et al. [206]. The ¢ profiles
exhibit similar shapes and predict crack propagation at the centre of the
adhesive. Note that for very thin bondlines the shape of the profile close
to the interface is slightly modified and suggests potential crack deflection
towards the adherend. However, this could be an artefact coming from the
fact that Iy < Ahy close to the interface for these cases.

Figure 7.7 Variation of the phase angle ¢ along the adhesive thickness
for different values of adhesive thickness 71 when 0.1 = 400 MPa.
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One considers an asymmetric DCB with beams of thickness ¢; and t, > t;.
In this case, Chen et al. [210] showed that if ¢; increases, the phase angle
1 tends to decrease. In the present case, if a crack propagates at a given
position y/hy in the joint, the bottom beam has a thickness hy,;, = hs +
(y/h1)hy while the top beam has a thickness hiop = hs + (1 — (y/h1))h.
Figure 7.8 shows the evolution of hyop /hy, with hy for y/hy equal to 0.6,
0.7,0.8 and 0.9. The thicker the adhesive, the lower the ho) / 11y Based on
the results of Chen et al. [210], it means that the thicker the adhesive, the
larger the mode-mixity at the crack tip. Hence, it should be expected that
P(y/hy) increases if hy increases in agreement with the results shown in
Figure 7.7. Remember that Fleck et al. [206] considered infinite adherends.

Figure 7.8 Variation of the beam thickness ratio hyp / hpr with the adhe-
sive thickness for y/h; equal to 0.6, 0.7, 0.8 and 0.9.

Finally, the adhesive thickness is known to influence the magnitude of the
T-stress [206, 210]. Increasing h; tends to lead to positive values of the
T-stress instead of negative values. In the present case the effect of the T-
stress is not analysed. Hence, crack propagation in the centre of the bond-
line is predicted even for thick joints although it could not be the case ex-
perimentally [216].
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7.3.2 Comparison to LEFM

Simulation have been run using Abaqus as explained in Appendix A in
order to compare the results obtained with the steady-state code and co-
hesive elements to those predicted by LEFM. The results are shown in Fig-
ure 7.9 for ¢ evaluated at a distance of 10 um from the crack tip. It is
observed that for a thick adhesive layer, the LEFM and the steady-state CZ
solutions are similar. Discrepancies appear for thin adhesive joints. LEFM
also predict an influence of the adhesive thickness on the mode-mixity an-
gle for a given crack position in the joint.

Figure 7.9 Comparison between the predicted mode-mixity angle given
by LEFM and the steady-state cohesive solution for different adhesive
thicknesses.

To conclude, the results of Fleck et al. [206] are reproduced with a cohe-
sive zone modelling approach but some extra findings emerge from the
analysis. First, the value of the phase angle i measuring the mode-mixity
depends on (1) the distance from the crack tip d at which it is evaluated and
(2) on the adhesive thickness. It is also influenced by o if the I; < Ahy. In
addition, d must be lower than s to generate meaningful results. For what
follows, it has been decided to take d equal to 0.

7.3.3 Elastoplastic adhesive

The focus is now on an adhesive characterized by an elastoplastic response
with a yield strength 0p; and a strain hardening exponent n; = 0.1. The
influence of 0.1 /091 and h1/Rpp on the joint toughness and on the crack
propagation locus is investigated.
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Influence of 0.1 /0

The influence of 0,1 /091 is investigated first. In bulk materials, plastic dis-
sipation takes place if 0,1 /01 is typically larger than 3 [207], depending on
the stain-hardening capacity, while at an interface between an elastoplastic
layer and an elastic adherend, the threshold ratio significantly depends on
the elastic mismatch [95]. The influence of 0, /0p; on ¥(y/hy) is investi-
gated for adhesive thickness h; equal to 1.1 and 2.1 Rg; in Figure 7.10 while
the evolution of G, with y/hy is shown in Figure 7.11.

First, for 0,1 /001 values lower than 3 (Figure 7.10a-b), the joint toughness
is independent of y/h; and is only slightly enhanced. Plastic dissipation
remains limited. The ¢ profiles are similar to those reported for an elas-
tic adhesive in Section 7.3.1, predicting crack propagation in the centre
of the bondline (Figure 7.10a-b). If plasticity remains limited, the crack
path selection is thus governed by the elastic mismatch, in agreement with
Tilbrook et al. [213].

For 0.1 /0p1 equal to 3.5 and 3.75 (Figure 7.10d-e), for both thickness, G,
increases by more than 40%, indicating enhanced plastic dissipation with
a dependence on y/hy. G, is the lowest if interfacial failure takes place. In
addition, the evolution of ¢ with y/h; indicates crack deflection towards
the adherends. Indeed, i decreases across the bondline thickness, opposite
to the elastic case. The development of plasticity thus modifies the crack
path selection, in agreement with Tilbrook et al. [213].

Figure 7.10c shows that  is influenced by h; / Ry for 0,1 /091 equal to 3.25.
For hy = 1.1Rp1, G, is almost independent of y/h;. In addition, plastic
dissipation remains limited. The analysis of ¢(y/h;) shows that the crack
propagates at the centre of the bondline (blue dot). If h; = 2.1Ryy, plastic
dissipation is enhanced and G, is improved by a factor 1.5 at the centre
of the bondline. The 1 profile is modified in that case, predicting crack
propagation close to the interface (red dots).

To conclude, plasticity influences the crack path selection. In the absence
of plastic dissipation and if the plasticity remains limited, the elastic mis-
match governs the crack path selection. If the plastic dissipation taking
place in the adhesive is important, it is no longer the case and the crack
tends to be deflected towards one of the interfaces, in agreement with the
results of Tilbrook et al. [213].
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Figure 7.10 Variation of ¥ along the adhesive thickness for h; /Ry equal
to 1.1 (blue) and 2.1 (red) for 0.1 /091 equal to a) 1, b) 3, ¢) 3.25, d) 3.5 nd e)
3.75.

Influence of the adhesive thickness h1 /Ry

In adhesive joints, the adhesive thickness influences the fracture toughness
by influencing the plastic dissipation taking place in the joint.
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Figure 7.11 Variation of G, depending on the crack location and o1 /0p;
when K1 /Ry is equal to a) 1.1 and 2.1.

For 0.1 /001 < 3, hy does not influence the selection of the crack path if
the evolution of the T-stress with h; is neglected. The joint toughness is
improved by increasing the adhesive thickness if 0.1 /091 > 2.5, indicating
some plastic dissipation. For 2.5 < 0.1 < 3, G¢(y/h;) exhibits a concave
parabolic shape with an enhanced toughening effect when the crack runs
close to the interface as shown in Figure 7.12 for thick joints. At the centre
of the bondline, for thick adhesives, one can assume a situation similar to
bulk materials and the enhancement in G, remains limited in agreement
with Hutchinson and Tvergaard [94]. Close to the adherends, the crack
is shielded by the adherends and for a given 0,1 /0y ratio, the toughen-
ing effect is larger than in the bondline, in agreement with Tvergaard and
Hutchinson [95]. Figure 7.17b indicates that he zone over which plastic
dissipation is larger for a crack close to the adherend than for a crack at the
centre of the bondline. For 0,1 /0p1 < 3, the crack tends thus to propagate
in the centre of the bondline because (i) plastic dissipation is limited and
elastic mismatch governs the selection of the crack path and (ii) if plastic
dissipation takes place, G, is the lowest at the centre.

For 0,1 /091 values larger than 3, Figures 7.13 and 7.14 show that the ad-
hesive thickness influences the shape of the 1y profile. For low values of
h1/Ro1, plasticity in the joint remains limited and the elastic mismatch gov-
erns the crack path selection. For thicker bondlines, the i profile tends to
be inverted. As shown in Figure 7.13a, for 0,1 /091 = 3.25, crack propagation
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Figure 7.12 a) Variation of G. depending on the crack location and
hy/Ro1 for 0. /001 equal to 3. b-c) Plastic dissipation zones for i1 /Rg; =
10.8, 0¢1 /091 =3 forb)y/hy =09 and c) y/hy = 0.5.

is predicted to be away from the centre of the bondline for /1 /Ry values
ranging from 1.4 to 5.4. In this case, plasticity develops in contact with the
adherends (Figure 7.13c). For thicker joints, the ¢ profile is again inverted
and is similar to what is reported for an elastic adhesive, predicting crack
propagation in the centre of the joint. This occurs when the plastic dissi-
pation zone is not in contact with the adherends as shown in Figure 7.13c.
In addition, for h1 /Ry > 7.1, G, starts to be the lowest at the centre of the
bondline as shown in Figure 7.13b.

For 0,1/091 = 3.5, the ¢ profile (Figure 7.14a) is also inverted for low val-
ues of h1/Rgp, for which the plastic dissipation zone expands over the
whole adhesive thickness. In addition, the crack tends to propagate at
the interface, characterized by the lowest G, as shown in Figure 7.14b. As
hy increases, the shape of the G, profile changes and exhibits a concave

| 219



7 | Toughening through a dissipative layer

Figure 7.13 Variation of a) i and G, across the adhesive thickness for
different values of 11 /Roy if 0,1 /091 = 3.25. ¢) Plastic dissipation zones for
h1/Ro1 equal to 2.1,5.4 and 7.1.

parabolic shape. G is then the lowest at the centre of the bondline. Pro-
gressively, the ¢ profile is also modified, similar to case D in Figure 7.15.
For hy/Rg; > 10.8, crack propagation can occur at the centre of the bond-
line if the crack initially propagates in the zone highlighted in green in
Figure 7.15, but if outside this range, crack deflection towards the interface
will take place. For hy/Rg; = 14.3, the crack tends to propagate towards
the centre if 0.2 < y/h; < 0.8. Figure 7.14c shows that for y/h; = 0.8, the
plastic zone does not extend to the adherend while if y/h; = 0.9, it does.
This change in crack propagation locus takes thus place when the plastic
zone does not interact with at least one of the adherends.
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Figure 7.14 a-b) Variation of ¢ across the adhesive thickness for different
values of 11/ Ro; for 0.1 /091 equal to a) 3.25 and b) 3.5. c-d) Variation of G,
depending on the crack location and /1 /Ry, for 0.1 /091 equal to c) 325 and
d) 3.5.

To conclude, crack path selection is governed by both the elastic mismatch
and the plasticity, as summarized in Figure 7.15. Consequently, it depends
on o.1/0p1 and hy /R that dictates I'?. If plasticity remains limited, the
crack tends to propagate at the centre of the bondline as predicted based
on the elastic mismatch whatever the value of 111 / Rg;. If plastic dissipation
remains moderate (0;1/0p; = 3.25) and if the adhesive layer is either thin
or thick, the same conclusion is drawn. For intermediate adhesive thick-
ness, there exists a crack path satisfying Kj; = 0 and 90Kj;/dy > 0 away
from the centre of the joint. If a large amount of plasticity is dissipated
in the joint (0,1 /091 > 3.5), the crack will tend to propagate towards the

| 221



7 | Toughening through a dissipative layer

adherends except for thick adhesive layers. In this last case, there exists a
zone in which the crack will be deflected towards the centre of the bondline
while outside this zone, it is deflected towards the interface (case D). As
general conclusion, the elastic mismatch governs the crack path selection
when plastic dissipation remains limited or if the plastic zone developing
in the joint is smaller than the adhesive thickness.

Figure 7.15 Summary of the different ¢ profiles and crack path selection
scenarios depending on the amount of plasticity in the bondline and the
adhesive thickness.
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Bilayer adhesive joint

In this section, the "adhesive stack" is made of two layers as shown in Fig-
ure 7.3. As a reminder, the idea is that one of these two layers would be
purposely introduced to increase the toughness of the joint, so called "dis-
sipatve layer". The crack propagation locus and the joint toughness G, is
investigated depending on E;/Ej, 091 /002, h1/Ro1 and hy /Ry, However,
before introducing plasticity, perfect elasticity is considered to determine
the crack propagation locus depending on E; /E; and hy /hy.

Linear elastic layers

In the present case, the two interlayers shown in Figure 7.3 behave as linear
elastic materials. The cohesive strength is set to 200 MPa for both materials
while /4, hy and E; are modified.

The crack propagation locus in the joint is given by the position v/ (hy + hy)
depending on E;/E; and hy/hy as shown in Figure 7.16. For high hy/hy,
the crack tends to propagate in layer 1 even if E; > Ej, a case for which
the elastic mismatch analysis would predict crack propagation in layer 2.
If E1/ E; decreases, the crack tends to propagate at a higher position in the
joint and thus in layer 1 which is the most compliant one, in agreement
with the elastic mismatch theory.

Figure 7.16 Crack propagation locus y/(hy + hy) for an elastic bilayer
adhesive depending on h;/hy and E; / Ej.

| 223



7 | Toughening through a dissipative layer

In the present case, it is assumed that the mode I (I';;) and II (I';jy) co-
hesive energies are equal. Hence, whatever the mode-mixity, the energy
dissipated in the cohezive zone is the same. Consequently, G, is not influ-
enced by the crack position in the stack. The influence of I';j; /T, is left for
further investigations.

7.4.2 Elastoplastic layers

The two interlayers now behave as an elastoplastic material and their hard-
ening law is given by Equation 7.4. The influence of o;/0y; is first investi-
gated before considering the influence of /11 /Rp; and hy/ Rop.

Influence of 0.1 /001, 02/ 002

Figure 7.17 shows the variation of the mode-mixity angle ¢ and of G,
across the joint thickness for different values of 0,1 /091 and 0, /091 if 092 /001 =
2 and h1/Rgp; = ha/ Ry = 2. In what follows, we will first investigate the
case of a crack propagating in the softer layer and then of a crack propa-
gating in the harder layer.

Figure 7.17 a) ¢ and b) G, profiles for different o,; /0 values if the ad-
hesive stack is made of two elastoplastic layers such that ogp /0y = 2 and
hi1/Ro1 = ha/Rop2 = 2.

0 Crack propagation in the softer layer (1)

If 0,1/ 091 is lower or equal to 3, plastic dissipation remains limited or does
not take place. In this case, as for a single elastoplastic layer, the ¢ profile in
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layer 1 is similar to the one found for a perfectly elastic joint. Consequently,
the crack tends to propagates at the centre of the joint (y = 0.75Rg;). This
assumes that one can still use the criterion p =0° to decide on the crack
path which may not be correct, especially for widely varying Go; versus
Gop or op; versus opp. We will get back to this complex question in the
discussion.

For 0.1 /001 larger than 3, ¢ varies similar to what is found for a single
elastoplastic layer. In the present case K;; = 0 when y = 0.6 — 0.8Rg; =
Yk11—0—1, which is close to the centre of the joint but different from the
centre of layer 1. If the crack propagates at a location such that y > yxjj—o,
the crack will be deflected towards the interface with the adherend. At the
opposite, if y < yxr—o—1, the crack will be deflected towards the interface
with the hard layer (2) and the crack path selection will then be governed
by the properties of layer 2.

L Crack propagation in the harder layer (2)

If 0o / 01 is lower than 3, no plastic dissipation takes place in either the soft
or hard layer and Kj; increases when approaching the interface between
the two interlayers. The crack propagates thus towards this interface with
the soft layer. It can be assumed that if 1; < hy, the centre of the joint is
located in the hard layer and the crack will remain in this layer. At the
opposite, if h; > hy, the crack propagates towards the interface with the
soft layer and the crack path selection will then be governed by layer 1.

If 0.0/ 00 is larger or equal to 3, crack propagation in the hard layer in-
duces plasticity in the soft layer. However, the further the crack from
the soft layer, the lower the joint toughness G, as shown in Figure 7.17b.
Away from the interface with the adherends, K;; increases as the crack ap-
proaches the interface with the hard layer. Depending on o /0y, there
exists a position y such that K;; = 0 (ygxr7=0—2) which does not correspond
to y minimizing G.. In the present case, it corresponds to y = —0.3 to
—0.35R¢; while the lowest G, is found for y = 0.45R¢;. For y > yxjr—o—_2,
the crack is deflected away from the soft layer while for y < ygjj—o—2, the
crack is deflected away from the interface with the adherend. In addition,
plasticity also develops in the hard layer if oo > 3.507;, but it remains
limited as 1"5 does not exceed 10% of Flf .

| 225



7 | Toughening through a dissipative layer

Influence of hy /Ry

To investigate the influence of /1 /Ry1, ha/ Rop is kept constant, equal to 2.
The ¢ and G,/ Gy profiles are shown in Figure 7.18 for /1 / Ry equal to 0.5,
1 and 4. It is observed that /1 / Ry, does not affect the shape of the  and G,
profiles and the same conclusions can be drawn as mentioned here-above.
Although, some additonal informations can be extracted.

First, it is found in Figures 7.18b, d and f that for conditions in which plastic
dissipation takes place, increasing the soft layer thickness, increases the
toughness for a given location y/R¢;. For a crack propagating in the soft
layer, this is in agreement with the results found for a single elastoplastic
layer while for a crack propagating in the hard layer by Bertholet et al. [97]
and Dépinoy et al. [79].

The crack path selection is affected by h1/Rp; for given values of 0,1 and
0. If 0¢1 and oy are such that the two layers behave elastically, the crack
propagates in the soft layer if iy > hjy, in the hard layer if i, > h; and along
the interface if iy = hy. If 01 is such that l"f # 0, the ¢ profile is inverted
and there exists a position yxrj—o—1 such that K;; = 0. This position varies
and is equal to 0.3k if h1/Rp; = 0.5 and is around 0.45h; if h1/Ro; = 4.
Again, one can question the validity of the 1 =0° criterion to decide on
the crack path. For thin soft layers, this position is thus located close to
the interface and there is a high probability that a crack propagating in the
soft layer will propagate towards the interface with the adherends as it is
the case when v > ygjr—o—1. By increasing h, this positions tends towards
0.5h.

Finally, in the previous subsection, a position such that Kj; = 0 was found
in the hard layer for high values of o> /0p;. However, it is found that for
low values of h1 / Ry, it is not always the case. Consequently, for a thin soft
layer, a crack propagating in the hard layer tends to propagate towards the
adherend.

Influence of hy / Ryp

To investigate the influence of hy/Rg, b1/ Ro1 is kept constant, equal to 4.
The ¢ and G, profiles are shown in Figure 7.19 for hy/Rp equal to 1, 4
and 8. It is observed that /1 /Ry does not affect the shape of the ¢ and G,
profiles and the same conclusions can be drawn as mentioned here-above.
Although, some additonal informations can be extracted.

In agreement with the previous results, as long as /1; > hy, the crack propa-
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Figure 7.18 a-c-e) ¢ and b-d-f) G, profiles for different o;/cg; values if
the adhesive stack is made of two elastoplastic layers such that 1,/ Rgp=2
and a-b) hl/R()l =0.5, C-d) I’ll /R01 =0.1and e-f) hl/R()l =4.
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Figure 7.19 a-c-e) ¢ and b-d-f) G, profiles for different o,;/0p; values if
the adhesive stack is made of two elastoplastic layers such that /11 /Rg;=4
and a-b) iy /Rop = 1, c-d) hp /Rgp = 4 and e-f) hy /Ry, = 8.
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gates in the soft layer if both layers behave elastically. A crack propagating
in the soft layer generates plastic dissipation, yxj—9—1 moves towards the
interface between the two layers when h; increases.

hy / Rop has an influence on G, for a crack propagating in the hard layer, but
not in the soft layer. The lower Ky /Ry, the higher the fracture toughness
for a given crack position in the hard layer. However, if the crack propa-
gates at a distance y from the interface larger than Ry; = 4Ry, G, is almost
constant except close to the interface with the adherend. To conclude, if
the crack propagates in the hard layer, i1, must be minimized to maximize
G, in agreement with the results of Bertholet et al. [97] and Depinoy et al.
[79].

hy also influences the crack propagation locus. For thin hard layers, there
is no locus such that K;;=0 when plastic dissipation takes place, indicating
that the crack propagates towards the adherend. If 11, increases, such locus
exists but does not correspond to the lowest G point.

Crack path selection and discussion

Different scenarios can take place in the multi-layer joint depending on
0.1, 02, h1 and hy. The scenarios are shown in Figure 7.20. Depending on
0.1, 0c2, a crack propagating in layer 7 results in plastic dissipation in the
joint or not.This affects the crack propagation path selection. hq/hy also
influences the crack path selection. However, this is a simplified summary.
Indeed, a soft polymer generally tend to be more compliant and tougher
than a brittle one. And this is indeed the working principle expected for
a dissipative interlayer: to trap the crack because of being softer and then
dissipate a lot of energy because of high Gy and hopefully high o.. The
scenarios are discussed based on this comment.

If crack propagation in both layers (case 1) does not result in any plastic
dissipation, the crack tends to propagate at the centre of the jointif E; = Ej.
However for real systems, E; will tend to be lower than E; and Gy >
Gop. Based on the elastic mismatch, crack propagation in layer 1 will be
favoured. However, if the hard layer is significantly more brittle, the crack
could also propagate in the hard layer.

Now, we consider a system in which crack propagation in the soft layer
results in plastic dissipation while this is not true for a crack propagating
in the hard layer. The crack is deflected towards the adherend or the hard
layer. If it is deflected towards the hard layer and hy > hj, crack propa-
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Figure 7.20 Summary of the crack path selection scenarios depending on
0:1/00, 002/ 001, h1/hy for ogp /091 = 2 and E1/E; = 1. The red arrows
indicate the crack propagation direction depending on the crack location.
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gation takes place in the hard layer reducing G as Gp < G.1. If by > hy,
crack propagation is more likely to take place at the interface between the
two layers (case 2.1). Assuming a tough interface, the crack would remain
in the hard layer which is the most brittle part of the joint.

The third case corresponds to a situation in which a crack propagating in
the soft layer does not generate any plasticity while a crack propagating
in the hard layer induces plastic deformation in the soft layer (case 3). If
hy > hy, depending on the initial crack location, the crack might propa-
gate towards different positions. If initially located in the soft layer, it will
remain in this layer. If it is initially located in the hard layer, it might prop-
agate either in ygj;—g_» or at the interface with the adherend. If h; < hy,
whatever the initial crack location, the crack will tend to propagate in the
hard layer or at the hard layer/adherend interface. G, is maximized if /iy
is minimized and if op > 309 for a given hy. If G, exceeds Gy, the crack
could select the path minimizing G, which corresponds to crack propaga-
tion in the soft layer.

Finally, the propagation of a crack in both layers induces plasticity. In this
case, the crack is less likely to stay in the soft layer and will either propagate
at the soft layer/adherend interface or in the hard layer. The lowest G, is
reached if it propagates at the interface with the adherend. Once deflected
in the hard layer, it might propagate at yxj;—o_» or at the hard layer/ad-
herend interface. G, is maximized if /1, is minimized and 0., > 30y; for a
given h.

To conclude, an important parameter that controls the crack path selection
is Gp1/Gop. For case 1 and h; > hy, additional finite element analyses
should be conducted with Gg;/Gp, to determine whether the crack path
selection is governed by the elastic mismatch or the weak path (lowest G;).
This also applies to case in case 3. In addition, the above scenarios do not
consider the influence of the T-stress, which should be investigated for the
different cases to determine the influence of 0y, /09, E1/E» and hy/hy on
its value. As a reminder T < 0 results in crack stability while T < 0 results
in an unstable crack propagation [209].

Note on a crack approaching the interface

The propagation of a crack towards an interface and its deflection along
the interface or its penetration in the material at the other side of the in-
terface has been investigated by Pargmidiani and Thouless [217]. They
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considered a crack propagating perpendicular to the interface. The inter-
face and the second material are both characterized by a cohesive strength
and a fracture toughness. Penetration in the second material takes place if
the cohesive strength of the material is larger than the one of the second
material. The critical ratio depends on the elastic mismatch. In the absence
of elastic mismatch, it is about 3. If the second material is characterized
by a lower Young’s modulus than the first material, this ratio decreases.
For a crack propagating from the hard to the soft layer, the crack is more
likely to penetrate into the soft layer is E; < E, for given 0,1 and interface
strength. The problem of kinking of a crack out of an interface has been
investigated by He and Hutchinson [218]. For a crack propagating along
an interface, the crack is trapped at the interface if the compliant material
(soft layer) is tough and the stiff material (hard layer) is at least as tough as
the interface. In the present case, it has been assumed that all interfaces are
strong. However, this note shows that the interface properties might affect
the crack path locations as well.

7.5 Discussion: design rules for tough multilayer adhesive joints

A crack propagating in the soft layer will tend to deflect towards either
the interface with the adherend or towards the hard layer if plastic dis-
sipation takes place when the crack propagates in the soft layer. At the
opposite, crack propagation in the hard layer, even in the presence of sig-
nificant plasticity, does not lead to the deflection of the crack towards the
soft layer and the crack remains in the hard layer or propagates towards
the interface with the adherend.

If one considers symmetric joints, two configurations are possible as shown
in Figure 7.22. The soft layer is either located between the hard layer and
the adherends (case A - Figure 7.22a) or between two hard layers bonded to
the adherends (Case B - Figure 7.22b). It i assumed that E; < Ep, Go; > Gz
and 0y, > 0. We first consider a crack initiated in the soft layer and then
a crack initiated in the hard layer.

7.5.1 A crack initiated in a soft layer

We first consider a crack initiated in the soft layer. Crack propagation in
this layer results in plastic dissipation if 0,1 /091 > 3.

If crack propagation in the soft layer does not result in plastic dissipation,
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Figure 7.21 Possible joint configurations with a soft layer which is either
placed a) close to the adherends or b) at the centre of the joint.

the crack will tend to propagate towards the centre of the joint. Hence, in
Case A, it propagates towards the hard layer. However, depending on the
elastic mismatch with the hard layer and on /; and hj, it could be possible
to find a path such that K;; = 0 in the soft layer as found for an elastic
bilayer joint. In Case B, it is trapped in the soft layer and propagates at the
centre of it.

Alternatively, crack propagation in the soft layer generates a large amount
of plasticity in the soft layer. Hence, the crack tends to propagate outside
of this layer. In Case A, the position for which Kj; = 0, yxjr—o—1, in the soft
layer is close to the interface with the hard layer. If we considers the upper
soft layer, there is thus a high probability of having a crack initiated at a
position ¥ > ygr—g—1 and thus crack propagation towards the adherend.
The crack will propagate towards the hard layer only if y < yxj=o—1. In
case B, the crack will propagate towards one of the hard layers. Depending
on the plastic dissipation generated by a crack propagating in the hard
layer (if it can cross the interface), several cases can be observed and are
detailed here-below.

7.5.2 A crack initiated in a hard layer

We first consider a crack which is initiated in the soft layer. Crack prop-
agation in this layer can result in plastic dissipation in the soft layer if
02/ 0p1 > 3.

First, the crack propagation in the hard layer is assumed to not generate
any plastic dissipation in the soft layer(s). In Case A, « and j3 are lower or
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equal to 0. According to Fleck et al. [206], the crack will propagate towards
the soft layer. In case B, the crack will propagate towards the centre of the
joint which corresponds to the soft layer.

Plastic dissipation is now assumed to take place when a crack propagates
in the hard layer. In case A, the crack tends to propagates towards the cen-
tre of the hard layer. At this position, the distance between the crack and
the soft layer is maximized, minimizing the toughening effect resulting
from plastic dissipation in the soft layers. In case B, there exists a posi-
tion in each hard layer such that Kj; = 0 (ygjr=0—2) if /7 is large enough,
otherwise it will propagate towards the adherend.

7.5.3 Generalization

In Case A, the crack could remain in the soft layer but is more likely to
propagate towards the hard layer (with and without plastic dissipation) or
the adherends (with plastic dissipation). If the crack is deflected towards
the adherends, the presence of the hard layer is not beneficial as G, will
be maximized for a thick soft layer. If the crack propagates towards the
hard layer and that plastic dissipation takes place when propagating in the
hard layer, G, will be maximized for a thin hard layer. This case seems
not make sense as the crack will probably tend to propagate towards the
closest adherend. G is maximized if the joint is only made of a single layer
of the soft material in that case.

For Case B, the crack remains in the soft layer in the absence of plastic
dissipation. If plastic dissipation takes place while the crack propagates
in the soft layer, the crack is more likely to propagate towards one of the
hard layers. If it reaches one of the hard layer, it will be deflected away
from the soft layer towards the adherends. The fracture toughness will
be maximized for the thin hard layers. This case is of particular interest
for stiff /strong brittle adhesives for which a tough interface can be created
with the adherends and with the soft layer. By propagating in the brittle
adhesive, the crack is shielded by the plastic dissipation taking place in the
soft layer and G, is enhanced. The toughening effect is maximized if

* 0 is larger than oy, by at least a factor 3,
® /15 is minimized,

e /11 is maximized,
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¢ Astrong interface between the hard and soft materials can be achieved.

Note that #; must be maximized to maximize G.. However, a thick soft
layer results in lower shear stiffness and shear strength of the joint [101].
Hence hy must be optimized such that it guarantees high enough joint G,
stiffness and strength.

Conclusion

The goal of the study presented in this chapter is to investigate the poten-
tial toughening effect of the addition of a dissipative layer in an adhesive
joint. This has been investigated relying on a cohesive zone model repre-
sentation of the failure process into a steady-state framework. First, mono-
layer joints have been considered before exploring the response of bilayer
joints in both cases with and without plasticity. These are the main conclu-
sions.

¢ For a monolayer joint made of an elastic material, the results of Fleck
et al. [206] are generally recovered. However, the distance from the
crack tip at which ¢ is evaluated influences its value, but not the po-
sition of ¢ =0° and ints variation across the joint that dictates where
the crack will propagate if this distance is shorter than the process
zone length I5. In addition to the results of Fleck et al. [206], it is
found that the adhesive thickness slightly impacts the value of ¢ for
a given position y/h;.

¢ For an elastoplastic monolayer joint, if o1 < 30p1, plastic dissipation
remains limited and the ¢ profiles are similar to the elastic case, in-
dicating crack propagation at the centre of the bondline. If plastic
dissipation takes place, the crack tends to be deflected towards the
adherends, except for very thin joints.

* For an elastic bilayer joint, the crack propagation locus depends on
E1/Ej and hy/hy. The crack will tend to propagate in the more com-
pliant layer. However, there is an influence of hy/hy. If hy is larger
than hy, the crack might remain in layer 1 even if E; > Es.

* For an elastoplastic bilayer joint, many scenarios might take place
depending on 0¢1/001, 0c2/ 001, 002/ 001, h1/Ro1, h2/Roz and hy/hy.
Based on these scenarios, the best joint configuration is the one in-
cluding thin hard layers close to the adherends and in between with
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a thick soft layer in between the two hard layers. In that case, G, is
maximized if o > 307;.

The best joint configuration including a dissipative layer is interesting in
presence of a stiff/strong brittle adhesive. The fracture toughness can
indeed be increased by inserting a dissipative layer. However, this re-
quires to have the right material properties: op2/0p; > 1, E{/E; < 1 and
s > 30p1. However, these results do not consider the influence of the
interfaces toughness and strength, of the T-stress and of the ratio Gy /Gop
on the crack path selection. This is left for further investigation. Addi-
tional parameters could be investigated on the response of the joints such
as 0p1 / 0p2 and the ratio between the mode I and mode II cohesive energies
(T'71¢/T1c and are left for further work.

In order to experimentally validate these results, joints could be manufac-
tured with two different adhesives: a tough/soft adhesive and a stiff /brit-
tle adhesive. The two adhesives can be stacked on top of each other to
obtain a hard/soft/hard stack. However, this requires to have adhesives
with matching curing cycles and which are under the form of films to avoid
their spreading and mixing.

Appendix A: FE element model for comparison to LEFM

In order to compare the results obtained with the cohesive elements steadys-
tate code with LEFM, static simulations are performed with the general
purpose FE software Abaqus. The adherends are 5 mm thick while the
adhesive layer thickness is set to 0.1, 0.25, 0.5 and 1 mm. Both the ad-
hesive and adherend materials are modelled using perfect elasticity using
the same properties as with the steady-state code model. The crack is mod-
elled as a seam and its location along the joint thickness is varied. 4 nodes
plane strain with reduced integration (CPE4R) are used. The size of the el-
ements around the crack is about 2 pm around the crack tip before slightly
coarsening the mesh as shown in

The mode mixity angle ¢ is given by the ratio between Kj; and K;. Both
are determined based on Equation 7.1 ahead of the crack tip. ¢ varies de-
pending on the distance at which it is evaluated from the crack tip. It is
thus decided to evaluate it at a distance of 10 pm from the crack tip.
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Figure 7.22 Typical mesh for LEFM simulation a) whole DCB and b) close
to the crack tip.
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PART Il

Comparing architected joints
to classical adhesive joints






Thickness-dependent
selection of adhesive joints

This chapter is based on the article publiched in The Journal of
Adhesion: Charline van Innis and Thomas Pardoen, Thickness-
dependent selection of adhesive joints, . Adhes., 110 (12), 2024.

8.1 Introduction

The manufacturing of complex structures such as windmills, planes, ma-
rine hulls and cars involves a vast number of joints, that are usually made
by welding, mechanical fastening, and/or adhesive bonding. Adhesive
bonding permits the assembly of both similar and dissimilar materials lead-
ing to mass savings and to homogeneous stress transfer across the joint
[1]. However, the design of adhesive joints is a complicated task due to
the large number of variables to be controlled [219-222] making complex
the development of robust failure assessment frameworks as requested by
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qualifying agencies.

The mechanical performances of adhesive joints depend upon the adhe-
sive thickness t which influences the toughness, G, of the joint as well
as the tensile strength, shear stiffness and shear strength. In general, the
toughness increases with thickness until reaching a maximum at a thick-
ness t* corresponding approximately to the plane stress plastic zone size of
the bulk adhesive equal to 2G;.E,/ (mrgﬂ) where E, and oy, are the adhe-
sive Young’'s modulus and yield strength, respectively [13, 99, 102]. With
increasing thickness, the degree of constraint in the bondline decreases,
and the restriction on the development of the plastic zone is reduced. The
degree of constraint is the highest for thin adhesive layers, leading to a
high triaxial stress state ahead of the crack tip [103], which may lead to a
change in failure mechanism [93, 98]. With increasing t, the plastic zone
can expend into a larger volume and more energy can be dissipated by
plastic deformation (Figure 8.1a). For large thicknesses, two different be-
haviors are reported. In some adhesive systems, once the maximum Gy,
is reached at t = t*, the fracture toughness does not vary anymore with
t, corresponding to adhesive A in Figure 8.1a [13, 104]. However, in other
systems, after the optimum thickness has been attained, G, decreases (ad-
hesive B) as a result of the reduction of the plastic dissipation originating
from shear stresses near the interface, to reach a lower plateau [13, 99, 102].
Note finally that in adhesive joints, Kj. or G are usually not taken as the
initiation fracture toughness, but as the steady state propagation value,
knowing that the R-effect is usually weak or not observed at all [92, 104,
223-225].

Increasing the bondline thickness results in a reduction of the effective ten-
sile and shear strength [143-147]. This is explained on the one hand by
the fact that increasing f statistically leads to a larger number of larger mi-
crodefects (e.g. entrapped air) in the bondline [149] and, on the other hand,
by the fact that when ¢ increases, the stress state in the bondline varies and
stresses tend to localize at the interface with the adherends near the joint
edges (Figure 8.1b-c) [143, 145, 150] promoting adhesive instead of cohe-
sive failure. This strength reduction is dependent upon the type of adhe-
sive. Lap-shear tests have shown that this effect is less marked for ductile
adhesives compared to brittle ones [147]. Finally, the stiffness also tends to
decrease with increasing thickness [149]. Both stiffness and strength are in-
fluenced by the joint geometry and adherents material properties as these
parameters influence the stress distribution in the bondline. The adhesive

242 |



Introduction | 8.1

thickness must thus be considered when searching for the optimum design
of reliable adhesive joints.

The systematic materials selection approach in mechanical design pioneered
by M.E. Ashby [201] starts by translating a given application/function into
objectives and constraints. Next, “performance indices” are derived, also
sometime called “figures of merit” or simply “material indices”. These
indices are usually combinations of material properties, sometimes asso-
ciated to geometry or loading parameters in more complex cases. This
translation into objectives and constraints is followed by the elimination
of the materials that do not meet the hard design requirements. This re-
sults into a list of potential materials among which the best choice is the
one that maximizes the performance index or a weighted function of at
least two indices. In the simple selection problems, the performance index
is a group of material properties decoupled from the loading and geom-
etry, making the final selection relatively straightforward and only based
on materials properties. However, when properties depend on a dimen-
sion, as addressed here, the problem gets more complex and often requires
a more advanced modelling effort.

The goal of the present study is to apply, for the first time, the materials
selection approach to adhesive joints while systematically considering the
impact of the adhesive layer thickness. Although bringing extra degrees
of complexity in the analysis, this choice to include thickness effects will
prove the existence of some non-obvious trade off and selection options
depending on the constraints and objectives. Furthermore, we will not
only address conventional joints, but also architected solutions, enlarging
the window of options as also proposed by Ashby in the extension of the
selection procedure to hybrids [201, 226]. During the past ten years, re-
searchers indeed developed architected joints by inserting meshes [122,
123], stop holes [121, 123], metamaterials [84, 141] in the bondline or by
patterning the adherend surface [82, 83] to improve the joint toughness,
but generally without comparing the solution to classical adhesive joints
or without addressing other constraints in parallel.

The mechanical models used to describe representative joint loading con-
figurations are introduced in section 8.2. Then, the selection method is
detailed in section 8.3 and applied to several case studies, in section 8.4,
for conventional joints, and, in section 8.5, for architected joints. The lim-
itations of the analysis are discussed in section 8.6. In order to apply this

| 243



8 | Thickness-dependent selection of adhesive joints

Figure 8.1 Impact of thickness on adhesive joint properties: a) fracture
toughness (adhesive of type A (blue curve) and type B (red curve)); b) ten-
sile and shear stress distribution in tensile butt tests close to interface; ¢)
peel and shear stress distribution in lap shear joints close to interface (re-
sults from FE simulations with the software Abaqus, based on an elasto-
plastic adhesive behavior).

244 |



8.2

Mechanical models of adhesive joints | 8.2

methodology to real adhesive joints, a wide range of literature data has
been collected. These data include the fracture toughness and variation
with adhesive thickness as well as bulk adhesive Young’s modulus, Pois-
son ratio, tensile strength and, when available, density, type of adherends,
bonding process, resistance to chemicals, humidity and maximum service
temperature. The database is contained in .csv and .txt files which are
called by a MATLAB app performing the adhesive selection based on the
loading conditions. This information is made open to the community (Sup-
plementary Material).

Mechanical models of adhesive joints

This section presents the analytical or semi-analytical models that will be
used to relate the critical load applied to a structural joint, schematized in
a generic way in Figure 8.2, to the mechanical properties of the adhesive
joint in terms of fracture toughness and strength, taking the thickness ef-
fects into account. Two different loading conditions will be addressed in
order to cover a range of realistic configurations involved in adhesively
bonded components: the butt joint configuration that involves loads pre-
dominantly normal to the plane of the joint and the shear lap configuration
to treat conditions where the loading is a macroscopically applied shear.
Depending on the degree of complexity and assumptions that are selected,
the analysis can go quite far and is then often not amenable to analyti-
cal treatment. Among others, the stiffness of the adherends can affect the
mechanics of the bondline [13, 227-229]. Now, the goal of the study is
primarily to look at the optimum choice of adhesive including its thick-
ness, and not at predicting the failure load exactly. The objective is thus to
use models that produce the right dependencies on the parameters playing
the primary role in setting the magnitude of the failure load (i.e. fracture
toughness, strength, stiffness, thickness) so that the ranking of the adhe-
sives will be correct. Two levels of modelling are addressed. A simplified
level neglects the effect of the adherend stiffness as well as other advanced
effects that influence the stress distribution in the bondline such as related
for instance to the adherend thickness, the adherend rounding and/or ta-
pering. This first level is interesting when comparing, for example, dif-
ferent solutions for architected adhesive joints as done in subsection 8.5.1.
A more advanced level of modelling is then addressed to produce a more
accurate description of the mechanics of adhesive joints under dominantly
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tensile or shear loading conditions relying on the literature [150, 151, 230,
231], as presented in Equation 8.2.1 and 8.2.2

Figure 8.2 Schematic of the adhesive joint with its dimensions: width
W, bonded length L,, adherend lengths Ls; and L, thickness of the ad-
herends hs and of the adhesive t. A crack of length 2a is present in the joint
subjected to both tensile and shear loads.

8.2.1 Tensile butt joints

Tensile butt joints are often used to determine the tensile strength of an
adhesive joint. Two large blocks made of the adherend materials, with
Young’s modulus E;, are bonded with an adhesive layer of modulus E,
and thickness t as shown in Figure 8.2 with Ly = Ly = L,;. The joint
contains a crack of length 2z at its centre, assuming that the only possible
defects are voids developing during curing, treated as a crack, neglecting
the fact that during in-service life, damage can also develop at the edges
of the joint due to corner stress singularity. A damage tolerant approach
is thus adopted to determine the joint tensile strength. The toughness Gy,
is thickness dependent, hence G;. = Gy.(t). The joint tensile strength is
referred as the effective tensile strength o/* to be contrasted with the ad-

hesive strength (T[{ which would correspond to a material without major
defects nor macro stress concentration (as measured in a clean uniaxial

tensile test on bulk samples for instance). Experimentally, increasing ¢ first
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leads to an increase of o/* [232, 233] which is followed by a decrease of
of* [143, 145, 232, 233] once t is larger than the optimum thickness. This
decrease has two main origins. First, when increasing t, the stress state
in the bondline and, more precisely, near “the corners” (where the inter-
face meets the external surface), changes involving larger tensile stresses
and sometimes a transition towards adhesive failure. Second, increasing ¢
statistically leads to a larger defect density (e.g. entrapped air)[149]. The
adherends Young’s modulus can also have an influence on af* 1230].

Simple model for pre-cracked butt joint

The influence of the adherends is neglected. Depending on the crack length,
the failure of the joint!, dictated by cracking of the adhesive, will be gov-
erned by either the bulk adhesive tensile strength a{f or by the adhesive
fracture toughness Gy (t) or Kj.(t). Kj is related to the critical energy re-
lease rate Gy, by Kj. = 1/ GJ.E} where E} is equal to E; under plane stress
conditions and equal to E,/(1 — v2) under plane strain conditions, and v,
is the adhesive Poisson ratio. If the crack is short with respect to the joint
dimensions, the adhesive strength governs failure and the effective tensile

strength is bound by O'L{ , hence:

of = o 8.1)

For cracks longer than the critical crack length givenby a. (t) = Gy (t)Eq/ 71?0{ 2
the resistance of the joint is set by the fracture toughness of the adhesive.
To avoid failure, the remote stress intensity factor K* must be lower than

Kjc(t) of the adhesive leading to

of* = I;I\C/% (8.2)

where Y is a geometric factor equal to 1 if 22 < L and W. Equation 8.2 is

equivalent to
1 [ G (t)E
fx = Ic a
v Y\ ma(l—v2) 3

The transition from one regime to the other takes place at the critical crack
length a. (t). Depending on the magnitude of 24, failure may be governed

IThe term “failure” means that at least macroscopic damage is initiated in the adhesive.
Under some conditions, unstable crack propagation can take place leading to complete adhe-
sive fracture while in other cases, the crack may start propagating without complete failure.
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by the strength for some range of thickness and by the toughness for other
thicknesses.

More advanced model for pre-cracked butt joint

The effect of adherend stiffness is now taken into account. Van Loock et
al. [230] investigated the influence of crack length, fracture toughness and
elastic modulus mismatch ratio on the adhesive tensile strength. A frac-
ture process zone model was introduced through a traction separation law,
characterized by a finite peak strength 074 set equal to U; 2 (while the sec-
ond characteristic parameter of the law is related to Gj. as the work of
separation). The fracture process zone has a length I; which sets an im-
portant length scale in the analysis. In the limit of very high 0es, one
falls back onto a single parameter (Gj.) problem for which the authors pro-
posed a simplified analytical treatment®. Four regimes were evidenced by
Van Loock et al. instead of two. The two first regimes (A and B in Fig-
ure 8.3) correspond to the short crack case for which the failure of the joint
is only governed by the adhesive properties and for which

a+1s(t) <0.15t, (8.4)

with the fracture process zone length I; (for which thickness dependence is
introduced here) given by

_ EZGIC (t)
= j.

oy

Is (t) (8.5)

In regime A, joint failure is governed by the adhesive strength while in
regime B, it is governed by the fracture toughness. Strength-controlled
fracture takes place when

Is > 3.37a, (8.6)

and the effective tensile strength is obtained by solving

f*
2—15 = %z—aln sec e . (8.7)
t 2t C,{

f

2This is an assumption that considers o, as the “intrinsic” strength of a bulk adhesive
material with no defect, and disregards the crack tip constraint effect (e.g. [94]).

3When only considering the crack length with respect to the adhesive thickness, Van Loock
et al. suggests as simplified analytical treatment ¢/* = \/(E;t)(Es2ma) which is valid for
large 0peqr, falling back on one parameter despite of the fracture resistance.
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For the two other regimes (C and D in Figure 8.3), one considers cracks of
intermediate length as well as long cracks. The influence of the substrates
can no longer be neglected, with a potential shielding effect on the crack.
If it is assumed that both the adherends and the adhesive have the same
Poisson ratio, the strength of the joint is obtained by solving

2
2, 8 Ef2a o f* 1—92 [of E: 20\ 2
— = ———1In |sec +— | —F —— (1= ,
t m2 Ef t of s of E} L,
(8.8)
with ¥ = v/(1 —v) and L,, the bonded length. The transition between

the strength-governed regime D and the toughness-governed regime C is
given by

21, E* 2a E* 20\ 2
5 3370 031 (1) (1—-2 ) (1-2=) . .
P33 Er t +03 ( V)( ES>( La> 89)

This analysis considers thus four non-dimensional parameters: a/t, Is/¢,
E./Es and a/L,; as shown in Figure 8.3. First, the transition between the
short crack regime and the intermediate and long crack regime given by
Equation 8.4 is independent of E,;/Es, as well as of of* (Equation 8.7). In
the intermediate and long crack regimes, the transition from regime C to D
and the magnitude of o/* for given I; and a depend on E, /E;s. By decreas-
ing E,;/ Es, the shielding effect of the stiff adherends is more pronounced,
resulting in a larger ¢/* for given a, s and .

The model derived by Van Loock et al.[230] does not consider the fact that,
sometimes, when increasing the adhesive thickness, the joint tends to fail
by adhesive failure or cohesive failure close to the interface, leading to a
decrease of the effective tensile strength. This arises from the stress singu-
larity at the interface corner. Reedy and Guess [150] derived a model based
on an interface corner stress intensity factor to predict ¢/*, assuming that
failure only takes place near the interface and that the joint is free from any
defect. In tensile butt joints, the interface corner stress singularity order
is A — 1. Hence, the stress components near the corner can be expressed
as0;; = K fr’\_l fij with Ky the interface corner stress intensity factor and
r the distance from the corner. For a semi-infinite layer of thickness ¢, the
effective tensile strength is then given by

A—1
o= =0 K <t> (8.10)
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Figure 8.3 Failure regime maps of joints subjected to tensile stresses,
based on Van Loock et al. [230]. The transition between regimes A, B,
C and D are shown for mismatch ratios E;/Es from 1 to 0.001. A and B
are controlled by the adhesives only with A being the strength-controlled
regime and B the toughness-controlled one. C and D are the two regimes
for which the adherends have an influence with C being the toughness-
controlled regime and D the strength-controlled regime.

where A, (v) and A are derived in Appendix A. A complete model must
thus consider the presence of a crack, but also of the stress singularity at
the interface corner.

8.2.2 Lap shear joints

The single lap-shear test is the most common test used by the industry to
determine the joint shear strength. However, in single lap-shear, stresses
do not uniformly develop in the bondline and the bending of the adherends
lead to the development of peel stresses near the edges making the anal-
ysis difficult [228, 234]. Hence, it provides an “apparent” shear strength
which is strongly dependent upon the adherend properties (Young’s mod-
ulus and yield strength), adherend thickness, overlap length, and distance
between the loading point and the bonded part. The shear strength is also
influenced by the adhesive thickness due to the change in stress state in
the bondline and the increasing presence of defects as t increases. Here, a
thick adherend shear test (TAST) configuration is considered to avoid ex-
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tra complexity associated to regular single lap-shear test. In addition, we
neglect here the mode II fracture mechanics problem associated to the cen-
tred crack in the adhesive layer used for the case of butt tensile joints is
neglected.

Simple mechanical description of shear lap configuration

For the elementary analysis, the geometrical parameters and adherend prop-
erties are neglected. Hence, it is simply assumed that failure occurs when

of* =1, (8.11)
with T; being the “ideal” shear strength of the bulk adhesive as measured
on as perfect as possible system. Equation 8.11 has no influence of the
thickness, leading to an overestimation of the effective shear strength.

Advanced model for shear lap configuration

For this second level of analysis, the effect of the adherend properties and
of the thickness are now taken into account. Models outside fracture me-
chanics formalism have been derived in order to predict the lap-shear strength.
However, these models fail to correctly capture the evolution of T/* with
t, predicting an increase instead of a decrease as t is reduced [148]. Mod-
els based on finite fracture mechanics are more successful but require nu-
merical simulations which would make the selection analysis cumbersome
[235]. Some authors suggested to use a Generalized Stress Intensity Factor
(GSIF) approach [151, 236-239] to predict the joint shear strength when ad-
hesive failure occurs or cohesive failure takes place close to the interface.
If we consider of lap-shear or TAST configuration, the presence of corners,
see Figure 8.2 when L1, Lsp > L, at the joint edge induces a singular stress
field. The order of the singularity is denoted as A — 1 and the magnitude
of the stress field is scaled by the parameter H. Stresses at a distance x from
the corner and in the direction given by the angle ¢ are then expressed
as 0jj(x,0) = Hx""1f;;(A,6). It was postulated that the joint failure oc-
curred when H is equal to a critical value H.. However, several studies
have shown that H, is both dependent on material properties and on the
joint geometry. Regarding the joint geometry, increasing both the adhesive
and the adherend thickness results in a decrease of H. while increasing the
overlap length and the free length (unbonded length between the loading
point and the overlap) increases H, [239]. In addition, a higher joint shear
strength is not correlated with a higher H.. An expression for H has been
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given by Askarinejad et al. [151]: H = t*#~*b(&, ) which depends both
on material properties (A, «, ) and on the joint geometry (t and b). More
details on the determination of A for the TAST configuration is given in
Appendix B. Based on this GSIF approach, we heuristically assume that
the effective shear strength is given by

o (t) = {T; . fort <0.1mm , (8.12)
At* fort > 0.1 mm

with A such that ©/* (t = 0.1 mm) = TL{ . The adhesive selection can be
affected by this arbitrary choice, but its only purpose is to provide ex-
amples in Figure 8.4.1 when addressing the influence of t and Es on 7/*.
Note that the power law variation will involve an exponent -0.35 (assum-
ing A = 0.65) for a corner not so far from the exponent -0.5 for a sharp
crack under mode IL It is important to note that there exists an optimum
thickness maximizing the joint shear strength, although it is not often re-
ported in the literature [109]. Below this thickness, the shear strength tends
to increase as t increases while any increase in thickness leads to a decrease
in 7/* at larger thicknesses as considered by Equation 8.12. This optimum
thickness for instance depends on surface roughness. As this optimum
thickness is dependent on several parameters and is often not reported, it
has been decided to keep it as equal to 0.1 mm for all adhesives and the de-
pendence of T/* below the optimum thickness is neglected by assuming a
constant shear strength. This equation thus not necessarily predict the joint
shear strength with high accuracy, but is sufficient to correctly rank the ad-
hesives of the database by considering a decreasing strength as thickness
increases and the elastic mismatch between the adhesive and adherends.

It is important to note that the GSIF approach has been developed for brit-
tle adhesives and has been extrapolated to ductile adhesives in the present
analysis. Using a brittle adhesive model for ductile adhesives can lead to
an underestimate of the joint shear strength as ductile adhesives tend to be
tougher and that an increase in toughness often results into an increase in
joint shear strength [229]. Note also that we are not treating in this study
the case of a lap-shear configuration with a pre-crack undergoing a com-
plex mixed mode loading. We will discuss this limitation at the end of the

paper.
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8.2.3 Summary of the models

8.3

The different key equations of the models presented before that will be
used next to describe the representative loading configurations are sum-
marized in Table 8.1.

Table 8.1 Equations used for the different loading configurations and
levels of analysis.

Loading | Elementary level | Advanced level

- Eq. 8.4 is satisfied: is Eq. 8.6 satisfied?
o Yes:

Tension | Eq. 8.1 and 8.3 o No: Eq. 8.7

- Eq. 8.4 is not satisfied:
o Eq.838

Shear | Eq.8.11 Eq. 8.12

Adhesive selection methodology

The geometry shown in Figure 8.2 is considered. A shear force F; is ap-
plied parallel to the bondline and results in a transverse displacement u
while a normal force F; acts perpendicular to the bondline in which a crack
of length 2a is present. The joint width is W, the adhesive length L, while
the top adherend length is Ls; and the bottom adherend length Ls; with
L1, Lsy > L, to generate both 180° and 90° corners. It refers thus to a situ-
ation combining a tensile load similar to that applied on tensile butt joints
and a shear load corresponding to a TAST shear lap joint. As mentioned in
Equation 8.2.1 and 8.2.2, the corners lead to stress singularity (its order de-
pends on E,, Es and corner angle) in the adhesive layer that can cause joint
fracture. The impact of geometrical parameters such as the adherend’s
thickness and overlap length in lap-shear joints are thus omitted in order
to limit complexity and focus on adhesive performances. For several ap-
plications, the adhesive thickness must remain within certain bounds set
by a minimum thickness t,,;;, > 0 ym and a maximum thickness ;5. This
range must be considered during the selection procedure. It can either
result from manufacturing constraints such as in windmills blades for tol-
erance or geometry reasons or by compactness requirements such as in
laptops or appliances. Hence t,,;;, and ;¢ enter as two extra parameters
involved in the selection process. The Ashby selection approach starts with
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the statement of the objectives and constraints (step 1 in Figure 8.5).

8.3.1 Objectives

The objective(s) depend on the application and on the function of the joint
in the application. Several objectives are contemplated to cover a variety
of options. The two first objectives are classical for applications driven by
a combination of economic and environmental concerns: (1) minimization
of mass and/or (2) minimization of cost. The third objective (3) is the max-
imization of the fracture toughness. Recently, this objective motivated the
design of tough joints through bondline architecturing, interface pattern-
ing and more generally through triggering additional toughening mecha-
nisms [11, 123]. Directly linked to this objective, the fourth one (4) is the
maximization of the tensile force that can be applied to the joint. Finally,
in some applications focused on small dimensions, thickness minimization
can also be an objective (5). The reasons that can push to one or a combi-
nation of these are addressed in what follows.

Mass minimization

For some applications, lightweight is required like in aeronautics or auto-
motive to decrease fuel consumptions. However, adhesives must be tough,
strong and stiff enough to comply with the structural constraints. As Gj.
increases with t, a trade-off must be found between a thicker adhesive and
cost of a mass increase. For instance, the Aston Martin DBX contains 23 kg
of adhesives [240]. If, for the sake of increasing toughness, the thickness
is increased by 50%, the extra mass would be ~12 kg and the extra cost,
assuming 100 €/kg, would be >1000 € without taking into account addi-
tional fuel consumption costs. Another field where adhesive thickness is
adding significant mass to the structure is in windmills blade. Adhesive
thicknesses up to 30 mm are reported [7]. Mass minimization can thus, in
some cases, be a relevant objective (sometimes with a second objective).
The mass of the structure is given by

m = paL,Wt + psWhs(Lsy + Ls2), (8.13)

where p,; and p; are the adhesive and adherend’s density, respectively. We
assume that the nature and geometry of the adherends have been selected
based on constraints put on the overall structure independent of the adhe-
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sive choice. Hence, one is left with minimization of the adhesive mass:

m=m,; = paL,Wt. (8.14)

Cost minimization

Cost comprises the cost per unit mass of the adhesive, but also the manu-
facturing cost:

C = Cadnesive + Cmanufacturing = CﬂpﬂLﬂWt + (CthaW + Cfixed)r (8.15)

where C, is the cost of adhesive per kg and the manufacturing cost involves
both fixed costs Cfireq (moulds, fixtures ...) and variable costs which are
related to the curing of the adhesive, C;;;. When the costs are known, the
analysis made for the mass can directly be used.

Maximization of fracture toughness of the joint

Knowing that a remnant bottleneck to the widespread use of structural ad-
hesives is the real, or perceived, limited fracture toughness, one can con-
sider as an objective per se. Recently, several research groups worked on
adhesive toughening by triggering several dissipation or shielding mech-
anisms by playing with the joint architecture (see review in Chapter 33 of
[11]). For example, Maloney and Fleck [123], Heide-Jorgensen and Budzik
[121, 122] inserted holes in the bondline to blunt the crack tip to increase
Gp.. Others suggested to pattern the interface to induce mechanical inter-
locking and/or mode II components, at the microscale [195, 241] or at the
macroscale [80, 106, 107]. Another toughening mechanism is crack bridg-
ing which can be triggered by playing on surface treatments [83] or by
inserting meshes in the adhesive [81, 123]. The insertion of metamaterials
within the bondline has been suggested [84, 141]. For this objective (3), the
selection statement is “the best adhesive is the toughest one that meets all
constraints for the considered range of adhesive thicknesses”.

Maximization of applied tensile force

An alternative to the maximization of G, is the maximization of the remote
tensile stress applied on the joint ¢*. Compared to the previous objective,
it considers or not the presence of cracks in the adhesive and the influence
of the adherends on the selection. In this case, the selected adhesive is the
one with the largest effective tensile strength o/* for a given crack length
and range of adhesive thickness that meets the constraints.
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Minimization of adhesive thickness

Several applications are constrained by compactness (in appliances, lap-
top, etc). In this case, the selected adhesive will be the one meeting all the
constraints for the lowest possible thickness.

8.3.2 Constraints

Three constraints are envisioned:
a . The joint must support a prescribed tensile force without failure.
b . The joint must support a prescribed shear force without failure.

¢ . The joint must exhibit a prescribed level of shear stiffness (this is
equivalent to stating that the shear displacement under the prescribed
shear force cannot be larger than a threshold value, e.g. for dimen-
sional tolerance).

These constraints can be combined or not. In real applications other con-
straints must of course be imposed in terms of resistance to fluids, thermal
degradation, or fatigue which will be addressed in future extensions of the
present study. The three constraints are now connected to the mechanical
models presented in section 8.2. Finally, one can see the crack length a also
as a geometric constraint.

Tensile loading constraint

The first constraint is to resist the tensile force F,, resulting in a remote
applied tensile stress 0 = F,/L,W. Depending on the level of analysis,
either Equation 8.1 to Equation 8.3 or Equation 8.4 to Equation 8.9 are con-
sidered. Hence, failure is assumed to occur by a cohesive mechanism only
(e.g. fracture inside the adhesive) as it originates from the centred crack
lying in the middle of the adhesive layer. The joints are assumed free from
any other defect than the pre-existing crack of length 2a. Stress singularity
at the joint edge due to material mismatch, as considered by Equation 8.10,
is thus neglected in what follows. Generally speaking, ¢ must remain
lower or equal to the effective tensile strength of the joint as stated by

o™ < ol (8.16)

Depending on the model, the analysis changes as explained in subsec-
tion 8.2.1. In the elementary approach, o/ *is given by Equation 8.1 or Equa-
tion 8.3 depending on the crack length. In the more advanced description,
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the interactions between the adherends and adhesive are considered. In

this last case, if the fracture toughness and the crack length are such that
f

Equation 8.4 is satisfied, o/* is equal to o, if Equation 8.6 is satisfied and
if not, it is given by solving Equation 8.7. If EEquation 8.4 is not satisfied,
Equation 8.8 is used to determine o/*.

Shear loading constraints

The second constraint is related to the shear load, F;, resulting in a mean
shear stress T = F;/LW in the bondline and in an overall longitudinal
displacement u#+. This displacement cannot exceed a maximum value u7"%**,
set by the minimum shear stiffness admissible for the component. Under a
pure shear load, the shear stiffness is governed by the adhesive. The shear

stiffness is expressed by

T Ua

where yi, is the adhesive shear modulus. This assumption gives an upper
limit for the joint shear stiffness which corresponds to cases for which the
adherends are stiff and/or thick [242, 243]. In addition, F; must not in-
duce any shear failure so that the shear strength 7/, of the joint which is
dependent upon ¢, cannot be exceeded:

of < tf*. (8.18)

With the elementary model, the change in stress state in the bondline as ¢
increases is not considered and it is assumed that 7/* is constant and equal
to the bulk adhesive shear strength approximated by
f
fo_ T
= —=. 8.19
73 (8.19)
In the advanced description, the influence of the thickness and the ad-
herends’ elastic properties is considered through Equation 8.12.

8.3.3 Selection scenarios

Depending on the considered set of objective(s) and constraints (as emerg-
ing from different types of structural applications), several selection sce-
narios are possible. One can contemplate a single objective and a single
constraint resulting in a method similar to the most basic approach, see
also [201]. However, it is also possible to consider several objectives with
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one or more constraints. Here, for the sake of illustrating the approach and
revealing several interesting non-trivial, trade-off problems with only one
objective but with several constraints will be addressed:

e Scenario 1: Mass minimization with constraint on tensile force, shear
force and shear stiffness;

e Scenario 2: Cost minimization with constraints on tensile force, shear
force and shear stiffness;

* Scenario 3: Fracture toughness maximization with constraints on shear
force and shear stiffness;

e Scenario 4: Tensile stress maximization with constraints on shear
force and stiffness;

e Scenario 5: Thickness minimizations with constraints on tensile and
shear forces and shear stiffness.

This leads to different objective functions and, depending on the scenario,
the objective function is combined or not with the constraints. If not, the
constraints will correspond to a limit which will be translated into a pos-
sible range of thickness that can be selected. The analysis can be directly ex-
tended to several objectives [201] requiring then the introduction of weights
to balance the impact of each objective on the optimization function.

The logic of the selection is schematically explained in Figure 8.4. The con-
sidered constraints will lead, for each adhesive, to a range of thickness
inside which the adhesive can be selected as Gy, T/* and the shear stiff-
ness all depend upon t. As G, increases with t, the constraint will lead to
a minimum thickness that can be selected (Figure 8.4a’) to avoid failure. If
the dependence of Gy, is similar to that of adhesive B in Figure 8.2, it can
also lead to a maximum thickness (Figure 8.4a”). At the opposite, as the
effective shear strength and stiffness decrease with ¢, these two constraints
result in setting a maximum thickness that can be selected (Figure 8.4b and
¢). The combination of the three constraints sets an acceptable thickness
range inside which one can select the best thickness with respect to the ob-
jective function (Figure 8.4e) and this for each adhesive; and of course, if
the constraints are too severe, some adhesives will end up never meeting
these whatever the thickness. The best adhesive (chosen at its optimum
thickness) is the one that maximizes or minimizes the objective.
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Figure 8.4 Determination of the admissible thickness range for a given
adhesive from a) the tensile constraint when the constraint gives a’) a lower
bound or a”) a lower and an upper bound; b) the shear stiffness constraint
and c) the shear strength constraint. d) is the combination of the possible
thickness ranges reported on a graph giving the maximum tensile stress
that can be applied to the joint depending on the adhesive thickness.
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If the constraints do not enter the objective function as for scenarios 3 to
5, the selection will be made based on the constrained thickness range, as
long as it is comprised in the range between t,,;, and t;,y. Maximizing
the fracture toughness is thus similar to selecting the adhesive character-
ized by the largest fracture toughness in the acceptable regime of thick-
nesses. When the tensile force is maximized, failure is governed either by
the strength or by the fracture toughness, the selection is now dependent
on the crack length. In this case, for a given crack length, the adhesive
characterized by the largest effective tensile strength is considered. Finally,
if the thickness must be minimized, the adhesive which can be selected
with the lowest possible thickness is chosen. In this case, it is possible to
have several adhesives that can be selected and that meet the mechanical
requirements.

For scenario 1 and 2, depending on the constraints, a range of thickness
will be determined for each adhesive, but the objective function is also
dependent upon the constraints. Hence, the objective functions must be
derived, requiring to isolate L, W in the constraint equations to be replaced
then into Equation 8.14) when minimizing mass and into Equation 8.15
when minimizing cost. Only the objective function for the scenario 1 will
be derived. Indeed, adhesive suppliers do not always make their price
publicly available and the manufacturing cost is often unknown. Hence,
it is difficult to give practical examples for this scenario. Nevertheless, the
methodology is exactly similar to that of mass minimization. Regarding
the derivation of the objective functions, one objective function is derived
for each constraint. Regarding the tensile force constraint, the objective
function, mrc, is given by

mpe = p;i. (8.20)
0.

The shear stiffness constraint leads to Equation 8.21 (objective function de-

noted as m;.1) while the objective function corresponding to the shear force
constraint, denoted as 1159, is given by Equation 8.22.

pﬂtzFT
m =, 8.21
saL = W (8.21)
o OatFr
mgsca = Ik (8.22)

For each adhesive that meets the constraints, mt¢, mgcq and mgcp are com-
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puted. If at least two adhesives minimize the total mass, the adhesive char-
acterized by the lowest maximum between mrc, mgci and mgc; is selected.

It is also important to note that when tensile and shear stresses are jointly
applied to the joint, a combined failure criterion should ideally be used.
Several failure criteria have already been developed such as a maximum
stress or strain over a certain distance, an energy criterion, a global yield-
ing criterion or a criterion based on failure envelopes [85, 87, 244]. Here,
it has been decided to not apply here a combined failure criterion in order
to not further complexify the model and because of the absence of relevant
data on most of the considered adhesive systems. Hence, limits for ten-
sile and peel stresses are evaluated separately. Except in the case of pure
shear or tensile loading, this assumption leads to an overestimation of the
maximum tensile and shear stresses that can be applied to the joint. The
implementation of an interactive failure criterion is left for further deploy-
ment of the methodology, although one does not expect significant changes
in the final rankings.

The assumptions mentioned previously regarding the geometry and the
parameters having an influence on the joint shear and tensile strengths and
on the shear stiffness are summarized here-below:

* Only two macroscopic loads are considered: tensile and shear loads;
macroscopic peel is neglected.

¢ Assumptions regarding the tensile loading condition:

- A through-thickness, centred crack of length 24 is assumed in
the adhesive layer.

— Failure is assumed to be cohesive only as it originates from the
centred crack and not from a stress singularity caused by ma-
terial mismatch and due to the presence of a corner at the joint
edges (Equation 8.10 is not considered).

— With the simple model, the influence of the adherends Young's
modulus and of the crack length with respect to the adhesive
thickness is neglected.

* Assumptions regarding the shear loading condition:

— The presence of the centred crack is neglected due to the lack of
data for mode II fracture toughness variations with thickness.
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— With the simple model, the joint shear strength is equal to the
adhesive shear strength.

— Advanced model: failure originates from the stress singularity
due to the presence of the corner at the overlap edges. Failure is
thus assumed to be cohesive near the interface.

- Advanced model: the model has been developed for brittle ad-
hesives, but it is also applied to ductile adhesives in the follow-
ing examples.

— Shear stiffness: the influence of the adherends Young’s modu-
lus and thickness is neglected while the thinner and the more
flexible the adherends, the lower the shear stiffness [242, 243].

* Assumption regarding the combination of the shear and tensile loads:
no interactive failure criterion is used and the limits for both loading
conditions are assessed separately.

8.3.4 Database

Literature data regarding the influence of the thickness on adhesive joint
properties have been collected from different sources, as reported in Ta-
ble 8.2. However, when data were found for the fracture toughness, most
often no data were given for the evolution of the shear strength with thick-
ness. The opposite is also true. Consequently, literature data do not al-
low estimating the influence of thickness on fracture toughness and shear
strength simultaneously. For the fracture toughness data, tests are usually
performed only for a few adhesive thicknesses. Hence, for each adhesive,
the data have been extrapolated to consider a broader range of thickness
and extend the window of investigation (see Figure 8.5 step 3). Experimen-
tal data are fitted using piecewise cubic hermite interpolating polynomial
(PCHIP). For thickness larger than the maximum available one, Gj is con-
sidered to be constant, equal to the last experimental data point. For thick-
nesses smaller than the available range, the two first data are considered
and linearly extrapolated. This is done for each adhesive independently of
the others. Finally, the tensile strength and the shear modulus are set to
the bulk adhesive values. There is thus much room left for extending and
refining the database in the future.

In addition to these constraints linked to the mechanical loading, constraints
regarding the process conditions, the adherend materials (metal or polymer-

262 |



Adhesive selection methodology | 8.3

based) and the operating environment can be introduced. Similar to the
software EduPack [179], the constraints can be applied through checkboxes
in the developed app.

Finally, the fact that thickness influences the adhesive properties does not
lead to readable charts similar to those one found in Ashby’s book [201].
Hence, in the present case, the selection graph (in the app) shows the ef-
fective tensile strength of the joint as a function of the thickness with the
allowed thickness range corresponding to the green part of the graph in
Figure 8.4d.

The selection procedure can be divided into 4 steps, schematized in Fig-
ure 8.5. The first step is the definition of the objective(s) and of the con-
straint(s) (see subsection 8.3.1 and in subsection 8.3.2), then performance
indices and objective functions are derived (see subsection 8.3.3). Then,
the adhesive database is screened involving the extrapolation of the ex-
perimental data to determine for which range of thickness each adhesive
meets the requirements (see subsection 8.3.4). Finally, based on the objec-
tive and on the derived indices, the adhesives are ranked to select the best
one and its corresponding thickness.
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Figure 8.5 Graphical workflow of the selection process: step 1 translation
into objective and constraints, step 2 derivation of the performance indices,
step 3 screening of the database with the extrapolation of the experimental
data and determining the thickness range for which each adhesive meets
the constraints and step 4 ranking of the adhesive based on the objective
and performance indices.
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Case studies for classical adhesive joints

Several scenarios are investigated and applied to mostly commercial adhe-
sives for which reliable data regarding the evolution of the fracture tough-
ness with f can be found in the literature, see subsection 8.3.4 and Table 8.2.
For the sake of illustration, we describe in details the first scenario to mini-
mize mass, and give in Appendix C and D examples for the maximization
of Kj. and ¢®.The first scenario is to minimize mass. But, first, Figure 8.6
shows the Ashby maps giving Kj.(t > 0.2 mm) versus (a) the adhesive
tensile strength and (b) the Young’s modulus for all the adhesives of the
database. As a general trend, increasing the Kj, is associated to a decrease
of the adhesive Young’s modulus while no obvious trend is observed re-
garding the tensile strength.

Figure 8.6 Ashby maps for the adhesives of the database a) Kj.(f >
0.2 mm) versus adhesive tensile strength and b) Kj.(t > 0.2mm) versus
adhesives Young’s modulus.

Mass minimization: elementary model

When minimizing mass, three constraints are considered: to support the
applied shear and tensile forces and to meet a prescribed shear stiffness.
This leads to a selection involving 6 parameters: 24, o, T, ul'**, t,,;,, and
tmax. First, the constraints on the tensile and shear loading are considered
separately before analyzing their combined effect using here the elemen-

tary model. For all analyses, t,,;, is set to 200 pm simply because G, data
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are not available for all adhesives 4 below this thickness.

Impact of the applied tensile load on the selection

Equation 8.7 addresses the influence of the remote tensile stress >, as well
as the effect of crack length 2a without any applied shear load 7*°(= 0). For
each crack length, the remote tensile stress is varied, so that for each combi-
nation of ¢ and 24, the lightest joint meeting the requirements is selected.
In some cases, several adhesives meet the constraints and lead to joints of
similar mass. In this case, the one with the lowest m7¢c (Equation 8.20) is
selected, corresponding to the largest o/*. In addition, the failure regime
(strength or toughness-dominated) is highlighted for each selected adhe-
sive in Figure 8.7.

Depending on the magnitude of 2a, 0/* varies with the adhesive strength
or with the fracture toughness. Zones corresponding to strength and toughness-
governed regimes alternate in Figure 8.7 crack length such that 2a = 2a,.
For very short cracks, the failure of all adhesives is governed by strength,
leading to the selection of the strongest adhesive, i.e. BP907. With increas-
ing crack length, failure of BP907 starts to be dominated by fracture tough-
ness although it remains the strongest adhesive for ¢t = t,,;,;, as shown in
Figure 8.7c. Further increasing 2a leads to the selection of ESP110 which
appears to be the strongest one at 2a=1 mm for t = t,;, (Figure 8.7d).
As the crack length is progressively increased, it exceeds 24, for all ad-
hesives. Hence, for large crack lengths, failure is dominated by fracture
toughness only and the selected adhesive is the one characterized by the
largest K. for t = t,,;, which is the adhesive F185. This first analysis al-
ready shows that the selection of the best adhesive significantly varies with
the assumed /known crack size.

The magnitude of the applied tensile load plays a minor role in the se-
lection compared to the crack length. For a given crack length, one in-
deed rarely sees in Figure 8.7 that the choice of the adhesive changes when
changing the applied stress except for some small ranges of crack lengths
(gray zones). These correspond only to conditions for which the adhesive
minimizing the mass meets the requirements for a thickness larger than
tmin- This is highlighted in Figure 8.7e where the maximum of* for t =t

“This limit is set to ensure that the influence of t on GJ. corresponds to the two types of
influences shown in Figure 8.1 to not consider the fact that at very small thickness, a slight
increase of Gj. when decreasing ¢ has been sometime reported due to the change of failure
mechanism from propagation at the centre of the bondline to propagation near the interface
and failure by shear yielding [98, 248, 249].
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is equal to 25 MPa. However, some adhesives can carry larger stresses at
larger t. For instance, if ¢ is equal to 30 MPa (gray dashed line), the light-
est joint meeting the requirements is with Betamate 1493 at t= 0.4 mm. This
means that the selected adhesive is the one able to carry o for the lowest
possible thickness in order to generate the lightest joint.

Impact of the applied shear load on the selection

The influence of the applied shear stress T and of the shear stiffness 7 /7
is shown in Equation 8.8 when imposing minimum adhesive thickness and
applied tensile stress to 0.2 mm and 0 MPa, respectively. The shear strength
dominates for low imposed stiffness and high applied shear load resulting
in the selection of BP907, the strongest adhesive. Stiffness dominates the
selection when high shear stiffness is required leading to the selection of
Betamate 73455, the stiffest adhesive. For intermediate cases, the adhesive
offering the best combination of strength and stiffness is selected which is
here ESP110.

Combined applied tensile and shear loads

The simultaneous influence of the four parameters - 2a, 0>, T, u"** - is in-
vestigated based on the selection charts in Figure 8.9 which depend on 24
and 7. In Figure 8.9a, the shear stiffness and the remote tensile stress are
set equal to 1000 MPa/mm and 5 MPa, respectively. The selection depends
significantly on 22 and 7*°. For small crack lengths, the selection is dom-
inated by stiffness for low values of 7 while the shear stress constraint
dominates for large 7. For large crack lengths, whatever the magnitude
of T*, the tensile constraint dominates, pointing towards the selection of
the toughest adhesive. In between, there exists a zone where the shear
stress and tensile constraints compete. For a given shear stress, increasing
the crack length leads to a dominant tensile constraint instead of a domi-
nant shear stress constraint. For a given 24, the shear stress constraint tends
to dominate if T is increased.

The influence of ¢ is investigated by comparing Figure 8.9a and b for c*
equal to 5 and 20 MPa. The maximum allowed crack length decreases as
o increases. In addition, the zones over which the strongest adhesive
is selected is reduced, highlighting the fact that, in this case, tensile load
dominates over the shear load.

The influence of the shear stiffness is investigated in Figure 8.9a (1000
MPa/mm), 9¢ (100 MPa/mm) and 9d (10000 MPa/mm). For a low stiff-
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Figure 8.7 a) Constraint chart for light adhesive joints for different ap-
plied tensile stress 0™ and crack length 2a without shear loading. b)-d)
Evolution of the apparent tensile strength of the adhesives with the thick-
ness for several crack lengths b) 0.1 mm; c) 0.25 mm; d) 1 mm and e) 10
mm.
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Figure 8.8 Influence of the shear stiffness and the applied shear stress on
the adhesive selection for t,,;,, = 0.2 mm.

ness (9¢), the selection is dominated by the shear and tensile constraints
only. At large stiffness (9d), stiffness dominates the selection. As a stiffer
adhesive tends to be more brittle, long cracks and high tensile stresses are
not allowed for these joints indicating a gap in the available performances
of current adhesives (more details in subsection 8.4.4). At intermediate
stiffness (9a), the three constraints compete.

Influence of t,;, anf tyax

As the fracture toughness varies with the adhesive thickness, the choice
of tyi, and fy,y affects the selection of the best adhesive. Considering a
tensile load only (Figure 8.10a), if t,,;, is set to 5 mm (a quite large value
as used sometimes for geometrical tolerance reasons in ship building or
windmills — although much thicker joints exist up to 30 mm or higher [7])
for instance, at large crack length, SikaPower 498 is selected while when
set to 200 pm, F185 is preferred. This arises because the Gj., and conse-
quently o/*, of the SikaPower 498 is larger than that of F185 if t,,;, > 0.6
mm (Figure 8.7e). If now t,,y is varied and is lower than t*, for a given
crack length, the maximum tensile stress that can be applied, considering
all adhesives of the database, is reduced, limiting the domain in which an
adhesive can meet the constraint. Regarding, the shear stress and stiffness
constraints only, decreasing t,,;,, increases the maximum shear stress that
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Figure 8.9 Investigation of the combined effect of tensile and shear load-
ing on the choice of best light adhesive for different remote tensile stress
o® and imposed shear stiffness: a) ¢ = 5 MPa and 7% /uf"** = 1000
MPa/mm; b)c*® =20 MPa and % /u"** = 1000 MPa/mm; ¢) ¢ = 5 MPa
and 7% /ul** =100 MPa/mm and d) ¢* = 5 MPa and 7 /u"** = 10000
MPa/mm.

can be reached while increasing it has the opposite effect. Hence, if t,,;,
is increased, the softest adhesives will tend to no longer be selected, as
shown in Figure 8.10b-d. When, the three constraints are combined, in-
creasing t,,i, leads to a selection that is more and more dominated by the
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shear stiffness constraint, leading to the selection of more brittle adhesives.
These effects arise from the dependence of G, on t and due to the fact that
tough adhesives tend to be flexible while stiff adhesives tend to be more
brittle as shown in Figure 8.6.

Figure 8.10 Influence of the imposed minimum thickness on the selection
of best light adhesive for a) constraint on the tensile load only with t,,;,=0.5
mm, and b) to d) for a combination of tensile load (5 MPa), shear stiffness
(1000 MPa/mm) and varying shear loads and crack length with ¢,,;,, equal
tob) 0.2 mm; ¢) 0.5 mm and d) 1 mm.
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8.4.2 Mass minimization: effect of adherend-adhesive stiffness mismatch

Tensile load

The results of Figure 8.11 are obtained taking into account the adherend-
adhesive interaction based on the more advanced analysis of Van Loock et
al. [230] and Askarinejad et al. [151]. A first key difference that emerges
when compared to Figure 8.7 produced with the elementary level, is that
adhesives can now be selected (and thus meet the imposed constraint) for
larger crack lengths. Indeed, if E;=200 GPa, BP907 is selected up to a crack
length of 70 mm instead of 0.5 mm. When the adherends Young’s modulus
is lower, the crack length for which one adhesive can be selected decreases
as the shielding effect is reduced. Indeed, for Es equal to 200, 100 and
10 GPa, the maximum 2a for which BP907 can be selected is equal to 70, 20
and 2 mm, respectively. In addition, compared to Equation 8.7, the selected
adhesives are no longer the same. Indeed, ESP110 is no longer dominant
and instead of selecting F185, FM1000 is now preferred. Indeed, F185 is
two times stiffer than FM1000 but is characterized by a process zone of

f

similar length. Van Loock et al. showed that if two adhesives of same ¢;
and /s are considered, the selected adhesive for given I;/h and a/h will be
the less stiff. For this reason, FM1000 is selected instead of F185 because,
as shown in Figure 8.6, these are characterized by similar U,{ and Kp., but
FM100 is the most compliant.

Shear constraints only

Figure 8.12 shows the influence of the imposed shear load and stiffness
constraints on the selection if E; is equal to 200 GPa. The selection is not
drastically modified compared to the case where the interactions with the
adherends are neglected. The strongest adhesive is still selected when a
high shear load is applied while the stiffest one is selected when a high
shear stiffness is imposed. When varying Es to 10 GPa or 100 GPa, no dif-
ference was observed in the selection, except when increasing E, then the
maximum shear strength that can be met slightly increases as A in Eq. (B1)
increases. In addition, the thickness effect is now introduced, leading to
a lower maximum shear stress that can be carried when comparing Fig-
ure 8.12 to Figure 8.8.

Combined effects

Figure 8.13 shows selection maps for varying crack length and applied
shear load, for different values of Es and imposed shear stiffness. By in-

274 |



Case studies for classical adhesive joints | 8.4

Figure 8.11 Adhesive selection maps when considering the tensile con-
straint only and the effects of the adherends with Young’s modulus of a)
200 GPa, b) 100 GPa and c) 10 GPa for t,,;;,,=0.2 mm.

creasing the adherends stiffness, the maximum shear strength and the max-
imum crack length for which an adhesive can be selected increase due to
more pronounced shielding. In addition, increasing the adherend Young's
modulus results in a selection more dominated by the applied shear load
than by the tensile load.

Comparison with the elementary model

Regarding the tensile constraint, a simple “adherend independent” model
leads to the selection of the adhesive with the largest Kj. while the ad-
vanced analysis indicates a competition between the adhesive toughness
and the shielding effect of the adherends that can lead to the selection
of a slightly more brittle adhesive but softer. In any case, the simple ap-
proach captures the main trends which is to select tougher adhesives as 2a
increases and stiffer and stronger adhesive when the imposed shear load
and stiffness increase.
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Figure 8.12 Adhesive selection maps when considering the shear stiff-
ness and strength constraints only and the interactions with the adherends
if Es equal 200 GPa and if t,,;, equals 0.2 mm.

8.4.3 Other objectives

The same procedure has been followed for the maximization of Kj. or the
maximization of 0. The detailed results are shown in Appendix C and
D. In both cases, the selection is strongly dependent on the constraints im-
posed for the shear load and stiffness. Increasing the magnitude of these
constraints results in the selection of stiffer and stronger adhesives that are
characterized by a lower fracture toughness. The main difference between
these two cases, is the dependence of the selection on the crack length
when maximizing ¢ while maximizing Kj. results in a selection indepen-
dent on the crack length. When maximizing c*, the maximum tensile force
that can be carried by the joints decreases as the crack length increases. As
for mass minimization, t,,;,, and t,,y also influence the selection due to the
dependence of Gj. on the adhesive thickness.

8.4.4 Gaps in adhesive property charts

Depending on the application and selection problem, gaps appear in the
selection chart of adhesives as schematically drawn in Figure 14. This
schematic chart represents in 3D the different constraints and the domain
that can be met with existing adhesives. As shown previously, these gaps
depend on thickness. For low ¢t (¢; in Figure 8.14), adhesive joints are gener-
ally characterized by high shear strength and stiffness, but lower fracture
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Figure 8.13 Investigation of the combined effect of tensile and shear load-
ing on the choice of best light adhesive for different adherends Young's
modulus if the remote tensile stress is set to ¢ = 5 MPa and the shear
stiffness to a)-c) 1000 MPa/mm or d) 10 000 MPa/mm: a) E; = 10 GPa, (b)
Es; = 100 GPa and ¢)-d) E; = 200 GPa.

toughness. This leads to the definition of two gaps corresponding (1) to
stiff and tough adhesives region and (2) to tough adhesives with high shear
strength region. For high ¢ (¢, in Figure 8.14), the fracture toughness in-
creases, but the shear strength and shear stiffness tend to decrease. Hence,
here, three gaps are revealed: (1) high shear strength and stiffness region;
(2) high shear strength and high toughness region; (3) stiff and tough re-
gion.

These gaps in the selection of adhesive materials have two origins: the
adhesive thickness and the adhesive material. The influence of thickness
has already been discussed. In addition to this, adhesives are character-
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Figure 8.14 Schematic of the gaps in a constraint-based charts and influ-
ence of the thickness.

ized by antagonist performances “stiff, strong and brittle” and “soft, flex-
ible and tough” as also shown in Figure 8.6. Applications requiring high
shear strength and stiffness will preferentially end up with thin adhesive
bondlines, limiting the fracture toughness of the joint while thick-adhesive
joints are better suited for applications with high fracture toughness, but
allowing for limited shear stiffness and strength.

Case studies for architected joints

Bondline architecturing is one of the strategies that has been recently inves-
tigated by different research groups to increase the joint fracture toughness
[11, 84, 121, 123, 135, 141]. The question here is to assess if the potential of
such solutions to indeed push the envelope of the selection leads to more
optimal solutions compared to traditional joints taking into account the
fact that other constraints play a role. The joint architecture can involve
the addition of a mesh, stop holes or more complex metamaterials. Cover-
ing all possibilities goes beyond the scope of this work. Here, to illustrate
the interest of the selection approach, one considers architected joints made
of stop holes having a length D. D is determined based on the process zone
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length [, which is equal to [, = 1/ Aw® [121]. Ay is the elastic foundation
wave number given by

JmE; W . 11—,
_ 4mE _ 2
M= T ED YT A Aty 8.23)

where I is the second inertia moment equal to Wh,/12. It is thus depen-
dent on the adhesive and adherend Young’s moduli E;, Es and on the ge-
ometric parameters t, W, hs. In the present case, 3D plane strain was as-
sumed to derive the expression of m, a parameter depending on the crack
tip stress/strain state. Heide-Jorgensen and Budzik[121] showed that the
joint fracture toughness is maximized when D is about 2/,.

In order to apply the materials selection approach to this class of archi-
tected joints, the maximum principal stress criterion developed by Mar-
tiny et al. [92] for the adhesive Betamate 73455 is implemented in Abaqus.
Both Double Cantilever Beam (DCB) and lap shear joints are modeled to
investigate the influence of the stop holes and of the adhesive thickness
on the joint properties. More details are given in Appendix E. The height
of the cavities is set equal to the adhesive thickness while their spacing
is set to 21,,, 4lp and 6lp, leading to joints made of 50%, 33% and 25% of
cavities. The spacing is known to not influence the fracture toughness if
it is large enough [123]. However, they did not investigate the impact of
the holes on the adhesive shear stiffness and strength. One anticipates that
the shear stiffness decreases by increasing the number of cavities, and by
decreasing their spacing, affecting then directly the selection of best solu-
tion depending on the problem. Gj. and shear stiffness are computed for
the different stop holes distributions using FE simulations. The shear and
tensile strength are roughly estimated as given by

f S — Sholes f

Torchi = S Oz, (8.24)
S-S
o = = ghles t, (8.25)

f f

where 0; and 1; are the bulk tensile and shear strength of the plain ad-

5The process zone denoted by I, is different from the I; process zone. The I, process zone
refers to the length corresponding to the zone that extends from the crack tip to the zone
where no deformations take place in the adhesive and the DCB arms. For more information,
the reader is referred to [250].
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hesive. S is the real surface area of the joint, equal to L,W, while Sj,/.s
correspond to the surface area occupied by the stop holes when orthogo-
nally projected. S — Sjes is thus the effective area covered by the adhesive
over which the forces act. More advanced models for the strength of archi-
tected joints is left for future investigation, but one can already foresee that
in stiffness and strength dominated problems, an architected joint will not
outperform the traditional joints.

8.5.1 Objective on mass minimization

Four joints are considered, all made of the adhesive Betamate 73455 and
0%, 25%, 33% and 50% stop holes. The goal is to determine under which
conditions an architected joint must be preferred to its classical counter-
part.

Tensile dominated loading

The influence of ¢ and 2a on the adhesive selection is shown in Fig-
ure 8.15. The range of forces and crack lengths for which an adhesive with
stop holes can be selected is modified compared to the plain adhesive joints
considered before. The architected joint is associated to a larger effective
tensile strength for long cracks. However, this depends on the amount of
stop holes inserted in the bondline. Indeed, as shown in Figure 8.15b and
¢, the more the stop holes in the bondline, the lower the of* as the effective
cross-section area over which the tensile force acts decreases. Conversely,
a reduction of the number of stop holes decreases the number of crack ar-
restors. In the current analysis, the crack tip is assumed to correspond to a
stop hole. However, if the crack tip does not correspond to a stop hole, the
toughness is first equal to the plain adhesive joint G}, [123] and when the
crack reaches the next stop hole, the toughness is the one of the architected
joint. The considered crack length is equal to max(2a, nD) with n being an
integer and n > 1. The joint must be made of less than 33 % of cavities to
improve the damage tolerance (Figure 8.15c). For small cracks, when the
imposed tensile load increases, the selection points towards an adhesive
with the lowest number of cavities as it corresponds to the joint with the
larger effective cross-section area. Previously, the adhesive with the high-
est o/* was selected while in the present case it is no longer true because
the weight saving coming from the introduction of holes dominates the
selection for an objective based on mass minimization.
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Figure 8.15 Influence of the remote tensile stress ¢ and the crack length
2a on the selection of the lightest adhesive without shear loading. The
joints are made of Betamate 73455, but contain 0%, 25%, 33% and 50% of
stop holes. t,,;;, is set to 0.2 mm.

Shear loading

The joint with the largest proportion of cavities is always selected as long
as its shear stiffness and strength are not exceeded as shown in Figure 8.16.
Further increasing the imposed shear stress and stiffness leads to the selec-
tion of a joint with a lower amount of stop holes, until the plain adhesive
joint remains the only one that can be selected. Indeed, decreasing the
number of cavities in the bondline improves the shear strength and stiff-
ness. When considering only classical adhesive joints, regions where the
shear strength or stiffness dominate are both predicted, while here it is no
longer the case because the lightweight of the architected joint dominates.
When using an architected joint with stop holes, the required shear stiff-
ness and strength are limited to lower values compared to conventional
joints. Hence, inserting stop holes limits the joint shear properties.
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Figure 8.16 Influence of the shear stiffness and the applied shear stress
on the selection of light adhesive for joints made of Betamate 73455 made
of 0%, 25%, 33% and 50% of stop holes. t,,;, is set to 0.2 mm.

Combined effects

The combined effects of 2a, T and 7% /uf'** are investigated. No novel
conclusion emerges compared to the former analysis. The damage toler-
ance is improved only if the required level of shear strength and stiffness
remains moderate. Indeed, if the constraints on shear stress and stiffness
are too large, a plain adhesive joint is preferred. Another advantage of ar-
chitected joints is the associated weight saving owing to the presence of
the cavities which act positively on density and toughness. This weight
saving dominates the selection and not the tensile and shear constraints as
for classical adhesive joints.

8.5.2 Other objectives

As for the classical adhesive joints, two other objectives have been applied
to the selection of architected joints: Kj. maximization (Appendix C) and
maximization of applied load ¢* (Appendix D). Compared to the mass
minimization objective, when an architected joint can be selected among
other architected joints with stop holes, in these two cases, it is the one
containing the less stop holes. This arises from the fact that by increasing
the amount of stop holes in the bondline, the effective cross-section area
over which the tensile and shear forces act decreases resulting in lower ef-
fective tensile strength, shear strength and shear stiffness. These two exam-
ples show that there is thus a trade-off to find when designing architected
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joints between the gain in fracture toughness and the loss in shear strength
and stiffness and that the optimal design depends on the objective.

8.5.3 Filling gaps in adhesive property space

Introducing stop holes leads to an increase of the fracture toughness, but
reduces the strength and stiffness. Hence, gaps left when considering clas-
sical adhesive joints are partly filled owing to architecturing (Figure 8.17).
The spacing between the stop holes offers some degree of freedom to fill in
this domain. In addition to toughening, bondline architecturing with stop
holes results in lighter joints. But, for applications requiring high shear
strength and stiffness, joints with stop holes may not be suitable. Bondline
architecturing with stop holes is thus interesting for applications requir-
ing low weight and high fracture toughness, but moderate strength and
stiffness.

Figure 8.17 Influence of bondline architecturing with stop holes on the
joint properties.

8.6 Limitation of the adhesive selection analysis

The selection analysis of the best adhesive system setup in this study al-
though addressing many aspects, in particular with the incorporation of
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adhesive thickness effects, is still missing several elements while also rely-
ing on a few restrictive assumptions. Once again, the goal in a materials
selection analysis is not to predict the exact failure load or exact joint per-
formance, but to use models that are sufficiently correct to lead to the right
ranking among different adhesives. In a few cases, an advanced model
is required to avoid missing some effects, such as the adherend stiffness
mismatch that may modify the selection; while in several other instances,
the selection with an elementary model is appropriate. We review here the
main limitations of the current study, aimed at paving the road for future
works.

First of all, the database that has been compiled for the purpose of this
study is incomplete both in terms of adhesive systems and in terms of spe-
cific data. There is a need to find and/or generate more extensive data on
thickness effects on strength and toughness. Also, novel systems may exist
or will emerge that will modify the conclusion made regarding best adhe-
sive choice. These conclusions should thus be seen as illustrative and not
definitive.

Then, although the database already accounts for other properties when
available such as the temperature resistance, the resistance to humidity
and the chemical and bonding processes, these have not been addressed
in the present selection analysis. Many of these constraints, depending on
the type of application, can be easily introduced simply through a “go —no
go / yes - no” choice (already implemented in the MATLAB application).

Another key remnant issue in adhesive bonding is the importance of the
surface treatment. Depending on the adherends and the adhesive, there
exists an optimum roughness [110, 111]. Failure can be either cohesive or
adhesive [14], affecting very much the strength of the joint. For example, in
peel tests, the roughness can have an influence up to large thicknesses. The
rougher the surface, the more the roughness influences the results [251].
The proposed analysis does not consider the adherends surface treatment
and roughness. As a matter of fact, it is assumed that the failure of the joint
is always cohesive as often considered in the field of adhesive bonding.

Adhesive joints are subjected in some applications to dynamic loading,
not addressed by the current selection procedure dealing only with static
loading. When subjected to fatigue loading, fatigue life is also dependent
upon the adherend properties, dimensions and joint geometry [252, 253].
This would require collecting a large amount of data which are not always
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available for the adhesives for which toughness data can be found in the
literature.

On the mechanical description side, the first element of generalization that
would improve the relevance of the analysis, but at the price of more com-
plexity, is to account for mixed-mode cracking. Here, only mode I cracking
from an internal pre-crack of length 2a is considered. The problem of Fig-
ure 8.2 should ideally account for the impact of the shear load on generat-
ing a Kj; component that combines with K to set the crack driving force.
Taking mixed-mode into account is possible if toughness values are known
for different mode-mixities, which is rarely the case (at least for publicly
available data), going back to a previous comment on the availability of
rich mechanical databases for adhesives. The second element is regarding
the architected joints, to develop models to predict the shear stiffness and
thickness dependent strength for failure initiating at corners or collect ex-
perimental data, in order to provide a more realistic view on the potential
of such solutions.

Many results show that the selection very much depends on crack length.
A tacit assumption in our analysis, is that the crack size is material inde-
pendent. This might not be true. The representative crack length could
potentially be adhesive dependent due to the different type of chemistry
and curing schedule. The problem of identification of the proper crack size
is a remnant problem in all structural integrity assessment problems, espe-
cially with structural adhesive joints and very much connected to the ca-
pacity to estimate/measure the size of internal defects with non-destructive
methods.

Regarding the considered crack configuration (centered crack through the
thickness), one extension of the study would be to address other config-
urations or several crack positions in the joints: near the interface, in the
bondline, at the centre of the joint, at the edges. Indeed, several types of
defects and damages can be found in adhesive joints. Some defects de-
velop during the manufacturing phase such as voids due to entrapped air
or kissing bonds which are located in the bondline and not especially close
to the edges. Some damage also develops the in-service life due to mechan-
ical loading or environment leading to crack developing along the edges.
Depending on the crack position, the strength of the joint will vary as the
expression of the geometric factor Y in Equation 8.3 is geometry depen-
dent. This could possibly influence the ranking process by shifting the
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transition between the strength- and toughness-dominated regimes.

In order to set the bases of the selection approach, several arbitrary choices
have been made regarding the models used to predict the tensile strength,
the shear strength and the shear stiffness that affect the results. However,
other models have also been developed in the literature and could be used.
Alternatively, the selection tool could be coupled with finite element anal-
yses. The choice of the different models has been based on the information
available for the adhesives of the database but also on their predictive po-
tential. In addition, some models are relevant for brittle adhesives but not
for ductile ones and the opposite is also true. Introducing other models is
thus left for further development of the selection procedure.

Conclusion

A method for selecting the best adhesive system has been worked out fol-
lowing Ashby’s approach, accounting for the impact of the bond line thick-
ness on the performance of the joint. The objectives that have been consid-
ered include: mass minimization, maximization of fracture toughness or
maximization of the tensile load applied to the assembly. The constraints
include: no failure under prescribed tensile and shear loading as well as an
imposed minimum shear stiffness. Different loading configurations have
been analyzed taking into account the presence of an internal crack and the
presence of corners at the interface between adhesive and adherend. Both
elementary and advanced models have been used to predict the effective
strength of the joint including or not adherend effects as well as a frac-
ture process zone effect. A database of adhesive properties with thickness
dependence has been compiled to effectively apply the selection analysis.
The key findings of the work are the following:

¢ The selection is very much dependent on crack length, leading to
non-trivial choices with some adhesive performing better for short
cracks and other for long cracks. This raises the remnant difficulty in
structural integrity assessment based on fracture mechanics: How to

precisely determine a relevant crack length? Progress in non-destructive

analysis of adhesive joints [222] have been made to determine the de-
fect sizes, but not all defects, such as weak bonds, can be detected
[254].

* Working at the top fracture toughness requires the optimum adhe-
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sive thickness. But the optimum thickness is sometimes large, espe-
cially in very tough adhesives. A large thickness leads to a lower re-
sistance to fracture from corners under tensile and shear loads. Also,
thicker joints are less stiff in shear which is sometimes a constraint in
some applications. Subtle trade-offs have been found showing that
the best adhesive choice varies from one problem to another.

* The use of advanced models taking the adherend stiffness into ac-
count is important [151, 230]. Indeed, a given adhesive tends to be
selected for a larger crack length and a larger shear strength if E; in-
creases. In addition, taking the adherend stiffness into account can
change the selection when having adhesives with almost equal Kj,
and (7,{ . With the elementary model, the adhesive with the largest
K, is selected while, with a more advanced model, the one with the
lowest E, is selected.

* The selection method reveals gaps in the adhesive property charts:
(i) a region with both stiff and tough adhesives and, (ii) a region with
both strong and tough adhesives indicating the need for further pos-
sible improvements.

* The selection approach has been applied to architected joints with
stop holes. Stop holes induce larger Gj., extending the range of ad-
hesive performances. Such joints offer thus improved damage toler-
ance at lightweight, but at lower shear strength and stiffness. Several
directions have been proposed to enrich the present selection analy-
sis to make it more versatile and more general.

8.8 Appendices

8.8.1 Appendix A: Derivation of A,(v) and A in butt tensile joints

Reedy and Guess [150] derived a model based on an interface corner stress
intensity factor to predict ¢/*, assuming that failure only takes place near
the interface and that the joint is free from any defect. In tensile butt
joints, the interface corner stress singularity order is A — 1. The joint tensile
strength is given by Equation 8.10 which depends on A, (v) and A. Val-
ues of Ay (v) have been tabulated by Reedy and Guess and can be found
in [150]. Regarding the order of the singularity, it depends upon the Dun-
dur’s parameters « and 5. A can be determined by solving the Eq. A9.1
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derived by Akisanya and Fleck [231]:

16(p —1)2 [)@ — sin? (2‘2””2

—4[u(is +1) = (ke + 1] [Az = sin ()\Zﬂﬂ

+16(j — 1) sin? ()‘;) (s +1) = (k0 + 1) {Az —sin® (AZHH

+ [1(xs +1) + (k. + 1)) sin®(Anr) =0 (8A.1)

where y = p,/ps with p; = E;/2(1 + v;) the shear modulus of material i
and the shear coefficient i x; = 3 — 4v;.

8.8.2 Appendix B: Derivation of A for TAST configuration

Askarinejad et al. [151] developed a fracture mechanics methodology for
the failure of elastic-brittle lap-shear joints based on the TAST configura-
tion. This model depends on two parameters: b and A. The value of b
depends on the joint geometry and on the adhesive and adherends shear
modulus and Poisson ratio while « and p are the Dundurs parameters.
The authors determined b by calibrating the model on experimental data.
Hence, b can be obtained based on the shear strength of the joint for at least
two different thicknesses. However, these data are not available for the ad-
hesives entering our database (subsection 8.3.4). The singularity order is
also dependent upon adherends Young’s modulus and Poisson ratio and
can be determined by finding the root of

F(A) = {(4 (Kﬁ 44 1) + 8K, cos (m)) sin? (77A)
—2u? ((cos (mA) + 2/\2> — (41(5 cos? (7TA) + (ks — 1)2)>
—4pu ((Ks -1) (4/\2 sin? (71A) — (ks — 1) cos? (7T/\)>

+ (Katts +1) (1 — sin (27tA) sin (7TA)) — k4 — K5)] / [4 sin? (m)} (8B.1)
where y = y,/us with u; = E;/2(1 + v;) the shear modulus of material
i and the shear coefficient i x; = 3 — 4v;. For given geometric parame-

ters and adherend and adhesives properties, the shear strength decreases
thus as t*~! and this decrease depends on the properties of both adherends
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and adhesive. The use of this relationship requires computing A and b for
several geometries and adherend-adhesive properties which is time con-
suming. For typical metal-adhesive systems, A will tend to 0.63-0.65. The
dependence of b is neglected in the current work.

Appendix C: Maximization of Kj,

Classical adhesive joints

This scenario involves the maximization of the joint fracture toughness,
with two constraints being put on the applied shear stress and the required
shear stiffness. The two constraints are put as limits. Hence, the selected
adhesive is the one that meets the shear strength and stiffness requirements
and that maximizesKj, for t comprised between t,;;, and tyay. tpiy, is set to
200 pm while no limit is put on #,,4y. Figure 8C.1 shows the influence of T
and T /u™ on the selection. First, it is important to note that the selec-
tion is independent of the crack length. Figure 8C.1 shows that increasing
the applied shear stress leads to the selection of a stronger adhesive, but
which is characterized by a lower maximum critical stress intensity factor
(lighter color). If the required shear stiffness is now increased, stiffer adhe-
sives tend to be selected. In addition, when the stiffness is increased, the
maximum Kj. that can be reached decreases. These two effects arise from
the fact that stiff and strong adhesives tend to be brittle while soft and flex-
ible ones are tougher (see Figure 8.6). For a given stiffness and for a given
adhesive, the maximum Kj, that can be reached is independent upon 7
as in the elementary level of analysis when minimizing the mass. How-
ever, for a given adhesive and a given required shear strength, increasing
the stiffness leads to a reduction of the maximum Kj. that can be reached.
Indeed, as the stiffness increases, the maximum thickness for which the
adhesive can be selected is decreased. If this thickness is lower than the
thickness maximizing Ky, t*, decreasing the stiffness leads to a decrease of
the maximum Kj,.

The parameters t,,;, and t;,y also influence the selection as the adhesive
fracture toughness evolves with the adhesive thickness. Increasing ¢, re-
sults in a decrease of the maximum stiffness that can be reached in general
and for each adhesive (Figure 8C.1a-b). Hence, stiffer adhesives tend to
be selected for lower required stiffnesses. For given conditions, as long as
tmin is below t* and that the adhesive is of type A (Figure 8.2), the max-
imum Kj. that can be reached is not affected. If now, there is a limit on
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tmax, the selection can be affected. Indeed, in Figure 8C.1c, SikaPower 498
cannot longer be selected because in the range going from t,,;, to ¢4y, the
Betamate 1493 adhesive is the toughest. Due to the dependence of Gy, on
the adhesive thickness, t,,;;, and t;;, influence the selection of the adhesive
maximizing K.

Figure 8C.1 Selection map for the maximization of Kj. depending on the
constraints on shear stiffness and shear strength for a) t,,;, =0.2 mm, b)
tmin =0.5 mm and ¢) t,,;;;;, =0.2 mm and ;5 =1 mm.

Architected joints with stop holes

The objective is now to maximize K, for architected joints with stop holes.
This objective is the one that motivated the design of such joints by Mal-
oney and Fleck [123] and Heide-Jorgensen and Budzik [122]. The selection
map is shown in Figure 8C.2. depending on the constraints on the shear
stress and the shear stiffness. For low imposed shear stress and stiffnesses,
the three architected joints containing 50%, 33% and 25% of cavities can
be selected. Indeed, they all lead to the same fracture toughness. As the
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stiffness is increased, joints containing a large number of stop holes tend to
no longer be selected. Indeed, the larger the number of cavities, the lower
the true surface area over which the shear force acts, resulting in a lower
stiffness. Consequently, for a given thickness, the joint containing 50% of
cavities is less stiff than the one containing 33% and the maximum thick-
ness for which it can be selected tends to be lower than t* for a lower stiff-
ness constraint. This results in a lower fracture toughness while the joints
containing 33% and 25% can still have a thickness +*, maximizing Kj.. At
some point, only the adhesive containing 25% of stop holes can be selected.
However, when further increasing the stiffness, even if the selection thick-
ness is lower than t*, it remains tougher than the plain adhesive joint. At
this point, it is observed that the maximum achieved Kj, decreases. At
some point, the required stiffness is high enough such that the thickness
for which the 25% joint can be selected leads to a joint less tough than the
plain adhesive joint. Regarding, the influence of the shear stress, when it
is increased, joints containing large amount of cavities can no longer be
selected and for large shear stress, only the plain adhesive joint can be se-
lected resulting in more brittle joint. To conclude, architected joints with
stop holes are an alternative to plain adhesive joints for limited strength
and stiffness constraints.

Figure 8C.2 Selection map for architected joints with stop holes when the
objective is to maximize the fracture toughness.
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8.8.4 Appendix D: Maximization of the remote tensile stress o*°

Classical adhesive joints

The remote tensile stress is now maximized for classical adhesive joints. As
in the previous case, the two constraints are the shear stress and stiffness
which are set as limits. The parameters entering the selection are thus 2g,
T°,ull ti and ty,y. Figure 8D.1 shows the influence of the crack length
and the required shear stress on the selection for different required shear
stiffnesses. The maximum tensile stress that can be reached depending on
T%°, T /1" and 2a is shown based on the color scale, the lighter the color,
the lower the maximum ¢ that can be applied. For short cracks and high
shear strength, the strongest and stiffest adhesives are selected. For low
shear strengths, if the crack length is longer, tougher adhesives start to be
selected leading to the selection of the SikaPower 498 adhesive. However,
these tough adhesives are often softer than the brittle one. Hence, when a
high shear stress is applied, stronger adhesives such as the BP907 and the
Araldite GY260 adhesives are selected. However, this is accompanied by
a decrease in the maximum remote tensile load that can be applied on the
joint as shown in Figure 8D.1d. The influence of the shear stiffness is con-
sidered by comparing Figure 8D.1a to c. By increasing the stiffness from
100 MPa/mm to 1000 MPa/mm, the SikaPower 498 adhesive cannot be
selected due to its low shear modulus. Hence the Betamate 1493 adhesive
is selected. Further increasing the required stiffness leads to the selection
of only the ESP110 adhesive. The Betamate 73455 also meets the stiffness
requirements but it is less strong and tough and is thus never the optimal
adhesive to select. As the other adhesives do not meet the stiffness require-
ment, no adhesive can be selected for a required shear strength larger than
40 MPa.

As for the other scenarios, t,;, and t;,, can influence the selection as
shown in Figure 8D.2. First t,,;,, influence the maximum stiffness that can
be reached. It t,,;,, is increased, for a given required stiffness, the softest ad-
hesive in Figure 8D.1b, Betamate 1493, is no longer selected and the F185
adhesive is then selected, as shown in Figure D.1a. In addition, when com-
paring Figure 8D.1b and Figure 8D.2a, BP907 is selected for a lower range
of thicknesses if t,,;, is increased. Figure 8D.2b shows the influence of ¢«
when compared to Figure 8D.1a. The SikaPower 498 adhesive is no longer
selected being replaced by the Betamate 1493 adhesive. Due to the depen-
dence of G, on ¢, the selection is changed when varying t,,;;, and t4y.
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The objectives of maximizing ¢* or Kj. can now be compared. When Kj,
is maximized, the selection is independent on crack length. In both cases,
increasing the imposed shear stress and the shear stiffness results in the
selection of less tough adhesives. This arises from the fact that adhesives
are either characterized by high strength and stiffness, but low toughness
or high toughness and low strength and stiffness.

Figure 8D.1 Selection map for ™ maximization depending on the crack
length and the shear strength constraint for shear stiffnesses of a) 100
MPa/mm, b) 1000 MPa/mm and c¢) 10000 MPa/mm. d) Cuts in a) for t*°
equal to 20 and 40 MPa to show the variation of ¢ maximum with crack
length.
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Figure 8D.2 Selection for ¢ maximization depending on the shear
strength constraint and the crack length and depending on t,,;, and tux
with a) a stiffness of 1000 MPa/mm, t,,,;, =1 mm and no limit on ¢, and
with b) a stiffness of 100 MPa/mm, t,,;,, =0.2 mm and t,,;, =1 mm.

Architected joints with stop holes

As for classical adhesive joints, the goal is to maximize the applied tensile
stress as a function of the applied shear and stiffness constraints and of
the crack length. The selection map for shear stiffnesses lower than 4000
MPa/mm is shown in Figure 8D.3. For small cracks, the plain joint is se-
lected. Indeed, at small crack length, the adhesive is first insensitive to de-
fect size and the effective surface over which the tensile force acts is lower
with cavities. Hence, the effective tensile strength is larger for a plain ad-
hesive joint. When increasing crack length, the joint with 25% of stop holes
is selected as the reduction of effective cross-section area is balanced by the
improved fracture toughness coming from the crack blunting by the stop
holes. However, joints with more stop holes tend not to be selected because
they are characterized by a similar fracture toughness and lower effective
cross-section resulting in a lower o/*. Due to this reduction in effective
cross-section, the shear strength of the joint also decreases when inserting
stop holes leading to the selection of the plain joint for applications involv-
ing large applied shear stresses. If the required shear stiffness exceeds 4000
MPa/mm, only the plain adhesive joint is selected.
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Figure 8D.3 Selection map for architected joints containing stop holes
when maximizing the remote tensile force and for a shear stiffness not ex-
ceeding 4000 MPa/mm.

8.8.5 Appendix E: Finite element model for architected joints with stop
holes

In order to apply the selection approach to architected joints, simulations
are run based on the design rules of Heide-Jorgensen and Budzik [121],
using the finite element software Abaqus. The influence of the spacing
between the stop holes, S,,;, and of the thickness is investigated. The
length of the stop holes D is thus set to 2, (Equation 8.23) while the spac-
ing Sgcni between them is set to 21y, 41, and 6l, to vary the number of
cavities in the joint while ¢ is varied from 0.1 to 1 mm. The influence of D
and t on the joint fracture toughness is investigated by modelling a DCB
specimen while a lap shear joint is modelled to consider their influence on
the shear properties (Figure 8E.1). The implemented constitutive laws and
failure criterion correspond to those of Martiny et al. [92]. The 4 mm thick
adherends are thus modelled as mild steel and the adhesive as Betamate
73455. The crack propagates when the maximum principal stress ahead of
the crack tip reaches 98 MPa over a distance of 18 pm. For both models, the
mesh is generated using a Python script and the Gmsh API and is made of
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four nodes plane strain elements (CPE4R).

The DCB is 150 mm long with a pre-crack length of 50 mm (Figure E.1).
The crack tip corresponds to the end of the first stop hole while two ad-
ditional stop holes are inserted ahead of the crack tip. The edges of the
stop holes are slightly rounded with a filet radius equal to the adhesive
thickness to avoid large stress concentrations at the corners near the inter-
face. The mesh is refined near the crack tip over a distance equal to ¢, with
elements of length between 1 and 5 pm. The simulations are run under
controlled displacement with a displacement imposed on the left upper
corner as shown in Figure 8E.1a. When the failure criterion is met, Gy, is
computed based on Equation 8E.1 from the ISO 25217 standard [172], using
the single beam theory and is given in Figure 8E.2b.

4p? /342 1
6re = g (57 7). (SE1)

Symmetric lap shear joints (Figure 8E.1b) are modelled with 100 mm long
arms overlapping over a distance of 12.7 mm. The number of cavities is
adapted depending on the stop hole length and spacing. A horizontal dis-
placement is prescribed at the left side of the joint while the right edge is
clamped. The shear stiffness and is given in Figure 8E.2a.

Figure 8E.1 Finite element model for a) Double Cantilever Beam samples
and b) Lap shear joint for architected joints with stop holes.
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Figure 8E.2 FE simulations results for architected joints containing 25%,
33% and 50% of cavities: evolution of a) the effective shear modulus and
b) the fracture toughness G, with the adhesive thickness.

8.8.6 Supplementary material: MatLab application

As supplementary material, a MATLAB application is available following
the link: https://www.dropbox.com/scl/fo/guxcginsvkhyfqfkpnclw/h?
d1=0&rlkey=r14190wb1lp3bpu7stcuhsehlv. This allows the determination
of the adhesive to select depending on the loading configuration. It runs
based on the .csv and .txt files containing the information of Table 1. The
current version only considers the elementary analysis in order to let it run
for reasonable amount of time. Including the advanced models results in
computations lasting for more than 1h instead of maximum 2 minutes.
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9.1

Conclusion

The objective of this thesis is to investigate different strategies that would
favour further deployment of adhesive bonding in high performance ap-
plications such as in airplanes, windmills or cars involving CFRP com-
ponents. Although adhesive joints offer lightweight and homogeneous
stress transfer across the joint, adhesive bonding suffers from (i) time- and
labour-intensive processes and (ii) limited fracture toughness (Gj.). In this
conclusion, we come back to the three questions that motivated the work
performed in this thesis and summarize the answers and findings related
to these questions. Specific perspectives are listed after the key conclusions
regarding each research question.

Co-curing of composite joints with a TP interlayer

Co-curing is an alternative to secondary bonding which involves simulta-
neous curing and bonding of composite adherends. This is only possible
with a limited number of adhesives and with the use of pre-pregs as resin
injection would lead to flow out of the adhesive. In addition, co-cured
joints tend to be more brittle than secondary bonded joints [26-28]. Dif-
ferent scientists suggested to replace the adhesive layer by a thermoplastic
film. This strategy showed interesting results in the literature when using
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pre-pregs [15, 29-32]. In this thesis, Resin Transfer Moulding (RTM) was
used to manufacture the co-cured composite joints.

Failure of TP-epoxy interphases

PEl is a TP that is often investigated to manufacture co-cured joints owing
to the interphase developing upon curing with an epoxy resin. For this
reason, the failure of PEl-epoxy systems has been investigated in recent
years [12, 49, 51]. Farooq et al. [49] investigated the failure mechanisms
taking place for cracks perpendicular to the interphase. Opposite, Voleppe
et al. [12] focused on cracks paralleling the interphase. They reported a
tough crack trapping mechanism. Here, we try to understand this trapping
mechanism to further mobilize and generalize in other contexts. It has been
shown in Chapter 3 that the high toughness results from crack initiation in
the tough PEI-rich zone of the morphological gradient. The crack trapping
mechanism taking place during the propagation results from the presence
of a weak interface between the PEI- and epoxy-rich zones. Hence, the in-
terphase fracture toughness is lower than the one determined by Voleppe
etal. [12] but could not be determined in the present work. This conclusion
highlights the need to develop an appropriate testing method to determine
the fracture toughness of interphases which considers both crack initiation
and propagation. Regarding future work investigating the fracture of in-
terphases, it is suggested in Appendix B of Chapter 3 to use wedge-peel
tests. However, the manufacturing of the samples and more particularly
the insertion of the crack is the first challenge to overcome.

TP co-cured composite joints

Chapters 3 and 4 investigate several TP materials as interlayer for the man-
ufacturing of co-cured composite joints. PEI, PES, PSU, PC, PMMA and
PA6 have been tested. PEI and PES co-cured joints have already been in-
vestigated in the literature but not the other systems. In addition, auto-
clave curing with pre-pregs is usually used while here, for the first time, co-
curing is achieved through Resin Transfer Moulding (RTM). Several con-
clusions have been drawn and pave the road for further developments of
such joints.

First, it has been found that PA co-cured joints are characterized by a very
low Gp.. The PA-epoxy system was the only system exhibiting no mor-
phological gradient upon curing indicating the absence of interdiffusion

300 |



Co-curing of composite joints with a TP interlayer | 9.1

during the curing process. Interdiffusion and the development of a mor-
phological gradient seem to be a necessary condition to potentially obtain
a tough co-cured joint.

For systems exhibiting a morphological gradient (PEI, PES, PSU, PMMA
and PC), some of them present a weak interface between the TP- and epoxy-
rich regions such as PEI-epoxy and PES-epoxy systems. In this case, the
TP-rich zone must be wider than the distance between the TP film and the
carbon fibres. If it is too short, the crack propagates along the weak inter-
face resulting in a brittle joints as found for the PES co-cured joints. The
interdiffusion length is influenced by the curing cycle. Several curing cy-
cles could thus be investigated to avoid the issue encountered with PES
co-cured joints.

When a morphological gradient is observed and the interdiffusion length is
long enough, a strong interface can be achieved. Due to crack propagation
along the interface between the fibres and the PEI-rich zone, PEI co-cured
joints compete with composite delamination. PMMA co-cured joints even
better performed than composites due to a crack propagating in the inter-
phase between the PMMA film and the carbon fibres. PC co-cured joints
were characterized by the highest fracture toughness resulting from crack
deflection from one interface to the other due to the formation of voids at
the interfaces during the manufacturing process. These are thus not as re-
liable as PMMA and PEI joints. The PMMA joints were thus considered as
the joints exhibiting the highest performances in terms of G} and the most
reliable ones.

Morphological gradients that develop during co-curing depend on the cur-
ing cycle. In this thesis, only one curing cycle has been investigated. Sev-
eral curing cycles could be investigated for each TP-epoxy system to deter-
mine their influence on the developed morphologies, on the length of the
morphological gradient and on the failure mechanism of the interphase.

For PEI co-cured joints, a higher Gy, than the one associated to compos-
ite delamination was expected from the literature in which the 8552 epoxy
resin is used instead of the RTM6 resin. In both systems, similar morpho-
logical gradients develop. However, in this thesis, RTM was used instead
of autoclave curing. This change of process could be at the origin of the
lower Gj.. For further work, joints made of same materials could be man-
ufactured through different manufacturing processes to investigate their
influence on the joint performances. In addition, the 8552 resin is harder
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than PEI while RTMS6 is softer. This could modify the failure mechanism
taking place in the joint. This could be assessed by investigating the in-
fluence of the epoxy resin properties on the failure of the interphase (as
suggested in Appendix B of Chapter 3) and the co-cured joint.

The toughness of PA joints was improved by roughening the film surface.
Architecturing the TP film surface is thus an attractive toughening strat-
egy to improve the toughness of co-cured composite joints. However, in
a first time, it is more important to focus on the manufacturing and the
characterization of simple TP co-cured joints.

To conclude, interdiffusion is key to obtain a strong TP-epoxy interphase.
However, in some cases, a weak interface can develop due to the lack of
chemical interaction between the TP and the epoxy. The interest for TP co-
cured joints started 10 years ago [5, 12, 15, 29-33, 68]. Research is thus still
needed, in particular regarding the manufacturing of the joints with com-
parison of the performances of joints manufactured via different processes
under different curing cycles and with different TP. Also the durability of
the joints in terms of thermal resistance, hygrothermal ageing, fatigue re-
sistance or chemical resistance should be addressed.

9.2 Extrinsic toughening strategies

Several extrinsic toughening strategies have already been investigated for
classical adhesive joints [11] such as crack bridging, crack blunting or crack
deflection. The goal here was to investigate toughening strategies to be
implemented in the context of co-cured composite joints.

9.2.1 Crack bridging

Chapter 5 investigated the toughening of PEI co-cured composite joints by
inserting fishing lines between the PEI film and the composite adherends
to trigger crack bridging.

This strategy proved to be efficient with an improvement of the toughness
by a factor 3 depending on the strength and spacing of the fishing lines.
Experimental testing was combined to analytical modelling to elucidate
the role of the key parameters. Gj. is improved by increasing the tensile
strength of the fishing line and by reducing the spacing between them.
The analytical model revealed also the importance of the tensile elonga-
tion of the fishing lines. The higher the tensile elongation, the tougher the
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joint. However, it also governs the distance over which the R-effect takes
place. A longer ligament results in a longer crack extension before attain-
ing the maximum Gj.. The two important parameters for the joint design
are the allowed crack extension and the toughness that must be reached to
arrest this crack. These two parameters determine the adequate ligament
strength and elongation for a given line spacing.

For the moment, the analytical model requires the tensile elongation and
the tensile strength to determine the distance over which the R-effect takes
place and the final fracture toughness. For joint design, the inverse prob-
lem must be solved, requiring the maximum crack extension and the re-
quired toughness as inputs to get as output the tensile strength and elon-
gation.

Finally, inserting fishing lines by hand is not reliable and not feasible at
large industrial scales. An alternative could be to insert a thin polymeric
or metallic mesh between the TP film and the composite. This would act
as a carrier, commonly found in commercial adhesives. This carrier could
be manufactured via 3D printing for example.

9.2.2 Architected TP film

3D printing is an interesting technology to architecture joints made of TP
interlayers. This was investigated in Chapter 6 by designing an architected
PA film with channels.

Playing with the film architecture was found to give many degrees of free-
dom to positively alter the joint properties. By closing some channels on
their edges, it is possible to prevent their filling by the composite resin
during the RTM process. Controlling this filling triggers different tough-
ening mechanisms: plastic dissipation and mechanical interlocking if the
channels are filled and crack deflection in the tough TP and crack blunting
if one channel is empty. Aeronautic certifications requires to demonstrate
that the crack can be arrested [8]. Hence, the presence of the large channels
that could be detected is interesting. In addition to tune the toughness, FE
analysis showed that the shear strength of the joint can be tuned by con-
trolling the amount of filled /empty channels in the joint and their location.
The novelties of this work are (i) the design of an architected film for co-
curing and (ii) the large range of properties that can be achieved from a
generic film.
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A patent is pending (submission number EP23161330.8) and additional de-
velopment are thus required. These are listed here-below:

* Modifying the TP material to investigate whether the same tough-
ening mechanisms are triggered or not. For example, one could use
a PEI, PMMA or PSU architected film. Depending on the final ap-
plication, the requirements in terms of durability, chemical, thermal
resistance are different, requiring to adapt the choice of the TP.

¢ Testing of lap-shear joints similar to the one simulated with FE model
to confirm the fine tuning of the joint properties with the amount of
filled/empty channels and their position.

¢ Investigating the influence of the geometrical parameters such as film
thickness, cavity height, channel spacing and channel length of the
joint mechanical properties. This can be assessed through FE simula-
tions (ongoing work).

9.2.3 Addition of a dissipative layer

The addition of a dissipative layer in the joint has been investigated in
Chapter 7 using a Finite Element model. It was found to be an efficient
toughening strategies. To maximize the joint toughness, the soft layer (i.e.
the dissipative layer) must be inserted between two thin hard layers. The
softer and the thicker the dissipative layer, the higher the joint fracture
toughness as it maximizes plastic dissipation. Minimizing the hard layer
thickness improved the joint toughness also by maximizing the interac-
tions between the crack and the soft layer.

First, the results should be experimentally validated by designing adhe-
sive joints involving a soft layer stacked between two hard layers. One
idea, could be to insert as TP film between two adhesive layers and to cure
the adhesive-TP-adhesive stack during the bonding step. However, a weak
interface could be develop as reported in Chapters 3 and 4. Another alter-
native could be to use two different adhesive films with different properties
and to replace the TP film by the softer adhesive. However, this requires to
have matching curing cycles for the two adhesives.

Then, the mechanical behaviour under other loading conditions should be
investigated like under mode II, under shear (lap-shear tests). Indeed, it
must be investigated if the increase in fracture toughness is not detrimental
for other aspects.
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9.3 Selection of adhesive joints

Chapter 8 dealt with the comparison between classical and architected
joints. Toughening strategies have been developed while joints are most
of the time loaded under shear. Hence, their shear properties must also
be considered before using them in real applications. In Chapter 8, an ad-
hesive selection methodology is developed based on the Ashby materials
selection approach. It considers the influence of adhesive thickness on joint
fracture toughness and shear strength and stiffness. Two gaps in the ad-
hesive property space are found corresponding to sttif/strong and tough
adhesives. The same selection approach has been applied to compare an
architected joints with stop holes to its classical counterpart. It is shown
that architecturing allows to partly fill this gap. It is the first time that the
Ashby selection method is extended to adhesive joints and it proved to be
interesting to compare architected/toughened solutions to classical joints
to determine for which kind of application they represent an interesting
alternative.

The main advantage of the proposed methodology is to easily compare
adhesives together by considering a simple joint configuration. It allows
for a first screening of the adhesives and to select some potential ones. This
tool has nit the vocation of being an accurate design tool.

One of the main limitation of the methodology is the need for experimental
data for all adhesives which are not always available. To avoid this issue,
the best option would be to determine for each adhesive its constitutive
law and a failure criterion. With these data, it is possible to link the selec-
tion tool with a FE code that could predict joint failure depending on the
loading and the configuration. However, this will require large computa-
tion time.

Finally, the initial goal was to be able to compare architected/toughened
joints with their classical adhesive joint counterpart. In the literature, re-
searches only focus on the mode I toughness of such joints. In order to
compare them to classical adhesive joints, it would be necessary to col-
lect data about the toughness of the joints but also on other mechanical
properties such as the shear strength or the shear stiffness. Gathering ex-
perimental data under different loading conditions and the use of the pro-
posed methodology would allow determining the range of applications for
which a toughened/architected joint can replace its classical counterpart.
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9.4 General perspectives

Specific perspectives have been provided above, but it is now interesting
to take some distance and look at the thesis from a broader perspective.

First, metal-composite bonding is a challenging and very important sub-
ject for many applications going from sport equipment to larger structures
such as airplanes and wind turbine blades. The complexity comes from the
need to combine chemistry (surface chemistry, rheology, physico-chemical
properties) and mechanics (deformation and fracture). These aspects must
be simultaneously considered to improve the joint performances as illus-
trated in this thesis. For instance, co-cured composite joints showed lim-
ited fracture resistance but architecturing the joints resulted in improved
fracture resistance.

Regarding the further deployment of co-curing in the industry, research
is still needed to convince industries to move to such process. Indeed,
it requires to redesign moulds and change the manufacturing processes
resulting in high costs for the industries. Hence, the barrier to the market
is important and industries must be convinced by the benefits brought by
such change in terms of process efficiency, long term cost reductions and
in terms of resulting joints properties.

Regarding the improvement of architected joints, two aspects appear to be
important for further development. First, toughness is not the only essen-
tial property of a joint as stiffness and strength also matter. Strength and
stiffness are negatively affected by adhesive thickness while toughness is
improved. It is important to consider this aspect to avoid designing thick
tough joints but which lack of strength and stiffness. For thin joints, this is
a real limitation in the design possibilities (e.g. 3D printing cannot achieve
structures at the order of 100-300 um). Secondly, the maximum allowed
defect size in the joint is key to design the joint such that the defect is ar-
rested before reaching this size. The best situation would be to have a criti-
cal crack length corresponding to the resolution of non-destructive control
techniques. The pattern would then be designed to stop all defects smaller
than the critical defect size.

Variability in terms of toughness is reported in classical adhesive joints.
For example, a crack can propagate in the adhesive and then along one of
the interfaces. By introducing an architecture, the crack path can be con-
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trolled, removing this variability. Architecturing can thus lead to a more
predictable behaviour.

Classical adhesive joints are difficult to introduce in some applications
such as in aeronautics as certification agencies challenge their reliability.
We do not believe that architected joints will be used in such applications
on a short or medium term. But, windmills constitute an attractive field for
the deployment of architected joint. Adhesives are indeed already widely
used and certification requirements are less severe. A key limitation of ad-
hesive bonding is the lack of non-destructive techniques to control their
quality. One has to probably wait for integration of health monitoring to
see adhesive bonding to be used at larger scales. Architected joints consti-
tute maybe a path towards integration of micro-sensors without negative
effect.
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A.l

Thermoplastic welding:
towards composite-metal
joints

Composite parts are not only welded to composite parts but also to some
metallic parts. This appendix is a step forward the co-curing of composite-
metal joints through the addition of a thermoplastic layer. This appendix
investigates the influence of the welding conditions on the tensile strength
of Ti-TP-Ti joints. Part of the results have been generated during the master
thesis of G. Lejeune.

Introduction

Carbon fibre reinforced polymer composites (CFRPs) are broadly used in
advanced structures such as in airplanes, wind turbine blades or marine
structures, owing to a high strength and stiffness to weight ratio. Man-
ufacturing these structures often requires assembling CFRPs together or
with other materials. This can be achieved through adhesive bonding that
offers lighweight and homogeneous stress transfer opposite to mechanical
fasteners [1]. However, one of the main disadvantages of adhesive bond-
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ing are the time and labour-intensive bonding processes. An alternative to
the classical bonding process is co-curing. If bonding is achieved through
co-curing without inserting any adhesive, the resulting joint is character-
ized by a low fracture toughness [255] due to the lack of adhesion between
the composite resin and the metal plate. In Chapters 3 and 4, it has been
shown that composite-composite joints can be manufactured through co-
curing by inserting a TP layer. The idea of the current chapter is to in-
sert a TP layer between the metallic adherend and the composite. In this
case, joining is achieved through welding of a thermoplastic layer with
a metal. Two strategies could be investigated to manufacture composite-
metal joints using a TP layer as adhesive. As shown in Figure A.l, ei-
ther the TP layer is first welded on the the metal and then this assembly
is co-cured with the composite or the TP is first co-cured with the com-
posite and then welded to the metal. However, this requires to generate
a good adherence between the TP layer and the metal part. On the road
towards the manufacturing of composite-titanium joints, the present chap-
ter investigates the manufacturing of titanium-TP-titanium joints through
thermoplastic welding using a static hot press. For this purpose, the tensile
strength of titanium-thermoplastic-titanium joints is investigated by mod-
ifying the titanium surface treatments and the welding conditions.

Opposite to thermosetting polymers, TPs have the advantage to soften
above a certain temperature T,,. Above this temperature, their viscosity
drops and they can easily flow leading to the penetration of surface asper-
ities to achieve bonding. Several processes have been developed to per-
form thermoplastic welding (see Figure 2.2 in chapter 2)[3, 5, 6, 18-21].
One of the most investigated process is ultrasonic welding. The most im-
portant processing parameters are the vibration amplitude, the supplied
power and energy, the welding time, the holding pressure and the hold-
ing time after welding during solidification [18, 256]. Ultrasonic welding
has the advantage of not inserting any component between the two parts
to join. However, large areas cannot be bonded in a single step [257]. In
this case, several spot welds must be performed. Another process is in-
duction welding [20, 258] which requires to insert magnetic particles in the
thermoplastic. This process enables the welding of large surface areas by
progressively moving the coils [3]. Another possibility is to insert an elec-
tric resistance between the two parts to join to perform resistance welding
[6, 259, 260]. Other alternatives are laser beam welding [21] and friction stir
welding [19]. Welding of thermoplastic composite and metallic parts has
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been proved to be efficient using induction and ultrasonic welding [3, 20].
Marinosci et al. [261] also showed that autoclave consolidation is possible.

Strategy 1 Strategy 2
Step 1: TP-composite co-curing Step 1: Welding TP-metal
in RTM

N\ ]

l

Step 2: Welding Step 2: Metal/TP-composite
composite/TP-metal co-curing in RTM

DI PSS

- Cured laminate N Uncured laminate - Thermoplastic

Metal

Figure A.1 Strategies to joint CFRP to metal using a thermoplastic inter-
layer. Strategy 1: welding to metal after co-curing of CFRP and thermo-
plastic. Strategy 2: welding of metal with thermoplastic before composite
co-curing.

In addition to the manufacturing process and its parameters, adhesion
must be ensured between two components two bond. Several adhesion
theories exist [1, 262]. First, in the case of adhesive joints, the adhesive
must wet the surface to ensure intimate contact between the adhesive and
the substrate. Adhesion can also be favoured by mechanical interlocking
resulting from surface roughness, by electrostatic interactions, by chemical
bonding (formation of covalent or hydrogen bonds), by acid-base interac-
tions and finally by the diffusion of species to create an interphase. Surface
treatments have been developed to ensure good adhesion between parts
to bond as they create surface roughness and modify the surface chemistry

| 311



A | Thermoplastic welding: towards composite-metal joints

[1, 14]. Depending on the material, several treatments can be envisaged.
Both for polymeric and metallic materials, mechanical treatment such as
grit blasting and abrasion are possible. These remove some surface con-
taminations and create macroscopic roughness. Joint strength tends to in-
crease with roughness up to an optimum roughness that depends on sev-
eral parameters such as adhesive viscosity [109-113]. These mechanical
treatments are avoided by some industries such as aeronautic due to the
difficulty of producing homogeneous surfaces. For CFRPs, peel-ply and
tear-ply are two other alternatives to create macroscopic roughness. The
peel/tear-ply is stacked on the top of the composite before curing and can
be removed upon curing, before bonding. Other treatments such as corona
discharge, plasma, flame or laser treatment are known to be effective by in-
ducing some roughness and modifying the surface chemistry. These treat-
ments change the surface chemistry by creating carbonyls, hydroxyls or
carboxylic acid groups on the surface. For metals, acid and alkaline etch-
ing are two common treatments. For titanium chromic and NaOH anodi-
sation have also been proved to be efficient surface treatments. Due to
environmental concerns with these treatments, Boeing developed the sol-
gel treatment. The solgel treatment is a water-based treatment creating an
hybrid organic/inorganic coating on the surface to treat [263] as shown in
Figure A.2. Organic groups can be chosen to have a good compatibility
with the adhesive to improve chemical adhesion.

Figure A.2 Scheme of a solgel coating between a metallic substrate and
an epoxy adhesive using a organofunctional silane. Image taken from
[263].
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A.2 Materials and methods

A.2.1 Manufacturing of the joints

The manufacturing of the joints involves two steps. First the titanium sur-
faces must be treated to remove the contaminations. Then, welding can
take place using a hot press. Prior to surface treatment, Titanium studs
have been manufactured from titanium rods with a diameter of 20 mm.
The studs (see Figure A.3) are made of a flat surface that can be bonded
while at the other side, a screw is machined in order to be able to perform
the butt tensile tests based on the methodology used in the thesis of Y.
Bertholet [264]. As thermoplastic materials, PEI and PA6 films supplied by
GoodFellow have been used. For PEI, films of 50, 175 and 500 pum have
been used while for PA6, only 200 pm thick films have been used.

In order to be able to compare these joints to classical joints, an epoxy film
commonly used in aeronautic is used.

Figure A.3 a) Mould to perform welding in which the titanium studs
and the thermoplastic film are inserted. The cover can be equipped with
springs; b) titanium stud and c) dimensions.

Surface treatments

First, the surfaces have been treated mechanically. The titanium studs have
been polished using 80, 320 and 800 SiC papers. For the 80 SiC paper, only
one step is needed while for the two other the SiC paper grade is progres-
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sively increased. For every steps, the surface has been polished for 30 sec-
onds. In order to avoid roughness variability due to the wear of the SiC pa-
per, studs are never polished at the same location and the papers have been
replaced after six samples. In addition to polishing, sandblasting (SB) and
beadblasting (BB) have been used as mechanical surface treatments. Upon
surface treatment, right before welding, the surfaces to weld are cleaned
using acetone and rinsed using distilled water before being dried using
compressed air.

In the industry, mechanical surface treatments such as polishing or blasting
are not used as it is difficult to obtain a uniform quality of the surface over
large areas. Hence, other treatments are preferred such as solgel treatments
(SG)!. Some of the titanium studs have been treated using an industrial
protocol. For the titanium studs joined with the adhesive, this is the only
treatment that has been used as these are the optimal industrial conditions
for titanium joints manufactured using the epoxy adhesive.

The thermoplastic films have also been treated with a O, plasma treatment
with a pressure of 8 mTorr during five minutes.

Welding with hot press

In order to perform Ti-TP welding using the hot press, a specific mould has
been designed and machined. The mould is made of 25 cavities having a
diameter of 20 mm to ensure the good alignment of the two Ti studs to be
welded (Figure A.3). A first Ti stud is inserted on which a thermoplastic
film is stacked before adding the second Ti stud. The mould is then closed.
The cover is perforated in order to insert springs to control the pressure
applied on the studs. When the springs are used, a pressure about 0.3 MPa
is applied on each Ti-TP-Ti stack. The pressure applied using the hot press
and the one applied to the springs are thus not related to each other. The
goal was to avoid to apply a high pressure that could lead to the squeezing
of the thermoplastic. Once the mould is closed, it is introduced between the
two stages of the hot press which has been previously heated up to a tem-
perature T,,. When, the mould is introduced, the temperature decreases
before increasing again. Once T, is reached again, this temperature is held
for a time that can vary. After this time, the moulds is removed from the
hot-press and is placed in a second press which is not heated for 15 min-
utes.

! Any other information cannot be disclosed due to a non-disclosure agreement.
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The different parameters are thus:
¢ the thermoplastic material: PEI or PA6
¢ the initial thickness of the thermoplastic film
¢ the surface treatment applied on the Titanium studs
¢ the welding temperature
¢ the welding pressure: cover with (P) or without springs (NP).

The nomenclature of the different conditions is as follow: TP-Thickness-
SurfaceTreatment-Temperature-Time-Pressure.

Adhesive bonding

The same mould has been used for hot press welding, except that the adhe-
sive film is inserted instead of the thermoplastic film. However, instead of
a hot press, an Heraeus oven with controlled temperature cycle has been
used. Bonding is achieved through following the adequate curing cycle.
The cover of the mould was equipped with the springs resulting in a pres-
sure of 0.3 bars.

A.2.2 Butt tensile tests

The butt tensile tests are performed following the methodology developed
in the PhD thesis of Y. Bertholet [264]. However, in the present case, the two
studs are welded/bonded prior to insert the studs in the machine. Each
stud is screwed in one of the two supports shown in Figure A.4 that can
be gripped by the testing machine. A screw driven Zwick/Roell Machine
equipped with a 50kN cell is used. The tests are performed at a constant
cross-head speed of 1 mm/min. Upon testing, only the tensile strength is
computed based on the peak load. For example, the elastic modulus and
tensile elongation could not be computed due to some compliance effects
in the mounting. The tensile strength was the only reproducible property
from one test to another. The tests are performed in a ventilated room at
a constant temperature of 23°C and relative humidity content of 50%. For
each condition, seven samples are tested.

A.2.3 Microscopy

A VHX optical microscope from Keyence and an Ultra 55 Field-Emission
SEM (Zeiss, Germany) are used to image the fracture surfaces of the welds.
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Figure A.4 Ti-TP-Ti weld and the fixtures in which they are mounted to
perform the butt tensile tests.

For SEM imaging, the samples are coated with a 1 um thick gold layer prior
to observation. The samples are imaged at 5 keV.

A.3 Results and discussion

Butt tensile tests are performed on Ti-TP-Ti welds. The strength of the
joints is known to be affected by many parameters such as the surface
roughness of the adherends or the adhesive thickness. The performance
of thermoplastic welds is also known to be influenced by the maximum
temperature that is reached during the welding process, the pressure, the
welding time or even the holding time during consolidation [18, 20]. In
order to determine the conditions leading to the best welds, different sur-
face treatments, welding conditions (temperature, pressure) and initial film
thickness are investigated as presented here-below. In addition, some statis-
tics have been done based on the Weibull distribution and the results are
given in Appendix A.

As reference, titanium studs treated with the solgel treatment are first bonded
using the adhesive. A high strength is achieved as all joints failed cohe-
sively. The value is taken as the reference to evaluate the performances of

the titanium studs welded using a thermoplastic film. It is denoted as .

A.3.1 Influence of the surface treatment

Several surface treatments have been investigated. As for the adhesive
joints, the titanium studs have been treated with a solgel treatment. In
addition, the titanium studs have been mechanically treated through sand-
blasting, beadblasting and polished using 80, 320 and 800 grade SiC papers
to create surface roughness.
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Figures A.5 and A.6 show the strength of the solgel treated titanium studs

welded with PEI and PA. The PEI-Ti welds are characterized by a tensile

strength equal to 0.251‘,{ . However, only 65% of the welds could be tested

as the others failed upon unmoulding. Failure is found to always be adhe-

sive. The PA-Ti welds are characterized by a tensile strength of O.ZZTJ with

two populations: a brittle population with a strength lower than 1 MPa

and a stronger population with a strength exceeding 0.2617{ up to 52% of

T,{ , but in both cases adhesive failure takes place. However, for the strong

population, PA is present on both sides indicating the propagation of a
wavy crack. For the PA-Ti welds, only 70% of the welds survived to the
unmoulding. Owing to these low tensile strengths, additional tests are
performed by treating the thermoplastic film with a O, plasma to favour

chemical bonding. For the PEI joints with a plasma treatment, the weld
f

success rate is about 30% and the strength is equal to 0.047; with system-
atic adhesive failure. 85% of the PA-Ti welds are successful and charac-
terized by a tensile strength equal to 0.34Taf which is better than without
the plasma treatment. By increasing the welding temperature from 235°C
to 255°C for the PA-Ti joints, a success rate of 100% is achieved and the
tensile strength is increased to 0.597,{ . For both the PA treated welds and
the welds performed at 255°C, mix-failure is observed. The solgel treat-
ment leads to low strength and the welds are not highly reliable as some
failed before testing. PEI and PA are respectively characterized by tensile
strength ranging between 90 and 100 MPa and 50 and 80 MPa [179]. As
the attained values are way lower than these values, higher performances
could be attained by triggering cohesive failure rather than adhesive fail-
ure. Upon welding, the titanium studs change of colour, from a silver
colour to a golden colour. In addition, as shown in Figure A.5d, burning
traces appear, indicating degradation of the solgel coating. For this reason,
mechanical surface treatments are applied to the titanium studs although
these are avoided by the industry as homogeneous surface conditions are
difficult to obtain over large surface areas.

First, mechanical surface treatments affect the surface roughness in terms
of depth and wavelength. The surface roughness profiles are shown in
Figure A.7. Sandblasting, beadblasting and SiC80 paper polishing result in
similar average roughness R, about 1.744-0.7, 1.344-0.2 and 1.744-0.6 um.
However, it can be seen in Figure A.7a-c that the wavelength (distance be-
tween two consecutive peaks) is the largest for sandblasting and the lowest
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Figure A.5 a) Strength of welds made of the Titanium studs treated with
the solgel with and without plasma treatment on PEI and the correspond-
ing fracture surfaces b) without and c) with the plasma treatment. d) Ti-
tanium studs with solgel coating after welding and burning traces high-
lighted by the red circle.

for beadblasting. The average roughness obtained with the 320 and 800 SiC
papers are about 0.2 and 0.13 pm, respectively.

Figure A.8 shows the tensile strength of welds achieved by inserting a PEI
film. Maximum tensile strength (714+4.6 MPa) is achieved by sandblast-
ing the titanium studs while beadblasting results in the lowest strength
(30.447.7 MPa), still higher than with the solgel treated surfaces. This
difference can be explained by the failure mechanism taking place in the
welds. For the sandblasted welds, cohesive failure takes place while adhe-
sive failure is observed for the beadblasted welds. For the polished studs,
the tensile strength is about 39+12.6, 53.14+7.2 and 53.2+9.6 MPa for the
80, 320 and 800 SiC papers, respectively. For the samples polished with the
80 SiC papers, adhesive failure is dominant compared to cohesive failure
close to the interface while for the two other polishing conditions, it is the
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Figure A.6 a) Strength of welds made of the Titanium studs treated with
the solgel with and without plasma treatment on PA and the correspond-
ing fracture surfaces b) and d) without and c) with the plasma treatment.
Welding temperature is set to 235°C for b) and 255°C for d).

opposite and cohesive failure close to the interface is more often observed
than adhesive failure resulting in a higher strength. The reliability of the
welds is statistically investigated using the Weibull distribution. The most
reliable conditions is the one with the highest Weibull modulus which is
sandblasting (22.1). It is important to note that no weld failed before being
tested compared to welds performed on solgel treated titanium studs.

Figure A.9 shows the results for the PA joints with different surface treat-
ments. Beadblasting and sandblasting result in the strongest joint with
tensile strengths equal to 46.9+14.3 MPa and 45.6+4.9 MPa, respectively.
However, the sandblasted joint is the must reliable owing to its lower stan-
dard deviation and its highest Weibull modulus (13.8 compared to 5.6). In
both cases, cohesive failure is shown in Figure A.9b and c. Polishing the
titanium studs result in lower tensile strength, not exceeding 30 MPa with
cohesive failure close to the interface and adhesive failure being the domi-
nant failure mechanisms. Again, no weld failed prior to testing.
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Figure A.7 a) Roughness profiles for the different mechanical surface
treatments. b-c) Image surfaces for studs treated with b) 320 SiC paper
and c) sandblasting.

The evolution of the tensile strength with the average surface roughness is
shown in Figure A.10 for both PEI and PA welds. For PEI, there is no major
increase in strength. Indeed, a R, about 1.5 pm is achieved with three sur-
face treatments and, the tensile strength is strongly affected by the selected
treatment. The surface roughness induced by the three treatments can be
compared in terms of wavelength. The longer wavelength is achieved with
sandblasting and the shortest one with beadblasting. Hence, the surface
asperities in which PEI has to penetrate are narrower with beadblasting.
Based on the theoretical analysis of De Bruyne [113, 265], it can be argued
that a longer wavelength favours adhesive penetration into the pits. The
lower the wavelength, the more pressure must be applied to force adhesive
penetration into the pits. Faizi [112] experimentally showed that narrow-
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Figure A.8 Influence of the surface treatment on the strength of PEI-Ti
welds and the fracture surfaces after b) beadblasting, c) sandblasting, d) 80
SiC, e) 320 SiC and f) 800 SiC polishing.

spaced valleys contribute to poor wettability and that there exists an op-
timum wavelength which is not as often investigated with respect to R,.
Hence, PEI penetrates more easily into the surface asperities of the sand-
blasted studs resulting in enhanced mechanical interlocking and tensile
strength. For the PA welds, the tensile strength increases with roughness.
In this case, beadblasting and sandblasting both result in similar tensile
strengths indicating a good wetting by PA in both cases. The lower vis-
cosity of PA compared to PEI could explain this difference [111]. Based on
this, a similar strength could be expected for the studs polished with the
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Figure A.9 Influence of the surface treatment on the strength of PA-Ti
welds and the fracture surfaces after b) sandblasting, c) beadblasting, d) 80
5iC, e) 320 SiC and f) 800 SiC polishing.

80 SiC papers. The lower strength could be explained by the difference
in surface pattern. Indeed, polishing results in grooves all oriented in the
same direction. The profiles given in Figure A.7 are taken perpendicular to
the groove orientation. Parallel to the groove orientation, a more flat pro-
file can be expected (Figure A.7b) while with bead- and sandblasting, the
roughness profile is similar in all directions (Figure A.7c) resulting in more
interlocking and larger surface area.

This first part showed that the surface treatment strongly influences the
joint tensile strength. It is often argued that the larger the average rough-
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Figure A.10 Evolution of the tensile strength with the average surface
roughness R, for the PEI-Ti (blue) and PA-Ti welds (red).

ness, the higher the tensile strength. However, it has been shown here that
the wavelength is also important. In addition to the wavelength, the poly-
mer viscosity is an important parameter: the less viscous the polymer, the
more easily it can penetrate into the pits.

A.3.2 Influence of welding temperature

The influence of the welding temperature on the tensile strength for PEI-Ti
welds is shown in Figure A.11 for sandblasted studs and titanium studs
polished with 80 SiC papers. For the sandblasted joints, the temperature
does not affect the tensile strength. For the 80 SiC polished studs, a slight
influence of the temperature is found. However, the temperature affects
the size distribution of the voids that develop during welding in the ther-
moplastic layer. By increasing the temperature, the probability to have
small voids decreases while larger voids tend to form. If the voids are ap-
proximated by a single void of equivalent surface area, the diameter of the
equivalent void increases from 3 mm at 300 and 320 °C to 6 mm at 340°C.
For the polished samples, at 300 °C, the voids could not be localized while
the equivalent diameter increases from 2.5 to 5.6 mm if the temperature is
increased from 320 to 340 °C. Van Loock et al. [230] summed up all voids
to define an equivalent void of diameter ¢;. This equivalent void is then
treated as a crack of length 2a equal to ¢,,. For a given thickness, a lower
tensile strength is expected with ¢, increases, opposite to the current re-
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Figure A.11 a) Influence of welding temperature for PEI-Ti welds sand-
blasted (blue) and polished with 80 SiC paper (red) and the fracture sur-
faces for the sandblasted studs welded at b) 300, ¢) 320 and d) 340°C. e)
Probability distribution of the size of voids in the welds depending on the
temperature (2 samples per temperature).

sults. Hence, temperature should also play on other parameters such as
the wetting of the surface and the penetration of PEI into the surface as-
perities. Indeed, wetting is known to be favoured by increasing the tem-
perature and the viscosity decreases with temperature resulting in a better
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flow of the polymer. However, this could not be analysed in the context of
the present experiments.

The influence of the welding temperature on the strength of sandblasted
and 80 SiC polished samples is shown in Figure A.12 for Ti-PA welds.
In this case, increasing the temperature tends to reduce the joint tensile
strength. Increasing the temperature may increase the size of the voids
in the joint, improve the wetting of the titanium surface and decrease the
polymer viscosity. The decrease of the strength can be partly explained by
the increased defect size as shown in Figure A.12 as the equivalent defect
diameter increases from 1.6 to 3 mm if the temperature is increased from
235 to 255 °C. In addition, by looking at the cross-sections of unbroken
joints, it is found that increasing the temperature results in a lower remain-
ing PA thickness. By increasing the temperature, the polymer flows more
easily and can be squeezed out of the studs. For the sandblasted welds,
the thickness decreases from 73+28 pm to 26+6 um by increasing the tem-
perature from 255 to 300 °C. Hence, the ratio between the equivalent crack
length and the thermoplastic layer thickness decreases resulting in a de-
crease of the strength as explained by Van Loock et al. [230]. In addition,
for the welds performed at 300°C, burning traces can be observed on the
PA squeezed out of the studs indicating some degradation of the polymer.

To conclude, by affecting the viscosity and the development of voids, the
welding temperature influences the tensile strength. Increasing the tem-
perature results in improved wettability due to lower viscosity resulting
in better penetration into the pits and thus enhanced mechanical interlock-
ing. It also leads to improved polymer flow that can be squeezed out of
the weld resulting in a lower polymer thickness which is not always ben-
eficial. Finally, increasing the temperature results in the development of
larger voids which can be seen as longer cracks. The optimum temperature
must thus be found which is a compromise between a good wettability of
the surface and small voids.

A.3.3 Influence of initial film thickness

For titanium studs welded through the insertion of a PEI layer, the influ-
ence of the PEI layer thickness on the joint strength is investigated. Sand-
blasted titanium studs are welded at 300°C using 50, 175 and 500 um
thick PEI films. Figure A.13 shows that the maximum tensile strength is
achieved for a thickness of 175 um. At low thickness, an increase in joint
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Figure A.12 a) Influence of welding temperature for PA-Ti welds sand-
blasted (blue) and polished with 80 SiC paper (red) and the fracture sur-
faces for the sandblasted studs welded at b) 235, ¢) 245, d) 255 and e) 300°C.
Probability distribution of the size of voids in the welds depending on the
temperature (2 samples per temperature) for PA-SB-200-X-5m-P welds for
temperatures of f) 235°C and g) 255°C.

strength is often reported due to the decreasing degree of constraint in the
adhesive layer. At large thickness, the strength decreases due to stress
singularity developing at the joint corners close to the interface with the
adherends resulting in adhesive failure instead of cohesive failure. The
fracture surfaces shown in Figure A.13c and d shows this shift in failure
mechanism. For the 50pum thick film, the degree of constraint is too high
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resulting in lower failure strength. In DCB joints, the optimum adhesive
thickness is about twice the plane stress plastic zone size, corresponding to
a thickness about 200 pm in agreement with the current results.

Figure A.13 a) Influence of initial film thickness for PEI-Ti welds sand-
blasted (blue) and polished with 80 SiC paper (red) and the fracture sur-
faces for the sandblasted studs welded with b) 50, ¢) 175 and d) 500um
thick film. Fracture surfaces for the SiC 80 polished samples welded with

a PEI film of e) 175 and f) 500 um.

A.3.4 Influence of welding pressure

Pressure has been applied during the welding of the titanium studs through
springs inserted in the mould cover. Adding the springs results in a pres-
sure about 0.3 bar. The influence of the presence of the springs or not is
shown in Figure A.14 for three different conditions. Adding the springs
results in a stronger joint except for the polished samples. First, the prob-
ability to have larger voids increases by removing the springs, increasing
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Figure A.14 a) Influence of the welding pressure for PA-Ti welds and
the corresponding fracture surfaces for the sandlbasted studs at b) 235°C
without spring, c¢) 235°C with springs, d) at 255°C without spring and e)
255°C with springs. f-g) Probability distribution of the size of voids in the
welds depending on the temperature (2 samples per temperature) for PA-
5B-200-255-5m-X welds f) without spring and g) with springs.

the equivalent defect size that can result in a decrease in strength. In addi-
tion, surface wetting is favoured by pressure that helps the thermoplastic
to penetrates into the surface asperities, increasing mechanical interlock-
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ing and strength. At the opposite, increasing the pressure may reduce the
thermoplastic thickness. Depending on the optimum thickness, this can
be an advantage or not. To conclude, adding pressure should in most of
the cases improves the joint tensile strength, in agreement with [258, 266].
The pressure must be high enough to have intimate contact between the
two parts to join and it must be low enough to avoid squeezing out the
thermoplastic from the weld.

A.3.5 Influence of remaining thermoplastic layer thickness

The surface roughness, temperature, pressure and initial film thickness all
influence the thickness of the remaining thermoplastic layer between the
titanium studs. Table A.1 give the remaining thickness for several con-
ditions. Increasing the roughness increases the remaining thickness while
increasing the temperature has the opposite effect. Roughness acts as a bar-
rier to the spreading of the polymer while temperature favours its flow by
lowering the viscosity. Increasing the pressure tends to squeeze the poly-
mer out of the weld, resulting in a smaller thickness. Figure A.15 shows the
evolution of the strength with the remaining thermoplastic thickness for
both PA and PEL For a thickness lower than 200 pum, the tensile strength
tends to increase with the thickness while above it decreases. Increasing
the thickness results in a lower degree of constraint in the bondline, lower
stress triaxiality and more plastic deformation for elastoplastic materials.
All these effects tend to increase the tensile strength. At larger thickness,
the stress singularity at the joint edges arising due to material mismatch
dominates the failure [150]. Consequently, adhesive failure takes place in-
stead of cohesive failure reducing the strength. The influence of the ther-
moplastic thickness is in agreement with observations for adhesive joints
[143, 150].
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Figure A.15 Influence of the remaining thermoplastic thickness in the
weld on the tensile strength for the PEI (blue) and PA (red) welds.
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A.3.6 Perspective: welding of larger parts

Several attempts have been made to weld squares of 50 by 50 mm using
the hot press. The goal was to extrapolate the best conditions identified
for butt tensile welds to the welding of larger parts. For this purpose, a
175 pm thick PEI film was inserted between two sandblasted steel plates
spaced by steel wires of a diameter of 0.1 mm. The same is done with 500
pum thick films and 0.4 mm spacers. Welding time, temperature and pres-
sure have been changed. The joints are then broken by hand. The fracture
surfaces reveal many voids which would lead to joints with low perfor-
mances as shown in Figure A.16. Several strategies have been investigated
to circumvent this issue:

1. Inserting PEI pellets instead of a film in order to add a large quantity
of PEL In this case, PEI is squeezed out of the weld, but many voids
are still found on the fracture surface.

2. Use of PEI powder leads to the same results as with PEI pellets.

3. A two step process: each steel plate is first covered with a thin PEI
layer by inserting a 175 pum film between the steel plate and a teflon
film. No voids could be observed on both covered plates after this
step. Then, the two plates are welded together by adding a spacer
and a PEI film. Joints are also made of many voids. To determine
if the added film could be at the origin of these voids, no film has
been added and the two plates have been directly welded together,
resulting in a joint with less voids but with a thickness lower than
50pm which would lead in low fracture toughness and strength.

4. Progressive increase of the pressure: the steel-PEI fil-steel assemblies
are first inserted in the press at 300°C without pressure for 10 minutes
to ensure melting of PEIL Than the pressure is increased to 1, 2, 3 and
5 bar every two minutes. As for the initial attempts, the joints are
made of many voids.

5. Cutting the TP film into circles: As the adhesive deposition pattern
can have an influence on the formation of voids, PEI films have been
cut into circles as suggested by Kaufmann et al. [267].

Many strategies have been investigated to limit the number of voids in
larger metal thermoplastic welds but without any success. It is assumed
that the voids are coming from the air trapped between the steel plates
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and the PEI film creating void growing during the welding process and
that due to the high viscosity of PEI cannot escape as shown in Figure A.16.
With pellets and powder, air is also trapped between the initial PEI parti-
cles. Other welding processes should be investigated such as induction
or resistance welding. Ultrasonic welding is another alternative but it is
only possible to weld small areas at a time require to perform several spot
welds. The main limitation of theses techniques is the availability of the
equipment. Hence, another alternative be hot-pressing but by putting the
mould under vacuum and progressively increasing the pressure and the
temperature as done by Marinosci et al. [261] in an autoclave. These op-
tions have not been tried in the context of this thesis.

Figure A.16 Welding of large samples with a) a PEI film, b) PEI powder
and c) PEI film. d) Scheme of air entrapment with a film and with pow-
der/pellets.
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A.4 Conclusion

To conclude, determining the optimum welding conditions for metal/T-
P/metal joints is a complicated task as it involves a large number of pa-
rameters such as surface roughness, thermoplastic thickness, thermoplas-
tic viscosity and welding temperature, welding time and welding pressure.
Figure A.17 summarizes the parameters identified as entering into the de-
termination of the best welding conditions. For PEI, the best conditions are
a temperature between 300 and 340 °C, welding time of 5 minutes, pres-
sure of 0.3 bar, initial film of 175um and sandblasted titanium. For PA, the
conditions are the same except that the initial film thickness is about 200
um and that the welding temperature must be about 235°C. These condi-
tions are the optimum for welding small surface. For larger surface areas to
be joined, more research is required and probably another welding process
should be investigated as hot-pressing results in a large number of voids
in the bondline.

Figure A.17 Parameters influencing the joint strength.
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A.5 Supplementary: Weilbull distribution - probability of failure

The Weibull distribution is often used to characterized the strength distri-
bution and the probability of failure. The probability density function is
given by

fo=3(3) e (A1)

x is the variable, in our case the remote tensile stress, k is the shape param-
eter also called Weibull modulus while A is the scale parameter. Reliable
welding conditions are characterized by a large Weibull modulus while a
strong weld is characterized by a high A value. These two parameters have
been computed for all conditions and are given in Table A.2.

| 335



A | Thermoplastic welding: towards composite-metal joints

Table A.2 Weibull modulus and scale factor for the different welding
conditions.

Condition Weibull modulus Scale factor
PEI-SG-175-300-5m-P 6.3 14.7
PEI-SG/Plasma-175-300-5m-P | not enough data | not enough data
PEI-SB-175-300-5m-P 221 73.8
PEI-BB-175-300-5m-P 5.3 34.7
PEI-SiC80-175-300-5m-P 7.3 46
PEI-SiC320-175-300-5m-P 11.6 57.3
PEI-5iC800-175-300-5m-P 8.7 58.8
PEI-SB-50-300-5m-P 2.2 23.8
PEI-SB-500-300-5m-P 2.1 12.4
PEI-5iC80-500-300-5m-P 16.7 9.1
PEI-SB-175-320-5m-P 479 72.4
PEI-SiC80-175-320-5m-P 8.2 571
PEI-SB-175-340-5m-P 21.5 73.3
PEI-SiC80-175-340-5m-P 4.9 53.4
PA-5G-200-235-5m-P 0.8 12.2
PA-5G/Plasma-200-235-5m-P 11.5 19.8
PA-5G-200-255-5m-P 7.5 36
PA-BB-200-255-5m-P 5.6 55
PA-SB-200-255-5m-P 13.8 48.6
PA-5iC80-200-255-5m-P 6.2 33
PA-5iC320-200-255-5m-P 1.9 17.7
PA-5iC800-200-255-5m-P 8.6 23.3
PA-SB-200-300-5m-P 17 42.5
PA-5iC80-200-300-5m-P 2.3 6.9
PA-SB-200-255-5m-NP 3.8 41.9
PA-5iC80-200-255-5m-NP 14.5 35.6
PA-SB-200-235-5m-P 27.8 57.3
PA-5B-200-235-5m-NP 45.1 44.4
PA-5B-200-245-5m-P 3 45.7
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