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Abstract 

Lightweight materials have always played a significant role in product design, but global trends 

toward emissions reduction and resource efficiency have further increased the importance of this 

topic. In particular, the introduction of CO2 emissions targets and correlated penalties required by the 

U.S Department of Transportation is increasing the interest in lightweight materials, such as fiber 

reinforced polymers (FRP), which are set for significant market growth in the automotive industries.  

Automotive industries would like to use FRP more broadly; however, the use is still limited because 

of the high manufacturing costs and long cycle times. But the recent developments in the area of 

manufacturing technologies are now paving the way to more widespread adoption. Newly developed 

manufacturing technology, such as high-pressure resin-transfer moulding (HP-RTM) can reduce the 

manufacturing cost and time. The technology provides a strong potential to incorporate the CFRP 

composite materials in high-volume production vehicles. 

However, the current adoption speed in high-end products and critical load-bearing applications is 

still limited by the ability to join CFRP efficiently. Structural adhesive bonding represents a feasible 

joining method for FRPs because it entails several advantages, such as the reduction of stress 

concentration, and assembly cost and time.  

FRP surfaces are primarily composed of a polymer matrix and can be affected by the presence of 

contaminants such as silicones and fluorocarbon from release compounds that represent leftovers of 

the fabrication process. It is important to perform a surface preparation step before bonding to remove 

such contamination and possibly increase the strength of adhesive joints. In the case of FRPs, the 

outcome of the surface preparation step strictly depends on the actual structure and composition of the 

composite material, especially in the near-surface region, which is the one that mostly dictates the 

ability of an adhesive to establish strong adhesion and a durable bond.  

Concerning surface preparation and bonding of carbon fiber reinforces polymers (CFRP) 

manufactured using the HP-RTM technology there is still a relative paucity of contributions, 

especially on the existing interplay between surface modification, near-surface composite structure 

and the mechanics of deformation and fracture. The goal of this work was to complement the existing 

studies in the field and ascertain the mechanical behaviour of adhesive joints comprising composite 

adherents that feature a non-crimp fabric (NCF) textile whereby carbon fiber tows (or yarns) are 

stitched together using polyester yarns. The research work includes surface pre-treatment and 
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characterization, mechanical testing and fractographic analysis. Surface preparation is crucial for the 

mechanical performance of adhesive joints. In this work, both manual sanding and UV laser 

irradiation (355 nm) is investigated. The morphology and topography of the target surfaces before and 

after surface preparation are ascertained using optical and confocal microscopy studies. Besides, the 

wettability is assessed using contact angle measurements. Two load cases are considered for 

mechanical testing of the composite joints, the Double Cantilever and the End Notch Flexure test 

configurations. The aim is to determine the Mode I and Mode II fracture toughness of the joints. In-

situ CCD imaging during testing, post-failure visual inspection, and optical observations are 

combined to shed light on the mechanisms of deformation and fracture of the joints.  

The obtained results highlight the peculiar interaction between surface preparation and the resulting 

complex surface structure of the composite. Although the treated surfaces did not show an improved 

wettability after sanding, the mechanism of failure of the joint was cohesive and the Mode I fracture 

toughness was in good agreement with that reported in previous related studies and above the values 

commonly reported for CFRP/epoxy joints in the existing literature. The Mode II fracture tests also 

displayed cohesive fracture but highlighted a mechanism of deformation whereby the ductility of the 

adhesive played a much more relevant role and led to the development of a fracture process zone that 

spanned several millimetres in length. Remarkably, the results of mechanical tests executed on 

adhesive joints with sanded interfaces were better than those obtained after UV-laser treatment. 

Although the investigation of the laser process was still preliminary and of exploratory nature, some 

interesting indications already emerged from this study, including the need for a fine-tuning of the 

processing variable that can prevent or mitigate surface degradation through photothermal ablation. 
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1.1 Motivation 

The increasing demand for vehicles in the world brings about the recent legislation in Canada, the 

US, Europe, and Asia to economize the cost of vehicle fuel consumption and reduce greenhouse gas 

emissions, as well as the increasing fuel efficiency of light-duty vehicles (LDVs)[1]–[4]. To improve 

fuel efficiency, feasible solutions can be included as improving aerodynamic efficiency, developing 

new efficient powertrains, and optimizing vehicle body-in-white (BIW) structures for weight 

reduction [5]. Reducing the vehicle weight to improve the fuel efficiency of LDVs plays a crucial role 

[6]. The study shows that reducing the vehicle weight by 10% can directly improve 6-8% fuel 

economy for a vehicle with an internal combustion engine [7]. Compared with high-strength steel and 

aluminum, the use of carbon fiber-reinforces polymers (CFRP) composites within LDVs structures 

provides higher specific strength, stiffness, and energy absorption capacity [8], [9] - see Fig. 1.1.  

 

Figure 1.1: Energy absorption budget of structural automotive materials [10]. 

 

Automotive industries would like to use composites more broadly; however, the use of CFRP in 

BIW manufacturing is still limited because of the high manufacturing costs and long cycle times. For 

this reason, CFRPs are mostly used in high-performance luxury cars, such as the BMW 7 series [11], 

the Audi R8, [12] and Lamborgini Murciélago 670 [13]. Nevertheless, the recent developments in the 

area of manufacturing technologies are now paving the way to a more widespread adoption.  

Newly developed manufacturing technology, such as high-pressure resin-transfer molding (HP-

RTM) [14], can reduce the manufacturing cost and time thanks to the benefits of automation and fast 
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curing resin used for the manufacturing process. A dry fabric is required to generate a preform, which 

is then transferred to a mold in order to start the HP-RTM process. The pressure varies from 150 bar 

in the mixing head to 30-120 bar in the mold. The technology provides a strong potential to 

incorporate the CFRP composite materials in the BIW structures of high-volume production vehicles. 

Fastening methods frequently used in current CFRP composite structures are mainly riveting or 

bolting. However, the limitations are apparent such as the damage to load-carrying fibers by through-

holes and the generation of stress concentration spots [15]. Therefore, the current adoption speed in 

high-end products and critical load-bearing applications is still limited by the ability to join CFRP 

efficiently [16]. Structural adhesive bonding represents a feasible joining method for composites. 

Among the various advantages brought forward by adhesives it is worth mentioning the reduction of 

stress concentration, and assembly cost and time. Besides adhesively bonded joints have better 

structural damping that can reduce the vehicle structure’s noise, vibration, and harshness (NVH)[17]. 

For this reason, adhesive bonding has been used widely in the joining method for FRP composite 

materials in recent years and has good development prospects.  

CFRP surfaces are primarily composed of a polymer matrix and can be affected by the presence of 

contaminants such as silicones and fluorocarbon from release compounds [18]–[20]. As a result, it is 

important to perform a surface preparation step prior to bonding to remove the contamination and 

possibly increase the CFRP wettability and surface energy. Typical treatments include sanding, peel-

plies, corona discharge, flame, plasma, or laser treatments [21]–[27]. Sanding is the most simple 

method, but while removing the contaminants can also affect the carbon fibers. The use of a peel-ply 

is also simple, but the surface is often not suitable for adhesive bonding unless combined with another 

surface treatment [18]. Others surface preparation methods require very specialized equipment, such 

as for corona or flame treatments. These last can remove a thin surface matrix layer that usually bears 

the most of contamination, while being able to increase surface wettability [21]. Oxygen plasma 

treatment will increase carbonyl content and etch the surface, increasing surface roughness, 

wettability, and joint strength [22]. Other pulsed lasers such as ultraviolet [24], near-infrared [25], and 

infrared [26], [27] can also remove embedded contaminants through photochemical or photothermal 

interactions and improve the wetting and surface energy.  
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1.2 Objectives 

Owing to the high demand for CFRPs for usage in body in white (BIW) and the interest in 

incorporating CFRPs into light-duty vehicles (LDVs), the goal of this thesis was to ascertain the 

mechanical behavior of adhesive joints comprising composite adherents manufactured with the HP- 

RTM technology. The composite panels features a non-crimp fabric (NCF) textile whereby carbon 

fiber tows (or yarns) are stitched together using polyester yarns. Besides, transversely oriented glass 

fibers are placed between the tows and the stitching to provide support during handling and 

manufacturing. The main objectives of the present work can be summarized as follows: 

• Develop an effective surface preparation methodology that allows to achieve cohesive 

fracture of adhesive joints. Both mechanical and physical pre-treatments, i.e., manual 

sanding and pulsed laser irradiation, will be explored. 

• Ascertain the effect of the above surface modification methods on surface morphology, and 

topography, and investigate the wettability and ensuing surface energy. 

• Manufacture high-quality NCF-CFRP/epoxy joints and perform fracture tests in Mode I 

and Mode II using the Double Cantilever Beam (DCB) and the End Notch flexure (ENF), 

respectively. 

• Assess the effect of different structural adhesive on the mechanical performances and 

evaluate the obtained results thorugh fractographic analyses supported by visual inspection 

and optical microscopy. 

1.3 Thesis overview 

Chapter 2 provides a summary overview of the theoretical background regarding the mechanics of 

composite materials and ensuing failure modes; background knwoledge about fabrication methods is 

briefly provided, including the HP-RTM technology. Then, joining methods suitable for composites 

are presented along with a litterature review that focuses on the state-of-the art methods recently 

developed to enhance the mechanical behavior of composite joints.  

Chapter 3 provides details about the materials and the procedures used to manufacture NCF-

CFRP/epoxy joints; it also includes description of the surface preparation methods and the 

mechanical tests employed to assess the Mode I and Mode II fracture toughness.  
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Chapter 4 reports a detailed description of the obtained results, while Chapter 5 includes a detailed 

discussion in the context of the most current works on the subject.  

The thesis ends with Chapter 6, that provides the main conclusions as well as recommendations for 

future works.  
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Chapter 2: Background and literature review 
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This chapter provides a general overview of fiber-reinforced polymer (FRP) materials. The general 

characteristics of FRPs will be presented in Section 2.1. Thermoset and thermoplastics composites 

will be briefly discussed in Section 2.2. Manufacturing methods for thermoset based composite 

materials (which are the focus of the present effort) will be presented in Section 2.3. Deformation and 

fracture of composite materials will be the subject of Section 2.4. Then, an overview of the most 

common joining methods will be provided in Section 2.5, including bolts, rivets, and adhesives. 

Finally, the influence of surface preparation will be discussed in Section 2.6 by making reference to 

the most current related research works. 

 

2.1 Overview of lightweight fiber reinforced polymer composites 

In 2020, more than 276 million vehicles were on US roads, consuming approximately 54% of US 

transportation energy sources/fuels [28], [29]. Reducing the consumption of petroleum can make 

great contributions to economic and energy security as well as providing benefits to the environment. 

Traditional vehicles use metallic alloys for body-in-white (BIW) framing, which increases vehicles 

weight and fuel consumption. Therefore, the most important advantage of FRP compared to metals is 

the significant weight reduction while maintaining a relatively high strength. In particular, the specific 

modulus (ratio of material stiffness to density) of FRP between three and five times greater than that 

of metals [30]. In addition, the specific tensile strength (ratio of material stiffness to density) is 

approximately four to six times greater, and the potential for service induced corrosion is significantly 

reduced [30]. As a result, FRPs are increasingly being considered as very attractive candidate 

replacement materials in cars and trucks to increase fuel efficiency and handling [31], [32]. 

FRPs contain essentially two phases, i.e., high-strength fibers embedded within a binding matrix. It 

follows that FRPs are heterogeneous materials provided with significant fraction of interfaces 

separating the matrix from the reinforcement [33]. FRPs can provide a high stiffness along the fiber 

direction, and the matrix phase holds the fibers in place and transfers the load to the fibers through the 

interfaces [34]–[36]. Compared with homogenous lightweight materials, FRP materials can be 

tailored to achieve the desired properties for the intended application, including high inherently 

damage tolerance, especially in fracture performance and energy absorption [37]. However, the 

orientation and laminate stacking sequence of the fiber can make a large infect on the strength and 
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stiffness of FRP. In addition, the anisotropic mechanical properties of laminated composite materials 

can be tailored by altering the fiber orientation and stacking sequence.  

There are many ways to introduce the reinforcement fibers within the matrix and the most common 

way is to use woven fabrics. Woven fabrics are formed by interlacing the fiber yarns along two 

orthogonal directions (weft and warp directions) leading to a 2D fabric with crimped yarns [38]. The 

main role of the reinforcement fibers is to support the majority of the applied load. It should be noted 

that fibers are inherently stronger than the bulk form because of the reduced probability of defects 

[39]. 

Unidirectional non-crimp fabrics (UD-NCF) consist of layers of parallel fibers arranged in one 

direction, stitched with thin textured polyester yarns. Different orientations such as +45º, -45º, +30º, 

etc. are also possible [40]. Pillar, cord satin, and tricot stitching patterns are commonly used. The 

tricot stitching pattern can be found on the carbon fiber tows in a zig-zag form along the direction of 

the fiber direction [41] (see Fig. 2.1). Transversely oriented supporting fibers are typically placed 

between the tows and the stitching to provide support for handling during processing [41]. Compared 

with woven fabrics, UN-NCFs provide several advantages, including superior in-plane properties due 

to ideally non-crimped fiber tows and good drapability, improved reinforcement performance during 

processing and reduced manufacturing cost owing to the simplicity of the architecture [42]–[44]. 

Multi-directional layers of UD-NCFs can be combined together to tailor the anisotropic mechanical 

properties of the laminate by using a thermoset matrix. The UD-NCFs cost has a negative correlation 

with the increased number of filaments per tow. Some heavy-tow UD-NCFs may contain up to 

50,000 filaments per tow, which have been used for automotive applications [41], [45], [42].  

 

Figure 2.1: Schematic of unidirectional non-crimp fabric [41]. 
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2.2 Thermoplastic versus thermoset polymer matrix composites 

Thermoplastics are resins that are solid at room temperature but become soft when heated and 

eventually become fluid as a result of crystal melting or from crossing the glass transition temperature 

[46]. Thermoplastic polymers can be shaped through several steps, including heating and cooling. 

Upon heating, the materials can flow through a mold and achieve the desired shape upon cooling. 

Due to this special feature, thermoplastic material can be recycled and be considered an 

environmentally friendly material. In addition, thermoplastics can be produced through different 

techniques, such as extrusion or molding. Major types of thermoplastics include styrene, propylene, 

and ethylene, which account for 80% to 90% of the overall thermoplastic monomers produced [47]. 

Thermosets polymers, also called thermosetting resin or thermosetting plastic, are specific class of 

polymers that form well-defined, irreversible chemical networks through curing. This last can either 

occur due to heating or through the addition of a curing agent [48], therefore causing a crosslinking 

formation between its chemical components, and giving the thermoset a strong and rigid structure that 

can be added to other materials to increase strength. The application of thermoset polymers includes 

coatings and epoxy adhesives employed in construction and building industry, as well as in 

transportation and electrical equipment [47]. Thermoset polymers are also used widely in advanced 

applications, such as composite materials used in aerospace, automotive, and military industries.  

The main differences between thermoset and thermoplastic are shown in Tab. 2.1 [49], [50]. 

Thermosets are provided with higher hardness compared to thermoplastics because of the three-

dimensional network of bonds, or crosslinks, that are created during curing. Because of the ensuing 

strong covalent bonds between polymer chains, thermosets are more suited to high temperature 

applications too. The higher the crosslink density, the better the heat degradation and chemical attack 

resistance. Higher crosslink density also improves the mechanical strength and hardness of these 

materials, although this can lead to brittleness [46]. As a matter of fact, thermoset polymers are 

considered to be more suitable than thermoplastic polymers for FRP manufacturing because 

thermoplastics require a high temperature to melt and have high viscosity, which makes the 

manufacturing process more complex. On the contrary, thermoset polymers can cure at room 

temperature with lower viscosity and have a higher curing speed. 
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Table 2.1: The two main classes of polymers [49], [50]. 

Materials Main characteristics Examples 

Thermoset 

• Highly cross-linked upon curing 

(irreversible bonds) 

• Not recyclable 

• Cannot be reshaped. 

• Dimensional stable. 

• Cost effective 

• Polyisoprene 

• Polyurethane 

• Benzoxazines 

• Polyester resin 

Thermoplastics 

• Highly recyclable 

• Reshaping ability. 

• Chemical resistance. 

• More expensive. 

• High-density polyethylene 

Polyethermide 

• Polyphenylene oxide 

• Polyether ketones 

 

2.3 Manufacturing methods of FRP 

Manufacturing methods for FRPs can be classified into open mold, closed mold, and other 

processes. Open mold processes include wet lay-up, hand/automatic laying of prepreg, and vacuum 

bagging with an autoclave. Closed mold processes include resin transfer molding, resin infusion 

molding, wet compression molding, hot pressing prepregs and thermoforming. Other processes can 

include filament winding, pultrusion, and 3D printing [41].  

FRP composite manufacturing processes that use liquid resin to impregnate a fabric preform stack 

in a closed mold are called Liquid Composite Molding (LCM) processes [51]. LCM manufacturing 

processes are used in aerospace and automotive industries because they can provide high quality parts 

with complex shapes. Common LCM processes include resin transfer molding (RTM), that is a 

mature manufacturing process after two decades of development [45], [52]. In a typical RTM 

manufacturing process, the fabric preform is placed in the cavity of a closed mold. Then, the 

premixed resin will be injected into the closed mold allowing wetting of the fabric layer prior to 

curing and hardening of the near net shape composite part (see Fig. 2.2). High pressure mixed resin 

replaces air under low pressure, the displaced air will escape the mold through vents to avoid dry 

spots and minimize void formation [53]. RTM cycle times depend on part thickness, resin type and 

processing temperature, and it may take from few minutes to hours [54]. The benefits of the RTM 

process include the ability to produce high quality geometrically complex parts with tight tolerances 

and high repeatability despite the long cycling time. Thus, RTM is regarded as a cost-effective 
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process and has attracted the interest of the automotive industry [55]. Although the manufacturing 

process is relatively simple and the fabrication cost is acceptable, the process is still affected 

negatively by the high initial setup cost and the small to medium sizes of the obtainable parts [56]. 

 

Figure 2.2: Sequence of the main steps of RTM process [57]. 

 

To solve the limitations of RTM, a new process known as high-pressure resin transfer molding 

(HP-RTM) was recently developed. The manufacturing steps can be seen in Fig. 2.3. Compared with 

the traditional RTM process, HP-RTM process employs highly reactive resin and hardener 

components that are rapidly mixed and injected into the closed mold at high pressure and flow rate 

using a costly metering unit with a mix head. The high mold cavity pressure requires a large press to 

maintain the tool shut and sealed in position during resin injection. This implies a pre-vacuum step for 

the model before the mixed resin is injected. Thanks to the automation of the manufacturing process 

and the use of fast curing resin and high-pressure injection, HP-RTM cycle times are reduced to 

minutes [58], [59]. In addition, the high injection pressure leads to improved part surface finish and 

higher attainable fiber volume fractions. 

 

 

Figure 2.3: Flow diagram of the HP-RTM [60]. 
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2.4 Deformation and fracture of composites: basic concepts 

2.4.1 Mechanics of laminated composites 

 Continuous FRP materials are comprised of several layers stacked together and oriented along 

different directions to achieve the required mechanical properties that, in general, are regarded as 

anisotropic. A lamina (or layer) can exhibit either a linear elastic response until failure or an elastic-

inelastic response prior to failure, which may vary along different material directions [61]. Since the 

strength of an anisotropic lamina is along the fiber direction, there will be a relationship between 

failure direction and applied stress relative to the direction of the fibers. The linear elastic anisotropic 

response of lamina is governed by three-dimensional generalized Hooke’s law, as per the following 

set of equations represented using index notation: 

 σij = Cijklεkl Eq. 2.1 

Here, σij represents the components of the second order Cauchy stress tensor,  Cijkl represents the 

fourth order homogenized elastic tensor components, and εkl represents components of the second 

order infinitesimal strain tensor, where indices i, j, k, l = 1,2,3,4. There are 81 components for the 

elastic tensor for a fully anisotropic material. The symmetry of the stress tensor can be deduced by 

applying the principle of equilibrium. The number of the independent constants of the elastic tensor is 

reduced to 21 by consideration of the symmetry of the strain tensor. For unidirectional composites, 

such as UD-NCF lamina, the existence of three mutually orthogonal planes of material symmetry 

leads to an orthotropic material response, which further reduces the independent components of the 

elastic tensor to 9. For a UD lamina the local material coordinate system can be defined based on the 

1, 2, 3 indices, with 1 representing the fiber direction, 2 the in-plane transverse fiber direction and 3 

the out-of-plane direction (Fig. 2.4). 
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(a) 

 

(b) 

Figure 2.4: (a) Local material coordinate system for a UD composite, and (b) orientation of UD 

lamina with respect to the laminate coordinate system (θ is the angle between the x- and 1- axes). 

 

Stress and strain tensors can be replaced in vector form allowing for reduced (Voigt) notation by 

assuming the following definitions for the indices of the stress, strain and elastic tensors: 11 = 1, 22 = 
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2, 33= 3, 23 = 4, 13 = 5 and 12 = 6. The stress-strain relations for a three-dimensional orthotropic 

lamina in reduced notation are defined as [39]: 

 

[
 
 
 
 
 
σ1
σ2
σ3
σ4
σ5
σ6]
 
 
 
 
 

=

[
 
 
 
 
 
C11 C12 C13 0 0 0
C21 C22 C23 0 0 0
C31 C32 C33 0 0 0
0 0 0 C44 0 0 
0 0 0 0 C55 0 
0 0 0 0 0 C66 ]

 
 
 
 
 

[
 
 
 
 
 
ε1
ε2
ε3
ε4
ε5
ε6]
 
 
 
 
 

 Eq. 2.2 

 

 Cij = Sij
−1 Eq. 2.3 

 

Where, Cij represents the components of the elastic tensor, and Sij is the compliance tensor 

components. The compliance matrix components, Sij, can be written in terms of the orthotropic elastic 

constants as follows [36]: 

 
S11 =

1

E11
, S22 =

1

E22
, S33 =

1

E33
 

Eq. 2.4 

 

 
G23 =

1

S44
, G13 =

1

S55
, G12 =

1

S66
 

Eq. 2.5 

 

 
v23 = −

S23
S44

, v13 = −
S13
S11

, v12 = −
S12
S11

 
Eq. 2.6 

 

Here, Ei, Gij and vij respectively represent the Young’s moduli, shear moduli and Poisson’s ratios of 

the effectively homogeneous lamina with respect to the local material coordinate system. It should be 

clarified that Ei, Gij and vij are dependent on the properties of the constituent materials (i.e., the 

reinforcement fiber and polymer matrix) and the fiber volume fraction (Vf) 

If the out-of-plan stresses approach to zero by considering the plane stress condition for the case 

when the laminate is thin. As a result, Eq. 2.2 is reduced from three dimensions to two dimensions: 
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 [

σ1
σ2
σ12

] = [

Q11 Q12 0
Q21 Q22 0
0 0 Q66

] [

ε1
ε2
γ12

] Eq. 2.7 

 

The reduced stiffness matrix Q and components are written in terms of the in-plane lamina elastic 

constants [35]: 

 Qij =

[
 
 
 
 

E1
1 − v12v21

 
v12E2

1 − v12v21
 0

v12E2
1 − v12v21

 
E2

1 − v12v21
 0

0                  0                 G12]
 
 
 
 

 Eq. 2.8 

 

For a laminate comprised of many laminas oriented along different directions, it becomes necessary 

to describe the orientation of each lamina with respect to the laminate coordinate system (see x, y, z 

in Fig. 2.4b). The orientation of a lamina can be represented as a rotation about the z-axis by angle θ 

(see Fig. 2.4b). The transformation with respect to the laminate coordinate system leads to the 

following stress- strain relations [34]: 

 {

σx
σy
σxy

} = [T1]
−1[Q][T2] {

εx
εy
γxy
} = [Q̅] {

εx
εy
γxy
} Eq. 2.9 

 

Where, [T1] is the stress transformation matrix and [T2] is the strain transformation matrix (Eq. 

2.10, and 2.11), [Q̅] represents the lamina transformed reduced stiffness matrix, σx, σy, σxy denote 

the stress in the laminate coordinate system and εx, εy, γxydenote the strains in the laminate 

coordinate system. 

 [T1] = [
m2       n2        2mn
 n2      m2      − 2mn
−mn    mn    m2 − n2

] Eq. 2.10 

 

 [T2] = [
m2       n2        mn
 n2        m2      − mn

−2mn    2mn    m2 − n2
] Eq. 2.11 
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In Eq. 2.10 and 2.11, m and n denote the transformation coefficients where m = cos θ and n =

sinθ. 

The elastic response of multi-directional laminates can be defined through classical laminate theory 

(CLT) [34]. Where bending and stretching deformations of assumed thin plates are defined based on 

Kirchhoff’s plate theory. CLPT assumes that the plies are perfectly bonded and under plane stress 

states, plies undergo linear elastic deformation with small strains and rotations, and that there are no 

out-of-plane strains [36] (Fig. 2.5). Therefore, the deformation of the laminate can be reduced to a 

two-dimensional problem by considering the bending and stretching deformation of the laminate 

geometric mid-plane (Fig. 2.5). 

 

(a) 

 

(b) 
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(c) 

Figure 2.5: Schematic representation of a thin laminate plate: (a) external loading and resultant forces 

and moments, and (b) deformed and undeformed state (c) multilayered laminate geometry [36]. 

 

The strain distribution through the thickness of the laminate can be obtained from the laminate 

geometric mid-plane strains {ε0} and curvatures {κ0} and is dependent on the position z with respect 

to the mid-plane (Fig. 2.5c). The strain distribution in terms of the laminate coordinate system is 

defined per the following: 

 

 {

εx
εy
γxy

} = {

εx
0

εy
0

γxy
0

} + z{

κx
0

κy
0

κxy
0

} Eq. 2.12 

 

The stress distribution for ply k with respect to the laminate coordinate system are calculated based 

in the strain distribution as follows: 

 {

σx
σy
σxy

}

k

= [

Q11̅̅ ̅̅ ̅ Q12̅̅ ̅̅ ̅ Q16̅̅ ̅̅ ̅

Q22̅̅ ̅̅ ̅ Q22̅̅ ̅̅ ̅ Q26̅̅ ̅̅ ̅

Q61̅̅ ̅̅ ̅ Q62̅̅ ̅̅ ̅ Q66̅̅ ̅̅ ̅
] + {

εx
0 + zκx

0

εy
0 + zκy

0

γxy
0 + zκxy

0

} Eq. 2.13 
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Where [Q̅]k is the transformed reduced stiffness matrix for ply k. 

The mid-plane strains and curvatures can be evaluated by considering the resultant forces {N} and 

moments {M} acting on the laminate (Fig. 2.5a). The laminate governing equations are defined as 

[35]: 

 {
N
…
M
} = [

A   B
…  …
B   D

] {
ε0

…
κ0
} Eq. 2.14 

 

The expanded form is shown in Eq. 2.15. 

 

 

{
  
 

  
 
Nx
Ny
Nxy
Mx

My

Mxy}
  
 

  
 

=

[
 
 
 
 
 
A11 A12 A16 B11 B12 B16
A21 A22 A26 B21 B22 B26
A61 A62 A66 B61 B62 B66
B11 B12 B16 D11 D12 D16
B21 B22 B26 D21 D22 D26
B61 B62 B66 D61 D62 D66]

 
 
 
 
 

{
 
 
 

 
 
 
εx
0

εy
0

γxy
0

κx
0

κy
0

κxy
0
}
 
 
 

 
 
 

 Eq. 2.15 

 

Where, [A], [B] and [D] are the extensional stiffness, coupling stiffness and bending stiffness 

matrices of the laminate, respectively. The components of the [A], [B] and [D] matrices are given by 

following expression [35]: 

 Aij =∑ (Qij̅̅ ̅̅ )k
(zk − zk−1)

n

k=1
 Eq. 2.16 

 

 Bij =
1

2
∑ (Qij̅̅ ̅̅ )k

(zk
2 − zk−1

2 )
n

k=1
 Eq. 2.17 

 

 Dij =
1

3
∑ (Qij̅̅ ̅̅ )k

(zk
3 − zk−1

3 )
n

k=1
 Eq. 2.18 
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Where Zk is the distance from the laminate min-plane to the bottom of ply k (See Fig. 2.5c). 

The ply level stress and strain distributions can be computed along the local material directions by 

transforming the stresses and strains in the laminate coordinate system: 

 {

ε1
ε2
γ12
}

k

= [T2]k + {

εx
εy
γxy

} Eq. 2.19 

 

 {

σ1
σ2
σ12

}

k

= [T1]k + {

σx
σy
σxy

} Eq. 2.20 

2.4.2 Failure modes of composites 

When a UD lamina undergoes transverse compressive stress, the resulting damage is a ply crack 

that has an angle biased to the transverse direction (Fig. 2.6a) and is referred to as compressive matrix 

failure mode. This failure mode is primarily driven by shearing along the fracture plane. However, 

when the UD lamina exhibits transverse tensile stress, the resulting ply crack forms perpendicular to 

the transverse direction (Fig. 2.6b) [36]. When a UD lamina is subjected to combined in-plane shear 

and transverse stresses, the corresponding fracture plane orientation angle may vary. 

 

 

(a) 
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(b) 

Figure 2.6: Matrix failure mode for UD lamina: (a) transverse compression and (b) transverse tension 

[62]. 

2.4.3 Failure of fiber mode 

Once apply compressive stress along the UD lamina fiber direction, failure can occur as a result of 

in-phase fiber micro buckling caused by local matrix degradation, where a kink-band forms at an 

angle biased to the fiber direction (See Fig. 2.7a). The misalignment causes reduced lateral support to 

the fibers and the formation of kink bands at a lower stress lever [63]. Instead, the fibers fail in a 

brittle manner with the fracture plane perpendicular to the loading direction when the UD lamina is 

subjected to longitudinal tensile stress (see Fig. 2.7b). 

 

 

(a) 
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(b) 

Figure 2.7: (a) Kink band formation in single UD ply of a laminate, (b) kink band and matrix crack 

formation in several plies of a laminate [64]. 

2.5 Joining of FRPs using structural adhesives 

2.5.1 Available joining methods and need for adhesive bonding 

Joining of composites is a challenging task because of the complex structure of composite materials 

[65]. Viable options include bolting, riveting and adhesive bonding. A bolted joint consists of a male 

threaded fastener that capture and joins other parts, secured with a matching female screw thread. 

Bolting can offer high strength [66] and provide a dismountable connection, however, the composite 

parts need to be drilled which implies damage to the reinforcing fibers and local weakening of the 

composite, which often require shimming. Riveted joints are permanent and can support tensile loads 

but also shear loads. The limitations of rivet joining are common to bolting, but also include higher 

manufacturing skills. Besides, a riveted joint does not make a tight or leak-proof joint unless using 

hot rivets or a sealant along the rivet [67]. It follows that both bolted and riveted joints introduce 

significant stress concentration because of the through holes needed to perform the joint. Adhesive 

bonding is a joining technique used in manufacture and repair of a wide range of products and is 

provided with significant advantages with respect to standard riveting and bolting  [68]:  

✓ good fatigue resistance;  

✓ ability to join dissimilar materials;  

✓ good sealing properties;  
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✓ smooth exterior appearance; 

✓ reduced stress concentration.  

These advantages are making adhesive bonding a choice that is difficult to resist in many fields and, 

in turn, automotive and aerospace industries would like to use adhesives more broadly; however, the 

presence of bondline defects generated in service or during fabrication is hampering usage of 

adhesives in load-bearing applications. A surface pre-treatment step is always necessary to guarantee 

a reliable bond and prevent the formation of bondline defects, especially with respect to 

environmental attack. This is very important in bonding of composites, since the mating surfaces are 

usually in contact with a mold and are subjected to contamination from mold release compounds 

thereby making the surfaces difficult to bond. As a result, for safety reasons, adhesives are mostly 

used in conjunction with other joining methods, such as riveting. This approach does not allow a full 

realization of the lightweight and cost-effective potential of this joining method. Because of the 

significant advantages with respect to bolting and riveting, and the increasing use of composites, in 

fact, joining of composites with structural adhesives is currently the subject of a worldwide research 

effort. The most current works related to this subject are discussed in the next section. 

2.5.2 Literature review  

Cleaning the mating surfaces of  a joint from contaminants, increasing surface roughness, or 

inducing functionalizing are all tasks that can be accomplished through careful surface preparation 

[69]. Many surface preparation methods can be used, such as chemical treatment, peel ply, laser 

treatment, and abrasive sanding. The main point of the surface pre-treatment is the removal of 

contaminants, which are mostly represented by mold release agents applied to the tool's surface to 

enable demolding of cured composite, such that used in the fabrication of fiber reinforced composites 

using the HP-RTM. The presence of mold release agents plays a critical role because they are 

designed to prevent chemical bonding and, as such, they must be removed before any subsequent 

bonding procedure [70]. Contaminations do not only arise because of the presence of mold release 

compounds. In composite manufacturing, a layer of woven fabric, the so-called peel ply are often 

used during the fabrication of prepreg-based FRPs parts to control surface roughness and morphology 

(Fig. 2.8) [71].  
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Figure 2.8: Surface morphology of a composite adherend after removal of a peel ply with (a) Hexflow 

RTM6 epoxy resin NCF and (b) toughened epoxy matrix NCF [71]. 

Peel plies are laid down on the composites and then are stripped off from the surface of the cured 

materials and immediately before adhesive bonding. Such process is supposed to enable the formation 

of a fresh matrix surface but, ironically, this is not always the case. As shown in the research by 

Kanerva and Saarela, the use of peel plies altered not only the roughness but, more importantly, the 

elemental composition of a CFRP surface [72]. Indeed, to enable removal without significant 

modification of the induced texture, the peel plies are often coated with Teflon or silicone. Residuals 

of these compounds remain on the surface of the composite and weaken the joint strength if not 

properly cleaned prior to bonding [73].  

Among the most common surface preparation methods suitable to remove surface contamination, 

the following ones are recalled: mechanical abrasion (e.g., sanding, grit-blasting), chemical treatment, 

physical (energetic) treatments. Sandblasting, aka abrasive blasting, is the operation of forcibly 

propelling a stream of abrasive material against a surface under high pressure to smooth a rough 

surface or rough a smooth surface. The process can efficiently remove surface contamination and 

increase surface energy and surface roughness of FRP substrate. However, large grit size in abrasion 

surface treatment can not only over remove the epoxy resin on the surface, but also the fibers in the 

substrate. This will lead the fiber damage and decrease bond performance for FRP. Zaldivar et al. [74] 

performed experiments involving different blasting procedures and assessed the outcome using SEM 

imaging (see Fig. 2.9). The results revealed the interplay between abrasion affected zone on the FRP 

surface and the abrasive grit size, i.e., an increase in abrasive grit size induces larger abrasion damage 

zone. 
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Figure 2.9: SEM images of M55J and K13C2U composite surfaces treated with sandpaper with 

different abrasive grit sizes including: (a) 180 grit, (b) 240 grit and (c) 400 grit adopted from [74]. 

Yang et al. [75] performed an investigation around the influence of sandpaper grit size on the 

performance of adhesively bonded CFRP joints over the range of 60-800 grit. The result 

demonstrated that surface abraded with 220 grit sandpaper had the best performance for their 

composite. Besides, abrasion along the fiber direction or perpendicular can result in the removal of 

the epoxy resin on the matrix at the surface and expose the fiber. However, when setting the abrasion 

direction was random, the surface was completely polished and loose fibers on the surface were 

removed, which resulted in the highest joint strength. Park et al. [76] studied the effectiveness of 

abrasion with sandpaper, grit blasting, and the use of a peel ply as surface treatments on the lap shear 

strength of CFRP secondary bonded joints. The result shows sandpaper treatment has the lowest static 

joint strength for SLJ because of the potentially low polar component of surface energy. However, 

samples with sandpaper treatment have the highest static strength retention in the cyclic fatigue 

testing (Fig. 2.10). The characteristic of fracture surface after the test shows the failure mode was 

dominated by cohesive failure during static loading. 
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Figure 2.10: Single lap joint strength under static and fatigue loading with different surface 

treatments [76]. 

Surface cleaning using chemical products is another commonly used method to remove and clean 

the surface of the adherents from contaminants [77]. Effective cleaning solvents include methyl ethyl 

ketone, acetone, and methanol, the choice of which is based on the type of the adherents [65], [77], 

[78]. Chemical treatments are typically used for plastic materials to alter the physical and chemical 

properties of the surface [77]. The surface of an FRP composite part is generally washed with soap 

followed by immersion in a chemical treatment bath (e.g., acid, base, oxidizing agent, chlorinating 

agent, or other active chemicals [79]). The chemical agent etches the target surface leading to 

increased and consistent surface roughness [80]. A previous study indicated that the fracture 

toughness largely depends on surface preparation and it was observed that an acid etching could 

provide the best results (see Fig. 2.11) [81]. Besides, the authors observed that the surface 

morphology obtained with a chemical treatment was similar to that stemming from solvent cleaning, 

i.e., surface morphology does not necessarily play a relevant role for the outcome of mechanical tests.  
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Figure 2.11: Fracture toughness and delamination length for specimens treated with different surface 

treatments including solvent cleaning (CC), sanding (SC), acid etching (AC), base etching (BC) and 

peel ply (PPC) [81]. 

Although a chemical treatment allows to attain good adhesion at the composite/adhesive interface, the 

use of chemical compounds such as acid, alkali, and oxidants, increase the manufacturing complexity 

since they introduce safety issues (can be harmful to operators) and requires costly disposing 

procedures. Moreover, a chemical treatment requires a robust understanding since prolonged 

interaction of the chemical solution with the composite can induce damage. 

 

Laser surface treatment is an environmentally friendly energetic method used to prepare composite 

adherents. The common laser technologies used include carbon dioxide (CO2) laser, diode-pumped 

solid-state (DPSS) lasers operating near the infrared wavelength spectrum, and frequency multiplied 

DPSS lasers with output in the ultraviolet wavelength spectrum, and excimer lasers [82]. The laser 

wavelength plays a significant role on the mechanism of material removal; photochemical abrasion 

(i.e., breaking molecular bonds by single photons) is usually enabled by UV laser radiation (<255 nm) 

while photothermal ablation is induced with near-infrared (n-IR) and infrared (IR) lasers. 

Photochemical ablation is preferred because it results in higher reactivity of the treated CFRP surface 

[83]. 

Fischer et al. indicated that laser irradiation could effectively remove contaminants from the 

surface without affecting the fibers. SEM imaging of treated CFRP surfaces revealed that laser 

intensity accurately controls the final status of the surface. At low intensity contaminants were 
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removed and the bulk material remained unchanged (Fig. 2.12a); at higher intensity, the epoxy 

material was removed and the fibers were partially exposed (Fig. 2.12c).  

 

(a) 

 

(b) 

 

(c) 

Figure 2.12. SEM images taken from CFRP surfaces treated with different laser intensity: (a) low 

(no exposed fibers), (b) increased laser intensity (fiber exposure), and (c) high laser intensity 

(significant fiber exposure, but no damage) [82]. 

Tao et al. [26] studied the effects of IR-laser irradiation on the Mode I fracture toughness of 

CFRP/epoxy joint. A comparison was made with peel ply and sandblasting pre-treatments. In 

particular, XPS analyses were carried out to track the elemental composition following the various 

surface preparation methods. In particular, silicon concentration (%) and total polar groups (%) as a 

function of surface treatment are reported in Fig. 2.13. The laser treatments could remove silicon 

compound and by tailoring the pulse fluence it was possible to either clean the surface (L1) without 

exposing carbon fibers, or completely remove the matrix (L2). In the latter case, however, the photo 

thermal ablation induced damage at the matrix/fiber interface. Thus, bonding directly on the exposed 

(loose) carbon fibers led to weak adhesion and low fracture toughness as determined in Double 

Cantilever Beam (DCB) tests.  
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Figure 2.13: Atomic concentration of elements and concentration of polar groups as obtained from 

XPS analyses. PP: peel-ply; T: Teflon; SB: sandblasting; L1: laser irradiation at p 1.2 J/cm2; and L2: 

laser irradiation at F= 3.6 J/cm2. [72]. 

The study from Sorrentino et al. [84] focused on the effectiveness of carbon dioxide laser treatment 

on an adhesive bonding of CFRPs. The end notched flexure (ENF) test showed an improvement in 

Mode II fracture toughness of up to 80% for specimens treated using the carbon dioxide laser 

compared to untreated specimens. The result of the fracture surfaces indicated that carbon dioxide 

laser treatment altered the failure mode from adhesive at the interface of adhesively bonded jointed 

for untreated samples to stock-break failure.  

Rauh et al. employed a UV-laser treatment on CFRP adherents and manufactured single lap joints 

to assess the mechanical behavior. The observation of the fracture surface shows that the failure mode 

changed from adhesive failure to failure at the fiber-resin interface in the top surface of adherends. 

The joint strength of UV laser-treated SLJ specimens was 100% higher when compared to that of the 

mechanically abraded SLJ specimens (see Fig. 2.14) [24]. 
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Figure 2.14: Single lap shear strengths for different surface treatments [85]. 

Besides classical surface preparation methods, some interesting developments are worth discussing. 

First, it should be recognized that improving interfacial adhesion in composite materials may not 

necessarily lead to a cohesive fracture. For instance, some structural epoxy have a cohesive strength 

that surpasses the interfacial strength of the composite joint. In such circumstances, Tao et al. [26] 

proposed to combine two laser processes that provide an adhesion landscape consisting of weak and 

strong regions parallel to the direction of crack propagation. Such patterned interface induced the 

formation (from the weakly bonded regions) of longitudinal adhesive ligaments, whose deformation 

and fracture had a leveraging effect on the fracture toughness - which was larger than the that 

obtained using uniform surface treatment (i.e., either L1 or L2 discussed earlier in this section). 

Indeed, nonlinear deformation mechanisms occurred because of ligaments bridging across the crack 

faces. That caused an inherently brittle interface to deform inelastically, redistributing the stresses 

around defects and dissipating more energy. 
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Chapter 3: Materials and methods 
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    In this chapter, CFRP and adhesive materials used throughout this study, as well as the methods 

employed for bonding and characterization are discussed. In particular, Section 3.1 reports about the 

materials deployed for fabrication of adhesive joints, including composite substrates and the structural 

adhesives.  Section 3.2 provides a detailed description concerning the surface preparation processes 

employed herein before bonding. Section 3.3 is focused on surface characterization including 

profilometry, wettability and contact angle measurement followed by determination of surface energy. 

Section 3.4 provides a description of the fabrication used for the Double Cantilever Beam and End 

Notched Flexure specimens. Besides, Section 3.5 will include the experimental procedures and data 

reduction schemes employed for the determination of fracture toughness. Finally, Section 3.6 reports 

about the methods employed for the assessment of damage mechanisms. 

3.1 Materials 

3.1.1 NCF-CFRP panels 

The material used as substrates for the adhesive joints is a carbon fiber/epoxy composite material 

comprising a non-crimp fabric that was obtained through HP-RTM. The composite features a 

unidirectional non-crimp fabric (UN-NCF) ZoltekTM PX35-UD300, which has 5 mm wide carbon fiber 

tows (i.e., each tow contains 50,000 PX35 carbon fibers) [41]. The carbon fiber tows (or yarns) are 

stitched together using polyester yarns. Transversely oriented glass fibers are also placed between the 

tows and the stitching to provide support during handling/manufacturing. The total density of the fabric 

is 333 g/m2 with the carbon fiber tow accounting for 92.8% of the total weight.  

The summary of fabric characteristics is shown in Tab. 3.1. The matrix consists of a three-part fast-

cure epoxy system containing EPIKTETM Resin TRAC 06150, EPIKURE™ Curing Agent TRAC 

06150, and an internal mold release agent HELOXY™ Additive TRAC 06805 (Hexion Inc.)[86], [87]. 

This low viscosity resin system was designed for the RTM process owing to the excellent wetting and 

adhesion characteristics on glass fibers, carbon fibers, or aramid fibers.  Additional benefits are the low 

viscosity during infusion and the short curing cycle which reduces manufacturing time. Applications 

includes, but are not limited to, structural automotive parts such as the frame, floor panels, and 

bulkheads monocoque structures [88].  

Flat carbon fiber/epoxy panels (900 ✕ 550 mm2) were fabricated using [0]7 stacking sequence. The 

volume fraction of the consolidated panel is 53% and the average thickness was 2.27±0.03 mm [89].  
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Table 3.1: ZoltekTM PX35-UD300 unidirectional non-crimp fabric characteristics [90]. 

Parameter Value 

Total fabric areal density 333 g/m2 

Carbon fiber tow weight fraction 92.8% 

Glass fiber yarn weight fraction 3.0% 

Glass fiber yarn linear density 34 dtex 

Polyester stitch weight fraction 1.8% 

  Polyester stitch linear density 76 dtex 

Binder resin powder weight fraction 2.4% 

Nominal Carbon fiber diameter 7.2 µm 

Carbon fiber tow width (measured) 5 mm 

Dry fabric thickness (measured) 0.49 ± 0.02 mm 

 

The corresponding mechanical properties were determined in [61] and the results are summarized in 

Tab. 3.2. Notice that the longitudinal and transverse directions correspond to the directions along and 

transverse to the carbon fiber tows, respectively.  

 

Table 3.2: Mechanical properties of UNC-CFRP ply with 53% fiber volume fraction[61]. 

𝐸1 Longitudinal Young’s modulus 123.4 GPa 

𝐸2 Transverse Young’s modulus 8.4 GPa 

𝑣12 Major in-plane Poisson's ratio 0.37 

𝐺12 In-plane shear modulus 3.4 GPa 

𝑋𝑡 Longitudinal tensile strength 1765 MPa 

𝑌𝑡 Transverse tensile strength 60.3 MPa 

𝑋𝑐 Longitudinal compressive strength 1000.7 MPa 

𝑌𝑐 Transverse compressive strength 144.9 MPa 

𝑆12 In-plane shear strength 42.6 MPa 
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3.1.2 Structural adhesives 

 The following structural adhesives were considered in this work, i.e., a two-part structural epoxy 

named Impact Resistant Structural Adhesive 07333 (3M, Canada Company) and 3M DP 190-Gray 

Epoxy Adhesive Translucent (3M Scoth-WeldTM). The basic properties are reported in Tab. 3.3.  

Table 3.3: Mechanical properties of adhesive used in the project [91], [92]. 

Property 3M 07333 
3M 

DP 190 Gray 

Young’s modulus 
2.1 GPa 

(ASTM D638) 
N/A 

Poisson’s ratio 0.43 N/A 

Elongation at failure 
2-3% 

(ASTM D638) 

30% 

(ASTM D882) 

Ultimate tensile strength 
35 MPa 

(ASTM D638) 

3500 psi 

(ASTM D882) 

Mixed viscosity [cP] 
150,000 to 200,000 cPs 

(mixed adhesive) 

75,000-150,000 cPs 

(base) 

40,000-80,000 cPs 

(accelerator) 

 

The technical data regarding the 3M 07333 adhesive were extracted from a previous study at the 

University of Waterloo [91] and from the manufacturer’s website. The 3M 07333 is a two-part epoxy 

adhesive that allows for extended work time and cures rapidly with heat. The uncured adhesive has a 

silver color that turns to purple upon complete curing - provided proper mixing has been accomplished. 

The adhesive is particularly suitable for weld-bonded and rivet-bonded joints but also for repairs. Areas 

of application in the automotive field include the front upper and lower rail structure, and the body side 

structure, the rear unibody structure, the pillar and inside structure [93]. The chemical composition, 

including the concentration of various components is withheld as a trade secret. However, the main 

components are disclosed in the technical data sheet are as follows: 

▪ Epoxy Copolymer 

▪ Bis(3-Aminopropyl) Ether of Diethylene Glycol  
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▪ Acrylic Copolymer 

▪ Aluminum 

▪ Methylenedi (Cyclohexylamine) 

▪ Synthetic Rubber 

▪ Treated Filler 

▪ Surface Treated Inorganic Filler 

▪ Mineral Filler 

▪ Tris(2,4,6-Dimethylaminomonomethyl)phenol  

▪ m-Xylene-.alpha.alpha'.Diamine  

▪ Polyamide Resin 

▪ Inorganic Filler 

 

Notice the presence of synthetic rubber that acts a toughness enhancer. The curing cycle was carried 

out at 80 ºC for 90 minutes following the recommendations provided by the manufacturer to reduce 

variability and maximum adhesive strength [93].  

The main components of the 3M DP 190-Gray Epoxy are disclosed in the manufacturer data sheet 

as follows: 

o Fatty acids, C18-unsaturated, dimers, polymers with 3,3'-oxybis(ethyleneoxy) bis 

(propylamine) 

o Kaolin  

o 3,3'- Oxybis (ethyleneoxy) bis (propylamine)  

o Carbon black  

o Titanium dioxide  

 

The addition of kaolin should serve to improve mechanical properties, reduce flammability as well 

as improving thermal stability; besides, it has been reported to decrease the viscosity of the mixed 

adhesive [94]. Titanium dioxide should serve as a means to prevent brittleness induced by exposure to 

sunlight, while carbon black is often employed to enhance the cohesive strength of rubber-based 

adhesives. Curing was accomplished at room temperature (25 ºC) for 7 days.  

3.2 Surface preparation methods 

This work considered two surface preparation methods: a traditional light sanding treatment and a 

laser treatment. High-energy radiation treatments, such as pulsed laser surface preparation, is a fast 

and controllable technique, which can simultaneously modify surface chemistry and morphology, and 

is suitable for large-scale applications [26]. It was elected to perform both treatments to compare their 

effect on adhesion and fracture toughness of the joints. 
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3.2.1 Sanding 

Sanding was performed using 400-grit aluminum oxide sandpaper (Norton Saint-globain), see Fig. 

3.1.  Two conditions were considered based on the sanding time. In the first case, the sanding process 

lasted 1 minute, i.e., 30 seconds clockwise and 30 seconds counterclockwise (S1). In the second 

condition, the treatment lasted 1 minute clockwise and 1 minute counterclockwise (S2). In addition, a 

degreasing step with acetone was performed before and after sanding to impart an initial cleaning of 

the received substrates and to remove potential debris from the sanding process afterwards. Besides, 

the simple degreasing step of the as received material was also used to establish a baseline surface to 

be used for subsequent comparisons following surface preparation.  

 

Figure 3.1: Schematic depiction of the manual sanding process.  

3.2.2 Pulsed laser irradiation 

Pulsed laser treatments can reduce or eliminate contamination from CFRP surfaces while keeping 

low the process variations [26], [27]. Currently, various choices are possible to perform laser ablation, 

since various laser systems operating at different wavelengths, from UV to IR, are available in the 

market. The interaction between the laser and the target can give rise to a variety of surface 

modifications, ranging from a simple surface “cleaning” with little or no modification of surface layers, 

to full removal of the matrix with consequent exposure of carbon fibers. The extent of surface 

modification depends on the wavelength of the laser source.  

In this work, UV laser at 355 nm wavelength was used to perform surface preparation. The 

advantage of UV radiation is that it should be mostly absorbed by the epoxy matrix. As such, it does 

not penetrate a thicker layer of the CFRP, which may potentially damage the underlying carbon fibers 
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(or the fiber/matrix interface). However, the energy supplied by UV laser radiation at and above 300 

nm could couple with carbon fibers and lead to thermal damage [24]. The schematics shown in Fig. 3.2 

illustrates some basic features of a pulsed laser source. First, notice in Fig. 3.2(a) that the laser beam is 

driven over the target at a given speed that is selected by the user. As shown in Fig. 3.2(b), the beam 

consists of regularly repeating optical pulses with repetition rate (or pulse frequency) given as: 

 
𝑓 =

1

𝜆
 

Eq. 3.1 

The peak power is denoted as 𝑃𝑝𝑒𝑎𝑘, and energy supplied per single pulse as 𝐸𝑝. The duration of 

each pulse is ∆𝑡. As a result, the peak power can be related to the pulse energy and duration through 

the following equation: 

 
𝑃𝑝𝑒𝑎𝑘 =

𝐸𝑝
∆𝑡

 
Eq. 3.2 

While the average power is given as: 

 
𝑃𝑎𝑣𝑔 =

𝐸𝑝
𝜆
. 

Eq. 3.3 

 

 

Figure 3.2: Fundamentals of pulsed laser ablation [95]. 
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It is also important to introduce the pulse fluence, which is given as the ratio between the pulse energy 

and the effective focal spot area (As) of the laser: 

 
𝐹𝑝 =

𝑃𝑝𝑒𝑎𝑘∆𝑡

𝐴𝑠
. 

Eq. 3.4 

The intensity of the laser is given as the optical power per unit area, such that the peak intensity is given 

as: 

 
𝐼𝑝 =

𝑃𝑝𝑒𝑎𝑘
𝐴𝑠

= 𝐼𝑚𝑎𝑥 
Eq. 3.5 

The pulse width is usually provided as that corresponding to full-width-half-maximum (FWHM) 

intensity; however, if the pulses feature non-rectangular or non-gaussian profiles, the effective pulse 

width is used instead. Both quantities are illustrated in Figs. 3.2(b) and (c).   

UV laser irradiation was carried out using a Desktop Samurai marking system (DPSS laser Inc.) 

available at the Center for Advanced Materials Joining at University of Waterloo. The processing 

variables provided in Tab. 3.4 were set constants through the experiments. 

Table 3.4: UV laser surface processing variables. 

Average Power 800 mW 

Laser head spot size ~10 µm 

Filling spacing 0.01 mm 

Laser path Linear 

Treatment times 1 time 

 

However, the pulse frequency and scanning speed were modified as schematically shown in Fig. 

3.3.  In particular, the repetition rate was set equal to three distinct values, i.e., 30 kHz, 40 kHz, and 50 

kHz. Likewise, the laser head moving speed was given the following values: 125 mm/s, 250 mm/s, and 

500 mm/s. The corresponding pulse fluencies are also provided in the schematic below. After laser 

treatment, a degreasing step was carried out to remove the evaporated epoxy and contaminants. 
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Figure 3.3: Array of experimental processing condition employed to pre-treat the CFRP surface using 

the UV-laser. 

3.3 Surface characterization 

3.3.1 Profilometry 

In order to investigate surface roughness of the CFRP before and after surface preparation, profilometry 

measurements were carried out using Laser Scanning Confocal Microscopy (KEYENCE VK-X250, 

Canada). The system uses a UV laser and a 16-bit photomultiplier to accurately obtain measurement 

data from the target surface. The system has a magnification range of 50 x to 24,000 x enabling the 

collection of features at nano-level. The system is depicted in Fig. 3.4 and was accessed at the MSAM 

Laboratory at University of Waterloo. Measurements were carried out at various location across the 

target surface to highlight the essential features of the CFRP surface before and after treatment. 
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Figure 3.4: Laser Scanning Confocal Microscope available at MSAM Laboratory at University of 

Waterloo (E7) 

 

3.3.2 Wettability and determination of contact angle 

Wetting means the spreading of liquid on a solid surface. Wetting plays a fundamental role in many 

industries, as it has a role in painting, printing, and adhesive bonding, to list a few. Surface wettability 

is one of the key measurements that enable the analysis of the surface energy of a material, and it is 

determined with the aid of the contact angle (C.A.). In particular, a small liquid drop (range in the tens 

of microliters) is gently laid down with a calibrated syringe upon a solid, such that it flows and 

equilibrate with the target surface. As shown in Fig. 3.5, the equilibrium C.A. is measured as the angle 

where the liquid (l)–vapor (v) interface meets the solid (s) surface (i.e., three-phases contact point).   
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Figure 3.5: schematic representation of contact angle measurement using the sessile drop method 

[96]. 

 

In this work, experimental measurements were carried out using a contact angle goniometer (RAME-

Hart Instrument Co. Model: 190C.A.), which is shown in Fig. 3.6.  Probe liquids included deionized-

water, ethylene glycol and formamide, and were dispensed using a micro-syringe. One turn of the 

syringe dispenses 2 μL of probe liquid. In this work, liquid drops of about 8-10 μL were chosen to 

ensure that the shape of the drop was not significantly affected by gravity. The actual steps followed to 

measure the C.A. includes: 

1) Place the CFRP sample on the measurement plate.  

2) Dispense a liquid drop and start the measurement using the software interface.  

3) Record a snapshot of the contact angle at each 5 seconds for 90 seconds.  

4) Determine the equilibrium C.A. by averaging the measurements obtained starting at 30 seconds. 

 



 

 41 

 

Figure 3.6: Contact angle goniometer employed in this study and available at QNC at University of 

Waterloo. 

 

The C.A measurement was executed automatically using a dedicated software - see Fig. 3.7. Three 

reference lines were initially set before starting the test, which included right (yellow vertical line) and 

left reference lines (green vertical line), and the baseline (green horizontal line). The two vertical lines 

must be located by two sides of the syringe needle tip. The baseline was set between the liquid / solid 

interface. After the liquid drop falls on the CFRP surface and click the measure button, two purple lines 

will fit the shape of liquid droplets, and two blue tangent lines will appear to measure the instant contact 

angle. 
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Figure 3.7: Contact angle measurement software operation demonstration. 

 

It is noted that the final shape of the liquid drop, i.e., wettability, will depend upon the magnitude of 

the molecular forces established between the solid and the liquid. The most common physical forces 

and chemical interactions can be (i) electrostatic forces (Coulomb); (ii) van der Walls interactions (e.g., 

polar and dispersion forces); and (iii) chemical bonds (e.g., covalent, acceptor-donor interactions, etc.). 

The establishment of such interfacial forces is the reason why there is adhesion between materials.  

It follows that interfacial forces will affect the ability of a liquid to establish intermolecular contact with 

a solid. In the case of an adhesive, attainment of good wettability will provide, upon curing, a strong 

bond with the substrate. Therefore, the interface will be able to sustain sufficient stress and trigger 

dissipative mechanisms in the adhesive, such as inelastic deformation and crazing. Therefore, it is 

important to connect these interfacial forces with C.A. measurements. 

It is firstly noted that surface tension is the physical property directly related to the force acting between 

molecules and it is given in [N/m]. The molecules in the bulk of a liquid are surrounded by like 

molecules and the net force acting on them is zero. However, if two immiscible molecules are separated 

through an interface, there will be an intermolecular force at the interface, the net force will be different 

than zero and a tension will exist. Surface tension and surface energy [J/m2] are used interchangeably 

in the field of adhesion science and technology. Their origin is the same, as they are originated from 

the force mismatch occurring at the interface between alike molecules. However, their difference in 

physical meaning is important, since surface tension is a force that is provided with magnitude and 

direction (vector), while surface energy is a scalar. The contact angle of a liquid with a solid surface 
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can be linked to surface tension through the Young equation. In reference to Fig. 3.8, from simple 

vector calculations, it follows: 

 

 𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣 cos(𝜃)           Eq. 3.6 

 

where gamma is the surface tension of solid/vapor (sv), solid/liquid (sl) and liquid/vapor (lv) interface.  

 

 

Figure 3.8: schematic representation of contact angle measurement using the sessile drop method. 

The Young equation can also be obtained in a more rigorous manner from a thermodynamic point of 

view using an energy minimization process. Indeed, the interface is at an unstable state with higher 

energy and the interface area should be reduced to stabilize the high energy state. For the derivation of 

Young’s equation, it is assumed that the surface is ideal, that is, it is smooth (rigid and flat), chemically 

homogeneous, the liquid does not react with the surface. Besides, gravity does not affect the shape of 

the drop, which is considered as a spherical cap, and there is no contact angle hysteresis.  

3.3.3 Determination of surface energy 

Considerations regarding surface energetics are of fundamental importance to understand adhesion, as 

surface energies are associated with the formation of an adhesive bond. Likewise, surface energies are 

also associated to fracture of an adhesive bond, since fracture requires the generation of new surfaces. 

The work of adhesion is defined as the reversible thermodynamic work required to separate the interface 

from the equilibrium state of two phases to a separation distance of infinity: 

 

 𝑊𝑎 = 𝛾𝑠𝑣 + 𝛾𝑙𝑣 − 𝛾𝑠𝑙 Eq. 3.7 

While the work of cohesion is given as: 
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 𝑊𝑎 = 2 ∗ 𝛾𝑠 Eq. 3.8 

 

However, practical adhesion (G) includes a surface energy term (𝐺0 = 𝑊𝑎 or 𝑊𝑐 ), depending on 

whether the interfacial or cohesive fracture is achieved), plus a contribution (𝛽) stemming from energy 

absorbing processes associated to fracture, such as plasticity: 

 

 𝐺 = 𝐺0 + 𝛽 Eq. 3.9 

It is emphasized that fracture in adhesive bonds involves 𝛽 ≫ 𝐺0. In order to use the above equations, 

the surface energies need to be determined. This is not a simple task for solid materials. A popular 

method used in the adhesion field is the Owens-Wendt method. The O-W method was employed herein 

to determine surface free energy of the CFRP [97]. The basic assumption is that the surface energy can 

be divided into dispersive (d) and polar (p) components, such that:  

     

 𝛾𝑠𝑣 = 𝛾𝑠𝑣
𝑝
+ 𝛾𝑠𝑣

𝑑  Eq. 3.10 

The closer the ratio between dispersive and polar components, the more interactions are possible at an 

interface. In second place, it is assumed that the Berthelot’s combining rule for the work of adhesion 

applies: 

     

 
𝑊𝑠𝑙 = √𝑊𝑙

𝑑𝑊𝑠
𝑑 +√𝑊𝑙

𝑝
𝑊𝑠

𝑝
  

Eq. 3.11 

For previous equations, it follows: 

     

 𝑊𝑙 = 2 ∗ 𝛾𝑙𝑣 = 2 ∗ (𝑊𝑙
𝑑 +𝑊𝑙

𝑝
)  Eq. 3.12 

     

 𝑊𝑠 = 2 ∗ 𝛾𝑠𝑣 = 2 ∗ (𝑊𝑠
𝑑 +𝑊𝑠

𝑝
) Eq. 3.13 

Therefore: 

     

 𝑊𝑠𝑙 = 𝛾𝑠𝑣 + 𝛾𝑙𝑣 − 𝛾𝑠𝑙 = 𝛾𝑙𝑣(1 + 𝑐𝑜𝑠𝜃) Eq. 3.14 

Combining the above equations, one obtains: 
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𝛾𝑙𝑣(1 + 𝑐𝑜𝑠𝜃) = √2𝛾𝑙𝑣

𝑑 ∗ 2𝛾𝑠𝑣
𝑑 +√2𝛾𝑙𝑣

𝑝
∗ 2𝛾𝑠𝑣

𝑝
 

                    Eq. 3.15 

And dividing by √𝛾𝑙𝑣
𝑑  both sides, the thermodynamic equilibrium equation of a solid-liquid-vapor 

system (s-l-v) is obtained: 

 
𝛾𝑙𝑣(𝑐𝑜𝑠𝜃+1)

2√𝛾𝑙𝑣
𝑑

= √𝛾𝑠𝑣
𝑝
√𝛾𝑙𝑣

𝑝

√𝛾𝑙𝑣
𝑑
+√𝛾𝑠𝑣

𝑑   

Eq. 3.16 

Where 𝜃 is the contact angle; 𝛾𝑙𝑣
𝑝

 and 𝛾𝑙𝑣
𝑑  are the corresponding polar and dispersive components of 

the probe liquids and are reported in Tab. 3.5. 𝛾𝑠𝑣
𝑝

 and 𝛾𝑠𝑣
𝑑  are the polar and dispersive components of 

solid surface energy. The previous Eq. 16 can be recast in the following form: 

   

 𝑦 = 𝑘𝑥 + 𝑏 Eq. 3.17 

Where, 

   

 𝑥 =
√𝛾𝑙𝑣

𝑝

√𝛾𝑙𝑣
𝑑

 Eq. 3.18 

     

 
𝑦 =

𝛾𝑙𝑣(𝑐𝑜𝑠𝜃 + 1)

2√𝛾𝑙𝑣
𝑑

 
Eq. 3.19 

     

 
𝑘 = √𝛾𝑠𝑣

𝑝
 

Eq. 3.20 

   

 𝑏 = √𝛾𝑠𝑣
𝑑   Eq. 3.21 
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It follows that the slope and the intercept of y, i.e., √𝛾𝑠𝑣
𝑝

 and √𝛾𝑠𝑣
𝑑  , will prove the polar and 

dispersive components of surface energy. 

Table 3.5: Dispersive polar and total surface free energy of the probe liquids employed for contact 

angle measurement. 

 Dispersive energy 

(mJ/m2) 
Polar energy (mJ/m2) Total energy (mJ/m2) 

DI-Water 22 50.2 72.2 

Ethylene glycol 30.9 16.8 47.7 

Formamide 39 19 58 

 

 

Figure 3.9: Schematic Owens–Wendt plot for determining the surface free energy [98]. 

3.4 Joint fabrication 

Double Cantilever Beam (DCB) and End-Notched Flexure (ENF) tests were carried out in this 

work. To obtain the samples, composite plates were cut by an abrasive water jet cutter. The plates 

were cut to form CFRP substrates with dimensions 140x25.4x2.3 mm3. After cutting, the substrates 

were subjected to surface preparation, either sanding or UV-laser ablation, as discussed earlier. It is 

noted that the target area of the UV laser was 25.5×50 mm2 because of restrictions in the working 

area of the laser platform, therefore the process was completed in three steps accomplished by 

moving the sample. The joints were manufactured individually in a mold and bonded using the epoxy 
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adhesives previously described. The bondline thickness was set to 0.25 mm by using shims. Each 

sample had two shims, the longer one located in the starter-crack region and the shorter one at the 

very end of the test sample. In Fig. 3.10, the pink parts are nylon shim; the yellow part is adhesive; 

the gray parts are CFRP adherends. 

 

Figure 3.10: Schematic of fabricated CFRP samples. 

The CFRP bottom substrates were placed on the baseplate of the mold (Figure 3.11), that ensured 

alignment during curing. Two heavy plates (B, C in Figure 3.11) were placed on top of the CFRP test 

samples. Subsequently, the bottom and top plates were secured using screws to aid squeezing the excess 

adhesive, and to ensure a constant bond-line thickness. Curing was accomplished by placing the mold 

within an oven pre-heated at 80°C and kept at that temperature for 90 minutes. After that, the oven was 

turned off, and the samples were left for further 30 minutes in the oven to facilitate cooling and 

minimize the occurrence of residual stresses. After that, the CFRP adhesive joints were removed from 

the mold, and the extra adhesive squeezed on the side surfaces was removed to facilitate imaging during 

testing. It is highlighted that the fabrication process was similar for both adhesives, except for curing. 

Indeed, the DP 190 adhesive was cured at room temperature (25 °C) for 7 days, as suggested by the 

manufacturer. After that, the joints were further cured at 71 °C for 4 hours. The specimens were kept 

in the mold at room temperature for at least 30 minutes to ensure slow cooling. After removing the 

extra adhesive on the side of specimens, a white paint was used to cover the side surfaces and a black 

marker was used to draw vertical lines useful to track crack position. 

For the DCB specimens, loading blocks were bonded on the CFRP surface to couple them with the 

testing machine (See Fig. 3.12). Bonding of loading blocks was accomplished using a fast curing 

adhesive (LOCTITE 480 PRISM).  
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Figure 3.11: CFRP bonding steps with fixing mold without top plates (A), fixing plate on CFRP 

samples (B), and (C) fully fixed CFRP specimens. 

 

Figure 3.12: Schematic of a loading block applied on DCB specimens. 

 

3.5 Determination of fracture toughness 

3.5.1 Fundamentals of fracture mechanics 

Basic concepts of fracture mechanics, including strain energy release rate (𝐺), and the critical fracture 

toughness (𝐺𝑐), are summarized below. If an elastic body is subjected to external loading and there is 

no cracking, the external work will be converted to strain energy as: 
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 𝐹𝑑𝑢 − 𝑑𝑈 = 0 Eq. 3.22 

Where, 𝐹𝑑𝑢 is external work and 𝑑𝑈 is the strain energy. However, once the crack grows, part of 

the energy will be used to create new fracture surfaces as: 

 𝐹𝑑𝑢 − 𝑑𝑈 − 𝐵𝛤𝑐𝑑𝑎 = 0 Eq. 3.23 

Where, 𝛤𝑐 is fracture toughness (energy per unit area). Notice that the above balance equation 

assumes that dynamic effects are negligible.  

Irwin (1956) provided an approach to solve the energy release rate by re-arranging the previous 

equation as follows:  

 

 
𝐹𝑑𝑢

𝐵𝑑𝑎
−
𝑑𝑈

𝐵𝑑𝑎
= 𝛤𝑐  Eq. 3.24 

 

 
1

𝐵
(𝑊 − 𝑈)

𝑑

𝑑𝑎
= 𝛤𝑐  Eq. 3.25 

 

 −
1

𝐵

𝑑𝛱

𝑑𝑎
= 𝐺 Eq. 3.26 

Critical condition for fracture occurs when: 

   

 𝐺 = 𝛤𝑐 Eq. 3.27 

So, fracture occurs when: 

   

 𝐺 ≥ 𝛤𝑐 Eq. 3.28 

while there is not crack growth if: 
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 𝐺 < 𝛤𝑐 Eq. 3.29 

The driving force for crack growth is the energy release rate and depends on the geometry of the 

body, magnitude of the external and internal loading, and loading configuration. The fracture 

toughness depends on the morphology and chemistry of the interface, mechanical properties of the 

materials (or the interface), and mode of loading (opening, shear or mixed mode). 

There are three types of mode of loading of a crack (see Figure 3.13). When a crack advances in a 

mechanical component, the stiffness decreases; strain energy changes (increase or decrease); the 

points of the components at which external load is applied may change; work is done on the 

components by the applied loading if the points move; energy is being consumed to create two mew 

surfaces. 

 

Figure 3.13: Three different types of fracture modes [99]. 

When crack grow under constant load (see Fig. 3.14), 

5.5 

 

Figure 3.14: F-u chart when loading is constant. 
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 𝑑𝑈 =
𝑃(𝑢2 − 𝑢1)

2
=
𝑃𝑑𝑢

2
 Eq. 3.30 

 

 𝑑𝑊 = 𝑃𝑑𝑢 Eq. 3.31 

 

 𝑑𝛱 = 𝑑𝑈 − 𝑑𝑊 = −
𝑃𝑑𝑢

2
= −𝑑𝑈 Eq. 3.32 

When crack grow under constant displacement (se Figure 3.15): 

 

Figure 3.15: F-u chart when displacement is constant 

 

 𝑑𝑈 =
(𝑃1 − 𝑃2)𝑢

2
=
𝑑𝑃𝑢

2
  Eq. 3.33 

 

 𝑑𝑊 = 0 Eq. 3.34 

 

 𝑑𝛱 = 𝑑𝑈 Eq. 3.35 

Based on Eq. 3.26,  

   

 𝐺 = −
1

𝐵

𝑑𝛱

𝑑𝑎
=
1

𝐵
(
𝑑𝑈

𝑑𝑎
)𝑃 Eq. 3.36 
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 𝐺 = −
1

𝐵

𝑑𝛱

𝑑𝑎
= −

1

𝐵
(
𝑑𝑈

𝑑𝑎
)𝑢 Eq. 3.37 

To determine 𝐺 at constant load: 

 

 𝑑𝛱 = 𝑑𝑈 − 𝑑𝑊 = −
𝑃𝑑𝑢

2
= −𝑑𝑈 Eq. 3.38 

 

 𝐺 = −
1

𝐵

𝑑𝛱

𝑑𝑎
=
1

𝐵
(
𝑑𝑈

𝑑𝑎
)𝑃 =

1

𝐵
(
𝑃𝑑𝑢

2𝑑𝑎
) =

𝑃

2𝐵
(
𝑑𝑢

𝑑𝑎
) Eq. 3.39 

 

 𝑢 = 𝐶𝑃 Eq. 3.40 

 

 𝐺 =
𝑃

2𝐵
(
𝑑𝐶𝑃

𝑑𝑎
) Eq. 3.41 

As a result: 

   

 𝐺 =
𝑃2

2𝐵
(
𝑑𝐶

𝑑𝑎
) Eq. 3.42 

To determine 𝐺 at constant displacement: 

 

 𝐺 = −
1

𝐵

𝑑𝛱

𝑑𝑎
= −

1

𝐵
(
𝑑𝑈

𝑑𝑎
)𝑢 = −

1

𝐵
(
𝑃𝑑𝑢

2𝑑𝑎
) = −

𝑢

2𝐵
(
𝑑𝑃

𝑑𝑎
) Eq. 3.43 

 

 𝑃 =
𝑢

𝐶
 Eq. 3.44 
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 𝐺 = −
𝑢2

2𝐵
(
𝑑(
1
𝐶)

𝑑𝑎
) =

𝑢2

2𝐵
(
1

𝐶2
𝑑𝐶

𝑑𝑎
) =

𝑢2

2𝐵
(
𝑃2𝑑𝐶

𝑢2𝑑𝑎
) =

𝑃2

2𝐵
(
𝑑𝐶

𝑑𝑎
) Eq. 3.45 

As a result: 

   

 𝐺 =
𝑃2

2𝐵
(
𝑑𝐶

𝑑𝑎
) Eq. 3.46 

It is clear that there is no difference in the driving force considering load or displacement control. 

The energy release rate depends on the loading and configuration of the crack. For instance, for an 

infinite plate the G-a chart would be the one shown in Figure 3.16. 

 

Figure 3.16: G-a chart of a crack happened on an infinite plate. 

 

The resistance curve (R-curve) is a plot of the resistance of the material to crack propagation as a 

function of crack size (see figure 3.17). In this case, once the condition for growth is achieved, there 

will be an unstable catastrophic failure since G is always larger than the toughness. 
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Figure 3.17: R-curve of the crack growth. 

Figure 3.18 shows the behavior of a material that has a raising R-curve.  

 

Figure 3.18: G,R-a chart at dG/da>dR/da situation. 

In this case the crack is stable if  
𝑑𝐺

𝑑𝑎
≤

𝑑𝑅

𝑑𝑎
, else it is unstable. It follows that a material with R-curve 

behavior has not a unique value of fracture toughness. The tangency point will depend on the 

configuration of the structure. 

The strain energy release of a DCB test is determined based on Eq. 3.46,  

 

 𝐺 =
𝑃2𝑎2

𝐵𝐸𝐼
 Eq. 3.47 

Whereby the compliance as determined from beam theory has been used: 

 𝑢 =
𝑃𝑎3

3𝐸𝐼
 Eq. 3.48 
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 𝐶 =
2𝑢

𝑃
=
2𝑎2

𝐸𝐼
 Eq. 3.49 

Where 𝑢 is the displacement of loading beam, 𝐼 is moment inertia, and E is Young’s Modulus (see 

Figure 3.19) 

 

Figure 3.19: Determination of the compliance of a cantilever beam. 

It follows that: 

 𝑃 =
3𝐸𝐼𝑢

2𝑎3
 Eq. 3.50 

Therefore, the strain energy release of a DCB can also be written as: 

 𝐺 =
9𝐸𝐼𝑢2

4𝐵𝑎4
 Eq. 3.51 

The relationship between G and a is reported in Figure 3.20 for both load and displacement control. 

Based on the above discussion, it should be apparent that displacement control would provide a stable 

crack extension. In the present work, displacement control was selected to obtain significant amount 

of stable crack propagation. 

 

Figure 3.20: R-curve of a DCB test 
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3.5.2 Mode I fracture tests 

DCB tests were carried out using a servo-hydraulic test frame with an MTS Flex Test SE controller. 

The schematic of the DCB test is shown in Figure 3.21. The pre-crack length of the DCB specimens 

are reported in Tab. 3.6. The load cell on the test frame had a capacity 2.2 kN, and the fixtures can be 

replaced to fit the samples, see Figure 3.22. Two DLSR cameras were employed in the tests, which 

were positioned orthogonal to the DCB specimen. One camera focuses on the side view of CFRP 

specimens to track the crack propagation during the tests. The other camera focuses on the connection 

between the fixture and sample to track the applied opening displacement. Each DLSR camera was 

imaged at a resolution of 1280 × 720 pixels with a frame rate of 60 fps. The loading speed applied on 

the tests was 0.1 mm/s.  

 

Figure 3.21: Schematic of DCB test 

Table 3.6: DCB specimens pre-crack length including adhesive and surface treatment. 

07333 

MS 

Batch 1 B1S1 B1S2   

Pre-crack length [mm] 32.5 32.5   

07333 

MS 

Batch 2 B2S1 B2S2 B2S3  

Pre-crack length [mm] 32.5 32.5 32.5  

07333 

LS 

Batch 3 B3S1 B3S2 B3S3  

Pre-crack length [mm] 42.2 39.4 42.5  

07333 

LS 

Batch 4 B4S1 B4S2   

Pre-crack length [mm] 37 37.5   

DP190 

MS 

Batch 5 B5S1 B5S2 B5S3  

Pre-crack length [mm] 32.5 32.5 32.5  

DP190 

MS 

Batch 6 B6S1 B6S2 B6S3  

Pre-crack length [mm] 38 38 40.6  

DP190 

MS 

Batch 7 B7S1 B7S2 B7S3  

Pre-crack length [mm] 31.5 33 31.5  

DP190 

MS 

Batch 8 B8S1 B8S2 B8S3 B8S4 

Pre-crack length [mm] 20.5 23 23.1 23 
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Figure 3.22: Experimental set-up for Mode I DCB tests employed in the present study and available at 

University of Waterloo E3-2106. 

 

To calculate the fracture toughness of DCB test samples, de Moura et al. [100] provided a feasible 

solution to calculate the Mode I fracture toughness without tracking the crack propagation length (𝑎). 

The strain energy in the beams can be calculated as:  

 

 𝑈 = 2[∫
𝑀2

2𝐸11𝐼
𝑑𝑥

1

0

+∫ ∫
𝜏

2𝐺12
𝐵𝑑𝑦𝑑𝑥

ℎ/2

−ℎ/2

𝑎

0

] Eq. 3.52 

Based on Castigliano’s theorem: 

 

 
𝛿 =

𝜕𝑈

𝜕𝑃
=

8𝑃𝑎3

𝐸11𝐵ℎ
3
+

12𝑃𝑎

5𝐵ℎ𝐺12
 

Eq. 3.53 

We can calculate the compliance as: 

 



 

 58 

 
𝐶 =

𝛿

𝑃
=

8𝑎3

𝐸11𝐵ℎ
3
+

12𝑎

5𝐵ℎ𝐺12
 

Eq. 3.54 

The size of the fracture process zone (FPZ) and the root rotation are accounted for by augmenting 

the crack length, i.e., introducing the equivalent crack length: 

 

 𝑎𝑒 = 𝑎 + |∆| + 𝑎𝐹𝑃𝑍 Eq. 3.55 

Replace 𝑎 with 𝑎𝑒 in the above equation for C: 

 

 
0 =

8𝑎𝑒
3

𝐸11𝐵ℎ
3
+

12𝑎𝑒
5𝐵ℎ𝐺12

− 𝐶 
Eq. 3.56 

By introducing parameters: 

 

 
𝛼 =

8𝑃

𝐸11𝐵ℎ
3
 

 

Eq. 3.57 

 
𝛽 =

12𝑃

5𝐵ℎ𝐺12
 

Eq. 3.58 

 

 𝛾 = −𝐶 Eq. 3.59 

So, it can be substituted as  

 𝛼𝑎𝑒
3 + 𝛽𝑎𝑒 + 𝛾 = 0 

 

Eq. 3.60 

To calculate the revised Young’s modulus 𝐸𝑓 to replace the 𝐸11Assume the crack propagation has 

not start yet (𝑎 = 𝑎0), the compliance can be: 
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𝐶0 =

8(𝑎0 + |∆|)
3

𝐸𝑓𝐵ℎ
3

+
12(𝑎0 + |∆|

5𝐵ℎ𝐺12
 

Eq. 3.61 

𝐸𝑓 can be derive as: 

 

 
𝐸𝑓 =

8(𝑎0 + |∆|)
3

𝐵ℎ3
[𝐶0 −

12(𝑎0 + |∆|)

5𝐵ℎ𝐺12
]−1 

Eq. 3.62 

Where,  

 

 

∆= ℎ√
𝐸𝑓

𝐺12
(3 − 2𝜉2) 

Eq. 3.63 

 
𝜉 =

Γ

Γ + 1
 

Eq. 3.64 

 

Iterative solution was employed to solve the 𝐸𝑓 and the compliance will be 

 

 
Γ = 1.18

√𝐸𝑓𝐸2

𝐺12
 

Eq. 3.65 

The final fracture toughness equation is: 

 

 
𝐺𝐼 =

6𝑃2

𝐵2ℎ
(
2𝑎𝑒

2

𝐸𝑓ℎ
2
+

1

5𝐺12
) 

Eq. 3.66 

 

3.5.3 Mode II fracture tests 

The facility used for ENF tests is a servo-hydraulic test frame with an MTS Flex Test SE controller. 

The schematic of the ENF test shows in Figure 3.23.  
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Figure 3.23: Schematic of the ENF test specimen. 

 

Before testing, the ENF samples need to be pre-cracked. The specimens' pre-crack lengths are given 

in Tab. 3.7.  

Table 3.7: Pre-crack length of each ENF specimen. 

Batch 1 B1S1 B1S2 B1S3 B1S4 B1S5 B1S6 

Pre-crack length [mm] 25 25 25 25 25 25 

Batch 2 B2S1 B2S2 B2S3 B2S4 B2S5 B2S6 

Pre-crack length [mm] 24 26 23.5 23.5 24 23.5 

Batch 3 B3S1 B3S2 B3S3    

Pre-crack length [mm] 32 30 30    

 

The load cell on the test frame had a capacity of 5 kN, and the fixtures can be replaced to fit the 

samples, see Figure 3.24. Two DLSR cameras were employed in the tests, which were positioned 

orthogonal to the ENF specimen. One camera focuses on the side view of CFRP specimens to track the 

crack propagation during the ENF tests. The other camera focuses on the top surface of the specimen 

next to the loading pin to monitor any surface damage developing during the tests. Each DLSR camera 

recording was imaged at a resolution of 1280 × 720 pixels with a frame rate of 60 fps. Before the test 

started, a steel wire was inserted at the end of the pre-crack zone to reduce the friction between the top 

and bottom substrate during the tests. Three distinct cross-head displacement rate were employed 0.1 

mm/s, 5 mm/s, and 15 mm/s.  
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Figure 3.24: Experimental set-up for Mode II ENF tests employed in the present study and available 

at University of Waterloo E3-2106. 

 

Similar to Mode I fracture toughness calculation, Castigliano’s theorem was used to obtain the 

compliance as: 

 

 
𝐶 =

𝛿

𝑃
=
3𝑎3 + 2𝐿3

8𝐸11𝐵ℎ
3
+

3𝐿

10𝐵ℎ𝐺
 

Eq. 3.67 

Therefore, the energy release rate will be: 

 
𝐺𝐼𝐼 =

𝑃2

2𝐵

𝑑𝐶

𝑑𝑎
=

9𝑃2𝑎2

16𝐸11𝐵
2ℎ3

 
Eq. 3.68 
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Once again, a correction was applied to the Young’s modulus; before any crack propagation (𝑎 = 𝑎0) 

the compliance reads as: 

 

 
𝐶0 =

3𝑎3 + 2𝐿3

8𝐸𝑓𝐵ℎ
3
+

3𝐿

10𝐵ℎ𝐺
 

Eq. 3.69 

Thus, a corrected Young’s modulus can be calculated as: 

 

 
𝐸𝑓 =

3𝑎3 + 2𝐿3

8𝐵ℎ3
(𝐶0 −

3𝐿

10𝐵ℎ𝐺
)−1 

Eq. 3.70 

Similarly, the equivalent crack length 𝑎𝑒𝑞 can be obtained as follows: 

 

 
𝐶 =

3𝑎𝑒𝑞
3 + 2𝐿3

8𝐸𝑓𝐵ℎ
3

+
3𝐿

10𝐵ℎ𝐺
 

Eq. 3.71 

   

   
3𝑎3+2𝐿3

8𝐸11𝐵ℎ
3 = 𝐶 −

3𝐿

10𝐵ℎ𝐺
= 𝐶𝑐𝑜𝑟𝑟, Eq. 3.72 

 

 3𝑎𝑒𝑞
3 + 2𝐿3 = 8𝐸𝑓𝐵ℎ

3𝐶𝑐𝑜𝑟𝑟 Eq. 3.73 

However: 

 

   𝐸𝑓 =
3𝑎0

3+2𝐿3

8𝐵ℎ3
(𝐶0 −

3𝐿

10𝐵ℎ𝐺
)−1            Eq.3.74 

 

 
3𝑎𝑒𝑞

3 + 2𝐿3 = 8𝐸𝑓𝐵ℎ
3𝐶𝑐𝑜𝑟𝑟 = 8 ∗

3𝑎0
3 + 2𝐿3

8𝐵ℎ3
(𝐶0 −

3𝐿

10𝐵ℎ𝐺
)−1 ∗ 𝐵ℎ3𝐶𝑐𝑜𝑟𝑟 

Eq. 3.75 

 

It follows: 
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𝑎𝑒𝑞 = [𝛼𝑎0
3 +

2

3
𝐿3(𝛼 − 1)]

1
3
 

Eq. 3.76 

Summing up, the Mode II fracture toughness can be calculated as  

 

 
𝐺𝐼𝐼 =

9𝑃2𝑎𝑒
2

16𝐸𝑓𝐵
2ℎ3

 
Eq. 3.77 

Where, 

 

                 𝐸𝑓 =
3𝑎0

3+2𝐿3

8𝐵ℎ3
(𝐶0 −

3𝐿

10𝐵ℎ𝐺
)−1 Eq. 3.78 

   

 
𝛼 =

𝐶𝑐𝑜𝑟𝑟
𝐶0,𝑐𝑜𝑟𝑟

 
Eq. 3.79 

 

3.6 Analysis of damage mechanisms 

3.6.1 Microscopy  

Surface characteristics after treatment was analyzed by microscope Keyence VHX-5000 Opto 

Digital Microscope (Canada) at the University of Waterloo Forming and Crash laboratory. The 

picture of microscope is provided below (Figure 3.25). 
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Figure 3.25: Keyence VHX-5000 Opto-Digital Microscope used for surface observation available at 

University of Waterloo E3-2106-d. 

3.6.2 X-Ray CT analysis of substrate damage 

Potential damage within the CFRP adherents following mechanical tests was analyzed using X-Ray 

computed tomography (X-Ray CT) executed with the ZEISS Xradia Versa 520 available at 

University of Waterloo within the MSAM laboratory. A picture of the system is provided below 

(Figure 3.26). 
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Figure 3.26: ZEISS Xradia Versa 520 X-Ray CT cabinet used to assess damage within the CFRP 

substrates. 

 

Samples with dimensions 2.5 mm × 2.5 mm × 25.4 mm were extracted for selected substrates after 

testing. The following settings and Fig. 3.27 were used to extract CT images from the samples:  

• Source Voltage: 40 kV 

• Source Wattage 3 W 

• Source-to-sample distance: 20.1166 mm 

• Detector-to-sample distance: 133.3032 mm 

• Pixel size: 9.0019 µm 

• Optical magnification: 0.39328 

• Exposure time: 4.0 seconds 

• Source filter: Air 
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Figure 3.27: ZEISS Xradia Versa 520 machine used for CFRP X-ray scan available at University of 

Waterloo E7-3419 
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Chapter 4: Experimental results  
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In this chapter, the results and outcomes of surface treatments are presented. Contact angle 

measurements, surface mapping, surface roughness and the determination of surface energy will be 

presented in section 4.1. The results of DCB and ENF mechanical tests performed to characterize the 

Mode I and Mode II fracture toughness for NCF-CFRP joints featuring the 3M 07333 adhesive will 

be presented in section 4.2. The results of DCB tests performed to characterize the Mode I fracture 

toughness for NCF-CFRP joints with adhesive DP190 will be presented in section 4.3. 

4.1 Analysis of surface pre-treatments 

4.1.1 Surface morphology and topography 

In order to assess the effect of surface pre-treatments small plates of dimensions 25 mm × 25 mm 

were cut from NFC-CFRP panels using water-jet. The sanding process was described earlier in 

Section 3.2.1. In particular, the baseline surface was compared with a sanding process lasting either 1 

min (S1) or 2 mins (S2), respectively. Microscopy images of the corresponding treated surfaces are 

shown in Fig. 4.1.  

 

Figure 4.1: Microscopy images of the NCF-CFRP plates before and after sanding. 

The original as-produced surface appears relatively smooth, and the presence of polyester stitches can 

be readily observed from visual inspection since the epoxy matrix was optically translucent. After 

sanding (S1), the stitches are still embedded within a thin epoxy layer, while the glass fibers become 

more visible. With prolonged standing (S2), the glass fibers are further exposed, and so are the carbon 

fibers, although they appear to be well anchored to the epoxy matrix. Notice that exposure of glass 

fibers was variable across the treated surface since the thickness of surface epoxy matrix layer was 
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not uniform within the CFRP plates. Figure 4.2 shows the characteristics of CFRP surfaces after UV 

laser treatment executed at a different frequency and laser scanning speed. Xu et al. [101][101] 

reported that in the ablation process of CFRP panels carried out with a 355 nm short pulse laser, the 

heat-affected zone and matrix removal depended on the laser scanning direction. In particular, they 

have shown that when the laser scanning is aligned with the fiber direction, the degradation/removal 

of the epoxy matrix is more significant. Likewise, in this study, the scanning direction was aligned 

with that of the carbon fibers to promote better control of material removal and investigate the effect 

on mechanical performances. 

 

Figure 4.2: Surface characteristics of UV laser treatment at different frequency and moving speed. 

It is clear that as both processing variables increase, the effect of the laser beam becomes less 

apparent. At the lowest pulse frequency and scanning speed (i.e., 30|125), the epoxy resin on the surface 

was removed to an extent that carbon fibers were exposed and clearly visible. However, the 

heterogeneous composition of the composite surface, including epoxy, carbon fibers, polyester, and 

glass, has led to uneven material removal and the formation of a heat-affected zone (HAZ). Examples 

are given in Fig. 4.2 within the area enclosed by the dashed rectangle - although only at 30|125 exposed 

carbon fibers could be clearly discerned from optical observations. 
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Images with higher magnification are reported in Fig. 4.3 and highlight details of the modified 

surfaces. In particular, it is confirmed the removal of the epoxy matrix accomplished at the lowest 

pulse frequency, while it is not straightforward to state whether it was removed for the other cases. 

Furthermore, for the case 30|125, the removal of the epoxy was not uniform since apparent residuals 

were observed next to the supporting glass fibers (see the horizontal arrows in Fig. 4.3).  Polyester 

stitches can absorb the UV laser wavelength and, as such, these were affected by the laser beam 

resulting in apparent damage, see, for instance, 40|125 in Fig. 4.3. 

 

Figure 4.3: Close-up view of the images shown on Fig. 4.2. 

The translucent nature of the epoxy matrix leaves some degree of uncertainty concerning the actual 

condition of the treated surfaces after laser ablation. Additional analyses were made using a confocal 

microscope to extract topography information. Typical results are shown in Fig. 4.3 in the form of 3D 

maps and confirm that exposed fibers are clearly visible with a laser ablation carried out at 30 kHz and 

125 mm/s. One concludes that in all other cases, the exposure of carbon fibers was limited, as shown 

by the optical images. 



 

 71 

 

Figure 4.4: Confocal microscopy images of the target surface before and after surface preparation 

(S1: sanding 1’; S2: sanding 2’; X|Y: pulsed laser ablation at X frequency (kHz) and Y scanning 

speed (mm/s). 
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Figure 4.4: (cont.) 
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Figure 4.4: (cont.) 
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Figure 4.4: (cont.) 

Beside the morphological information, the following metrics were extracted from the 3D maps like 

those shown in Fig. 4.4: 

• 𝑆𝑎: the extension of 𝑅𝑎 (arithmetical mean roughness value) to a surface. 

• 𝑆𝑧: sum of the largest peak height value and the largest pit depth value within the defined 

area. 

• 𝑆𝑑𝑟: percentage of additional surface area contributed by the texture (compared to the planar 

definition area or projected area). 

The results obtained for the above metrics are summarized in Tab. 4.1. The profilometry analysis 

indicates that the average surface roughness of the baseline composite surface decreases after the 

sanding. Notice that the surface roughness factor (r), defined as the ratio between the actual area (A) of 
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the texture divided by the projected area (𝐴0), can be obtained from knowledge of 𝑆𝑑𝑟. This is further 

discussed later, while the corresponding values are appended in Tab. 4.1. The analysis of the roughness 

factor indicates that the texture associated with the sanding process provided additional surface area.  

Table 4.1: Surface roughness of CFRP samples with different surface treatment. 

 𝑆𝑎 (𝜇𝑚) 𝑆𝑧 (𝜇𝑚) 𝑆𝑑𝑟 𝑟 =
𝐴

𝐴0
= 1 + 𝑆𝑑𝑟 

As is 1.5 15.58 0.06 1.06 

S1 1.26 30.56 0.31 1.31 

S2 1.19 15.2 0.29 1.29 

UV 30 | 125 8.84 72.65 0.73 1.73 

UV 30 | 250 2.32 26.72 0.09 1.09 

UV 30 | 500 1.58 37.00 0.15 1.15 

UV 40 | 125 1.97 50.30 0.12 1.12 

UV 40 | 250 1.84 32.79 0.15 1.15 

UV 40 | 500 1.77 24.74 0.12 1.12 

UV 50 | 125 1.51 30.66 0.03 1.03 

UV 50 | 250 1.31 17.54 0.01 1.01 

UV 50 | 500 1.03 33.69 0.07 1.07 

For the UV laser treatment, the degree of surface modification and ensuing metrics were sensitive to 

both pulse frequency and laser speed. However, the most significance changes were obtained at low 

pulse frequency and scanning speed.  

4.1.2 Determination of static contact angles and surface free energy (SFE) 

In order to ascertain the effect of surface treatment on the target surface, wettability measurements 

are an obvious choice because of the apparent simplicity [26], [27]. In this study the wettability of the 

as-produced (S0) and sanded NCF-CFRP was assessed using a contact angle goniometer, with 

deionized water (DW), formamide (F) and ethylene glycol (EG) probe liquids. Very small liquid drops 

(i.e., tens of microliters) were gently laid down such that they could flow and equilibrate with the 

surface. Typical results are reported in Fig. 4.5, which show typical outcomes of repeated measurements 

on as produced and sanded surfaces. The C.A. was determined using snapshots of the liquids drops 

such as those shown in Fig. 4.5 (d). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.5: Evolution of contact angle (CA) as a function of time for the investigated NCF-CFRP 

surfaces: (a) S0; (b) S1; (c) S2. Each measurement was carried out using 3 probe liquids. (d) 

Snapshots of the C.A. recorded at 90 seconds from drop dispensing (probe liquid: formamide). 

 

Multiple images were recorded over a time span of 90 seconds and were spaced apart by about 5 

seconds. The acquisition speed and the number of images were limited by the hardware available for 

such measurements. It appears that the C.A. of DW and F keeps decreasing with time over the full 

observation window, while for EG the C.A. is relatively stable. Similar conclusions can be drawn for 

bot as produced and sanded surfaces, i.e., the measured C.A. keeps decreasing with time when DW and 

F are used.  
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In order to determine the SFE of the solid, some authors suggest determining the contact angle 

ensuring that the time elapsed from drop dispensing/placement and the actual measurement is as small 

as possible [102]. However, other authors have indicated that the equilibrium contact angles should be 

determined once transient effects, such as capillarity, are spread out [15]. It is unlikely that such 

procedures can afford a reliable estimate of surface energy with the data at hand. Indeed, the first 

procedure requires high-speed video recordings that were not available for this study. The results 

provided by the second one would also be uncertain because the C.A. of DW and F keep varying and 

do not seem to reach a steady state. Nevertheless, both procedures have been assessed, and the contact 

angles recorded at t=0 s and t=90 s have been supplied in the Owens-Wendt method to determine 

surface energy.  

The results reported in Fig. 4.6 are referred to as the initial C.A., i.e., t=0 s. The first point to highlight 

is that the linear interpolations for S1 and S2 displayed a rather low correlation, with R2<0.5 in both 

cases. Furthermore, the total surface energy would not exceed 18 mJ/m2 and the polar component would 

be subject to a decrease from about 16 mJ/m2 (S0) to 0.4 mJ/m2 (S2). It should be noted that the so 

obtained total SFE would be lower than typical values reported in the literature [27]. The determination 

of surface energy using the second set of C.A., i.e., t=90 s, data is reported in Fig. 4.7. There is a 

substantial improvement in the correlation, as R2 is >= 0.7. The so obtained surface energy would see 

an increasing dispersive component, from 12.3 mJ/m2 (S0) to 27.4 mJ/m2 (S2); however, the total 

energy would not increase much further because an increase of the dispersive component is once again 

counteracted by a decreasing polar part. 

The obtained results raise some important questions concerning the interaction between the probe 

liquids and the complex NCF-CFRP surfaces. In performing measurement of the (static) contact angle 

it is assumed that the contact area between solid and liquid does not change during the measurement. 

That is, the drop is in a global energy equilibrium condition, i.e., a stable state that corresponds to the 

contact angle denoted in the Young’s equation. Considering the results reported in Fig. 4.5, and the 

variation of C.A., one concludes that static measurements as determined on the NCF-CFRP surfaces do 

not provide reliable information about the liquid-solid interaction.  
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(a) 

 

(b) 

 

(c) 

 

 

Figure 4.6: Determination of SFE by using the contact angles determined at t=0 s. (a) S0; (b) S1; 

(c) S2. 

 

 



 

 79 

 

(a) 

 

(b) 

 

(c) 

 

 

Figure 4.7: Determination of SFE by using the contact angles determined at t=90 s. (a) S0; (b) S1; 

(c) S2. 

 

Moreover, it is observed that while the probe liquid should not react with the solid surface, it can 

still penetrate any small crevices or microcracks within a surface layer. This issue is particularly 

relevant for the measurements carried out herein, given the complex heterogeneous nature of composite 

surface, especially after sanding or laser ablation. Notice that the penetration of a probe liquid within 

the material depends on the liquid’s molar volume, and the penetration slows down and decreases as 

the volume increases. The molar volume of the probe liquids employed in this study are given as 

follows: 𝑣𝐷𝑊=18.0 mL/mol, 𝑣𝐹=39.8 mL/mol and 𝑣𝐸𝐺= 55.7 ml/mol. Therefore, while DW should be 
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able to penetrate the surface structure more easily, for EG it should be somewhat more limited. These 

observations are fairly good agreement with the data are given in Fig. 4.5, which shows a relatively 

stable C.A. for EG, and a continuous decrease for both DW and F. As a matter of fact, the selection of 

probe liquids plays an important role toward obtaining reliable results because a liquid may interact 

with the target material and/or be subjected to volume reduction following evaporation. Considering 

the complexity of the treated surfaces, these results ruled out the possibility to obtain accurate estimate 

of the SFE, especially after surface pre-treatment.  

 

4.1.3 Analysis of advancing contact angles  

More robust and reproducible measurements are represented by the advancing and receding contact 

angles, also referred to with abbreviations A.C.A. and R.C.A., respectively. In this study, also the Greek 

symbols 𝜃𝑎  and 𝜃𝑟  are invariably used. These can be determined by increasing and decreasing, 

respectively, the droplet volume as shown in Fig. 4.8. By increasing the droplet volume, the contact 

angle of the drop will increase, and the contact line remains pinned until the A.C.A. or 𝜃𝑎 is reached. 

At that point, further increase of drop volume will lead to movement of the contact line, whereas the 

contact angle remains approximately constant. 

 

 
(a) 

 
(b) 

Figure 4.8: Schematic depiction of the procedure employed for the determination of (a)_A.C.A. 

and (b) R.C.A. 

 

Similarly, by decreasing the drop volume, the contact line will remain pinned and the shape of the drop 

changes until the R.C.A. or 𝜃𝑟 is reached. Further decrease of drop volume will lead to movement of 

the contact line. In contrast, the so obtained contact angle remains ideally constant but can vary in 

measurements because of the non-uniformity of the sample. The difference between A.C.A. and 

R.C.A., namely the contact angle hysteresis, provides important information regarding the mobility of 
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a liquid on a solid surface. As stated earlier, real surfaces do not have perfect smoothness or chemical 

homogeneity, and these deviations lead to hysteresis in the measured contact angles. The use of the 

A.C.A./R.C.A. overcomes metastable free energy spots usually due to surface roughness and while 

static drops may be affected by evaporation RCA/A.C.A. are virtually insensitive. For the 

A.C.A./R.C.A. measurements only DW was used. The probe liquid was added and withdrawn very 

slowly to avoid dynamic effects. Images of the drop profiles were taken every 5 s and selected snapshots 

taken during liquid dispensing / withdrawal are given in Fig. 4.9.  

 

 

Figure 4.9: Typical snapshots recorded during the experiments. Notice that the R.C.A. was not 

achieved. 

 

The R.C.A. was somewhat difficult to determine with accuracy. For instance, the images shown in Fig. 

4.9 show that the R.C.A. was not achieved because the contact line remained pinned until the receding 

angle was too small to be measured accurately. Instead, the A.C.A. was obtained with greater accuracy 

and it was most reproducible with respect to the static measurement. The A.C.A. values for S0, S1 and 

S2 are reported in Fig. 4.10. The inset figure shows the superposition of two snapshots that highlight 

the movement of the contact line and the achievement of the ACA. Interestingly, the A.C.A. of all 

samples is relatively stable and increases slightly after sanding. The average values of the A.C.A. are 

also provided in the figure and indicate that the initial hydrophobic surface remains so after sanding.  
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Figure 4.10: A.C.A. of sanded surfaces as determined using DW. The insert shows two snapshots 

of the liquid superimposed to highlight the achievement of the A.C.A. while the liquid is dispensed. 

 

As discussed earlier, the sanding process increased the roughness of the samples and the apparent 

contact area (thus, it increased r). Considering the roughness data, it seems that the A.C.A. conforms 

with the Wenzel regime of wettability. Wenzel’s model describes the homogeneous wetting regime, 

whereas the liquid is able to completely penetrate within surface asperities. The apparent C.A. of the 

liquid on a rough surface is given by: 

 𝑐𝑜𝑠𝜃∗ = 𝑟𝑐𝑜𝑠𝜃 Eq.4.1 

Where r is the roughness factor, which is given by the ratio between actual and projected area of the 

solid (which was herein determined using optical profilometry, as shown previously). According to 

this model, if the intrinsic contact angle of the surface is <90, roughening will make the surface such 

that  *< , and vice versa. The roughness factor was determined from surface mapping presented 

previously and is given as: 

 

 𝑆𝑑𝑟 =
1

𝐴
[∬ (√1+ (

𝜕𝑧

𝜕𝑥
)
2

+ (
𝜕𝑧

𝜕𝑦
)
2
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𝐴

] Eq.4.2 

 

besides, is should be noted that: 
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𝑆𝑑𝑟 =
𝐴 − 𝐴0
𝐴0

=
𝐴

𝐴0
− 1 

 

Eq.4.3 

that implies: 

 

 𝑟 = 1 + 𝑆𝑑𝑟 Eq.4.4 

 

Using the above relation, one can correct the apparent contact angle (𝜃∗) and obtain the intrinsic one 

of the investigated surfaces. By doing so, the above quoted average values become: 90o (S0), 93o (S1) 

and 92.5 o (S2), respectively. The corrected values are obviously very similar to the apparent contact 

angles because of the limited variation of the surface factor induced by the sanding process. The 

overall analysis demonstrates that the NCF-CFRP surface is hydrophobic before and after sanding. 

Wettability measurements executed on the laser treated surfaces have essentially indicated a similar 

outcome, thereby suggesting that the execution of surface preparation can change morphology and 

topography of the target surfaces but do not necessarily improve wettability. 

Therefore, further evaluations of the surface preparation methods were made directly performing 

mechanical tests. To this aim, the following treatments were selected for mechanical testing. For the 

sanding treatment it was selected S1 since there is no major difference in the surface metrics and 

topography of S1 and S2. Notice that bonding in the as produced conditions was not considered since 

a previous work carried out at University of Waterloo has shown that the results would provide 

unsatisfactory joint strength as determined in single lap joint tests [89]. Regarding the UV-laser 

ablation, an exploratory study was carried out considering 125 mm/s laser speed and pulse frequency 

40 kHz (denoted as LS1 in what follows); this processing provided changes of surface metrics with 

respect to the baseline but did not expose carbon fibers. Besides, the UV-laser ablation at 125 mm/s 

and pulse frequency 30 kHz was also included in the analysis because the combination of process 

parameters provides exposed carbon fibers, and then one can assess the effect of exposed fibers on 

crack propagation and determine if damage occurred at the fiber/matrix interface following laser 

ablation. Such processing is denoted as LS2. 
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4.2 Mechanical tests of CFRP joints bonded with 3M 07333 epoxy adhesive 

4.2.1 DCB tests and determination of Mode I fracture toughness 

4.2.1.1  Effect of sanding 

The load-displacement responses and the R-curves of DCB specimens prepared using a sanding 

treatment are presented in Fig. 4.11. The mechanical tests are displacement controlled at 0.1 mm/s. In 

general, considering that CFRP/epoxy joints display commonly a scattered response [89], the results 

reported herein are fairly consistent. In all tests, the load increases linearly and then it reaches a peak. 

After that, the propagation of a macroscopic crack is commenced (softening) and the applied load 

gradually decreases as the applied displacement increases. It should be noted that the DCB tests were 

stopped once the crack travelled approximately 80% of the bonded region. The remaining bondline 

was fractured using a wedge. 

 

(a) 

 

(b) 

Figure 4.11: (a) Load vs. displacement and (b) R-curves of the DCB specimens comprising sanded 

NCF-CFRP adherends (MS: manual sanding). 

Load fluctuations during softening are mainly associated with the crack path through the joint. As 

shown in previous related works, crack growth in CFRP/epoxy joints can include the combination of 

cohesive fracture within the adhesive, but also interlaminar \ intralaminar fracture of the CFRP 

substrates, occasionally accompanied by fiber bridging [15]. The ensuing R-curves are relatively flat 

suggesting that fracture toughness was fairly constant across the probed portion of the bonded region. 
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Visual inspection of the fracture surfaces indicated that cohesive fracture was the main mechanism 

of failure in all tests, with the sole exception of B1S1. In particular, post-test images of the severed 

samples are provided in Fig. 4.12 and show some degree of both interlaminar and intralaminar 

fracture almost in all tests. In particular, the quoted % values in Fig. 4.12 refer to the degree of 

cohesive fracture as determined from image analysis.  

 

Figure 4.12: DCB sanding post-testing visual inspection of the fractured surfaces. Crack propagation 

occurring from right to left. The dashed line indicates the approximate location at which the tests 

were interrupted 

 

Interlaminar/intralaminar fracture was the dominant mechanism of failure in B1S1, most likely due 

to the execution of the sanding process and/or potential induced defects on the mating area that 
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triggered peeling out of the outmost composite layer. Closer visual inspection also revealed that the 

adhesive did not adhere well on the exposed glass fibres and polyester stitches. This point was further 

addressed with optical microscopy and the results will be discussed later. The overall results are 

summarized in Tab. 4.2, which reports the average fracture toughness and annotation of the dominant 

mechanism of failure.  

Table 4.2: Average fracture toughness obtained in DCB tests. 

Description Sample # 𝐺𝐼𝐶 (N/mm) 
Mechanism of fracture 

(dominant) 

• NCF-CFRP/epoxy joints  

• Adhesive: 3M 07333 

• Surface treatment: sanding 

B1S1 1.14±0.16 Interlaminar 

B1S2 1.27±0.10 

Cohesive 
B2S1 1.95±0.17 

B2S2 1.79±0.19 

B2S3 1.57±0.18 

 

With the exception of B1S1, all tests have shown cohesive fracture and the results were consistent 

with rather small range of variation. However, B1S2 displayed a slightly lower toughness, most likely 

because of a variation of bondline thickness, e.g., fabrication defect. 

The mechanics of crack propagation was also investigated with the aid of a CCD camera that 

recorded the deformation undergone by the DCB during mechanical testing. The resulting images 

allowed to shed light on the evolution of damage across the bondline, including any potential bridging 

effect in the crack wake. Video footages were recorded for each test, however, only B1S1 and B2S1 

are presented here to highlight the differences in the observed (dominant) fracture mechanisms, i.e., 

mixed inter- /intralaminar versus cohesive fracture.  

The results of B1S1 are discussed first and are gathered in Fig. 4.13. A few sudden load drops 

occurred during the tests, and an instance is highlighted within the red box shown in Fig. 13(a), and 

the ensuing crack jump is shown in Fig. 4.13(b). Both phenomena can be addressed to the peculiar 

mechanism of deformation and fracture of the joint. Because the crack propagated inside the CFRP 

substrate, it follows that carbon, glass and/or polyester fibers could be peeled out, thereby bridging 

the adherents during opening and effectively providing closing bridging tractions. Post-failure 

inspection of the fractured surfaces indicated that most bridging is likely associated with the peeling 

of polyester and glass fibers that are embedded within the non-crimp fabric textile; notice that 
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transversely oriented glass fibers are placed between the carbon fiber tows to provide support during 

handling/manufacturing. The described mechanism is illustrated through the snapshots of the 

deformed DCB recorded during the test and reported in Fig. 4.13(c). The snapshots (1-4) are taken at 

the positions highlighted in Figs. 4.13(a) and (b) and show polyester and glass fibers that are either 

bridging the crack (horizontal arrow) or are already broken in the crack wake (vertical arrows). 

 

(a) 

 

(b) 

 

(c) 

Figure 4.13: Results of DCB test on sample B1S1. (a) Load versus displacement and crack-length 

versus displacement curves. (b) R-curve. (c) Snapshots of the deformed configuration extracted 

from the video footage recorded during mechanical testing. 
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A similar analysis was carried out for the DCB joint B2S1, which displayed cohesive fracture. The 

corresponding data is gathered in Fig. 4.14.  

 

(a) 

 

(b) 

 

(c) 
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Figure 4.14: Results of DCB test on sample B2S1. (a) Load versus displacement and crack-length 

versus displacement curves. (b) R-curve. (c) Snapshots of the deformed configuration extracted 

from the video footage recorded during mechanical testing. 

Also, in this case, the softening region and crack propagation are relatively smooth. However, the 

occurrence of small load fluctuations was also observed in this case. Snapshots of the deformation 

and fracture process are used again to shed light on the mechanisms of failure and are appended in 

Fig. 4.14(c). Notice that the images (c1-c5) are taken at the points highlighted in Fig. 4.14(a). The 

snapshots suggest the occurrence of cohesive fracture (that was corroborated by the visual 

inspection). In particular, crack growth appears to occur according to a serrated pattern, as highlighted 

in snapshot (2) of Fig. 4.14(c). The peculiar crack path suggests that the crack veers from the upper to 

the lower substrate promoted by the weak adhesion of the adhesive on top of the exposed glass fibers. 

In the process, a few small and isolated adhesive ligaments are formed. These last undergo 

deformation and failure in the crack wake as the front advances through the bondline – see the 

example highlighted with the rectangular dashed region within snapshot (c4) in Fig. 14(c). 

A more refined assessment of the fracture surfaces was carried out using an optical microscope 

and the ensuing images are reported in Figure 4.15. As stated previously, failure of most specimens 

was dominated by cohesive fracture, except B1S1MS. It is possible to observe that glass fibers, 

polyester stitches and carbon fibers were all exposed. Besides, the images confirmed the occurrence 

of weak adhesion at epoxy/glass and epoxy/polyester interfaces, as these are basically exposed with 

no significant trace of epoxy (although one cannot rule out completely the presence of epoxy based 

on visual inspection). Also, the imprint of the glass fibers from the mating substrate are visible (see 

for instance B2S1MS). A few small spots of CFRP damage are observed in all specimens, which 

involves peeling out of the CFRP outmost surface layers (mixture of interlaminar and intralaminar 

fracture). 
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Figure 4.15: Microscopy images of DCB fracture surfaces with sanding surface treatment and 07333 

adhesive (crack propagation from left to right). 

4.2.1.2 Exploratory study about the effect of a UV-laser (355 nm) irradiation 

Load-displacement and R-curve response of DCB specimens with UV laser treatment LS1 and LS2 

are presented in Fig. 4.16. Note that LS1 is the process carried out at 30 kHz pulse frequency, while 

both were carried out at 125 mm/s lasing speed. Beside the variation of the initial slope of the load-

displacement curves, which was due to the variance of the pre-crack length was from 37.5 mm to 42.2 

mm, the results are fairly consistent. However, the selected UV laser ablation could not match the 

results of the sanding process. Indeed, cohesive fracture was not achieved in any test. The results 

indicate a brittle failure of the joints, which is corroborated by the low fracture toughness and the flat 

R-curves, that support the absences of any sort of toughening mechanisms. 



 

 91 

 

(a) 

 

(b) 

Figure 4.16: (a) Load vs. displacement and (b) R-curve response for DCB specimens comprising 

CFRP adherends with UV laser surface treatment (LS1: 40 kHz; LS2: 30 kHz). 

 

In short, the two laser treatments led to the same results, and no significant difference was observed 

when changing the pulse frequency, although the surface texture appears to be different – with 

exposed fibers being present at 30 kHz pulse frequency. Comparing with the data reported earlier, it 

is clear to see that the peak load recorded in DCB tests with sanding surface treatment was much 

higher (1.9 times) than the peak load of the laser treated specimens. After testing, visual observations 

of the fractured surface were carried out and representative images are reported in Fig. 4.17. Visual 

observations confirm the brittle nature of the joint fracture, as an apparent interfacial fracture 

occurred in all samples. Besides, it is speculated that the laser process LS1 induced damage at the 

glass/epoxy interface, as loose glass fibers could be observed upon inspection of the fracture surfaces. 
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Figure 4.17: DCB UV laser post-testing visual inspection of the fractured surfaces.  Crack 

propagation occurring from left to right. 

The overall results are summarized in Tab. 4.3, including the average propagation fracture toughness 

and annotation of the dominant failure mechanism. All tests have shown interfacial fracture, and the 

results were fairly consistent. The fracture toughness after the developed UV laser treatment is 

significantly lower than that obtained following sanding.  
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Table 4.3: Fracture toughness of DCB samples with UV laser treatment and 3M 07333 adhesive. 

Description Sample # 
𝐺𝐼𝐶 

(N/mm) 

Mechanism of fracture 

(dominant) 

• NCF-CFRP/epoxy joints  

• Adhesive: 3M 07333 

• Surface treatment: LS1, LS2 

(UV laser ablation) 

B3S1LS1 0.60±0.07 

Interfacial 

B3S2LS1 0.70±0.12 

B3S3LS1 0.58±0.05 

B4S1LS2 0.45±0.06 

B4S2LS2 0.69±0.09 

 

The video footage belonging to B3S2LS1 was used to provide a general description of the failure 

process that is reasonably representative of all samples. The results are gathered in Fig. 4.18.  

 

(a) 

 

(b) 

 

(c) 

Figure 4.18: Results of DCB test on sample B3S2. (a) Load versus displacement and crack-length 

versus displacement curves. (b) R-curve. (c) Snapshots of the deformed configuration extracted 

from the video footage recorded during mechanical testing. 



 

 94 

The most remarkable difference is the much lower peak load and maximum displacement achieved 

during testing. The debonding process over the probed area (100% of the total bondline) took place 

with a maximum opening of 16 mm; to set the stage for comparison, please note that for a sanded 

sample a similar crack advance would require double opening displacement. Besides, the R-curve 

displayed a variation in the obtained toughness since it initially decreased and then increased again. A 

potential explanation may be laid down on the basis of the observed crack path. Indeed, the crack 

front occasionally veered from the upper to the lower interface. In the process, damage and fracture of 

the de-bonded adhesive layer is involved and increases the fracture energy. The video footage of the 

tests did not display any significant additional dissipation mechanisms besides the front veering 

described above. For instance, Fig. 4.18(c) shows that there are no fibers or adhesive ligaments 

bridging the crack face. This observation holds consistently for the whole duration of each test. 

Microscope images are reported in Fig. 4.19 and confirm the occurrence of weak adhesion at 

CFRP/epoxy interfaces.  

 

 

Figure 4.19: Microscopy images of DCB fracture surfaces with UV laser treatment and 3M 07333 

epoxy adhesive (crack propagation from left to right). 
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The images also confirm the presence of loose fibers for the LS1 processing. Such loose fibers 

were not observed with LS2, which is consistent with previous profilometry and microscopy analyses. 

More work should be done to identify a proper combination of processing parameters that can 

promote a stronger adhesion. However, the laser platform employed in the present work can only 

process small areas, and, therefore, sample preparation is very time-consuming. For this reason, the 

laser treatment was not pursued further, and additional investigations should be the subject of future 

works. 

4.2.2 ENF tests and determination of Mode II fracture toughness 

The ENF tests were carried out to assess the 3M 07333 structural adhesive against crack propagation 

in Mode II, i.e., shear. Besides, the influence of different loading rates was explored. As such, 

mechanical tests were executed at 0.1 mm/s (DR01), 5 mm/s (DR5), and 15 mm/s (DR15). Please 

note that such analysis for Mode I tests was reported elsewhere [89]. Details about the test setup were 

provided in Section 3.6.2. The fracture behavior was analyzed on the basis of the obtained force-

displacement responses, the fracture toughness, in-situ imaging of the fracture process, and 

fractographic analyses.  

4.2.2.1 Displacement controlled tests at 0.1 mm/s 

The load-displacement curves and R-curve of the ENF with sanded CFRP substrates are reported in 

Fig. 4.20.  

 

(a) 

 

(b) 
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Figure 4.20: (a) Load vs. displacement and (b) R-curve response for ENF specimens comprising 

CFRP adherends with sanding surface treatment. 

The results are generally fairly consistent, whereby the initial linear response is quite similar in all 

tests, while some deviations are observed after the formation of a macroscopic crack. The most 

significant deviation was observed during testing of B1S4DR01, which was addressed to intralaminar 

damage of the CFRP substrate (see Fig. 4.21). For the remaining four specimens, the average peak 

load is 2827±112 N, which is quite consistent considering that the samples belong to distinct 

fabrication batches (B1 and B2). Likewise, the corresponding R-curves reported in Fig. 4.20(b) were 

consistent and comparable. However, none of the tests achieved a steady state crack growth as the R-

curve was essentially always raising with the crack length. Therefore, while the maximum toughness 

achieved in mode II tests is quite large and much larger than the Mode I fracture toughness, in the 

remainder only the initiation fracture toughness will be provided. Each test was interrupted when the 

crack front approached the location of the loading pin. Further loading upon approaching this location 

has resulted in bulk damage to the upper CFRP substrate. 

After mechanical tests, the samples were carefully separated by using a wedge, and a visual 

inspection of the fracture surfaces was executed. A view of fracture surfaces is provided in Fig. 4.21. 

The following regions are defined: (1): starter-crack (anti-sticking insert); (2): pre-crack; (3): Mode II 

crack growth region; (4): post-test wedge splitting region. Most specimens were dominated by a 

cohesive fracture in the zone (3), except ENF B1S4, which has shown intralaminar fracture nearby 

the specimen side, probably because of interfacial stress concentration or damage induced during 

sample cutting (or both). The visual inspection also revealed differences in the fracture surfaces' 

appearance with respect to Mode I tests that will be further discussed later. The overall results are 

summarized in Tab. 4.4, which reports the initiation fracture toughness as well as the associated 

dominant mechanisms of failure. The average toughness across the different specimens was equal to 

1.28±0.05 N/mm (the average does not include B1S4). 

Table 4.4: Fracture toughness determined in ENF tests carried out at 0.1 mm/s displacement rate. 

Description Sample # 𝐺𝐼𝐼,𝑖 (N/mm) 
Mechanism of fracture 

(dominant) 

• NCF-CFRP/epoxy joints  

• Adhesive: 3M 07333 

B1S1DR01 1.21 Cohesive 

B1S4DR01 1.57 Mixed cohesive/interlaminar 
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• Surface treatment: sanding 

• Displacement rate: 0.1 mm/s 

B2S1DR01 1.27 Cohesive 

B2S5DR01 1.32 Cohesive 

B2S6DR01 1.32 Cohesive 

 

 

Figure 4.21: Post-failure analysis of the fractured surfaces. Crack propagation from left to right. 

 

To better clarify the mechanics of crack growth and the reasons why a steady state was not 

achieved, the fracture process was assessed with the support of video footage recorded using a CCD 

camera. The analysis makes reference to B2S5DR01, and the corresponding data is reported in Fig. 
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4.22. The figure includes the load-displacement and cracks length-displacement curves, the R-curve, 

and the snapshots of the data points highlighted in these plots. Regarding Fig. 4.22(c), each letter 

corresponds to the points in Fig. 4.22(a) and (b).  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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Figure 4.22: ENF B2S5DR01. (a) Load versus displacement and crack-length versus displacement 

curves. (b) R-curve. (c) Snapshots of the deformed configuration. (d) Details of damage 

development extracted from the video footage. 

The combined analysis of these figures demonstrates macroscopic fracture taking place at point 

(c2) in the load-displacement response whose corresponding deformed configuration is shown in Fig. 

4.22(c). The location of the crack front is further highlighted in Fig. 4.22(d), which provides an 

enlarged view of the area (i). The yellow arrow points to the front location, and the misalignment of 

the vertical white lines drawn on top and bottom substrates highlights the shear deformation taking 

place across the bondline. At this stage, the crack is apparently located near the lower interface. Upon 

further loading, the load reaches point (c4), and the crack kinks within the adhesive layer, as shown in 

the inset (ii) in Fig. 4.22(d). The deformation of the adhesive layer is accompanied by substantial 

whitening that involves an area of a finite length ahead of the crack front. The whitening could be 

discerned easily from the video footage of the tests, but, unfortunately, it is less noticeable from 

snapshots such as those provided in Fig. 4.22(d). Adhesive whitening is due to the plastic deformation 

of the adhesive under shear, which in general is quite large under Mode II loading [103] . Besides, it 

should be recalled that the 3M 07333 adhesive displays a very ductile behavior because of the 

synthetic rubber included in its formulation - see Chapter 3.1. With further loading, the crack front 

moves toward the midpoint of the joint.  

The analysis of the video footage indicated the formation of a characteristic cracking pattern, 

whereas small cracks or cavities initially grew slanted with respect to the load direction. The 

orientation is approximately at 45°, which is the direction of the maximum resolved tensile stress in 

the bondline, which implies the initial microcracks have likely grown in Mode I [104]. The 

occurrence of such a cracking pattern generates a large process zone, which is better illustrated in Fig. 

4.22(d). The process zone continued to grow till the crack was close to the loading pin. Therefore, a 

fully developed process zone and steady-state crack growth were not observed during the test. The 

approximate size of the process zone when the crack front approached the loading pin was estimated 

from the analysis of binary images of the bondline such as that given in Fig. 4.23. The binary image 

shows that the crack path extended from the region near the lower interface and diverted within the 

adhesive layer, while leaving in its wake a large number of small cavities spread over a length of 

about 15 mm. 
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Figure 4.23: Binary image of the deformed ENF illustrating the process zone size. 

The development of damage in the crack wake was mostly similar for all tests. For instance, as 

shown in Fig. 4.24, a very similar cracking pattern was observed for B1S1. However, following crack 

kinking, in other tests the damage was mostly located nearby either the top or the bottom interface (or 

both). Although the side view may suggest an interfacial fracture, the analysis of fracture surfaces 

reported in Fig. 4.21 demonstrates the occurrence of a cohesive fracture.  

 

Figure 4.24: Side view of ENF samples with 0.1 mm/s displacement rate. 

In order to explore the characteristics of the fracture surfaces at a finer detail, optical microscopy 

analyses were carried out and typical results are reported in Fig. 4.25 The analysis of crack path at the 

top substrate demonstrate that the crack propagated in the region nearby the interface, indeed 

uncovered glass fibers belonging to the NCF-CFRP substrate are clearly discernible. 
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In any case, the images show a ductile fracture with parabolic microcracks resembling fish scales 

(highlighted by the yellow dashed lines) which are attributed to the intense plastic straining associated 

to the ductile nature of the structural adhesive employed herein. 

 

Figure 4.25: Microscopy images for ENF specimens at 0.1 mm/s (crack growth from left to right). 

4.2.2.2 Displacement controlled tests at 5 mm/s 

The load-displacement responses and R-curves of the ENF specimens tested at 5 mm/s are reported 

in Fig. 4.26. The nuance of the curves is very similar to previous tests. The R-curves displayed a 

raising behavior which again indicates that a steady state crack growth was not achieved, and a 

constant toughness could not be extracted from the tests. As done before, to prevent the development 

of substrate damage, all tests were interrupted before the crack front reached the region nearby the 

loading pin.  
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(a) 

 

(b) 

Figure 4.26: (a) Load vs. displacement and (b) R-curve response for ENF specimens comprising 

CFRP adherends with sanding surface treatment. 

The fracture surfaces are shown in Fig. 4.27 and a visual inspection indicated that cohesive fracture 

was the main mechanism of failure in all tests. Once again, the video footages revealed the formation 

of an extended process zone and no significant differences were observed with respect to loading at a 

slower cross-head displacement rate. The overall results are summarized in Tab. 4.5, and similarly to 

the ENF specimens tested at 0.1 mm/s, only the initiation fracture toughness is reported.  

Table 4.5: Fracture toughness determined in ENF tests carried out at 5.0 mm/s displacement rate. 

Description Sample # 𝐺𝐼𝐼,𝑖 (N/mm) 
Mechanism of fracture 

(dominant) 

• NCF-CFRP/epoxy joints  

• Adhesive: 3M 07333 

• Surface treatment: sanding 

• Displacement rate: 5 mm/s 

B1S2DR5 2.03 

Cohesive near the interface 

B1S5DR5 2.15 

B2S2DR5 1.24 

B2S3DR5 1.30 

B2S4DR5 1.38 

The average toughness across the various tests was equal to 1.62±0.43 N/mm, i.e., the toughness is 

somewhat higher than that recorded at DR01. 
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Figure 4.27: Post-test images of ENF 15 mm/s specimens. 

The mechanisms of deformation and fracture were essentially similar to that observed at the lower 

displacement rate, although the crack path was closer to the upper interface. This is shown in Fig. 

4.28 that highlights the progress of damage in a few samples belonging to different fabrication 

batches. 
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Figure 4.28: Typical crack path recorded during ENF tests executed at 5 mm/s. 

This point is confirmed through optical imaging of the fractured surfaces that are provided in Fig. 

4.29. Beside the large straining undergone by the adhesive, that resembles the mechanism observed in 

previous tests, it is inferred that the crack path was much closer to the upper interface, as testified by 

the uncovering of glass fibers and polyester stitches. 
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Figure 4.29: Microscopy images of typical fractured surfaces in ENF tests carried out at 5 mm/s 

(crack propagation from left to right). 

 

4.2.2.3 Displacement controlled tests at 15 mm/s 

The results of ENF tests were carried out at 15 mm/s are provided in Fig. 4.30. The variation of the 

initial slope for B1S3 and B1S6 was caused by different pre-crack length. These samples suffered a 

catastrophic fracture, i.e., bulk damage initiated within the upper adherent and propagated 

catastrophically through the joint. It is worth noting that prior to catastrophic failure, damage and 

fracture of the adhesive layer was observed. For the other three specimens, the pre-crack length was 

slightly increased. In addition, the tests were interrupted at a cross-head displacement of about 6.0 

mm to prevent a catastrophic fracture. Also, the video footage was used to track potential damage 

within the bulk CFRP and eventually remove the data affected by such damage in the determination 

of fracture toughness. The so obtained R-curves indicate that also in this case a steady state crack 

growth was not achieved. 
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(a) 

 

(b) 

Figure 4.30: (a) Load vs. displacement and (b) R-curve response for ENF specimens comprising 

CFRP adherends with sanding surface treatment. 

The fracture surfaces were similar to previous tests carried out at 5 mm/s; indeed, the crack path 

was closer to the upper interface. A global view of the fracture samples is provided in Fig. 4.31. The 

initiation toughness for each test is provided in Tab. 4.6. The average toughness of DR15 samples is 

1.60±0.08 N/mm. 

Table 4.6: Initial toughness of ENF specimens at DR15. 

Description Sample # 𝐺𝐼𝐼𝑖𝑛𝑖. (N/mm) 
Mechanism of fracture 

(dominant) 

• NCF-CFRP/epoxy joints  

• Adhesive: 3M 07333 

• Surface treatment: sanding 

• Displacement rate: 15 mm/s 

B3S1DR15 1.70 Cohesive 

B3S1DR15 1.57    Cohesive 

B3S1DR15 1.54    Cohesive 
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Figure 4.31: ENF 15 mm/s post-testing visual inspection of the fracture surfaces. Crack propagation 

occurring from right to left. 

Given the high speed of the tests, it was difficult to make direct correlation between load-

displacement data and the images that could be extracted from the video footages. Nevertheless, 

images of the deformation and fracture process were extracted to assess the mechanism of failure and 

are reported in Fig. 4.32. The snapshots illustrate a cracking pattern similar to that observed earlier at 

5 mm/s. Further assessment of the fracture process was carried out with the aid of an optical 

microscope. Typical results are shown in Fig. 4.33 and demonstrate that the crack path was again very 

close to the upper interface with significant exposure of glass fibers and polyester stitches. These 

results suggest that increasing the displacement rate shifted the crack path closer to the interface. It is 

likely that the rate dependency of the adhesive material has played a role in this respect. However, no 

oscillations were observed on the load-displacement curves, which may imply the absence of 

dynamic (inertia) effects during crack propagation. 
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Figure 4.32: Snapshots of the deformation process of the ENF specimens at 15 mm/s. 

. 
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Figure 4.33: Microscopy images for ENF specimens at 15 mm/s (crack propagation from left to 

right). 

4.2.3 X-Ray CT assessment of CFRP bulk damage due to bending 

As discussed earlier, bulk damage occurred within the NCF-CFRP substrates during mechanical 

tests of ENF samples. The damage originated in the loading pin-sample contact area and, at the 

highest displacement rate, propagated through the bondline to the lower adherent resulting in a 

catastrophic fracture. Besides, it was noted that the initiation of bulk CFRP damage was always 

concurrent with the crack front being in close proximity to the loading pin (at the midpoint of the 

sample). Notice that the data extracted for the determination of R-curves was always cut-off much 

earlier and before the front approached the above-stated location. In addition, to support this 

approach, a second CCD camera was placed next to the sample and targeted the loading pin area 

directly to monitor the occurrence of damage, in time and space, and make sure that the data used for 

the determination of toughness was free of any influence associated with bulk damage. This was 

ensured by interrupting each test when the cross-head displacement was about 6 mm. It is speculated 



 

 110 

that damage originated from the excessive bending deformation of the beams, whose effect was 

exacerbated by the contact stress induced by the pin. The damage was analyzed using X-Ray 

computed tomography (X-Ray CT) executed with the ZEISS Xradia Versa 520 available at the 

University of Waterloo within the MSAM laboratory. A description of the system was provided in 

Section 3.6.2. 

The sample was extracted from an interrupted ENF test at the instant in which the crack front was 

located nearby the pin and bulk damage was quite apparent. The top adherent was sliced using a 

water jet and the scanned volume was about 3 x 2.8 x 9 mm3. Each slice, i.e., each CT image, was 

separated apart of about 9 m. Four representative images are taken herein to illustrate the main 

points offered by the CT scans and are reported in Fig. 4.34.  

The CT image taken at z= 54m highlights some basic information that can be extracted from the 

analysis, including clear visualization of the stitches, the adhesive layer and the contact-induced 

damage zone. The direction of crack growth is also highlighted. The image corresponding to z= 

333m aims to illustrate an instance of bondline porosity, that was otherwise difficult to appreciate 

from visual inspection. However, the analysis of multiple images did not reveal any concerning high 

occurrence of porosity, and one can conclude that bondline porosity was not a major fabrication issue. 

The image corresponding to z= 468m has twofold usefulness. The region enclosed in the box shows 

an area involving intralaminar fracture, as there is a stitch that appears on the other side of the 

adhesive layer. It is not easy to distinguish the clear boundary between the adhesive layer and the 

CFRP, however, the presence of the stitch clearly indicates that a residual of CFRP certainly 

remained on the adhesive, which demonstrates the interlaminar nature of the fracture process – at 

least locally. In addition, the multiple white spots that are visible in all images reported herein, are 

likely explained as originated by the multiple fillers comprised in the adhesive formulation described 

in Materials and Methods section. The precise composition, quantity, and functions are trade secrets 

and are not entirely disclosed by the manufacturer.  
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(a) 

 

(b) 

Figure 4.34: X-Ray computed tomography images of damage belonging to a NCF-CFRP/epoxy 

joint belonging to an interrupted ENF test (ENF B1S1DR01). The images were extracted at 

different depths, which are given as follows: (a) 54 m; (b) 333 m; (c) 468 m; (d) 5211 m. 

 

Finally, the last image taken at z=5211 m highlights an additional instance of the interlaminar 

crack path within the joint that may be facilitated by sanding-induced damage on top of the CFRP 

plate. Indeed, it is apparent that the crack can find its way through the stitch such that the crack path 

is diverted from the bondline to the substrate. It is important to emphasize that the separation/opening 

of the ENF sample after test interruption was accomplished manually using a wedge. Likewise, for 

the DCB tests, as mentioned earlier. In such conditions, it was always observed a certain degree of 

interlaminar fracture in the wedge-induced separation region. While it is not entirely clear why wedge 

opening induced such degree of interlaminar fracture, it is emphasized that this was not the main 

mechanism of failure in the portion of the sample where the crack was driven by the applied load and 

displacement - with the sole exception of B1S1, as noted earlier. 
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(c) 

 

(d) 

Figure 4.35: (cont.) 

4.3 Mechanical tests of CFRP joints bonded with 3M Scotch-WeldTM DP190 epoxy 

adhesive  

4.3.1 Sample fabrication: first iteration 

In the first fabrication batch, because of the unexpected low viscosity of epoxy resin, the bondline 

thickness of the DCB specimens was inconsistent across the bonded area. As a result, the load-

displacement response of the samples displayed an anomalous behavior, whereas an initial large peak 

load was followed by a relatively steep softening response and an almost constant applied load. This 

is shown in Fig. 4.35(a) for three samples manufactured in the first batch. A subsequent investigation 

of the fracture surfaces through visual inspection, indicated that a lack of adhesive was responsible 

for the anomalous response. In particular, post-failure fracture surfaces are shown in Fig. 4.36(b).  
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(a) 

 

(b) 

Figure 4.36: (a) Load vs. displacement and (b) fractured surfaces of the DCB samples bonded with 

the 3M DP190 structural epoxy. 

Following the analysis of the test results, a first modification to the fabrication procedure was made 

by reducing the applied pressure during curing. The corresponding results are shown in Fig. 4.37 and 

show a much regular load-displacement response, in particular, for B6S3.  

 

(a) 

 

(b) 

Figure 4.37: (a) Load vs. displacement and (b) R-curve response for DCB batch 6 specimens 

comprising CFRP adherends with DP190. 
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Indeed, with the sole exception of the latter sample, the remaining ones displayed a load drop at an 

opening of about 10 mm. This is a strong indication of a defect within the bondline. Indeed, as 

illustrated in Fig. 4.37(b). there was again a lack of adhesive in B6S1 and B6S2. 

4.3.2 Sample fabrication: second (successful) iteration 

It was surmised in the follow-up investigation that the initial manual squeezing carried out to 

spread the excess adhesive was responsible for the problem encountered in B5 and B6. The manual 

squeezing was carried out by gently pressing the substrates before placing the assembly within the 

mold. Therefore, remedial actions were taken, and a new batch was prepared without using the extra 

squeezing step to verify the hypothesis. Besides, a slight increase of the bondline thickness to 0.35 

mm was determined to have a beneficial effect on the results consistency, as shown in Fig. 4.38.  

 

(a) 

 

(b) 

Figure 4.38: (a) Load vs. displacement and (b) R-curve response for the DCB specimens bonded 

with the DP190 after improving the manufacturing process. 

In particular, the load-displacement responses are illustrated in Fig. 4.38(a) and show an excellent 

consistency in both peak load and the subsequent softening response. In particular, the peak load was 

followed by a smooth softening. The fracture toughness was quite consistent and basically constant 

(flat R-curve). It is worth noting that the average toughness was also higher than that of the 3M 07333 

adhesive. In particular, the results are summarized in Tab. 4.7 along with the mode of fracture. As 

anticipated, the toughness is relatively high and almost equal to 3.0 kJ/m2. 
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Table 4.7: Fracture toughness of batch 7 DCB specimens with DP190 adhesive. 

Description Sample # 
Fracture toughness 

(N/mm) 
Mechanism of fracture 

• NCF_CFRP/ epoxy joints 

• 3M DP190 adhesive 

• Surface treatment: sanding 

B7S2 3.06±0.18 Cohesive 

B7S3 3.02±0.25 

Cohesive with small 

fraction of interfacial 

fracture 

The post-failure inspection of the fractured surfaces confirmed the occurrence of cohesive fracture 

and that there was no lack of epoxy across the bondline. The images of the fractured samples are 

provided in Fig. 4.39. The analysis of the fracture surfaces suggests a cohesive fracture, but it is also 

possible to note that some small spots of interfacial fracture were present. The exposure of glass 

fibers was more apparent compared to the 3M 07333, thus suggesting that a different interaction 

might have taken place with the CFRP surface. Additional investigations were made using the optical 

microscope and the results are discussed in what follows. 

 

Figure 4.39: DCB DP190 adhesive post-testing visual inspection of the fracture surfaces. Crack 

propagation occurring from right to left. 

The mechanisms of deformation and fracture of the DP190 adhesive are discussed in more detail by 

making reference to B7S2 sample, whose results are summarized in Fig. 4.40. In particular, Fig. 

4.40(a) shows the load-displacement response and the crack length-displacement curve. While Fig. 

4.40(b) illustrates the ensuing R-curve. The peak load is followed by a smooth softening response 
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accompanied by a stable increment of the equivalent crack length.  However, small load fluctuations 

are visible during softening, and they are reflected in the R-curve.  

 

(a) 

 

(b) 

 

(c) 

Figure 4.40: Results of DCB test on sample B7S2. (a) Load versus displacement and crack-length 

versus displacement curves. (b) R-curve. (c) Snapshots of the deformed configuration extracted 

from the video footage recorded during mechanical testing. 

 

Snapshots of the deformed sample configuration extracted from the video footage reveal the origin 

of these fluctuations. Indeed, the bondline damage and fracture process featured the remarkable 

formation of bridging adhesive ligaments in the crack wake. In particular, it seems that the cracking 

front veers from the upper to the lower interface and vice versa leaving an array of ligaments in the 

wake. The formation of these ligaments was observed across the entire bondline, as the front 
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progressed. Deformation and failure of these ligaments surely contributed to the overall dissipation 

and explain the oscillations observed in the R-curves. The snapshots also indicate that the ligaments 

were not developed in uniform fashion across the width of the sample. For instance, the snapshot (c3) 

indicates that a portion of the adhesive layer bridging the crack is oriented in the transverse direction. 

This is a very interesting outcome that has been facilitated by the specific structure of the composite 

material employed in this study. The ligaments were promoted by the lack of adhesion between the 

epoxy and the exposed glass fibers following surface preparation. A precise control on the formation 

and deployment of these ligament would be possible if the alignment/positioning between the glass 

fibers of the top and bottom substrate could be controlled. The analysis of the fractured surface was 

extended using an optical microscope and the results are provided in Fig. 4.41.  

 

Figure 4.41: Microscopy images of DCB fracture surfaces with DP190 adhesive (crack propagation 

from left to right). 

The selected images best show the origin of the ligaments, which are understood to be due to the 

lack of adhesion between the epoxy and glass fibers. Indeed, in these locations the adhesive was 

detached from the CFRP and underwent deformation and stretching until fracture. The horizontal 
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arrows in Fig. 4.41 pinpoints the significant whitening of the adhesive that is associated to the above 

deformation mechanism.  

4.3.3 Assessment of the interplay between bondline thickness and ligament bridging 

The effect of ligament bridging was further investigated by increasing the thickness of the adhesive 

layer values > 0.4 mm. The results of DCB tests are provided in Fig. 4.42. A few remarks can be 

made. First of all, the load-displacement responses are quite consistent and the overall toughness 

was > 4 kJ/m2.  

 

(a) 

 

(b) 

Figure 4.42: (a) Load vs. displacement and (b) R-curve response for DCB specimens comprising 

CFRP adherends with DP190 adhesive. 

 
The formation of the ligaments is testified by the snapshot shown below.  

 

Figure 4.43: An instance of adhesive ligaments bridging the crack faces in B8. 

The post failure visual inspection of the samples that indicated some spot of interfacial fracture in 

all samples, and most of all in B8S2. In the latter case, it might have been promoted by a competition 

between stretching and fracture of the thicker bondline and interfacial debonding. 
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Figure 4.44: DCB DP190 batch 8 post-testing visual inspection of the fractured surfaces.  Crack 

propagation occurring from right to left. 

The overall results of B8 are summarized in Tab. 4.8. The fracture toughness is consistent and once 

again much greater than that adhesive found for the 3M 07333.  

Table 4.8: Fracture toughness of batch 8 DCB specimens with DP190 adhesive. 

Description 

 

Sample 

# 

Fracture toughness 

(N/mm) 
Mechanism of fracture 

• NCF_CFRP/ epoxy joints 

• 3M DP190 adhesive 

• Surface treatment: sanding 

B8S1 3.20±0.32 

Cohesive  
B8S2 3.33±0.53 

B8S3 3.93±0.28 
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Chapter 5: Discussion  
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5.1 Surface preparation and wettability 

Surface preparation of the NCF-CFRP composite is an essential step for the mechanical 

performance of adhesive joints. First of all, previous work [89] has shown the sole surface degreasing 

of the current composite material does not provide satisfactory results in terms of bond strength and 

fracture toughness. Therefore, a surface preparation step is of fundamental importance before 

bonding. In the case of composite materials, the aim of surface pre-treatment is not necessarily the 

increase of surface roughness of the mating substrates, and it is rather the need to remove potential 

contaminants, such as silicon-based mold-release compounds [26]. In this study, both manual sanding 

and UV laser ablation were assessed.  

First, the analysis of the obtained results enabled to recognize the composite surface's complexity, 

comprising not only carbon fibers and an epoxy matrix but also polyester stitches and supporting 

glass fibers close to the outer surface. Representative image of the CFRP surface in the as-produced 

conditions is provided in Fig. 5.1. 

 

Figure 5.1: NCF-CFRP surface with polyester stitches and glass fibers highlighted. 

Following the sanding treatment, a small layer of the epoxy matrix was removed while the carbon 

fibers were still embedded within the matrix. Indeed, no loose carbon fibers could be observed from 

optical microscopy and surface profilometry. Likewise, the sanding treatment could partially expose 

the glass fibers and the polyester stitches, but the exposure was minimal. These observations are best 

illustrated in Figs. 5.2(a) and (b). 
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Figure 5.2: Optical images of the treated surfaces: (a) sanding S1; (b) sanding S2; (c) laser treated at 

30 kHz and (d) 40 kHz).  

Besides sanding, this study has also explored the effect of UV laser irradiation (355 nm) as a means to 

remove the outmost layer of the composite epoxy matrix. Among the various processing variables, 

the analysis focused on the scanning speed and pulse frequency (while keeping the power constant 

and equal to the maximum value allowed by the hardware). The analysis of surface morphology and 

topography metrics revealed that scanning speed and pulse frequency play a relevant role. Low 

frequency and low speed enabled removal of surface matrix leaving carbon fibers exposed. Increasing 

the laser speed and pulse frequency led to processing conditions that barely affected the initial 

surface. For instance, CFRP surfaces treated at the same speed by different pulse frequencies are 

shown in Fig. 5.2(c) and (d) and demonstrate the different level of glass fiber exposure and removal 

of epoxy matrix.  

The analysis allows concluding that various pulse frequencies profoundly affected the resulting 

surface topography and composition. At the lower frequency, the laser could partly remove the epoxy 

matrix atop the glass fibers (1) and the carbon fibers (3). In addition, because of the heterogeneous 
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composition of the CFRP surface and the different optical absorbance and thermal conductivity of the 

composite constituents, the effect of the laser was not uniform across the surface – see, for instance, 

the residual epoxy matrix remaining nearby the glass fiber (2). The UV laser wavelength can be 

absorbed by the polyester stiches and, as such, these were affected by the laser beam resulting in 

apparent damage. Thermal and chemical ablation are the main mechanisms involved with UV laser 

irradiation of CFRP [24]. As pointed out in [105], given the fast time scale of each UV laser pulse, 

the material removal mechanism is mainly contributed by thermal evaporation rather than 

photochemical fracture of the polymer. As such, the combined action of these removal mechanisms 

leads to material erosion as well as the formation of a plasma plume that contains byproducts of the 

process, e.g., fibers filaments and degraded epoxy. The process is depicted schematically in Fig. 5.3. 

 

Figure 5.3: Schematic of the mechanisms potentially involved in UV-laser material removal 

(byproduct is the contamination/weak boundary layer in the figure). 

The wettability analysis has shown a complex interaction between the treated composite and the 

probe liquids; therefore, a robust evaluation of SFE was not achieved. The laser treatment 

exacerbated the problem because of the complex surface structure. However, the previous analysis of 

water wettability using A.C.A. measurements indicated that the target surface is hydrophobic and so 

remains after sanding. In this work, it was deemed more beneficial to proceed further with mechanical 

characterization to assess the effects of surface treatments. Indeed, as recently stated in [22], the 

surface treatment of CFRP materials that results in a high percentage of epoxy matrix on the bonding 

surfaces may be enough for good quality composite joints, and there should not be a need to primarily 
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increase surface energy or wettability to achieve quality bonds. But it was determined that a surface 

treatment must not affect the matrix/fiber interface. This last factor has important consequences on 

the mechanical strength of composite joints since bonding directly to lose carbon fibers can lead to 

poor adhesion and mechanical strength [15], [26].  

5.2 Mode I DCB tests 

The Mode I fracture toughness was determined considering two distinct surface preparation 

methods and two types of epoxy adhesives. On the one hand, the 3M 07333 structural adhesive 

formulation is provided with synthetic rubber in order to enhance ductility and resistance to impact 

and crash. On the other hand, the 3M DP190 adhesive is a two-component epoxy that comprises a 

variety of fillers, including carbon black. This last can improve the cohesive strength of the adhesive, 

besides electrical conductivity [106].  

The obtained results are summarized in Fig. 5.4. It should be noted that the apparent bondline 

thickness was determined using optical microscopy performed by observing each side of the samples. 

It is recognized that such measurements may not necessarily return accurate values of the bondline; 

however, the results are deemed satisfactory for the sake of the current discussion. 

 

Figure 5.4: Mode I fracture toughness versus bondline thickness of the investigated adhesives as 

obtained using the DCB test coupon. 

The Mode I fracture toughness of the laser-treated samples was the lower bound (<1 kJ/m2). This is 

readily explained, considering that the mechanism of failure was merely interfacial and there was 

limited dissipation in the course of the separation process. Fracture occurred at the interface between 
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the composite and the epoxy adhesive. However, for the processing condition LS1, there were 

exposed carbon fibers, and the failure process involved debonding at the adhesive/fiber interface. It is 

speculated that the matrix removal using the UV laser (LS1) caused damage to the fiber/matrix 

interface, and the loose fibers acted as a weak link in the DCB tests. For the processing LS2, the 

microscopy observations indicated very limited exposed fibers; therefore, the fracture was mainly at 

the interface between the epoxy adhesive and the matrix. Microscopy images reported in Fig. 5.5 

illustrate the above-described mechanisms of failure.  

 

(a) 

 

(b) 

Figure 5.5: Fracture surfaces of DCB samples subjected to laser treatment. (a) LS1; (b) LS2. 

In particular, Fig. 5.5(a) shows the fracture surface from the composite side, with loose fibers 

highlighted. Fig. 5.5(b) represents the fracture surface of the samples from the adhesive side. Close 

inspection indicates the potential presence of byproducts (orange color) from the laser treatment, 

which could act as a weak boundary layer and weaken the joint.  

As noted by Rauh et al. [85], when using a laser wavelength above 300 nm there is a tangible risk 

that the laser energy will couple into the carbon fibers, thereby deteriorating the fiber-epoxy interface. 

It should also be recognized that to remove “surface” contaminants that would be detrimental to 

adhesion, it is not necessary to have the epoxy matrix completely removed. However, the most 

common contaminants, such as silicone release compounds, can be embedded within the matrix after 

fabrication, in such cases, complete matrix removal is the only viable option to ensure effective 

cleaning, and contaminants free surface. Therefore, if a smoother cleaning process is aimed for, with 

little or no carbon fibers exposed, the presence of residual contamination has to be accepted. 
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The Mode I toughness of the 3M 07333 following sanding was much improved since a cohesive 

fracture was observed in all tests. The obtained results are also in excellent agreement with those 

reported Dehaghani in [91]. In particular, the combined results suggest a weak dependency of the 

fracture toughness on the bondline thickness for the 3M 07333 (see Fig. 5.4). The average toughness 

obtained herein is ≅1.5 kJ/m2. This value is deemed satisfactory and is larger than that reported in 

previous work for bonded CFRPs comprising the Araldite 420 A/B (Huntsman) toughened epoxy [15] 

(whose values fall in the region highlighted by the yellow area in Fig. 5.4).  

Finally, the second type of structural epoxy, i.e., 3M DP190, provided the best results in terms of 

fracture toughness. For this adhesive type, controlling the bondline thickness was challenging as the 

application of consolidation pressure induced the adhesive to squeeze out of the bondline (see the 

previous chapter for more details). Better results were obtained by increasing the layer thickness. 

However, it is unlikely that the improved toughness can be solely explained in terms of increased 

bondline thickness. Indeed, besides the occurrence of cohesive fracture, mechanical tests featuring the 

DP190 epoxy were characterized by the systematic formation of adhesive ligaments. An example is 

provided in Fig. 5.6.  

 

(a) 

 

(b) 

Figure 5.6: (a) 3M DP190 adhesive ligaments that are bridging the crack faces. (b) Corresponding 

fracture surface. 

 

The mechanism of formation can be addressed to the peculiar surface structure/composition of the 

NCF-CFRP. In all DCB tests featuring sanded substrates, a weak adhesion was observed at the 
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adhesive/glass fibers interface. This is again illustrated in Fig. 5.6(b), which shows a number of 

exposed glass fibers across the fractured surface of the joint. The de-cohesion process of the DP190 

from the glass fibers occurred closer to the interface, likely because of the higher cohesive strength of 

this adhesive (i.e., the cohesive strength of the adhesive > interfacial strength). The mechanism of 

formation of the ligaments is exemplified in Fig. 5.7(a), the schematic assumes that debonding from 

the glass fibers plays the most relevant role, which is confirmed by the fractured surfaces in Fig. 

5.7(b).  

 

(a) 

 

(b) 

Figure 5.7: Fracture surfaces of DCB joints bonded with (a) 3M 07333 and (b) DP190 structural 

adhesives. 

The analysis also indicates that the alignment and exposure of the glass fibers have played a role since 

the size of the ligaments detached from the bondline is not constant and depends on the morphology 

of the treated surface. Besides, the area highlighted in light yellow in Fig. 5.7(b) aims to explain why 

from the sideview very large ligaments were observed, such as that shown above in Fig. 5.7(a). In 

fact, large patches of adhesive were detached from the edges of the DCB, likely because of stress 

concentration or cutting-induced defects affecting the CFRP. 

5.3 Mode II ENF tests 

Regarding mode II fracture tests, as stated earlier, steady state crack growth was not achieved. 

Nevertheless, the obtained results provided some interesting information. First of all, the R-curves 

obtained in mechanical tests carried out at different cross-head displacement rates (DR) have shown 
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an initiation toughness that slightly increased with the applied displacement rate. The obtained data is 

summarized in Fig. 5.8.  

 

Figure 5.8: Mode II initiation fracture toughness versus bondline thickness of the 3M 07333 adhesive. 

(DR: cross-head displacement rate). 

The dependency of the results on the cross-head displacement rate seems weak, i.e., although the 

average toughness slightly increases as DR increases from 0.1 mm/s to 5 mm/s, a further increase to 

15 mm/s does not induce significant changes in the toughness. Besides, for increasing DR, the crack 

path shifted to a region closer to the interface. This is likely due to a rate effect associated with the 

deformation of the adhesive layer. 

Finally, Fig. 5.9 reported below compares the mechanisms of fracture of the 3M 07333 adhesive 

under Mode I and Mode II. The direct comparison highlights distinct fracture mechanism. Indeed, 

there are many voids on the fracture surfaces of DCB samples, and an instance is highlighted by the 

arrow pointing downward in Fig. 5.9(a). The rubber modified 3M 07333 epoxy consists of an epoxy 

matrix featuring a dispersion of synthetic rubber. During straining, the rubber can form micro-voids 

that grow by plastic deformation and coalesce until the final fracture. However, it is difficult to state 

with certainty whether the voids originated from the above deformation mechanisms or simply by 

entrapped air during the fabrication process. Higher resolution observations (i.e., SEM) would be 

needed to shed light on this point.  
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(a) 

 

(b) 

Figure 5.9: Comparison between fracture surfaces of (a) DCB and (b) ENF NCF-CFRP/epoxy 

joints with 3M 07333 adhesive (crack propagation from left to right). 

In the same figure, the arrows pointing upward pinpoint aluminum flakes that are included in the 

adhesive formulation. Notice that these flakes are also discernible in Fig, 5.9(b). The aluminum flakes 

are usually employed to promote cohesive fracture in adhesive joints [107]. The mechanism of 

fracture under shear was different and dominated by a ductile fracture with parabolic microcracks, 

which are attributed to the intense plastic (shear) straining of the adhesive layer. 
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Chapter 6: Conclusions and recommendations 
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6.1 Conclusion 

The present study focused on the analysis of adhesive bonded NCF-CFRP composite materials as 

obtained through HP-RTM. The research work included: surface pre-treatment and characterization, 

mechanical testing and fractographic analysis. Surface preparation is crucial for the mechanical 

performance of adhesive joints. In this work, manual sanding and UV laser irradiation (355 nm) were 

adopted. The morphology and topography of the target surfaces before and after surface preparation 

were carefully evaluated. Besides, the wettability was investigated using contact angle measurements. 

Two load cases were considered for mechanical testing of the composite joints, the DCB test to 

determine the Mode I fracture toughness and the ENF test to assess the Mode II fracture toughness. 

In-situ CCD imaging during testing, post-failure visual inspection, and optical observations was used 

to shed light on the mechanisms of deformation and fracture of the joints.  

 

The following conclusions can be drawn. 

▪ The interaction between probe liquids and the NCF-CFRP surface has an adverse effect on 

wettability measurements 

The static contact angles have shown a continuous variation over a significant time window thus 

raising important questions concerning the interaction between the probe liquids and the complex NCF-

CFRP surfaces. The determination of a static contact angle assumes the solid\liquid contact area to 

remain unchanged during the measurement, i.e., the drop is in a global energy equilibrium condition. 

Among potential reasons for such behavior, it is worth mentioning that the probe liquids may have 

interacted with the target material, e.g., they might well be subjected to volume reduction following 

evaporation or penetration within any small crevices or microcracks of the complex heterogeneous 

composite surface layer. More robust measurements were obtained using advancing contact angle 

measurements with deionized water. The results have shown a good agreement with Wenzel’s wetting 

regime and indicated that the composite surface has a hydrophobic character before and after surface 

treatment. Whether this outcome is dependent on the surface structure of the composite, comprising 

epoxy matrix, carbon, glass and polyester fibers, or merely on the chemistry of the matrix material 

remains to be established. 

▪ A simple sanding treatment can provide satisfactory results, i.e., cohesive fracture 
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The results of mechanical tests executed on adhesive joints with sanded interfaces have shown 

satisfactory results, in that the fracture process involved cohesive fracture within the adhesive layer 

with both adhesives. It is however noted that adhesion to polyester and glass fibers was much weaker 

and triggered near-interfacial debonding. This last did not seem to affect negatively the performance 

of the joints, rather, it has triggered additional dissipation in DCB joints bonded with the DP190 

adhesive through large adhesive ligament bridging. The fact that sanding induces cohesive fracture 

does not rule out the need to assess other surface preparation strategies, i.e., pulsed laser. Indeed, 

sanding remains a manual process, as such, it is time consuming and operator dependent. 

▪ The UV-laser processing requires additional iterations 

The present study has included an exploratory investigation of UV-laser irradiation of NCF-CFRP 

composite plates. The interaction between the complex surface structure of the composite, comprising 

epoxy matrix as well as carbon, glass and polyester fibers, did not allow to obtain satisfactory results, 

neither in terms of wettability nor fracture toughness.  Besides, it was determined that the processing 

condition that exposed carbon fibers has indeed generated damage at the epoxy matrix/carbon fiber 

interfaces, i.e., exposed fibers were loose. This suggests that the radiation wavelength of the laser 

implies coupling of the laser energy within the carbon fibers and, as such, a photothermal ablation 

mechanism. What is more, the laser processing that did not expose carbon fibers could not allow for 

improving fracture toughness as the presence of potential byproducts of the process has likely created 

a weak boundary layer. 

▪ The interplay between adhesive type and the composite surface structure can trigger 

additional dissipation mechanisms  

The DP 190 adhesive provided bridging ligaments during fracture tests that enhanced dissipation. It 

is believed that the cohesive strength of the DP190 is larger than that of the 3M 07333 and that should 

help explaining the high density of adhesive ligaments bridging the crack faces. Notice that bridging 

enabled by adhesive ligaments (i.e., bondline detached from both interfaces and bridging the crack 

faces) has been shown to be a powerful toughening mechanism of composite joints [26], [27]. The 

obtained results indicates that some form of bridging is enabled by the peculiar architecture of the 

NCF-CFRP. However, the occurrence of such ligaments is not entirely under control as it depends on 

the alignment between the glass fibers belonging to the top and bottom substrates.  
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▪ The (initiation) fracture toughness in Mode II does not show large sensitivity to the 

displacement rate 

Steady-state crack growth was not achieved in Mode II tests. The fracture toughness largely 

increased with crack growth and only the initiation values were quoted in this work. The deformation 

pattern observed during mechanical testing suggested that a large straining occurred during shearing 

of the adhesive layer owing to the ductility of the adhesive, which was facilitated by the addition of 

synthetic rubber. Besides, increasing the displacement rate shifted the crack path toward the interface, 

suggesting that the rate-dependent behavior of the adhesive might have played a role. The ENF tests 

were not executed with the DP190. The toughness of the DP190 was very high and fracture of the 

composite was triggered before crack initiation within the adhesive layer.  

6.2 Recommendations for future works 

▪ The study of surface wetting should be expanded considering additional probe liquids that can 

allow a better control of liquid dispensing during advancing and receding contact angle 

measurements.  

▪ Further analysis of the interaction between laser irradiation and the complex surface structure 

of the composites is suggested. It is likely necessary to narrow down the processing window 

and fine tune the laser treatment by making sure that no damage is induced at matrix/epoxy 

interfaces as well as that any weak boundary layer is generated in the process. Besides, it would 

be advisable to also explore near-IR and IR lasers. Indeed, these are driven by optical fibers 

and may allow a much efficient processing in terms of time and size of the target area.  

▪ High resolution electron microscopy and surface analytical chemistry analysis may be helpful 

to reveal the interplay between surface treatment and actual surface morphological and 

chemical modifications. Besides, it might provide a deeper understanding of the mechanisms of 

fracture.  

▪ It is suggested to perform additional Mode II tests using longer samples to assess the 

propagation fracture toughness following the full development of the fracture process zone. 

However, it is recognized that this task might require the use of thicker laminates to prevent 

nucleation of damage within the composite substrate at the pin contact point during three point 

bending tests. 
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▪ The ability to trigger ligament bridging is a very interesting outcome that has been facilitated 

by the specific structure of the composite material employed in this study. The ligaments were 

promoted by the lack of adhesion between the epoxy and the exposed glass fibers. A precise 

control on the formation and deployment of these ligaments could be enabled by tailoring the 

architecture of the NCF. Therefore, as a potential extension it might be interesting to 

investigate on whether the composite and/or adhesive joints fabrication process can be tailored 

to trigger such ligaments in a controllable fashion. 
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