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Summary 

Thermoplastic composites are of increasing interest to the aerospace industry. Compared 
to metals, they provide a higher specific strength, specific stiffness, and an increased 
design freedom, as composite materials have the ability to tailor mechanical performance 
to a particular application. Moreover, the melt-processability of the thermoplastic matrix 
allows for fast manufacturing and assembling techniques, such as thermoforming and 
fusion bonding, which are also highly suitable for process automation. Fusion bonding 
involves heating of the interface between the parts to be bonded, application of pressure 
and finally cooling of the bonded parts. Even though successful commercial application of 
fusion bonding can already be found in the aerospace industry, a wider use requires 
additional developments in order to improve the predictability, reliability and robustness 
of fusion bonded joints. This first of all requires a better understanding of that what is 
perceived as ‘the load bearing capacity’, as measured by mechanical testing of fusion 
bonded joints. 

Two mechanisms that are essential for the generation of the load bearing capacity of fusion 
bonded joints are (i) intimate contact development, followed by (ii) the interdiffusion of 
polymer chains across the interface. Although these two mechanisms are a prerequisite for 
the development of a bond, they are not the only mechanisms that determine the 
performance of a fusion bonded joint. The physical state of the bond line and the structural 
morphology of the interface also plays an important role. The objective of this work is to 
identify, to analyse and, if possible, to quantify the relation between the physical state and 
the structural morphology induced by the fusion bonding process, and the resulting 
mechanical performance of the joints. For this purpose, the most relevant variations in 
physical state and structural morphology, as induced by the fusion bonding process, were 
identified. These factors were then isolated experimentally, and their effects on the 
interlaminar fracture toughness of the joints were studied. Three aerospace grade 
materials were used in this study, namely, unidirectional (UD) Carbon fibre reinforced 
polyether-ether-ketone (Carbon/PEEK), a 5 harness satin (5HS) woven Carbon/PEEK, and 
a UD Carbon fibre reinforced polyphenylene-sulfide (Carbon/PPS). 

Regarding the physical state of the bond line, two factors were identified to play a 
fundamental role in the interlaminar fracture toughness of the joint. The first comprises 
contamination of the substrates to be bonded from the release media used during the 
consolidation of the substrates. The presence of contaminants was found to block proper 
development of the toughness of the bond. The second factor that was found to play an 
important role is the degree of crystallinity obtained at the bond line as a function of the 
thermal history. For PPS, a semicrystalline polymer, a low degree of crystallinity at the 
bond line was found to produce bonds with higher interlaminar toughness, resulting from 
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the greater plasticity of the polymer. 

Concerning the structural morphology, two factors were investigated. Firstly, the effect of 
the thickness of the matrix-rich bond line on the toughness was studied. An additional 
polymer layer is sometimes added at the bond line to ensure good wetting of the two 
surfaces to be bonded. As a result, depending on the nature of the process and the process 
parameters, a matrix-rich bond line at the interface may be generated. Such a matrix-rich 
bond line was found to increase the interlaminar toughness of the bond, suggesting more 
plastic energy dissipation before fracture occurs. This can be due to a larger volume of 
matrix involved in the fracture process, possibly in combination with a higher strain to 
failure caused by a smaller constraining effect of the fibres. Depending on the processing 
time of the fusion bonding technique, migration of fibres towards the matrix-rich bond line 
may occur. This migration was found to have no significant effect on the interlaminar 
fracture toughness of the bond compared to the effect of the matrix-rich bond line itself. 
Secondly, the direction of crack propagation with respect to the fibre direction and weave 
architecture in woven fabric reinforced laminates were found to affect the interlaminar 
fracture toughness of the joint. The presence of fibres perpendicular to the direction of 
crack propagation was found to generate a more tortuous crack path, leading to a tougher 
interface. 

In the last part of this work, the results are discussed in a broader perspective by looking 
at the mechanisms that govern the interlaminar fracture toughness of fusion bonded 
joints. The knowledge gained is translated into practical guidelines for industry to 
manufacture fusion bonded joints with a high interlaminar fracture. 
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Samenvatting 

Er is een groeiende interesse in de luchtvaartindustrie voor het gebruik van 
thermoplastisch composietmaterialen. Thermoplastische composieten leveren, in 
vergelijking met lichtgewicht metalen, een hogere specifieke sterkte en stijfheid, en een 
grotere ontwerpvrijheid dankzij de mogelijkheid om materiaaleigenschappen lokaal te 
variëren. Ten opzichte van thermoharders zijn thermoplastisch composieten bovendien 
aantrekkelijk vanwege de potentie om de productietijden en -kosten te verlagen door het 
gebruik van efficiënte fabricage- en lastechnologieën. Het lassen van thermoplastisch 
composieten is een aantrekkelijk alternatief voor conventionele verbindingstechnologieën 
zoals lijmen of klinken. Het omvat het lokaal opsmelten, samenbrengen en, onder druk, 
afkoelen van de te verbinden delen. Hoewel verschillende lastechnologieën al succesvol 
worden toegepast voor secundaire structurele onderdelen in vliegtuigen, is er verdere 
kennisontwikkeling nodig om de voorspelbaarheid, betrouwbaarheid en robuustheid van 
lasverbindingen te vergroten teneinde de toepassing voor primaire structurele onderdelen 
mogelijk te maken.  

Op het grensvlak tussen de te verbinden delen spelen twee fenomenen een rol bij de 
ontwikkeling van de lasverbinding. Ten eerste dient er intiem contact tussen de twee 
oppervlakken gecreëerd te worden. Vervolgens, indien de temperatuur hoog genoeg is, zal 
er diffusie van polymeerketens optreden om de twee oppervlakken te versmelten. Hoewel 
deze twee mechanismen ten grondslag liggen aan het lasproces, zijn dit niet de enige 
factoren die het draagvermogen van de ontstane las bepalen. De fysische toestand van de 
te lassen oppervlakken en het grensvlak, alsmede de morfologie van het grensvlak spelen 
ook een belangrijke rol. De doelstelling van dit werk is het identificeren, analyseren en, 
waar mogelijk, kwantificeren van het effect van deze factoren op het draagvermogen van 
de lasverbinding. Hiertoe zijn eerst de meest relevante variaties in fysische staat en 
morfologie vastgesteld. Vervolgens zijn de effecten van deze variaties op de scheurtaaiheid 
van de lasverbinding afzonderlijk bestudeerd. Drie verschillende materiaalsystemen zijn 
onderzocht, allen relevant voor de luchtvaartindustrie, namelijk uni-directioneel (UD) 
koolstofversterkt PEEK, UD koolstofversterkt PPS en 5-kams satijn koolstofversterkt PPS. 

Wat betreft de fysische staat van de te lassen oppervlakken en het grensvlak, zijn twee 
factoren onderzocht. Ten eerste is gekeken naar het effect van oplosmiddelen, welke 
gebruikt worden bij de verwerking van de te verbinden delen, op de taaiheid van de 
lasverbinding. Het blijkt dat verontreinigingen door het gebruik van sommige 
oplosmiddelen de ontwikkeling van een taaie lasverbinding verhinderen. Ten tweede is de 
invloed van de kristallisatiegraad van het polymeer op het grensvlak op de taaiheid van de 
lasverbinding onderzocht. Hieruit blijkt dat een verlaging van de kristallisatiegraad, ten 
gevolge van een verhoging van de afkoelsnelheid na het lassen, samengaat met een 
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verhoging van de scheurtaaiheid, hetgeen een direct gevolg is van de vergrote plasticiteit 
van de polymere matrix. 

Ook wat betreft de morfologie van het grensvlak zijn er twee factoren onderzocht. Ten 
eerste is gekeken naar de invloed van een matrixrijke zone op het grensvlak. Hieruit blijkt 
dat, voor het geteste materiaalsysteem en de gekozen diktevariatie, de scheurtaaiheid 
proportioneel is met dikte van de matrixrijke zone. Wederom is dit te relateren aan de 
toegenomen plastische energie-dissipatie in de matrix, waardoor meer energie benodigd is 
voor scheurvorming. Tevens is gebleken dat de taaiheid van de lasverbinding nauwelijks 
wordt beïnvloed door vezelmigratie vanuit de composiet delen naar het matrixrijke 
grensvlak. Ten tweede is de invloed van weefstructuur alsmede de scheurrichting ten 
opzichte van de dominante vezelrichting op de scheurtaaiheid onderzocht. Hieruit blijkt 
dat de scheurtaaiheid sterk toeneemt met de mate van kronkeling van het scheurpad en 
daarmee sterk afhankelijk is van de scheurrichting en weefselstructuur. 

In het laatste gedeelte van dit proefschrift worden de resultaten beschouwd vanuit een 
breder perspectief door de te kijken naar de mechanismen die de taaiheid van de 
lasverbinding bepalen. De verkregen kennis is uiteindelijk vertaald naar richtlijnen voor de 
industrie die gebruikt kunnen worden om thermoplastische composiet lasverbindingen te 
vervaardigen met een hoge taaiheid. 
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Nomenclature 
 

The symbols used in this thesis are classified into a Roman, a Greek or a Geometric symbol 
group. Although some symbols can represent multiple quantities, its intended meaning 
follows from the textual context. 
 
Roman symbols 
 
A Area [m2] 
a, 𝑎𝑎app Crack length and effective crack length [m] 
𝐶𝐶 Compliance [m/N] 
C0 Initial compliance [m/N] 
𝐸𝐸, 𝐸𝐸1 Young’s modulus and apparent bending modulus [Pa] 
F Large deformation correction factor [-] 
Fa, Fp Alignment force and peel force [N] 
𝐺𝐺𝐶𝐶 , Critical energy release rate [J/m2] 
𝐺𝐺𝐼𝐼𝐶𝐶 , 𝐺𝐺𝐼𝐼𝐼𝐼𝐶𝐶 , Mode I and Mode II critical energy release rate [J/m2] 
ℎ Half of the specimen thickness [m] 
ℎ Thickness of the peel arm [m] 
I Moment of inertia [m4] 
𝐾𝐾𝐼𝐼𝐶𝐶  Critical stress intensity factor [Pa·m1/2] 
M Applied moment [N·m] 
N Load block stiffening correction factor [-] 
𝐿𝐿 Span length [m] 
P Applied force [N] 
Rq Root mean square roughness [m] 
𝑟𝑟𝑦𝑦 Plastic zone radius [m] 
T Temperature [°C] 
Tg, Tm Glass transition and melting temperature [°C] 
U Elastic energy [J] 
𝑊𝑊𝑓𝑓  Weight fraction of reinforcing fibre in the composite [-] 
𝑤𝑤 Specimen width [m] 
x Moment arm length [m] 
𝑥𝑥,𝑦𝑦 In-plane co-ordinates [m] 

 
Greek symbols 

 
∆, ∆clamp Correction factor for the DCB and ELS test [m] 
∆𝐻𝐻𝑓𝑓  Melting enthalpy [J/g] 
∆𝐻𝐻𝑐𝑐  Cold crystallization enthalpy [J/g] 
∆𝐻𝐻𝑓𝑓0 Reference melting enthalpy [J/g] 
𝛿𝛿 Cross-head displacement [m] 
𝑘𝑘 Curvature [1/m] 
μ Peel setup friction coefficient [-] 
𝜌𝜌 Radius of curvature [m] 
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𝑣𝑣 Poisson’s ratio [-] 
𝜎𝜎𝑦𝑦 Yield stress [Pa] 
𝑋𝑋𝑐𝑐  Degree of crystallinity [-] 

 
Geometric symbols 
 
// Parallel  
⊥ Perpendicular  
 
Abbreviations 

 
AFP Automated fibre placement  
C Carbon  
CBT Corrected beam theory  
DCB Double cantilever beam  
DOC Degree of crystallinity  
DSC Differential scanning calorimetry  
ELS End loaded split  
ENF End notch flexure  
HS Harness satin  
IFSS Interfacial shear strength  
LEFM Linear elastic fracture mechanics  
LVDT Linear variable displacement transducer   
MP Mandrel peel  
N Nitrogen  
O Oxygen  
PEEK Polyether-ether-ketone  
PI Polyimide  
PPS Polyphenylene-sulfide  
R-curve Crack growth resistance curve  
SBS Short beam strength  
SEM Scanning electron microscope  
Si Silicon  
S-LSS Single lap shear strength  
TPCs Thermoplastic composites  
UD Unidirectional  
XPS X-ray photoelectron spectroscopy  
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Chapter 1: Introduction 

1.1 Background and motivation 

Reduction of fuel consumption has been one of the main drivers for the development and 
incorporation of technology in the commercial aerospace industry. The new generation of 
aircraft, including the Boeing 787 Dreamliner, 737MAX, Airbus A350XWB, A320neo, 
Embraer E2 series and Bombardier CSeries, offer improvements in fuel consumption and 
greenhouse gas emissions. The reduction of fuel consumption is mainly driven by two 
factors, namely a new generation of engines and the extensive use of composite materials 
in the structures. The higher specific properties of composite materials help reduce the 
weight, increase payload capacity, increase operational range, and enhance the mechanical 
efficiency of the structures, making these aircraft economically more attractive than their 
metallic counterparts [1]. 

In the context of reducing aircraft manufacturing costs and weight, thermoplastic 
composites are particularly attractive. Firstly and more importantly, the processing of 
thermoplastic composites only involves softening of the matrix through heating followed 
by consolidation and cooling and does not involve any chemical reactions. This allows for 
fast manufacturing and assembling techniques, such as thermoforming and fusion bonding, 
which are also highly suitable for process automation [2-4]. Several business models have 
already shown the advantages of cost reduction through the use of thermoplastic 
composites by automation, shorter process cycles and higher production rates [5, 6]. 
Moreover, the near-infinite shelf life and lenient requirements for storage, e.g. no need for 
refrigeration, provide additional cost benefits compared to thermoset composites [7]. 
Additionally, thermoplastic composites show an increased fracture toughness and damage 
tolerance compared to thermoset based composites. This potential allows the construction 
of lighter structures, which further improve fuel efficiency of aircraft. 

Current aircraft design is based on the assembly of a number of separate structures, each 
of them made up of simple geometries. The design of large or complex structures would 
preferably avoid joints, as these are potential sources of weakness and additional weight. 
Nevertheless, the experience available in the composite industry showed that the most 
cost-effective and viable method to design such structures often involves manufacturing 
multiple parts and joining them together [8]. Figure 1.1 shows a simplified sketch of the 
assembly of a typical composite aerostructure (torsion box) using fasteners. 
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Figure 1.1: Sketch of the torsion box assembly using fasteners. 

Many techniques are available to join thermoplastic composites parts which can be 
subdivided into three main groups, namely mechanical fastening, adhesive bonding and 
fusion bonding. The most traditional technique is mechanical fastening. Fasteners are the 
primary joining method used in the aerospace industry. According to the Boeing Company, 
the Boeing 787 includes over 2.4 million fasteners. Although mechanically fastened joints 
are reliable and have excellent load bearing capacity, they have also some disadvantages. 
Besides the labour intensiveness and high costs involved, non-uniform load distribution 
across the joint interface (transfer of the load at the point where the fasteners are located) 
[9], stress concentrations created by the holes, and the risk of delamination during drilling 
[10], are some of the difficulties related to mechanical fastening mentioned in the 
literature. 

Adhesive bonding relies on an intermediate material (the adhesive  layer) to create a 
connection between two substrates. The adhesives used are often designed for specific 
material systems and applications to ensure proper bond quality. Adhesive bonding 
techniques sometimes are described as a preferable technique over mechanical fastening 
in the open literature, as provides a continuous bond between two surfaces, resulting in a 
more uniform stress distribution across the interface avoiding the stress concentrations 
induced by mechanical fastening. Nevertheless, an extensive surface preparation 
treatment prior to adhesive bonding is always required to improve wetting of low energy 
surfaces and to increase the surface roughness. The surface preparation, generally difficult 
to control in an industrial environment [10], together with long curing times for the 
adhesive, and the absence of a non-destructive test methodology to evaluate the bond, 
make adhesive bonding labour intensive, costly and sometimes less reliable [11, 12]. These 
problems slow down the certification process and the incorporation of adhesive bonding 
in the industry. 

From a practical viewpoint, fusion bonding involves heating of the interface between the 
parts (substrates) to be bonded, followed by the application of pressure and cooling down. 
During this process the material (polymer) at the interface melts and fuses together 
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forming a bond. After solidification the generated joint allows the transfer of forces among 
the substrates. The melting and fusing process can be subdivided in to intimate contact 
formation and healing which will be discussed in detail in the following section. The 
application of fusion bonding techniques can potentially overcome the problems of 
mechanical fastening and adhesive bonding when it comes to thermoplastic based 
composites [13]. Fusion bonding maintains the uniform stress distribution of adhesive 
bonding, while it is less sensitive to surface treatment and features short cycle times. 
Applications of fusion bonding technologies in thermoplastic composite aircraft structures 
can be found nowadays, demonstrating the great potential of this technology [3]. Examples 
of such applications are the main wing leading edges on the Airbus A340 and A380, which 
are assembled using a resistance welding technology by GKN Fokker Aerostructures, and 
the elevators and rudder in the Gulfstream G650 and Dassault Falcon 5X, which are 
induction welded by GKN Fokker Aerostructures using a method developed and provided 
by KVE Composites Group (The Hague, The Netherlands). Figure 1.2 illustrates both these 
applications. Even though successful commercial applications of fusion bonding can 
already be found, a wider use requires additional developments in order to improve 
predictability, reliability and robustness of the bonds. 

  

Figure 1.2: Left) Assembly of ribs before the resistance welding of the Airbus A380 leading edge. 
Right) Induction welded rudder of the Gulfstream G650. Pictures courtesy GKN Fokker 

Aerostructures. 

1.2 Fusion bonded joints 

Fusion bonding techniques are long-established technologies in the unreinforced 
thermoplastic industry, where the performance of the welded joint is reported to approach 
the bulk properties of the adherends [14]. Unfortunately, some issues appear when fusion 
bonding techniques are applied to continuous fibre reinforced thermoplastic composites. 
This is especially true in the case of high fibre volume fraction composites. Among the 
issues most mentioned in the literature are uneven heating, delamination, and distortion of 
the laminates [15], as well as a low amount of resin available to melt and reconsolidate 
into a fused bonded joint [16]. 
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There are many fusion bonding techniques available for thermoplastic composites, all 
differing in the way heat is applied at the interface [17, 18]. Two main groups of fusion 
bonding techniques can be distinguished by the location and zone to be heated, namely 
bulk heating and local heating (welding). The former group involves bringing the entire 
part to melt and using the tooling to maintain pressure on the entire part throughout the 
whole process. Consequently, as it involves bulk heating, this technique is characterised by 
long processing times (1-2 hours). The second group is characterised by local heating, and 
usually local pressure. As a consequence of this local heating, short processing times can 
be achieved (seconds to minutes). Among all the different welding techniques available, 
the most established for continuous fibre reinforced thermoplastic composites are 
resistance, induction and ultrasonic welding [19, 20]. 

 

Figure 1.3: Fusion bonding process of thermoplastic composites. Two substrates are brought 
together under the application of pressure and heat. First intimate contact is developed. 

Subsequently, in the areas where intimate contact is reached, healing of the polymer-polymer 
interface takes place. Figure adapted from [15] and [23]. 

The main physical mechanisms governing bond strength development are: I. Intimate 
contact between the two adherents (also known as wetting), and II. inter-molecular 
diffusion of the polymer chains across the interface [19] (also known as healing or 
autohesion) which takes place between the surfaces in intimate contact. Figure 1.3 
illustrates these two mechanisms. Intimate contact involves the flattening of surface 
asperities under the application of heat and pressure. The time required to achieve full 
intimate contact depends on the viscosity of the polymer at the processing temperature, 
the initial surface roughness and the applied pressure [21, 22]. For the fusion bonding 
process, the roughness of the substrates is usually low as these were already consolidated 
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prior to bonding [19]. Once intimate contact is achieved and the temperature is sufficiently 
high, the polymeric chains are free to move across the interface in order to entangle with 
the polymer chains on the opposite side. As the polymer chains cross the interface the 
strength of the bond is developed. Complete healing occurs when migration and 
entanglement of the polymer chains makes the bond line indistinguishable from the bulk 
[23]. The diffusion of molecules across the interface is a thermal random motion process, 
where the diffusion rate increases as the temperature increases. For amorphous polymers, 
the diffusion process can be described by the reptation theory of chains developed by De 
Gennes [24]. For semicrystalline polymers, the healing process appears to be more 
complicated. The crystalline regions hinder chain mobility, therefore melting and 
crystallisation kinetics interact with the interdiffusion process [25]. A common finding is 
that when the temperature of the mating surfaces of the substrates is above Tm a quick 
increase of the resulting bond strength is observed [26]. 

1.3 Relation Process – Structure – Performance 

A thorough description of the relationship between the material, the process, the resulting 
structure at the fusion bonded interface, and the mechanical performance is required in 
order to improve the predictability, reliability and robustness of fusion bonded joints. A 
proper understanding of these relationships will allow the formulation of joint design and 
manufacturing guidelines, which will then again increase or broaden the domains of 
application for the fusion bonding technique in various industries. 

The work on fusion bonding techniques, available in the open literature, is mostly focused 
on one single fusion bonding technique, such as induction, ultrasonic or resistance welding 
[14, 15, 17, 27, 28]. Besides, most commonly, those investigations aim at establishing 
relationships between process parameters and mechanical performance with the final aim 
of determining a processing window for a certain material system. In those scientific 
studies, process parameters are varied in an isolated manner, and the effect on the 
mechanical performance is evaluated. The dashed line in Figure 1.4 illustrates the followed 
approach. Although very insightful and absolutely required for technology development, 
translation of these results into other material systems or other welding technologies can 
be challenging. 

 

 
Figure 1.4: A schematic overview of the research approach 

In order to develop a more generic understanding of the interrelation between materials, 
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processing and performance, that holds for multiple materials and process, one needs to 
consider the microstructure of the fusion bonded interface. More specifically, a proper 
understanding of microstructure development during fusion bonding as well as the 
influence of the microstructure on joint performance is required as is illustrated by the 
continuous line in Figure 1.4. Microstructure in this context is defined rather broadly. It 
does not only involve the degree of bonding, comprising intimate contact and healing, but 
also other structural features such as fibre-matrix distribution, contamination of the bond 
line, degree of crystallinity of the matrix, residual stresses, void fraction and degree of 
polymer degradation [15, 19, 27, 28]. A proper description of the relationships between 
such (micro)structural parameters and mechanical performance is required to predict the 
mechanical performance of fusion bonded joints, independently of the bonding technique 
used. 

This thesis focuses on the interrelation between the microstructure in the bond line and 
the bond performance. The latter can be characterised in different ways. Generally, the 
mechanical performance of fusion bonded joints is evaluated by single lap shear strength 
(S-LSS) tests [15, 19, 27]. The specimen of a S-LSS test is manufactured by joining two 
substrates in an overlap configuration as shown in Figure 1.5. The test is easy to perform 
and consists of pulling apart the two substrates until failure. The result of the 
measurement is an apparent shear strength of the joint. The S-LSS is a popular test, as it is 
regarded as a simple to perform, and with a loading situation close to the real application. 
However, the result of the test is highly dependent on the specimen geometry, bond line 
thickness, bond line stiffness, adherend stiffness among other variables, which sometimes 
are difficult to control accurately. The geometry of the test specimen creates a complex 
stress distribution throughout the specimen, which is a combination of both peel, and 
shear stresses [29]. Consequently, the S-LSS result can only be considered as an apparent 
property rather than the desired material/structural property. As such the apparent shear 
strength provided by single lap shear test is generally not totally valid for the comparison 
of different fusion bonding techniques [30], or to establish a relationship between 
structural parameters and mechanical performance. 

 
Figure 1.5: Schematic illustration of an S-LSS specimen. 

Some authors have proposed the family of fracture toughness test as an alternative to S-
LSS test to characterise the mechanical performance of fusion bonded samples [15, 19, 
26, 31]. Interlaminar fracture toughness or delamination resistance is one of the major 
design concerns for many advanced laminated composite structures, in particular for those 
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structures where high-stress concentrations occur as in the case of joints. In such 
structures, delamination is one of the predominant failure modes [32]. Furthermore, 
provided that the fracture mode (mode I or II or III) is consistent, interlaminar fracture 
toughness measurements are independent of specimen geometry, thereby making 
interlaminar fracture toughness to be a valuable parameter [33]. In particular, 
interlaminar fracture toughness test has been found useful to quantitatively evaluate the 
effect of materials, processing, and environmental variables on the mechanical 
performance, as well as helpful to develop damage allowables for composite structures 
[34]. Therefore, knowledge of the interlaminar fracture toughness of composite materials 
is worthwhile for product development, process optimisation, and material selection. 

1.4 Problem statement and objective 

As mentioned earlier, in order to work towards more robust, reliable, and predictable 
fusion bonding processes and joints, a proper description of the relationship between 
process, structure and performance is required. In particular, a proper description of the 
relationship between microstructural features induced by the fusion bonding processes 
and performance of the joints is lacking. Therefore, the objective of this work is to identify, 
analyse and when possible quantify the relation between physical state and structural 
features induced by the fusion bonding process and the resulting mechanical performance 
of the joints. 

1.5 Approach 

An experimental methodology was followed to evaluate the relation between structure 
and performance. The structural features studied were generic and therefore relevant for 
any type of fusion bonding process. Processing techniques were carefully selected and 
manufacturing procedures were developed to vary a single feature, trying to avoid the 
modification of features that were not under study. Specimens were then manufactured, 
followed by an evaluation and quantification of the feature under investigation. 
Subsequently, the mechanical performance of the bond was characterised. As the aim of 
this work is to qualitatively understand the effect of the variation of structural features on 
the mechanical performance, interlaminar fracture toughness was chosen as the measured 
property. Testing techniques for interlaminar fracture toughness are aimed at applied 
well-defined loading modes. Finally, quantitative or qualitative relationships between 
structural features and mechanical performance were established from the observations. 

Four structural features were investigated in this work, namely i. contamination of the 
bond line by the release media, ii. degree of crystallinity of the bond line, iii. matrix-rich 
bond line thickness, and iv. architecture of the reinforcement at the bond line. The reason 
for selecting these features is further elaborated in the outline section. Throughout this 
study, three different material systems were used, all supplied by TenCate Advanced 
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Composites. The three aerospace material grades used are namely, unidirectional (UD) 
Carbon fibre reinforced Polyether-ether-ketone (PEEK), a 5 harness satin (5HS) woven 
Carbon fabric reinforced PEEK, and a UD Carbon fibre reinforced Polyphenylene-sulfide 
(PPS). The different materials were selected to highlight the structural feature under 
study. 

1.6 Outline 

The core content of this work comprises four chapters (Chapter 2 to 5). The chapters are 
reproduced from research papers, meaning that some information is repeated in every 
chapter. However, with this format, a single chapter can be read without losing the 
essential information of the problem being tackled. Figure 1.6 shows a fusion bonded 
specimen being fractured in opening mode. The figure also illustrates which structural 
features were studied in the thesis. A brief description of the content and the motivation 
behind each of the chapters is presented. 

 

Figure 1.6: Schematic representation of a fusion bonded specimen. The structural features studied 
are highlighted with the chapter in which the topic was studied.  

The release media, used as an ancillary material during consolidation and eventually 
forming of thermoplastic composites, can potentially leave contaminants on the surfaces of 
the substrates. These contaminants will be trapped in the bond line during the fusion 
bonding process and may affect the joint performance. The second chapter discusses the 
effect of surface contamination, caused by release media, on the toughness of fusion 
bonded UD Carbon/PEEK joints. Efforts were spent to correlate the physicochemical state 
of the substrate surface prior to bonding to the interlaminar toughness of the bond line.  
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High cooling rates can be achieved during the fusion bonding process. The effect on the 
bond line is particularly relevant for semicrystalline polymers such as PEEK or PPS, as the 
cooling rate affects the degree of crystallinity as well as the crystalline morphology, which 
then again will influence the mechanical properties. High cooling rates are correlated with 
a low degree of crystallinity. In the third chapter, the influence of crystallinity on 
interlaminar fracture toughness of Carbon/PPS fusion bonded joints was investigated. A 
stamp-forming process was used in a novel way in order to obtain well consolidated 
specimens with a low crystallinity, which were then characterised using double cantilever 
beam testing. In this chapter, PPS was selected as it has slower crystallisation kinetics than 
PEEK, which allows the achievement of a relative lower degree of crystallinity for the same 
cooling rate. 

It is a common practice in fusion bonding of thermoplastic composites to add a matrix 
layer between the two substrates to be joined. The aim of this practice is to ensure good 
wetting of the two substrates. Depending on the process parameters, the morphology of 
the matrix-rich bond line thickness will be varied, and thereby the mechanical 
performance of the bond. The fourth chapter presents a study on the effect of the matrix 
bond line thickness on the toughness of Carbon/PEEK fusion bonded specimens. 
Specimens were manufactured using three different processing techniques, which resulted 
in variations in the fibre-matrix distribution at the interface.  

So far the investigation of this work was focused on unidirectional material. However, 
fusion bonding techniques are often applied to woven structures. The delamination 
behaviour of woven structures is generally more complex than for UD reinforcement, 
mainly due to the mesostructure of the woven reinforcement. The irregular interlaminar 
structure of woven fabric composites forces a delamination (crack) to interact with the 
matrix-rich regions and the weave structure during its propagation. In the fifth chapter a 
novel experimental method is introduced to characterise the fracture toughness of woven 
fabric reinforced laminates. The method is then applied to study the effect of crack 
propagation direction on the toughness of 5HS Carbon/PEEK laminates. Efforts are spent 
to relate the weave structure to the measured fracture toughness. 

Following the core chapters two to five, the obtained results are consolidated and 
discussed in chapter six. First, a summary of the relation between the structural features 
studied and the observed interlaminar fracture toughness is presented. Second, the results 
are discussed from a broader viewpoint by looking at the mechanisms that govern the 
interlaminar fracture toughness of fusion bonded joints. Based on this, the knowledge 
gained is translated into practical guidelines to manufacture fusion bonded joints with 
high interlaminar fracture toughness for use by industry. Also, the effect of the studied 
features on other properties than toughness are discussed. 

The last chapter of this thesis presents the conclusions as well as the recommendations for 
future work. 
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Chapter 2: Effects of release media on the fusion bonding of 

Carbon/PEEK laminates* 

Abstract 
Carbon fibre reinforced thermoplastic composite laminates have been press 
consolidated using various release media. The potential contamination of the 
laminate’s surface by the release media and its effect on the performance of 
the joint after fusion bonding was studied. Before bonding, the physical and 
chemical state of the bonding surfaces were analysed by measuring the 
surface energy and roughness. The laminate surface’s chemical composition 
was investigated by X-ray photoelectron spectroscopy (XPS). Subsequently, 
the laminates were fusion bonded through an autoclave cycle. The 
mechanical performance of the joints was characterised by mode-I fracture 
toughness and short beam strength tests. The surface of some of the 
composite laminates was found to contain high concentration of the release 
medium residues after consolidation. This contamination showed a 
significant effect on the mechanical performance of fusion bonded joints. It 
was demonstrated that the performance of the joint can be regained by 
employing a simple cleaning method. 

  

                                                                        
 

*Reproduced from F. Sacchetti, W. J. B Grouve, L. L. Warnet and I. F, Villegas. “Effects of 
release media on the fusion bonding of Carbon/PEEK laminates”, Composites Part A: 
Applied Science and Manufacturing, pp. 70-76, Vol. 94, 2017. 
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2.1 Introduction  

Continuous fibre reinforced thermoplastic composites (TPCs) are attracting increasing 
interest from the aerospace and automotive industries. Thermoplastic based composite 
materials have advantages over their thermoset counterparts. These advantages include a 
higher toughness, a better environmental resistance and improved flammability properties 
[1-3]. From a manufacturing point of view, the main advantage of thermoplastic 
composites lies in their potential for high production rates [4, 5]. The fact that no cure 
reaction is needed and processing only involves softening of the matrix through heating 
allows for fast manufacturing and joining techniques, such as thermoforming and fusion 
bonding, respectively, which are also highly suitable for process automation [6-9]. 

The present work focuses on fusion bonding, a family of joining techniques in which 
thermoplastic composite parts are joined at elevated temperatures through the diffusion 
of thermoplastic polymer molecules across the joint interfaces followed by consolidation 
under pressure. Effective interdiffusion requires intimate contact, which involves polymer 
flow to flatten the surface asperities [10, 11]. Fusion bonding processes are usually divided 
into those where the whole assembly is heated up, such as co-consolidation, where parts 
are consolidated and fusion bonded in the same autoclave process [9], or those where only 
the joining interface and its vicinity are heated, referred to as welding processes [10-15]. 

Contrarily to adhesive bonding, which involves careful treatment of the surfaces to be 
bonded [16], fusion bonding is claimed not to require any special surface treatment other 
than degreasing since the thermoplastic matrix melts during the process [14, 15]. 
However, the release media used to treat the moulds for forming and consolidation of 
thermoplastic composites can potentially leave contaminants on the surfaces, which will 
be trapped in the bond line during the fusion bonding process. These contaminants might 
subsequently have an impact on the mechanical performance of the bond. It is clear that 
additional research on this topic is required in order to mature the fusion bonding 
processes. 

Our previous research [17] on Carbon/PEEK has shown that the release media used during 
the consolidation of parts can have a significant influence on their ability to be fusion 
bonded. The present work is an extension of this earlier study and presents a deeper 
investigation to identify the nature of the contamination. For this purpose, Carbon/PEEK 
laminates were consolidated using three different release media. The surface state was 
analysed using roughness measurements, surface energy measurements and by X-ray 
photoelectron spectroscopy (XPS) measurements. Subsequently, the laminates were fusion 
bonded, after which the joint performance was characterised using short beam strength 
test (SBS) and mode-I fracture toughness by double cantilever beam (DCB) experiments. 
The experimental results showed a clear correlation between the state of the surface 
before welding and the mechanical performance of the joints. A solution was provided to 
quantify the level of contamination, based on the obtained results. Moreover, a cleaning 
process approach was proposed to reduce the level of contamination on the surface. 
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2.2 Experimental Methods 

2.2.1 Materials 

Unidirectional Carbon Polyether-ether-ketone (PEEK) pre-preg material (Cetex TC1200 
produced by TenCate, The Netherlands) was used in this research. Flat laminates with a 
[0]12 stacking sequence were press consolidated in a 2 MN Pinette hotplaten press using a 
25.4 by 25.4 cm2 picture frame mould. The press consolidation cycle suggested by TenCate 
was used to manufacture the laminates, and it is shown in Figure 1. The nominal laminate 
thickness after press consolidation was 1.5 mm. A total of 12 laminates were manufactured 
using three different release media; four laminates were consolidated using each release 
medium. The three different release media used were: Polyimide A film, having a glass 
transition temperature Tg of 285 °C, which is below the processing temperature of PEEK; 
Polyimide B film with a Tg of around 500 °C, which is well above the processing 
temperature of PEEK, and finally a liquid semi-permanent Silicon based release agent. The 
surfaces of the Polyimide films were cleaned by wiping by hand for 2 minutes with a 
Wypall® X60 cloth wetted with isopropyl alcohol. The commercial names of the release 
media used in this work are not disclosed as agreed with the manufacturers. A laminate 
with a configuration of [0]24 was press consolidated as well to characterise the 
performance of the parent material. 

 
 

 
Figure 2.1: Press cycle used to manufacture flat laminates. The dashed line indicates temperature 

and solid line indicates pressure. 

2.2.2 Surface cleaning  

The laminates were separated into two groups after the press consolidation step. Each 
group was subjected to a different cleaning process. The aim of this cleaning process was 
to reduce the amount of potential contamination on the surface. The two different 
approaches used were: 
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I) The surfaces of the laminates were wiped by hand for 2 minutes with a Wypall® X60 
cloth wetted with isopropyl alcohol by applying a normal force of approximately 10 N (this 
resulted in a pressure of roughly 6 kPa). 

II) The surfaces of the laminates were vigorously wiped with the same dry cloth for 5 
minutes by applying a normal force of about 80 N (resulting in a pressure of roughly 50 
kPa) by hand, followed by cleaning treatment I. 

2.2.3 Surface analysis 

Three different experimental techniques were used to characterise the surface before 
joining. Firstly, the surface energy of the laminates was determined using an optical 
contact angle measurement device Dataphysics OCA 20. Various liquids were used at room 
temperature, following the Owens, Wendt, Rabel and Kaelble (OWRK) method [18]. This 
technique is known to be sensitive to surface contamination [19]. Figure 2.2 shows an 
example of a picture from which the contact angles were determined. It is important to 
note that the measurements were performed parallel to the fibre direction, the contact 
angle in the direction perpendicular to the fibres would be different due to the influence of 
the surface topography. The three liquids used were: demineralised water, n-Hexane, and 
ethylene glycol. Three specimens were tested for each laminate and five measurements 
were performed for each specimen, the standard deviation was calculated over the 
laminate. 

 
 
 

 

 
Photo taken in fibre direction 

(i.e. 0 deg as shown in the drawing) 

 
Photo taken transverse to fibre direction 

(i.e. 90 deg as shown in the drawing) 
Figure 2.2: Effect of fibre orientation on contact angle. 

 
 

http://www.dataphysics.de/english/produkte_oca-20.htm
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Secondly, since contact angle measurements provide combined information about the 
roughness and chemical composition of the surface, roughness measurements were 
carried out separately using a Keyence VK 9700 confocal laser scanning microscope. 

 
 

 
Figure 2.3: Carbon 1S spectrum, deconvoluted into different peaks for different types of bonds (1: 
C-C-C bond at 284.7 e.V.; 2: C-O bond at 286.3 e.V., 3:C-C-C bond at 287.1 e.V. and 4: shake-up at 

291 e.V) 

 
 

Thirdly, the chemical composition of the surface of the composite was determined by X-ray 
photoelectron spectroscopy, using a Quantera SXM scanning XPS microprobe from 
Physical Electronics. The different peaks in an XPS spectrum can be assigned to different 
chemical elements, while the area under the peaks provides information on the amount of 
those elements on the surface. Moreover, the peaks can be deconvoluted to distinguish the 
types of chemical bonds that each element has and their relative levels. For example, as 
shown in Figure 2.3, the Carbon 1S peak (denoted as “measurements fit”) can be 
deconvoluted in several overlapping peaks attributed to C-C-C, C-O and C=O bonds. 
Reference values are required to improve the interpretation of XPS analysis. For this 
purpose, the XPS spectra of the two neat polyimide (PI) films and the Carbon/PEEK pre-
preg were obtained. The chemical structure of the components is shown in Figure 2.4. The 
theoretical spectrum can be determined from the chemical structure of the material. 
Firstly, the elements which are expected and the amount of each element has to be 
identified. Secondly, the nature of the chemical bonds and the amount of them has to be 
identified. The theoretical PEEK spectra were compared with the measured Carbon/PEEK 
spectra of the material as received and a good agreement of the amounts of elements and 
bonds gives a conformation of the material. Thereafter, the spectra of the PI film and 
Carbon/PEEK samples were then compared with the spectra of the laminate surfaces after 
press consolidation. 
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PEEK 

 

Polyimide A 

 

Polyimide B 

Figure 2.4: Chemical structure of PEEK, Polyimide A, and Polyimide B. 

2.2.4 Fusion bonding 

For simplicity, the different press-consolidated laminates produced in this study were 
fusion bonded in an autoclave, similar to the co-consolidation process. Although not 
entirely realistic, autoclave fusion bonding of pre-consolidated laminates allowed us to 
focus solely on the effect of release media in the fusion bonded joints without any potential 
noise in the results caused by phenomena associated with local heating in typical welding 
processes, such as uneven temperature distributions or residual stresses. Consequently, 
sets of two laminates which had been press consolidated using the same release medium 
and had undergone the same cleaning procedure were stacked on top of each other, 
vacuum bagged and fusion bonded in an autoclave cycle. The autoclave cycle was 
performed following the specifications of TenCate for the consolidation of regular 
laminates and is illustrated in Figure 2.5. Table 2.1 shows the various combinations used. 

 
Figure 2.5: Autoclave cycle used to co-consolidate (or fusion bond) two flat laminates. The dashed 

line indicates temperature and solid line indicates pressure. 
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Release agent used in the 
press consolidation 

Cleaning treatment before 
Co-consolidation 

Co-consolidated 
 Sample Name 

Si based release agent Treatment I SiI 
Si based release agent Treatment II SiII 

Poly(imide) A film Treatment I AI 
Poly(imide) A film Treatment II AII 
Poly(imide) B film Treatment I BI 
Poly(imide) B film Treatment II BII 

Table 2.1: Names of the various co-consolidation samples. 

2.2.5 Mechanical testing 

The mechanical performance of the joints was characterised using double cantilever beam 
(DCB) and short beam strength (SBS) testing. The DCB samples were cut from the 
laminates in the longitudinal direction of the fibres and then tested according to ISO 
15024. The specimens were loaded in a servo-hydraulic Instron 8500 universal testing 
machine equipped with a 1 kN force cell. A travelling recording camera was used to 
measure the crack length during testing. Corrected beam theory (CBT) data reduction 
analysis was implemented to analyse the data. The SBS test was performed according to 
ASTM D2344. The specimens were loaded in an Instron 5982 electro mechanic universal 
testing machine equipped with a 10 kN force cell. The span length used was 16 mm. 

Cross-sectional micrographs were obtained with a Leica DMRX optical microscope. The 
micrographs were used to assess the state of the fusion bonded interface. Micrographs of 
the fracture surface of the DCB samples were obtained using a NeoScope JCM-5000 
Scanning Electron Microscope (SEM). Fractography was used to assess the failure modes of 
the samples. 

2.3 Results and Discussion 

The current section presents and discusses the obtained experimental results. Firstly, the 
surface evaluation is described. The surface energy and roughness measurements are 
presented followed by the XPS spectroscopy results. Secondly, the results from DCB and 
SBS tests are presented followed by the microscopic analysis on the failed specimens. 

2.3.1 Surface analysis 

2.3.1.1 Surface energy and roughness 

The surface energy of the laminates was calculated with the contact angle measurements 
after press consolidation and cleaning. Surface energy results with standard deviations are 
given in Table 2.2. It can be noted that the surface energy of the laminates consolidated 
with Polyimide A and with the Silicone based semi-permeant release media showed 
similar values, irrespectively of the chosen cleaning treatment. Different values were 
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however observed for the laminates consolidated with Polyimide B film. For these, surface 
energy values similar to the other laminates were only obtained after the strong cleaning 
procedure (i.e. procedure II). 

Differences in surface energy can be caused by differences in roughness or variations in 
the chemistry of the surfaces. The surface roughness of all the laminates, as measured by a 
confocal microscope, was found to be Rq = 0.25 ± 0.05 µm. The scatter of the results of the 
six laminates was within the error of the measurement technique. Hence, the difference in 
the surface energy can be attributed to differences in the chemistry of the surfaces. 

Release agent 
Surface Energy 

(mJ/m2) 
Cleaning Treatment I Cleaning Treatment II 

Si based 29.2±1 28.5±1 
PolyimideA 29.8±1 30.1±1 
PolyimideB 48.5±1 30.5±1 

Table 2.2: Surface energy of the different samples. The liquids used were demineralised water, 
n-Hexane, and ethylene glycol. 

2.3.1.2 XPS Analysis 

The XPS results are summarised in Tables 2.3 and Table 2.4. Table 2.3 shows the 
percentage of the main elements detected on the surface of laminates. Table 2.4 
summarises the results from the deconvoluted Carbon and Oxygen peaks which gives 
information about the nature of the chemical bonds between the elements. The first four 
rows of Table 2.3 are reference values for the basic materials used, i.e. PEEK, Carbon/PEEK 
in pre-preg form, Polyimide A and B. The next four rows show the results for the laminates 
after the two cleaning processes. The percentages of Oxygen and Carbon detected in the 
Polyimide films and PEEK are similar, which makes this data less usable for distinguishing 
the components. Nevertheless, the presence of Nitrogen in the Polyimide (PI) films can be 
used to identify the difference between PI and PEEK. However, this information is not 
conclusive and additional information can be obtained from the deconvolution of the peaks 
and the ratios between the chemical bonds. The ratio among the Carbon bonds (i.e. C-C-C 
vs. C-O vs. C=O) and Oxygen bonds (C-O-C vs. C=O) can be used to differentiate the 
presence of one or the other component.  

In Table 2.3 it can be seen that all the laminates have some contaminating elements in 
comparison with the theoretical reference; even in the as-received materials. The lowest 
amount of contamination was observed in the laminate consolidated with the Silicon-
based semi-permanent release agent. The main element detected on this laminate, apart 
from the constitutive elements of PEEK, is Silicon which is one of the constitutive elements 
of the release agent. The deconvolution of the Carbon and the Oxygen peaks remains 
similar to what is obtained for the pure PEEK (Table 2.4). Similar observations were made 
on the surface of the laminate consolidated with Polyimide A as a release medium. 
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Although this shows the presence of 2 % of Nitrogen, the deconvolution of the Carbon and 
Oxygen peaks are similar to the theoretical values of the PEEK pre-preg. However, the 
results from the laminate, in which Polyimide B was used as a release medium and 
cleaning treatment I was applied, are different. The data in Table 2.3 clearly shows an 
increased concentration of Nitrogen. Moreover, in this laminate the deconvolution of the 
Carbon and Oxygen peaks does not look similar to PEEK. Instead, it appears quite similar 
to the deconvolution of the Polyimide B film (Table 2.4). Contrary to the other release 
media, it seems that mostly Polyimide B remnants can be found on the Carbon/PEEK 
surface after consolidation and cleaning treatment I.  

 
Element C O Si N others 

Binding Energies (e.V.) 285 532 102 689 - 
Theoretical PEEK 86.4 13.6 - - - 

Carbon/PEEK Pre-preg 85.2 13.3 0.1 - 1.4 
Polyimide A 81.5 13.9 - 4.5 0.1 
Polyimide B 79.6 14.3 - 6.1 - 

Laminate - Si base -  
Treatment I 81.4 15.9 2.4 - 0.3 

Laminate - Polyimide A - 
treatment I 82.7 14.7 - 2.0 0.6 

Laminate - Polyimide B - 
treatment I 73.5 17.9 - 4.9 3.7 

Laminate - Polyimide B - 
treatment II 85.1 13.0 0.1 1.5 0.3 

Table 2.3: XPS results, amount of each element. 

 

The results obtained after cleaning treatment I were not expected, the lower glass 
transition temperature and the higher chemical affinity of Polyimide A with respect to 
Polyimide B would suggest that a higher level of contamination may arise when polyimide 
A is used. To understand this better further research is required and this is beyond of the 
scope of this research.  

 
Deconvoluted Bonds C-C-C/ C-O/C=O C-O-C/ C=O 

Binding Energies (e.V.) 284.7/286.3/287.5 533.4/531.3 
Theoretical PEEK 14/4/1 2/1 

Polyimide B 14/1.6/2.1 2/13.8 
Laminate – Si base - Treatment I 14/4.8/0.6 2/1.1 

Laminate - Polyimide A - Treatment I 14/4.5/0.7 2/1.1 
Laminate - Polyimide B - Treatment I 14/1.4/1.9 2/14 
Laminate - Polyimide B - Treatment II 14/4.8/0.6 2/1.6 

Table 2.4: XPS deconvolution of Carbon and Oxygen bonds. 
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After applying cleaning treatment II to the Polyimide B laminates, the XPS analysis shows a 
significant decrease in the amount of Nitrogen. Likewise, the Carbon and the Oxygen 
deconvolution after cleaning treatment II are more similar to the PEEK spectrum than to 
that of the Polyimide. These results indicate hence that the Polyimide B release agent 
leaves a residue on the surface of the laminates that is not completely removed with 
cleaning treatment I but can be removed from the surface using the cleaning treatment II.  

Good agreement between XPS measurements, and surface energy measurements were 
found. When no contaminants were presented, the surface energy values were always the 
same. On the other hand, when contaminats were presented the values of surface energy 
change. Surface energy measurements were found to be a quick indicative technique of the 
state of the surface. Potentially, surface energy measurements could even serve as an easy 
quality check before fusion bonding. However, this would require additional research. 

2.3.2 Mechanical testing 

2.3.2.1 Fracture toughness 

The fracture toughness in mode-I for the different samples was tested according to ISO 
15024. Stable crack propagation was observed in all cases. A typical force displacement 
and crack length displacement curve is shown in Figure 2.6. The fracture toughness during 
crack propagation remains stable and fibre bridging was not observed. The fracture 
toughness determined for all samples is shown in Figure 2.7(a). 

 

 
Figure 2.6: Typical force displacement and crack length displacement curve observed during 

testing. 

 

The co-consolidated samples SiI and AI (see Table 2.1) show toughness values similar to 
the parent material, indicated by ‘press’ in the bar graph. This suggests that the level of 
surface contamination in these samples was not high enough to affect the fracture 
toughness of the joint. The co-consolidated sample BI shows, however, a significant drop 
(85 % drop with respect to the performance of the parent material) in toughness 
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compared to the other samples. This correlates with the higher contamination of the 
laminate surface as observed in the XPS measurements. The co-consolidated sample BII 
again shows a fracture toughness similar to the parent material. XPS measurements have 
already shown the reduction of contamination due to cleaning treatment II. It can be 
concluded that the residual contamination on the surface after cleaning treatment II does 
not degrade the toughness of the Polyimide B samples. 

 

  
a) Delamination fracture toughness b) Short beam strength 

Figure 2.7: a) Delamination fracture toughness and b) short beam strength of six samples. 

2.3.2.2 Short beam strength 

The short beam strength values obtained for the different types of samples considered in 
this study are shown in Figure 2.7(b). Similarly to the behaviour in Mode I loading, all 
types of samples showed a similar SBS as the parent material except for the BI samples, 
which showed a 80 % decrease in their average SBS as compared to the average SBS of the 
parent material. Moreover, two different failure behaviours related to these two different 
strength levels were observed during short beam testing, which are illustrated in Figure 
2.8. The sample with lower short beam strength, i.e. the BI sample, showed pure 
interlaminar shear failure. Cracks were observed on the sides of the sample and the crack 
was located in the midplane at the bond line. In contrast, the samples with the highest 
strength values showed a combination of inelastic plastic deformation and pin indentation 
prior to interlaminar failure. Moreover, the interlaminar cracks were found to be present 
in multiple planes but almost none in the midplane (or bond line). Schematic pictures of 
these failure modes are shown in Figure 2.8. The combination of these failure modes does 
not comply with the test standard. Hence, it is difficult to comparatively analyse the results 
of the test for the different types of samples tested. Nevertheless, for the samples that 
yielded the highest strength, the results can be considered to provide a lower bound for 
the interlaminar strength of the specimen since the interlaminar failure mode was not yet 
initiated at the moment of the force level off. 
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Figure 2.8: Two distinct force displacement curves observed during SBS testing and schematic 

pictures of the failure modes. 

2.3.3 Cross-sectional micrographs and fractography 

Cross-sectional micrographs of all the samples were analysed after manufacturing. The 
bonded area between adjacent plies in the press-consolidated samples look similar to the 
bond line between two laminates after fusion bonding (Figure 2.9 (a)). No significant 
differences were observed in such cross section irrespectively of the release medium used 
and the applied cleaning treatment. 

The cross section of the samples as well as the fracture surfaces were analysed using 
optical and scanning electron microscopy after performing the fracture toughness (DCB) 
tests. All samples that showed a high toughness look similar, with fracture surfaces 
characterised by a tortuous crack path with a fibre-rich surface, some broken fibres and 
fibre imprints in the matrix. A completely different fracture surface was found for the 
sample with low toughness, i.e. the BI sample. In this case only a matrix-rich fracture 
surface was observed and a smooth crack path (Figure 2.9 (b),(c),(d)). 

  
 

 

  
 

 
(a) (b) (c) (d) 

Figure 2.9: (a) Cross-sectional micrographs before testing (the white circle indicates the 
interfaces), (b) cross section after DCB testing, (c) schematic of the DCB failure, and (d) SEM 
micrograph of the DCB fracture surface. From top to bottom, parent material (one-step press 

consolidation of 24 layers), and co-consolidation sample BI. 
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The absence of voids in the fusion bonded samples irrespectively of the release media used 
to obtain the press-consolidated laminates indicates that proper intimate contact was 
achieved. It can be noticed in Figure 2.9 (a) for the case of BI sample, which looks similar to 
all the other fusion bonded samples. Therefore, the lower mechanical performance of the 
BI sample, having the higher surface contamination, could be attributed to the 
contamination causing some obstruction of the interdiffusion process. However, to draw 
definite conclusions more research in the healing process of these interfaces would be 
required. 

2.4 Conclusions 

The aim of this paper was to find a correlation between the presence of contamination on 
the surface of unidirectional Carbon/PEEK composites due to the use of release media 
(two types of polyimide films and a solvent based release agent system) during their 
manufacturing and the drop in the mechanical performance of fusion bonded joints 
obtained with these composites. Firstly, the presence and nature of potential surface 
contamination was evaluated with different techniques. Surface energy measurements 
were found to be a quick indicative technique of the state of the surface, while XPS 
measurements were used to quantify the amount of contaminants present on the surface. 
It was found that one of the polyimide films investigated leaves a significantly higher level 
of contamination. Subsequently, SBS and DCB tests were used to evaluate the effect of the 
contamination on the mechanical performance of the fusion bonded joints. Both testing 
techniques showed the same trend: the fracture toughness and short beam strength of the 
co-consolidated samples were found to be similar to the performance of the parent 
material for low levels of surface contamination. High surface contamination, however, 
resulted in a severe deterioration of the joint strength and toughness. Nevertheless, these 
higher levels of contamination could be successfully reduced by following a proper 
cleaning procedure. This work shows that in certain systems the remnants of release agent 
on the surface limit the proper development of fusion bonding. This has to be taken 
seriously in some industrial applications such as automated fibre placement, welding and 
over-moulding techniques where fusion bonding is of fundamental importance.  
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Chapter 3: Effect of cooling rate on the interlaminar fracture 

toughness of unidirectional Carbon/PPS laminates* 

Abstract 
The effect of cooling rate on the interlaminar fracture toughness of Carbon 
reinforced PPS laminates was investigated experimentally. A typical stamp 
forming process was utilised in a novel manner to achieve high average 
cooling rates, of up to 3500 °C/minute, while ensuring a good consolidation 
quality. Differential scanning calorimetry measurements were used to 
characterise the degree of crystallinity of the samples, while the interlaminar 
fracture toughness of the laminates was characterised under mode I using 
the Double Cantilever Beam test. Finally, micrographic analysis of the 
fracture surfaces was carried out to correlate the degree of crystallinity to 
the failure modes. A strong correlation between fracture toughness and 
degree of crystallinity was found. The samples with a low degree of 
crystallinity showed a high interlaminar fracture toughness and large plastic 
deformation of the matrix during fracture. 

  

                                                                        
 

*In preparation to be submitted to: Engineering Fracture Mechanics 
F. Sacchetti, W. J. B Grouve, L. L. Warnet and I. F. Villegas, “Effect of cooling rate on the 
interlaminar fracture toughness of unidirectional Carbon/PPS laminates”. 
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3.1 Introduction 

Thermoplastic composites are of increasing interest to the aerospace and automotive 
industries. Compared to many metals, they provide a higher specific strength and stiffness, 
an increased design freedom and the ability to tailor mechanical performance to the 
particular application [1]. Moreover, the melt-processability of the thermoplastic matrix 
allows high production rates, assembly through fusion bonding and makes recycling easier 
as the matrix and fibres do not necessarily need to be separated [2, 3]. Arguably, the main 
bottleneck preventing broader application of thermoplastic composites is the final part 
costs. To overcome this, efforts have been made to cut manufacturing costs through 
automation and by reducing cycle times. This has resulted in the industrialisation of new 
manufacturing technologies such as stamp forming [4-6], which in some cases is found to 
be more cost efficient than the previously existing thermoset manufacturing processes. 
Moreover, new promising thermoplastic composite production techniques such as laser 
assisted fibre placement, over-injection moulding, pultrusion, and ultrasonic welding are 
under continuous development, with the aim of further reducing the manufacturing costs. 
All of these new processing techniques are characterised by having high cooling rates, 
ranging from 400 °C/min for pultrusion [7] up to 24000 °C/min for automated fibre 
placement (AFP) [8]. Changes pertaining to the large cooling rates during manufacturing 
are known to affect the mechanical performance of the final thermoplastic composite 
parts. Therefore, the interest in the effect of fast cooling rates on the mechanical 
performance of thermoplastic composites is becoming more relevant with the 
advancement of these new technologies. Unfortunately, process optimisation of the new 
manufacturing technologies is challenging as the characteristic processing conditions, 
cooling rate in particular, still lie outside the known process-property envelope. This 
makes it difficult to predict the mechanical performance of the final part. Clearly, there is a 
need to extend the known process-property envelope for a range of materials in order to 
fully utilise the potential of thermoplastic composites. 

The effect of processing conditions, and in particular cooling rate, on the mechanical 
properties of Carbon fibre reinforced Polyphenylene-sulphide (Carbon/PPS) [9-13] and 
Carbon fibre reinforced Polyether-ether-ketone (Carbon/PEEK) composites [14-25], has 
received extensive attention in the literature. A common finding is that properties such as 
the fibre-matrix interfacial shear strength (IFSS) [19, 22], tensile strength [12, 13], tensile 
modulus [12, 18] and interlaminar shear strength [10, 11] decrease with increasing 
cooling rate. However, matrix ductility and interlaminar fracture toughness increase with 
increasing cooling rate [20-25]. These changes in mechanical performance have been 
mainly correlated to a change in the degree of crystallinity of the polymeric matrix. 

Among the studies mentioned in the previous paragraph, the ones focusing on continuous 
fibre composites utilised autoclave or hot press consolidation as manufacturing 
techniques, achieving maximum cooling rates of around 80°C/min. Efforts were made by 
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some research groups to obtain higher cooling rates. However, cooling rates above 
100 °C/min and up to 2000°C/min could only be achieved by releasing the consolidation 
pressure in order to bring the material in contact with a heat sink (either water or 
aluminium plates) [24, 25]. The releasing of pressure affected the quality of the laminates, 
evidenced by the presence of voids [24]. Consequently, interpreting the results obtained 
from mechanical testing of these specimens was problematic since they were influenced by 
both the presence of voids and the change in crystallinity. 

The present work focuses on extending knowledge about the influence of high cooling 
rates on interlaminar fracture toughness of Carbon/PPS laminates. The interlaminar 
fracture toughness is of interest as it is sensitive to the polymer properties and thus the 
processing conditions. As an alternative approach, the present work proposes using a 
stamp forming process to manufacture well consolidated specimens with a high cooling 
rate. A stamp forming process was used where the tool temperature controls the cooling 
rate. Three mould temperatures were used, namely 200 °C, 100 °C and 25 °C. After 
manufacturing, the degree of crystallinity of the specimens was measured using 
Differential Scanning Calorimetry (DSC). The effect of the degree of crystallinity on the 
interlaminar fracture toughness was investigated using Double Cantilever Beam (DCB) 
testing. Finally, the fracture surfaces of the samples were analysed to correlate the degree 
of crystallinity with the failure modes. 

3.2 Experimental methods 

This section describes the materials used in this research, followed by the description of 
the processes used to manufacture the samples. After processing, DSC measurements, 
mode I interlaminar fracture toughness tests and SEM fractographic analysis were used to 
characterise the samples. The methodology followed to perform the measurments is 
described in this section. 

3.2.1 Materials & laminate consolidation 

Unidirectional Carbon Polyphenylene-sulphide (Carbon/PPS) pre-preg material (Cetex 
TC1100 produced by TenCate Advanced Composites) was used in this research. The PPS 
matrix used in the pre-preg is a semicrystalline polymer with glass transition and melting 
temperature of 90 °C and 280 °C, respectively. The composite material has a matrix 
content of 34 % by weight. Flat laminates, with a stacking sequence of [0]12, were press 
consolidated in a Pinette hot platen press to be used as blanks in a subsequent stamp 
forming step. A picture frame mould, with a cavity dimension of 300 by 300 mm2, was used 
to avoid excessive flow of the material during consolidation. The press consolidation cycle 
suggested by TenCate was used to manufacture the laminates and is shown in Figure 3.1. It 
can be seen that a nominal cooling rate of 5 °C/min was used. Three types of laminates 
were manufactured and are schematically illustrated in Figure 3.2: 



Chapter 3: Effect of cooling rate on the fracture toguness of Carbon/PPS 

30 

Type I: The first type was used for temperature measurements. One type K thermocouple 
was located at the laminate’s midplane to measure the temperature during stamp forming, 
thereby evaluating the cooling rate. 

Type II: The second type was used for mechanical testing. A 13 µm thick polyimide film 
was inserted at one of the edges of the laminate at the midplane in order to provide the 
pre-crack required for DCB testing. 

Type III: The last type was used for DSC measurements. This laminate featured a polyimide 
film between each ply for the first six plies. The polyimide films allow separation of the 
plies after manufacturing. In this way, the degree of crystallinity through the thickness of 
the laminate can be evaluated. Only one laminate of this type was prepared. 

 
Figure 3.1: Press consolidation cycle for the Carbon/PPS laminates 

One additional type II laminate was prepared but not stamp formed. Instead, it was kept as 
reference for the press consolidation process. The nominal laminate thickness after press 
consolidation was 1.8 mm. This low thickness was intended to enable high cooling rates 
during the subsequent stamp forming process and, more or less, a uniform temperature 
distribution through the thickness of the laminate. 

3.2.2 Stamp forming process 

The Pinette hot platen press was also used for stamp forming the pre-consolidated 
laminates. The stamp forming setup consists of an infrared oven and a transport system to 
automatically transfer the blanks from a loading station to the oven, and from the oven to 
the forming station. During stamp forming, the laminates were pre-heated in the infrared 
oven to a temperature of 320 °C. Subsequently, they were transferred to the press station 
and stamp formed between two flat aluminium moulds measuring 250 by 250 mm2 at a 
pressure of 20 bar for 1 minute. The cooling rate of the laminates from a temperature of 
320 °C to the mould temperature was dictated by the mould temperature. Three mould 
temperatures, equal for both mould halves, were used: 200 °C, 100 °C and 25 °C. It is worth 
noticing that the typical mould temperature for stamp forming of Carbon/PPS parts is 
200 °C. A LabVIEW data acquisition system was used to record the temperature from the 
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Figure 3.2: Schematic view of the lay-up of the three types of laminates produced in this study. 
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thermocouples embedded in the type I laminates during the stamp forming process. After 
the stamp forming cycle, the laminates were allowed to further cool down from mould 
temperature to room temperature by natural convection. 

Two laminates were manufactured for each stamping mould temperature. One laminate 
was used to measure the temperature (laminate type I), while the other one was used for 
physical and mechanical testing (laminate type II). An additional laminate with polyimide 
films in between the first six plies (laminate type III) was stamp formed using a mould 
temperature of 25°C. Cross-sectional micrographs were obtained from all type II laminates 
with a Leica DMRX optical microscope. The micrographs were used to assess the presence 
of voids after stamp forming. 

After measuring the interlaminar fracture toughness in the type II laminates stamp formed 
at 100 °C and 25 °C mould temperature, the already tested specimens were subjected to an 
annealing treatment in order to increase their crystallinity fraction. This treatment was 
aimed at obtaining the same level of crystallinity as obtained in the press-consolidated 
samples. The annealing treatment involved placement of the specimens in a pre-heated 
convection oven at 180 °C for 30 minutes without the application of pressure [26]. After 
the annealing treatment, the degree of crystallinity and the interlaminar fracture 
toughness of the specimens were measured again. 

Sample name  Consolidation technique Laminates type 
Reference Press consolidated II 

S-200 Stamp formed with moulds at 200 oC I,II 
S-100 Stamp formed with moulds at 100 oC I,II 
S-25 Stamp formed with moulds at 25 oC I,II,II 

S-100-a Stamp formed with moulds at 100 oC- annealed II 
S-25-a Stamp formed with moulds at 25 oC-annealed II 
Table 3.1: Summary of the sample names, the production technology used and the type of 

laminates produced for each condition. 

Table 3.1 summarises all prepared samples, with their designated name, the processing 
technology used to manufacture the sample, and the type of laminates that were prepared. 
The laminate that was only subjected to press consolidation is listed as Reference sample. 
The name of the samples that were stamp formed start with an S followed by number 
which indicates the temperature of the moulds during the stamp forming process (that is 
S-200, S-100 and S-25 for samples that were stamp formed using moulds at 200, 100 and 
25 °C, respectively). In the case of samples that were subjected to an annealing treatment, 
an “a” was added at the end of the name (S-100-a and S-25-a). 

3.2.3 Differential Scanning Calorimetry experiments 

The degree of crystallinity of each laminate was measured by differential scanning 
calorimetry. A Mettler Toledo differential scanning calorimeter (DSC822E) was used for 
this purpose. The measurements were performed in a Nitrogen atmosphere with heating 
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and cooling rates of 10 °C/min from room temperature to 320 °C and vice versa. A drop of 
silicon paste was added between the specimen and the crucible to improve thermal 
contact and to hence increase the accuracy of the first heating run. For the DSC analysis, at 
least three specimens of at least 10 mg were taken from the central part of each sample. 
Since all the laminates used in this study had a thickness of around 1.8 mm, it was 
assumed, following previous works [27], that the degree of crystallinity did not vary much 
over the thickness of the specimen. As mentioned earlier, this assumption was cross-
checked by performing DSC measurements on the individual plies from a laminate with 
polyimide films between the first six plies, for the laminate processed with the highest 
cooling rate (laminate S-25). 

The degree of crystallinity was calculated by analysing only the heating run using the 
following equation [13]: 

 𝑋𝑋𝑐𝑐 =
∆𝐻𝐻𝑓𝑓 + ∆𝐻𝐻𝑐𝑐

(1 −𝑊𝑊𝑓𝑓)∆𝐻𝐻𝑓𝑓0
,  (3.1) 

where, 𝑊𝑊𝑓𝑓  is the weight fraction of reinforcing fibre in the composite (66 % for the 
material used in this research), ∆𝐻𝐻𝑓𝑓 is the enthalpy of fusion, ∆𝐻𝐻𝑐𝑐 is the enthalpy of cold 
crystallization, and ∆𝐻𝐻𝑓𝑓0 is the fusion enthalpy of 100 % crystalline PPS. Values of  ∆𝐻𝐻𝑓𝑓0 
found in the literature for PPS range from about 50 J/g to 150.4 J/g [13]. The latter was 
used in this study to calculate the degree of crystallinity, as that value was measured for 
TenCate material. 

3.2.4 Double cantilever beam experiments 

The interlaminar fracture toughness of the different samples was characterised using 
double cantilever beam testing. Four specimens were cut per sample in the longitudinal 
direction of the fibres and then tested according to ISO 15024. The specimens were cut 
such that they had an initial crack length of about 55±10 mm. The specimens were loaded 
in a servohydraulic Instron 8500 universal testing machine equipped with a 200 N force 
cell. Before testing, a mode I pre-crack was created according to the procedure indicated in 
the ISO 15024 standard. Both pre-cracking and the DCB tests were performed at a 
crosshead speed of 4.8 mm/min. 

The energy release rate (GIC) was calculated using the corrected beam theory (CBT) data 
reduction method as: 

 𝐺𝐺𝐼𝐼𝐶𝐶 =
3𝑃𝑃𝛿𝛿

2𝑤𝑤(𝑥𝑥 + ∆)
1
𝑁𝑁

 , (3.2) 

with w the specimen width, P and delta the applied force and displacement, respectively, 
and x the crack tip location as defined in Figure 3. The latter was measured during the test 
using an automated travelling camera system. Two correction factors N and ∆ were used. 
The former accounts for the stiffening effects of the loading blocks, while the latter 
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accounts for root rotation at the crack tip. There is no need for a large deformation 
correction factor, designated as F in the standard, as the travelling camera system was 
used to measure x, as opposed to the crack length a [28]. 

 
Figure 3.3 Schematic illustration of a DCB specimen undergoing large displacement. Image 

reproduced from Williams [28]. 

The interlaminar fracture toughness was calculated for both crack initiation and crack 
propagation. The maximum force criteria was used to evaluate the initiation point, from 
that point onwards the 𝐺𝐺𝐼𝐼𝐶𝐶  values were considered as propagation values. An example of 
force vs. displacement curve for the pre-crack and for the DCB test of a press-consolidated 
specimen is shown in Figure 3.4. 

 

 
Figure 3.4: Example of a force vs. displacement curve during pre-cracking and testing of a DCB 

specimen.  

As mentioned earlier, the specimens from samples S-100 and S-25 were subjected to an 
annealing treatment after testing. Before (re-)testing the annealed specimens, they were 
cut to have an initial crack length of 55±10 mm. No pre-cracking was needed as these 
specimens already had a pre-crack from the previous test. 
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3.3 Experimental results 

The current section presents the experimental results. Firstly, the cooling rates as 
measured during the stamp forming process are presented, followed by cross-sectional 
micrographs after stamp forming. Secondly, the results of differential scanning calorimetry 
and the interlaminar fracture toughness measurements are provided and discussed. 
Finally, the fractographic analysis is presented, where the observed failure modes are 
correlated to the degree of crystallinity. 

3.3.1 Cooling rates during stamp forming 

The objective of using the stamp forming process in this study was to achieve cooling rates 
that limit the PPS crystallisation process while keeping sufficient consolidation pressure. 
Figure 3.5 shows the temperature at the midplane of the laminate versus time for the 
stamp forming process with the three mould temperatures. The temperature traces were 
recorded during the stamp forming of type I laminates. The graph on the right in Figure 3.5 
shows a detailed view of the cooling phase. As expected, the cooling rate decreases with 
increasing mould temperature. For each mould temperature, the cooling rate was 
calculated at four different temperatures. These were the temperature at the beginning of 
the stamp forming stage (320 °C), at the reported melting temperature of PPS (Tm = 
280 °C), at the temperature at which the crystallisation rate of PPS is the highest and is 
approximated to ([(Tm-Tg)/2] = 185 °C), and at the reported glass transition temperature 
Tg of PPS (90 °C). It is worth noticing that the cooling rate cannot be directly correlated to 
the final degree of crystallinity as isothermal crystallisation occurs above Tg [26]. The 
cooling rates as a function of mould temperature are shown in Table 3.2. It can be noted 
that the cooling rates achieved are significantly higher than the ones usually observed 
during traditional consolidation techniques, typically 5 °C/min for press consolidation. 

  
Figure 3.5: Left) Midplane laminate temperature vs. time curves for the different mould 

temperatures as observed during the stamp forming process. Right) A detailed look at the cooling 
phase. 
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Mould 
temperature: 

Cooling rate at 
320 °C 

Cooling rate at 
280 °C (Tm) 

Cooling rate at 
185 °C 

[(Tm-Tg)/2] 

Cooling rate at 
90 °C (Tg) 

200 °C 4200 °C/min 3300 °C/min - - 
100 °C 7600 °C/min 6500 °C/min 2400 °C/min - 
25 °C 7400 °C/min 6500 °C/min 4800 °C/min 2200 °C/min 

Table 3.2: Cooling rates measured in the stamp consolidation process. 

The stamp-formed type II laminates were checked for voids by inspecting cross-sectional 
micrographs. No voids were observed in any of the cross sections. Hence, consolidation 
was assumed to be satisfactory for all specimens. Differences in the transparency of the 
matrix in different samples could be observed by using dark field microscopy. Figure 3.6 
shows examples of the cross-sectional micrographs. Although difficult to see from the 
printed micrographs, the dark field microscopy showed differences in matrix appearance. 
The matrix in the Reference and S-200 sample had a whitish colour, while the matrix 
material S-25 sample was transparent. This is a first indication of differences in degree of 
crystallinity. 

   
Figure 3.6: Cross-sectional micrographs. From left to right: Reference sample, stamp-formed 

sample with moulds at 200°C (S-200), and a stamp-formed sample with moulds at 25°C (S-25). 

3.3.2 Differential scanning calorimetry measurements (DSC) 

Table 3.3 shows the average degree of crystallinity of the first six plies of the S-25 laminate 
(laminate type III). It can be observed that the variability in the degree of crystallinity over 
the thickness of the laminate is small and that it lies close to the scatter of the testing 
technique. These results validate the simplified approach of using a bulk measurement to 
represent the degree of crystallinity at the midplane of the laminates used in the rest of 
this study. 

Figure 3.7 shows the DSC heating curves for a few specimens. The trace of a S-100-a 
specimen is not shown in the Figure as it is similar to the trace of a S-25-a specimen. The S-
100 and S-25 specimens showed an exothermic cold crystallisation peak in the 
temperature range from 100 °C to 140 °C. This peak was not found in the other curves. The 
second clear peak observed is an endothermic peak which was observed in all the 
specimens lying in the range from 250 °C to 290 °C and corresponds to the melting of the 
crystalline phase. Finally, the S-200 and S-25-a specimens showed an additional small peak 
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in the vicinity of 220 °C for the S-200 specimen and 190 °C for the S-25-a specimen. The 
bottom left graph in Figure 3.7 shows these peaks in closer detail. A similar small peak in 
the vicinity of 190 °C was also observed for the S-100-a specimen. These small peaks can 
be associated with the melting of a small fraction of a secondary population of lamella 
formed when crystallisation occurs at a temperature below 280 °C [29, 30]. Such 
secondary fusion peaks are known to appear at a temperature just above the temperature 
at which the secondary crystallisation occurred [29, 30]. It means close to 180 °C for both 
annealed specimens (S-100-a and S-25-a) and close to 200 °C for the S-200 specimen. 

Sample Degree of 
 crystallinity (%) 

S-25-1st ply 9.8±1.0 
S-25-2nd ply 11.6±1.2 
S-25-3rd ply 13.6±1.4 
S-25-4th ply 13.7±2.1 
S-25-5th ply 12.1±1.5 
S-25-6th ply 11.9±1.8 

Table 3.3: Through thickness crystallinity for the S-25 sample, with the 1st ply being the outermost 
ply of the laminate and the 6th ply at the centre of the laminate. The reported values correspond to 

the average and the standard deviation of three measurements for each separate ply. 

 

  

Figure 3.7: Upper figure) DSC trace for the first heating run of the different samples. From top to 
bottom: Reference specimen, S-25-a, S-200, S-100, S-25. Bottom left) Close-up look at the 

secondary fusion peak. Bottom right) Close-up look at the main fusion peak. The curves have been 
shifted along the vertical axis for clarity. 
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Table 3.4 shows the average degree of crystallinity with its standard deviation based on 
the measurements on three specimens per sample. The press-consolidated Reference 
sample showed the highest degree of crystallinity, followed by the two annealed samples 
and the S-200 sample. Although the degree of crystallinity increased significantly after 
annealing, it did not reach the same value as that in the Reference sample. Probably the 
already existing, less perfect, lamella formed at lower temperature during cooling 
constrain the development of further crystallinity during the annealing treatment. The 
stamp-formed samples showed a close relation between the mould temperature and the 
degree of crystallinity, where the higher mould temperature resulted in a higher degree of 
crystallinity. 

 
Sample Degree of 

 crystallinity (%) 
Reference 33.3±1.3 

S-200 28.1±1.4 
S-100 22.4±1.9 
S-25 12.1±2.1 

S-100-a 27.3±0.8 
S-25-a 27.4±0.8 

Table 3.4: Degree of crystallinity for the different samples. The reported values correspond to the 
average and the standard deviation of three specimens per sample. 

 

A final observation can be made from the shape of the melting peak, in particular when 
comparing the Reference specimen with the stamp-formed specimen. The bottom left 
graph in Figure 3.7 illustrates that the press-consolidated specimen showed a narrow peak 
with a peak melting temperature of 285 °C, while the stamped-formed specimens before 
and after annealing showed a wider melting peak with a somewhat lower peak melting 
temperature. This can be explained by considering the relation between lamella thickness 
and the melting temperature. Firstly, a narrow melting peak indicates a narrow 
distribution of lamella thickness [31]. Secondly, the lamella thickness can be related to the 
cooling rate, with higher cooling rates resulting in a thinner lamella [30]. The lamella in the 
press-consolidated Reference specimens were formed from the melt at relatively high 
temperature. The slow cooling rate means that there is plenty of time to form near-perfect, 
and relatively thick, lamella with a similar size, resulting in a narrow melting peak in the 
DSC trace when melted. The lamella present in the stamp-formed specimens, both 
annealed and not annealed, were formed at high cooling rate or as a result of cold 
crystallisation. These lamella were formed in a less ideal condition, which results in less 
perfect crystals with a wider distribution of lamella thicknesses, which is reflected in the 
wider and lower melting peak. 
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3.3.3 Interlaminar fracture toughness  

The mode I interlaminar fracture toughness of the different samples was characterised for 
both crack initiation and crack propagation. A few examples of typical force versus 
displacement curves are shown in the left graph of Figure 3.8. All specimens showed an 
initial linear loading behaviour. Nevertheless, the specimens that reached higher forces 
showed a deviation from the linear behaviour with an increase in the apparent stiffness. 
This deviation from the linear behaviour was correlated to the low thickness of the 
specimen which results in large displacements of the bending arms. It should be noted 
that, even though a large displacement of the bending arms was observed during the tests, 
the interlaminar fracture toughness is still expected to be properly calculated as during the 
experiments the moment arm (x) was measured instead of the crack length (a). A stable 
crack propagation was observed in all specimens. During unloading of the specimens that 
reached higher forces, some residual displacement was still observed at zero force, which 
indicates the occurrence of plastic deformation or damage (besides the delamination) 
during the test. This second observation indicates a deviation from the linear elastic 
behaviour of the specimen, possibly resulting in a small error in the calculated fracture 
toughness values. Nevertheless, as the residual displacement is very small, the results are 
considered valid for comparison purpose. 

The fracture toughness as a function of the crack length (R-curves) is shown in the right 
graph of Figure 3.8 for a Reference, a S-25, S-100 and a S-25-a specimen. The Reference 
specimens presented a small increase in the interlaminar fracture toughness along with 
the crack propagation, which could be due to fibre bridging, which was visually observed 
to occur in an approximately 10 mm-long area behind the crack tip. Although stable crack 
propagation was observed for all the stamp-formed specimens, some variability of the 
fracture toughness along the crack length was observed within each specimen. 

  
Figure 3.8: Left) Example of force vs. displacement curves. The difference in the initial compliance 

among the specimens was attributed to a different initial crack length. Right) An example of R-
curves for different specimens. For the name of the specimens the reader is referred to Table 1. 

Table 3.5 shows the average initiation and propagation toughness values with their 
corresponding standard deviation for all the samples. The average initiation value of each 
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sample was calculated by averaging the initiation values of the specimens within that 
sample. The average propagation value per sample was determined by averaging the mean 
propagation value of each specimen within that sample. The initiation fracture toughness 
values were found to be lower than the propagation values. For the Reference specimens, 
this difference was associated with an increasing R-curve. In the case of the stamp-formed 
specimens, the effect of a possible increasing R-curve may be hidden behind the higher 
variability. The S-25 and S-100 samples showed the largest variability in propagation 
values as can be seen from Table 3.5. 

Sample GIC initiation 
(kJ/m2) 

GIC propagation  
(kJ/m2) 

Degree  
of crystallinity (%) 

Reference 0.95±0.10 1.10±0.11 33.3±1.3 
S-200 1.11±0.17 1.26±0.19 28.1±1.4 
S-100 1.48±0.30 1.68±0.33 22.4±1.9 
S-25 2.22±0.41 2.41±0.59 12.1±2.1 

S-100-a 1.25±0.18 1.26±0.20 27.3±0.8 
S-25-a 1.17±0.19 1.18±0.22 27.4±0.8 

Table 3.5: Values measured for interlaminar fracture toughness initiation and propagation. 

A small increase of around 10 % in the interlaminar fracture toughness, both in initiation 
and propagation, was observed when comparing the Reference sample and the S-200 
sample. This reflects that the Processing conditions have an effect in the interlaminar 
fracture toughness. Moreover, an increase in the interlaminar fracture toughness of more 
than 100 % between the press sample and the S-25 sample was observed. This shows that 
the mould temperature has a large effect in the interlaminar fracture toughness. 

3.3.4 Fractographic analysis 

The fracture surfaces of the specimens after DCB testing were investigated in order to 
correlate features of the fracture surface, the interlaminar fracture toughness values and 
the degree of crystallinity. Figure 3.5 shows the two extreme cases of the fractographic 
images obtained by scanning electron microscope (SEM). The images correspond to a 
press-consolidated (Reference) specimen, left figure, and the right figure corresponds to a 
stamp-formed specimen, with mould temperature of 25 °C (S-25). The images were 
selected to highlight the most significant differences. It can be observed that the plastic 
deformation of the matrix in the right figure is higher with respect to the left figure. This is 
evidenced by increased out of plane drawing of the matrix forming long lips at the edge of 
the fibres in the S-25 specimen; this fractographic feature is known as “shear lips” in the 
literature [32]. As expected, the plastic deformation of the matrix increases with 
decreasing degree of crystallinity. 
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Figure 3.9: SEM micrographs of two fracture surfaces. Left) Reference specimen. Right) Stamp-

formed specimen with moulds at 25 °C (S-25) specimens.  

Literature reports that the interface adhesion strength between the matrix and the fibres 
decreases with a decreasing degree of crystallinity [23]. In the presented SEM images, it 
can be seen that for the Reference specimens, the surface of some fibres is covered by 
matrix, thus some adhesion between fibre and matrix is shown. In the case of the S-25 
specimen, however, the fibres show a smooth surface, which suggests that the matrix was 
separated from the fibres during fracture. Hence apart from showing that crystallinity has 
an effect on the ductility of the matrix, the results presented in this study show some 
indications of an effect of the crystallinity on the fibre-matrix interface. 

3.4 Discussion 

This section first combines the results from the DSC and DCB experiments to investigate 
and discuss the interrelation between the degree of crystallinity and fracture toughness. 
Subsequently, at the end of the section the experimental procedure followed is critically 
reviewed. 

Figure 3.10 shows a plot of the mode I interlaminar fracture toughness (initiation and 
propagation values) as a function of the degree of crystallinity. The samples with a lower 
degree of crystallinity show higher scatter in the interlaminar fracture toughness. This 
high scatter may possibly be attributed to a variation in the degree of crystallinity between 
the different specimens from the same laminate. This idea is reinforced by the observation 
that the scatter in the interlaminar fracture toughness is significantly reduced after 
annealing. 

Despite the high scatter in the data on the left side of the graph, a linear correlation can be 
observed between the interlaminar fracture toughness and the degree of crystallinity, with 
the interlaminar fracture toughness decreasing with increasing degree of crystallinity. In 
the most extreme case, an increase of the degree of crystallinity from 12 to 33 % results in 
a drop of 50% in interlaminar fracture toughness. Arguably more relevant to the industry 
is the difference between ‘standard’ stamp forming, for which mould temperature around 



Chapter 3: Effect of cooling rate on the fracture toguness of Carbon/PPS 

42 

200 °C is used, and slow press consolidation. The small difference in crystallinity of 28 % 
vs. 33 % already results in a difference of roughly 10 % in toughness. The aforementioned 
linear relation between crystallinity and toughness is somewhat surprising as the thermal 
history not only affected the degree of crystallinity, but also the crystalline morphology, as 
was evidenced by the variations in melting peaks between the samples. The obtained 
linear relation may suggest that toughness is mainly influenced by the degree of 
crystallinity, while the actual morphology has a negligible influence.  

 

  
Figure 3.10: Initiation (left) and propagation (right) interlaminar Fracture toughness vs. degree of 

crystallinity. 

 

The fractographic analysis showed an increase in the plastic deformation of the matrix 
with a decrease in the degree of crystallinity of the matrix. Moreover, an indication of a 
reduction of the matrix fibre bond quality with decreasing degree of crystallinity was 
observed. The interlaminar fracture toughness was reported to depend on both the 
ductility of the matrix and on the strength of the fibre-matrix interface [33]. In the range 
tested, the increase in matrix ductility seems to be the dominant mechanism. The large 
plastic deformation observed in the fractographic images is localised only at the fracture 
surface. The global linear elastic behaviour of the specimen during testing was almost not 
affected by the presence of this plasticity. As such, the tests performed in this research are 
considered to still comply with the LEFM assumption, which makes the comparison of the 
values obtained for the different samples acceptable. Lastly, in this study only the 
interlaminar fracture toughness was evaluated. Nevertheless, from the literature, it is clear 
that other mechanical properties such as short beam strength, tensile strength or modulus 
will decrease with decreasing degree of crystallinity. Given the emergence of new and 
faster processing techniques, it would be interesting and worthwhile to evaluate the effect 
of a low degree of crystallinity, even lower than the levels investigated in this work, on 
other mechanical properties as well. 
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3.5 Conclusions 

The effect of the degree of crystallinity on the interlaminar fracture toughness of UD 
Carbon/PPS laminates was investigated experimentally. A stamp forming process was 
successfully used to obtain well consolidated laminates, i.e. without the presence of voids, 
at different cooling rates by changing the mould temperature. A maximum average cooling 
rate of 3500 °C/min was achieved for a mould temperature of 25 °C. The crystallinity and 
interlaminar toughness were characterised using DSC and DCB tests, respectively. 

Laminates stamp formed with a mould temperature of 200 °C, which is typical industrial 
procedure for this material system, had a high degree of crystallinity (28 %) but not as 
high as that in the reference press-consolidated sample (33 %). The small decrease in the 
degree of crystallinity from 33 % to 28 % was observed to result in roughly a 10 % 
increase in the interlaminar fracture toughness. A lower degree of crystallinity was 
obtained for lower mould temperatures. For the extreme case of a mould temperature of 
25 °C, a degree of crystallinity as low as 12 % was obtained. The interlaminar fracture 
toughness was observed to increase more than 100 % with a change in degree of 
crystallinity from 33 % to 12 %. Microscopy on the fracture surfaces showed that the main 
mechanism increasing the interlaminar fracture toughness was the larger local plastic 
deformation that the PPS can undergo with lower degree of crystallinity. 

Clearly, the effect of the degree of crystallinity on the mechanical performance, and more 
particularly the toughness, has to be taken into account when designing components to be 
manufactured with processing technologies which have fast cooling rates. This is 
especially true for relatively new processes such as ultrasonic welding or AFP, for which 
even higher cooling rates are observed than those studied in this work. 
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Chapter 4: Effect of resin-rich bond line thickness and fibre 

migration on the toughness of UD Carbon/PEEK joints* 

Abstract 
It is a common practice in fusion bonding of thermoplastic composites to add 
a matrix layer between the two substrates to be joined. The aim is to ensure 
good wetting of the two parts. The effect of this additional matrix layer on 
the mechanical performance was studied by mode I fracture toughness 
measurements. The additional matrix was inserted at the interface in the 
form of films of various thicknesses. Three different manufacturing 
techniques, namely autoclave consolidation, press consolidation and stamp 
forming, were used to prepare different sets of specimens with varying resin-
rich bond line thickness. The occurrence of fibre migration towards the 
matrix-rich interface was induced by the manufacturing techniques used due 
to their different processing times. The interlaminar fracture toughness was 
observed to increase with increasing amount of extra-matrix at the interface, 
while no effects of the fibre migration on the fracture toughness were 
observed. 

  

                                                                        
 

* Submitted to: Composites Part A: Applied Science and Manufacturing 
F. Sacchetti, W. J. B Grouve, L. L. Warnet and I. F. Villegas, “Effect of resin-rich bond line 
thickness and fibre migration on the toughness of UD Carbon/PEEK joints”. 
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4.1 Introduction 

Fusion bonding can be considered as an affordable way to assemble thermoplastic 
composite parts [1]. From a practical viewpoint, the process involves heating of the 
interface between the parts, followed by application of pressure and cooling down. There 
are many fusion bonding techniques available, all differing in the way heat and pressure 
are applied to the interface [2, 3]. Two groups of fusion bonding techniques can be 
distinguished by the size of the area heated, namely bulk heating and welding, which is 
characterised by local heating. The first group consists of bringing the entire parts to melt 
and using the tooling to maintain pressure throughout the process. Consequently, this 
technique is characterised by a relatively long processing time (1-2 hours) [4]. The second 
group is characterised by local heating, and sometimes by local application of pressure, 
which means that short processing times can be achieved (minutes or seconds). 

From a physical viewpoint, the fusion bonding process involves intimate contact 
development between the two surfaces (also known as wetting), followed by interdiffusion 
of polymer chains across the interface (also known as healing) [5]. Proper wetting may be 
a challenge for thermoplastic composites with a high fibre volume fraction due to the lack 
of matrix material at the interface; this may result in poor bond performance [6]. To solve 
this problem, an additional layer of neat polymer can be inserted (interleave) at the 
interface in order to promote wetting [7-9]. Moreover, some welding techniques may, in 
any case, require such an additional resin layer at the interface. For example, a resin layer 
is added as an energy director in the case of ultrasonic welding, while resistance welding 
requires a metal mesh embedded in a matrix layer at the interface [5, 10]. This additional 
layer of pure polymer may lead to a matrix-rich bond line which in turn may affect the 
joint performance. A proper understanding of the interrelation between the matrix-rich 
bond line thickness and the joint performance is required to enable optimisation of the 
joint design. 

Earlier research showed that the interlaminar fracture toughness of Carbon/PEEK 
increases with interleaving thickness (i.e. with increasing thickness of the matrix-rich bond 
line) [9, 11]. This is in line with the work on other material systems [12-15] and adhesives 
joints [16, 17] and is generally related to the size of the plastic yielding zone in front of the 
crack tip. An increase in matrix interface thickness allows for a larger plastic yielding zone, 
resulting in a higher interlaminar fracture toughness. It is proposed that the interlaminar 
toughness eventually reaches a plateau value equal to the matrix toughness for larger 
matrix interleaved thicknesses [16, 18]. To the best of the authors’ knowledge, the 
aforementioned studies were all performed on samples manufactured using a typical (bulk 
heating) consolidation technique, i.e. either autoclave or press consolidation. These 
techniques are characterised by a long processing time, which allows fibres to migrate into 
the matrix-rich area at the interface. The long processing times are not representative of 
what happens during welding. In this case, the short processing times are expected to 
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significantly reduce fibre migration. It is not clear how this fibre migration affected the 
measured toughness values reported in the literature. Two effects may play a role. On the 
one hand, fibre migration leads to more fibre-fibre contact, which effectively reduces the 
plastic zone size and, hence, the fracture toughness [13, 19]. On the other hand, fibre 
migration may also lead to fibre nesting, resulting in so-called fibre bridging which causes 
an increase in toughness [20, 21]. 

In this research, the effect of interleaving thickness and fibre migration on the interlaminar 
fracture toughness of unidirectional Carbon fibre reinforced poly-ether-ether-ketone 
(Carbon/PEEK) fusion bonded samples was studied. The interleave thickness was varied 
by adding unreinforced PEEK films of varying thickness at the interface between the 
laminates, while the extent of fibre migration was varied by using different processes. Two 
slow processes, autoclave consolidation and press consolidation, and one fast process, 
stamp forming, were used to prepare interleaved fusion bonded samples. The slow 
processes are expected to yield samples with a high degree of fibre migration, while the 
fast process should prevent significant fibre migration. A mode I DCB test was used to 
evaluate the fracture toughness of the joint.  Fractographic analysis of the samples was 
performed after mechanical testing to investigate the failure behaviour of the different 
samples. 

4.2 Experimental methods 

Sample preparation consisted of two steps. First, laminates were press consolidated 
following the procedure described below. Second, these laminates were used as substrates 
for a fusion bonding step in which two substrates were joined to form a sample. The 
substrates were fusion bonded using three processing technologies as described in this 
section. Subsequently, the physical state and the interlaminar fracture toughness of the 
samples was characterised by cross-sectional microscopy and DCB test respectively. The 
procedures followed to perform these measurements are described in the following sub-
sections. 

4.2.1 Materials and substrate manufacturing  

Press consolidation was used to prepare unidirectional Carbon/PEEK laminates with a 
stacking sequence of [0]12. The material was provided by TenCate and is known as Cetex® 
TC1200. The fibre used in the pre-preg is a T300 JB 3K while the polymer is a Victrex PEEK 
150. The pre-preg was stacked in a picture frame mould of 300 by 300 mm2 and 
subsequently consolidated using a static Pinette Emidacau Industries press following the 
consolidation cycle suggested by TenCate, which is shown in Figure 4.1. To ensure 
deboning of the laminates from the mould, Marbocote CC223, a silicon based release agent 
was used as a release media. These laminates were then used as the substrates for the 
fusion bonding processes. 
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Figure 4.1: Press cycle used to manufacture the laminates. 

 

4.2.2 Fusion bonding processes 

Three different processing techniques were used to prepare the fusion bonded samples, i.e. 
autoclave consolidation, press consolidation and stamp forming. Regardless of the 
processing method, a sample was prepared by stacking two substrates on top of each other 
with optionally additional PEEK film inserted at the interface. The film was manufactured 
by Victrex and is known under the trade name APTIV. It was available in two different 
thicknesses, namely 38 µm and 100 µm. Moreover, a 13 µm thick polyimide film was also 
inserted between the substrates prior to fusion bonding in order to introduce the pre-
crack required for DCB testing. It is worth to noticing that in the area where the polyimide 
film was inserted the additional PEEK films were not inserted. The remainder of this 
section describes each of the aforementioned processing techniques. 

4.2.2.1 Autoclave consolidation 

An autoclave consolidation process was used to fusion bond the first sample set. Seven 
samples were prepared. The first sample was prepared without an additional film at the 
interface, while for the other six samples, one to six layers of film with a thickness of 38 µm 
were inserted at the interface prior to consolidation. 

A schematic illustration of the autoclave table preparation can be found in Figure 4.2. The 
press-consolidated substrates were cut into square sections of 150 by 150 mm2 and 
subsequently stacked together with the required film material. Brass picture frames with 
different thicknesses were used as a shim at the interface to maintain the distance between 
substrates and thereby to prevent the added matrix from being squeezed out. A 10 mm 
thick aluminium caul sheet was used to ensure the flatness of the laminate. After wrapping 
the table in a vacuum bag, the substrates were fusion bonded in an autoclave at 6 bar 
pressure and a temperature of 380 °C based on the process cycle recommended by 
TenCate, which is shown in Figure 4.3. 
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Figure 4.2: Sketch of the preparation of the autoclave table. In the top view, the upper substrate 

was removed for clarity. 

 
 

 
Figure 4.3. Autoclave consolidation cycle used to fusion bond the substrates. 

 
 

4.2.2.2 Press consolidation 

A second sample set was prepared by press consolidation of two substrates in a press 
using a 300 by 300 mm2 picture frame mould. A total of three samples were prepared: one 
without an additional polymer film, one with a 38 µm PEEK film and one with a 100 µm 
PEEK film. Contrary to the autoclave consolidation process, no shims or spacers were 
added as any squeeze flow was restricted by the picture frame mould. The consolidation 
cycle was the same as the one used to manufacture the substrates i.e. the cycle as shown in 
Figure 4.1. 
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4.2.2.3 Stamp forming  

The last sample set was prepared by using a Pinette Emidacau Industries stamp forming 
setup to fusion bond two substrates. Two substrate laminates were stacked and placed on 
a polyimide film of 50 µm thickness, meant for carrying the laminates from the material 
loading position to the infrared oven and from the oven to the pressing/stamping position. 
The infrared oven was set at a temperature of 450 °C. The substrates were heated up to 
complete melting (the temperature at the interface between the two laminates was 
measured to be 400 °C, taking around 4 minutes of heating time). Then, the substrates 
were transferred to the stamping station where they were fusion bonded and consolidated 
between two flat aluminium moulds with a dimension of 250 by 250 mm2. The mould 
temperature was set to 220 °C. The mould halves were quickly closed and a pressure of 10 
bar was applied for 1 minute. The measured temperature and pressure during stamp 
forming are illustrated in Figure 4.4. Three samples were prepared: one without extra 
polymer, one with a 38 µm PEEK polymer film and one with a 100 µm PEEK polymer film 
at the interface between the two laminates. Table 4.1 summarises all the samples that 
were prepared. 

 

 
Figure 4.4: Measured temperature and pressure during stamp forming process. 

 
 

Number and thickness (µm)  
of PEEK film plies 

Fusion bonding technique/ Sample name 
Autoclave Press Stamp forming 

None A-None P-None S-None 
1 x 38 µm A-1x38 P-1x38 S-1x38 
2 x 38 µm A-2x38 - - 

1 x 100 µm - P-1x100 S-1x100 
3 x 38 µm A-3x38 

- - 4 x 38 µm A-4x38 
5 x 38 µm  A-5x38 
6 x 38 µm  A-6x38 

Table 4.1: Sample description, the thickness of interleaving, and fusion bonding technology used. 
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4.2.3 Characterisation 

After fusion bonding, cross-sectional micrographs of the samples were prepared. 
Subsequently, double cantilever beam (DCB) tests were performed followed by a 
fractography analysis.  

4.2.3.1 Cross-sectional microscopy 

The consolidation quality of the fusion bonded samples was characterised using thickness 
measurements and cross-sectional microscopy. The micrographs were taken close to the 
edge of the fusion bonded laminates, while the centre was kept for mechanical testing, as it 
is shown in Figure 4.5. The microscopy images were also used to evaluate, in a qualitative 
manner, the thickness of the matrix-rich bond line and the degree of fibre migration at the 
interface. 

 
Figure 4.5: Sketch of the location of the cross-sectional sample preparation and the position of the 

DCB samples. 

4.2.3.2 Double cantilever beam experiments 

The interlaminar fracture toughness of the bond line was evaluated using the double 
cantilever beam (DCB) test method. DCB specimens were cut from the fusion bonded 
samples in the longitudinal direction of the fibres and then tested according to ISO 15024 
[22]. The ISO Standard 15024 is based on the linear elastic fracture mechanics (LEFM). As 
such, the conformance of the linear elastic behaviour of the specimens during testing was 
evaluated. Figure 4.5 shows schematically the location of the test specimens cut to a width 
of 20 mm from the fusion bonded laminates. The specimens were loaded in a 
servohydraulic Instron 8500 universal testing machine equipped with a 1 kN force cell. A 
mode I pre-cracking procedure was performed for all the specimens according to the 
standard. A travelling recording camera was used to measure the delamination crack 
length during testing. The corrected beam theory (CBT) was used to analyse the data. The 
interlaminar fracture toughness was calculated as: 
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 𝐺𝐺IC =
3𝑃𝑃𝛿𝛿

2𝑤𝑤(𝑎𝑎 + ∆) �
𝐹𝐹
𝑁𝑁
� , (4.1) 

where 𝑃𝑃 is the force, 𝛿𝛿 is the displacement, 𝑎𝑎 is the crack length, w is the width of the 
specimen, F is a correction factor for large displacement, N is a correction factor for the 
loading blocks and ∆ is a correction factor for the rotation of the beam at the crack tip. 
Since the delamination length was measured using the horizontal position of the travelling 
camera system, there is no need for a large-displacement correction factor (F) to be 
applied to the measurements [22] (i.e. F can be considered equal to one). The interlaminar 
fracture toughness was calculated both for initiation and propagation. The initiation values 
were calculated following the procedure called 5 % / MAX point in the ISO 15024 
standard. From that point on the values measured were considered as propagation values.  

4.2.3.3 Fractography analysis 

Two cross-sectional optical micrographs were prepared after testing. One with a 
sectioning plane perpendicular to the crack propagation direction and the other with a 
sectioning plane at 20°  with respect to the crack propagation direction. A schematic view 
of how these cross-sectional cuts were taken is shown in Figure 4.6. All the specimens 
were embedded in epoxy and then polished. A Leica DMRX and a Keyence VHX optical 
microscope were used to obtain the optical micrographs. Moreover, SEM micrographs of 
the fracture surface were made with a Jeol Neoscope JCM-5000. The cross-sectional and 
fractography images were analysed in order to determine the crack propagation path and 
to identify the main failure modes. 

 
Figure 4.6: Sketch of the location of cross-section micrograph cuts for the fractography analysis. 

4.3 Experimental results 

The experimental results are elaborated in the present section. First, the physical state of 
the samples and bond line microstructure will be evaluated. Subsequently, the fracture 
toughness data is provided, followed by the fractographic analysis. 
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4.3.1 Physical state of the samples  

The fusion bonded samples prepared using the autoclave consolidation process showed 
non-uniform thickness, with the centre of the laminates being thicker than the edges. 
Despite their thickness (10 mm), the aluminium caul sheets were bent and permanently 
deformed during the autoclave cycle as a result of the high pressure applied. In some case, 
the difference in thickness between the edge and the centre was up to 0.15 mm. The 
quality of the samples manufactured using press consolidation and stamp forming process, 
in terms of variation in sample thickness, was superior to the autoclaved samples with the 
variation in thickness being always less than 0.05 mm. 

Autoclave fusion bonded Press fusion bonded Stamp fusion bonded 

   

   
Figure 4.7: Cross-sectional micrographs of 6 different specimens close to the interface. Left to 

right) Autoclave-consolidated specimen, press-consolidated specimen, and stamp-formed 
specimen. Top row) Specimen interleaved with a 38 µm thick film. Bottom row) Specimen 

interleaved with 100 µm film in the case of press consolidation and stamp forming, specimen 
interleaved with 3 layers of 38 µm thick films in the case of autoclave consolidation. The white bar 

on the left of the micrograph indicates the thickness of the interleaved films before processing. 

Typical cross-sectional micrographs for the three fusion bonding techniques and with 
different interleave thicknesses are presented in Figure 4.7. All micrographs showed good 
consolidation quality with no voids in the substrates or the interface. For the cases in 
which a PEEK film was inserted between the laminates prior to fusion bonding, two 
different regions can be distinguished in all the micrographs shown in Figure 4.7, i.e. a 
matrix-poor region mainly in the substrates, and a matrix-rich region at the bond line. 
Besides, two different morphologies can be identified in the matrix-rich region. The first is 
characterised by matrix material in which many fibres are randomly distributed as shown 
in the first and second columns in Figure 7. This morphology arises when fibres migrate, 
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during processing, from the substrates into the interleaved film at the interface. This 
happened during the slower processes, i.e. during autoclave and press consolidation. The 
second morphology is characterised by matrix material with very few or no fibres. This is 
evident in the stamp-formed samples (last column in Figure 4.7), for which there is not 
enough time for the fibres to migrate during processing. 

The thickness of the matrix-rich region was not uniform along the cross-sectional plane for 
the autoclaved specimens, which was associated with significant matrix flow during 
processing. The effect of this non-uniformity on toughness will be further elaborated on in 
the next section. On the contrary, the press consolidated and the stamp formed samples 
showed a more uniform thickness of the matrix-rich region.  

4.3.2 Double cantilever beam experiments  

This section presents the results of the DCB experiments. First, the issues encountered 
during testing are described and examples of force vs. displacement curves are shown. At 
the end of this section, the results from all the samples tested are combined together to 
generate a plot of fracture toughness as a function of interleaving thickness. 

4.3.2.1 General observations during DCB testing. 

Five DCB specimens were tested for each sample. Nevertheless, several issues were 
encountered during DCB testing which made the analysis difficult and reduced the number 
of specimens kept for the analysis. The main problems encountered were instability of 
crack propagation and the presence of a non-flat resistance curve (toughness vs. crack 
length). The former leads to a small number of propagation values, making the specimen 
less statistically relevant, while the latter indicates possible variations in crack 
propagation mechanisms, such as for example fibre bridging. As both complicate data 
reduction, two criteria were implemented to obtain a set of specimen data for analysis. A 
specimen was kept for analysis in case it showed i. at least 10 mm of stable crack 
propagation, and ii. less than 20 % deviation in its R-curve over 10 mm of crack length. An 
exception to the second criteria was made for the stamp-formed specimens. The threshold 
was changed to 50 % in order to have enough specimens for analysis. It is worth to 
noticing that only a few stamp-formed specimens were kept for the analysis which were 
close to the second criterion. These criteria led to only three to four consistent specimens 
from an initial lot of five specimens per sample. An exception was the sample from the 
autoclave which was interleaved with three 38 µm films. Out of the five specimens tested, 
only two were kept for the analysis. Table 4.2 summarises the number of specimens 
discarded and the reason for not using the data. The last column shows the number of 
specimens kept for the analysis. From the table, it can be noted that the standard samples, 
i.e. the autoclave and press consolidation samples without interleaving, did not present 
any problem during testing and all the specimens were kept for the analysis, while all the 
samples that were manufactured by a nonconventional procedure, i.e. stamp forming or 
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consolidation with interleaving, showed at least one discarded specimen. 

Sample 
Name 

Number of specimens 
Presented at least 

one point of 
unstable crack 

propagation 

Did not show at least 
10 mm of stable crack 

propagation 

More than 20 % 
or 50 % 

derivation in R-
curve 

Used for 
the 

analysis 

Autoclave 
A-None 0 0 

0 
 

5 
A-1x38 1 1 4 
A-2x38 5 2 3 
A-3x38 4 3 2 
A-4x38 4 1 4 
A-5x38 3 1 4 
A-6x38 3 2 3 
Press 

P-None 0 0 0 
 

5 
P-1x38 3 1 4 

P-1x100 2 1 4 
Stamp 
S-None 2 0 1 4 
S-1x38 4 0 1 4 

S-1x100 4 0 2 3 
Table 4.2: Overview of the number of specimens discarded and the reason for not using the data. 

The last column shows the number of specimens used for analysis. 

Two characteristic force - displacement and crack length - displacement curves are shown 
in the upper graphs of Figure 4.8. The left graph corresponds to a specimen which showed 
stable crack propagation, while the right graph belongs to a specimen which showed a 
combination of stable and unstable crack propagation. During the evaluation of the 
initiation point, the maximum force point occurs almost always before the 5 % point. 
Furthermore, almost no residual displacement was observed after the specimens were 
unloaded. The previous two observations means that the material can be analysed 
according to LEFM by following the ISO15024 standard. Fibre bridging was not observed 
during testing. 

The R-curves corresponding to the two specimens are shown in the bottom row of Figure 
8. As shown, only the stable part was used to calculate the interlaminar fracture toughness. 
The first point of the R-curve corresponds to the initiation value for interlaminar fracture 
toughness. It can be noted that stable crack propagation is correlated with a continuous R-
curve, whereas in the presence of an unstable crack propagation the R-curve is interrupted 
and therefore shows separate segments. 
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Figure 4.8: Top row) Force-displacement curve and crack length vs. displacement. Bottom row) 

Interlaminar fracture toughness as a function of crack length (R-curves). Left) Specimen that 
showed only stable crack propagation. Right) Specimen that showed a combination of stable and 

unstable crack propagation. 

Many of the autoclave consolidated specimens suffered from unstable crack propagation 
as was illustrated in Table 2. Moreover, some of the specimens showed non-uniform 
toughness along the crack length. In those cases, the trend of the R-curve was mostly 
decreasing. Although the press-consolidated specimens also suffered from unstable crack 
propagation, they showed a longer path of stable crack propagation compared to the 
autoclave consolidated samples. Moreover, the R-curves observed in press-consolidated 
specimens were flatter than the ones observed for the autoclave consolidated samples. 
Finally, the stamp-formed samples, despite several cases of unstable crack propagation, 
showed a long path of stable crack propagation. Some of these specimens showed a rising 
R-curve, which in some cases was too large (more than 50 %), leading to the rejection of 
these specimens for the analysis. 

4.3.2.2 Fracture toughness vs. interleaved thickness 

The results of all the samples tested are summarised in Table 4.3. Average initiation and 
propagation fracture toughness values were calculated for all the samples. The average 
initiation value of each sample was calculated by averaging the initiation values of all the 
specimens within one sample. The average propagation value per sample was determined 
by averaging the mean propagation value of each specimen within that sample.  
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The last column of Table 4.3 shows the overall trend of the R-curve for each sample, i.e. 
whether the R-curve was observed to be flat (-), ascending (/) or descending (\). It can be 
seen that the trend of the R-curve is closely related to the relation between initiation and 
propagation. In the cases of a flat R-curve the initiation and propagation values are similar, 
whereas with an ascending R-curve initiation values are lower than propagation, and the 
opposite occurs with a descending R-curve.  

Sample 
type, name 

Fracture Toughness (GIC) R-curve 
 trend Initiation (kJ/m2) Propagation (kJ/m2) 

Autoclave    
A-None 1.28 ± 0.10 1.30±0.10 - 
A-1x38 1.59 ± 0.10 1.55±0.10 - 
A-2x38 1.87 ± 0.16 1.89±0.12 - 
A-3x38 1.93 ±0.20 2.05±0.16 - 
A-4x38 2.46 ±0.30 2.22±0.18 \ 
A-5x38 2.74 ±0.15 2.61±0.15 \ 
A-6x38 2.85 ±0.28 2.66±0.20 \ 
Press   

P-None 1.17±0.10 1.19±0.10 - 
P-1x38 1.54±0.10 1.51±0.10 - 

P-1x100 2.06±0.17 2.12±0.18 - 
Stamp   
S-None 1.10±0.37 1.25±0.25 / 
S-1x38 1.57±0.15 1.60±0.10 / 

S-1x100 1.80±0.20 1.84±0.25 / 
Table 4.3: Fracture toughness values for initiation and propagation for all the samples tested. The 

error was calculated as one standard deviation of the set of values within one sample. 

Initiation and propagation fracture toughness as a function of the interleaved PEEK film 
thickness is shown in Figure 4.9 for the three different process technologies used. It is 
worth noticing that the x-axis is the nominal thickness of the added films and not the actual 
matrix-rich bond line thickness after processing, which in some cases may be smaller due 
to outflow of matrix. Measurements of the actual matrix-rich bond line thickness were 
difficult to perform from the micrograph and therefore not used. The trend is similar for all 
three processes, where the fracture toughness increases with increasing interleave 
thickness. No significant differences can be observed between the three processes and 
between initiation and propagation. Despite the similar average toughness values, the 
stamp forming process resulted in a higher scatter within the sample. This may be due to a 
non-uniform pressure and temperature distribution during fusion bonding, which may 
locally have resulted in incomplete wetting or healing.  
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Figure 4.9: Interlaminar fracture toughness as a function of interleaved thickness for the three 

processes, autoclave consolidation, press consolidation, and stamp forming. 

 

4.3.3 Fractography 

The fracture behaviour of the different samples is compared in this section using cross-
sectional micrographs and fractography analysis. First, a comparison between samples 
without film interleaving and with film interleaving is shown. Later, the comparison 
between samples with fibre migration and without fibre migration is presented. Three 
types of images were used for the analyses. Figure 4.10 shows cross-sectional micrographs 
perpendicular to the crack propagation direction. These micrographs show the position of 
the crack at a single instant, though they do not give information about how the crack 
propagates along the length of the specimen. Figure 4.11 shows pictures of the optical 
cross-sectional micrographs with the cross-sectional plane oriented at 20° with respect to 
the crack propagation direction. These pictures show how the crack propagates through 
the specimen. Finally, Figure 4.12 shows the SEM micrographs of the fracture surfaces 
where the interaction between fibre and matrix and the deformation of the matrix after 
testing can be observed. 

The comparison between samples without and with PEEK film interleaving is presented 
here. Due to the similarity among the images within each test group, only one 
representative micrograph per group is shown. The left micrograph in Figure 4.10 shows a 
specimen without interleaving. It can be seen that the crack is located at the centre plane 
of the specimen. The right micrograph shows a specimen with interleaving. In this case, the 
crack is located close to the interface between the fibre-rich and the matrix-rich region, 
slightly out of the centre of the specimen. Other images in the same cross-sectional plane, 
thus to the left or right of the presented image, showed the same crack at the interface 
between matrix-rich region and the matrix-poor region of the upper substrate. 
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Figure 4.10: Cross-sectional micrographs perpendicular to the crack propagation direction. Left) 

autoclave-consolidated specimen without interleaving. Right) stamp-formed specimen with 
interleaving.  

The straightness of the crack along the propagation direction was analysed using the 20° 
cross-sectional micrographs. The top micrograph in Figure 4.11 shows a non-interleaved 
specimen, while the bottom shows an interleaved specimen. It can be noted that the crack 
path remains flat when the specimens are not interleaved as is shown in the top. However, 
the crack propagates with some waviness, seemingly avoiding the matrix-rich region in the 
centre, and this is the case for interleaved specimens shown in the bottom image. 

 

 
Figure 4.11: Cross-sectional micrographs taken at 20° with respect to the crack propagation 
direction. Top: Non-interleaved stam- formed specimen. Bottom: 100 µm interleaved press-

consolidated specimen. 

A comparison between the fracture surface of an interleaved and a non-interleaved 
specimen is shown in Figure 4.12, while Figure 4.13 shows a schematic illustration of the 
accompanying cross section. The SEM image on the left shows that the fracture surface of a 
non-interleaved specimen is characterised by fibre imprints in the matrix and bare fibres. 
Also, microscale out of fracture plane plastic deformation of the matrix can be observed, 
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which is a typical feature of the fracture surface of Carbon/PEEK laminates tested in 
mode I [23]. This deformation is present at the edges of the fibres in the schematic view. 
The SEM micrograph on the right shows that the fracture surface of an interleaved 
specimen is characterised by two distinct regions. The first region shows a combination of 
fibre imprints in the matrix and bare fibres, similar to the case of the non-interleaved 
sample. The second region is characterised by a matrix-rich area where large microscale 
plastic deformation of the matrix can be observed as evidenced by the white polymer 
regions.  

  
Figure 4.12: Scanning electron micrograph of the fracture surfaces. Left: Autoclave consolidated 

specimen with no interleaving. Right: interleave press-consolidated specimen.  

 
Figure 4.13: Schematic view of a cross section of a fracture surface. Left: Sample without matrix 

interleaving. Right: Sample with matrix interleaving. 

The interleaved samples can be subdivided into two groups. The first comprises the 
samples prepared using a slow process (autoclave and press consolidation), while the 
second group consists of samples manufactured using the fast process (stamp forming). 
Figure 4.14 and Figure 4.15 show the cross-sectional micrographs and their schematic 
illustration for both groups, respectively. The crack shape and location look similar for 
both cases, irrespectively of whether fibre migration occurred or not. The crack seems to 
remain at the interface between the matrix-rich and matrix-poor region. The crack path 
was observed to alternate between the top and the bottom substrate trying to minimise 
the crack path length through the matrix-rich region, similar to what is observed in Figure 
4.11. 
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Figure 4.14: Cross-sectional micrographs perpendicular to the crack propagation direction. 

Left)  Autoclave consolidated specimen with interleaving. Right) Stamp-formed specimen with 
interleaving. 

 

 
Figure 4.15: Schematic view of a cross section micrograph of an interleaved specimen. 

Left)  Specimen with fibre migration as obtained using autoclave or press fusion bonding. 
Right)  Specimen without fibre migration as obtained using stamp fusion bonding. 

4.4 Discussion 

In this section, the results obtained are combined and discussed with the purpose of 
getting a deeper understanding of the mechanisms that govern the interlaminar fracture 
toughness of fusion bonded joints that present a matrix-rich bond line. 

The interlaminar fracture toughness improves by increasing the matrix-rich bond line 
thickness, as was expected. This is true even if the crack does not propagate through the 
matrix-rich area but through the matrix-poor area or the interface between the matrix-
poor (one of the two substrates) and matrix-rich (the interleave) regions. This 
phenomenon was explained by Hojo et al. [13] for interleaved laminates, who reasoned 
that by increasing the interleave thickness, even if the crack does not propagate fully 
through the matrix-rich area, the plastic yield zone in front of the crack tip is still less 
constrained by the fibres and is therefore allowed to increase in size. Moreover, it was 
proposed that when the matrix-rich region is smaller than the maximum plastic yield zone 
size, the crack path migrates towards the weakest region, i.e. the boundary between 
matrix-poor and matrix-rich regions, resulting in adhesive failure [13]. However, when the 
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thickness of the matrix-rich region increases further than the plastic yield zone, the crack 
will remain within this region resulting in a cohesive failure of the interleave [13]. The 
change in plastic zone size and the position of the crack propagation path is schematically 
represented in Figure 4.16. A larger plastic yield zone area means that more energy will be 
dissipated, which is reflected by a higher interlaminar fracture toughness. The SEM 
fractography, as presented in Figure 4.12, confirmed that more plastic deformation is 
observed in the interleaved samples compared to the samples without additional matrix at 
the interface. Besides, the tortuosity of the crack path, as shown in the lower micrograph in 
Figure 4.11, may also contribute to an increased fracture toughness. 

 
Figure 4.16: A schematic explanation of crack growth behaviour and plastic zone development 

having a radius ry. Left) Base material, no interleaved. Centre) Material with an interleaving 
thickness below maximum plastic yield zone (2ry). Right) Material interleaved with a thickness 

above the maximum plastic yield zone. Figure adapted from [1]. 

Plastic deformation of the matrix was found to be the main mechanism to increase the 
interlaminar fracture toughness of the interleaved specimens. Nevertheless, as the 
plasticity is localised only at the fracture surface, the global linear elastic behaviour of the 
specimen during testing was retained. As such, the tests still comply with the LEFM 
assumption, which makes the comparison of the values obtained for the different samples 
acceptable. 

It was suggested that the maximum theoretical toughness of an interleaved system is the 
toughness of the pure polymer, which is reached when the interleave thickness is equal or 
larger than two times the plastic yield radius (Figure 4.16 right) [16, 18]. A first 
approximation of the plastic zone radius (𝑟𝑟𝑦𝑦) of a polymer can be calculated by applying 
the Irwin equation (Equation (4.2)). 

 𝑟𝑟𝑦𝑦 =
1

2𝜋𝜋
�
𝐾𝐾𝐼𝐼𝐶𝐶
𝜎𝜎𝑦𝑦
�
2

, (4.2) 

where 𝐾𝐾𝐼𝐼𝐶𝐶  is the stress intensity factor which relates to the fracture toughness of the 
polymer, and 𝜎𝜎𝑦𝑦 is the tensile yield stress of the polymer. The following expression can be 
used to relate the stress intensity factor 𝐾𝐾𝐼𝐼𝐶𝐶  to the energy release rate 𝐺𝐺𝐼𝐼𝐶𝐶  in case of a plane 
strain situation: 

 
𝐺𝐺𝐼𝐼𝐶𝐶 =

𝐾𝐾𝐼𝐼𝐶𝐶
2

𝐸𝐸(1 − 𝑣𝑣2)
 , (4.3) 
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where 𝐸𝐸 is the elastic modulus of the polymer and 𝑣𝑣 is the Poisson’s ratio. Material data 
from the literature is required to calculate the maximum theoretical fracture toughness of 
this system. The following values were reported in the data sheet of Victrex PEEK 150, 
which is used as matrix in the pre-pregs; tensile yield point (𝜎𝜎𝑦𝑦) of 105 MPa, an elastic 
modulus (𝐸𝐸) of 3.5 GPa and a Poisson’s ratio (𝑣𝑣) of 0.4. The stress intensity factor 𝐾𝐾𝐼𝐼𝐶𝐶  for 
Victrex PEEK 450G, a similar grade of the polymer use for interleaving, is reported in 
literature to lie between 3 to 6 MPa·m1/2 [24]. An average value of 4.5 MPa·m1/2 will be 
used for the following analysis. Using Equation (4.2) and Equation (4.3) a plastic radius of 
0.3 mm and an energy release rate of 6.8 kJ/m2 can be calculated for this polymer. The 
result shows that the pure polymer has a more than two times higher toughness than the 
interlaminar fracture toughness measured in the experiments in this study. Nevertheless, 
the theoretical matrix-rich bond line thickness required to develop the fracture toughness 
(0.6 mm) was not tested in the experiments reported in this work, where a maximum 
matrix-rich bond line thickness of 0.2 mm was tested. Thus, the fracture toughness is 
expected to keep increasing by increasing matrix-rich bond line thickness.  

The matrix-rich bond line thickness after processing was observed to be not uniform, this 
is particularly true for the autoclaved samples where material flow occurs during 
processing. This non-uniformity and the difficulty to distinguish between the matrix-rich 
and matrix-poor region makes it difficult to evaluate the actual matrix-rich bond line 
thickness after processing. This non uniformity may, moreover, also be one of the causes 
for the unstable crack propagation observed as it most probably resulted in a non-uniform 
interlaminar fracture toughness along the crack path. It is known that the unstable crack 
propagation may occur when the crack propagates from a region of higher toughness to a 
region of lower toughness, as the elastic energy stored in the specimen is more than 
required for making the crack to propagate in a stable manner [25]. 

The high cooling rates observed during stamp forming may have induced a different level 
of crystallinity compared to the other two (slower) processing techniques, possibly 
affecting the measured toughness values. DSC experiments showed, however, that a non-
interleaved press consolidated specimens and non-interleaved stamp-formed specimens 
have the same level of crystallinity of approximately 35 % using an enthalpy of 
crystallisation value of 130 J/g [26] and a matrix weight fraction of 34 %. Although the 
difference in thermal history may have resulted in different crystal morphologies, this 
seemed to have no effect on the measured toughness. 

In conclusion, it seems that the interlaminar fracture toughness is independent of the three 
processes used in this work. It solely depends on the interleave thickness and is not 
affected by fibre migration. The amount of fibres, in the fibre migration region, is too small 
to constrain the plastic zone, nor does it result in excessive fibre bridging.  
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4.5 Conclusions 

The effect of a matrix-rich interface and fibre migration on the fracture toughness of fusion 
bonded samples was studied. For this purpose, samples were prepared using 
manufacturing technologies having different characteristic processing times, namely: 
autoclave consolidation, press consolidation, and stamp forming. Autoclave and press 
consolidation were considered as slow processes, while stamp forming was considered as 
a fast process with conditions similar to those in many welding techniques. Matrix-rich 
bond lines with different thicknesses were obtained by interleaving matrix films at the 
interface between two adherents prior to fusion bonding. 

Microscopy showed that two regions can be identified in the interleaved samples, namely 
the matrix poor adherents and a matrix-rich bond line. The processing time, moreover, 
affected the matrix-rich bond line morphology. On the one hand, fibre migration from the 
adherents into the matrix-rich bond lines was observed during (the slower) press and 
autoclave consolidation, resulting in a matrix-rich zone with many loose fibres. On the 
other hand, fibre migration was prevented during (the faster) press forming, resulting in a 
bond line with very few or no fibres. Double cantilever beam experiments were performed 
and showed that the increase in the matrix-rich bond line improves the fracture toughness. 
This increase is attributed to the development of microscale matrix plastic deformation. 
Moreover, it was shown that fibre migration has a negligible effect on the interlaminar 
fracture toughness, i.e. the toughness only depends on the matrix interleave thickness. 
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Chapter 5: Interlaminar fracture toughness of 5HS Carbon/PEEK 

laminates. A comparison between DCB, ELS and mandrel peel 

tests* 

Abstract 
The present work focuses on the applicability of the mandrel peel test to 
quantify the interlaminar fracture toughness of 5 harness satin woven fabric 
Carbon/PEEK composites. For this purpose, the Mandrel Peel (MP) test was 
compared to the Double Cantilever Beam (DCB) and End-Loaded Split (ELS) 
test in terms of experimental procedure and obtained results. The 
interlaminar toughness of the 5 harness Carbon/PEEK was measured both 
parallel and perpendicular to the predominant fibre direction at the 
interface. While stable crack propagation was observed in the ELS test, 
unstable crack propagation (stick-slip) was observed during both the DCB 
and the mandrel peel tests. In the case of the mandrel peel test, however, the 
unstable propagation was immediately arrested by the mandrel, limiting the 
instability and providing numerous crack re-initiation values per unit of 
crack length. This effect is expected to increase the statistical relevance of a 
single test and thereby to increase the reliability of the measured values as 
compared to DCB tests. A fractographic analysis was performed to study the 
nature of the crack propagation for the different testing techniques. The 
mandrel peel test was found to be a potentially plausible alternative to the 
DCB test for woven fabric reinforced composites. 

 
  

                                                                        
 

* In preparation to be submitted to: Polymer Testing 
F. Sacchetti, W. J. B Grouve, L. L. Warnet and I. F. Villegas, “Interlaminar fracture toughness 
of 5HS Carbon/PEEK laminates. A comparison between DCB, ELS and mandrel peel tests”. 



Chapter 5: Interlaminar fracture toughness of 5HS Carbon/PEEK 

70 

5.1 Introduction  

Woven fabric composites are sometimes preferred to unidirectional tape materials for 
their simpler handling and better drapability. Woven fabric composites are also known to 
be more damage tolerant than their unidirectional counterparts in the presence of a 
delamination [1]. The higher damage tolerance is often explained by the irregular 
interlaminar structure of woven fabric composites which forces a delamination (crack) to 
interact with the matrix regions and the weave structure during its propagation, leading to 
a more tortuous crack path [2, 3]. The fracture toughness of woven fabric composites is 
determined by a number of factors, which include the structure of the weave, referred to 
as weave index [2-5], the stacking sequence and the direction of crack propagation [4, 6-8]. 

Although interlaminar failure of composite materials is a well-known problem, limited 
data is available on the toughness of woven fabric reinforced composites. This is partly 
caused by the difficulty associated with experimental characterization. Various test 
methodologies, all based on Linear Elastic Fracture Mechanics (LEFM), have been 
developed for unidirectional fibre reinforced composites. Some of the more accepted ones 
are the Double Cantilever Beam test (DCB) for mode I, and the End-Loaded Split (ELS) or 
End Notch Flexure (ENF) for mode II. Figure 5.1 schematically represents the DCB and ELS 
tests. The existence of ISO and ASTM standards for both methods, although restricted to 
unidirectional composites in the longitudinal direction, illustrates some maturity of these 
testing techniques. While the DCB test for mode I is well accepted, this is not (yet) the case 
for the ELS and ENF tests for mode II, as the introduction of the standards is relatively 
new. Besides, both tests suffer from some experimental difficulties such as the inability to 
accurately measure crack length and the lack of a clear method to account for the friction 
between the arms of the specimen. Moreover, crack propagation is not always stable which 
further complicates the analysis. [9, 10]. 

   
Mode I - DCB Mode II – ELS Mixed mode – Mandrel Peel 

Figure 5.1: DCB, ELS, and Mandrel Peel test scheme. 

Although standardised for UD laminates, some difficulties arise when the DCB test method 
is used to characterise woven fabric composite laminates. In particular, woven fabric 
reinforced composites often show unstable crack propagation (stick-slip). This is true both 
for thermoset [2, 6-8] and thermoplastic [11-13] composites. The unstable crack 
propagation yields only a few GIC values per test specimen. Therefore, GIC-unstable 
propagation values for woven fabric reinforced laminate specimens are statistically less 
reliable than GIC-stable propagation values for UD specimens [14]. Moreover, the unstable 
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crack propagation makes the interpretation of the test results rather difficult and the 
comparison with unidirectional materials questionable. The stick-slip behaviour has been 
treated from a theoretical point of view by different researchers such as in [15-19]. Hine et 
al. reported that unstable crack propagation in woven fabric composites is caused by local 
regions of high toughness [20]. When the crack tip reaches one of these tougher regions, 
crack propagation is slowed down until the stored elastic energy is sufficient to propagate 
the crack further. Once this region is passed, the elastic energy stored is higher than 
required for stable propagation. As a result the crack propagation rate increases, resulting 
in unstable crack propagation. For woven fabrics, the tougher regions have been 
correlated to the areas where the crack passes over a transverse fibre bundle [7]. 

The observed stick-slip behaviour and the tedious test procedure make the DCB test 
unattractive for woven fabric reinforced composites. The Mandrel Peel (MP) test is 
investigated as an alternative test to measure the interlaminar fracture toughness of 
woven fabric thermoplastic composites, in the present work. The mandrel peel test is an 
adaptation of the standard peel test, which is used to measure the bond strength of an 
assembly of two adherents where one adherent is flexible and the other is rigid [21]. The 
adherents are pulled apart at a steady rate in such a way that separation occurs 
progressively along the length of the bonded adherents. When the peel test is used for 
tough composite materials the radius of the peel arm near the crack tip becomes too small 
during the loading phase of the test, resulting in the fracture of the peel arm before crack 
propagation. The mandrel peel test was first proposed by Kawashita et al. [22], as an 
adaptation of the peel test, in order to measure the fracture toughness of a metal-epoxy-
metal peel specimen. Previous research showed that this test can also be used to 
characterise the fracture toughness of UD-UD [23, 24], UD-woven [24], and UD-metal [25] 
interfaces. The peel arm, which was a UD tape in these cases, was forced to conform to a 
mandrel by using an alignment force. The radius of the mandrel was chosen such that the 
maximum strain in the peel arm does not exceed its failure strain. It should be noted that 
the fracture toughness evaluated using the mandrel peel test corresponds to a mixed mode 
propagation. Although the exact mode mixity is unknown, it is reported to be mainly 
mode I [22]. This means that the interlaminar fracture toughness values measured from 
the mandrel peel test are expected to lie between the values measured by the DCB test 
(pure mode I) and the ELS test (pure mode II), though closer to DCB values than ELS ones. 

The present work focuses on assessing the applicability of the mandrel peel test to 
quantify the fracture toughness of woven fabric based composites. A 5 Harness-Satin (HS) 
woven fabric Carbon/PEEK laminate was chosen as a basis material. DCB and ELS test 
results were compared to mandrel peel test results for the same material system. Two 
directions of crack propagation were investigated. In the first case, the crack propagates 
parallel to the predominant fibre direction at the interface, while in the second case the 
crack propagates perpendicular to the predominant fibre direction. Finally, a microscopy 
analysis was performed to study the fracture surfaces of the different samples. The 
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fractographic features observed in the test coupons were compared in order to identify the 
dominant failure modes during the mandrel peel test. 

5.2 Experimental methods 

The present section describes the specimen preparation, as well as the procedures, 
followed to characterise the interlaminar fracture toughness. 

5.2.1 Specimen preparation 

The material used in this research was a CETEX® 5 HS woven Carbon fabric reinforced 
PEEK powder coated semi-preg supplied by TenCate. The fabric comprises 3K T300JB 
Carbon fibre bundles with an equal amount of bundles in the warp and weft direction. The 
resulting repetitive unit cell has a dimension of 7.5x 7.5 mm2, as shown in Figure 5.2. The 
figure also illustrates that a satin weave structure has a predominant fibre direction on 
each side of the fabric. On one side, e.g. the top view in Figure 5.2, this predominant fibre 
direction corresponds to the warp bundles, while on the other side the predominant fibre 
direction corresponds to the weft bundle direction. 

 

Figure 5.2: Schematic view of a unit cell for a 5 harness satin top and bottom view. 

A stacking sequence of [(0/90)/(0/90)r]4s was used, in which r indicates a flipped or 
reversed ply, to prepare a single laminate from which all specimens were cut. As 
mentioned earlier two crack propagation directions were tested, parallel (//) and 
perpendicular (⊥) to the predominant fibre direction. Thus, two sets of specimens were 
prepared for each one of the three testing techniques (DCB, ELS, and MP tests). All the test 
specimens required a pre-crack, which was in this case made by inserting a 13 µm thick 
Polyimide (PI) film (Upilex-S from UBE) during semi-preg stacking. The PI films were 
inserted in four locations as illustrated in Figure 5.3. The PI films were added at the 
midplane to obtain the ELS and DCB specimens, while the films were added between the 
first and second ply for the mandrel peel specimens. The laminate was subsequently press 
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consolidated in a Pinette press at 10 bar and 380 °C, following the processing 
recommendations from the material supplier. Figure 5.4 shows the press cycle used to 
consolidate the laminate. A diamond-coated and water-cooled blade saw was used to cut 
the specimens from the laminate. Specimens of 20 mm width were cut for the DCB and ELS 
tests following the standards. The mandrel peel specimens were cut to a width of 10 mm, 
which is larger than the representative unit cell of the woven fabric. 

 
Figure 5.3: Schematic view of the position of the polyimide films placed before consolidation. The 
0o corresponds to the Warp direction. MP: Mandrel Peel, DCB: Double Cantilever Beam, ELS: End-

Loaded Split. //: Parallel. ⊥: Perpendicular. 

 

 
Figure 5.4: Schematic representation of the press consolidation cycle.  

Figure 5.5 shows a schematic representation of the crack location for the different 
specimens. It can be seen that, technically, the mandrel peel interfaces are not exactly 
similar to the DCB and ELS interfaces when all the specimens are extracted from the same 
laminate. While the interface of DCB and ELS specimens predominantly comprises warp 
bundles, the interface of mandrel peel specimens predominantly comprises weft bundles. 
This choice was made in order to keep a symmetric lay-up. The authors believe, however, 
that this choice will have a negligible effect on the measured results, given the fact that the 
woven fabric is balanced in terms of properties according to the manufacturer technical 
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data sheet [26]. Moreover, any influence of variations in processing conditions are 
prevented by extracting all specimens from the same laminate. 

 
Figure 5.5: Schematic view of the stacking sequence and the position and direction of propagation 
of the crack. For the sake of clarity half of the plies are not shown. MP: Mandrel Peel, DCB: Double 

Cantilever Beam, ELS: End-Loaded Split. //: Parallel. ⊥: Perpendicular. 

5.2.2 Double Cantilever Beam (DCB) test 

The double cantilever beam tests were performed according to the ISO 15024 standard 
[27]. The Corrected Beam Theory (CBT) analysis was applied to calculate the mode I 
fracture toughness. According to this method, the critical energy release rate GIC is given 
by: 

 𝐺𝐺IC =
3𝑃𝑃𝛿𝛿

2𝑤𝑤(𝑎𝑎 + ∆) �
𝐹𝐹
𝑁𝑁
� , (5.1) 

where 𝑤𝑤 is the width of the specimen, P, 𝛿𝛿 and 𝑎𝑎 are the force, displacement and crack 
length during crack propagation, respectively. Furthermore, F is a correction factor for the 
large displacement of the test specimen arms, N is a correction factor for the stiffening of 
the specimen by the load blocks and ∆ is a correction for crack tip rotation and deflection. 

The specimens were tested on a servohydraulic Instron 8500 universal testing machine, at 
a displacement rate of 1.2 mm/min. The testing machine was equipped with a HBM 200 N 
force cell and a 150 mm built-in Linear Variable Displacement Transducer (LVDT). The 
crack length was measured using an automated camera system engineered to follow the 
crack tip during the test using image recognition techniques. The camera was fitted with a 
20x magnification lens. Since the delamination length was measured using the horizontal 
position of the travelling camera system, there is no need for a large-displacement 
correction factor, i.e. F can be considered equal to one [27]. The applied force P, the 
displacement 𝛿𝛿, as well as the crack length 𝑎𝑎, were measured during the test. All DCB 
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specimens showed unstable crack propagation. The first instability was not used to 
measure the fracture toughness, as the crack tip is affected by the manufacturing process 
and the crack initiation film. Unloading and reloading the specimens provided the 
initiation value, while the subsequent crack re-initiations were used to calculate the 
propagation fracture toughness values. 

5.2.3 End-Loaded Split (ELS) test 

The end-loaded split test was performed according to the ISO 15114 standard [28]. The 
Instron 8500 servohydraulic universal testing machine mentioned earlier was fitted with a 
HBM 500 N force cell to perform the ELS test. Attempts to measure the crack length using 
the travelling camera system were unsuccessful, as it was difficult to identify the crack tip 
location accurately. Consequently, an apparent crack length was calculated from the 
compliance of the specimens following the procedure described in the ISO 15114 standard. 
According to this method, the compliance of the ELS specimen is expressed as: 

 
𝐶𝐶 =

𝛿𝛿
𝑃𝑃

=
(𝐿𝐿 + ∆clamp)3 + 3(𝑎𝑎app)3

2𝑤𝑤ℎ3𝐸𝐸1
, (5.2) 

where 𝑎𝑎app is the apparent crack length, 𝐸𝐸1is the apparent bending modulus, 𝐿𝐿 is the span 
length, 𝑤𝑤 is the width of the specimen and ℎ half of the specimen thickness. The parameter 
∆clamp was introduced by Hashemi [29] to consider the beam root deflection and rotations 
at the clamp point. The apparent crack length can be calculated from Equation (5.2) at any 
moment of the test as: 

 
𝑎𝑎app = �

1
3
�2𝑤𝑤𝐶𝐶ℎ3𝐸𝐸1 − �𝐿𝐿 + ∆clamp���

1
3

. (5.3) 

The 𝐺𝐺𝐼𝐼𝐼𝐼𝐶𝐶values were determined using the Irwin-Kies equation: 

 
𝐺𝐺IIC =

𝑃𝑃2

2𝑤𝑤
d𝐶𝐶
d𝑎𝑎

. (5.4) 

Substituting Equation (5.2) into Equation (5.4) yields: 

 
𝐺𝐺IIC =

9𝑃𝑃2(𝑎𝑎app)2

4𝑤𝑤2ℎ3𝐸𝐸1
. (5.5) 

The parameters ∆clamp and 𝐸𝐸1 were measured according to the compliance calibration, also 
called ‘clamp correction’, described in the ISO 15114 standard. 

Crack initiation was defined via the 5 % criterion, i.e. by a 5 % increase in initial 
compliance. For this purpose, the initial compliance C0 was determined from a linear fit of 
initial force vs. displacement curve. The number of points used was such that the fit had an 
R2 equal to 0.999. Following the standard, a new line was drawn with a compliance equal 
to 1.05C0. The intersection of this new line with the load-displacement curve yields the 
initiation load and displacement. During ELS testing all the specimens showed stable crack 
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propagation. Initiation and propagation values of fracture toughness were calculated. 

5.2.4 Mandrel Peel (MP) test 

The mandrel peel setup is schematically represented in Figure 5.6. The setup used in this 
work had a mandrel with a radius of 10 mm. A constant displacement rate was applied 
using a Zwick universal testing machine on which the peel setup was mounted. The 
alignment force Fa necessary to conform the peel arm to the mandrel was applied using a 
pneumatic actuator.  

 

Figure 5.6: Schematic view of the mandrel peel test. 

The effect of the alignment force [25], sample width and test speed [30] was investigated 
in previous research. No significant influence of these parameters on the test results was 
observed in the range of alignment force, sample width, and displacement speed tested. 
Following the result of the previously mentioned research, a constant peel rate of 30 
mm/min and alignment force of 60 N were used in this work. Two HBM 200 N load cells 
were used to measure the alignment force Fa and peel force Fp. The critical energy rate can 
be calculated from the measured forces using Equation (5.6) [25], 

 𝐺𝐺c = 1
𝑤𝑤

(𝐹𝐹p(1 − 𝜇𝜇) − 𝐹𝐹a), (5.6) 

in which 𝜇𝜇 represents the friction coefficient in the setup. The test consists of two steps. 
First, the top ply is peeled from the laminate while measuring the peel force and the 
alignment force. Secondly, the cross head of the testing machine is returned to the initial 
position, and the test is performed again on the now de-bonded specimen (i.e. 𝐺𝐺𝑐𝑐  is equal 
to zero), where the peel force and the alignment force are measured again. The friction 
coefficient can be obtained from this second step as: 

 𝜇𝜇 =
𝐹𝐹𝑝𝑝 − 𝐹𝐹𝑎𝑎
𝐹𝐹𝑝𝑝

. (5.7) 

An average friction coefficient (𝜇𝜇) value was calculated per each specimen. Subsequently 
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an average friction coefficient was calculated for each sample as the mean of the specimen 
friction coefficients. Once the sample friction coefficient has been calculated, the fracture 
toughness of the specimens can be calculated using the friction coefficient of the sample 
and Equation (5.6). Four specimens were tested for each sample. All mandrel peel test 
samples showed unstable crack propagation. As with the DCB test, the first instability was 
not taken into account in the analysis. Only the subsequent crack re-initiations were used 
to calculate the fracture toughness values. The GIC values for DCB and mandrel peel test are 
not referred as stable crack propagation values as the values are unstable crack 
propagation. 

It is worth to noticing that the peel arm of the mandrel peel specimens showed a certain 
curvature before testing as shown schematically in Figure 5.7. The curvature of the peel 
arm is caused by process-induced residual thermal stresses present in the non-symmetric 
peel arm (which is a single 5HS woven fabric reinforced PEEK ply). These residual thermal 
stresses are released during crack propagation and need to be taken into account for 
accurate fracture toughness measurements [31]. Nevertheless, the contribution of the 
residual stresses to the interlaminar fracture toughness was estimated to be 1 % for an 
interlaminar fracture toughness of 1 kJ/m2. As such the residual stresses were neglected in 
this research. The derivation of this estimation can be found in Appendix 5.A. 

 

Figure 5.7: Schematic view of the mandrel peel specimens showing a typical curvature of the peel 
arm before testing. //: Parallel. ⊥: Perpendicular. 

5.3 Results 

The results of the different mechanical tests are presented in this section. Typical examples 
of force-displacement curves and R-curves (toughness vs. crack length) are shown for all 
the tests. The measured interlaminar fracture toughness values for the two types of 
samples (i.e. propagation parallel and perpendicular to the predominant fibre orientation) 
are presented. Finally, the results of the fractographic analysis of the different samples are 
described at the end of this section. 
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5.3.1 Double cantilever beam experiments 

A typical force-displacement curve measured during the DCB test is shown in the left graph 
in Figure 5.8. A linear force vs. displacement behaviour can be observed during the initial 
loading phase until the crack suddenly initiates. This is accompanied by an abrupt and 
significant drop in force. The remainder of the test shows a similar repeated behaviour 
with a linear loading phase, followed by a sudden drop in force due to crack propagation. 
On average, such unstable crack propagation (stick-slip) is observed 5 to 6 times per 
specimen, corresponding to a total crack length of about 100 mm. The values of force, 
displacement, and crack length just before the unstable crack propagation were used to 
calculate the GIC. The average crack propagation (or slip) distance for each instability was 
about 20 mm for the parallel specimens (i.e. crack propagation parallel to the predominant 
fibre orientation) and 16 mm for the perpendicular specimens (i.e. crack propagation 
perpendicular to the predominant fibre orientation). The linear force vs. displacement 
traces allows the use of linear elastic fracture mechanics. It is worth adding in this context 
that no significant permanent deformations of the specimens were observed after 
unloading. Nevertheless, the validity of analysis by energy release rate is questionable as 
no stable crack propagation was observed. 

  

Figure 5.8: Left) The black line shows a typical force-displacement curve for a DCB test 
(// specimen). The grey triangles represent the crack lengths just before the unstable crack 

propagation starts. Right) Fracture toughness vs. crack length for all the DCB specimens. 
//: Parallel. ⊥: Perpendicular. 

The right graph in Figure 5.8 shows the resistance points (fracture toughness) versus 
crack length produced by all specimens. Even though the scatter of the values is quite 
large, it can be observed that the R-curves for both samples can be considered as flat. The 
average values and standard deviations were calculated for each specimen. The average 
value for a single specimen was then used to calculate the average GIC value of the sample 
and its standard deviation. The results of the DCB tests on a specimen level and sample 
level are shown in Figure 5.9. It can be seen that both the fracture toughness of the 
perpendicular ⊥ specimens and sample exceeds that of the parallel // specimens and 
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sample. 

  
Figure 5.9: Left) Average toughness values for the different specimens with standard deviation. 

Right) Average toughness values for the different samples with standard deviation. 

5.3.2 End-loaded split experiments 

According to the procedure outlined in the standard, a compliance calibration test was 
performed prior to the ELS test. The resulting values for the apparent bending modulus E1 
as well as the correction factor ∆, required to calculate the fracture toughness, can be 
found in Table 5.1. 

Sample Modulus 𝑬𝑬𝟏𝟏(GPa) 
 Compliance calibration 

∆ factor (mm) 
 Compliance calibration 

Parallel (//) 55  5.5 
Perpendicular (⊥) 52  7.2 

Table 5.1: Results from the compliance calibration test. 

Typical force-displacement curves measured during the ELS test for the parallel and 
perpendicular samples are shown in Figure 5.10 left. The force vs. displacement traces 
show a linear behaviour almost until the maximum force is reached. The star symbol in the 
left graph in Figure 5.10 represents the crack initiation point according to the 5 % 
criterion, as described in the experimental section. Stable crack propagation was observed 
during the test, as can also be observed from the measurements of the apparent crack 
length. Finally, the left graph in Figure 5.10 indicates that the specimens showed slight 
residual deformation after testing, which can be caused by plastic deformation or damage 
(besides the measured delamination) during the test. The nonlinear loading stage and the 
residual displacement after unloading makes application of a LEFM approach somewhat 
questionable.  
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Figure 5.10: Left) Force vs. displacement curve. The star symbol represents the position of the 
crack initiation. Right) Fracture toughness vs. crack length for all the specimens. 

 

  
Figure 5.11: Upper) Initiation toughness values for the different samples with standard deviation. 

Bottom-left) Average propagation toughness values for the different specimens with standard 
deviation. Bottom-right) Average propagation toughness values for the different samples with 

standard deviation. 

The right graph in Figure 5.10 shows the R-curves for all the specimens. The curves with 
lower GIIC values correspond to the specimens from the parallel sample, while the curves 
with a higher toughness correspond to the specimens from the perpendicular sample. The 
specimens from the parallel sample show a flat R-curve and the propagation values for this 
sample were calculated as an average GIIC along the R-curve. The R-curves of the 
perpendicular specimens initially show an increasing trend until they level off to a plateau. 
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This behaviour could be associated with the development of a damage zone in front of the 
crack tip as the crack starts to propagate [32, 33]. In the perpendicular specimens, the 
propagation values were calculated from the plateau region. The fracture toughness 
corresponding to crack initiation and crack propagation is shown in Figure 5.11. It can be 
seen that the initial fracture toughness of the perpendicular sample is slightly higher that 
of the parallel sample. Whereas, it can be seen that the propagation fracture toughness of 
the perpendicular ⊥ specimens exceeds that of the parallel // specimens. 

5.3.3 Mandrel peel experiments 

The left graph in Figure 5.12 shows a typical force-displacement curve of a mandrel peel 
test for a parallel specimen and a force-displacement curve of the subsequent friction 
measurement. The friction coefficients for the parallel sample and perpendicular sample 
were 1.2±0.1 % and 1.8±0.2 %, respectively. 

  

Figure 5.12: Left) Force vs. displacement during the mandrel peel test. The black line shows the 
actual test, while the grey line represents the subsequent run on the (now un-bonded) specimen to 
determine the friction in the setup. Right) Fracture toughness vs. crack length for all the mandrel 

peel specimens. 

During the mandrel peel test, crack propagation showed a typical stick-slip behaviour. The 
repetitive behaviour of the test is schematically represented in Figure 5.13. At the 
beginning of the loading phase, the peel arm conforms to the mandrel (stage A). As the 
loading increase, no crack propagation is observed (stick), and the conformation of the 
peel arm to the mandrel cannot be maintained (stage B). As the force increases, and 
reaches a peak load, the stored energy in the system is enough to propagate the crack 
(stage C). A sudden unstable crack propagation is observed accompanied with an abrupt 
drop in the force (slip). By the end of this abrupt crack propagation, the peel arm 
completely conforms to the mandrel (stage A). This behaviour was repeatedly observed 
during testing. 

0

5

10

15

20

25

30

0 10 20 30 40 50 60

Fp
-F

a 
(N

)

Peel displacement (mm)

0
0.5

1
1.5

2
2.5

3
3.5

4

0 20 40 60 80

G 
(k

J/
m

2 )

Crack length (mm)

Sample ⊥

Sample //



Chapter 5: Interlaminar fracture toughness of 5HS Carbon/PEEK 

82 

 

Figure 5.13: Schematic illustration of the peel arm behaviour during testing.  

Similarly to the DCB analysis, the peak values in the force-displacement graphs were used 
to calculate the toughness values. The right graph in Figure 5.12 shows the interlaminar 
fracture toughness as a function of the peel distance (R-curve) measured for all the 
specimens. Similarly to the DCB test results, the R-curve remains flat along the crack length 
although the spread in values is quite large. 

The average interlaminar fracture toughness per specimen is shown in the left graph in 
Figure 5.14. Subsequently, one interlaminar fracture toughness value per sample was 
calculated using the specimen averages (see Figure 5.14 right). The variation per 
specimens is seen to be large, though the results are consistent within the sample. Also 
here, and similar to the DCB and ELS results, the perpendicular sample is shown to have a 
higher fracture toughness than the parallel sample. 

  

Figure 5.14: Left) Average toughness values for the different specimens with standard deviation. 
Right) Toughness values for the different samples with standard deviation. 

5.3.4 Fractographic Analysis 

The fracture surfaces were analysed using optical microscopy and Scanning Electron 
Microscopy (SEM). Firstly, a comparison at a low magnification of the failure surfaces of a 
parallel and a perpendicular specimen is presented in order to identify the mechanisms 
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that cause the higher toughness of the perpendicular samples. Secondly, an analysis at 
higher magnifications is presented, with the main objective of identifying the predominant 
failure modes (i.e. opening, shearing or mixed) during the MP test.  

5.3.4.1 Influence of crack propagation direction  

Figure 5.15 shows the fracture surfaces of a perpendicular (left) and parallel (right) DCB 
specimen, with the crack propagating from right to left. Both surfaces look quite similar 
and show fibre bundles as well as matrix-rich regions between the bundles most of the 
time. Opposed to what is shown by other authors in similar testing [7, 34], crack deflection 
and branching were rarely observed. The difference in toughness between the parallel and 
perpendicular samples can be explained by considering the interface morphology. Two 
factors will be elaborated here. The first is related to the constituents at the crack front, 
while the second is related to the crack path tortuosity. 

Figure 5.16 provides a schematic representation of the fracture surfaces to ease the 
analysis regarding the first point. The left illustration shows that the crack front for the 
parallel specimens is composed of both fibre bundles and matrix pockets. Moreover, this 
composition does not change with crack propagation provided the crack is wide compared 
to the unit cell size. This is not the case for the perpendicular specimens, as is shown in the 
right illustration. Here, the constituent composition at the crack tip varies along the crack 
length with matrix-rich zones between the bundles exactly lining up with the crack front at 
regular intervals. At these instances the crack, across its full width, is forced to propagate 
through the tough matrix material, resulting in high load peaks and interlaminar 
toughness as was shown in the previous section. 

  

Figure 5.15: Fracture surface of two DCB specimens. Left) parallel specimens. Right) a 
perpendicular specimen. The crack propagation is from right to left. 
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Figure 5.16: Left) Represent a parallel (//) specimen. Right) Represent a perpendicular (⊥) 

specimen. The square boxes represent the areas where the high magnification SEM image was 
taken. The dotted lines in the bottom image (cross-section) represent the crack propagation path. 

Apart from the constituent composition at the crack tip, the interlaminar toughness is also 
influenced by the tortuosity of the crack path with an increase in tortuosity leading to an 
increase of interlaminar toughness [7]. To investigate whether this played a role here, the 
height profile (roughness) of the delaminated surfaces were characterised using a confocal 
microscope. Figure 5.17 shows the obtained images for both specimen types. The crack 
path shows a higher tortuosity in case the crack propagation direction is perpendicular to 
the predominant fibre direction, i.e. the right graph in Figure 5.17. Similar observations 
were made by other authors as well [3, 7, 34]. As mentioned earlier, the higher tortuosity 
is reported to result in a higher interlaminar toughness. 

 

 
Figure 5.17: Fracture surface topology. Left) A DCB parallel specimen. Right) A DCB perpendicular 
specimen. The white dash-dotted line represents the position where the height was analysed in the 
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Both factors, i.e. the alignment of matrix-rich zones with the crack front and the high crack 
path tortuosity, are believed to contribute to the increased interlaminar toughness of the 
perpendicular samples. 

5.3.4.2 Mandrel peel failure mode 

The fracture surfaces of the DCB and ELS samples were also analysed to identify the 
characteristic features of pure mode I and pure mode II failure and compare these to that 
of the mandrel peel specimens. Figure 5.18, Figure 5.19 and Figure 5.20 show the fracture 
surfaces of the parallel specimens tested using DCB, ELS and mandrel peel, respectively. 
The area where the micrographs were taken is schematically represented in Figure 5.16. 
Figure 5.18 shows the fracture surface of a DCB specimen. Two regions can be 
distinguished. The main and predominant region corresponds to fast brittle failure 
characterised by rivers, scarps and cusps (Figure 5.18 left and centre) [35]. The second 
region is characterised by a larger amount of plastic deformation and drawing of the 
matrix, which is related to slow ductile plastic deformation [35]. The latter features were 
difficult to find. They appear as narrow strips close to the positions where unstable crack 
propagation starts. 

   
Figure 5.18: SEM fractography of a // DCB specimen. The image corresponds to a  bundle with the 
fibres oriented in the same direction of the crack propagation. The crack propagates from right to 
left. Left) Region of unstable crack propagation. Centre) A zoomed-in look at a region of unstable 

crack propagation. Right) A zoomed-in look at a stable crack propagation region. 

The fracture surface of the ELS specimen in Figure 5.19 shows traces of significant shear 
deformation of the matrix material. The drawing direction of the matrix material is in the 
same plane as the fracture surface. These failure features are typical for mode II failure 
[36]. 

  
Figure 5.19: SEM fractography of a // ELS specimen where the crack propagates from right to left. 

The right image is a detail and close-up view of the left image. 
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Finally, the fracture surfaces of an MP specimen are shown in Figure 5.20. The same two 
regions observed in the DCB sample, related to fast brittle propagation and to slow ductile 
failure, can also be found here. In this case, however, the regions corresponding to slow 
crack propagation are easier to find than in the DCB specimens, and apparent large plastic 
deformation of the matrix is observed. Nevertheless, the unstable crack propagation region 
is also still predominantly observed in the fracture surface. The features related to mode II 
failure were not observed in the mandrel peel specimens. This suggests that the failure 
mode of the mandrel peel test specimens was mainly an opening failure mode.  

   
Figure 5.20: SEM fractography of a mandrel peel specimen. The crack propagates from right to 

left. Left) Combination of stable and unstable crack propagation. Centre) Closer look at the region 
of unstable crack propagation. Right) Closer look at a region of stable crack propagation. 

5.4 Discussion 

The applicability and validity of the mandrel peel test for the characterisation and 
measurement of interlaminar fracture toughness of woven composites based on the 
presented results is discussed here. The interlaminar fracture toughness values as 
measured using the DCB, ELS and mandrel peel test methods are summarised in Table 5.2. 
As it can be seen, the fracture toughness values measured by the mandrel peel test are 
close to the values obtained by DCB testing and far from the ELS test results. Moreover, the 
characteristic features of opening mode failure shown by the fracture surfaces of the 
mandrel peel specimens further reinforce the idea that the mode mixity of the mandrel 
peel test is low and it is close to mode I. For this reason, the MP test is only compared with 
DCB tests in the remainder of this section. Further, the discussion concentrates on the test 
methodology and does not address the difference between parallel and perpendicular 
direction which was already elaborated in the results section. 

 

Sample DCB 
(kJ/m2) 

MP test 
(kJ/m2) 

ELS 
Initiation 
(kJ/m2) 

ELS 
Propagation 

(kJ/m2) 
Parallel (//) 1.65±0.12 1.50±0.08 4.7±0.4  5.3±0.4  

Perpendicular (⊥) 2.59±0.19 2.29±0.12 5.8±0.4  8.5±0.2  
Table 5.2: Mean sample interlaminar fracture toughness values measured by DCB, MP, and ELS 

test with one standard deviation. 
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From a practical viewpoint, the mandrel peel test was found to be relatively simple to 
perform with straightforward simple sample preparation and data reduction procedure. 
The mandrel peel test requires less instrumentation compared to the DCB test, as there is 
no need to measure the crack length during testing. Moreover, at least for the material 
system tested in this work, the mandrel peel test generates more fracture toughness values 
for a single specimen than the DCB test. This is due to the mandrel which arrests any 
unstable crack propagation. The distance between subsequent instabilities, calculated as 
the average incremental crack growth length between two maximum force peaks, is shown 
in Table 5.3. It can be noticed that the incremental crack growth length for the mandrel 
peel test is more than 20 times shorter distance than the value observed in the DCB test. 
Consequently, for specimens of the same length the mandrel peel test generates more data 
points than the DCB test, resulting in a higher statistical relevance of the results of the 
mandrel peel test. Moreover, the table also illustrates that the average incremental crack 
growth length between subsequent instabilities is shorter for the perpendicular sample 
than for the parallel sample. This may suggest that crack arresting point is also governed 
by the woven structure, the toughness of the specimen and the mandrel peel setup, 
therefore, further research is required to understand the governing mechanism behind 
this observation.  

 
 

Sample Average incremental 
 crack growth length (mm) 

Standard deviation 
(mm) 

DCB // 20.3  2.2  
DCB⊥ 16.9  2.0  
MP // 0.83  0.07  
MP⊥ 0.48  0.05  

Table 5.3: Average distance between peaks for the different samples tested. 

 

Figure 5.21 shows the average fracture toughness and standard deviation measured by 
DCB and mandrel peel test for each specimen (left) and the sample (right). For both 
samples, parallel and perpendicular, it can be observed that the DCB and MP tests yield a 
similar interlaminar fracture toughness value. Nevertheless, at specimen level (left graph 
in Figure 22), the DCB test shows slightly lower standard deviation compared to mandrel 
peel test, although the number of points per test is rather limited (<10). Furthermore, at 
sample and specimen level, the DCB shows a slightly higher mean value compared to the 
mandrel peel test, which will be addressed hereafter. The possible reason for this 
observation is discussed hereafter. 
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Figure 5.21: Left) Average toughness values for the different specimens with standard deviation. 
Right) Toughness values for the different samples with standard deviation. 

 

Figure 5.22 shows a plot of normalised frequency of the interlaminar fracture toughness 
for the two test methods. All single interlaminar fracture toughness values measured for 
each specimen within each sample were considered as independent values to calculate the 
frequency of occurrence. A normal distribution fit was used to interpret the results. Firstly, 
it can be noted that the MP test follows a normal distribution fit, whereas the DCB results 
do not follow the normal distribution as well as the mandrel peel results. This could partly 
be due to the lower number of values within the population of the DCB test samples. 
Secondly, a slight difference in the mean values between the DCB and the mandrel peel can 
be noticed, where the DCB test shows higher interlaminar fracture toughness for both 
parallel and perpendicular samples. Finally, it can be noted that, for both tests, the tails of 
the normal distributions for high values overlap, while the lower tail of MP test extends to 
smaller values as well. From a physical viewpoint, the difference in mean value and the 
position of the normal distribution tails can be explained as follows. During DCB testing, 
each time unstable crack propagation occurs, the material itself has to stop the instability. 
Therefore, the probability of crack arrest is higher in the tougher (matrix-rich) regions. 
During the MP test, however, unstable crack propagation is mainly arrested by the 
mandrel, which means that the crack arrest position will not necessarily be in a region of 
high toughness. As discussed earlier, this is also shown by the average incremental crack 
growth length which does not correspond to typical average weave related distances. The 
subsequent re-initiation toughness values are measured close to the crack arrest points. 
Thus, the DCB test measures the fracture toughness in a tough region, while mandrel peel 
test measures the fracture toughness in more random position. This phenomenon might 
explain the observation that the DCB test measures higher apparent toughness values as 
compared to the mandrel peel test. In other words, the tougher regions are over-
represented in the DCB data, which results in an overestimation of the fracture toughness. 
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Figure 5.22: Normalised frequency as a function of interlaminar fracture toughness for double 
cantilever beam (DCB) and mandrel peel test (MP). Left parallel sample. Right) Perpendicular 

sample.  

Another possible factor that could contribute to the difference in the values measured 
between mandrel peel test and DCB test is that the interface for both tests is not exactly 
the same, as indicated earlier. In the DCB specimens, the crack propagates along the warp 
bundles, whereas it travels along the weft bundles for the mandrel peel specimens. Still, 
the effect of crack travelling along warp or weft fibres on the interlaminar fracture 
toughness is not well described in the open literature, and therefore further attention is 
required in the future. 

5.5 Conclusions 

The interlaminar fracture toughness of a woven 5HS Carbon/PEEK laminate was 
investigated using the Double Cantilever Beam (DCB), End-Loaded Split (ELS), and 
Mandrel Peel (MP) test methods. Crack propagation in two directions was studied, i.e. 
crack propagation parallel and perpendicular to the predominant fibre direction at the 
interface. As expected, the perpendicular samples showed a higher fracture toughness than 
the parallel ones. Furthermore, in line with observations from other researchers, the ELS 
test showed higher toughness than the DCB test. Also, both DCB and MP showed unstable 
crack propagation, whereas crack propagation was stable in ELS tests. The interlaminar 
fracture toughness values measured by the mandrel peel test were similar to the values 
measured by the DCB test, which suggests that the mode-mixity of the mandrel peel test is 
low and hence it is close to mode I. Moreover, reinforcing this idea, the DCB and mandrel 
peel test specimens both show characteristic fractographic features of mode I failure, while 
ELS specimens show characteristic features of shear mode failure. 

The mandrel peel test can be considered to be an easy and fast test compared to the DCB 
test. In this work, it was suggested that the presence of a strong stick-slip behaviour in the 
DCB test tends to overestimate the interlaminar fracture toughness values. Moreover, the 
mandrel peel test is able to measure the fracture toughness over a large number of 
distributed points in the test area, producing more than 20 times the amount of data points 
per unit crack length compared to the DCB test. The higher amount of crack (re-)initiation 
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points measured by the mandrel peel test can be considered to make the mandrel peel test 
statistically more relevant than the DCB test. To conclude, the mandrel peel test seems to 
be an interesting alternative to the DCB test for woven fabric reinforced composites. 
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5.7 Appendix - A 

The energy release per unit area associated with the thermal stresses was calculated from 
the curvature of the peel arm, as the change in elastic energy from the flat configuration to 
the curved configuration. Considering a beam subjected to a pure bending, the curvature 
(𝑘𝑘) of its neutral line can be expressed as: 

 𝑘𝑘 =
1
𝜌𝜌

=
𝑀𝑀
𝐸𝐸𝐼𝐼

 , (5.8) 

where 𝜌𝜌 is the radius of curvature, M the moment applied to the beam, E the bending 
modulus, and I the moment of inertia. The strain energy of a beam subjected to a bending 
moment M is equal to 
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Combining (5.8) and (5.9) the strain energy per unit of area can be calculated as  
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where 𝑤𝑤 is the width of the beam. The radius of curvature of the peel arm was measured 
by taking pictures of the un-bonded peel arm using an HP scanner at a resolution of 2400 
DPI. The images were then analysed using the software package ImageJ. An approximate 
radius of curvature of 75 mm was measured for both parallel and perpendicular 
specimens, but in opposite directions. For simplification, the bending modulus of the peel 
arm was considered as the bending modulus measured in the compliance calibration test 
(see Table 5.1). The thickness of the peel arm was measured as 0.3 mm using a micrometre 
screw gage. A total energy per unit of area of around 10 J/m2 was calculated using the 
aforementioned values. For this case it can be seen that the residual thermal stresses 
contribute less than 1 % to the total energy release rate compared with the interlaminar 
fracture toughness measured with the mandrel peel test. For this reason the residual 
stresses were neglected in this study. 

 





 

95 

Chapter 6: Discussion 

The objective of this work was to identify, analyse and when possible quantify the relation 
between physical state and structural features induced by the fusion bonding process and the 
resulting mechanical performance of the joints. The investigated factors were the degree of 
surface contamination of the substrates before bonding, the degree of crystallinity at the 
bond line, the thickness of the matrix-rich bond line, the fibre architecture and the direction 
of crack propagation. To evaluate the mechanical performance, interlaminar toughness was 
used as a measure for mechanical performance. The present chapter is aiming at broadening 
the discussion. Firstly, an overview of the qualitative relationships between the above-
mentioned factors and the interlaminar fracture toughness is presented. The governing 
mechanisms that affect the interlaminar fracture toughness are then presented and 
discussed. Secondly, the focus of the discussion about the relationship between structure and 
performance is shifted from interlaminar fracture toughness towards the global load 
bearing capability of the fusion bonded joint. Finally, the knowledge gained throughout this 
research is applied to draw guidelines for an advanced fusion bonded joint with optimised 
interlaminar fracture toughness. 

6.1 Structure – interlaminar fracture toughness relationship 

The work in this thesis is aimed at identifying, analysing, and wherever possible, at 
quantifying the relationship between structural features in the bond line and the 
performance of fusion bonded joints. For this purpose, experimental methods were 
developed which allowed the controlled variation of single features, which in this thesis 
are surface contamination, matrix bond line thickness, degree of crystallinity and fibre 
architecture. Subsequently, the interlaminar fracture toughness of the weld interface was 
used as a measure for the performance. The fracture toughness of the joint was found to be 
sensitive to variations in the aforementioned microstructural weld line features. A 
summary of the relationships observed between the structural features and the 
interlaminar fracture toughness is presented below. Figure 6.1 summarises the observed 
relationships. The aim of this section is to highlight the common governing mechanisms 
behind these relationships. 
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Figure 6.1: Schematic representation of a fusion bonded specimen. The structural features 
studied are highlighted with the relationship observed. 

6.1.1 Bond line contamination 

In chapter two, the presence of release media contaminants on the surface of 
unidirectional Carbon/PEEK substrates was investigated. The interlaminar fracture 
toughness of co-consolidated joints was found to be similar to the toughness of the parent 
material when low levels of contamination were measured on the surface of the substrates. 
However, in the presence of considerable contamination, only 1/3 of the performance 
remained after co-consolidation. Moreover, the joints with low fracture toughness 
presented flat fracture surfaces, whereas the specimens with high fracture toughness 
showed rough fracture surfaces with local plastic deformation of the matrix.  

6.1.2 Matrix degree of crystallinity 

In chapter three, the effect of the degree of crystallinity of the PPS matrix in flat 
Carbon/PPS laminates on the interlaminar fracture toughness was investigated. A 
decrease in the degree of crystallinity from 33 % (reference sample) to 12 % (stamp-
formed sample with the lowest mould temperature) was found to result in a doubling of 
the interlaminar fracture toughness. The samples with the lowest degree of crystallinity 
showed the highest local plastic deformation of the matrix on the fracture surfaces. 
Besides, the fracture surfaces of the laminates with the lowest crystallinity showed 
indications of some degradation of the fibre-matrix interface strength. 
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6.1.3 Matrix-rich bond line thickness 

In chapter four, the thickness of the matrix-rich bond line in unidirectional Carbon/PEEK 
fusion bonded joints was varied. Samples with thicker matrix-rich bond line yielded higher 
interlaminar fracture toughness. The interlaminar fracture toughness was almost doubled 
when a 200 µm-thick resin film was added to the bond interface, compared to a specimen 
without any additional film. The fracture surfaces of the samples with higher interlaminar 
fracture toughness showed higher local plastic deformation. For the same unidirectional 
Carbon/PEEK system, the presence or absence of fibre migration towards the matrix-rich 
bond line was found to have no effect on the interlaminar fracture toughness of the fusion 
bonded samples.  

6.1.4  Fibre architecture  

In chapter five, the interlaminar fracture toughness of 5HS Carbon/PEEK woven fabric 
composites was investigated. The mode I interlaminar fracture toughness of the woven 
composite laminates under study was found to be 25 % higher than that of the UD 
Carbon/PEEK material when the crack propagation during the test was parallel to the 
predominant direction of the fibres. Even though quantitative measurements were not 
carried out, the fracture surfaces of the woven fabric were observed to be rougher than the 
ones of UD material (comparison between chapter two and chapter five). Moreover, the 
fracture surfaces of the woven fabric reinforced laminates showed high plastic 
deformation of the matrix, amply present in the pockets between the bundles. Besides, in 
this comparison, it is worth noticing that while the unidirectional composites showed 
stable crack propagation, the woven fabrics showed unstable crack propagation. 

6.1.5  Direction of crack propagation 

For the same 5HS Woven Carbon/PEEK material, a 50 % increase in the interlaminar 
fracture toughness was observed, when the crack was forced to propagate perpendicular 
instead of parallel to the predominant bundle direction. The toughness was correlated 
with the interaction between crack front, the weave and the matrix pockets. Besides, the 
fracture surface of the perpendicular specimens was observed to be rougher than the 
parallel specimens. 

6.1.6 Mode I vs. mode II 

Finally, in chapter five, the same 5HS Carbon/PEEK woven material system was subjected 
to mode I and mode II fracture toughness tests. As reported in the literature, the material 
showed higher interlaminar fracture toughness for mode II testing [1]. The mode II 
specimens showed a higher local plastic deformation of the matrix on their fracture 
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surfaces with respect to the specimens tested in mode I. Besides, in this comparison, it is 
worth noticing that while the Mode I test samples showed unstable crack propagation, the 
Mode II samples showed stable crack propagation. 

6.1.7 Mechanisms 

A proper development of healing of the interface is required to achieve a good 
interlaminar fracture toughness of fusion bonded joints. In chapter two, the presence of 
contaminants at the bond line probably prevented the process of complete healing and this 
caused a reduction in the interlaminar fracture toughness. When proper healing occurs 
during fusion bonding, pull-out of polymer chains and polymer chain scission are the first 
mechanisms that appear related to energy consumption during crack propagation, at least 
for unreinforced polymers [2, 3]. When these two mechanisms are active, the stresses 
transferred across the interface can be large enough to start plastic deformation of the 
matrix which will further dissipate energy. 

The influence of crystallinity (chapter three), matrix bond line thickness (chapter four) and 
fibre architecture (chapter five) on toughness can (partly) be explained by energy 
dissipation through local plastic deformation of the matrix at the interface. The energy 
dissipated through plastic deformation during crack propagation is one of the mechanisms 
that increases the interlaminar fracture toughness [4]. The second mechanism found to 
increase the interlaminar fracture toughness is the crack path tortuosity. A higher crack 
path tortuosity not only increases the area of fracture, but also increases the local driving 
force at the crack tip required for the deflection or twist angle of the crack tip. These two 
mechanisms result in a higher consumption of energy along crack propagation [5].  

During this research, in some cases, the interlaminar fracture toughness of fusion bonded 
samples was found to outperform that of the parent material, as shown in chapters three 
and four. Such a higher performance was mainly related to the two energy dissipating 
mechanisms mentioned above, i.e. increased plastic zone and crack tortuosity. Figure 6.2 
illustrates these two mechanisms of energy consumption. Later in this chapter, guidelines 
will be proposed on how to use these mechanisms in order to optimise joints for 
toughness. 

 

Figure 6.2: Schematic illustration of mechanisms of energy consumption. Left) Matrix plastic 
deformation. Right) Tortuosity of the crack propagation path. 
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6.2 The global load bearing capability of fusion bonded joint 

Although important, fracture toughness is not the only property that determines the load 
bearing capacity of joints. Other properties, such as strength, chemical resistance or high 
temperature performance, are important too. This section, therefore, aims to broaden the 
discussion by shifting the focus from interlaminar toughness to other important 
properties. The topics discussed here are partly based on the literature and partly on some 
preliminary experimental work. 

6.2.1 Effect of surface contamination 

As discussed previously, a high level of contamination on the surface of the substrates 
before fusion bonding partially blocks the full development of proper healing and hence 
inhibits the interdiffusion and entanglement of polymer chains across the bond line. This 
causes poor transfer of loads across the bonding interface. In chapter two, the effect of the 
contamination at the bond line was investigated by manufacturing autoclave consolidated 
fusion bonded joints. During the research, only two levels of contamination were achieved, 
high and low. 

The presence of contamination at the bond line is expected to affect the global load bearing 
capacity of the joint. In chapter two it was shown that not only the interlaminar fracture 
toughness but also the interlaminar shear strength measured by short beam strength 
(SBS) test was significantly affected by the presence of the contaminants. A 80 % reduction 
in the SBS was observed in the samples with high concentration of contaminants with 
respect to the parent material. This is in line with the findings of other researchers [6], 
who have shown that when the healing process is not fully completed, for instance, due to 
lack of temperature or time during processing, the mechanical performance of the joint is 
not fully developed. 

6.2.2 Effect of crystallinity 

The effect of the degree of crystallinity on the mechanical behaviour of non-reinforced 
semicrystalline polymers is well reported in the open literature [7]. The degree of 
crystallinity affects the static and dynamic properties, as well as the thermal and 
environmental stability of the polymers. In general, a higher degree of crystallinity is 
associated with higher stiffness and strength [8]. This change of behaviour, up to a certain 
extent, is expected to be transferred to the resulting composite materials where these 
polymers are used as a matrix. Even though the tensile properties in the fibre direction of 
long fibre composites are expected to be insensitive to the degree of crystallinity, other 
properties where the matrix plays a crucial role are expected to be affected. The impact 
resistance and the interlaminar fracture toughness [9, 10] are reported to decrease with 
higher degree of crystallinity, while the other properties such as interlaminar shear 
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strength measured by short beam strength (SBS) and fibre-matrix interface adhesion 
measured by fibre pull-off strength are reported to increase with an increase in the degree 
of crystallinity [11]. 

In chapter three, the interlaminar fracture toughness was found to increase with a 
decrease of degree of crystallinity. Some scoping experiments were carried out to study 
the SBS of the laminates used in that study. The SBS tests were performed following the 
ISO standard 14130 [12]. Figure 6.3 left shows the examples of force vs. displacement 
curves of the SBS test and Figure 6.3 right shows the results of SBS as a function of degree 
of crystallinity. As mentioned previously, the SBS in the literature is reported to increase 
with higher degree of crystallinity. Nevertheless, a different trend was found for the 
scoping experiments. Firstly, when the degree of crystallinity decreases, the SBS increases 
until it reaches a maximum. Further decrease in crystallinity is accompanied by a drop in 
SBS. The force vs. displacement curves show an initial linear behaviour, but deviate at 
higher forces. This phenomenon is probably associated with the fact that a matrix with 
lower degree of crystallinity can comply more with the deformation before interlaminar 
failure occurs. A different behaviour was shown by the samples with the lowest degree of 
crystallinity, which start to yield at lower forces. This may be due to a reduction in fibre-
matrix interface strength due to the lower degree of crystallinity. The lower fibre-matrix 
strength possibly reduces the force required for the yielding of the specimen. These are 
preliminary results and further research is required to understand the observed 
behaviour. The trend shown by the SBS as a function of degree of crystallinity is different 
from the trend shown by the interlaminar fracture toughness. This is a clear example of 
how different properties pertaining to the mechanical performance of fusion bonded joints 
can be affected in different ways by variations in a certain structural feature.  

  

Figure 6.3: Left) Force vs. displacement curve for SBS test. For samples with different degree of 
crystallinity (DOC). Right) Short beam strength vs. degree of crystallinity.  

The long-term properties, such as creep or chemical resistance of thermoplastics, are 
expected to improve with a higher degree of crystallinity. The presence of crystallites 
inhibits the slippage of polymer chains by acting as physical crosslinks. Consequently, the 
amorphous materials are reported to have a lower creep resistance than semicrystalline 
materials [13]. Regarding environmental resistance, in general, the crystalline regions 
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behave as physical barriers that prevent the dissolution of the molecular network [14], 
which in turn results in semicrystalline polymer having a higher environmental resistance 
than amorphous polymers [15]. 

6.2.3 Effect of bond line thickness 

The effect of a polymeric matrix-rich layer at the interface between the two substrates on 
the mechanical performance has been widely studied. Firstly, for adhesively bonded 
metallic or composites substrates [16, 17] and secondly, for composites with a 
thermoplastic or thermoset interleave [18, 19- 21]. As discussed previously in chapter five, 
the interlaminar fracture toughness tends to increase with an increase in matrix-rich bond 
line thickness. The effect of interleaving thickness on single lap shear strength [22, 23], 
mode II fracture toughness [18, 24-26] and mixed mode fracture toughness [21] was also 
studied in the past. In the aforementioned cases, the mechanical performance tends to 
improve with increasing interleaving thickness until reaching a plateau where the 
mechanical performance is insensitive to any further increase of the thickness of the 
matrix-rich layer. However, materials with a matrix-rich interlaminar interface results 
have a lower stiffness, and lower tensile strength [27-29]. 

Short beam strength experiments were performed on Carbon/PEEK specimens with an 
interleaved film. The specimens were cut from the autoclave samples manufactured as 
part of the work described in chapter five. The effect of additional polymer layers in the 
midplane of the laminate, i.e. bondline, on the SBS of the autoclave samples was tested. The 
tests were performed following the ASTM D2344 standard [30]. Figure 6.4 shows that the 
SBS was insensitive to the nominal interleaved thickness. It must however be noted that 
the failure mode observed during testing was not in compliance with the standard, as the 
specimens did not delaminate in their midplane. The failure mode observed was a 
combination of plastic deformation and loading pin indentation followed by interlaminar 
shear failure. As the failure mode does not comply with the standard, SBS can be only be 
considered as an apparent property. 

 

Figure 6.4: SBS vs. nominal interleave thickness. 
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6.2.4 Interface architecture – Unidirectional vs. Woven 

This section compares effects of the reinforcement architecture (unidirectional or woven) 
in the substrate on the mechanical performance of the fusion bonded joint. Unidirectional 
composites tend to have a higher fibre volume fraction than woven fabrics. Besides, the 
fibres in the woven composites are undulated due to the weave pattern. As a consequence, 
the strength and the stiffness of woven fabric are lower than their unidirectional 
counterparts. Contrary to the strength and stiffness, the interlaminar fracture toughness 
and impact resistance are usually found to be higher for woven fabric composites [31]. The 
higher damage tolerance is often explained by the irregular interlaminar structure of 
woven fabric composites, which forces a delamination (crack) to interact with the matrix 
regions and the weave structure during its propagation, leading to a more tortuous crack 
path [32, 33]. To the author’s knowledge, studies comparing the SBS and the S-LSS of 
fusion bonded joints of unidirectional and woven composites are not reported in the open 
literature. The SBS and the S-LSS of fusion bonded joints of the same matrix fibre 
combination have been reported, in some review papers, to have similar values for UD and 
woven composites [34, 35]. Regarding the weave patterns of woven fabrics, the SBS was 
reported to decrease as the weave index increases [36]. Besides, for fusion bonded joints 
the LSS was reported to decrease when the predominant orientation of the fibres at the 
bond interface is perpendicular to the load direction [37]. 

6.3 Towards an advanced fusion bonded joint 

Although this is not the primary objective of this thesis, the results reported in this work 
can be used to formulate guidelines for obtaining fusion bonded joints having a high 
interlaminar toughness. As discussed in the previous section, this may have negative 
consequences for some of the other joint properties, therefore it is up to the design 
engineer to decide which properties should prevail. For obtaining a joint with high 
toughness the following recommendations are given: 

• A bond line with low crystallinity provides a high interlaminar fracture toughness.  

• An additional layer of neat matrix material at the bond line interface improves the 
wetting between the substrates and will increase the interlaminar fracture 
toughness of the bond.  

• Using woven fabrics at the bond line instead of UD material is advisable. Although 
the woven fabric studied in this work showed unstable crack propagation, it had a 
higher interlaminar fracture toughness than the comparable UD material.  

• When using woven fabrics at the bond line interface, a proper design of the joint 
where the crack propagation direction is perpendicular to the principal fibre 
direction will increase the interlaminar fracture toughness of the fusion bond 
joint. 
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• Similar to adhesive bonds, the interlaminar fracture toughness in mode II was 
found to be higher than mode I, at least for woven fabric composites. Therefore, 
the use of fusion bonded joints is preferable for applications where shear stresses 
are predominant over opening stresses.  
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Chapter 7: Conclusions and recommendations 

7.1 Conclusions 

The objective of this work was to identify, analyse and, if possible, to quantify the relation 
between the physical state, the structural features induced by the fusion bonding process, 
and the resulting mechanical performance of fusion bonded joints. For this purpose, novel 
experimental procedures were developed and used to manufacture generic fusion bonded 
specimens with variations in specific features in a controlled manner. The investigated 
features were the degree of surface contamination of the substrates before bonding, the 
degree of crystallinity at the bond line, the thickness of the matrix-rich bond line, and the 
fibre architecture at the bond line. Subsequently, fracture mechanics methods were used 
to experimentally quantify the effect of these variations on the mechanical performance. 
The major conclusions of this work relate on the one hand to the developed experimental 
methods and procedures, and on the other hand to the interrelation between structural 
features and joint toughness. 

7.1.1 Experimental procedures 

• Interlaminar fracture toughness testing techniques were found to be sensitive to 
the variations in the structural features induced by the fusion bonded process 
studied. Besides, interlaminar fracture toughness testing techniques were found 
to be able to quantify the effects on the mechanical performance. 

• The stamp forming process can effectively be used to emulate fast welding 
processes. Compared to actual welding processes, it provides more control and 
allows for varying a single feature, in this thesis the degree of crystallinity and the 
matrix bond line thickness, while ensuring proper consolidation. The process was 
shown to be a very effective tool to study the interrelation between structural 
features and the performance of fusion bonded joints.  

• The mandrel peel test presents an efficient way to characterise the interlaminar 
fracture toughness of woven fabric reinforced thermoplastic laminates. Compared 
to the DCB test, it yields more data points per unit crack length and hence 
provides a more accurate representation of the toughness. Moreover, the test is 
easy to perform, as there is no need to measure crack length during testing. 
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7.1.2 Structure-property relation in fusion bonded thermoplastic composites 

• The presence of release media contaminants on the surface of UD Carbon/PEEK 
substrates can have a significant detrimental effect on the toughness of the 
resulting joint; the interlaminar toughness was found to be reduced by more than 
60 % in the worst case. Contrary to popular belief as often mentioned in 
literature, surface contamination can have an effect on the mechanical 
performance of welded joints. 

• A linear relationship was found between the degree of crystallinity and the 
interlaminar toughness of Carbon/PPS laminates. The influence of crystallinity is 
quite pronounced, shown by a toughness decreasing by more than 50% when the 
degree of crystallinity increases from 12 to 33 %. The obtained experimental 
results also suggest that the degree of crystallinity has a bigger effect on the 
fracture toughness than crystalline morphology. 

• The relationship between the matrix-rich bond line thickness and the 
interlaminar fracture toughness was studied for unidirectional Carbon/PEEK 
fusion bonded laminates with different matrix-rich bond line thicknesses. A 
higher interlaminar fracture toughness was observed when the matrix-rich bond 
line thickness increased. The interlaminar fracture toughness was almost doubled 
with respect to that of the parent material when an approximately 200 µm-thick 
resin film was added to the bond interface. For the same unidirectional 
Carbon/PEEK system, the presence or absence of fibre migration towards the 
matrix-rich bond line was found to have no significant effect on the interlaminar 
fracture toughness of the fusion bonded samples. 

• The fibre architecture at the interface has a significant influence on the 
interlaminar toughness. The mode I interlaminar fracture toughness of 5HS 
woven fabric Carbon/PEEK was found to be at least 25 % higher than the 
interlaminar fracture toughness of UD reinforced Carbon/PEEK. Furthermore, the 
crack propagation direction was found to have a large influence on the 
interlaminar fracture toughness. Crack propagation perpendicular to the 
predominant bundle direction in the 5HS Carbon/PEEK material results in a 
toughness increase of 50 %, compared to crack propagation parallel to the 
predominant fibre direction. 
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7.2 Recommendations 

The present thesis focused on the interrelation between the physical state and structural 
features of the bond line, and the resulting mechanical performance of fusion bonded 
thermoplastic composite joints. Although this work presents an important step towards 
predictable, reliable and robust fusion bonding processes, further progress is still required. 
Recommendations for future research can be made on the interrelation between 
microstructure and performance and on the predictability of joint performance. 

7.2.1 Microstructure – performance relationship 

The following recommendations are made for further research on the interrelation 
between bond line microstructure and structural performance of fusion bonded joints: 

• The physical state and microstructure of the bond line are not fully defined by the 
features studied in this work. Additionally, residual stresses, degree of healing, 
void fraction, and degree of degradation are amongst other features that further 
define the bond line. The effects of these features on the mechanical performance 
need to be addressed as well in order to truly progress towards predictive joint 
performance. 

• This work used the static interlaminar fracture toughness to quantify the 
mechanical performance of fusion bonded joints. Although important, 
interlaminar toughness is not the only relevant mechanical property. Mechanical 
properties such as the static strength, creep compliance and fatigue resistance of 
the joint will be critical for any application as well. It is therefore recommended to 
extend the experimental approach, developed in this thesis, to other relevant 
mechanical properties.  

• The experimental approach followed in this work aimed at isolating the effect of a 
single feature on the toughness. In practice, however, multiple features may vary 
simultaneously. The variation of more than one feature at the same time may lead 
to a different response than the simple sum of the individual variations. 
Therefore, the effect on the mechanical performance of the interactions between 
different features requires further study. 

7.2.2 Towards predictable joint performance 

A proper understanding of the interrelation between materials, processing conditions and 
microstructure on the one hand, and microstructure and performance, on the other hand, 
allows the formulation of joint design and manufacturing guidelines. Predictive 
engineering tools could, moreover, play an important role here. To make progress, the 
following recommendations are made: 
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• The physical state and structure of the bond line are determined by the 
processing conditions and the material properties. Further study is required to 
properly describe the relationship between materials, process and resulting 
physical state and mechanical performance of the bond, in order to use the 
knowledge gained in this work for practical applications. 

• Once this relationship between process, structure and performance is well 
understood, models can be developed to predict the effect of process conditions 
on the resulting microstructure, and subsequently to predict the resulting 
mechanical performance. Combining these models enables the design of fusion 
bonded joints with predictable performance. Along with the development of such 
methods, extensive validation in actual fusion bonding processes will be required. 

• Non-destructive inspection and inline monitoring techniques need to be 
developed for welded joints. The work in this thesis can turn out to be useful in 
this area as well. Techniques to measure specific structural features, such as the 
bond line thickness, could potentially be used to predict weld performance. 
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