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ABSTRACT 

Fiber-reinforced polymer composites have continued to gain interest in the aerospace, 

wind, construction, and recreational industries. The ability to customize the properties of 

composites to fit a specific application, as well as their high strength-to-weight ratio make the 

material incredibly versatile and advantageous. In many cases, it is necessary to bond one 

composite component to another, or to a dissimilar material, such as metal or plastic. However, 

adhesive bonding of composite materials presents many challenges. Foremost, adhesives are 

generally weak when loaded in tension applications, thus rivets are used to strengthen the bond, 

however this greatly reduces the integrity of the composite, which is more prone to fatigue and 

wear. Secondly, shear strength is not well understood for gaps larger than 3 mm, which presents 

issues as wind turbine blades can have gaps as large as 12 mm. Understanding the mechanics of 

adhesive versus cohesive failure for adhesives is crucial to develop better models and 

manufacture stronger composite structures. 

Understanding adhesive failure and developing methods for stronger bonds without the 

use of rivets or mechanical fasteners will greatly advance the composite field, and enable more 

efficient, stronger, lighter structures. The present work provides alternate bonding methods to 

adhesives, methods for strengthening composite bonds, and void characterization and crack 

propagation of a single lap joint studied in 3D using an in-situ load frame inside of an x-ray 

computed tomography machine. A novel model for determining the cohesive-adhesive transition 

of methyl-methacrylate adhesives is also presented, which can aid in developing stronger bonds. 
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CHAPTER 1: INTRODUCTION 

1.1 Background and Motivation 

Composite structures are well known for their high strength-to-weight ratios, and as such 

are commonly used in many industries today. Specifically, fiber-reinforced polymer composites 

(FRPCs) are used in the aerospace, wind, and recreational industries as the structural properties 

can be tailored through ply layup, matrix to fiber ratios, and matrix/fiber properties. In the wind 

industry, various ply layups and materials are used throughout the wind turbine blade to provide 

additional strength and reduced weight for torsional, tensile, or compressive loads, depending on 

the area of the blade [1–3]. Wind energy in the U.S. has grown significantly in the last decade, 

with an average of more than 5500 MW added per year as shown in Figure 1.1 below [4]. 

 

Figure 1.1: Annual gross capacity of wind turbine blades installed in the U.S. by year as well as 
total cumulative capacity [4]. 

 

As of  2019, wind turbines in the U.S. generated enough electricity to power over 32 million 

homes [5], with 7.1% of total electricity generation in the U.S. coming from wind energy [6]. 
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Globally, more than 621,000 MW of energy is generated from onshore turbines, with almost 

30,000 MW of additional energy from offshore turbines, and historic numbers of new turbines 

installed each year [7]. 

The energy a wind turbine is capable of producing is proportional to the cross sectional 

area swept by the blade [8], which translates to a squared increase in power with an increase in 

turbine blade length. Today, modern industrial blades are 50 to 60 m in length and weigh 15 to 20 

metric tons [2]. Because an increase blade length results in a squared increase in power generation, 

it is advantageous to develop longer blades for increased power generation. This, however, 

presents many obstacles that must be overcome. One of the current factors limiting blade length is 

the ability to transport the blade from the manufacturing facility to the installation location [9]. 

Table 1.1 shows the maximum allowed dimensions for transporting blades as defined in [10]. The 

transportation of wind blades is heavily route dependent and can take months to plan. In 2016, GE 

completed the manufacture of an 88.4 m wind turbine blade. The 60-ton blade was transported 

218km across Denmark and took 9 months of route planning and coordination for the 

transportation alone [11]. This is made even more difficult as blade length continues to increase 

such as with the Haliade-X, which has a single blade length of 107 m, rotor diameter of 220 m, 

and an energy production capacity of 12 MW [12]. 

 

Table 1.1: Typical allowed dimensions for transporting wind turbine blades (route dependent) [10]. 

Transportation 

Method 

Max Weight 

(Mg) 

Max. Length 

(m) 

Max Height 

(m) 

Max. Width 

(m) 

Rail 163 27.4 4 3.4 

Road (overweight) >36 45.7 4.1 2.6 

Water (barge) >200 76.2 - 16.5 

 



3 
 

Once a composite component is manufactured, it often must be secured to another 

component, such as metal or another composite piece, through means of fasteners or adhesives. 

For example, wind turbine blades are manufactured in two halves and a supporting beam is adhered 

to the center, then adhesives are used to bind the blade halves together forming the final blade. 

Figure 1.2 below shows two blade halves that are to be brought together. In Figure 1.2a, the blade 

still must undergo the final infusion with resin and cured before the other blade half can be adhered 

to it. A fully infused blade half with the shear web adhered in place is shown in Figure 1.2b. Large 

amounts of adhesives are used during wind blade manufacturing to ensure no gaps exist in the 

bond line, forming a complete seal between the two halves. 

 

Figure 1.2: TPI 62.2 m wind turbine blade halves. One half of blade still to be infused (a) and other 
half of blade with shear web in place (b). 
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Currently, one of the largest factors limiting longer wind blades is transportation from 

manufacturing facility to installation site. Above 75 m, the cost and difficulty to transport a wind 

blade increases dramatically, significantly raising the levelized cost of energy (LCOE) [13]. 

Numerous patents exist for railway transport [14–17], which increases the length of blades that 

can be shipped by rail, though regardless of shipping method, route topography and vessel capacity 

will always dictate the length of blades that can be shipped. The length of the blade is not the only 

limiting factor with larger blades; the blade tip height, tower base diameter, and blade precurve 

also all present complications when shipping large blades [18]. With an increased number of blades 

surpassing 75 m, such as the GE 5.3 MW Cypress (77 m blade), Vestes 5.6 MW EnVentus (79 m 

blade), and Siemens Gamesa 5.8 MW (82 m blade), it has become necessary to develop new 

methods of blade manufacturing, such as segmentation, and the future of wind turbines is 

continuously moving in this direction. Developing and understanding the methods for blade 

segmentation, and therefore bond strength, is essential to continue moving the field of composites 

forward. 

Proposed blade subdivision has typically taken two forms: segmentation of the leading 

edge (LE) and trailing edge (TE) sections to reduce height/width during transport [19–21] and 

segmentation in the length-direction of the blade [10, 22]. To date, the only commercial length-

wise segmentation consists of two-part blades, such as with the GE Cypress platform [22]. Many 

factors contribute to the complexity of segmentation of wind blades, the most impactful being 

significantly reduced fatigue resistance with a segmented blade [23]. As wind turbine blades are 

continuous-fiber composites their strength relies on the unbroken fiber strands to support the loads 

during operation. Segmentation of the blade requires incredibly strong joints to withstand the 
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forces the blade undergoes. With composites, there are currently two main methods for joining: 

rivets/mechanical fasteners, or adhesives bonds. 

1.2 Current Bonding Methods 

While mechanical fasteners seem to be the obvious choice for wind turbine segmentation, 

they also create the greatest stress concentrations; holes are required for the fasteners, which sever 

the fibers. Furthermore, the holes from the mechanical fasteners provide a point at which moisture 

can enter into the composite joint and degrade the interface [24]. Alternatively, adhesive joints 

provide a direct bond to the joint interface and thus introduce significantly fewer stress 

concentrations and fatigue concerns [25], however on their own adhesives are not strong enough 

to support full blade segmentation and moreover, adhesives cannot be used within the aircraft 

industry without mechanical fasteners [26]. It is clear that much is still unknown about adhesive 

bonding to composites and understanding the failure modes is essential for stronger bonds. 

Additionally, the point at which an adhesive will transition from cohesive failure (failure within 

the bond) to adhesive failure (failure from the substrate) with increasing thickness is not well 

understood. This transition from cohesive to adhesive failure is explored in Chapter 3. 

Typical wind blades today and most high performance FRPCs use a thermosetting polymer 

matrix for infusion and come in many forms: epoxy, polyvinyl, and polyester. After curing, the 

matrix consists of a cross-linked chain that is strong but cannot be remelted or recycled. 

Alternatively, thermoplastic polymers allow for remelting and reuse, however traditional 

thermoplastics cannot be infused into a composite component due to the high viscosities that 

present issues with proper infusion and fiber wet-out. More recently, hybrid polymers have 

reemerged that allow for infusion of composite components but can be remelted or reformed after 

curing. Upon initiation, the thermoplastic resin can be infused into a composite component. The 
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fully cured polymer consists of entangled chains that allow for remelting, rather than the traditional 

fully cross-linked thermosetting resins. Throughout this paper, Elium® thermoplastic resin is used, 

which can be directly infused, cured, and remelted/remolded.  

Thermally welded bonds present another promising possibility for the advancement of 

composites. This is possible in current turbine blades if thermoplastic resins are utilized. During 

the IACMI 4.3 project, project partners ranked potential plastic welding techniques for bonding 

thermoplastic components, a summary of this is shown in Table 1.2. Of the methods, induction, 

resistance, and solvent welding methods were the most promising. Upon further research, solvent  

 

Table 1.2: Thermoplastic blade welding method rankings from IACMI 4.3 project. 

 Weighted Score 

Method Person 1 Person 2 Person 3 Person 4 Person 5 Person 6 

Hot plate 170 119 129 152 128 99 

Laser 105 165 135 125 112 105 

Infrared 167 122 - 155 130 90 

Ultrasonic 156 97 135 133 136 125 

Induction 146 96 140 162 151 144 

Resistance 149 70 171 161 144 137 

Solvent 189 155 148 150 123 161 

Method Ranking 

Hot plate 2 4 5 4 5 6 

Laser 7 1 4 7 7 5 

Infrared 3 3 - 3 4 7 

Ultrasonic 4 5 4 6 3 4 

Induction 6 6 3 1 1 2 

Resistance 5 7 1 2 2 3 

Solvent 1 2 2 5 6 1 

 



7 
 

welding was not deemed feasible for wind turbine blades due to lack of fusion into the composite 

component. Because of practicality and viability of success, resistive welding was selected. The 

comparison of adhesive to thermoplastic bonding is discussed in Chapter 4. 

1.3 Strengthening of Composite Bonds Using Shape Memory Alloys 

Shape memory alloys (SMAs) provide another unique opportunity for not only 

strengthening composite components, but also for segmentation, failure warning, advanced 

actuation, and more. Applications of SMAs are found throughout engineering disciplines, 

including automotive, aerospace, biomedical, and civil, to name a few. Within each of these fields, 

SMAs are employed for a large range of uses, such as actuation load, stroke, life cycle, rate, and 

transformation temperatures [27–35]. Unfortunately, due to microstructural complexities and 

subsequent thermomechanical properties, integration of SMAs into structures has been almost 

nonexistent. Recently, SMAs have grown tremendously in interest as the benefits of SMA 

integration into composites is now being realized. This is largely in part from the two primary 

functions of SMAs: actuation and shape memory effect (SME). The materials are able to exhibit 

these effects by transitioning between two solid phase states; martensite and austenite, and are 

capable of withstanding large, recoverable strains, typically from 2% to 10% [36, 37]. When the 

material is in the martensite state, fully below its martensite transition temperature (Mf), the 

material exhibits a shape memory effect. Below this temperature, the material can be deformed 

and hold its shape, however when the material’s temperature rises above the austenite finish 

temperature (Af), the material will revert to its original shape. This is useful for many applications, 

including non-mechanical, lightweight actuation. If the material is fully austenitic (above the Af 

temperature), it is capable of fully recoverable superelastic response by transitioning from 

austenite to martensite under high strains, then reversing this transition while unloading. 
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Integration of SMAs into wind turbine blades opens opportunities for failure detection, 

healing, and segmentation without the need for fasteners. Using SMAs to develop stronger bonds 

may allow for multi-segmentation of a single blade. Figure 1.3 illustrates how this could be done. 

Two composite components manufactured with integrated SMAs, one with hooks, and one with 

hoops, would be brought together. The exposed wires should be kept below the Mf temperature, 

ensuring no actuation is occurring. Upon application of the adhesive (typically an exothermic 

reaction), the wires would be heated past the Af temperature, actuating them together. The 

entanglement of wires with the industrial adhesive will provide a substantially stronger bond than 

only an adhesive, while also eliminating the need for fasteners or drilled holes. For this application, 

maximizing the bonding and pullout strength is essential to provide a strong interface bond. The 

pullout strength of NiTi SMA to a polymer matrix is studied in Chapter 5. 

 

Figure 1.3: Integration of SMAs into bond to provide semi-continuous fiber reinforcement. 

 

1.4 Methodology of Paper 

Many chapters in this paper present the same testing methods. Subsequently, these testing 

methods are discussed in Chapter 2. During the development of these tests, it was found that the 

peel testing method proposed by ASTM was less than desirable due to the tedious nature of 

obtaining fracture toughness values and testing methods prone to human error. For this reason, a 

novel method to obtain the crack length via imaging and computational methods was developed 
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and is presented in section 2.4. Developing better models and stronger bonds is crucial as 

composite structures continue to increase in complexity and length, though several challenges 

currently exist. Foremost is the lack of knowledge and information for adhesive bonds larger than 

3 mm. It is hypothesized that the transition from cohesive to adhesive failure of a single-lap-joint 

is dominated by the overlap length and adhesive thickness. A model is developed in Chapter 3 

with these variables included and finds that once adhesive thickness is considered, the transition 

from cohesive to adhesive failure is incredibly obvious, which is important to develop stronger 

bonds with predictable failures. Secondly, bonding with adhesives can be expensive and add 

weight to composite structures. It is hypothesized that direct bonding of thermoplastic components 

through thermal welding techniques, such as resistive welding, are comparable to adhesive bonds. 

The study in Chapter 4 finds that resistively welded thermoplastic bonds are comparable to 

adhesive bonds at thin bond gaps, though fail to perform as well at gaps larger than 1 mm. The 

concept of integration of shape memory wires is presented in section 1.3. To maintain a strong 

bond, it is essential that the bond of the wires within the composite component is stronger than the 

SMA-adhesive interface. It is hypothesized that by simply modifying the geometry of the wire, the 

pullout strength of the wire from a polymer matrix will increase substantially. The study in Chapter 

5 finds that changing the geometry of a virgin wire more than doubles the pullout strength of the 

SMA from the matrix material and coupled with surface treatments can increase the pullout 

strength by over 400%. Lastly, it is hypothesized that for adhesive bonds, new cracks will form 

specifically around voids and grow leading to complete failure. The study presented in Chapter 6 

confirms this hypothesis and provides other useful data on crack formation, direction, and final 

adhesive failure. 
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CHAPTER 2: METHODOLOGY OF TESTING 

2.1 Introduction 

Many chapters throughout this document use similar testing methods to obtain results. To 

ensure replication of results between different studies, testing standards exist, such as ASTM or 

ISO, which provide common instructions and equations for determining failure or fracture 

mechanics of various samples.  This chapter provides readers with an overview of the testing 

methods used throughout this document and the standards associated with them, and lastly 

provides a method for crack tracking of double cantilever beam (DCB) peel tests. 

2.2 Lap Shear Testing 

Single-lap-joint testing is widely used in industry today [38–46] and is a well-accepted 

method to obtain the ultimate shear strength of a material. To perform these tests, adhesive is 

applied (with a specific length) between two adherends (of specific width), and after the adhesive 

cures, the two adherends are loaded in tension until failure. For FRPC’s, two well established 

standards exist for lap shear testing: ISO 4587 [38] and ASTM D5868 [46], each with slight 

differences. ISO 4587 indicates an adherend length of 100 mm, adherend width of 25 mm, adhesive 

length of 12.5 mm, and gripping length of 37.5 mm. The standard indicates that the sample should 

break within 65 s ± 20 s, or at a shear load rate of 8.3 MPa to 9.8 MPa. To calculate the breaking 

stress, the breaking force is divided by the shear area in mm2. ASTM D5868 provides a slightly 

different geometry and testing rate from the ISO standard. The standard specifies an adherend 

length of 101.4 mm (4 in), adherend width of 25.4 mm (1 in), adhesive length of 25.4 mm (1 in), 

and gripping length of 31.85 mm. The ASTM D5868 standard also indicates a testing rate of 13 

mm/min and to report the failure stress in the same manner as ISO 4587. 
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2.3 Double Cantilever Beam Peel Testing 

Fracture toughness is a measure of a materials resistance to fracture and crack propagation. 

ASTM D5528 [47] provides a standardized method to obtain the Mode I fracture toughness of an 

adhesive with fiberglass composite adherends. The standard discusses the use of a double 

cantilever beam to measure the fracture toughness. An initial crack length of 50 mm is 

manufactured with the sample preparation and is usually done using a PTFE spacer. Hinges or 

loading blocks are adhered at the end of the initial crack and are used as the loading points for the 

sample. The standard specifies applying markings to the sides of the sample in 1 mm increments 

for the first and last 5 mm after the initial crack location, and in 5 mm increments in-between for 

a total of 50 mm crack propagation length (18 points in all). The sample is then to be loaded at a 

rate of 5 mm/min and force-displacement data is measured. Once the crack passes each marking, 

the displacement and force at which the crack propagated past the marking is to be recorded. The 

force, displacement, and crack length are then combined into a compliance plot to obtain the 

equivalent crack length, which is then used to finally calculate the fracture toughness. The current 

standard has a few issues that should be address. Foremost, the manual sample marking on the side 

of the sample before testing is not only tedious, but prone to human error if not done perfectly. 

Secondly, noting the displacement and force as the crack passes each marking is prone to error and 

sample rejection if the crack propagates through multiple markings. Lastly, with only 18 data 

points, the fracture toughness value can be skewed if any data points are higher or lower than the 

rest. To remedy these issues, a code developed using MATLAB was created and using for the peel 

testing throughout this paper. The code methodology and comparison to the traditional ASTM 

D5528 method are presented in section 2.4 below. 
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2.4 Determining Mode I Fracture Toughness of Adhesive Composite Joints: 

Autonomous Crack Tracking using MATLAB Developed Program 

A paper submitted to SAMPE 2020 Conference 

Peter E. Caltagirone1,2,. Dylan S. Cousins2, Aaron P. Stebner3 
 

2.4.1 Abstract 

Characterizing the fracture toughness of composite material joints is essential to informing 

design safety factors. ASTM D5528 defines how to calculate the Mode I fracture toughness of an 

adhesive using a double cantilever beam peel test. The standard specifies visual markers on the 

sample be inspected during the experiment to measure the crack length, which is needed to 

calculate the fracture toughness. While this method allows one to determine the fracture toughness, 

the process is extremely time consuming, tedious, and prone to human error when marking the 

sample and again when visually inspecting the crack growth relative to those markers. A 

MATLAB toolbox was written to automatically analyze crack propagation from digital images, 

create compliance plots, and export the fracture toughness using the modified beam theory method, 

the compliance calibration method, and the modified compliance calibration method. Rather than 

using 18 points of data as defined in the traditional method, the program computes the fracture 

toughness using hundreds of points, reducing noise and error. Different test types are compared 

i.e. ductile adhesive, brittle adhesive, crack jumping, inhomogeneous surface, etc.; and the results 

calculated using the ASTM standard method are compared to those exported by the MATLAB 

program. 

 

1 Primary author and researcher 
2 Colorado School of Mines; Department of Mechanical Engineering; Golden, CO 80401, USA 
3 Georgia Institute of Technology, Woodruff School of Mechanical Engineering and School of Materials Science 

and Engineering; Atlanta, GA, 30332, USA 
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2.4.2 Introduction 

Adhesive bonds are commonly used to join fiber reinforced polymer composites for the 

wind and aerospace industries. Understanding of the failure mechanics of adhesive joints enables 

the design of safe, reliable composite structures. Fracture mechanics are typically characterized 

using three failure modes: 1) mode I, which describes peeling, 2) mode II, which describes 

shearing, and 3) mode III, which describes tearing [48]. The most common cause of failure of 

adhesively bonded fiber reinforced composites is delamination, which is predominantly a mode I 

failure [1]. This type of failure is governed by the interlaminar fracture toughness of the joint, 

which is used in delamination failure models including the cohesive zone model (CZM) [49–51] 

and virtual crack closure technique (VCCT) [52]. Without accurate fracture toughness values, 

models cannot accurately be used to design and predict the failure of adhesively bonded composite 

structures. 

A double cantilever beam (DCB) test is often used to determine the interlaminar (mode I) 

fracture toughness of adhesive joints as it is relatively easy to fabricate and test such specimens 

[47, 53]. The fracture toughness of a material is a measure of the critical energy release rate of a 

propagating crack through the material. A DCB test can be used to determine the fracture 

toughness of a material as a function of load, displacement, crack length, and specimen dimensions 

as established through various theories [54–60]. The ASTM standard to determine fracture 

toughness of composite materials (ASTM D5528) [47] suggests the use of three methods; the 

modified beam theory (MBT) [61], compliance calibration method (CC) [62], and the modified 

compliance calibration method (MCC) [63] to calculate the mode I fracture toughness. 

While the current ASTM method provides a means to determine the mode I fracture 

toughness of adhesive joints, advances in digital image acquisition and processing that have been 

made in recent years can improve the use of the standard, especially in terms of improving the 
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certainty of the measurements and simplifying the sample preparation. Specifically, as the test 

requires measurement of crack length during the delamination failure, the ASTM standard 

indicates that markings should be made on the sample in 1mm increments, and then visual 

inspection should be used to note the load and displacement each time the crack advances 1 mm. 

The accuracy of this visual inspection technique is limited by the accuracy of the marker placement 

on the sample and the use of only 19 data points. Furthermore, if the crack suddenly advances past 

more than 1 marker at a time, the data is skewed, and the fracture toughness value will be 

incorrectly reported. ASTM suggests using a microscope to measure the crack length as it passes 

the markings and record the force and displacement at that crack length. This process takes 30 

minutes to an hour for each side of the sample, thus not only is the testing tedious, but also time 

consuming. 

In this paper, toward addressing these limitations, we present the development of a digital 

image processing code to automatically measure the crack length and export the fracture toughness 

values of a DCB test using hundreds-to-thousands of data points in the form of digital images that 

are continuously acquired during the test. We also provide discussion of the suggested sample 

preparation method and camera setup. To verify and benchmark the code, multiple cases of crack 

propagation are demonstrated and a comparison of the code to traditional visual inspection-based 

calculations is given. 

2.4.3 MATLAB Code Methodology/Experiment setup 

2.4.3.1 Program Methodology 

The purpose of the software is to improve the process used to calculate mode I interlaminar 

fracture toughness from DCB tests. The program imports the test load and displacement data from 

a Microsoft Excel file, analyzes a series of images, and locates the edge of the crack in each image. 

Once the crack length has been determined throughout the test, the program then generates the 



15 
 

required compliance plots and calculates the fracture toughness using the modified beam theory 

as described in ASTM D5528. The fracture toughness is calculated using the three methods found 

in the standard (MBT, CC, and MCC). The fracture toughness and flexural modulus are exported 

to the Excel file where the force and displacement data are obtained. 

2.4.3.2 Required Inputs 

An Excel file with the axial force and axial displacement as shown in  

Figure 2.1 must be placed in the same folder as the images. The force data should start in 

A4 and the displacement data should start in B4. It is imperative that the data rate be synced for 

the force, displacement, and images to ensure accurate results (the number of images should match 

the number of force/displacement data points). Image recording should stop once the crack is at 

its maximum length.  

 

Figure 2.1: Excel data example 

 

The other required inputs of the program are: initial crack length in mm, specimen width 

in mm, specimen thickness in mm, binary threshold of the test (recommend 70-95), and whether 

an export of the crack length video is desired. These inputs are shown in Figure 2.2. The images 

for one side of the sample should be in order in a single folder along with the data Excel file. 
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Figure 2.2: Program input requirements 

 

2.4.3.3 Image Examples 

The images should be as clear as possible and the sides of the samples should contain no 

bubbles or unintended markings. A single black line should be placed on the sample to indicate 

where the start of the crack is (the end of the Teflon insert). The camera should be setup so that 

the full sample is shown within the frame, without the hinges in the picture. If desired, a small 

black marking can be made on the edge of the sample to indicate where to stop the test. An example 

of a good image frame setup is shown below in Figure 2.3. It should be noted that for the program 

to function correctly, the sample must be white with a black background and greyscale images 

should be used. 
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Figure 2.3: Sample image example for DCB tests with line to indicate crack start. 

 

As for any testing requiring image acquisition, proper camera setup and lighting is essential 

to produce good results. For the image above, a FLIR Grasshopper3 camera was used (1920x1200 

resolution, 12 megapixels) with a lens length of 45mm. Cameras are placed 0.9m on both side of 

the sample so crack propagation is obtained from both sides. A schematic of this setup is shown 

in Figure 2.4. 

It is possible for the sample to be angled when loaded into the grips if the hinges are not 

applied perfectly. As the sample is loaded, the tilt is quickly corrected due to the forces acting on 

the specimen, however this tilt will cause the program to fail. For this reason, a rotation feature 

was added into the code to correct for any possible tilt occurring after gripping. After finding the 

edges of the sample, the program uses a least squares line of both sides of the sample to determine 

the angle and correct for the tilt. Additionally, the program crops each image to the testing area to 
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Figure 2.4 : Example camera setup for optimal imaging of sample 

 

reduce computational time. To accomplish this, the start of the crack is located in the first image 

(from the initial black line) and the final edge of the crack is located in the final image. These two 

points are then used to crop the image to the required testing area. 

Once the images are rotated and cropped, the program locates the crack tip in each image. 

To do this, the top and bottom edges of the sample are first located, then the program searches 

column by column along the length of the sample for ‘dark’ pixels. The shade of pixel that 

determines the crack tip is set using the binary threshold; one of the required user inputs. Once the 

crack tip is located within each image, the program can use the load, displacement, and crack 

length to determine the fracture toughness. 

As discussed in the introduction, the ASTM standard indicates three methods to calculate 

the fracture toughness (MBT, CC, MCC). Each method requires a slightly different compliance 

plot to obtain the equivalent crack length, which takes into account the rotation that occurs at the 
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crack front. For each method, a compliance plot is created, and a LS line is used to determine the 

equivalent crack length required for accurate calculation of fracture toughness. Once this value is 

obtained for each of the methods, the program calculates the fracture toughness using the equations 

given in ASTM D5528. 

2.4.4 Testing Cases 

This next section will explore three separate cases that one may encounter when running a 

DCB test. The first will focus on a perfect sample, one which is parallel to the ground when loaded 

into the machine and crack propagation occurs evenly without jumping. The second case will focus 

on a sample that is tilted when loaded into the machine, and the correction and results. The final 

case will focus on a sample where the crack jumps more than 2mm, which would typically be 

cause to remove the sample from the batch. 

2.4.4.1 ‘Perfect’ sample 

Figure 2.5 shows the initial image for a ‘perfect’ test. The sample has no noticeable 

rotation, the testing area is well lit, and there is good contrast between the sample and the 

background.  

 

Figure 2.5: 'Perfect' DCB sample before crack propagation 
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Figure 2.6 shows the result after the cropping procedure has taken place. The first and last 

images in the sequence are shown as examples. The sample is automatically flipped along the 

vertical, as analysis occurs from right to left. The cropped images show that only the full testing 

area of the sample remains after the operation, cutting down the computational time to analyze the 

crack length. The original images had a resolution of 1200 x 1920 pixels, while the final images a 

resolution of 645 x 1045 pixels; the required area to analyze is reduced by about 70 %. 

Additionally, the noise in the background of the initial image was reduced through a contrast 

operation, leading to more accurate tracking of the crack front. 

 

Figure 2.6: First image (a) and last image (b) of test. Images have been cropped, as determined by 
program. 

 

2.4.4.2 Angled sample 

As discussed above, sometimes the sample can be angled when gripped in a load frame if 

the hinges are not adhered properly. This typically resolves itself within the first 10-15 seconds of 

testing as the even load on each side of the sample causes it to straighten out. If the sample is 

angled at the start of the test it still creates an issue for the program, thus a rotation correction was 

implemented into the code. Figure 2.7 shows an example of this case where the sample is slightly 

angled within the image (note that the hinges are off screen to the right of the image).  
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Figure 2.7: Rotated DCB sample before crack propagation 

 

Figure 2.8 shows the results after the rotation and cropping procedure has been completed. 

Again, the image has been flipped along the vertical to allow for proper analysis. Additionally, 

there is now no noticeable rotation in either final image. This allows for more accurate analysis of 

the crack length. 

 

Figure 2.8: First image (a) and last image (b) of angled sample test. Images have been cropped, as 
determined by program. 

 

2.4.4.3 Crack-jump sample 

In some cases, a crack will propagate through the sample for a period of time, and then the 

crack will arrest. Once the required energy is reached to continue crack growth, propagation will 
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continue along the sample. Figure 2.9 is an example of a test with a crack that jumps 4mm in just 

over one second, which could be cause to discard the results using the traditional ASTM method. 

 

Figure 2.9: Crack jump observed during testing 

 

Compliance plots for the test in Figure 2.9 are shown in Figure 2.10. The left compliance 

plot shows a dataset used by the program with over 800 datapoints, whereas the right plot has only 

18 datapoints; the number specified by the ASTM D5528 standard. The left plot results in a 

fracture toughness value of 0.4208 kJ/m2 and the right plot results in a fracture toughness value of 

0.4495 kJ/m2. Depending on the application, a fracture toughness difference of 6% could make a 

significant impact on the performance of the system and being able to accurately predict when it 

will fail. 
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Figure 2.10: Compliance plot showing how crack jump can potentially skew data 

 

2.4.5 Results 

Verification of the code is important to ensure valid data is produced from experiments 

when using this program. To accomplish this, cracks within images were measured by hand and 

this data was used to calculate the fracture toughness values. 11 tests were completed and 

compared to the values output by the program. ImageJ was used to measure 18 data points evenly 

spaced throughout the tests.  

The error bars on the plot show the 95% confidence interval for the tests. As the program 

uses close to 1000 datapoints for each calculation, whereas the hand calculation only uses 18, the 

values calculated by the program are likely more accurate than the ones calculated by hand as any 

effect the outliers have on the data are reduced by the number of datapoints. Both the program and 

manual fracture toughness values are very close in each test, varying by less than 0.05 kJ/m2. This 

indicates the program is working properly in determining the fracture toughness values through 

autonomous tracking of the crack tip. 
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Figure 2.11: Comparison of fracture toughness values calculated using the program and by 
measuring crack length by hand 

 

2.4.6 Conclusions 

As discussed, the ASTM D5528 method for determining the fracture toughness of an 

adhesive joint between two fiber reinforced composite pieces using a double cantilever beam 

(DCB) test can be improved through the autonomous crack tracking program written using 

MATLAB as it allows for easier analysis of the tests and reduces potential errors from sample 

fabrication or measurement of crack length during the test. Any error from misplaced markings is 

eliminated when using the program as only one initial marking is required for the location of the 

start of the crack. Additionally, the number of data points is dependent on the data sampling rate, 

so thousands of data points could be used to determine the fracture toughness of an adhesive, rather 

than only 19 per the ASTM standard, which further eliminates errors and also allows for accurate 

analysis of samples where the crack jumps.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1 2 3 4 5 6 7 8 9 10 11

F
ra

ct
u

re
 T

o
u

g
h

n
e

ss
 k

J/
m

2

Test #

Fracture Toughness Methods Comparison

Program Calc.

Manual Calc.



25 
 

CHAPTER 3: COHESIVE – TO – ADHESIVE TRANSITION OF FIBER 

REINFORCED COMPOSITE SINGLE – LAP JOINT SHEAR 

FRACTURES WITH INCREASED ADHESIVE 

LAYER THICKNESSES 

3.1 Abstract 

To ensure a strong adhesive bond, most standards and adhesive manufacturers specify a 

maximum adhesive gap of 1 mm when bonding fiber reinforced composite structures. In 

manufacturing large components, such as joining two halves of wind turbine blades, meeting this 

gap tolerance specification is impractical; gaps larger than 10 mm are common using state-of-the-

art manufacturing techniques. Currently, there is a lack of fundamental understanding of the failure 

mechanics of adhesive gaps larger than 3 mm. To create such understanding, glass fiber – 

polymethylmethacrylate (PMMA) thermoplastic composite panels bonded using different epoxy 

adhesives within single – lap joint samples with adhesive thicknesses of 0.1 mm, 0.3 mm, 1 mm, 

3 mm, 5 mm, and 10 mm were sheared to failure. A transition from cohesive to adhesive failure 

was observed to occur about 1 mm to 3 mm joint thicknesses. Plotting the shear stress normalized 

by the ratio of the joint width to thickness as a function of the joint thickness normalized by the 

joint length is shown to result in the ability to fit a simple empirically deduced power law to model 

the cohesive-to-adhesive failure transition, regardless of the adhesive. Furthermore, using these 

normalized variables, all the observed cohesive failures for all adhesives collapse to a single master 

curve, as do the adhesive failures.  

3.2 Introduction 

Composite structures are widely used in the automotive, aerospace, and wind industries 

due to their high strength–to–weight ratios. In manufacturing these structures, often two or more 
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independently manufactured composite segments, must be joined to create the final structural 

component. For example, wind turbine blades are often manufactured by first making each length-

wise half of the blades using glass fiber meshes to reinforce a two-part epoxy resin, and then those 

halves are joined together using a (non-fiber-reinforced) two-part epoxy resin adhesive. In 

automotive and aerospace industries, mechanical fasteners are also used to join multiple segments. 

However, most mechanical fasteners require that holes be drilled through the composite segments. 

These holes create stress concentrations when the structures are loaded. Furthermore, the fibers 

used to reinforce the polymer are severed, lessening the reinforcement abilities of the fibers and 

they become more accessible to moisture that degrades the composite structure [24]. Adhesive 

joints realize significantly fewer stress concentrations and related issues [25], while still 

maintaining the lightweight aspect of the structure. Adhesive joints are common in the wind 

industry, though are yet to be certified for manufacturing of aircraft without mechanical fasteners 

[26]. This limitation partially arises from a lack of knowledge of the ramifications of larger-than-

recommended adhesive layer thicknesses within the joints that are often necessary due to 

dimensional tolerance limitations inherent to scaling up the size of composite structures. For 

example, Arenas suggests the optimal adhesive thickness should be between 0.1 mm and 0.5 mm 

[64], yet wind turbine blades can have gaps as large as 12 mm [65] as a result of the blade length 

and difficulty/cost to maintain tight tolerances. Still, there is little published literature on the failure 

of adhesive joints with adhesive layer thicknesses larger than 3 mm. Developing models of the 

failure mechanics of adhesive joints as adhesive layer thicknesses are increased beyond 3 mm will 

improve confidence in the ability to predict and certify their performances and potentially also 

create an ability to improve the strength and fracture toughness of thicker adhesive joints. 
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Toward the development of such models, we proceed to present the data and analyses 

resulting from single–lap–joint (SLJ) shear tests on samples with varying adhesive layer 

thicknesses ranging from 0.3 mm to 10 mm. Shear tests performed on SLJs provide a standardized, 

well accepted method to determine the strength of adhesive joints [38–46]. The choice of materials 

and bond gap geometry has been an area of active research [66–72]. It is established that the true 

strength of an adhesive joint may differ from the reported strength when non-standard geometries 

are used [69, 73–80]. It is also accepted that the overlap length plays a large role in the strength of 

SLJs [81, 82]. Several studies have also shown that as the adhesive layer thickness increases, the 

strength of the SLJ decreases [70, 83, 84]. Some have ascribed the decrease in strength to the larger 

number of voids present in thicker adhesive layers [85]. Others however, relate the decrease in 

shear strength to the larger moments generated from thicker adhesive layers [86, 87]. As the 

thickness of the adhesive increases, larger bending moments are present throughout the specimen, 

leading to local maximum bending at the edges of the bonded region which results in lower failure 

stress. Typically, for most shear testing of SLJs, the adhesive thickness is negligibly small 

compared to the adherends [38, 45, 88–93].  

Models have validated higher peel stresses exist at the edges of SLJ specimens, as well as 

larger shear stresses [89, 92, 94–96].  Goland and Reissner have modeled both the shear and peel 

stresses across the overlap length of a SLJ specimen and found shear stresses dominate the failure 

mode for a SLJ with aluminum alloy adherends and an epoxy adhesive [89]. While the work of 

Goland and Reissner was essential to move the work of adhesively bonded joints forward as they 

were the first to develop a model for shear and peel stresses throughout the sample, there is 

opportunity to also consider the stresses in the through-thickness direction of the joint, which is 
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especially important when failure occurs close to the adherend, but have previously been assumed 

negligible to simplify the models.  

Two types of failure can occur within an adhesive joint: cohesive failure (failure within the 

adhesive itself) and adhesive failure (failure of the adhesive bond to the adherend). The failure 

mode depends on many parameters, such as adhesive type, adherend type, and the thickness of the 

adhesive layer. The most common type of failure for SLJs is cohesive failure. Figure 3.1 gives and 

example of the difference in shear stress distribution and edge moments using a thin adhesive layer 

(Figure 3.1a), versus a thick adhesive layer (Figure 3.1b).  

 

Figure 3.1: Depiction of effects adhesive thickness has on rotation of bond gap for (a) thin gap and 
(b) large gap. Shear stress distributions are shown below each SLJ. 

The moments at the edges of the adherends generate peel stresses, which increase as the 

bond gap increases. Hence, it is expected that as joint thicknesses are increased far above 1 mm 

thicknesses, a transition from cohesive to adhesive failure mechanisms will occur. We proceed to 
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show this transition exists, and furthermore, that through dimensional analysis, universal empirical 

models can be derived to capture the failure mechanics transition for methy-methacrylate 

adhesives as joint thicknesses are increased. 

3.3 Materials and Methods 

3.3.1 Sample Fabrication 

The single-lap joint samples were fabricated following ISO 4587:2003 [40] guidelines. 

Arkema, Inc. Elium® 188 O thermoplastic resin was infused into Johns Manville StarRov® 086 

1200 glass fibers oriented in a [0 0 90]s layup to manufacture the 50 cm x 50 cm  composite panels 

following the work of Cousins [97]. The adhesive thickness and overlap length were set using 

PTFE spacers with a standard overlap length of 12.5 mm and thicknesses of 0.3, 0.5, 1.0, 3.0, 5.0, 

and 10.0 mm. Peel-ply was employed on the bonding surface during the manufacturing process to 

create a rough surface and allow for a stronger bond between the adhesive and adherend. Three 

different adhesives were used in the experiments: ITW Performance Polymers Plexus MA590, 

Arkema, Inc. Bostik SAF30 90, and Arkema, Inc. Bostik SAF30 120. After applying the adhesive 

between the PTFE spacers and placing the second composite panel on top, clamps were applied, 

and the panel was cured in a fume hood. Once the adhesive was cured, the panels were cut into 

samples using a LECO saw with a diamond blade, 187.5 mm in length and 25mm in width, 

following dimensions listed in ISO 4587:2003 [40]. In cases where significant flashing of the 

adhesive occurred, the adhesive was cut to the adherend surface to ensure accurate overlap length 

measurements and proper testing results.  

The elastic properties of these adhesives are summarized in Table 3.1. Plexus MA590 is a 

two-part acrylic thermoset adhesive that relies on radical polymerization of various methacrylates 

via initiation from the reaction of 3,5-diethyl-1,2-dihydro-1-phenyl-2-propylpyridine (PDHP) with 

tert-butyl perbenzoate. The Bostik SAF30 is also an acrylic thermoset adhesive initiated with the 
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reaction between a tertiary amine (4-Bromo-N,N-dimethylaniline) and a peroxide, but additionally 

contains some epoxide functionality (1 to 5 wt%). SAF30-90 has an approximate fixture time of 

90 minutes while SAF30-120 has an approximate fixture time of 120 minutes. These three 

adhesives were chosen as MMA adhesives are widely used for wind energy, and industry partners 

on the project desired to compare the performance of the Bostik adhesive to the Plexus adhesive. 

 

Table 3.1: Elastic properties of adhesives. 

Adhesive σ ult. (MPa) τ ult. (MPa) Young’s Modulus (MPa) 

Plexus MA590 [98] 13.8 – 17.2 10.3 – 17.2 482 – 827 

Bostik SAF30 90 [99] 11 17 700 – 900 

Bostik SAF30 120 [99] 12 11 800 – 900 

 

Initially, Nylon 6 and Elium® were considered for the composite matrix material, though 

Nylon 6 was eliminated as a potential material due to the high temperatures required for curing, 

requiring metal tooling which is both expensive and unreasonable for use in manufacturing wind 

turbine blades. Elium® was selected as it is a unique thermoplastic that can be infused at a low 

viscosity, polymerizes at room temperature, has adequate time to fill a large part, and the peak 

exotherm temperatures are around 80 °C. Additionally, Elium® has the added benefit of in-situ 

polymerization which eliminates the need for heated tooling. Currently, epoxy is the most common 

composite wind blade resin used in the industry, with polyesters and vinylesters also used by some 

wind blade manufacturers. Epoxy has better properties than polyester, but it requires heated tools 

that are not necessary if only working with polyester. Lastly, as Elium® is a thermoplastic, 

recyclability of the composite is possible, unlike with epoxy composites which are thermosetting. 
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Numerous sizings were considered for the Johns Manville fibers to ensure compatibility 

and strong bonding to the Elium® resin. StarRov® 086 1200 was selected due to its excellent wet 

out by the matrix resin and high fatigue properties, optimal for wind energy applications. 

3.3.2 Single – Lap Joint Shear Testing 

Shear testing was performed using MTS Bionix 370.02 and MTS Landmark 310.10 

hydraulic load frames. Initially, the loading cases for each ISO 4587 [40] and ASTM D5868 [46] 

standards were evaluated using the sample geometry from ISO 4587. While the ASTM D5868 has 

a standard testing rate of 13mm/min, ISO 4587 indicates the sample must fail in 65 s ± 20 s. For 

the MMA adhesive tests, this equated to a displacement rate of 1mm/min. The forces and 

displacements were obtained through the load cell and LVDT of the MTS machine and exported 

to csv. Per the standards, the results are to be reported in maximum failure stress in megapascals, 

which is calculated by dividing the maximum force, in newtons, by the shear area, in square 

millimeters. Table 3.2 summarizes the differences in displacement and maximum shear stress 

using each standard. The full data summary can be found in Appendix B. These results showed 

that the mean stresses fall within one standard deviation of each standard method. Therefore, in 

this work, ISO 4587 was used for 1, 3, and 10 mm gap testing, while ASTM D5868 was used for 

0.3, 0.5, and 5 mm gap testing. 

 

 

Table 3.2: ISO 5487 versus ASTM D5868 lap shear testing comparison 

Standard Mean δ Mean Max. τ 

ASTM D5868 0.91 ± 0.06 16.44 ± 0.91 

ISO 4587 0.98 ± 0.07 15.57 ± 2.74 
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3.3.3 Fractography 

Fractography was performed on the fractured surfaces of the SLJ samples. A Keyence 

VHX-S550E model with a VH-Z100UR lens was used.  

3.3.4 SolidWorks Simulation 

SolidWorks Simulation was employed during this research to better understand the stresses 

at the adherend-adhesive interface. This simulation was not intended as a failure simulation, only 

to gain a better understanding of the stresses present at the adherend-adhesive interface. To that 

end, a 3D static simulation was used in SolidWorks Simulation. One end of the SLJ (designed as 

specified by the ISO 4587 standard) was fixed as if gripped by flat hydraulic grip on a testing 

machine. The other end was fixed with a rolling fixture to allow sliding to occur. On that same 

face a distributed force of 1000N was applied to simulate a grip pulling the SLJ in tension. Varying 

thickness of 0.3, 0.5, 1.0, 3.0, 5.0, and 10.0 mm were simulated. The ‘contact’ boundary condition 

in SolidWorks was used to set the bonding condition of the adhesive to the adherend. 316 SS was 

used for the adherend to simulate a rigid material. An h-adaptive 5-pass mesh algorithm within 

SolidWorks was used for mesh refinement at the interface. The adhesive properties discussed in 

this paper were used to simulate the mechanical properties of the adhesive. Again, it is important 

to note that this is not a true failure simulation, or failure of the adhesive to the adherend, but rather 

a study to better understand the stresses at the adhesive-adherend interface. 

3.4 Results and Discussion 

3.4.1 Failure Results 

Comparison of failed SLJ samples reveals a transition from cohesive failure to adhesive 

failure at gap thicknesses above 1 mm (see Figure 3.2). Observation of the adhesive thicknesses 

from 0.3 – 1.0 mm reveal limited differences. At a bond gap of 3 mm however, delamination of 

the adhesive from the adherend can be observed (Figure 3.2d). At 5 mm, no adherend delamination 
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occurs but there is clear adhesive failure from the adherend (Figure 3.2e). Finally, at 10 mm 

adhesive failure occurs with less residual adhesive remaining on the surface (Figure 3.2f). These 

observations were common for all tested SLJ samples, with the exception of those discussed in 

section 3.4.7. 

 

Figure 3.2: Cohesive failure is observed for the single lap tests with adhesive gaps of (a) 0.3 mm 
(b) 0.5 mm and (c) 1 mm. Adhesive failure is observed for SLJ tests with adhesive gaps of (d) 3 
mm (e) 5 mm (f) 10 mm. 

 

3.4.2 Simulation Analysis 

SolidWorks Simulation was used to estimate the shear and peel stresses of adhesive joints 

at varying thicknesses to compare with the testing results, following the guidelines of ISO 4587. 

The SolidWorks simulation study was loaded to 1000 N for all models. Comparison of 𝜎𝑉𝑀 , 𝜎𝑌𝑌 , 
and 𝜏𝑋𝑌 using the mechanical properties of Plexus MA590 are shown in Figure 3.3, the results for 

the Bostik adhesives can be found in Appendix A. 
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The 𝜎𝑉𝑀 and 𝜎𝑌𝑌 stresses continually increase as the adhesive thickness increases, as 

expected. A slight decrease in shear stress occurs from 0.3 mm bond gap to 0.5 mm bond gap, 

which implies the 0.5 mm may fail at a higher stress. The implications of these simulation results 

are further discussed in the sections below. 

 

 

Figure 3.3: SolidWorks simulation of Plexus MA590 lap shear specimens following ISO 4587 for 
the following adhesive gap thicknesses: (a) 0.3 mm (b) 0.5 mm (c) 1 mm (d) 3 mm (e) 5 mm (f) 
10 mm. 

 

3.4.3 Shear stress decreases after failure transitions to adhesive failure 

Figure 3.4 shows the lap shear strength (𝜏) variations for each of the three adhesives and 

each adhesive layer thickness. The adhesives trended similarly as adhesive layer thickness was 
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varied. Generally, 𝜏 stayed the same or slightly improved in changing from 0.3 mm to 0.5 mm, 

then degraded from 0.5 mm to 1 mm adhesive layer thickness; 5 mm thick adhesive layers 

performed similar to 3 mm, but the 10 mm adhesive layer thickness performed the worst.  

Quantitatively, the only statistically significant differences comparing the different 

adhesives (considering the replicate sizes listed in Table 3.3 for each test) is that single-lap joints 

bonded with the Bostik SAF30 120 exhibited ~ 22% lower 𝜏 and Bostik SAF30 90 exhibited ~ 

10% higher 𝜏 compared with the Plexus MA590 adhesive for 3 and 5 mm adhesive layer 

thicknesses. These differences correspond with the ultimate shear strength trends reported by the 

manufacturers for each adhesive (Table 3.1), giving a strong indication that sheared single-lap 

joints with these adhesive layer thicknesses are failing by shear-driven adhesive fractures. 

 

Table 3.3: Number of tests run for each adhesive at each adhesive thickness. 

 0.3 mm 0.5 mm 1.0 mm 3.0 mm 5.0 mm 10.0 mm 

Plexus MA590 4 4 8 9 4 9 

Bostik SAF30 90 4 4 10 9 4 10 

Bostik SAF30 120 4 4 10 8 4 9 

 

In contrast, the quantitative adhesive-to-adhesive agreement for thinner (0.3 to 1 mm thick) 

adhesive layer thicknesses is consistent with cohesive fractures; considering that the same 

adherends were used and that all of the adhesives are acrylic thermosets, the single – lap joints 

exhibit similar cohesive strengths despite some chemical differences in the adhesive formulations 

(see Section 3.3.1). SLJs with 0.5 mm thick adhesive layers exhibited similar, or higher 𝜏 than 

those with 0.3 mm thick adhesive layers. Figures 3 and 3 help give insight into the most likely 

cause of this phenomenon. As Figure 3.1 indicates, a larger bond gap results in a larger distribution 
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of shear stress throughout the SLJ. Additionally, the simulation results predict a slight decrease in 𝜏 from a gap of 0.3 mm to 0.5 mm. It is also known that these samples failed cohesively, thus the 

difference in distribution of shear stress (as shown in Figure 3.1), coupled with the similar 𝜏 from 

0.3 to 0.5 mm gap resulted a higher 𝜏 for the 0.5 mm gap thickness when analyzing the data 

according to the ISO standard [38]. Then, the lower 𝜏 performance of SLJs with 1 mm adhesive  
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Figure 3.4: Lap shear strength (𝜏) distributions summarize the performances of single-lap joints of 
different adhesive layer thicknesses for a) Plexus MA590 b) Bostik SAF30 90 and c) Bostik SAF 
120 adhesives. Each box plot was created using test data with the number of samples indicated in 
Table 3.3. The boxes span from the first to the third quartile; red lines indicate the median; the 
whiskers (errorbars) indicate the most extreme data points not considered outliers; outliers are 
marked with “+”. 

 

layers relative to 0.3 and 0.5 mm is indicative of a transition from shear – to – peel driven cohesive 

fracture, noting that generally, the adhesives perform worse under tension than in shear considering 

tradeoffs between ultimate tensile strength and stiffness (Table 3.1) in determining peel strengths 

of joints as indicated in the results of Figure 3.3. 

The similar performances of all adhesives in 10 mm adhesive layer thicknesses indicates 

that the mechanics of failure in thicker joints are no longer driven purely by shear stresses, which 

is confirmed by the simulation results in Figure 3.3 since the 𝜎𝑌𝑌 stress dominates for adhesive 

thicknesses greater than 1 mm. A transition to peel-driven failures explains the similar 

performances – the two Bostik adhesives have nearly identical ultimate tensile strength and 

Young’s modulus performances, while the Plexus adhesive exhibits higher ultimate tensile 

strength that is likely compromised by a more compliant Young’s modulus in this failure mode 

(Table 3.1). 

3.4.4 Displacement at yielding and at ultimate shear strength give a clear indication of 

adhesive properties 

An important property of soft adhesives is their ability to elastically accommodate 

deformations. This is especially important in wind turbine blades as they undergo large deflections 

during operation. Choi demonstrates this through with a deflection analysis of an 11-meter blade 

[100]. At the 60% load case, the tip of the blade deflects by over half a meter. These deflections 

create large shear and peel stresses within the adhesive joint bonding the blade halves together. 

Insight into the ability for an adhesive joint to withstand such loading can be gained by studying 
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the elongation at yielding, or the elastic limit, and elongation at failure. These values provide 

critical design information to life prediction engineers.  

The crosshead displacement measured by the MTS LVDT was used to determine the shear 

displacement at sample yielding (Figure 4) and failure (Figure 5). These were plotted for each  

 

Figure 3.5: Displacement (δ) at yielding for SLJs of different adhesive layer thicknesses for a) 
Plexus MA590 b) Bostik SAF30 90 and c) Bostik SAF 120 adhesives. Each box plot was created 
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using test data with the number of samples indicated in Table 3.3. The boxes span from the first to 
the third quartile; red lines indicate the median; the whiskers (errorbars) indicate the most extreme 
data points not considered outliers; outliers are marked with “+”. 

 

 

adhesive layer thickness combination. These crosshead displacements provide an analog to 

elongation/ductility of the joint as it indicates the shear separation a SLJ can withstand before 

yielding and subsequent failure. The yielding displacement in Figure 3.5 depicts an increase in 

displacement, especially with adhesive thicknesses larger than 3 mm. As expected, displacement 

at yielding continues to increase as adhesive thickness increases. 

The more interesting displacement trends occur at the failure of the adhesive in Figure 3.6. 

Two failure modes were observed during testing: cohesive and adhesive. In plots a-c of Figure 3.5 

and Figure 3.6, cohesive failure occurred, whereas in plots d-f adhesive failure was observed. A 

noticeable increase in the displacement at failure occurs when transitioning from 0.5 mm to 1 mm 

adhesive thickness. As the failure mode for both is cohesive, it is most likely the increase is due to 

the volume of material able to deform at 1 mm compared to small adhesive gaps. The difference 

from 1 mm to 3 mm adhesive thickness results in a decrease in the failure displacement. As noted, 

this is the point at which the adhesive joint transitions from cohesive failure to adhesive failure as 

the moments at the edges of the SLJ dominate over the shear stresses within the SLJ.  
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Figure 3.6: Displacement (δ) at ultimate shear stress (τ) for SLJs of different adhesive layer 
thicknesses for a) Plexus MA590 b) Bostik SAF30 90 and c) Bostik SAF 120 adhesives. Each box 
plot was created using test data with the number of samples indicated in Table 3.3. The boxes span 
from the first to the third quartile; red lines indicate the median; the whiskers (errorbars) indicate 
the most extreme data points not considered outliers; outliers are marked with “+”. 
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3.4.5 Shear stress-displacement plots combined with fractography of SLJ failure surfaces 

give valuable insight into the response of adhesives under load 

In Figure 3.7, the fractography images of the SLJ fractured surfaces coupled with shear 

stress-displacement plots are shown for each adhesive type at a testing thickness of 1 mm. The 

circles on the plots indicate the points at which yielding, and failure were considered. Through 

trial and error, it was found that a 5% displacement offset provided the most accurate point at 

which yielding occurred within the samples. The dissimilarity of the adhesives equated to a 

different mechanical response under stress, especially after yielding occurred. In Figure 3.7a, large 

facets are observed, indicating a more brittle material, which is subsequently confirmed by the 

decrease in strength after yielding of the Plexus MA590 adhesive plot. Large voids coupled with 

small facets are observed on the surface of the Bostik SAF30 90 adhesive (Figure 3.7b), indicating 

a ductile mechanical behavior, which is confirmed by corresponding stress-displacement plot. The 

fracture surface of the Bostik SAF30 120 adhesive in Figure 3.7c is similar to the Bostik SAF30 

90 fracture surface in Figure 3.7b, thus the adhesives are expected to behave in a similar manner 

as indicated in the corresponding plots. 
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Figure 3.7: Fractography images coupled with shear stress (τ) versus displacement (δ) plot using 
an adhesive thickness of 1 mm with a) Plexus MA590 b) Bostik SAF30 90 and c) Bostik SAF30 
120. 

 

While the 1 mm SLJ tests in Figure 3.7 performed in a typical manner for adhesive joints, 

the 10 mm SLJ tests presented in Figure 3.8 exemplify a brittle-like failure response. At this 

thickness, the SLJs failed adhesively, and in some cases catastrophically. Additionally, pop-ins are 

observed in each plot; an indication of crack arrest followed by continued propagation. These pop-

ins are most likely caused from an initial separation of the adhesive from the adherend and 
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subsequent rotation of the adhesive gap, thus releasing adequate energy to seize propagation of the 

crack. Complete adhesive failure occurs shortly after initial reloading. 

 

 

Figure 3.8: Shear stress (τ) versus displacement (δ) plot using an adhesive thickness of 10 mm 
with a) Plexus MA590 b) Bostik SAF30 90 and c) Bostik SAF30 120. Pop-ins can be observed in 
each adhesive type. 

 

3.4.6 Using adhesive thickness, the transition point from cohesive to adhesive failure is 

clear 

Understanding the mechanics of adhesive failure is fundamental for the design of systems 

to have greater strength, increased lifespan, and infrequent repairs. While wind industry is the 

focus of this paper, the work presented here extends to any industry using composites, such as 

aerospace, automotive, recreational sports, etc. Predicting the point at which failure of an adhesive 

transitions from cohesive failure within the adhesive layer, to adhesive failure at the adherend is 

vital to develop better composite structures. As the transition from shearing to peeling occurs 
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within SLJs, the failure also transitions from elastic deformation (Figure 3.7) to catastrophic failure 

(Figure 3.8). 

Previous plots have compared the shear strength of the adhesives to the designed adhesive 

thickness, as opposed to the actual adhesive thickness. This can be misleading as variations in 

clamp pressure throughout the surface and adhesive overflow during sample preparation led to 

varying thicknesses for each designed adhesive gap. Figure 3.9 compares 𝜏 to the measured bond 

gaps for each adhesive thickness.  

 

 

Figure 3.9: Lap shear strength (𝜏)  vs. measured adhesive layer thickness (t) for a) Plexus MA590, 
b) Bostik SAF30 90, and c) Bostik SAF30 120 adhesives. 
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Little information can be gained from Figure 3.9; no clear trend exists, each adhesive 

behaves differently, and there is no well-defined way to determine transition from cohesive to 

adhesive failure. From the SLJ testing discussed throughout this paper a few things are apparent: 

1) adhesive thickness plays an important role in the transition from cohesive to adhesive failure 2) 

this transition occurs somewhere between an adhesive thickness of 1 mm and 3 mm and 3) overlap 

length of the adhesive plays an important role in the transition from cohesive to adhesive failure. 

Using these variables, it is possible to obtain a very clear cohesive-adhesive failure transition point. 

Figure 3.10 plots a-c, reveal the transition point from cohesive (♦) to adhesive (●) failure 

for the MMA adhesives used in this study. In the plot, 𝜆 = 𝜏 ∙ 𝑏/𝑡, where τ is the shear stress, b 

the sample width, and t the adhesive thickness. For the x-axis, 𝛾 = 𝑡/𝐿, where L is the adhesive 

overlap length. Plotting 𝜆 versus 𝛾 produces a well-defined transition point from cohesive to 

adhesive failure. It is worth nothing that although each adhesive has different properties, the 

transition point for each adhesive, along with the power law relations that describe their behavior, 

are very similar. This is an indication that adhesive type has little effect on the model’s transition 

from cohesive to adhesive failure. The curve in Figure 3.10b transitions at a slightly higher point 

than curves in Figure 3.10a or Figure 10c. This is likely because the Bostik SAF30 90 adhesive 

has the highest reported shear strength and Young’s Modulus, which results in an increase in the 

maximum shear/peel stresses. 
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Figure 3.10: λ (τ*b/t) vs γ (t/L) showing transition from cohesive (♦) to adhesive (●) failure for 
SLJ joints with a) Plexus MA590 b) Bostik SAF30 90 and c) Bostik SAF30 120 adhesives. Plot 
d) concatenates all cohesive failure points across all three adhesives, plot e) concatenates all 
adhesive failure points across all three adhesives. 

 

Plots a-c in Figure 3.10 provide a transition from cohesive to adhesive failure as the bond 

gap increases in the SLJ, however this is hardly useful when designing composites. Figure 3.10d 

and Figure 3.10e provide much more useful information for the analysis and manufacturing of 

adhesive joints. The figures provide a connection between overlap length, width, thickness, and 

failure stress for each of the cohesive and adhesive failure conditions.  

For example, suppose for a given application a 𝜏 of 20 MPa, adhesive gap of 2 mm, and 

adhesive width of 25 mm was required in which adhesive failure is to be avoided. The relation for 
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cohesive failure given in Figure 3.10d results in a required overlap length of 24 mm or greater to 

achieve this strength. With this information, the joint could be manufactured with the confidence 

that cohesive failure will occur. 

3.4.7 Validation of cohesive/adhesive transition 

Verification of the cohesive/adhesive transition in Figure 3a-c is necessary to ensure proper 

modeling of failure type and to validate plots d and e. The circles in Figure 3.11 indicate where 

cohesive and adhesive failure overlapped when testing the samples for the Plexus MA590 

adhesive. These samples were pulled, and the resulting images are shown in Figure 3.12 and Figure 

3.13. 

 

Figure 3.11: Magnified Plexus MA590 plot (from Figure 3.10a) showing overlapping 
cohesive/adhesive failure samples within transition area. 

 

In Figure 3.12, the 1 mm sample exhibited a combination of cohesive and adhesive failure. 

The edges of the sample (dashed lines in Figure 3.12) exhibited cohesive failure, whereas the 

center exhibited adhesive failure from the adherend of the SLJ. Additionally, the side view shows 

that the crack transitioned from one adherend to the other, leading to this combined failure mode. 
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Figure 3.12: Top and side views of Plexus MA590 failed 1 mm SLJ specimen with both cohesive 
(dashed) and adhesive (solid) failure. 

 

Figure 3.13 is a 3 mm Plexus MA590 specimen, which also exhibited a combination of 

adhesive and cohesive failure. The cohesive zone is substantially smaller than that of the 1 mm 

SLJ specimen in Figure 3.12. Accordingly, these images show that adhesive failure begins to 

dominate the overall failure mode as the adhesive thickness increases from 1 mm to 3 mm, which 

is congruent with the results shown in Figure 3.2. 

 

Figure 3.13: Top and side views of Plexus MA590 failed 3 mm SLJ specimen with both cohesive 
(dashed) and adhesive (solid) failure. 

 

3.5 Conclusions 

The behavior of single lap shear joints is studied to determine the effect adhesive thickness 

has on the mechanical properties of SLJs and the transition from cohesive failure within the 
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adhesive layer, to adhesive failure at the adherend. Experimental characterization of these 

properties was completed with adhesive thicknesses varying from 0.3 mm to 10 mm. Adhesive 

thicknesses of 1 mm and below were observed to fail cohesively. Adhesive thicknesses of 3 mm 

and above failed adhesively from the substrate. 

SLJs with 0.5 mm thick adhesive layers exhibited similar, or higher 𝜏 than those with 0.3 

mm thick adhesive layers. This is most likely due to a number of reasons: 1) a larger bond gap 

results in a larger distribution of shear stress throughout the SLJ, 2) the shear stresses for 0.3 mm 

and 0.5 mm are very similar, and 3) the samples failed cohesively. The difference in distribution 

of shear stress coupled with the similar 𝜏 from 0.3 to 0.5 mm gap resulted a higher 𝜏 for the 0.5 

mm gap thickness. 

Figure 3.14 illustrates the impact of this paper nicely. The plot concatenates the cohesive 

failures of Plexus MA590, Bostik SAF30 90, and Bostik SAF30 120 SLJs onto a single plot, with 𝜆 versus 𝛾 and provides a useful equation for the manufacture of adhesive joints, providing 

cohesive failure as the most likely mode of failure. 

 

Figure 3.14: Cohesive failure of all adhesives discussed in this paper. 𝜆 = 𝜏 ∗ 𝑏/𝑡 and 𝛾 = 𝑡/𝐿. 
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CHAPTER 4: LAP SHEAR AND PEEL STRENGTH OF COMPOSITE JOINTS: A 

COMPARISON OF TRADITIONAL ADHESIVES AND RESISTIVE 

 WELDING OF THERMOPLASTIC COMPOSITES 

4.1 Introduction 

Adhesive bonding of fiber reinforced polymer composites (FRPCs) is common practice 

within wind, aerospace, and automotive industries. Adhesives provide a substantial benefit over 

traditional bonding methods, such as mechanical fasteners, as no holes need to be drilled for 

bonding. The severing of fibers within FRPCs can be detrimental to the mechanical properties and 

fatigue life [25], and allow a point at which moisture can enter and degrade the component [24]. 

As a result, adhesives are becoming more common for bonding applications. The increase in 

interest for adhesive bonding of composite structures has led to substances that are able to meet 

the strength requirements of mechanical fasteners or rivets, while also offering other benefits, such 

as sealing the component from environmental degradation, and prevention of galvanic corrosion 

between dissimilar metals [101–104]. 

Three primary types of adhesives exist: epoxy, acrylic, and urethane. Epoxy adhesives 

typically offer the best strength and overall performance, with resistance to high temperatures, 

solvents, and environmental effects [101]. Acrylic adhesives, such as the methylmethacrylates 

(MMAs) discussed in this paper, provide excellent strength and durability, with included benefits 

of fast cure speed, high tolerance for poor bonding surfaces, and exceptional bonding to almost all 

plastics [102]. Lastly, urethane adhesives offer excellent impact resistance with good adhesion to 

most plastics [103, 104]. Typically, urethane adhesives are used to bond woods, concrete, and 

rubbers. In wind energy, the cyclic nature of loading invokes the use of acrylic adhesives due to 

their high strength, durability, and fast cure time. In wind energy, gaps as large as 12 mm can exist 
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between blade sections [65]. For this reason, adhesives are the obvious choice for bonding wind 

turbine blades as they can maintain their shape, yet freely flow under pressure while curing. More 

recently however, infusible thermoplastic resins have been gaining interest due to their ability to 

remelt or reform after curing, which will also allow for thermally welded bonds, rather than 

adhesive bonds. 

Bulk free radical polymerization has led to many uses for thermoplastic resins since its 

discovery in the 1930’s [105, 106]. Recently, there has been much interest in using thermoplastics 

for wind turbine blades as advancements in rheology have allowed for Vacuum assisted Resin 

Transfer Molding (VARTM) of composite components [107, 108]. With thermoplastic 

composites, thermal welding techniques can be employed to directly bond the components 

together. There are many forms of direct thermoplastic bonding: hot plate, laser, infrared, 

ultrasonic, inductive, resistive, and solvent to name a few. Of these, resistive welding is the most 

promising for wind turbine blades due to the length of bond required, welding time, and setup. 

Introducing any new method or material demands rigorous testing to ensure the new 

method/material can perform similarly, or better than what was previously used. Professional 

standards exist to compare material properties, such as shear strength and fracture toughness. 

Single lap joint (SLJ) testing provides a means of obtaining the ultimate shear strength of a material 

and is a well-accepted, standardized method [38–46]. Along with SLJ testing, double cantilever 

beam (DCB) peel testing is also used throughout this paper to measure fracture toughness [47], 

which is an indication of a material’s resistance to crack propagation. The work presented in this 

paper is a comparison to commonly used MMA adhesives and resistive thermal welding of PMMA 

infused FRPCs.  
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4.2 Methods and Materials 

4.2.1 Sample Preparation 

As discussed in the introduction of this chapter, there are two testing methods used to 

compare the properties of adhesive bonds and thermally welded composites: SLJs and peel testing. 

For single lap joints, ISO 4587 [40] was used, and for the peel testing to determine the fracture 

toughness, ASTM D5528 [47] was used. Each of these testing methods is detailed below. 

4.2.1.1 Single Lap Joint Shear Samples 

The adhesive single-lap joint samples were fabricated following ISO 4587:2003 [40] 

guidelines. The fibers were Johns Manville StarRov® 086 1200 glass fibers oriented in a [0 0 90]s 

layup. These fibers were manufactured in 50 cm x 50 cm composite panels using a VARTM system 

following the work of Cousins [97]. The fibers were infused with Arkema, Inc. Elium® 188 O 

thermoplastic resin. PTFE spacers were used to set the proper bond gap. On the surface, peel ply 

was used to create a better bonding surface at the adhesive-adherend interface. Three different 

adhesives were used in the experiments: ITW Performance Polymers Plexus MA590, Arkema, 

Inc. Bostik SAF30 90, and Arkema, Inc. Bostik SAF30 120. Once the adhesive was applied to one 

panel between the PTFE spacers, a second panel was placed on top and the system was clamped 

together to create the SLJ structure and cured in a fume hood. Once fully cured, the samples were 

cut using a LECO saw following the dimensions listed in ISO 4587:2003 [40]. 

The resistively welded lap shear specimens were fabricated at the National Renewable 

Energy Lab Wind Technology Center near Boulder, CO following the work by Murray described 

in [109]. For samples with gaps larger than 3 mm, an ‘s’ pattern was used for the resistive welding 

bond to distribute the heat throughout. All samples except for the R1 sample discussed below used 

a stainless-steel 304 mesh with a wire diameter of 0.094 mm and 53% opening area heating 

element with acrylic film on either side (McMaster-Carr part number 9230T46). The R1 sample 
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used a Fiberglast 4.0-oz unidirectional carbon-fiber heating element infused with Elium® 188. The 

material type, heating time, and peak temperatures are listed in Table 4.1. 

 

Table 4.1: Material type, welding time, and peak temperatures for thermally welded single lap 
joint samples. 

 
Material Type Heating Time (min) Peak Temp (°C) 

R1 Carbon Fiber 4 180 

R2 S.S. 304 3 200 

R3 S.S. 304 4 200 

R4 S.S. 304 4 180 

 

4.2.1.2 Double Cantilever Beam Peel Test Samples 

The adhesive DCB samples were manufactured following the guidelines in ASTM D5528 

[47]. Unidirectional composite panels were fabricated in the same manner discussed in section 

4.2.1.1. A 0.013 mm PTFE spacer was used to create an initial crack. Adhesive was then applied 

to the surface of the panel, then the second panel was placed on top and the system was clamped 

together and cured in a fume hood. The samples were then cut on a LECO saw with a diamond 

blade, following the dimensions listed in ASTM D5528 [47]. 

The thermally welded peel test samples were fabricated using the stainless-steel mesh 

discussed in section 4.2.1.1. To create the initial crack, a spacer was placed between the two panels 

and the stainless-steel mesh was positioned up to that spacer. The methodology of welding was 

the same as discussed in [109]. Once the panels were fabricated, they were cut to the specified 

dimensions in the peel test standard [47]. Steel hinges were adhered to the end of the sample at the 

initial crack location using 3M 810 adhesive. 
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4.2.2 Sample Testing 

4.2.2.1 Single Lap Joint Testing 

Lap shear testing for the adhesive samples was performed using an MTS Bionix 370.02 

and MTS Landmark 310.10 hydraulic load frames. The exact details of each test are outlined in 

Chapter 3. Lap shear testing for the thermally welded samples was performed also using an MTS 

Bionix 370.02 and MTS Landmark 310.10 hydraulic load frames at a testing rate of 13 mm/min. 

For all SLJ testing, FRPC inserts were used to ensure direct loading on the bond. Force and 

displacement data was collected from the MTS load and displacement cells and exported to a CSV 

file. 

4.2.2.2 Double Cantilever Beam Peel Testing 

Peel testing was done using an MTS Bionix 370.02 load frame at a testing rate of 5 mm/min 

following the ASTM D5528 standard [47]. FLIR Grasshopper 3 cameras were placed on either 

side of the sample to image the crack during testing. The test was run until a total crack length of 

100 mm was developed, then unloaded at a rate of 25 mm/min. The force and displacement data 

was collected from the MTS load and displacement cells and exported to a CSV file. The program 

developed in MATLAB (discussed in section 2.3) was used for analysis. 

4.3 Results and Discussion 

4.3.1 Comparison of Lap Shear Strength 

1 mm adhesive SLJs were used for initial comparison to the thermally welded SLJs. The 

ultimate shear stress of adhesives (Figure 4.1a) and resistively welded samples (Figure 4.1b) are 

very similar. Of the adhesives, the best performing SLJ was ~13 MPa, while the best performing 

thermally welded sample was ~14 MPa, while the worst performing adhesive SLJ was ~8.5 MPa 

and the worst performing thermally welded SLJ was ~ 10.25 MPa. The results indicate that, in 
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relatively thin-gap shear strength applications, thermally welded bonds could be used to replace 

adhesive bonds. 

 

Figure 4.1: Single lap shear testing comparing (a) adhesives, and (b) thermally welded samples. 

 

As discussed in the introduction, gaps as large as 12 mm can exist in the bond line of wind 

turbine blades. Consequently, it is important to validate thermally welded samples at larger gap 

thicknesses. Figure 4.2 shows a collection of SLJ results for adhesive bonds (●) and thermally 

welded bonds (♦) with gaps ranging from ~0.3 to 12 mm. The results indicate that thermally welded 

samples perform very well with gaps smaller than 2 mm, but decrease in their ultimate shear 

strength substantially at gaps larger than 2 mm. Adhesives performed consistently until after a 

bond gap of 6 mm, then decreased in their ultimate shear strength. This indicates that thermally 

welded bonds as prepared in this paper are not suitable for wind turbine blade use, but still show 

promise if the ultimate shear strength can be improved for gaps larger than 2 mm. 



56 
 

 

Figure 4.2: Shear strength of SLJ samples versus true bond thickness for adhesive bonds (●) and 
thermally welded bonds (♦). 

 

4.3.2 Comparison of Lap Shear Elongation at Failure 

Elongation at failure can provide additional insight to the method by which a bond will fail 

in service. The comparison of elongation at sample failure is shown in Figure 4.3. The results 

indicate that while the thermally welded samples (Figure 4.3b) are able to withstand slightly higher 

shear stresses, they have a lower elongation at failure than the MMA adhesives (Figure 4.3a). This 

indicates they are likely more brittle than the MMA adhesives, and will be unable to maintain as 

much flex as the adhesives, thus in their current state these thermally welded joints are not suitable 

for high bending applications, such as in aerospace or wind energy. Altering the chemistry of the 
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bond at the gap could prove beneficial for thermally welded bonds. Acrylic sheets are currently 

used to add bonding material for the thermal weld and could be tailored to allow for increased 

elongation, while maintaining or increasing strength. 

 

Figure 4.3:Single lap shear elongation at ultimate shear strength for (a) adhesives and (b) thermally 
welded samples. 

 

Figure 4.4 compares the elongation of the SLJ samples for adhesive bonds (●) and 

thermally welded bonds (♦) with gaps ranging from ~0.3 to 12 mm. In all cases except with very 

small bond gaps (<1 mm), the adhesive had a greater elongation at failure, indicating again that 

the thermally welded bonds perform well at very small gaps, but behave in a brittle manner 

compared to the adhesives. More work must be done before these thermally welded bonds can be 

used in applications requiring large gaps. 
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Figure 4.4: Elongation of SLJ samples at failure compared to true bond thickness for adhesive (●) 
and thermally welded (♦) samples. 

 

4.3.3 Comparison of DCB Peel Tests 

Fracture toughness is a measure of a materials’ resistance to fracture. In fatigue 

applications, such as wind energy, it is important to use materials that have a high fracture 

toughness as cracks can be catastrophic for such applications. Figure 4.5 compares the fracture 

toughness of the selected MMA adhesives (Figure 4.5a) and thermally welded bonds (Figure 4.5b). 

Bonding temperatures of 200°C and 220°C were compared for the thermally welded samples, as 

indicated on the figure. While the thermally welded samples in Figure 4.5b had significantly more 

variation than the adhesives, in every case the fracture toughness was higher than for the adhesive 
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bonds. The variation in the thermally welded bonds is due to the difficult nature of manufacturing 

perfect thermally welded bonds with even heating and pressure throughout, as well as the lack of 

standardized lab equipment for manufacturing samples. Standardized equipment for 

manufacturing these samples, as well as improved methods for more even heat and pressure 

distribution would shrink the spread in results for the thermally welded bonds. 

 

Figure 4.5: Fracture toughness comparing (a) acrylic adhesives to (b) thermally welded samples. 

 

4.4 Conclusions 

Thermally welded bonds show promise for use in thermoplastic FRPCs to replace 

adhesives in certain applications. Using direct bonding of FRPC components can reduce weight, 

cost, and labor required to produce a completed part. Figure 4.1 and Figure 4.5 indicate that 

thermally welded bonds are comparable, if not better than commonly used MMAs for bonding 

wind turbine blades.  

While thermally welded bonds may be a beneficial alternative for bonding composites, 

there is still much work to be done before they should be used in applications such as wind 
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industry, requiring large bond gaps. Figure 4.2 indicates that the properties of thermally welded 

bonds significantly decrease for bond gaps larger than 1 mm, which can create issues as wind 

blades may have gaps as large as 12 mm that are typically filled with adhesive. Improving the 

strength of thermally welded bonds at larger gaps and developing methods to effectively fill in the 

gaps is the next step to greatly enhance thermally welded thermoplastic FRPCs. 
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CHAPTER 5: ENHANCED SHEAR PULLOUT STRENGTH OF NITI IN PMMA 

THROUGH SURFACE ROUGHNESS TREAMTENTS AND 

 INNOVATIVE CABLE GEOMETRY 

5.1 Introduction 

Composites are incredibly unique materials with tailorable strengths due to their 

heterogeneous nature. Fiber-reinforced polymer composites (FRPCs) are heavily used in the wind 

and aerospace industries due to their high strength-to-weight ratio. The polymer matrix of the 

FRPC is typically the weakest part, thus fibers are added, such as glass or carbon, to add 

tremendous strength to the composite [110–114]. In recent years, shape memory alloys (SMAs) 

have had increasing attention due to their unique shape memory and superelastic properties [115–

118], which can be used for numerous applications. SMAs have been utilized in composites to 

provide improved damping abilities [119, 120], better mechanical response to impacts and 

buckling [121, 122], and increased vibration control [123, 124], to name a few. In addition to 

improving the properties of fiber composites, more recently there has been increasing interest in 

using SMAs to facilitate self-healing composites [125–127]. When manufacturing common 

FRPCs, it is vital that the fiber-to-matrix bond is strong to ensure the fibers are not separated from 

the matrix, which would greatly decrease the strength. Typical infusion processes allow ‘wetting’ 

of properly sized (surface treated) fibers, which saturates the epoxy resin in-between the fiber 

strands to provide both a strong chemical and mechanical bond [128, 129]. Improving the bonding 

capabilities of SMA to the epoxy resin matrix is paramount to ensure maximum strength of shape 

memory alloy hybrid composites (SMAHCs). 

Efforts to improve the pullout strength of SMAs from an epoxy resin matrix have been 

focused on a combination of improving the chemical bond between SMA and matrix, chemical or 
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mechanical treatments to induce surface roughness, or a combination of these methods. Jang et. 

al. [130] and Huong et. al. [131] used chemical etching to improve corrosion resistance and 

increase surface roughness for increased pullout strength in epoxy. Rossi et. al. [132] performed a 

series of treatments, including acid-basic-acid treatments to improve surface roughness and pullout 

strength in epoxy. Neuking et. al. [133] used a combination of mechanical (griding and polishing), 

chemical (electropolishing and application of coupling agents), and physical (plasma treatments) 

to obtain a strong bond between NiTi and polymer. Laser etching [134–136] and laser gas nitriding 

(LGN) [137–139] have also proven effective in creating surface roughness on NiTi for improved 

pullout strength in polymers. Silane treatments have also shown effectiveness for creating a strong 

chemical bond between NiTi and the polymer [140–142], increasing pullout toughness. More 

recently, processes to bond alumina particles to the surface of NiTi wires have been used as a 

corrosion resistance method and to greatly increase surface roughness of the fibers for improved 

bonding to polymers [143]. Unfortunately, many of these treatments are time consuming and 

require dangerous and expensive chemicals. For example, the silane treatment described in the 

work by Smith et. al. [140] is as follows: etch for 20 minutes in conc. H2SO4, degrease using 

isopropyl alcohol and ultrapure H2O for 20 minutes each solvent, sonicate for 20 minute in 1 M 

NaOH followed by 5 minute sonication conc. H2SO4, immerse for six hours in 8 mM solution of 

3-acryloxypropyltrichlorosilane (APTS), and finally wash in dry toluene 3 times for 20 minutes. 

Although previous studies have demonstrated surface roughness and chemical bonding to increase 

pullout strength to polymers, the processes involved may not be viable for many applications. With 

current manufacturing technologies, it is possible to produce braided NiTi cables [144], which 

would allow a ‘wetting’ effect as observed in standard FRPCs. This study focuses on the pullout 
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strength of NiTi an epoxy resin, comparing light oxide, etched, and sandblasted surfaces for both 

straight NiTi wire and braded NiTi cable. 

5.2 Materials and Methods 

5.2.1 Sample Preparation 

NiTi wires were received from Fort Wayne Metals (Fort Wayne, IN). The wire properties 

and diameters are in Table 5.1 and Table 5.2, respectively. The NiTi #1 SA wires were tested using 

two methods: (1) as-received (light oxide coating), and (2) sandblasted with 240 grit ground glass 

at an air pressure of 80 psi. All materials tested were sonicated in isopropyl alcohol for 5 minutes, 

then rinsed with deionized water and allowed to dry before use. The NiTi #3 SA wire and cable 

was tested as received from Fort Wayne Metals. 

 

Table 5.1: Chemical treatment and mechanical properties of wires received from Fort Wayne 
Metals.  

Wire Type Surface 

Treatment 

Upper Plateau 

(MPa) 

Lower Plateau 

(MPa) 

Active Af 

(C) 

NiTi #1 SA Light Oxide > 483 > 138 10 to 18 
NiTi #3 SA Etched > 689 > 414 -20 to -10 

 

To compare the effect of material geometry on the pullout strength from PMMA, NiTi 

wires and cables are compared in this study. The cables received from Fort Wayne Metals consist 

of six NiTi wires wrapped around a single wire.  

 

Table 5.2: Wire and cable diameters of NiTi materials received from Fort Wayne Metals. The 
cable nomenclature is as follows: # of cables X # of wires in each cable X wire diameter; total 
cable diameter. 

Wire Type Wire Diameter Cable Diameter 

NiTi #1 SA 0.2794 mm 1 x 7 x 0.2624 mm; 0.7871 mm 
NiTi #3 SA 0.7874 mm 1 x 7 x 0.2624 mm; 0.7871 mm 
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Elium ® thermoplastic resin by Arkema Inc. (Colombes, France) was used as the matrix 

material for the pullout tests. The acrylic based Elium part A is combined with a peroxide initiator, 

Elium part B, which together form a thermoplastic resin that can be infused into composite 

components. Once initiated, the resin cures through free-radical polymerization. The polymer 

samples were 20 mm in width and 20 mm in height, following other literature [140, 143]. 

5.2.2 Optical Microscopy 

A Keyence VHX-S550E model with a VH-Z100UR lens was used to capture surface 

images of the wires and cables for comparison. 

5.2.3 Mechanical Testing 

The strength of NiTi wires and cables to resist pullout from the Elium ® matrix was 

quantified through pullout testing. Both the stress in the wire, and shear stress from the NiTi-matrix 

interface are considered in this study. The stress in the wire is obtained by dividing the pullout 

force of the NiTi from the matrix by the cross-sectional area of the wire/cable. The shear stress is 

calculated by dividing the force at pullout by the circumference of the wire/cable times the length 

of the wire/cable in the polymer. 

To prepare the samples, a polytetrafluoroethylene (PTFE) mold was manufactured (Figure 

5.1a). The mold can be disassembled into three parts for sample removal. To prepare the samples, 

mold wax was applied to the inside of the mold, then wires were fed through holes in either side 

of the mold and the mold pieces were sealed with Fibreglast yellow sealant tape and clamped. 

Elium® resin was then poured through the top of the mold. The entire mold was then placed in a 

vacuum chamber for 5 minutes, then air was released back into the chamber and the chamber was 

resealed. The mold remained in the chamber for 24 hours until curing was complete. The samples 

were then removed from the mold. The method of manufacturing the samples from the side was 
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selected due to the shrinking that occurs during the curing of the resin. This method allows for a 

flat top and bottom surface on the sample as pictured in Figure 5.1b, which increases the accuracy 

of the results and eliminates the curved surface present if the resin was poured in the direction of 

the wire. 

 

Figure 5.1: Teflon mold for sample fabrication (a) and final pullout sample (b). 

 

The samples were tested on a Mark-10 ESM1500 using a wire grip and custom pullout 

sample holder as shown in Figure 5.2 below. A testing rate of 13 mm/min was used to accurately 

capture the stresses and strains of the wire during loading. The custom sample holder is made from 

aluminum. A small hole was drilled on the top cap so the wire could be fed through. When loading, 

the polymer is pressed against the top of the aluminum cap. This translates all force directly to the 

wire-matrix bond for accurate measurement of pullout strength. Wire grips were used to ensure no 

stress concentrations existed at the gripping point. 
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Figure 5.2: Testing setup for pullout of NiTi wire from polymer matrix. 

 

5.3 Results and Discussion 

5.3.1 Microscopy images reveal differences in surface roughness 

Microscopy images were used to visually compare the surface roughness for each tested 

wire. These images are shown below in Figure 5.3. From the images, sandblasting (Figure 5.3b) 

achieved the best surface roughness, followed by etching (Figure 5.3c), and finally the light oxide 

(Figure 5.3a), which is in agreement with literature [130, 131, 133]. 
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Figure 5.3: Microscopy images showing surface roughness of NiTi Wires with a) light oxide, b) 
sandblasted, and c) etched surface treatments. Images indicate sandblasting had greatest effect on 
surface roughness. 

 

5.3.2 Testing reveals braided cable is significantly more resistant to pullout than straight 

wire 

Figure 5.4 compares the mechanical pullout response for wire versus braided cable. Figure 

5.4a and b are both NiTi #1, straight annealed. The mechanical response of the straight wire in 

Figure 5.4a indicates a poor bond between the NiTi and matrix polymer, which is indicated by the 

continuous slipping after initial pullout. The NiTi #1 SA braided cable (Figure 5.4b) indicates the 

wire continues to catch the polymer wall after initial slipping has occurred, which is observed by 

the oscillating pattern during the test, showing a large improvement over the straight wire. This 

oscillating pattern is likely a result of the unique superelastic property of SMAs to transform from 

an austenitic state into a martensitic state under stress. Additionally, necking occurs in these 

materials when load is applied, which causes separation from the NiTi to the polymer, enabling 

slipping to begin. This is further exasperated by the transition of the SMA from austenite to 

martensite, causing elongation at an increased rate, and subsequent additional necking. 

Figure 5.4c and d are both sandblasted NiTi #1. The NiTi wire in Figure 5.4c shows greater 

bonding strength to the polymer matrix than the original light oxide coated wire in Figure 5.4a, 

and even continues loading after initial wire pullout has occurred. The braided NiTi cable in Figure 



68 
 

5.4d exhibits substantially higher pullout strength than the straight wire in Figure 5.4c and 

complete wire pullout occurs only upon initial slipping, indicating large energy buildup. Lastly, 

Figure 5.4e and f are both etched NiTi #3 wire and braided cable, respectively. The mechanical 

responses of both wire and cable are slightly decreased from the sandblasted wires/cables in Figure 

5.4c and d.  

 

Figure 5.4: Pullout tests comparing wire versus braid response. a) and b) compare NiTi #1 as-
drawn straight annealed wire. c) and d) compare NiTi #1 after a sandblasting application. e) and f) 
compare etched Niti #3. Circles in upper right hand of each plot indicate whether a wire, or braided 
cable is being tested. 

 

The tensile response of the NiTi wire compared to the NiTi braided cable is shown in Figure 

5.5. For these plots, tensile testing was conducted to failure for the wires/cables used. The shear 
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stress and strain from the wires in the pullout tests are overlaid onto the plot at the points at which 

pullout occurred. Note again, the stress reported in these plots is the stress induced in the wire, not 

the pullout shear stress. This gives an indication of what state the wire was in when pullout 

occurred. Figure 5.5a shows the pullout effects from the NiTi #3 SA wire, comparing light oxide 

and sandblasted surface treatments. According to the results, with the light oxide treatment, the 

wire pulled out before any transition from austenite to martensite occurred, whereas after 

sandblasting, the wire was almost fully martensitic when pullout occurred, indicating a 

substantially improved bond between the wire and polymer. The results are similar for the braided 

cable of the NiTi #1 (Figure 5.5b), however for the light oxide surface, the wire began to transition 

to the martensite state before pullout failure, and for the sandblasted surface, pullout occurred after 

the cable was fully martensitic, showing an improvement to the pullout strength. As for the etched 

treatment, the results of the wire (Figure 5.4c) were poor, and wire pullout occurred very early in 

the stress-strain plot indicating a weak NiTi-matrix bond. These results were significantly 

improved using the NiTi #3 braided cable (Figure 5.4d), indeed it can be seen on the plot that 

pullout occurred when the wire was fully martensitic, showing a drastic improvement from the 

straight wire. 
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Figure 5.5: Tensile plots of straight wire versus braided cable. Pullout testing points are overlaid 
on the plots indicating the stress and strain the wire was under at pullout for a) NiTi #1 SA wire, 
b) NiTi #1 SA braided cable, c) NiTi #3 SA wire, and d) NiTi #3 SA braided cable. Different 
surface treatments are compared, light oxide (●), sandblasted (♦), and etched (*).  

 

The comparison of shear stress at pullout for each wire-cable treatment is shown in Figure 

5.6. In every case, the pullout strength was increased substantially when using a braided cable over 

straight wire. The NiTi #1 SA LO strength was improved by 445%, the NiTi #1 SA SB strength 

was improved by 243%, and the NiTi #3 etched strength was improved by 349%. Sandblasting 
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had the greatest effect on pullout strength on the NiTi wire/cable, with a pullout strength 26% 

higher than the LO or etched surface treatments. 

 

Figure 5.6: NiTi wire vs. braided cable pullout shear strength comparisons. Braided cable shows 
significant improvement over wire in every case. 

The comparison of elongation at pullout for each wire/cable combination is shown in 

Figure 5.7. The lowest performing NiTi wire/cable is the NiTi #1 SA with the light oxide coating. 

Using a NiTi cable showed a 114% improvement over the straight wire. The sandblasted NiTi #1 

wire had a lower pullout length compared to the NiTi #3 etched wire, which is intriguing as the 

NiTi #1 sandblasted wire had a higher pullout strength. The NiTi #1 sandblasted wire only showed 

a 33% improvement using a braided cable, rather than a straight wire. The most significant of the 

three is the NiTi #3 etched wire/cable, which showed a 301% improvement in elongation to pullout 

failure from straight wire to cable. In high stress applications, a higher elongation to pullout failure 

will ensure catastrophic failure does not occur. For this reason, it is important to consider both 

maximum pullout stress, as well as elongation before pullout failure occurs. 
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Figure 5.7: NiTi wire vs. braided cable elongation to pullout. 

 

It has been shown that the propagation of a crack and subsequent method of failure for a 

composite is greatly impacted by the adhesion strength of the fibers-to-matrix. Ray [145] and Feng 

[146] concluded that the path in which a crack propagates within a composite determines the 

failure mode. With a strong fiber-matrix bond, the crack will propagate through the fibers, leading 

to catastrophic failure. If, however, the bond is slightly weaker, the crack will propagate along the 

fiber itself, which releases energy and subsequently results in either a slowed or arrested crack 

[147]. The sandblasted NiTi cable presented in this paper is therefore the optimal choice for two 

reasons: 1) sandblasting showed the best pullout strength while also being the most inexpensive 

and straightforward to accomplish, and furthermore does not require any dangerous chemicals, and 

2) the lack of chemical bonds on the surface may lead to stronger composite components as cracks 

would propagate along the NiTi cables enabling slowed or halted fracture. 

In the case of medical applications, additional surface treatments are beneficial to keep 

exposure of dangerous metals out of the body due to degradation of SMAs. [130, 131, 140–142]. 

Coupling these surface treatments with a sandblasted wire would ensure optimal surface 
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roughness, strong bonding of the wire to polymer, and corrosion resistance for use in medical 

applications, providing an excellent material to use especially with the utilization of NiTi braided 

cable. 

5.4 Conclusions 

In this work, surface treatments of light oxidization, sandblasting, and etching were 

compared for both NiTi wire and braided cable. Of the surface treatments, sandblasting proved to 

provide the greatest pullout strength. Using a braided cable significantly increased the pullout 

strength of the SMAs; NiTi #1 with a light oxide treatment was improved by 445%, NiTi #1 with 

the sandblasted surface was improved by 243%, and the NiTi #3 with an etched surface treatment 

was improved by 349%. 

The sandblasted, etched surface treatment using the NiTi #3 wire provided the best 

elongation before pullout. The resin samples were ~20 mm in height, with the elongation of the 

etched NiTi #3 cable being ~23 mm before pullout occurred. For these samples, there was 

significant energy buildup until the cable slipped, resulting in complete pullout in every test of this 

material type/geometry. Using a NiTi cable with a sandblasted surface, provides the strongest and 

most cost-effective method for pullout strength of NiTi from polymer. 
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CHAPTER 6: PRIMARY VOID CHARACTERIZATION AND 

SUCCESSIVE CRACK FORMATION USING IN-SITU 

TENSILE TESTINGWITH X-RAY COMPUTED 

TOMOGRAPHY SCANS 

6.1 Introduction 

The study of crack propagation within adhesive layers has been an area of great interest for 

decades [148–152]. Understanding the mechanisms that enable crack formation and propagation 

promotes manufacturing materials in more intelligent ways, leading to higher fatigue resistance, 

greater strength, and longer life. Most study of crack propagation has occurred on the surface of 

adhesives [148–150] or through equations [151, 152]. As x-ray tomography technology has 

developed, it has become possible to combine systems such as the Zeiss Xradia 610 0r 620 with a 

Deben in-situ tensile-compression testing system, making it possible to study progressive crack 

initiation and propagation over time within a material itself, rather than just on the surface. By 

loading a sample in the Deben with no initial force, then incrementing the load and taking a series 

of image passes, crack initiation and propagation can be studied in 3D. 

Shear strength is commonly reported on material data sheets as the strength of an adhesive, 

as most adhesives are stronger in shear rather than tensile applications. Several well accepted 

standards exist for single lap joint (SLJ) shear testing of adhesive joints [38–46]. Because the 

samples in this paper were required to be a certain geometry to accommodate the DeBen loading 

system used, no specific standard was followed, however the basic concept of SLJs was still used. 

6.2 Methods and Materials 

6.2.1 Sample fabrication 

Composite panels were fabricated with a Vacuum Assisted Resin Transfer Molding 

(VARTM) method using Arkema, Inc. Elium® 188 O thermoplastic resin infused into Johns 
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Manville StarRov® 086 1200 glass fibers oriented in 4-ply, unidirectional layup to manufacture 

the 50 cm x 50 cm  composite panels. Once the panels were made, they were cut down to 20 cm x 

25 cm panels and ITW Performance Polymers Plexus MA590 adhesive was applied between two 

panels. 1 mm PTFE spacers were used to set a consistent bond gap throughout. The panels were 

then clamped together and allowed to cure in a fume hood. Once the panels were cured, a LECO 

saw was used to cut notches in either side of the panel to create a single-lap-joint effect. The 

notches were set at a standard depth to cut through the top panel but did not cut the bottom panel. 

The notches were cut 10 mm apart on either side of the panel. Once the notches were cut, the panel 

was placed in a water jet cutter and dog-bone samples were cut out of the panel following the 

guidelines in the DeBen CT500 manual. Figure 6.1 below shows the final sample for testing. In 

most cases, the LECO blade was not set deep enough to go through the adhesive (as with the 

sample in Figure 6.1). To ensure only adhesive loading, a razor blade was used to cut the adhesive 

to the opposite composite side before testing. 

 

Figure 6.1: Final sample for testing. Front (a) and side (b) views shown here. Holes in sample are 
for anchor points in DeBen system. 
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6.2.2 Testing and scanning methods 

The samples were scanned using a Zeiss Xradia Versa 3D X-ray microscope with a DeBen 

CT500 5 kN in-situ load frame. The SLJ specimens were first scanned with no load applied to 

determine the initial voids present in the bond. The sample was then loaded up to 350 N, held at 

that load for 30 seconds, then unloaded to 15 N and scanned again. Finally, the sample was loaded 

again up to 400 N, held for 30 seconds to promote crack propagation, then unloaded to 15 N and 

scanned. Air was used from the source (no filter), and a 4X lens was set on the detector. The source 

was powered at 40.00 kV and 3.00 W. The source was set -47.1 mm from the specimen, and the 

detector was set 128.3 mm from the specimen. After scanning the specimens, Dragonfly ORS was 

used to analyze the SLJ scans. 

6.3 Results and Discussion 

After the sample was scanned in the XCT, the scans were studied for void initial voids, 

new crack formation, and crack propagation. The initial voids within the sample are likely a result 

of the preparation and curing process of the adhesive. If too much movement is introduced after 

the adhesive is applied, this can induce voids within the sample. Additionally, this adhesive is 

exothermic, thus it is possible some voids could form from elevated temperatures within the 

adhesive producing gas bubbles. The initial scan with no applied load is shown in Figure 6.2. The 

largest void within the unloaded sample is ~ 1.1 mm tall and ~ 0.8 mm wide. The voids are spread 

relatively evenly throughout the adhesive layer, providing high stress concentration points when 

the sample is loaded. The grey area of the sample in Figure 6.2 is the adhesive layer within the 

SLJ sample shown in Figure 6.1. The razor blade cuts can easily be seen in the figure. 
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Figure 6.2: First scan at 0 N load. Initial voids within the adhesive layer are shown in green. Only 
adhesive gauge section shown. 

After the initial scan, the sample was loaded to 350 N, held for 30 seconds, then unloaded 

to 15 N. The resulting scan is shown in Figure 6.3 with newly created cracks in blue. Due to the 

rotations that exist within SLJ samples, the newly formed voids are at roughly a 7-degree angle 

from the vertical. Additionally, all newly formed cracks lie within the shear loading plane. It 

appears that the cracks tended to form around the larger voids, rather than the small voids. From 

the 0 N load to 350 N load, a 38.6% increase in void content is observed. 
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Figure 6.3: Second scan at 350 N load. Initial voids within the adhesive layer are shown in green, 
new cracks from 350 N load are shown in blue. Only adhesive gauge section shown. 

The crack propagation after the final loading of 400 N is shown in Figure 6.4. The newly 

formed voids are shown in orange. At this stage in the crack propagation, many of the initially 

formed cracks from the 350 N loading have connected to one another. The loading for this sample 

was force-controlled. It was observed that during the 30 second hold, the sample continued 

elongating. This indicates the sample was at the point of failure, unable to continue maintaining a 

load – the connection of voids would likely have continued to spread until complete failure. 

Additionally, from the 350 N to 400 N loading increment, the void content increased by 8.15%.  
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Figure 6.4: Third scan at 400 N load. Initial voids within the adhesive layer are shown in green, 
cracks from 350 N load are shown in blue. New cracks from 400 N load are shown in orange. Only 
adhesive gauge section shown. 

 

6.4 Conclusions 

In this study, incremental loading of a single lap joint specimen was completed at 0 N, 350 

N, and 400 N with subsequent XCT scans completed after each loading step. The initial voids 

within the sample proved to be ‘anchor’ points for new cracks to form and spread from, which is 

no surprise as these voids create stress concentrations within the sample. Upon loading, the new 

voids that formed all formed at a 7-degree angle, due to the rotations that exist within SLJ samples. 

Additionally, all voids formed in the shear-loading plane as semi-flat cracks. In the final loading 
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increment, many of these cracks connected to each other. The work presented in this study, along 

with additional testing could prove incredibly useful for determining how adhesive bonds will fail 

under shear loading and lead to insights into ways to strengthen the bond. It is also possible, that 

from future testing and work, machine learning models could be developed to predict how an 

adhesive bond will fail after it has already been manufactured and provide solutions for stronger 

bonds. This work is only a preliminary study, and there is much work still to be done. Section 7.2 

provides additional suggestions for future steps. 
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

7.1 Impacts of This Work 

As composite structures continue to grow in complexity and size, current composite 

manufacturing methods and structures are heavily dependent on present joining techniques. While 

mechanical fasteners provide many benefits for high stress applications, the necessity to drill or 

create holes with mechanical fasteners or rivets is less than ideal for composites. Typical fiber 

reinforced polymer composites are formed using either glass or carbon fibers that are infused with 

a matrix material. Severing these fibers creates high stress concentration points and decreases the 

integrity of the composite. Furthermore, the introduction of holes allows for further degradation to 

occur as moisture can enter the area. Subsequently, adhesive bonding is advantageous for use in 

composite structures wherever possible. Developing new methods, models, and materials for 

stronger adhesive bonding to replace mechanical fasteners or rivets is essential to expand the field 

of composites. This work presents several novel contributions to the field of composite bonding. 

Proper testing methods are vital for developing accurate models and characterizing materials. The 

program to obtain fracture toughness values from a double cantilever beam test discussed in 

Chapter 2 has three primary benefits over the methodology discussed in the ASTM D5528 

standard: 

1) Only a single marking is required for the start of the crack eliminating potential 
errors from manually applying each marking, 

2) As the number of data points is dependent on the data polling rate, it is possible 
obtain hundreds of data points, rather than only 18, which provides much 
greater accuracy in the results, 

3) The crack is tracked using computational methods, rather than by markings, 
thus much greater accuracy in crack length can be obtained. 

Chapter 3 provides a substantial contribution to the field is made through the development 

of a model predicting the cohesive-adhesive failure transition of an MMA adhesive in shear given 
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bond length, width, and height. Prior to this work, only adhesive bond gaps of 3 mm or less have 

been extensively studied, whereas this work provides data on bond gaps ranging from 0.3 to 12 

mm. The model developed can be used both in bond failure prediction, as well as used to develop 

stronger adhesive bonds, ensuring only cohesive failure will occur. In Chapter 4, adhesive bonding 

is compared to resistive welding to qualify the use of direct bonding of thermoplastic components. 

It is demonstrated that thermal welding methods show promise for substitution over adhesives in 

composite bonds, which would reduce waste weight, and labor costs. In Chapter 5, the pullout 

strength of NiTi in PMMA is shown to significantly increase with the use of a braided cable, rather 

than a straight wire. Previous studies have focused on surface treatments of straight wires to enable 

direct bonding to plastic, or to induce surface roughness for better pullout strength. The novel use 

of braided cable is shown to substantially increased the pullout strength of NiTi in PMMA without 

the need for additional surface treatments. This has impacts for many medical applications, as well 

as for significant bond strength increase using adhesive-NiTi composite bonds. In Chapter 6, initial 

void content and subsequent crack formation and propagation of an MMA adhesive is studied in 

three-dimensions using in-situ loading. Previous studied have focused on surface propagation of 

cracks, only capturing crack edges, whereas the work presented here shows the full crack structure, 

which has implications for better understanding of adhesive failure and as a result, research for 

stronger adhesives. 

The methods and techniques discussed in this paper provide a baseline for SMA reinforced 

adhesive bonds, which could greatly increase the strength of composite structures with adhesive 

bonds and remove the need for mechanical joints, leading to composites that also have a prolonged 

life. While there is still much research to be done, the research presented in this paper can enable 

significantly stronger composites, with impacts to how adhesive joints are used on aircraft, wind 
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turbine blades, vehicles, and composite structures, to name a few. Because the SMA wires can be 

directly integrated into the composite panels, there is no risk of composite failure due to 

degradation from compromised areas as would be with mechanical joints/fasteners. Eliminating 

the need for mechanical fasteners and joints is the first step to significantly improve the strength 

and life of composite structures that currently require them. This work provides the first step in 

the research that will enable the use of composite adhesive-SMA joints throughout all composite 

industries. 

7.2 Recommendations for Future Work 

The model presented in Chapter 3 provides a substantial benefit for understanding adhesive 

failure, however the model only captures 3 MMA adhesives. To further validate the model, it 

would be advantageous to complete testing for other non-acrylic adhesives, such as epoxies or 

urethanes, to determine whether the model is still valid. Additionally, the model is currently only 

valid for the three given adhesives, although it does provide a method for determining the cohesive-

adhesive failure transition for additional adhesives through testing. With additional research, it 

may be possible to determine the cohesive-adhesive failure transition using only the mechanical 

properties of an adhesive by linking the failure values to the mechanical properties. 

For the work presented in Chapter 4, additional research is required for the comparison of 

adhesive bonding versus thermoplastic welding for composite joints. First, more research must be 

done to improve the thermally welded bonds for gaps larger than 1 mm. A few possibilities exist 

to enable better thermally welded bonds. If the acrylic bonding sheets used for thermal welding 

were altered to provide higher strains before failure, it is likely the properties would be 

considerably improved. Additionally, for the thermally welded bonds, new methods must be 

developed for proper distribution of pressure and heat while the bond is being formed. Inadequate 
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power, pressure, or materials will lead to a weak bond. Lastly, additional methods for bonding of 

large gaps must be developed. Currently, the primary method for developing large gaps is to apply 

the resistive mesh in a zigzag patten between acrylic sheets. While this method allows for large 

gap thermally welded bonds of composite components, the stacking method provides many points 

at which failure can occur. New methods eliminating this stacking method could prove to be 

stronger than the current stacking method presented in this paper. 

The work presented in this paper on NiTi pullout from PMMA also requires additional 

research. Sandblasting of the NiTi #3 wire from Fort Wayne Metals was not tested and compared 

to the other materials. As the etched surface roughness was lower than the sandblasted surface 

roughness, as shown in Figure 5.3, it is possible sandblasted NiTi #3 cable could be better than 

NiTi #1 sandblasted cable. Additionally, only a few surface treatments were compared in the study. 

Literature indicates silane treatments coupled with surface roughness provided the best 

improvement to pullout strength of NiTi in polymer. Using a silane treatment with a sandblasted 

surface and a braided cable would likely produce an incredibly strong SMA-matrix interface. 

In addition to surface treatments of NiTi, no research was conducted on the actual 

integration of the NiTi wire/cable into a composite panel. This must be research to ensure the 

strongest NiTi-adhesive interface. While it is important to develop a strong bond between the NiTi 

and matrix material, it is also vital that the integration of NiTi into the fibers (weaving, looping, 

crosshatch, etc.) is studied to determine the optimal method to provide the greatest strength, 

ensuring composite failure will occur before fiber pullout. This research should be accomplished 

through computational analysis tools, such as ABAQUS with a UMAT for the SMA-matrix 

interface. Once a few optimal methods are developed using computational tools, these should be 
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verified through mechanical testing to provide the strongest method for integration of SMAs into 

a composite component. 

In addition to NiTi integration into a composite component, the actual NiTi – NiTi 

connection interface must still be researched. The ‘hook and loop’ Velcro interface is merely an 

idea to promote the use of SMAs within the adhesive interface, however there are other 

possibilities that will likely create a much stronger NiTi - adhesive interface. For example, the use 

of spring geometry in the center in which the NiTi wires/cables could wind around one another 

could be easier and stronger than just a hook-and-loop method. Much research has also been done 

on stent design for the medical industry. Using a stent on one side of the composite, and a wire on 

the other that the stent could couple to could prove significantly stronger than any other design. 

These methods must be researched to create the strongest NiTi-adhesive interface. 

Lastly, there is much more research to be conducted for the work presented on crack 

initiation and propagation from Chapter 6. While the work is interesting, there is currently nothing 

to compare it against. Additional testing for a thermally welded bond, as well as a NiTi-polymer 

strengthened bond could lead to many new discoveries on initiation and failure of composite 

bonds, which will lead to the development of stronger bonds. 
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APPENDIX A: SUPPLEMENTAL FIGURES 

 

Figure A.1: SolidWorks simulation of Bostik SAF30 90 lap shear specimens from Chapter 3 
following ISO 4587 for the following adhesive gap thicknesses: (a) 0.3 mm (b) 0.5 mm (c) 1 mm 
(d) 3 mm (e) 5 mm (f) 10 mm. 
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Figure A.2: SolidWorks simulation of Bostik SAF30 120 lap shear specimens following ISO 
4587 for the following adhesive gap thicknesses: (a) 0.3 mm (b) 0.5 mm (c) 1 mm (d) 3 mm (e) 5 
mm (f) 10 mm. 
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APPENDIX B: ASTM D5868 VERSUS ISO 4587 STANDARD 

COMPARISONS USING SLJ TESTING 

Table B.1: Full results for tests comparing ASTM D5868 and ISO 4587 SLJ standards. 

ASTM D5868 ISO 4587 

τ 
Max. 

δ τ 
Max. 

δ 

16.74 0.96 14.40 0.97 

18.94 0.83 13.58 0.93 

17.30 0.90 15.67 0.89 

13.39 0.90 18.58 1.03 

15.61 0.94 13.03 0.98 

14.17 0.86 16.30 1.01 

18.08 1.05 12.28 1.14 

15.79 0.88 18.17 0.99 

18.56 0.86 14.33 0.90 

15.78 0.90 19.36 0.95 

Mean 

16.44 

± 1.83 

0.91 

± 0.06 

15.57 

± 2.47 

0.98 

± 0.07 
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Figure B.1: Bar plot showing maximum shear stress testing ranges discussed in Table B.1 for 
ASTM D5868 versus ISO 4587 standards. The boxes span from the first to the third quartile; red 
lines indicate the median; the whiskers (errorbars) indicate the most extreme data points not 
considered outliers; outliers are marked with “+”. 
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Figure B.2: Bar plot showing maximum deformation at failure for testing ranges discussed in Table 
B.1 comparing ASTM D5868 versus ISO 4587 standards. The boxes span from the first to the 
third quartile; red lines indicate the median; the whiskers (errorbars) indicate the most extreme 
data points not considered outliers; outliers are marked with “+”. 
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APPENDIX C: COPYRIGHT PERMISSIONS 

This Appendix includes expressed, written permission from the copyright holders granting 

permission for replication of the material contained in CHAPTERS 2 and 3. Written consent for 

replication from all Co-authors is also included for CHAPTERS 2 and 3. 
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