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ABSTRACT 

Epoxy resin has been exclusively used in many civil engineering applications such as 

adhesive joints and anti-corrosive coatings, but most of the usages of epoxy resin highly rely on a 

solid adhesive bonding between the epoxy matrix and the substrate material. In order to improve 

the bonding performance of epoxy resin, carbon nanotubes (CNTs) are incorporated into the epoxy 

resin due to their extraordinary mechanical properties. Although CNTs are expected to be 

promising additives for epoxy resin, the reinforcing efficiency of CNTs is still far from satisfactory, 

the bonding performance of CNT reinforced epoxy composites remains an essential research issue. 

In this dissertation, a systematic study was carried out to investigate the bonding performances of 

epoxy-based composites reinforced using CNTs. The influences of two main influential 

parameters (surface roughness and bondline thickness) on the bonding performance of epoxy-

based composites were examined. It was found that rougher steel substrates or thinner epoxy 

bondlines yielded better bonding performances for both unreinforced and CNT reinforced epoxy 

composites. However, according to the SEM image analyses, the reinforcing efficiency of CNTs 

was restricted by the non-uniform dispersion of CNTs in the epoxy matrix resulted from CNT 

agglomeration and entanglement. Given that the great variances of CNT geometries may inevitably 

result in extensive differences on CNT dispersion status and reinforcing efficiencies in CNT 

reinforced epoxy composites, the dispersion characterizations and bonding performance of CNT 

reinforced epoxy composites with different CNT geometries were studied. The experimental 

results indicated that CNTs with larger diameter (50-100 nm) had a greater ability to achieve more 

uniform dispersion which further led to better bonding performance. Although CNT length did not 

have an evident effect on the CNT dispersion, epoxy-based composites reinforced by normal-

length CNTs (5-20 µm) had higher bonding strength and toughness than those by shorter CNTs 
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(0.5-2 µm). To further improve the dispersion effectiveness of CNTs, a novel CNT mixing method 

using carboxymethyl cellulose (CMC) was proposed. It was proved that better CNT dispersion 

resulted from the CMC surface treatment significantly improved the bonding performance of CNT 

reinforced epoxy composites. 
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CHAPTER 1. INTRODUCTION 

1.1. Research Background 

Polymeric materials are generally believed to have a great potential of possessing many 

advanced properties by designing or modifying the component, structure, and morphology [1,2]. 

Such properties have drawn intensive research attentions and motivated their vital usage in a wide 

spectrum of applications [3,4]. For example, in civil engineering, polymeric adhesive bonding has 

been broadly recognized as a favorable method of joining various structural materials in the form 

of adhesive joints [5]. Compared to traditional joints, polymeric adhesive joints provide many 

advantages such as light weight, high strength, uniform stress distribution and low manufacturing 

cost [6]. Polymeric composites are also extensively used to protect steel substrates from corrosion 

as a protective coating on underground, underwater, and offshore infrastructures [7,8]. Epoxy 

resins, with high strength-to-weight ratio, good chemical and environmental resistance, no toxic 

substance, and easy to apply in practice, have become a favorable polymeric material in those 

applications. Figure 1(a) shows the main applications of epoxy resin. 

  
(a) (b) 

Figure 1. Epoxy resin and its applications as protective coatings: (a) epoxy resin coated steel 

bars; (b) pipelines with anti-corrosive epoxy coating 

However, epoxy-based composites also suffer from some drawbacks especially their 

relatively poor bonding performances which may easily lead to the early failure of adhesive joints 
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or the debonding of protective coatings under external disturbances [9–11]. Epoxy-based 

composites have relatively weak bonding performances not only because they are brittle materials 

which yield relatively low ductility and resistance to crack propagations [12], but also given the 

fact that steel and epoxy resin are dissimilar materials, the interfacial adhesion forces between steel 

and epoxy resin are mainly hydrogen and Van der Waals force in the form of secondary bonding 

which are weaker compared to adhesion between similar materials [13,14]. The brittleness of the 

neat epoxy resin results in the low shear capacity of adhesive composites due to poor mechanical 

properties [15], while the secondary bonding forces between the neat epoxy and substrate lead to 

premature adhesive failure in which the composites delaminate from the substrate before it fully 

deforms [16]. In fact, neat epoxy resin also has many initial defects. The growth and propagation 

of these initial defects inside the composite matrix normally have a detrimental impact on the 

bonding performance of epoxy-based composites [17]. Therefore, the bonding performance of 

epoxy-based composites are not only determined by the mechanical properties of the epoxy 

adhesive, the interfacial adhesion between the epoxy adhesive and the substrate are also crucial 

and definitive.  

1.2. Two Main Influential Parameters 

Both strong adhesive joints and effective corrosion preventions highly rely on a solid 

adhesive bonding between the epoxy-based composite and the substrate material, leading to an 

increasing demand of improving the bonding performance of epoxy-based composites. Many 

researches have attempted to improve the bonding performance of epoxy-based composites. 

Modifying epoxy adhesives and substrates using different fabrication methods is regarded as one 

of the most straightforward and cost-effective approaches since it does not involve any extra 

treatments or additions. Among all manufacturing parameters, two factors have been identified as 



3 
 

main parameters affecting the bonding performance of epoxy-based composites, including the 

surface roughness of the adherend substrate and the bondline thickness of the epoxy adhesive 

[18,19]. 

1.2.1. Surface roughness  

Surface roughness of the substrate is of vital importance to the interfacial adhesion between 

the epoxy adhesive and the substrate as well as the overall bonding performance of the epoxy-

based composites. There is a variety of surface treatment methods used to adjust surface roughness, 

such as hydroxide immersion [20], acid treatment [21], mechanical blasting [22], and thermal 

spraying treatments [23]. The literature indicates that sufficient surface roughness plays a critical 

role in obtaining a reliable bond by enlarging the contact area between the adhesive and the 

adherend [24]. However, most of the previous studies on surface roughness only compared the 

bonding strength with or without a certain surface roughness condition. Few studies have been 

conducted to compare the bonding strength resulting from several different surface roughness 

levels. Unfortunately, these studies yielded inconsistent findings. For instance, Uehara and Sakurai 

showed that there was no clear relationship between the shear strength and the surface roughness 

of adherends [25], but some recent studies found the existence of an optimum surface roughness 

[26] which varies with respect to different combinations of adhesives and adherends [27]. Several 

other studies showed that the increase of surface roughness improved joint strength [16,28]. 

1.2.2. Bondline thickness 

Similar to surface roughness, results of existing discussions on the influence of bondline 

thickness are also controversial. It was found by classical theoretical methods that stress and strain 

were more uniformly distributed within thicker bondlines, which consequently resulted in higher 

bonding strength. However, other researches showed there was no clear evidence implying that 
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the variation of bondline thickness result in considerable modifications on the strength [29] and 

stiffness [30] of epoxy-based composites. By contrast, some other experimental and analytical 

studies indicated that bondline thickness decisively influenced the bonding performance. The 

bonding strength was expected to be weakened with the increase of bondline thickness [31], 

although the impact varied with different failure modes [32]. This trend of weakened bonding 

strength with thicker bondlines could also be predicted by statistical [33] and finite element 

analyses [34]. Thicker bondlines yielded weaker bonding strengths because of a variety of factors, 

with the porosity of the epoxy adhesive being one of the most critical. Thicker bondlines increased 

the likelihood of more internal voids and micro cracks, which might lead to a greater possibility 

of early failure [35]. Bending moment [36], constrain effect [37], and global yielding [38] have 

also been used to explain the adverse effects of bondline thickness on the bonding strength of 

epoxy-based composites. 

1.3. Carbon Nanotubes (CNTs) as Reinforcing Additives 

Nanocomposites consist of a polymer matrix embedded with at least one kind of inorganic 

particles in nano-dimension [39], and the usage of nanocomposites has gained ever increasing 

popularity in a wide range of applications in the last few decades. A variety of nanofillers have 

been incorporated into polymeric materials to enhance their mechanical, electrical, and thermal 

properties as polymer reinforcement [39–42]. Since first discovered by Iijima in 1991 [43], carbon 

nanotubes with extraordinarily high shear strength and young’s modulus [44], have intrigued 

exclusive research attentions among all the nanofillers. It is well established that adding a small 

percentage of CNTs into the epoxy matrix as additives is a promising way to improve the bonding 

performance of epoxy-based composites, which makes CNTs an ideal reinforcement for epoxy-

based composites [45–47]. Research findings showed that the added CNTs are able to constrain 
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and resist crack propagation within the adhesive matrix by increasing the fracture toughness 

[48,49], and eventually improve the bonding performance of epoxy-based composites [50]. Figure 

2(a) shows schematic of atomic structure of a multi-walled CNT, and Figure 2(b) displays 

MWCNTs in a TEM image. 

  

(a) (b) 

Figure 2. CNTs: (a) schematic of atomic structure of a multi-walled CNT (MWCNT);  

(b) MWCNTs in a TEM image 

A lot of research efforts has been focusing on the bonding performance of CNT reinforced 

epoxy composite, but unfortunately, these researches are inconsistent with their conclusions 

regarding the improvement in bonding strength. Some studies showed that the bonding strength of 

CNT reinforced epoxy composites was as much as 39% higher than that of neat epoxy resin 

[40,51]. However, it was also reported by some other studies that the addition of CNTs did not 

seem to significantly affect the bonding strength, only a slight increase in bonding strength 

(typically less than 10%) was obtained by CNT reinforced epoxy adhesive with the same CNT 

weight fraction (around 5%) [49,52]. 

Since surface roughness and bondline thickness are recognized as the two main influential 

parameters, the inconsistency in the research findings may be induced by the variations of those 

parameters. Previous studies conclude that the bonding strength improvement by CNT addition 

was mainly due to the improvement of mechanical properties of the reinforced epoxy-based 
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composite [53,54]. However, when the interfacial adhesion is not strong enough, only a small part 

of the composites contributes to the bond, which may easily lead to the premature failure. The 

interfacial adhesion is directly related to the surface roughness of the substrate. Thus, only 

improving the mechanical properties by CNT addition might be insufficient to achieve a firm bond 

if the surface roughness does not create a reliable interfacial adhesion between the epoxy adhesive 

and the substrate [55]. Previous researches only compare the bonding performances of CNT 

reinforced epoxy composites with or without a certain surface treatment method. It still lacks 

investigations on the bonding performance with a wide roughness range using the same surface 

treatment method, since different roughness made from different treatment methods might also 

contribute to the inconsistent results mentioned previously. 

As discussed above in the last section, epoxy-based composites with thicker bondline 

layers tend to have more voids and micro-cracks, implying higher porosity, higher possibility of a 

brittle failure and lower bonding strength. However, for CNT reinforced epoxy composites, the 

addition of CNTs was found to reduce the porosity of epoxy bondlines which could deviate and 

bridge the crack within the epoxy matrix [52,56]. Thus, the negative effect of thicker bondline 

thickness could probably be mitigated or even reversed with the CNT reinforcement. Because 

when the epoxy bondlines are free of any imperfections, the classic theoretical analysis showed 

that thicker bondlines positively influence the bonding performances of neat epoxy as a result of a 

more uniform stress and strain distribution within the bondline layer. 

1.4. Dispersion of CNTs 

Most of the existing studies contain discussions with regard to the influence of CNT weight 

fraction on the bonding performance of CNT reinforced epoxy composites. Literature shows that 

shows that the bonding strength of epoxy-based composites increase as the increase of CNT 
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addition until a threshold (around 1%), and then decrease [51,56]. The existence of an optimal 

CNT fraction is mainly due to the non-uniform dispersion of CNTs in the epoxy matrix when the 

CNT fraction is too high [57,58]. CNTs are difficult to be uniformly and evenly dispersed in the 

epoxy matrix not only because of the relatively high viscosity of epoxy resin, but also owing to 

the extremely high aspect ratios and extremely large surface areas of CNTs, resulting in strong 

Van der Waals forces on the surface [59]. Without any external stimulus to break the intermodular 

interactions, CNTs are more likely to agglomerate and entangle into CNT clusters which normally 

weaken the strength, cause stress concentration and other detrimental effects as defects or 

imperfections [60]. The dispersion characterizations of CNTs plays an important role on the 

bonding performance of CNT reinforced epoxy composites [61,62]. Thus, the bonding strength 

improvements of CNTs reinforced epoxy-based composites may vary a lot among different 

dispersion qualities, which may also cause the inconsistency mentioned above. 

1.4.1. CNT geometry 

As the most obvious properties of CNTs, CNT geometry including diameter and length of 

the tubes definitely have a non-ignorable influence on the dispersion of CNTs. CNTs fall into the 

category of nanomaterials because the diameter of the tubes is in nanometer scale, but diameters 

also vary a lot from several nanometers to more than one hundred nanometers [44]. Since the 

aspect ratio of CNTs is always extraordinary high, the length of CNTs is typically far larger than 

the diameter. Due to different production methods, the length of CNTs could be as short as micro 

level, or as long as centimeter level. The huge variances of CNTs in diameter and length inevitably 

result in extensive differences in aspect ratio and other material properties, which further affect 

dispersion characterizations and reinforcing efficiency of CNT reinforced epoxy composites 

[63,64]. In the literature, different researchers use CNTs with different geometries, while very few 
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researches only focus on the effect of CNT geometries on the thermal and electrical properties of 

CNT reinforced epoxy composites [65,66]. To the best of the authors’ knowledge, there is no 

relevant research involving investigations on the mechanical properties of CNT reinforced epoxy 

composites with different CNT geometries, especially bonding performance. 

1.4.2. Mixing methods 

The dispersion of CNTs is also governed by mixing methods. To promote the dispersion 

of CNTs into epoxy resin, varieties of methods have been developed. Most of the prevalent 

methods fall into three categories: mechanical mixing, chemical, and physical surface treatments 

[67]. Mechanical mixing including ultrasonic mixing [68] and three-roll milling [69] is the most 

prevalent method to improve the dispersion by breaking up CNTs clusters, but it is not able to 

maintain the dispersion state constantly [70]. Moreover, the disassembling process by ultrasonic 

methods may also cut off the length and shorten the aspect ratio of CNTs [68,71].  

On the other side, the principal mechanism of both chemical and physical surface 

treatments is to add soluble moieties and let them attach on the tube surface, which prevents CNTs 

from agglomeration [72]. Chemical treatments are usually covalent functionalization such as 

amino [73] and silane [74] functionalization, and it is proven that they are effective to modify the 

dispersion in practical applications [75]. However, chemical treatments could also cause structural 

damages on the tube walls, which in turn consequently affects the mechanical and electrical 

properties of CNTs and the polymer matrix as a whole [76,77]. Among all those methods, physical 

surface treatments are regarded as non-covalent functionalization with less aggressive surfactants 

forming physical absorption on the surface of CNTs [78,79]. Compared to covalent 

functionalization, physical treatments are expected to improve the dispersion while preserving the 

chemical structure and original properties of the CNTs [80]. 
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Carboxymethyl cellulose (CMC) is a water dispersible cellulose derivative, and its sodium 

salt has been exclusively used in food, cosmetic and pharmaceutical industries as a thicker, 

stabilizer or binder [81]. Recently, CMC found its new applications as a surfactant to functionalize 

CNTs for a better dispersion, and physical treatment using CMC is a prospective method to 

improve the mechanical and electrical properties of carbon nanomaterials [82,83]. Another 

advantage of CMC is that CMC is an environmental-friendly, biocompatible, and disposable 

material without any harsh chemicals, which makes it even more favorable over some other 

solvents. However, the current application of CMC is only limited in obtaining a uniform and 

stabilized CNT dispersion in cementitious materials [36], no studies have incorporated CMCs into 

CNTs reinforced polymer materials like CNTs reinforced epoxy resin.  

1.5. Problem Statement and Significance of This Study 

All the previous studies provide valuable information and data to investigate the bonding 

performance of epoxy-based composites. The following findings and research gaps are identified 

based on the literature review: 

1) A solid adhesive bonding is the prerequisite for effective and sustainable application of 

epoxy-based composites. How to optimize the bonding performance of epoxy-based 

composites has become a critical issue owing to weak interfacial adhesion between the 

epoxy and the substrate and the brittleness of epoxy resin. 

2) Surface roughness of the substrate and bondline thickness of the epoxy-based 

composites are the two universal influential parameters which are able to enhance the 

interfacial adhesion and overcome the brittleness of epoxy resin respectively, but there 

is a lack of consistency in the understanding of those two parameters. 
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3) Adding a small percentage of CNTs into epoxy-based composites as reinforcements is 

believed to be a promising way to improve the bonding performance of epoxy-based 

composites. The conclusions of bonding strength improvements by CNT addition are 

not yet consistent. 

4) Surface roughness still have their impact on CNT reinforced epoxy composites. Most 

current researches only focus on the influence of CNT weight fractions, it still lacks 

investigations on the bonding performance of epoxy-based composites with several 

different roughness levels covering a wide range.  

5) The influence of bondline thickness on CNT reinforced epoxy composites may be very 

different from that on neat epoxy resin. However, there is a severe lack of relevant 

studies on CNT reinforced epoxy composites with different bondline thicknesses. 

6) CNTs naturally tend to agglomerate and entangle into CNT clusters leading to the non-

uniform dispersion in the epoxy-based composites, which further influences the 

reinforcing efficiency. The dispersion characterizations of CNTs are governed by CNT 

geometries and mixing methods.  

7) CNT geometries include the diameter and length of the tubes. No relevant research 

involving investigations on the bonding performance of CNT reinforced epoxy 

composites with different CNT geometries. 

8) CMC surface treatment is believed to be a novel CNT mixing method for better CNT 

dispersion, but no studies have incorporated CMCs into CNTs reinforced polymer 

materials like CNTs reinforced epoxy resin. 
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1.6. Objectives and Organization of This Dissertation 

In this dissertation, the main objective is to investigate the bonding performance of epoxy-

based composites reinforced by CNTs. To achieve this objective, this study is carried out on the 

basis of four specific tasks which can be summarized as follow: 

1) Have a clear understanding of the influence of surface roughness and bondline 

thickness on the bonding performance of neat epoxy resin. 

2) Have a clear understanding of the influence of CNT addition on the bonding 

performance of CNT reinforced epoxy composites with different surface roughness.  

3) Investigate the influence of bondline thickness and CNT weight fraction on the bonding 

performance of CNT reinforced epoxy composites.  

4) Investigate the influence of CNT geometries (diameter and length) on the dispersion 

characterizations and bonding performance of CNT reinforced epoxy composites. 

5) Develop a new physical surface treatment method using CMCs and verify whether the 

dispersion or bonding performances of CNT reinforced epoxy composites were 

improved by using newly-developed physical treatment methods.  

This dissertation is thus organized as follows: in Chapter 1, an introduction of epoxy-based 

composites and a detailed literature review of the influences of different parameters; in Chapter 2, 

Experimental studies about the influences of surface roughness and bondline thickness on the 

bonding performance of neat epoxy resin; in Chapter 3, Experimental studies about the influence 

of surface roughness on the bonding performance of CNT reinforced epoxy composites; in Chapter 

4, Experimental studies about the influence of bondline thickness and CNT weight fractions on 

the bonding performance of CNT reinforced epoxy composites; in Chapter 5, Experimental studies 

about the influence of CNT geometries (diameter and length) on the dispersion characterizations 
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and bonding performance of CNT reinforced epoxy composites;  in Chapter 6, CNT reinforced 

epoxy composites using CMC surface treatment as a novel mixing method; and in Chapter 7, main 

conclusion, contributions and future work. 
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CHAPTER 2. INFLUENCES OF SURFACE ROUGHNESS AND 

BONDLINE THICKNESS ON THE BONDING PERFORMANCE OF NEAT 

EPOXY RESIN 

Surface roughness of the substrate and bondline thickness of the epoxy-based composites 

are the two main influential parameters for all kinds of epoxy-based composites, regardless of any 

treatments, additions, or applications. To actually investigate the influences of those two 

parameters, it is necessary to use neat epoxy resin as the composite material before adding CNTs. 

The bonding performance of polymers or composites could be examined by several testing 

methods, single bonding (SLS) tests were extensively deployed to investigate the influence of 

different parameters on the bonding performance of epoxy-based composites. In this chapter, 

experimental studies using SLS tests were performed to investigate the influences of surface 

roughness and bondline thickness on the bonding performances of neat epoxy resin. The evaluated 

bonding performances included the bonding strength, fracture strain, and failure mode of epoxy-

based composites which were fabricated with four different surface roughnesses and three 

bondline thicknesses. SEM analyses were performed to understand the bonding mechanism of 

epoxy-based composites by examining the mechanical properties and surface morphology before 

and after fracture. 

2.1. Experimental Setup 

2.1.1. Experimental design 

In this chapter, SLS tests were conducted to evaluate the bonding performance of neat 

roughness’s epoxy-based composites. Specifically, tension loading was applied on a series of SLS 

samples to produce shear on the neat epoxy resin to determine their bonding performances on mild 

steel substrates. An SLS sample consisted of two mild steel sheets bonded with epoxy adhesive, 
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as shown in Figure 3. The material of the steel sheets was low carbon A36 steel (supplied by Mid-

American Steel Inc) which has been commonly used in the civil engineering industry for structural 

applications. The epoxy adhesive was made of a general-purpose epoxy resin (supplied by East 

Coast Resin) including a bisphenol A based resin and a polyamide adduct curing agent. The 

adhesive matrix was prepared by mixing the resin and the curing agent thoroughly at a volume 

ratio of 1:1. As detailed in Figure 3, the dimension of the steel sheets was 101.6 mm × 25.4 mm × 

3.175 mm (length, width, and thickness) and the overlap length between the two steel sheets was 

12.7 mm, following ASTM D3165-07. In addition to the two steel sheets, two steel tabs were 

bonded at the ends of each steel sheet using the same epoxy to balance the misalignment in the 

loading direction of the joint. The steel tabs had the same thickness and width as the steel sheets 

and a length of 25.4 mm. The thickness of the steel sheets and the tabs was chosen to be 3.175 mm 

to promote stability of the joint and prevent early buckling before bonding failure.  

 
(a) 

 
(b) 

Figure 3. Detailed sample configurations: (a) cross-section view and (b) top view 

Table 1 shows sample details performed in this chapter. Three different bondline 

thicknesses of 0.25mm, 0.5 mm, and 1 mm were prepared using steel shims. For each bondline 



15 
 

thickness, there were four different surface conditions of the steel adherend, including ground 

(G0.25, G0.5, and G1), fine- (F0.25, F0.5, and F1), medium- (M0.25, M0.5, and M1), and coarse-

blasted (C0.25, C0.5, and C1) surface conditions for 0.25 mm, 0.5 mm, and 1 mm thicknesses 

respectively. To be statistically valid, five samples were prepared for each testing group shown in 

Table 1. Therefore, there were 12 testing groups, resulting in 60 total samples with four different 

surface roughness levels and three different bondline thicknesses.  

Table 1. SLS test matrix in Chapter 2 

Testing 

group 

Surface 

roughness 

Bondline thickness 

(mm) 

Sample notation 

P0.25 Ground 0.25 G0.25-1, G0.25-2, G0.25-3, G0.25-4, G0.25-5 

F0.25 Fine 0.25 F0.25-1, F0.25-2, F0.25-3, F0.25-4, F0.25-5 

M0.25 Medium 0.25 M0.25-1, M0.25-2, M0.25-3, M0.25-4, M0.25-5 

C0.25 Coarse 0.25 C0.25-1, C0.25-2, C0.25-3, C0.25-4, C0.25-5 

P0.5 Ground 0.5 G0.5-1, G0.5-2, G0.5-3, G0.5-4, G0.5-5 

F0.5 Fine 0.5 F0.5-1, F0.5-2, F0.5-3, F0.5-4, F0.5-5 

M0.5 Medium 0.5 M0.5-1, M0.5-2, M0.5-3, M0.5-4, M0.5-5 

C0.5 Coarse 0.5 C0.5-1, C0.5-2, C0.5-3, C0.5-4, C0.5-5 

P1 Ground 1 G1-1, G1-2, G1-3, G1-4, G1-5 

F1 Fine 1 F1-1, F1-2, F1-3, F1-4, F1-5 

M1 Medium 1 M1-1, M1-2, M1-3, M1-4, M1-5 

C1 Coarse 1 C1-1, C1-2, C1-3, C1-4, C1-5 

2.1.2. Sample preparation 

To prepare the four different surface roughness conditions, mechanical surface treatments 

were applied, since surface roughness prepared by mechanical surface treatments can be modified 

quantitively using sandpapers with different mesh numbers [84] or blast abrasives with different 

grit sizes [85]. This study adopted sandpaper grinding and grit blasting as the surface treatment 

methods. Before any surface treatment, all steel sheets were immersed in pure acetone solution 

and cleaned ultrasonically at room temperature for 15 minutes. To achieve the ground surface, the 

overlap areas of steel sheets were sanded in the sequence of 60, 120, 220 and 400 grit sandpapers. 

To achieve the fine-blasted, medium-blasted and coarse-blasted surfaces, grit blasting was 
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performed with 20 grit, 36 grit and 60 grit aluminum oxides, respectively. The grit blasting 

pressure was 500 kPa and the standoff distance was 150 mm with a blasting angle of 90°. After 

grinding or grit blasting, the substrates were cleaned by compressed air to remove any grit or dust 

remaining on the surface, followed by ultrasonic cleaning with the same procedure described 

above. Furthermore, SLS samples were prepared within 24 hours after surface treatments to 

minimize surface oxidation. Steel shims with thicknesses of 0.25 mm, 0.5 mm and 1 mm were 

used to control the thickness while applying epoxy. After the samples were prepared, they were 

cured at 32℃ for 24 hours, followed by curing at room temperature for at least 7 days before 

testing. 

2.1.3. Testing procedure 

To provide accurate measurements of surface roughness, each surface was measured by a 

roughness tester (PCE-RT 1200 supplied by PCE Americas, Inc.) right after all of the surface 

treatments. Three roughness parameters were measured, including the average roughness (Rz), the 

arithmetic mean roughness (Ra), and the maximum roughness (Rt). Among those three roughness 

parameters, Rz is the arithmetic mean of the maximum height difference among several adjoining 

individual measuring sections. Ra is the arithmetic mean of the absolute values of the profile 

deviations within the reference line, while Rt is the distance between the highest and the lowest 

points of the measuring section [86]. For each measured substrate, the mean value of five 

measurements at different locations was used to reduce random errors. In one roughness 

measurement, five measuring sections were included with the cut-off length of 0.8 mm. In addition, 

the prepared surfaces were also evaluated using SEM image analyses at the Electron Microscopy 

Center of North Dakota State University. The SLS tests were conducted using MTS Flex Test® 

SE loading frame with displacement control at a loading rate of 1.3 mm/min under monotonic 
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loading, as shown in Figure 4. Each sample was loaded till shear failure occurred. The real-time 

uniaxial shear load and displacement in shear loading direction were recorded and studied. The 

fractured surfaces of epoxy-based composites in each group were also evaluated using SEM image 

analyses. 

 

Figure 4. SLS test setup 

2.2. Experimental Results 

2.2.1. Surface roughness and morphology 

Table 2 displays the average measured values and standard deviations of Rz, Ra, and Rt 

based on the roughness measurements of the four different surface treatments. It is obvious that 

surface roughnesses varied significantly among each surface treatment, but all three parameters 

shared a similar trend in terms of the four surface treatments. Among these roughness parameters, 

Ra considers every height of the whole profile instead of only the heights of peaks like Rz, and Ra 

has been widely recognized as an internationally applied roughness parameter. Although all the 

three roughness parameters were recorded and reported in this study, only Ra was used to represent 
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surface roughness in the further analysis. The roughness values of ground, fine-, medium- and 

coarse-blasted surfaces were 0.20 µm, 3.54 µm, 5.62 µm, and 8.52 µm, respectively. 

Table 2. Surface roughness for different surface treatments 

Surface 

treatment 

Grit size Rz (μm) Ra (μm) Rt (μm) 

Ground Sandpaper 60, 120, 220, 400 1.81 ± 0.11 0.20 ± 0.02 2.03 ± 0.19 

Fine-blasted Aluminum oxides 60 24.13 ± 0.98 3.54 ± 0.17 27.43 ± 2.19 

Medium-blasted Aluminum oxides 36 36.11 ± 0.13 5.62 ± 0.34 35.60 ± 1.51 

Coarse-blasted Aluminum oxides 20 45.66 ± 1.58 8.52 ± 0.43 47.57 ± 2.91 

Figure 5(a ~ d) shows SEM images of representative substrates from the four different 

surface conditions under 100 µm magnification. In agreement with Table 2, when comparing 

Figure 5(a ~ d), it can be seen that the ground surface was very smooth and flat with very few 

humps. The fine-blasted surface has small humps and cavities, while the medium-blasted surface 

has deeper cavities and higher humps than fine-blasted surface. For the coarse-blasted surface, the 

height differences between cavities and humps were the greatest. As surface roughness is 

determined by the heights of humps and depths of cavities on the substrate, higher humps and 

deeper cavities increased the surface roughness creating more contact areas between the epoxy 

adhesive and the substrate [22,51]. 

2.2.2. Thickness control 

The bondline thickness was measured as the thickness of the overlap area minus the 

thickness of each sheet in the sample using a Vernier caliper. The average thickness was obtained 

from five readings at different locations. The results of the bondline thicknesses for each sample 

as well as the average thicknesses and standard deviations for each testing group are shown in 

Table 3. In this dissertation, all the standard deviations in percentage were calculated by dividing 

the actual standard deviations of each parameter with the average values of that parameter. It can 

be seen from the table that all the variances of bondline thickness among five samples in one group 
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were within 16% of the corresponding target thicknesses, indicating consistent thicknesses of the 

prepared samples in each group.  

Table 3. Results of the bondline thickness (unit: mm) 

Sample Number 1 2 3 4 5 Average Standard Deviation (%) 

G1 1.22 0.85 0.86 0.94 1.03 0.98 ± 0.14 14 

F1 1.12 1.09 1.23 0.82 0.84 1.02 ± 0.16 16 

M1 0.80 1.11 0.98 1.06 0.93 0.98 ± 0.11 11 

C1 1.25 0.97 1.06 0.92 0.93 1.03 ± 0.12 12 

G0.5 0.40 0.37 0.58 0.50 0.46 0.46 ± 0.07 15 

F0.5 0.40 0.38 0.39 0.46 0.39 0.41 ± 0.03 7 

M0.5 0.37 0.38 0.43 0.53 0.54 0.45 ± 0.07 16 

C0.5 0.41 0.53 0.52 0.46 0.57 0.50 ± 0.06 12 

G0.25 0.23 0.25 0.25 0.25 0.21 0.24 ± 0.02 8 

F0.25 0.28 0.22 0.26 0.27 0.20 0.25 ± 0.03 12 

M0.25 0.24 0.22 0.25 0.26 0.28 0.25 ± 0.02 8 

C0.25 0.21 0.22 0.22 0.23 0.25 0.23 ± 0.02 9 

2.2.3. SLS test results 

The recorded shear load and displacement were converted into the corresponding shear 

stress (τ) and shear strain (γ) using the following equations:  

  𝜏 = 𝑃 𝐴⁄ = 𝑃 𝐿𝑊⁄  (1) 

 𝛾 ≈ 𝑡𝑎𝑛𝛾 = 𝐷 𝑡⁄  (2) 

where, P is the shear load, A is the overlap area calculated by multiplying its length (L) and width 

(W), D is the applied displacement and t is the bondline thickness. Thus, load-displacement curves 

can be presented as stress-strain curves. To better compare the impact of surface roughness on the 

bonding performance among different testing groups, five individual curves in each group were 

fitted into one average stress-strain curve using the X-function mathematical algorithm. 
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(a) (b) 

  
 (c) (d) 

Figure 5. SEM images of steel substrates under 100 µm magnification from different surface 

treatments: (a) ground; (b) fine-blasted; (c) medium-blasted; and (d) coarse-blasted surfaces 

Figure 6 ~ 8 illustrate comparisons between measured stress-strain curves of the five 

samples and the corresponding average curves in each group with bondline thicknesses of 1 mm, 

0.5 mm, and 0.25 mm, respectively. For all the groups, although there were some fluctuations at 

the beginning, the measured stress-strain curves as well as the average curves basically shared a 

similar growing trace and ended up with similar ultimate stresses and strains. The stress-strain 

curves of each group could be represented by the corresponding average curves in the same group. 

Thus, in the further analysis, the average stress-strain curves were used to represent the associated 

testing groups and to study the influence of surface roughness and bondline thickness. 
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(a) (b) 

  
(c) (d) 

 

 

Figure 6. Stress-strain curves for (a) G1, (b) F1, (c) M1, and (d) C1 groups 

From Figure 6 ~ 8, the bonding performance of neat epoxy resin can be evaluated by 

bonding strength and fracture strain. The bonding strength was identified as the peak stress in the 

stress-strain curves, and the fracture strain was determined as the fracture strain when the joints 

fractured or failed, with the former describing the ultimate stress and the latter reflecting the 

fracture strain. Table 4 presents the average bonding strengths and fracture strains as well as 

corresponding standard deviations for each testing group. Table 4 shows that both surface 

roughness and bondline thickness had a significant influence on the bonding strength and fracture 

strain of neat epoxy resin. For the same bondline thickness, the increase of surface roughness 
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improved the bonding strength and the fracture strain. For a given surface condition, thinner 

bondlines yielded larger bonding strengths and fracture strains. 

  
(a) (b) 

  
(c) (d) 

 

 

Figure 7. Stress-strain curves for (a) G0.5, (b) F0.5, (c) M0.5, and (d) C0.5 groups 
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(a) (b) 

  
(c) (d) 

 

 

Figure 8. Stress-strain curves for (a) G0.25, (b) F0.25, (c) M0.25, and (d) C0.25 groups 

Table 4. Results of SLS tests in Chapter 2 

Group 

No. 

Ra 

(µm) 

Bonding strength 

(MPa) 

Standard deviation 

(%) 

Fracture strain Standard deviation 

(%) 

G1 0.20 3.3 ± 0.4 12 0.100 ± 0.016 16 

F1 3.54 6.5 ± 0.4 6 0.188 ± 0.014 7 

M1 5.62 9.6 ± 1.1 11 0.268 ± 0.028 10 

C1 8.52 10.2 ± 1.1 11 0.273 ± 0.020 7 

G0.5 0.20 9.5 ± 0.7 7 0.543 ± 0.046 8 

F0.5 3.54 12.4 ± 0.8 6 0.628 ± 0.055 9 

M0.5 5.62 14.5 ± 1.1 8 0.669 ± 0.068 10 

C0.5 8.52 15.4 ± 0.8 5 0.881 ± 0.103 12 

G0.25 0.20 13.8 ± 1.4 10 0.721 ± 0.046 6 

F0.25 3.54 18.2 ± 1.1 6 1.476 ± 0.100 7 

M0.25 5.62 18.7 ± 0.7 4 1.669 ± 0.074 4 

C0.25 8.52 19.2 ± 1.0 5 1.971 ± 0.156 8 
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2.3. Influences of Surface Roughness and Bondline Thickness 

2.3.1. Influence of surface roughness 

To further investigate the influence of surface roughness on the bonding performance of 

neat epoxy resin, Figure 9(a ~ c) illustrates the obtained average stress-strain curves with different 

surface roughnesses for the bondline thicknesses of 1 mm, 0.5 mm and 0.25 mm, respectively. It 

is noted that the bonding strength and the fracture strain on rougher substrates were inevitably 

larger than those on smoother substrates with the same bondline thickness. In the 1 mm and the 

0.5 mm thickness groups, although the bonding strength and the fracture strain varied among each 

stress-strain curve, the shapes of all eight curves were similar regardless of surface roughness. For 

each individual curve in Figure 9(a) and 8(b), the shear stress increased linearly with the increase 

of strain, and then dropped sharply after reaching the ultimate stress, resulting in sudden failure. 

Except for a moderate nonlinearity in C0.5 group, the stress-strain curves for the bondline 

thicknesses of 1 mm and 0.5 mm were basically linear. The linear pattern was also seen in the 

G0.25 group shown in Figure 9(c). However, as seen in Figure 9(c), for the rest of three surface 

conditions, the stress-strain curves showed a different trend after the peak shear stress was attained. 

For F0.25, M0.25 and C0.25 groups, the stress kept unchanged after reaching the peak while the 

strain continued to increase, indicating significant nonlinear behaviors. It can also be seen that a 

higher surface roughness led to greater nonlinearity, which was normally an indication of more 

plastic deformations. With a combination of thinner bondlines and rougher surfaces, epoxy 

adhesive joints were expected to induce remarkable large plastic deformations before failure. 

Based on Table 4 and Figure 9, Figure 10(a~ c) plots changes of bonding strength and 

fracture strain with respect to the surface roughness parameter, Ra, for each bondline thickness. In 

general, both the bonding strength and the fracture strain increased with the increase of surface 
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roughness. As the surface roughness increased from 0.20 μm on the ground substrate to 3.54 μm 

on the fine-blasted substrate, significant increases in the bonding performance were observed with 

increments up to 100% in bonding strength and 105% in fracture strain.  

  
(a) (b)  

 
(c) 

Figure 9. Average stress-strain curves with different surface roughnesses for each bondline 

thickness: (a) 1 mm; (b) 0.5 mm; (c) 0.25 mm  

For epoxy-based composites with bondline thickness of 1 mm, as shown in Figure 10(a), 

the improvements in both bonding strength and fracture strain were still remarkable when the 

surface roughness reached 5.62 μm on the medium-blasted substrate, and then become less 

significant as the roughness increased to 8.52 μm on the coarse-blasted substrate. As shown in 

Figure 9(b), for epoxy-based composites with bondline thickness of 0.5 mm, the behavior of 
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fracture strain with surface roughness was slightly different. When Ra increased from 5.62 μm to 

8.52 μm, the fracture strain increased substantially with an improvement of about 32%, in 

comparison to only 2% when bondline thickness was 1 mm. As shown in Figure 10(c), for epoxy-

based composites with bondline thickness of 0.25 mm, as the surface roughness changed from 3.54 

μm to 5.62 μm and from 5.62 μm to 8.52 μm, the bonding strength remained nearly constant, while 

the fracture strain increased considerably by about 13% and 15%, respectively. Overall, fine- or 

medium-blasted steel substrates with the surface roughness around 3.54 ~ 5.62 μm could yielded 

acceptable bonding behaviors with sufficient bonding strengths and fracture strains. 

  
(a) (b) 

 
(c) 

Figure 10. Influence of surface roughness on the bonding strength and the fracture strain with 

different bondline thicknesses: (a) 1 mm; (b) 0.5 mm; (c) 0.25 mm 
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Efforts were made to fit the experimentally obtained changes of bonding strength and 

fracture strain with different surface roughnesses using continuous mathematic functions. 

Although the fit might not be universally valid, it may provide some useful information on the 

changes of the bonding performance with any other surface roughness that was not tested in this 

study. After trying various functions to fit the experimental data, it was found that the S-Shape 

logistic function achieved the best fitting results. Specifically, the applied S-Shape logistic 

function followed the Equation (3):  

 𝑦 = 𝑎/{1 + exp[−𝑘(𝑥 − 𝑥𝑐)]} (3) 

in which a is the curve’s maximum value, k is the logistic growth rate or steepness of the curve, 

and xc is the value of the sigmoid’s midpoint. Table 5 shows the fitted parameters from Equation 

(3) for all three thicknesses in this chapter. As also shown in Figure 10, all the fitting curves 

followed similar trends as the original data within the measured standard deviations.  

Table 5. Fitting parameter values in Chapter 2 

 a xc k R2 

1 mm Strength 11.07 2.33 0.45 0.989 

1 mm Strain 0.29 1.75 0.48 0.990 

0.5 mm Strength 17.02 -0.65 0.25 0.998 

0.5 mm Strain 0.13 143.16 0.06 0.985 

0.25 mm Strength 19.22 -1.52 0.54 0.990 

0.25 mm Strain 1.97 1.40 0.45 0.985 

To investigate the failure mode of neat epoxy resin with different surface roughnesses, 

Figure 11(a) shows typical fracture surfaces after SLS tests for epoxy-based composites with 

thickness of 0.5 mm on ground surfaces (G0.5 group), and Figure 11(b) shows the SEM image of 

the typical bottom surface of such epoxy adhesive joints under 50 µm magnification. As seen in 

Figure 11(a), on the ground substrate, the epoxy bondline delaminated from the steel substrate. All 

the epoxy adhesive was attached only on the top surface of the joint, and no noticeable cracks or 

ruptures developed inside the bondline. It was further proved in the SEM image in Figure 11(b), 
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no sign of epoxy was found on the bottom surface after fracture, indicating a typical interfacial 

adhesion failure. Since the ground surfaces were so smooth and flat, there were no deep cavities 

or pits existed for epoxy resin to flow into. Therefore, the epoxy was less likely to penetrate into 

the substrate, which led to the weak bonding performance of the epoxy adhesive joints.  

For coarse-blasted substrates, Figure 11(c) illustrates the typical fracture surfaces after SLS 

tests for epoxy-based composites with thickness of 0.5 mm on coarse surfaces (C0.5 group), and 

Figure 11(d) shows the SEM image of the typical bottom surface of such epoxy-based composites 

under 50 µm magnification. Figure 11(c) illustrates that adhesion failure was also the dominant 

failure mode on the coarse-blasted substrate. No recognizable epoxy remained on the bottom 

surface of the joint either. However, it was evident in Figure 11(d) that some epoxy was locked 

into the pits and cavities on the coarse-blasted substrate created by grit blasting. While comparing 

Figure 11(b) and 11(d), no obvious epoxy remained on the ground substrate, but significant 

amounts of epoxy remained on the coarse-blasted substrate. Higher humps and deeper cavities on 

rougher surfaces could also create more contact areas between the adhesive and the substrate than 

on smoother surfaces, which also contributed to the better bonding performance of the epoxy 

adhesive joints.  

2.3.2. Influence of bondline thickness 

By comparing the bonding strength and the fracture strain of different bondline thicknesses 

with the same surface roughness as displayed in Table 4 and Figure 9, it was noted that bondline 

thickness had a strong influence on the bonding performance of neat epoxy resin. The bonding 

strength and the fracture strain increased significantly as the bondline thickness decreased from 1 

mm to 0.25 mm. Especially on ground substrates, when compared to 1 mm thick epoxy bondlines, 

188% improvement in bonding strength and 445% enhancement in fracture strain were achieved 
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with the bondline thickness of 0.5 mm. Moreover, when the bondline thickness further decreased 

to 0.25 mm, the improvements were enlarged to 322% and 659%, respectively.  

 
 

(a) (b) 

 
 

(c) (d) 

Figure 11. (a) Fracture surfaces and (b) SEM image of bottom surface under 50 µm 

magnification in G0.5 group; (c) fracture surfaces and (d) SEM image of bottom surface under 

50 µm magnification in C0.5 group 

In addition to bonding strength and fracture strain, the area under the stress-strain curves 

in Figure 9 reflects the toughness, which is the ability of the material to consume energy and 

deform plastically before fracture. Figure 9 shows that for all testing groups, the stress-strain 

curves became appreciably extended as the bondline thickness decreased. Figure 12 compares the 

toughness of neat epoxy resin with different bondline thicknesses. It could be seen clearly that the 

reduction of bondline thickness from 1 mm to 0.25 mm tremendously increased the toughness of 

epoxy-based composites when the same surface treatments were applied. Although the increases 
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of bonding strength become relatively limited on high-roughened surfaces, the increments of 

toughness were still as high as 303% and 302% from the bondline thickness of 1 mm to 0.5 mm 

and from 0.5 mm to 0.25 mm respectively, which was mainly due to the massive improvement of 

fracture strain. The enhanced toughness induced by increased plastic deformation was noted to be 

a major reason for the significant improvement of fracture strain with thinner epoxy adhesives.  

 

Figure 12. Comparisons of the toughness with different bondline thicknesses 

Figure 13 only shows typical failure surfaces of neat epoxy resin with 0.25 mm bondline 

thickness, since the fracture surfaces of epoxy-based composites with 1 mm bondline thickness 

were very similar to those with 0.5 mm bondline thickness. As shown in Figure 11(a) and 13(a), 

on ground substrates, adhesion failure occurred for epoxy-based composites with the bondline 

thickness of both 0.25 mm and 0.5 mm. There was no pronounced difference of the surface 

conditions between those two different thick bondlines. However, better bonding performance was 

noted for epoxy-based composites with the bondline thickness of 0.25 mm, as seen in Table 4.  

Fracture surfaces of neat epoxy resin with 0.25 mm bondline thickness on coarse-blasted 

substrates were totally different as shown in Figure 13(b). Compared with Figure 11(c), no visible 

epoxy remained the bottom surface, so the failure mode for the 0.5 mm thick bondlines was still 
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dominated by adhesion failure. However, as seen in Figure 13(b), when the bondline thickness was 

decreased to 0.25 mm, the epoxy adhesive was separated into two parts by a clear major crack 

occurred in the middle of the bondline, and the two parts remained on both surfaces of the sample 

separately. Although adhesion failure still existed on a large part of the bondline area for the 0.25 

mm thick samples, the cracking area belonged to the cohesion failure, and the overall failure mode 

could be regarded as a combination of both two failure modes, which was more favorable than the 

complete adhesion failure. Furthermore, it was noticed that an evident discoloration took place 

inside the bondline layer as seen in Figure 13(b). Part of the epoxy was whitened in comparison 

with the rest, which was induced by the plastic behavior of epoxy resin. Higher surface roughness 

and thinner bondline thickness elevated the shear capacity and the toughness of the epoxy, which 

increased the capacity for the epoxy to deform plastically. Since the stress concentration always 

occurs in irregularities, the plasticity tends to happen near the edge of the overlap area at first. As 

the load continued to increase, more plastic deformations were generated, and the plastic zone 

spread from the edge toward the middle of the bondline, resulting in the large stress-whitened area 

indicted in Figure 13(b) [30,87].  

  
(a) (b) 

Figure 13. Typical failure surfaces: (a) 0.25 mm ground samples and (b) 0.25 mm coarse-blasted 

samples 

To further study the influence of bondline thickness as well as the plastic behavior of neat 

epoxy resin on the coarse-blasted substrate as shown in Figure 11(c) and Figure 13(b), SEM 
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analyses were conducted on the top surface of the 1 mm coarse-blasted sample, on non-whitened 

and the whitened areas of the 0.25 mm coarse-blasted sample, which are shown in Figure 14(a, c), 

respectively. As demonstrated in Figure 14(a, b), the fracture surface roughness on non-whitened 

area of 0.25 mm sample with more hill-, ridge- and valley-patterns, was much higher than that of 

1 mm sample. The rougher fracture surfaces of the plastically deformed epoxy implied higher 

energy dissipation as a result of the enhanced toughness of the epoxy adhesive with the thinner 

bondlines. By comparing non-whitened and whitened areas in Figure 14(b, c), the surface 

morphology of the whitened area was apparently more featured and complex than that of the non-

whitened area, revealing that more plastic deformations actually happened within the stress-

whitened area of the 0.25 mm sample.  

On the other hand, Figure 15(a, b) shows the SEM images of the major crack which was 

shown in Figure 13(b). Along the major crack, there were several voids inside the epoxy bondline, 

which could be air bubbles introduced during the process of mechanical mixing or some defects 

initiated during the curing process. It was also noted that the exposed epoxy interface was pretty 

smooth without any wrinkles as shown in Figure 15, indicating the rapid growth of the major crack 

with little energy consumption and plastic deformation. Porosity and number of voids are regarded 

as a critical reason for the weaker bonding performance of thicker epoxy bondlines [35,88]. 

Because cracks are prone to grow in the weakest path through voids, and thicker bondlines have 

more voids for the cracks to grow [89]. Although a lot of plastic deformations was generated, 

before the plastic zone covering the entire bondline area, the major crack penetrated the epoxy 

adhesive vertically through those voids and caused catastrophic rupture. Thus, a complete cohesion 

failure is more likely to happen when the bondline is uniformly distributed and free of any type of 
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imperfections. Under this circumstance, the plastic zone would possibly reach the end of the 

overlap area and the failure would occur within the epoxy adhesive layer. 

  
(a) (b) 

 
(c) 

Figure 14. SEM images of the fracture surfaces on the coarse-blasted substrate under 50 µm 

magnification: (a) top surface of the sample with 1 mm bondline thickness; (b) non-whitened 

area; and (c) whitened area of the sample of with 0.25 mm bondline thickness 
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(a) (b) 

Figure 15. SEM images of the major crack of 0.25 mm coarse-blasted sample: (a) under 100 µm 

magnification; (b) under 50 µm magnification 

2.4. Summary 

This chapter investigated the influences of surface roughness and bondline thickness on 

the bonding performance between epoxy resin and mild steel substrates. Based on the systematic 

experimental studies performed, the following general conclusions can be drawn: 

1) Both bonding strength and fracture strain (fracture strain) of neat epoxy resin improved 

logistically with the increase of surface roughness on steel substrates. The influence of surface 

roughness was more significant on smoother substrates and became less efficient on over-roughing 

substrates. 

2) Thinner bondlines provided better bonding performances in both bonding strength and 

fracture strain than thicker bondlines. The fracture strain of the epoxy adhesive on ground 

substrates could improve more than 400% when bondline thickness decreased from 1 mm to 0.5 

mm and more than 600% for the reduction from 0.5 mm to 0.25 mm.  

3) The reduction of bondline thickness could greatly improve the toughness of epoxy-based 

composites, resulting in more plastic deformations which were indicted in the stress-whitened area 

and rougher fracture surfaces (as shown in SEM images). The rapid crack growth with less energy 
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dissipation efficiency might have led to the premature adhesion fracture before a complete 

cohesion failure could occur. 

4) Increasing the surface roughness or reducing the bondline thickness might be 

insufficient to completely modify the failure mode of neat epoxy resin, but a partial cohesion 

failure could be achieved on highly rough substrates (coarse-blasted) with thinner bondline 

thicknesses (0.25 mm).  

Although a general-purpose epoxy resin was chosen as the epoxy adhesive with relatively 

large roughness and thickness ranges, the conclusions above might still not be universally valid 

because of the property differences among different types of epoxy resin or limited roughness or 

thickness ranges. However, this study could provide a general guidance on the investigation of the 

bonding performance of neat epoxy resin with different surface roughnesses and bondline 

thicknesses. 
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CHAPTER 3. INFLUENCES OF SURFACE ROUGHNESS ON THE 

BONDING PERFORMANCE OF CNT REINFORCED EPOXY 

COMPOSITES 

Based on the findings in Chapter 2, this chapter systematically investigated the bonding 

performance of CNTs reinforced epoxy-based composites with four different surface roughnesses 

using SLS tests. Both bonding strength and fracture strain of epoxy-based composites were 

considered for bonding performance analysis. The surface morphology of the substrate before and 

after fracture was characterized using SEM image analysis to understand the reinforcing 

mechanisms of CNTs, and the wettability of water, neat epoxy and CNT reinforced epoxy droplets 

on four different substrates was also measured by the contact angle tests to evaluate the interfacial 

adhesion of each material on each surface roughness. In addition, a statistical analysis was 

performed on the experimental data to estimate the bonding strength and fracture strain of CNT 

reinforced epoxy composites under various surface roughnesses. Although the estimation may not 

be universal valid, it may provide some useful information on the bonding performances of CNT 

reinforced epoxy composites with any other surface roughness that was not tested in this study to 

cover a wide roughness range. 

3.1. Experimental Setup 

3.1.1. Materials  

The steel substrate was still low carbon A36 steel, while the epoxy matrix used in this 

chapter was still the general-purpose epoxy resin. For the CNT reinforced epoxy composites, 

multiwalled carbon nanotubes with purity higher than 95%, diameter ranging from 50 nm to 100 

nm, and length ranging from 5 µm to 20 µm length (supplied by Skyspring Nanomaterials Inc.) 

were used as CNTs reinforcement to modify neat epoxy resin. For the weight fraction of CNTs in 
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epoxy-based composites, literatures showed that the bonding strength of CNT reinforced epoxy 

composites would increase with higher CNTs weight fraction till a certain percentage followed by 

a decrease after that [52], and 0.75% by weight to the epoxy matrix was found to be the optimal 

CNTs percentage [51,56]. Therefore, in this chapter, to fabricate the CNT reinforced epoxy 

composites, 0.75% CNTs by weight were added into the epoxy and the mixture was mechanically 

stirred for 5 min, followed by ultrasonic mixing for 15 min to better disperse the CNTs into the 

epoxy matrix. 

3.1.2. Surface preparation and roughness measurements 

Surface preparation procedures are still the same as described in the last chapter, including 

the smooth, fine, medium, and coarse surface conditions. Right after all the surface treatments, the 

surface roughness of the steel substrates was measured using an PCE-RT 1200 roughness tester 

(supplied by PCE Instruments) following the ASTM D7127-17 standard. Three same roughness 

parameters (Rz, Ra, Rt) were also collected to evaluate the surface roughness. In addition, the 

surface morphology of the substrates with different roughness levels was also studied using the 

SEM image analysis.  

3.1.3. Contact angle tests 

Since the wettability of the steel substrates is an essential surface characterization for the 

bonding performance of epoxy-based composites, this chapter also studied the wettability of the 

steel substrates with different surface roughness using the contact angle tests. In total, twelve 

different combinations of contact angle tests from four different surface roughness levels (smooth, 

fine, medium, and coarse conditions) and three different liquid materials (water, neat epoxy, and 

CNT reinforced epoxy) were performed. Water droplets were used to estimate the surface energy 

which is a substantial property of different substrates, while neat epoxy resin and CNT reinforced 
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epoxy composites were used to evaluate their wettability on all the four different substrates. The 

contact angle tests were carried out by the FTA1000 Drop Shape Instrument B Frame Analyzer 

System (supplied by First Ten Angstroms, Inc.) following the ASTM D7334-08 standard. To be 

statistically valid, three drops of each liquid were placed on each substrate and two angle 

measurements were made on each edge of the droplets within 30 seconds after depositing the 

droplet. 

3.1.4. SLS tests 

The bonding performances of all epoxy-based composites was studied by SLS tests. The 

SLS test specimens were also designed according to the ASTM D3165-07 standard as shown in 

Figure 16. The bondline thickness in this chapter was controlled to be around 0.5 mm by using 

steel shims. Table 6 shows the test matrix for SLS tests. Eight testing groups were prepared, 

including two different adhesive materials (both neat epoxy and CNT reinforced epoxy 

composites) and four different surface roughnesses (smooth, fine, medium, and coarse levels). For 

each testing group, five valid specimens were made, resulting in a total of 60 specimens. The 

loading machine, testing procedures as well as load-displacement to stress-strain curves 

conversion are the same as described in the last chapter. 

 

Figure 16. The detailed SLS specimen configuration (unit: mm) 
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Table 6. SLS test matrix in Chapter 3 

Testing group Specimen quantity Surface roughness Coating thickness Coating material 

SE 5  Smooth 0.5 mm Epoxy 

FE 5  Fine 0.5 mm Epoxy 

ME 5  Medium 0.5 mm Epoxy 

CE 5  Coarse 0.5 mm Epoxy 

SC 5  Smooth 0.5 mm CNT reinforced epoxy 

FC 5  Fine 0.5 mm CNT reinforced epoxy 

MC 5  Medium 0.5 mm CNT reinforced epoxy 

CC 5  Coarse 0.5 mm CNT reinforced epoxy 

3.2. Experimental Results 

3.2.1. Surface characterizations  

The average surface roughness (Ra) of the four different roughness levels of smooth, fine, 

medium, and coarse conditions achieved in this chapter, were 0.231 μm, 3.528 μm, 5.272 μm, and 

8.457 μm, respectively. As expected, the surface roughness increased remarkably with higher 

roughness levels which were resulted from smaller girt size. The surface characterizations of the 

steel substrates can also be observed visually by surface morphology from the SEM analysis. 

Figure 17(a ~ d) show the SEM images of the four roughness levels at a magnification of 100X. 

The ground surface at the smooth roughness level was observed to be remarkably flat with minor 

interfacial scratches. The surface of the substrate at the fine level of roughness was densely filled 

with small bumps and holes, while at the medium roughness level the surface was majorly full of 

small irregularities except a few higher hills and deeper valleys and the coarse surface was clearly 

filled with more clearly visible hills and valleys. Higher bumps and deeper holes magnified the 

height difference of the profile leading to higher roughness values. 
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(a) (b) 

  
(c) (d) 

Figure 17. SEM images of steel substrates of four roughness levels at a magnification of 100X: 

(a) smooth; (b) fine; (c) medium; and (d) coarse substrates 

For the wettability test results from the contact angle tests, Figure 18(a ~ d) show the typical 

appearances and contact angles of water droplets on four substrates with different roughness. 

Although all the four contact angles were less than 90º, indicating that all four substrates belonged 

to hydrophilic surfaces, the variation of the contact angles with four surface roughness levels 

shared the same trend as the roughness values increased. The contact angle of the smooth substrate 

was 74.72º which was apparently larger than those on the other substrates. Contact angles were 

noticed to be reduced from fine to medium and coarse substrates, of 59.84º, 55.67º and 48.11º, 

respectively. A smaller contact angle of water droplets with higher surface roughness indicated a 

higher wettability. Since the rougher substrates could have higher surface energy and more contact 
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areas for the coating materials to contact with, epoxy-based coatings on rougher substrates were 

expected to have better bonding performance than on smoother substrates. 

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

Figure 18. Contact angles of water droplets on four different roughness substrates: (a) smooth; 

(b) fine; (c) medium; and (d) coarse substrates 

3.2.2. SLS test results 

Figure 19(a, b) plot all the average stress-strain curves of neat and CNT reinforced epoxy 

composites with regard to the four different surface roughness. Figure 19(a) shows that the stress 

and strain of neat epoxy resin exhibited evident linear relationship until a sudden failure occurred 

at the peak stress, regardless of the surface roughness levels. As for the CNT reinforced epoxy 

composites, similar to those of neat epoxy resin, the stress-strain curves went up approximately 

linearly before peak stress. But after the peak stress, only the curves of smooth surfaces followed 

the same pattern as the neat epoxy resin ended with a sudden failure. The curves of the rest three 

rougher surfaces dropped gradually from the peak stress to the failure, indicating an obvious 

nonlinear behavior. The three curves of CNT reinforced epoxy composites on the rougher surfaces 

showed typical stress-strain relation as for ductile materials with strain continually growing at a 

relatively stable stress level rather than a sharp failure for brittle materials. The nonlinearity 

illustrated in the curves was an indication of the plastic behavior of epoxy-based composites with 

the addition of CNTs on the rougher steel substrates.  
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(a) (b) 

Figure 19. Average stress-strain curves with different surface roughness: (a) the neat; and (b) the 

CNT reinforced epoxy composites 

The average bonding strength and fracture strain were compared in details as shown in 

Table 7 for all eight testing groups. The bonding strengths were determined as the peak shear 

stresses from the stress-strain curves and the fracture strains were reflected by the fracture strains, 

which was identified as the strains when the curve experienced a rapid stress drop. As shown in 

Table 7, almost all the STDs in one testing group were smaller than 10% for both bonding strength 

and fracture strains, suggesting the consistency of the SLS tests. 

Table 7. Results of SLS tests in Chapter 3 

Group Surface roughness, Ra 

(µm) 

Bonding strength (MPa) STD (%) Fracture strain STD (%) 

SE 0.231 9.455± 0.699 7.39 0.534 ± 0.042 7.87 

FE 3.528 12.234 ±0.765 6.25 0.692 ± 0.059 8.53 

ME 5.272 14.764 ± 0.801 5.43 0.766 ± 0.068 8.88 

CE 8.457 15.145 ± 0.776 5.12 0.805 ± 0.081 10.00 

SC 0.231 11.595 ± 0.204 1.76 0.607 ± 0.031 5.11 

FC 3.528 18.573 ± 0.409 2.20 1.416 ± 0.042 2.97 

MC 5.272 19.475 ± 0.545 2.80 1.702 ± 0.100 5.88 

CC 8.457 20.057 ± 1.053 5.25 1.876 ± 0.117 6.24 
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3.3. Data Analysis and Discussion 

3.3.1. Influence of the addition of CNTs in epoxy-based composites 

Figure 20(a, b) illustrate the bar chart comparison of bonding strength and fracture strain 

between the neat and CNT reinforced epoxy composites. The addition of CNTs (0.75%) showed 

greatly improvements of boning performances in both the bonding strength and fracture strain, but 

the improvements varied with different surface roughness levels. On the smooth substrate, 

compared to neat epoxy, the addition of CNTs increased the bonding strength and fracture strain 

by around 56% and 84%, while on the fine surfaces, while the enhancements of bonding strength 

and fracture e strain by adding CNTs were much more significant by around 123% and 382%, 

respectively. On the medium and coarse substrates, the enhancement of bonding strength by CNTs 

were around 70% compared to neat epoxy, but the CNTs reinforcement in epoxy improved the 

fracture strain significantly by around 280%. It is also worth mentioning that the increments in 

fracture strain were much more pronounced than those in bonding strength, which was largely due 

to the plastic deformation created by CNT reinforced epoxy composites. 

Figure 20(c) demonstrates the toughness of the neat and CNT reinforced epoxy composites 

with the four different surface treatments. The toughness is defined as the ability of deforming 

plastically and absorbing energy before fracture, which could be evaluated by the area under the 

stress-strain curve as in Figure 15. From Figure 20(c), it can be seen that the CNTs in epoxy only 

increased the toughness slightly on the smooth substrate, but greatly on the other three rougher 

substrates. As a result of higher toughness, the CNT reinforced epoxy composites generated more 

plastic deformation resulting in higher increases in fracture strain and smaller increases in bonding 

strength, compared to neat epoxy. 
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(a) (b) 

 
(c) 

Figure 20. Increments between the neat and the CNT reinforced epoxy coatings: (a) bonding 

strength; (b) fracture strain; and (c) toughness 

Figure 21(a, b) illustrate the typical fracture surfaces of SLS specimens with or without 

CNTs on the smooth substrates. No obvious differences were observed on the fracture surfaces 

between the neat and CNT reinforced epoxy composites on the smooth substrates. Both composites 

had fractures occurred at the adhesive-substrate interfaces with all the composites attached on the 

bottom surfaces of the specimens and no visible epoxy remaining on the other side, indicating a 

typical adhesive failure. For an adhesive failure, the interfacial adhesion instead of the adhesive 

mechanical properties played the dominating role for the bonding performance. Only the 
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composites near the adhesive-substrate interface contributed to the bond, while the rest large part 

of the composites did not contribute a lot to the bond before the catastrophic failure occurred on 

the interface. Therefore, on the smooth substrates, increasing the mechanical properties of epoxy-

based composites (such as toughness) by adding CNTs had little influences on the failure mode. 

Although the failure modes remained the same for both the neat and CNT reinforced epoxy 

composites on smooth substrates as indicated in Figure 21, the bonding strengths and fracture 

strains of the CNT reinforced epoxy coatings on smooth surfaces were still moderately improved 

compared to CNT reinforced epoxy composites as shown in Figure 20(a, b). The resulted increases 

on the bonding performance might be benefited from the improvement of the interfacial adhesion 

between the adhesive and the substrates with the addition of the CNTs. 

  
(a) (b) 

Figure 21. Typical fracture surfaces on smooth substrates: (a) the neat; and (b) the CNT 

reinforced epoxy composites 

To study the CNTs contributions to the interfacial adhesion between epoxy-based 

composites and steel substrates, Figure 22(a ~ h) display the contact angles of the neat and CNT 

reinforced epoxy composites on the steel substrates with the four different surface roughness 

levels. The contact angles on smooth substrates decreased from 53.42º for neat epoxy resin to 

52.13 º for CNT reinforced epoxy composites, and similar reductions in contact angles were also 

observed in the other three rougher substrates, indicating a higher wettability by the CNTs 

reinforcement. Higher wettability by the addition of CNTs could increase the contact area between 
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CNT reinforced epoxy composites and the substrates. In addition, the epoxy which flowed into the 

irregularities of the substrate was also reinforced by the CNTs, which enhanced the connection of 

the epoxy and the substrate as well. The reductions of the contact angle for the CNTs reinforcement 

in epoxy-based composites confirmed with the findings from failure mode analysis in Figure 21(a, 

b) that the CNTs could improve the interfacial adhesion between the coatings and substrates, 

resulting in the improvements in the bonding performances as shown in Figure 20(a, b).  

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

    
(e) (f) (g) (h) 

Figure 22. Contact angles of the neat and CNT reinforced epoxy droplets: (a) neat epoxy on the 

smooth substrates; (b) neat epoxy on the fine substrates; (c) neat epoxy on the medium 

substrates; (d) neat epoxy on the coarse substrates; (e) CNT reinforced epoxy on the smooth 

substrates; (f) CNT reinforced epoxy on the fine substrates; (g) CNT reinforced epoxy on the 

medium substrates; and (h) CNT reinforced epoxy on the coarse substrates 

Figure 23(a, c) compare the overlap areas of the neat and CNT reinforced epoxy composites 

on coarse substrates after SLS tests. For the neat epoxy resin, similar as the fracture surfaces on 

the smooth surfaces, there was no sign of epoxy left on the top surface and all the epoxy-based 

composites on the bottom surface was free of any noticeable scars or cracks as shown in Figure 

23(a), indicating that the adhesive failure was the dominant failure mode on the coarse substrates 

as well. However, for the CNT reinforced epoxy composites, as shown in Figure 23(c), a main 

crack was found in the middle of the coating and the coating material was left on both top and 

bottom surfaces. As fracture occurred within the bondline layer in the cracking area, partly 
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cohesive failure was achieved on the coarse-blasted substrates with the addition of CNTs. Figure 

23(b, d) further compare the SEM images of bottom surfaces in the overlap areas with the neat and 

CNT reinforced epoxy composites on coarse substrates after testing. The fracture surface of the 

CNT reinforced epoxy composites was observed to be much rougher than that of the neat epoxy 

resin, indicating a sign of more plastic deformations and consequently more fracture energy 

consumption with the addition of CNTs. 

 

 
(a) (b) 

 

 
(c) (d) 

Figure 23. Typical fracture surfaces on coarse substrates: (a) neat epoxy coating; (b) SEM image 

of the fractured neat epoxy resin at a magnification of 500X; (c) CNT reinforced epoxy 

composites; (d) SEM image of the fractured CNT reinforced epoxy composites at a 

magnification of 500X 

To further investigate the reinforcing mechanism of CNTs in epoxy-based composites, the 

SEM analysis under higher magnifications was conducted on the fracture surface and the main 
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crack in Figure 23(b) of the CNT reinforced epoxy composites, as shown in Figure 24(a ~ d). The 

pulling-out of CNTs as shown in Figure 24(a) and (b) was noticed as an important reinforcing 

mechanism, which could improve the bonding performance of epoxy-based composites. It required 

considerable energy to pull out the CNTs from the surrounding epoxy, leading to the higher 

toughness of the CNT reinforced epoxy composites than the neat epoxy resin. Figure 24(c) and (d) 

illustrate the CNT clusters on the main crack. Even though the weight fraction of CNTs was 

optimized and the ultrasonic mixing was used in mixing the CNTs in the epoxy matrix, the CNTs 

were still noticed to be not uniformly dispersed in the epoxy matrix with CNTs agglomerated into 

clusters as shown in Figure 24(c). The aggregation of CNTs was generated primly due to the high 

viscosity of epoxy and high surface energy of CNTs [49], which had a detrimental effect on the 

bonding performance. According to the literature [60], CNTs can be divided into three levels based 

on the unit structure, namely individual CNTs, CNT bundles (close-packed CNTs) and CNT fibers 

(an assembly of CNT bundles). The strength and toughness of the CNT clusters reduced 

significantly, as the aggregation of CNTs become larger. These CNTs clusters consisted of both 

CNT bundles and CNT fibers, which reduce the reinforcing mechanism of CNTs and also caused 

the local stress concentration. The adverse effect of CNT clusters as defects or imperfections led 

to the rapid growth of the main crack, which eventually restricted the improvement of CNTs on 

the bonding performances. On ideal condition when CNTs are uniformly dispersed in the epoxy 

matrix, CNT aggregation would not produce any defects and initial voids would be all mended by 

CNTs. It is foreseeable the bonding performance of CNT reinforced epoxy composites would get 

tremendously further improved if all the imperfections were eliminated within the bondline layer. 
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(a) (b) 

  
(c) (d) 

Figure 24. Detection of CNTs: (a) on fracture surfaces at a magnification of 5000X; (b) on 

fracture surfaces at a magnification of 10,000X; (c) on the main crack at a magnification of 

500X; (d) on the main crack at a magnification of 10,000X 

3.3.2. Influence of surface roughness for the CNT reinforced epoxy composites 

Figure 22 showed that CNT reinforced epoxy composites on rougher substrates had lower 

contact angles, and the improvements of wettability resulted in the improvements in the interfacial 

adhesion to benefit the overall bonding performances. To further investigate the influences of 

surface roughness on the bonding performance of the CNT reinforced epoxy composites, Figure 

25 plots the changes of the bonding strengths and fracture strains of the CNT reinforced epoxy 

composites with the changes of the surface roughness parameter, Ra. In general, the changing 

trends of the bonding strengths and fracture strains approximately followed a logarithmic pattern 
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as the increase of surface roughness, with both of the curves rising rapidly at lower surface 

roughness and then growing at a much slower rate at larger surface roughness. On the smooth 

substrates with the surface roughness of 0.231 μm, the bonding strengths and fracture strains were 

greatly lower than the other three rougher substrates owing to the lack of interfacial adhesion. 

Insufficient interfacial adhesion might result in the moderate improvements in the literature. As 

the surface roughness increased from 0.231 μm on smooth substrates to 3.528 μm on the fine 

substrates, significant increases in bonding strength and fracture strain were noted due to the 

improvement of the interfacial adhesion. Stronger interfacial adhesion could prevent premature 

adhesive failure and allow the epoxy-based composites to deform plastically as demonstrated in 

Figure 19 and 23. When the steel substrates were further roughened from 3.528 μm on the fine 

substrates to 5.272 μm on the medium substrates and 8.457 μm on the coarse substrates, the 

bonding strengths barely changed, but the fracture strains increased about 20% and 11%, from fine 

to coarse substrates, respectively. A much less significant changes were observed for both the 

bonding strengths and fracture strains, compared to changing the surface roughness from smooth 

to fine conditions, indicating that although the surface roughness was of vital importance to the 

bonding performances of the CNT reinforced epoxy composites, the influence was more crucial at 

lower roughness levels. When surface roughness was sufficient to provide a good interfacial 

adhesion, further increasing the surface roughness become much less effective.  

To enable an estimation of bonding performances under all different surface roughness 

other than the values tested in this chapter, various fitting approaches were performed based on 

the obtained data in Figure 25 and Table 7. Although there were some differences between the 

changes of the bonding strengths and fracture strains for the CNT reinforced epoxy composites, 

the best fitted curves of both bonding strength and fracture strain could be expressed into a 
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logarithmic equation as Equation 3. The fitted curves using Equation 3 was also included in Figure 

25. In addition, Table 8 shows the detailed fitted parameters in Equation 3 as well as the adjusted 

R-squared to evaluate the goodness of the fittings. With all the R2 being precisely close to 1 as 

shown in Table 8, Figure 25 also shows that all the traces of two fitting curves staying within the 

STDs of measured data points on original curves, indicating an effective fitting for the 

experimental data for future prediction use. 

 

Figure 25. Changes of bonding strengths and fracture strains of the CNT reinforced epoxy 

composites with different surface roughness 

Table 8. Fitting parameter values in Chapter 3 

 Parameter value: a Parameter value: Xc Parameter value: k R2 

Strength 19.992 -0.244 0.679 0.999 

Strain 1.928 1.656 0.546 0.999 

In addition, Figure 26(a, b) further compare the SEM images of the top fracture surfaces 

for the CNT reinforced epoxy composites on smooth and coarse substrates. On the smooth 

substrates, there was no epoxy on the top surface and the fracture substrate after the SLS test was 

very similar to the substrate before applying the coatings. However, on the coarse substrates, it 

was evident that some of the CNT reinforced epoxy composites penetrated into the irregularities 

of the substrates. The stronger interfacial adhesion contributed to the improvements of the bonding 
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performances of the CNT reinforced epoxy composites on rougher substrates as shown in Figure 

23. 

  
(a) (b) 

Figure 26. Typical fracture surfaces of the CNT reinforced epoxy composites on top surfaces at a 

magnification of 500X: (a) on the smooth substrate; (b) on the coarse-blasted substrate 

3.4. Summary  

This chapter investigated the bonding performances of epoxy-based composites with and 

without CNT reinforcements on mild steel substrates fabricated with four different surface 

roughness. According to the experimental results, the following concluding remarks could be 

drawn: 

(1) The addition of CNTs could significantly increase the bonding strengths and fracture 

strains as a result of great improvement in the toughness of epoxy-based composites. Higher ability 

of plastic deformation and pulling-out of CNTs with improved fracture energy consuming 

efficiency were the reinforcing mechanisms when interfacial adhesion between the epoxy-based 

composites and steel substrates was strong enough.  

(2) When lacking sufficient interfacial adhesion due to low surface roughness, the bonding 

performance of the CNT reinforced epoxy composites could still be improved because the addition 
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of CNTs could improve the interfacial adhesion as indicated by the smaller contact angles of the 

CNT reinforced epoxy compared to the neat epoxy, although the improvement was less significant. 

(3) The surface roughness had a positive influence on the bonding performances of the 

CNT reinforced epoxy composites by enhancing the interfacial adhesion. The positive influence 

of surface roughness was more significant on smoother substrates when lacking sufficient 

interfacial adhesion. When surface roughness was sufficient to provide a good interfacial adhesion, 

further increasing the surface roughness become much less effective. 

 (4) The failure mode could only be changed from adhesive failure of the neat epoxy resin 

to partly cohesive failure of the CNT reinforced epoxy composites on highly rough substrates due 

to the aggregation of CNTs even after mechanical stirring and ultrasonic mixing.  
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CHAPTER 4. INFLUENCES OF BONDLINE THICKNESS AND CNT 

WEIGHT FRACTION ON THE BONDING PERFORMANCE OF CNT 

REINFORCED EPOXY COMPOSITES 

In this chapter, the bonding performance of CNT reinforced epoxy composites on steel 

substrates with different CNT weight fractions and bondline thicknesses were investigated using 

SLS tests. The following bonding performances of epoxy-based composites were evaluated 

included bonding strength, fracture strain, toughness, and failure mode. In addition, SEM image 

analysis was also performed on the fracture surfaces of epoxy-based composites to understand the 

reinforcing mechanisms of the CNTs in the epoxy-based composites and reveal the potential 

effectiveness of the CNT reinforcement. 

4.1. Experimental Setup 

The steel substrates are made of mild A36 steel, the neat epoxy adhesive in this chapter 

was still the genera-purpose epoxy resin, while the CNTs were still the multi-walled carbon 

nanotubes with the same mixing method. Epoxy-based composites with three different weight 

fractions of 0%, 0.375%, and 0.75% were fabricated to investigate the influence of CNT weight 

fractions on the bonding performances of epoxy-based composites when different bondline 

thicknesses were considered. The SLS sample configurations and loading protocols were still the 

same, except all the surfaces were only fine-blasted and three different bondline thicknesses of 1 

mm, 0.5 mm, and 0.25 mm were considered for each CNT fraction. Table 9 (Column 1 ~ 4) shows 

the test matrix for the SLS tests in this chapter. 9 testing conditions were considered covering three 

different bondline thicknesses (0.25 mm, 0.5mm, and 1 mm) and three different CNT weight 

fractions (0%, 0.35%, 0.75%). For each testing condition, to restrict random error, five samples 

were made, resulting in a total of 45 samples. 
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Table 9. Results of SLS tests in Chapter 4 

Testing 

condition  

Sample 

quantity 

Bondline 

thickness 

(mm) 

CNT addition 

(%) 

Toughness 

(MPa) 

Bonding 

strength (MPa) 

Fracture strain  

E1 5 1 0 0.78 6.54 ± 0.43 0.195 ± 0.007 

E0.5 5 0.5 0 3.41 11.72 ± 0.82 0.614 ± 0.037 

E0.25 5 0.25 0 15.36 17.66 ± 1.35 1.474 ± 0.107 

HC1 5 1 0.375 5.01 12.26 ± 1.04 0.699 ± 0.037 

HC0.5 5 0.5 0.375 10.41 17.31 ± 1.60 1.210 ± 0.072 

HC0.25 5 0.25 0.375 21.89 18.48 ± 1.23 1.982 ± 0.145 

C1 5 1 0.75  7.50 15.56 ± 1.13 0.853 ± 0.041 

C0.5 5 0.5 0.75  16.65 18.27 ± 1.45 1.372 ± 0.095 

C0.25 5 0.25 0.75 32.45 19.25 ± 1.87 2.079 ± 0.165 

4.2. Results and Discussions 

4.2.1. Stress-strain curve 

Figure 27 (a ~ i) show the original experimental stress-strain curves in each testing 

condition with three different bondline thicknesses and three different CNT weight fractions 

following the termination of the test matrix as shown in Table 9. To clearly compare the stress-

strain curves in different testing conditions, the five-individual stress-strain curves from the five 

samples in each testing condition were fitted mathematically into one average stress-strain curve 

as also illustrated in Figure 27 (a ~ i). The applied fitting algorithm was called trace interpolation 

which was able to compute the average curves whose shapes were similar to those of the five 

experimental curves in the same testing conditions. From Figure 27, it can be seen that the five 

individual curves and the corresponding average curve in each testing condition followed the same 

traces with similar peak stresses and fracture strains. Therefore, in the further analysis, the typical 

stress-strain curves in each testing condition were represented by the corresponding average 

curves.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 27. Comparisons between original experimental stress-strain curves and the average 

fitting curves in each testing conditions: (a) E1; (b) E0.5; (c) E0.25; (d) HC1; (e) HC0.5;  

(f) HC0.25; (g) C1; (h) C0.5; (i) C0.25 
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(g) (h) 

 
(i) 

Figure 27. Comparisons between original experimental stress-strain curves and the average 

fitting curves in each testing conditions: (a) E1; (b) E0.5; (c) E0.25; (d) HC1; (e) HC0.5;  

(f) HC0.25; (g) C1; (h) C0.5; (i) C0.25 (continued) 

Figure 28(a ~ c) plot the average stress-strain curves of 0%, 0.35% and 0.75% CNT 

reinforced epoxy composites with the three different bondline thicknesses of 0.25 mm, 0.5 mm, 

and 1 mm. As shown in Figure 28(a), the stress-strain curves of neat epoxy resin (0% CNT 

addition) with different bondline thicknesses showed significantly different changing traces. For 

the neat epoxy resin with the bondline thicknesses of 1 mm and 0.5 mm, the shear stress increased 

almost linearly with the increase of strain, and then decreased suddenly after reaching the peak 

stress, ending up with a sudden failure. However, when the bondline thickness was reduced to 0.25 

mm, the average stress-strain curve showed a typical nonlinear pattern, with the stress dropping 
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gradually after the peak stress. For the CNT reinforced epoxy composites with 0.35% and 0.75% 

CNT additions, as shown in Figure 28(b) and 4(c), respectively, the shapes of the stress-strain 

curves were not obviously affected by neither CNT weight fractions nor bondline thicknesses. All 

the stress-strain curves exhibited nonlinear patterns which were very similar as the neat epoxy 

resin with a bondline thickness of 0.25 mm. However, the degrees of nonlinearity varied with 

different bondline thicknesses and CNT weight fractions. In general, a higher level of nonlinearity 

of the curves was observed with higher CNT additions and thinner bondline thicknesses, indicating 

more plastic deformations generated by the epoxy-based composites. 

  
(a) (b) 

 
(c) 

Figure 28. Average stress-strain curves of epoxy-based composites: (a) neat epoxy; (b): 0.375% 

CNTs; (c) 0.75% CNTs 

The plastic behaviour of the neat and CNT reinforced epoxy composites could quantitively 

be reflected by the area under the stress-strain curve, which is an indication of the toughness as the 

ability of plastically deforming and absorbing energy. Epoxy-based composites with higher 
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toughness could generate more plastic deformations and consume more energy while deforming, 

indicating the improved bonding performances. Based on the average stress-strain curve in each 

testing condition as shown in Figure 28, the toughness of epoxy-based composites among the 

different bondline thicknesses with each CNT addition can be calculated and the values of the 

toughness are presented in Table 9 (Column 5) and compared in Figure 29. According to Figure 

29, the reduction of bondline thickness could remarkably improve the toughness of epoxy-based 

composites with the same CNT fractions. For the neat epoxy resin, as the bondline thickness 

decreased from 1 mm to 0.5 mm and from 0.5 mm to 0.25 mm, the toughness increased by 337% 

and 350%, respectively. However, for the CNT reinforced epoxy composites, the improvements 

of toughness by the same decreases of bondline thicknesses reduced to 108% and 110% with 

0.375% CNT addition, and 122% and 95% with 0.75% CNT addition, respectively. Compared to 

neat epoxy resin, the increments of the toughness among CNT reinforced epoxy composites with 

different bondline thicknesses became smaller and smaller due to the increase of CNT fractions.  

 
Figure 29. Comparisons of toughness between different bondline thickness (including increments 

from 1 mm to 0.5 mm and 0.5 mm to 0.25 mm) with each CNT addition 

Moreover, it was clearly indicated Table 9 (Column 5) that when comparing epoxy-based 

composites with the same bondline thicknesses, the toughness appreciably increased as the 
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increase of CNT fractions. According to Table 9, as the CNT fraction increased from 0% to 0.375%, 

the toughness of epoxy-based composites with the bondline thickness of 1 mm and 0.5 mm 

increased by 542% and 205%, respectively. For the rest epoxy-based composites with different 

bondline thicknesses and CNT fractions, the increments of the toughness were only around 43% 

~ 60%. The improvements were more significant by increasing the CNT fractions from 0% to 

0.375% when the bondline thicknesses were 1 mm and 0.5 mm compared to further increasing the 

CNT fractions from 0.375% to 0.75% or when the bondline thickness was 0.25 mm. The influence 

of the CNT addition was more effective on the epoxy-based composites with thicker bondline 

thicknesses.  

4.2.2. Bonding strength and fracture strain 

Table 9 (Columns 6-7) also includes the influence of bondline thickness and CNT fraction 

on the bonding strength and fracture strain of the epoxy-based composites. Figure 30(a, b) displays 

the increments of bonding strength and fracture strain with standard deviations of epoxy-based 

composites among different bondline thicknesses with various CNT weight fractions. It was found 

that both bonding strength and fracture strain of neat epoxy resin increased significantly as the 

decrease of bondline thickness, which is the agreement with findings in Chapter 2. The similar 

trend was also seen for both 0.375% and 0.75% CNT reinforced epoxy composites among different 

bondline thicknesses.  

Specifically, as shown in Figure 30(a), for the neat epoxy resin, when the bondline 

thickness was reduced from 1 mm to 0.5 mm and from 0.5 mm to 0.25 mm, the bonding strength 

increased by 79% and 51%, respectively. For the CNT reinforced epoxy composites, the 

corresponding increments of bonding strength improved by 41% and 7% for 0.375% CNT 

reinforcement, and 17% and 5% for 0.75% CNT reinforcement, respectively. The increments in 



61 
 

fracture strain also showed a similar trend as those in bonding strength, as shown in Figure 30(b). 

For the neat epoxy resin, by reducing the bondline thickness from 1 mm to 0.5 mm and from 0.5 

mm to 0.25 mm, the fracture strain increased 215% and 140%, respectively. For CNT reinforced 

epoxy composites, the corresponding improvements were restricted to 73% and 64% with 0.375% 

CNT addition, and to 61% and 52% with 0.75% CNT addition, respectively. It was worth noticing 

that the improvement of both bonding strength and fracture strain became less significant from 0% 

to 0.75% CNT reinforced epoxy composites, indicating that the impact on the bonding 

performances of epoxy-based composites by bondline thickness was restricted with the addition 

of CNTs. The restricted impact of bondline thickness with the addition of CNTs could be possibly 

related to the reinforcing mechanism of CNTs on the epoxy-based composites. Existing studies 

found that voids and micro-cracks inside the bondline layer could be deflected, pinned and bridged 

with the incorporation of CNTs [53, 90, 91]. In terms of the influence of bondline thickness, 

porosity is one of the most critical reasons for thicker bondlines yielding weaker bonding 

performance [88]. The voids and micro-crack could be possibly cured by the added CNTs, so that 

the adverse impact of bondline thickness might be mitigated or even minimized with the addition 

of CNTs. Thus, the increments of bonding strength and fracture strain became smaller among CNT 

reinforced epoxy composites with the reduction of bondline thickness. 

On the other hand, previous researches [9, 45, 54, 92] found out that the bonding strength 

of CNT reinforced epoxy composites increased as the CNT fractions increased to around 0.75%, 

and then decreased gradually with further additions of CNTs owing to the aggregation of CNTs 

[52, 56, 91]. The experimental results in Table 9 (Columns 6-7) confirmed that for epoxy-based 

composites with the same bondline thicknesses, as the CNT fraction increased from 0% to 0.75%, 

both bonding strengths and fracture strains increased continuously. By increasing the CNT 
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fractions from 0% to 0.75%, more CNTs were incorporated to reinforce the epoxy bondlines, 

which could surely improve the bonding performances of the epoxy-based composites.  

  
(a) (b) 

Figure 30. Comparisons between different bondline thickness (including increments from 1 mm 

to 0.5 mm and 0.5 mm to 0.25 mm) with each CNT addition: (a) bonding strength; (b) fracture 

strain 

To further investigate the influence of CNT fractions on the bonding strength and fracture 

strain of epoxy-based composites with different bondline thicknesses, it was noted that when the 

bondline thickness was 1 mm, adding the CNT fraction from 0% to 0.375%, the bonding strength 

and fracture strain increased by 87% and 258%, respectively. and further increasing the CNT 

fraction from 0.375% to 0.75%, the improvements of bonding strength and fracture strain were 

27% and 22%, respectively. When the bondline thickness was 0.5 mm, the corresponding 

improvements reduced to 48% and 97% from 0% to 0.375% CNT additions, and 6% and 13% 

from 0.375% to 0.75% CNT additions. When the bondline thickness was 0.25 mm, except the 

fracture strain increased by 34% with the increase of CNT addition from 0% to 0.375%, the other 

increments were only around 5%. It was observed that the increments of bonding strength and 

fracture strain by increasing CNT fractions were reduced with the decrease of bondline 

thicknesses. The literature showed that thicker epoxy bondlines are prone to have more voids and 
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micro-cracks than thinner bondlines [89]. Thus, more imperfections in thicker bondlines could be 

fixed by the CNTs, resulting in more significant improvements of the bonding performances. 

4.2.3. Failure mode analysis 

Figure 31(a, b) compare the fracture surfaces of the neat and the 0.75 % CNT reinforced 

epoxy composites with the bondline thickness of 1 mm. As shown in Figure 31(a), a complete 

adhesive failure occurred for the neat epoxy resin with 1 mm bondline thickness because the epoxy 

bondline was completely attached on the top surface of the neat epoxy, and there was no visible 

epoxy remaining on the bottom surface. For the 0.75% 1 mm thick CNT reinforced epoxy 

composite, adhesive failure was also the dominant failure mode with most of the epoxy remaining 

on one fracture surface. However, as shown in Figure 31(b), some spots of CNT reinforced epoxy 

could be found on the bottom surface indicating the existence of cohesive failure. Then the overall 

failure mode turned into a combination of both adhesive and cohesive failure. It could also be 

noticed that there were several visible small cracks on the CNT reinforced epoxy bondline on the 

top surface. These cracks might be generated due to the plastic behaviour of CNT reinforced 

epoxy. Given that the addition of CNTs increased the shear capacity and toughness of the epoxy-

based composites, it indicated that adding CNTs into the epoxy could improve the failure mode of 

epoxy-based composites. 

In addition, Figure 31(a, c) and (b, d) compare the typical fracture surfaces of the neat and 

0.75% CNT reinforced epoxy composites with bondline thicknesses of 1 mm and 0.25 mm, 

respectively. Specially, for the CNT reinforced epoxy composites with the bondline thickness of 

0.25 mm, the bondline was penetrated by a big crack thoroughly, and the two separated parts of 

epoxy remained on both fracture surfaces. Although a large part of the bondline area still belonged 

to adhesive failure, cohesive failure occurred on the cracking areas including the big crack and 
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some smaller cracks inside the adhesive area. The similar failure mode modification was also 

observed between the neat epoxy resin with the bondline thicknesses of 1 mm and 0.25 mm. The 

preferred partial cohesive failures were achieved for both the neat and CNT reinforced epoxy 

composites with the bondline thickness of 0.25 mm, indicating that the change of failure mode was 

more pronounced between the neat epoxy resin compared to the change between the CNT 

reinforced epoxy composites with those different bondline thicknesses.  

  
(a) (b) 

  
(c) (d)  

Figure 31. Typical fracture surfaces of epoxy-based composites: (a) 1 mm neat epoxy; (b): 1 mm 

0.75% CNT reinforced epoxy; (c) 0.25 mm neat epoxy; (d) 0.25 mm 0.75% CNT reinforced 

epoxy 

4.2.4. SEM image analysis 

To further analyse the fracture surfaces of the neat and CNT reinforced epoxy composites 

shown in Figure 31, SEM image analysis at a magnification of ×1000 was conducted on the top 

surfaces of those epoxy-based composites, which are illustrated in Figure 32(a ~ d). As shown in 

Figure 32(a, b), the typical fracture surface of neat epoxy resin with 1 mm bondline thickness was 

comparatively smoother and flatter than the fracture surface with the 0.75% CNT reinforcement. 
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Adding CNTs into the 1 mm thick adhesive bondlines could visibly increase surface roughness of 

the fracture surfaces.  

  
(a) (b) 

  
(c) (d)  

Figure 32. SEM images of the typical fracture surfaces: (a) 1 mm neat epoxy; (b): 1 mm 0.75% 

CNT reinforced epoxy; (c) 0.25 mm neat epoxy; (d) 0.25 mm 0.75% CNT reinforced epoxy 

Additionally, for the neat epoxy resin as shown in Figure 32(a, c), the reduction of bondline 

thickness apparently increased the surface roughness of the fracture surfaces by introducing more 

hills, ridges and valleys on the surfaces. The similar roughness improvement was also seen on the 

fracture surfaces of the CNT reinforced epoxy composites between 1 mm and 0.25 mm bondline 

thicknesses, while it was less obvious than the improvement between neat epoxy resin. The 

influence of bondline thickness on surface roughness of fracture surfaces became less significant 

with the increase of CNT additions, which was also echoed with the previous findings in the last 
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section. Rougher fracture surfaces revealed more plastic deformations of epoxy bondlines, 

resulting in more complex fracture mechanisms with higher energy dissipation and toughness. But 

when comparing the fracture surfaces of the neat and CNT reinforced epoxy composites with 0.25 

mm bondline thickness as in Figure 32(c, d), there was no big difference between the surface 

morphologies of the neat and CNT reinforced epoxy composites, the improvement of surface 

roughness between them was rather limited. 

  
(a) (b) 

Figure 33. SEM images of the presence of CNTs in the epoxy bondlines at higher 

magnifications: (a) the presence of CNTs; (b): CNT pulling-out from epoxy bondlines 

Figure 33(a, b) present the SEM images of the presence of CNTs in the reinforced epoxy 

bondlines at higher magnifications, showing that several CNTs were pulled out from the 

surrounding epoxy bondline, which can be regarded as one of the important reinforcing 

mechanisms of CNTs. In terms of the CNTs pulling-out, CNTs and the surrounding epoxy matrix 

are tightly bonded together at the beginning until CNTs started to debond owing to the increase of 

the pull-out force. During debonding, a part of the CNTs moved along the interface against a 

friction force between CNTs and the epoxy matrix, with the rest part remaining well-bonded. 

When the debonding part extended to the whole length of CNTs, slipping occurred and CNTs were 
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pulled out [93]. A lot of energy was consumed during this process, leading to the increase of the 

toughness and improvement of the bonding performances of epoxy-based composites [49]. 

  
(a) (b) 

Figure 34. SEM images of a CNT cluster on the fracture surface of 0.75% CNT reinforced epoxy 

composites: (a) a CNT cluster at a magnification of ×2300; (b): enlarged view of (a) at a 

magnification of ×15000 

Although the CNT reinforcement could lower the influence of bondline thickness on the 

bonding performance of reinforced epoxy-based composites, it still could not eliminate the 

influence of bondline thickness, not to mention reverse the influence. This might be induced by 

the CNT clusters generated in the bondlines, as illustrated in Figure 34(a, b). According to Figure 

34(a), the CNTs were not uniformly dispersed in the epoxy matrix even the optimal CNT weight 

fraction of 0.75%. The CNTs were agglomerated together into a CNT cluster which was restricted 

in a certain area as evidently shown in Figure 34(b). No recognizable CNT was found in the other 

area outside the CNT clusters. The CNT cluster played a negative role in the bonding performance 

improvement of the CNT reinforced epoxy composites, acting as defects or imperfections in the 

bondline layer. The aggregation of CNTs imposed local stress concentration, accelerated the 

damage process and eventually reduced the bonding performances of CNT reinforced epoxy 

composites. In addition, since CNTs were not uniformly dispersed with the CNT clusters, it might 

be challenging for the CNTs to cure all the imperfections in the epoxy bondline. The improvement 
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of the CNT reinforcement was reduced due to the presence of some unfixed imperfections, 

resulting in that CNT reinforced epoxy composites with thicker bondlines still yielded a little 

weaker bonding performance compared to thinner ones. The influence of bondline thickness was 

expected to be further restricted or even minimized with a more uniform CNT dispersion. 

4.3. Summary 

In this chapter, the neat and CNT reinforced epoxy composites with three bondline 

thicknesses of 1 mm, 0.5 mm, and 0.25 mm and three CNT weight fractions of 0%, 0.375%, and 

0.75% were fabricated and their bonding performances were studied using the SLS tests and SEM 

image analysis. Based on the experimental results, it was found that the increase of CNT weight 

fraction (from 0% to 0.75%) and the reduction of bondline thickness (from 1 mm to 0.25 mm) 

could significantly improve the bonding strength, the fracture strain, and the toughness of epoxy-

based composites. The failure mode could be changed from complete adhesion failure for neat 

epoxy resin with the bondline thickness of 1 mm to partial cohesive failure for CNT reinforced 

epoxy composites with the bondline thickness of 0.25 mm. However, the influence of bondline 

thickness on the bonding performances of epoxy-based composites become less significant as the 

increase of CNT weight fractions, which could be explained by the reinforcing mechanism of 

CNTs. The SEM image analysis also indicated that the addition of CNTs could not eliminate the 

influence of bondline thickness, which was induced by the non-uniform dispersion and the 

aggregation of CNTs.   
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CHAPTER 5. INFLUENCES OF CNT GEOMETRIES ON THE 

DISPERSION CHARACTERIZATIONS AND BONDING PERFORMANCE 

OF CNT REINFORCED EPOXY COMPOSITES 

In this chapter, effects of CNT geometries on the dispersion characterizations and bonding 

performance of CNT reinforced epoxy composites were systematically investigated for the first 

time. CNTs with three different diameters, two different lengths and three different weight 

fractions were used and compared regarding dispersion characterizations and bonding 

performance respectively. Specifically, Particle size analyses were carried out to directly display 

the dispersion degree of CNTs. The bonding performance of CNT reinforced epoxy composites 

including bonding strength, fracture strain and toughness was examined by SLS tests. TEM and 

SEM analyses were conducted on CNTs aqueous solution and fracture surfaces of CNT reinforced 

epoxy composites to actual reveal CNT distribution within the epoxy matrix. 

5.1. Experimental Setup 

5.1.1. Materials 

Multi-walled CNTs with six different geometries including three different diameter ranges 

(10-12nm, 20-30nm, 50-100nm) and two different length ranges (normal-length range between 5 

to 20µm, and short range between 0.5 to 2µm) were used in this chapter (supplied by Skyspring 

Nanomaterials Inc, Houston, TX, USA), labeled as N10, N20, N50, S10, S20, and S50. Table 10 

shows the detailed geometries and other details of the six different types of CNTs according to the 

manufacturer’s specification. Pure acetone supplied by Sunnyside Corporation was used as solvent 

to disperse CNTs, since acetone is more volatile than ethanol or deionized water. Moreover, it is 

easier and faster to get rid of the acetone solution after mixing with epoxy resin. Besides, the 

general-purpose epoxy and low carbon A36 steel were still used in this chapter. 
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Table 10. CNT geometries and other properties 

Type CNT Length 

(µm)  

CNT Diameter 

(nm)  

Specific surface area 

(m2/g) 

Purity 

(%) 

Bulk density 

(g/cm3)  

N10 5-20 (Normal) 10-12 500 95 0.27 

N20 5-20 (Normal) 20-30 110 95 0.28 

N50 5-20 (Normal) 50-100 60 95 0.28 

S10 0.5-2 (Short) 10-12 350 98 0.27 

S20 0.5-2 (Short) 20-30 90 98 0.25 

S50 0.5-2 (short) 50-100 70 98 0.18 

5.1.2. Preparation of CNT suspensions 

Although the most prevalent method of mixing CNTs is ultrasonic processing, it was found 

that the ultrasonic mixing may often induce the shortening of tube length and aspect ratio, which 

lead to differences in mechanical properties and other performances [68,71]. Thus, in order to 

accurately investigate the effect of CNT geometries, ultrasonication was avoided during the mixing 

process. In this chapter, a new mixing protocol using a magnetic stirrer was developed to minimize 

alterations in CNT geometries and keep the CNTs intact. First of all, a conical flask filled with 

acetone was placed on the magnetic stirrer (supplied by Across International) and stirred by a 

magnetic rod at a speed of 1600 rpm, while CNTs with different geometries were gently added 

into the solvent. A commercially available surfactant called Sodium dodecylbenzene sulfonate 

(SDBS, obtained from Sigma-Aldrich Corp) with a constant weight fraction of 0.5% was also 

added into the solvent along with at least 2h mechanical stirring to make sure that CNTs were 

thoroughly dispersed. For each CNT geometry, suspensions with three different weight fractions 

(0.5%, 1%, and 2%) were examined to further investigate the effect of weight fractions on the 

dispersion characterizations of CNTs with different geometries. 

5.1.3. Preparation of CNT reinforced epoxy composites 

To prepare the CNT reinforced epoxy composites, the mechanical stirring CNT/acetone 

suspension was firstly mixed with the curing agent since the curing agent had less viscosity than 
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the resin, followed by continually mechanical stirring on the stirrer for 2h to ensure a sufficient 

mixing between CNTs and curing agent. Then the whole mixture was placed in a vacuum at 80℃ 

for at least 4h to thoroughly remove the acetone. At last, the CNT/curing agent mixture was 

mechanically mixed with the resin. The complete mixing protocols of CNT acetone suspensions 

and CNT reinforced epoxy composites adopted in this chapter are illustrated in Figure 35. 

5.1.4. Testing 

Particle size analysis is the most commonly used analytical testing method to directly 

reveal the particle size distribution of CNTs in a wide range. In this chapter, the dispersion 

characterizations of CNTs with different geometries were investigated by particle size analysis 

using Particle Sizing Systems SPOS 780. The SLS test set-up were still the same while the 

thickness of the epoxy layer between the two sheets was all controlled at 0.5 mm. Table 11 

demonstrates the experimental matrix to clearly present all the testing conditions. 

Table 11. Experimental matrix in Chapter 5 

Testing condition CNT Length  CNT Diameter (nm) CNT fraction (%) 

N10-0.5 Normal 10-12 0.5 

N10-1 Normal 10-12 1 

N10-2 Normal 10-12 2 

N20-0.5 Normal 20-30 0.5 

N20-1 Normal 20-30 1 

N20-2 Normal 20-30 2 

N50-0.5 Normal 50-100 0.5 

N50-1 Normal 50-100 1 

N50-2 Normal 50-100 2 

S10-0.5 Short 10-12 0.5 

S10-1 Short 10-12 1 

S10-2 Short 10-12 2 

S20-0.5 Short 20-30 0.5 

S20-1 Short 20-30 1 

S20-2 Short 20-30 2 

S50-0.5 Short 50-100 0.5 

S50-1 Short 50-100 1 

S50-2 Short 50-100 2 
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(a) 

 
(b) 

 Figure 35. The complete mixing procedures: (a) CNT suspensions; (b) CNT reinforced epoxy composites
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5.2. Results and Discussions 

5.2.1. Validation of CNT geometries with a new mixing protocol 

Before discussing the dispersion characterizations of CNT reinforced epoxy composites 

with different CNT geometries, it is indispensable to find out if CNTs remained their initial 

geometries after the newly-developed mixing procedures, even though ultrasonication was not 

involved in the mixing protocol. Figure 36(a ~ c) and Figure 37(a, b) display typical TEM images 

of CNTs suspensions from different testing groups visualizing the diameters and lengths, 

respectively. The average diameters of CNTs from different testing groups (N10, N20, and N50) 

were around 10.1 nm, 24.4 nm, and 58.5 nm, respectively, which precisely matched the diameter 

range of the corresponding testing groups and similar to the values in Figure 36. Furthermore, as 

for the comparison of CNT lengths, it is clearly illustrated in Figure 37 that CNTs from N20 group 

were generally much longer than CNTs from S20 group. Although it is quite difficult and time-

consuming to accurately measure the length of all the individual CNTs, it is feasible to roughly 

estimate the average length of most CNTs in each Figure by taking a few visible CNTs with most 

frequently lengths as representatives. The estimated average length of CNTs in N20 and S20 group 

were around 10.4 µm and 1.4 µm, respectively, according to Figure 37. The average lengths of 

CNTs in those two testing groups were coincident with the corresponding original length range as 

well as the ratio between the two CNT geometries. Thus, both diameters and lengths of CNTs were 

not evidently affected by the mechanical stirring or the surfactant in the mixing protocol, indicating 

the validity of this new mixing protocol and experimental results in this chapter. 
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(a) (b) 

 
(c) 

Figure 36. TEM images showing the diameters of CNTs: (a) N10; (b) N20; (c) N50 

  
(a) (b) 

Figure 37. TEM images showing the lengths CNTs: (a) N20; (b) S20 

5.2.2. Dispersion characterizations 

Figure 38(a ~ c) illustrate the volume weighted particle size distributions of CNT 

suspensions of different CNT geometries with 0.5%, 1%, and 2% CNT fractions, respectively. The 

particle size corresponding to the peak in the distribution curve is called ‘mode’ describing the size 
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with the highest frequency. As shown in Figure 38, for CNT suspensions with all the testing 

conditions, two particle size distribution types were observed, namely unimodal distribution with 

only one mode and bimodal distributions with two modes [34]. For example, as shown in Figure 

38(b), S10-1 (short CNTs with the diameter around 10 nm in 1% CNT fraction) showed a 

distribution type of unimodal since there was only one mode located at approximately 64 µm. 

While the distribution type of S20-1 (short CNTs with the diameter around 20 nm in 1% CNT 

fraction) belonged to bimodal distribution, with two modes occurring at around 12 µm and 33 µm, 

respectively. Table 12 summarizes the distribution types of all the testing conditions. In order to 

clearly and quantitatively demonstrate and compare the size distributions or dispersion with 

different CNT geometries and fractions, in Table 12, the statistical analysis of the particle 

distribution in each testing condition was also presented, including the mode and geometric mean. 

The geometric means were calculated using the equation below [71]:  

 
𝐷𝑚𝑒𝑎𝑛 =∑(𝑉𝑖 ∙ 𝐷𝑖).

𝑛

𝑖=1

 
(4) 

where, n is the number of particle size classes, Vi is the volume in percentage with class i, and Di 

is particle size of class i. It is generally believed that particle size distributions with smaller mode 

sizes or smaller geometric means yield better dispersion. Because larger particles confirm the 

existence of bigger CNT clusters as the result of non-uniform dispersion. 

When comparing the particle size distributions of CNT suspensions with different 

diameters, it is found that CNTs with larger diameters always had smaller mode sizes and smaller 

geometric means, indicating the better dispersions of thicker CNTs, holding CNT length and 

fraction the same. For instance, according to Figure 38(a), N10-0.5, N20-0.5 shared a same 

bimodal distribution. For N10-0.5, the volumes of 1st and 2nd mode were about less than 2% and 

6%, respectively, implying that a larger proportion of CNTs had larger sizes. While for N20-0.5, 
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the volumes of 1st and 2nd mode were about 5% and 3%, respectively. This volume change of the 

modes indicated that as the increase of CNT diameter, CNTs were more likely to exist in the form 

of smaller particles or clusters rather than larger ones.   

 
(a) 

 
(b) 

 
(c) 

Figure 38. Volume weighted particle size distributions of CNT suspensions of different CNT 

geometries: (a) 0.5%; (b) 1%; (c) 2% CNT fractions 
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Table 12. Particle size distribution and its statistical analysis 

Testing condition Distribution type  1st Mode (µm) 2nd Mode (µm) Geometric mean (µm) 

S10-0.5 Unimodal 37.93 / 31.29 

S10-1 Unimodal 64.56 / 56.93 

S10-2 Unimodal 101.43 / 87.78 

S20-0.5 Bimodal 14.94 36.86 20.34 

S20-1 Bimodal 13.32 48.23 28.46 

S20-2 Bimodal 12.09 50.20 33.00 

S50-0.5 Bimodal 12.65 41.81 20.26 

S50-1 Bimodal 15.28 36.86 24.31 

S50-2 Bimodal 11.09 42.05 29.95 

N10-0.5 Bimodal 14.43 42.05 27.78 

N10-1 Unimodal 66.82 / 52.06 

N10-2 Unimodal 91.51 / 76.30 

N20-0.5 Bimodal 11.81 38.15 14.10 

N20-1 Bimodal 12.37 48.19 28.72 

N20-2 Unimodal 50.78 / 38.36 

N50-0.5 Unimodal 11.40 / 10.10 

N50-1 Bimodal 13.09 47.96 20.67 

N50-2 Bimodal 12.19 48.23 37.55 

Moreover, from Table 12, the 1st and 2nd modes as well as the geometric mean of N20-

0.5 were 11.81 µm, 38.15 µm, and 14.10 µm, which were all smaller than the corresponding values 

of N10-0.5 (14.43 µm, 42.05 µm, and 27.78 µm), respectively. For N50-0.5, when further 

enlarging the diameter of CNTs, the dispersion was continually improved. As shown in Figure 

38(a) and Table 12, the distribution type of N50-0.5 was converted into unimodal distribution with 

all the particles concentrating near the mode of 11.40 µm, and there was no larger particles or 

clusters to form the 2nd mode. It was evident that as the increase of CNT diameter, the particle 

size of CNTs in the suspension became smaller resulting in more uniform particle size distribution 

and dispersion. The same findings could also be drawn from CNTs with other lengths or fractions 

based on Figure 38 and Table 12. 

According to comparisons of particle size distributions between different lengths, the mode 

sizes and geometric means of CNTs with normal length were often smaller than short CNTs, 

holding the same CNT diameters and fractions. Take the comparisons between N20-1 and S20-1 
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as example as shown in Figure 38(b). Both of them had bimodal distributions, but the mode sizes 

and geometric mean of S20-2 were 13.32 µm, 48.23 µm, and 28.46 µm which were precisely close 

to those of N20-2 (12.37 µm, 48.19 µm, and 28.72 µm), respectively as shown in Table 12. 

Regarding most of the other testing conditions with the same CNT diameters and fractions, the 

distribution parameters of normal-length CNTs were moderately smaller than short CNTs. On the 

contrary, there were also some cases that short CNTs had better particle size distribution than long 

CNTs, such as S20-2 and N20-2. In general, the differences of particle size distributions between 

normal-length and short CNTs were not significant enough to provide evident relationship between 

the dispersion states of CNTs with different lengths. 

In addition to the effect of CNT geometries, the CNT fractions also had a considerable 

influence on the particle size distribution and dispersion of CNTs. By comparing CNTs with the 

same geometries but different percentages of additions, it was obvious that as the increase of CNT 

fractions, CNTs tended to have less uniform particle size distributions resulted from apparently 

larger distribution parameters. Because higher CNT fraction means more CNTs in a certain volume 

of solvent, leading to that CNTs are more likely to entangled together into larger CNT clusters. 

The effects of CNT geometries and fractions on the dispersion characterizations could be 

verified by TEM images. Figure 39(a ~ f) show the TEM images for the dispersion states of N10-

2, N20-2, N50-2 (different diameters), S20-2 (different lengths), N20-0.5, and N20-1 (different 

fractions). According to Figure 39(a) of N10-2, almost all the CNTs were entangled with each 

other into huge CNT clusters, and there were very few individual CNTs apart from those clusters. 

With the increase of CNT diameter as shown in Figure 39(c) of N20-2, not only the size of cluster 

significantly reduced, but also many CNTs were separated from the medium-sized cluster, 

indicating a more uniform dispersion compared to N10-2. When further enlarging the CNT 
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diameter to 50 nm as shown in Figure 39(e) of N50-2, most of CNTs were relatively well dispersed 

with only two smaller clusters within the image area. Comparisons among CNTs with different 

diameters in the TEM images confirmed that thicker CNTs were prone to have better dispersion 

characterizations than thinner CNTs. With the same CNT additions, the reduction of CNT diameter 

increased the surface area and aspect ratio of the tubes leading to stronger interaction among each 

CNT. Thus, CNTs with small diameter are expected to aggregated tightly with each other yielding 

non-uniform dispersion. 

By comparing the TEM images of CNTs with different lengths as shown in Figure 36(b) 

and 39(e), N20-2 and S20-2 had similar dispersion characterizations with a CNT cluster 

surrounded by many separate CNTs. However, the cluster size of N20-2 was fairly larger than of 

S20-2 indicating the better dispersion of short CNTs, which was consistent with the results from 

particle size analysis. The effect of CNT length on the dispersion was not pronounced because the 

variation of length did not significantly change the surface area, so that the attraction forces among 

each CNT nearly remained the same level. Therefore, the dispersion characterizations of CNTs 

with different lengths were very similar.  

Moreover, the comparisons of dispersion characterizations among CNTs with different 

fractions were revealed by Figure 39(b ~ d). It was evident that N20-0.5 and N20-1 were free of 

any clusters showing a more preferable dispersion than N20-2. Although there was no noticeable 

difference between 0.5% and 1% CNT fractions, the dispersion characterization of N20-0.5 

seemed to be slightly better than that of N20-1. Since CNTs with higher addition have higher 

possibility to interact or entangle with each other, it was understood that higher CNT fractions 

normally exhibit non-uniform dispersion. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 39. TEM images showing the real dispersion states of CNTs with different geometries 

and fractions: (a) N10-2; (b) N20-0.5; (c) N20-2; (d) N20-1; (e) N50-2; (f) S20-2 

5.2.3. Bonding performances 

Bonding performances are of top priority to the overall performance of epoxy composites. 

Figure 40(a ~ c) illustrate the average stress-strain curves of CNT reinforced epoxy composites 

among different CNT geometries with 0.5%, 1%, and 2% CNT fractions, respectively. According 
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to Figure 40, all the curves shared a similar changing trend regardless of CNT geometries and 

fractions. As the increase of strain, the stress went up with a sharper slope at the beginning. After 

the strain reached at over 0.5, an inflection point was observed with the stress increasing 

remarkable slower and obviously dropping at the end.  

  
(a) (b) 

 
(c) 

Figure 40. Average stress-strain curves of CNT reinforced epoxy composites with different CNT 

geometries: (a) 0.5%; (b) 1%; (c) 2% CNT fractions 

The shape of the stress-strain curves could be interpreted by pulling-out of the CNTs which 

is widely believed as one of the major reinforcing mechanisms of CNTs. At the beginning when 

the epoxy composites and CNTs were firmly bonded, they worked together as a strong integrity to 

bear the external loading. Owing to different moduli between epoxy and CNTs, when the strain 

increased to the ultimate shear strain of epoxy, the epoxy matrix was fractured and deactivated, 
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which reduced the overall shear modulus. Although a part of CNTs started to be pulled-out from 

the surrounding epoxy matrix, the rest part kept well bonded and continually worked to bear the 

loading. As the pulling-out part extended, the remaining CNTs were not able to bear the loading, 

catastrophic fracture occurred and CNT reinforced epoxy composites failed [52, 93]. 

  
(a) (b) 

 
(c) 

Figure 41. Bonding strenths of CNT reinforced epoxy composites with different CNT 

geometries: (a) 0.5%; (b) 1%; (c) 2% CNT fractions 

The bonding strength was identified as the highest stress in the stress-strain curves. Figure 

41(a ~ c) show the bonding strengths of CNT reinforced epoxy composites among different 

geometries with 0.5%, 1%, and 2% CNT fractions, respectively. As shown in Figure 41(a), the 

bonding strength of N20-0.5 (normal length, 20 nm diameter and 0.5% CNT fraction) was 28.30 

MPa which was slightly higher than that of N10-0.5. After further increasing the diameter to 50 
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nm, the bonding strength reached 29.90 MPa with about 8% increase compared to N10-0.5. For 

CNT reinforced epoxy composites with the other lengths and fractions, similar increasing trends 

were observed. The most noteworthy improvement was obtained by N50-1, with increase of 

around 22% compared to N10-1. It was known that the dispersion characterization of CNTs had a 

decisive effect on the bonding strength and bonding performances of CNT reinforced epoxy 

composites, and CNTs with larger diameters normally have better dispersion characterizations [56]. 

Therefore, epoxy composites reinforced by thicker CNTs tend to have higher bonding strength due 

to the more uniform dispersion. 

As for the influence of CNT length on the bonding strength of CNT reinforced epoxy 

composites, it was obvious in Figure 41 that with the same CNT diameters and fractions, the 

bonding strengths of epoxy composites reinforced by normal-length CNTs were much higher than 

those reinforced by short CNTs. Especially, the lap strength of N10-0.5 was almost twice as much 

as that of S10-0.5. Furthermore, it was noted that the bonding strength of N10-0.5 was even a little 

higher than that of S50-0.5, and this trend was valid for the other CNT fractions of 1% and 2%. 

Given that the dispersion characterizations of S50-0.5, S50-1, and S50-2 were much better than 

those of N10-0.5, N10-1, and N10-2 respectively as shown in Figure 38 and Table 12, epoxy 

composites reinforced by longer CNTs yielding stronger bonding strengths cannot be simply 

explained by the effect of dispersion characterization. It was reported in the literature [95, 96] that 

CNTs with very small lengths were difficult to accomplish a sufficient stress transfer between 

them and the surrounding epoxy matrix. When lacking interfacial bonding and anchoring on the 

CNT-epoxy interface, short CNTs were expected to have the similar detrimental effect as 

imperfections which reduced the stiffness and continuity of the epoxy matrix [97]. On the other 

hand, by comparing the bonding strength of CNT reinforced epoxy composites with different CNT 
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fractions, as the increase of CNT addition, the bonding strength kept dropping due to more non-

uniform CNT dispersion. 

  
(a) (b) 

 
(c) 

Figure 42. Toughness of CNT reinforced epoxy composites with different CNT geometries:  

(a) 0.5%; (b) 1%; (c) 2% CNT fractions 

In addition to bonding strength, the area under the stress-strain curve could be integrated 

as toughness which is another important adhesion parameter describing the ability of energy 

absorption and plastic deformation. Based on Figure 40, Figure 42(a ~ c) show the comparisons 

of toughness among CNT reinforced epoxy composites with different geometries and fractions. 

Similar as the changing trend of bonding strength, as the increase of CNT diameter, the toughness 

of CNT reinforced epoxy composites also improved. As shown in Figure 42(a), the toughness of 

N50-0.5 was 36% and 22% higher than those of N50-0.5 and N50-1, respectively. The most 
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tremendous enhancement was also achieved by N50-1, with the increments reaching 54% 

compared to N10-1. It was worth noting that nearly all the increments in toughness with the same 

testing conditions were more significant than those in bonding strength. Considering toughness is 

determined by both strength and ductility, the increase of CNT diameter not only improved the 

bonding strength, but also enhanced the deformability and ductility of CNT reinforced epoxy 

composites. 

When comparing CNT reinforced epoxy composites with the same CNT diameter and 

fractions but different lengths, Figure 42 demonstrates that the toughness of epoxy composites 

reinforced by normal-length CNTs was always markedly better than those by short CNTs. The 

improvement in toughness of N50-1 was as much as 52% higher compared to S50-1 in particular. 

The variation in toughness between epoxy composites reinforced by normal-length and short 

CNTs was attributed to the same mechanism in bonding strength as discussed above. Since 

insufficient stress transfer between short CNTs and epoxy leading to discontinuity and 

imperfections of the matrix as a whole, undoubtedly the toughness of short CNT reinforced epoxy 

composites was rather limited. Moreover, the changing trend of CNT fractions in bonding strength 

was still valid in toughness. As the increase of CNT fraction, the toughness of CNT reinforced 

epoxy composites decreased as a results of non-uniform CNT dispersion.  

5.2.4. SEM analysis on fracture surfaces 

To further investigate the dispersion state of CNTs into the epoxy matrix as well as 

understanding the mechanisms of CNT geometries behind the experimental data, SEM images 

were also taken on the fracture surfaces of epoxy composites as illustrated in Figure 43(a ~ f) 

including N10-0.5, N20-0.5, N50-0.5 (different diameters), S50-0.5 (different length), N50-1 and 

N50-2 (different fractions). It was found in Figure 43(a) for N10-0.5 that there was a huge CNT 
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clusters with the estimated diameter of 28.0 µm, along with several small clusters. With the 

increase of CNT diameter for N20-0.5 as shown in Figure 43(c), the size of the biggest CNT cluster 

reduced significantly to around 14 µm, and further reduced to around 10.0 µm for N50-0.5 as 

shown in Figure 43(e). It was confirmed that epoxy composites reinforced by thicker CNTs had 

better dispersion which contributed to better bonding strength and toughness.  

Figure 43(e, f) compare the typical SEM images of CNT reinforced epoxy composites with 

different lengths. The sizes of CNT clusters of N50-0.5 were visibly smaller than those of S50-0.5 

indicating the better dispersion characterizations and bonding performances of epoxy composites 

reinforced by normal-length CNTs. By comparing N50-0.5, N50-1, and N50-2 as shown in Figure 

43(b, d, e), CNT reinforced epoxy composites with lower CNT fraction had smaller clusters 

leading to more uniform CNT dispersion and stronger adhesion. In general, the sizes of CNT 

clusters demonstrated in each SEM image were consistent with the measurements in particle size 

analysis, which proved the validation and accuracy of the experimental results. Except those CNT 

clusters, there was also a great deal of individual CNTs as demonstrated in Figure 43(b) as well as 

other figures. Although those thoroughly and homogeneously dispersed CNTs overnumbered CNT 

clusters a lot, the global dispersion characterization was still dominated by CNT clusters. 

The SEM images of N10-0.5 and N50-0.5 as shown in Figure 43(a) and 43(c) were further 

scanned at high magnification as shown in Figure 44(a, b). It was observed in Figure 44(a) that the 

phenomenon of CNT pulling-out was not significant. For most visible CNTs, the main part of the 

length was still buried into the epoxy with only a tip exposed above the matrix surface. However, 

as shown in Figure 44(b), a large part of CNTs had been considerably pulled out from the epoxy 

matrix, although the pulled-out length varied with each individual CNT. The process of CNT 

pulling-out was discussed in the last section. Since a lot of energy was consumed by the pulled out 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 43. SEM images on the fracutre surfaces of CNT reinforced epoxy composites:  

(a) N10-0.5; (b) N20-1; (c) N20-0.5; (d) N20-2; (e) N50-0.5; (f) S50-0.5 
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CNTs, this comparison verified that the toughness of CNT reinforced epoxy composites with 

larger CNT diameters was higher than that with thinner ones, and similar phenomena could also 

be found between CNT reinforced epoxy composites with different CNT lengths and fractions. It 

was noted that more CNT pulling-outs prompted the energy consumption, improved the toughness 

and eventually resulted in better bonding performances. 

  
(a) (b) 

Figure 44. SEM images at high magnification: (a) N10-0.5; (b) N50-0.5 

5.3. Summary 

The main objective of this chapter was to investigate the effects of CNT geometries on the 

dispersion characterizations and bonding performances of CNT reinforced epoxy composites. 

CNTs with different geometries were dispersed into pure acetone solution by a new mixing 

protocol, and dispersion characterizations of the CNT suspensions were studied by particle size 

analysis and TEM. The bonding performances of CNT reinforced epoxy composites were 

exanimated by SLS tests and SEM. Based on the findings, following conclusions can be drawn: 

(1) The TEM analysis confirmed that the diameter and length of CNTs were not evidently 

affected by newly-developed mixing protocol. After the mixing process, CNTs were able 

to keep their original diameters and lengths.  
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(2) CNT suspensions with larger CNT diameters were more likely to have smaller particle 

size as a result of better dispersion characterizations. This was because smaller CNTs 

exhibited larger surface area and aspect ratio which normally resulted in stronger 

interaction to entangle CNTs together as CNT clusters.  

(3) Due to the more uniform dispersion of CNTs, epoxy composites reinforced by thicker 

CNTs had better bonding performances not only in the higher bonding strength but also 

higher toughness implying better ductility and deformability. 

(4) For the effect of CNT length, according to both particle size and TEM analysis, there was 

no evident difference between the dispersion characterizations of CNT suspensions with 

normal-length and short CNTs. Since the variance of CNT length did not significantly 

change the surface area of CNTs, so that the attraction forces among each CNT nearly 

remained the same level. However, the bonding performances of CNT reinforced epoxy 

composites with normal-length CNTs were much better than those with short CNTs, with 

the increments could reach as much as 100% in bonding strength and 52% in toughness. 

In addition, as the increase of CNT fractions, both dispersion characterizations and 

bonding performances deteriorated owing to severe CNT agglomeration. 
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CHAPTER 6. CNT REINFORCED EPOXY COMPOSITES USING CMC 

SURFACE TREATMENT AS A NOVEL MIXING METHOD 

In this chapter, a new CNT physical surface treatment method using carboxymethyl 

cellulose (CMC) was proposed to improve the dispersion effectiveness of CNTs in epoxy matrix-

based composite. The dispersion characterizations and bonding performance of CNTs reinforced 

epoxy composites treated with CMC were systematically investigated. For dispersion 

characterizations, Raman spectroscopy was carried out to prove the effectiveness of CMC 

treatment on the surface of CNTs. Particle size analysis was also conducted to directly reflect the 

dispersion state of CNTs with and without CMCs. The wettability and bonding performance of 

pristine CNTs and CNTs/CMCs reinforced epoxy-based composites were examined by contact 

angle test and SLS tests respectively. In addition, TEM and SEM analyses were also performed on 

the individual CNTs, CNT aqueous solution and CNTs reinforced epoxy composites to reveal the 

dispersion-modifying mechanism and result of CMCs. 

6.1. Experimental Setup 

6.1.1. Materials 

Same epoxy resin and steel substrates were used in this chapter. For CNTs, because of the 

test results in the last chapter, the diameter and length of the tubes were selected optimally as 50-

100 nm and 5-20 µm respectively. The surfactant used in physical surface treatment was a water 

dispersible sodium salt of carboxymethyl ether of cellulose (sodium CMC 419273) obtained from 

Sigma-Aldrich Corp with formula of C28H30Na8O27 and an average mole weight around 90,000. 

6.1.2. CMC surface treatment to CNTs 

To prepare the CMC surface treated CNTs, CMCs with a constant weight fraction of 0.5% 

[98] were gradually added into deionized water (DI) while the solution was mechanically stirred 
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by a magnetic rod on a magnetic stirrer at a speed of 1600 rpm. After CMCs were thoroughly 

dissolved in the DI water, CNTs were dispersed in the CMC solution with the same mechanical 

stirring. To ensure a good dispersion as well as sufficient interact between CNTs and CMCs, the 

aqueous suspensions were further mechanically mixed on a tube rotator for 24h at a speed of 30 

rpm. The whole mixing procedures of CNT aqueous suspensions are shown in Figure 45. The 

CMC surface treatment method did not involve any ultrasonic process to avoid reducing the CNT 

geometry and keep CNTs intact. Three different CNT fractions (0.5%, 1% and 2%) were 

considered to study the effect of CMCs on slightly-, mediumly- and highly-aggregated CNTs. For 

each CNT fraction, CNT suspensions without the CMC treatment were also prepared as the control 

groups.  

 

Figure 45. CMC and CNT mixing procedures 

6.1.3. Dispersion characterizations 

The dispersion characterizations of pristine CNTs and CMC treated CNTs prepared in last 

section were evaluated by Raman spectroscopy and particle size analysis. Raman spectroscopy 

was performed using Aramis Confocal Raman Imaging Raman System, Horiba Jobin Yvon’s 
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Raman spectrometer equipped with a 532 nm laser and a 10X magnification objective lens. The 

recorded region was from 800 cm-1 to 2400 cm-1. Particle size analysis was conducted using 

Particle Sizing Systems SPOS 780 which is capable of detecting particle sizes from 0.5 nm to 400 

µm. Using DI water instead of epoxy resin as the solution for dispersion characterizations was 

because resin and curing agent could severely contaminate the test instruments. 

6.1.4. Bonding performance 

Bonding performances are the top priorities of the epoxy composites, especially when they 

are used in adhesive joints. The experimental set-up and testing protocols are the same as described 

in the previous chapters. For a clear presentation of the testing conditions, the test matrix is 

displayed in Table 13. In total, six different testing conditions including three CNT weight 

fractions (0.5%, 1%, and 2%) and two adhesive materials (pristine CNTs and CMCs treated CNTs), 

were involved in this chapter. 

Table 13. Results of SLS tests in Chapter 6 

Testing 

condition 

Adhesive material CNT fraction 

(%) 

Bonding strength 

(MPa) 

STD 

(%) 

Fracture 

strain 

STD 

(%) 

C0.5 Pristine CNTs 0.5 16.57± 1.12 6.76 1.11 ± 0.084 7.57 

CC0.5 CMC treated CNTs 0.5 20.12 ± 1.74 8.65 1.55 ± 0.100 6.45 

C1 Pristine CNTs 1 19.21 ± 1.31 6.82 1.40 ± 0.083 5.85 

CC1 CMC treated CNTs 1 25.43 ± 1.87 7.35 1.85 ± 0.149 8.01 

C2 Pristine CNTs 2 15.85 ± 1.29 8.13 0.91 ± 0.085 9.34 

CC2 CMC treated CNTs 2 22.44 ± 1.71 7.62 1.76 ± 0.116 6.59 

6.2. Experimental Results and Discussions 

6.2.1. Raman spectroscopy 

Raman spectroscopy was used in this chapter to show the structural differences between 

pristine CNTs and CMCs coated CNTs. Normalized Raman spectra of pristine CNTs and CMCs 

coated CNTs with different CNT fractions are illustrated in Figure 46(a ~ c). As shown in Fig 45, 

all the spectra exhibited two main typical peaks referring to D band around 1345 cm-1 and G band 
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around 1373 cm-1. The locations of those two brands were consistent with the results in the 

literature [99,100].  

  
(a) (b) 

 
(c) 

Figure 46. Raman spectra of pristine CNTs and CMCs coated CNTs with different CNT 

fractions: (a) 0.5%; (b) 1%; (c) 2% 

It is noted that D band reflects the existence of defects, while G band represents the normal 

C-C bond of the carbon system [101], and the intensity ratio between D and G band, ID/IG is able 

to indicate the density of disordered structures due to any surface treatments on the CNTs [102]. 

The ID/IG ratios of pristine CNTs were 0.15, 0.24, and 0.3 for three CNT fractions of 0.5%, 1%, 

and 2%, respectively. After CMC treatments, the corresponding ratios increased to 0.3, 0.36 and 

0.5, respectively. In terms of all CNT fractions, the increases of ID/IG ratios proved the 
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effectiveness of CMC treatment indicating that CMCs were attached on the surface of CNTs and 

changed the physical and chemical structures of the CNTs. The attached CMCs were expected to 

help achieve a better CNT dispersion. 

6.2.2. Particle size analysis 

The dispersion state of CNTs depends on various factors such as type, geometry, shape and 

surface condition. Among all those methods to evaluate the dispersion state of CNTs, particle size 

analysis is the most direct ways to quantitively demonstrate the size and the distribution of CNT 

agglomeration. Figure 47(a ~ f) presents the particle size distributions of pristine CNTs and CMCs 

coated CNTs with different CNT fractions. It is obviously shown that all the particle size 

distributions followed an approximate normal distribution pattern, so that the average diameter is 

equal to the median diameter with the highest volume. As shown in Figure 47(a, c, e), The average 

diameters of pristine CNTs with three CNT fractions (0.5%, 1%, and 2%) were 9.4 µm, 16.3 µm, 

and 19.5 µm, respectively, implying that the agglomerations were more severe with higher CNT 

fractions. According to Figure 47(b, d, f), the average diameters of CMC treated CNTs were 7.2 

µm, 8.6 µm, and 10.3 µm for the three CNT fractions, respectively. By comparing pristine CNTs 

and CMC treated CNTs for each fraction, the average diameters reduced significantly by 23%, 

47%, and 47%, correspondingly. The results clearly indicated that large CNT clusters were broken 

up into smaller one with CMC surface treatment which greatly improved the dispersion states of 

CNTs. The particle size reduction was less significant for slightly-aggregated (0.5%) CNTs 

because CNTs were less likely to form CNT agglomerations with the lower fraction. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 47. Particle size distributions of pristine CNTs and CMCs coated CNTs with different 

CNT fractions: (a) C0.5; (b) CC0.5; (c) C1; (d) CC1; (e) C2; (f) CC2 
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6.2.3. TEM analysis 

The effectiveness of CMCs treatment was further illustrated by TEM analysis. The TEM 

observations of pristine CNTs and CMCs coated CNTs with different CNT fractions are displayed 

in Figure 48(a ~ f). A relatively low magnification of 0.5 µm was used to show the overall 

dispersion states. According to Figure 48(a, c, e), without any special dispersion methods, the 

dimension of those CNT clusters become larger as the increase of CNT fractions. 0.5% CNTs were 

only slightly aggregated, while almost all visible CNTs were entangled with 2% CNT addition. 

Moreover, Figure 48(a, d), (b, e) and (c, f) compare the dispersion states of pristine CNTs and 

CMC coated CNTs with the same fractions. For pristine CNTs, almost all of the CNTs were 

entangled into CNT clusters without the presence of any individual CNTs. While for CMCs coated 

CNTs some agglomerated CNTs were broke up into individual CNTs and the dimension of the 

rest CNT clusters were apparently reduced resulting in more uniform CNT distribution states. Thus, 

it was evidently confirmed that CMC treatment was effective in mitigating CNT agglomerations 

and eventually improving the dispersion of CNTs. 

To further reveal the dispersion modifying mechanism of CMCs treatment, Figure 49(a, b) 

present the typical TEM images of individual pristine CNTs and CMCs coated CNTs at a higher 

magnification. The sidewall of the pristine CNT was sharp and clear in Figure 49(a). For the CMCs 

coated CNTs, a thin layer was observed outside the sidewall of the CNT as shown in Figure 49(b). 

The boundary of pristine CNT was obviously smoother than the boundary of CMCs coated CNTs. 

It was directly proved that CMCs were attached on the sidewall of the CNTs forming an amorphous 

layer which helped build up a better CNT dispersion state. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 48. TEM observations of pristine CNTs and CMCs coated CNTs with different CNT 

fractions: (a) C0.5; (b) CC0.5; (c) C1; (d) CC1; (e) C2; (f) CC2 
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(a) (b) 

Figure 49. Typical TEM images of individual pristine CNTs and CMCs coated CNTs at a higher 

magnification: (a) pristine CNTs; (b) CMCs coated CNTs 

6.2.4. Contact angle test 

As for CNTs reinforced epoxy composites, wettability is of vital importance on the bonding 

performances especially the interfacial adhesion. It is found that epoxy composite is unable to gain 

a solid bond without sufficient interfacial adhesion between adhesives and substrates [50]. Figure 

50(a ~ f) display the appearance of CNTs reinforced epoxy droplets and their contact angles on 

steel substrates. As shown in Figure 50(a, b, c), the contact angle of 0.5% pristine CNTs reinforced 

epoxy was 44.9º. With the increase of CNT fractions to 1%, the contact angle was lowered to 43.0º 

indicating higher wettability and interfacial adhesion. While further adding the CNT addition to 

2%, the contact angle increased to 45.1º which was even higher than the contact angle of 0.5% 

pristine CNTs reinforced epoxy. The CNT agglomeration led to the further increase of contact 

angle from 1% to 2% CNT fractions. CMCs/CNTs reinforced epoxy showed a similar trend with 

the increase of CNT fractions as shown in Figure 50(d, e, f). The contact angle of 0.5% pristine 

CNTs reinforced epoxy came to be the highest, although epoxy composites with 1% CNT addition 

still yielded the best. Regarding pristine CNTs and CMCs/CNTs reinforced epoxy with the same 

CNT additions, it is clearly observed in Figure 50(a, d), (b, e) and (c, f) that CMCs/CNTs 

reinforced epoxy had smaller contact angles than pristine CNTs reinforced epoxy. This finding 
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showed that CMC treatments improved the wettability of CNT reinforced epoxy composites, and 

the deterioration of CNT dispersion state also had a negative influence on the wettability of the 

composites and interfacial adhesion at the adhesive-substrate interface. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 50. CNTs reinforced epoxy droplets and their contact angles: (a) C0.5; (b) C1; (c) C2;  

(d) CC0.5; (e) CC1; (f) CC2 

6.2.5. SLS test 

Figure 51(a) presents the typical stress-strain curves of all the SLS specimens tested in this 

chapter. All the curves shared a similar pattern with a practically linear stage followed by a 

nonlinear stage, while the degrees of nonlinearity varied among each curve. To compare the 

nonlinearities quantitively, Figure 51(b) demonstrates the areas under all the curves which are 

regarded as the toughness indicating the ability of plastic deformation and energy consumption. 

The toughness of 0.5% pristine CNTs reinforced epoxy composite was 11.56 MPa. As the CNT 

fractions increased to 1%, the toughness also increased to 16.58 MPa. Then when the CNT fraction 

continually increased to 2%, the toughness decreased to 7.3 MPa which was even lower than 

pristine CNTs reinforced epoxy composites with 0.5% addition. The significant decrease of 

toughness from 1% to 2% CNTs reinforced epoxy composites was mainly due to the formation of 
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CNT clusters with a poor dispersion state. On the other hand, by comparing SLS specimens with 

same CNT fractions but different adhesive materials, the toughness of the specimens with CMC 

treatments increased approximately 100%, 112%, and 338% for 0.5%, 1%, and 2% CNT fractions, 

respectively. It was very obvious that CMC treatments improved the toughness of CNTs reinforced 

epoxy composites by improving the CNT dispersion. As for the toughness of CMCs/CNTs 

reinforced epoxy composites, although the highest value still lied in the specimens with 1% CNT 

addition, the lowest value went to the specimens with 0.5% addition instead of 2% addition. Since 

CNTs have more agglomerations with more additions, the improvements were more significant 

with highly aggregated CNTs. 

  
(a) (b) 

Figure 51. SLS test results: (a) stress-strain curves of SLS specimens; (b) toughness of SLS 

specimens 

Among all the bonding performances of epoxy composites, the most important parameters 

are bonding strength and fracture strain which can be obtained from the stress-strain curve. Figure 

52(a, b) illustrate increments of the bonding strength and fracture strain between pristine CNTs 

and CMCs/CNTs reinforced epoxy composites with different CNT fractions. As for pristine CNTs 

reinforced epoxy composites, the specimens with 1% CNT fractions gained the highest bonding 

strength, while the lowest strength belonged to the specimens with 2% fractions. This was because 
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1% addition appears to be the optimal fraction, and severe CNT agglomerations are more prone to 

occur with higher CNT fractions. However, regarding CMCs/CNTs reinforced epoxy composites, 

the bonding strength of the specimens with 2% CNT fraction was only slightly lower that the 

highest value of the specimens with 1% fraction, making 0.5% fraction the worst case. The reason 

could be interpreted by comparing the increments of CMCs/CNTs reinforced epoxy composites 

compared to pristine CNT reinforced epoxy composites. It was clearly shown in Figure 52(a) that 

CMC treatments considerably improved the bonding strength of CNTs reinforced epoxy 

composites, with the increments of three CNT fractions being 21%, 32%, and 42%, respectively. 

As the increase of CNT fractions, the improvements of bonding strength by CMC treatments were 

more and more significant. In addition, according to Figure 52(b), the variations of fracture strain 

were very similar to those of bonding strength, which was also consistent with the findings of 

toughness. The results of SLS tests clearly showed that better dispersion states by CMC treatments 

had a remarkably positive effect on the bonding performances of CNTs reinforced epoxy 

composites. 

  
(a) (b) 

Figure 52. Increments of the bonding strength and fracture strain between pristine CNTs and 

CMCs/CNTs reinforced epoxy composites with different CNT fractions: (a) bonding strength; 

(b): fracture strain 
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6.2.6. SEM analysis 

  
(a) (b) 

  
(c) (d) 

Figure 53. Typical CNT clusters on the fracture surfaces of 2% pristine CNTs and CMCs/CNTs 

reinforced epoxy composites: (a) C2; (b) close-view of the CNT cluster of C2; (c); CC2;  

(d) close-view of the CNT cluster of CC2 

The dispersion states of epoxy composites were further evaluated using SEM analysis to 

show the size of CNT clusters on the fracture surfaces. Figure 53(a ~ d) demonstrates the typical 

CNT clusters on the fracture surfaces of 2% pristine CNTs and CMCs/CNTs reinforced epoxy 

composites, since most apparent differences was seen with the 2% CNT addition. For pristine 

CNTs reinforced epoxy composites as shown in Figure 53(a, b), there was a huge CNT cluster 

with a diameter of more than 21 µm on the fracture surface. The existence of that huge CNT cluster 
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was due to that CNTs tended to form larger CNT clusters and highly aggregate with higher CNT 

fractions. However, for CMCs/CNTs reinforced epoxy composites as shown in Figure 53(c, d), 

although CMC treatments did not eliminate the CNT clusters, most of the CNT clusters yielded a 

similar diameter around 8 µm. The remarkably smaller CNT clusters after CMC treatments were 

in agreement with the results of particle size analysis. Although CMC treatments did not 

completely break up CNT clusters into individual CNTs, it did improve the dispersion state of 

CNTs in the epoxy matrix by reducing the size of clusters and mitigating CNT agglomeration. 

6.3. Summary 

This chapter introduces the use of CMC surface treatment to improve the dispersion of 

CNTs in epoxy-CNTs composite and investigated the dispersion characterizations and bonding 

performances of the epoxy composites reinforced by CMC surface treated CNTs for three different 

CNTs fractions (0.5%, 1%, and 2%). The results of Raman spectroscopy and TEM analysis proved 

the effectiveness of CMC treatments that CMCs were attached on the surface of CNTs forming a 

thin amorphous layer. It was found by particle size analysis, TEM, and SEM analysis that although 

CMC treatments did not completely break up all the CNT clusters into individual CNTs, CNT 

dispersion states were improved by reducing the size of CNT clusters after CMC treatments. For 

1% and 2% CNT addition, the CNT agglomerations were significantly mitigated with average 

diameter reductions of 47%. While the dispersion improvement was less significant for 0.5% CNT 

addition, since CNTs were less likely to agglomerate with a low fraction. The improved CNT 

dispersion state by CMC treatments also had a positive influence on the wettability and bonding 

performances of CNT reinforced epoxy composites. Due to better CNT dispersion state with CMC 

treatments, CMCs/CNTs reinforced epoxy composites had stronger interfacial adhesion, higher 
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toughness, bonding strength, and fracture strain compared to pristine CNTs reinforced epoxy 

composites.   
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CHAPTER 7. CONCLUSIONS 

7.1. Main Conclusions 

This dissertation investigated the bonding performance of epoxy-based composites with 

different surface roughnesses, bondline thicknesses, CNT weight fractions, CNT geometries, and 

a novel CNT mixing method using CMCs. The main conclusions of this study can be drawn as 

follows: 

1) For neat epoxy resin, the bonding performance improved significantly with the increase 

of the surface roughness. The influence of surface roughness was more significant on 

smoother substrates and became less efficient on over-roughed substrates. While the 

reduction of bondline thickness greatly improved the toughness of epoxy-based 

composites, resulting in more plastic deformations and better bonding performance. 

2) For CNT reinforced epoxy composites, surface roughness still had the same positive 

influence on the bonding performance of epoxy-based composites. With sufficient 

surface roughness and interfacial adhesion, the addition of CNTs significantly 

increased the bonding performance. Higher toughness and pulling-out of CNTs with 

improved fracture energy consuming efficiency were the reinforcing mechanisms. But 

when lacking sufficient interfacial adhesion due to low surface roughness, the bonding 

performance of the CNT reinforced epoxy composites still improved because the 

addition of CNTs could improve the interfacial adhesion, although the improvement 

was less significant. 

3) CNT reinforced epoxy composites with higher CNT weight fraction (from 0% to 0.75%) 

had better bonding performance. The negative influence of bondline thickness of neat 

epoxy resin was still valid for CNT reinforced epoxy composites. Although thinner 
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CNT reinforced epoxy bondlines still yielded better bonding performance, the 

improvements become less significant as the increase of CNT weight fractions. The 

addition of CNTs could not eliminate the influence of bondline thickness, which was 

induced by the non-uniform dispersion and the aggregation of CNTs. 

4) Epoxy composites reinforced by thicker CNTs had a more uniform CNT dispersion as 

a result of smaller particle size characterizations. Due to the better CNT dispersion, 

epoxy composites reinforced by thicker CNTs had better bonding performance not only 

in the higher bonding strength but also higher toughness. For the effect of CNT length, 

there was no evident difference between the dispersion characterizations of CNT 

suspensions with normal-length and short CNTs. However, the bonding performance 

of CNT reinforced epoxy composites with normal-length CNTs were much better than 

those with short CNTs. 

5) A new physical surface treatment method using CMC as the surfactant was proposed 

to disperse CNTs. It is proved that CMC were well attached on the surface of CNTs 

leading to smaller CNT clusters and better dispersion characterizations, while the CMC 

treatment was more effective with higher CNT additions. Improved CNT dispersion 

characterizations also had a positive influence on the wettability and bonding 

performance of CNT reinforced epoxy composites. 

7.2. Main Contributions 

The main contributions of this dissertation lie in the following aspects: 

1) The influence of surface roughness was investigated by several different roughness 

levels in a wide roughness range using the same surface treatment method instead 

of only comparing the substrates with or without a certain surface treatment. 
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2) The influence of bondline thickness on bonding performance of CNT reinforced 

epoxy composites was systematically investigated, and it was found for the first 

time that the negative effect of bondline thickness could be mitigated by CNT 

addition. 

3) The dispersion characterization and bonding performance of CNT reinforced epoxy 

composites with different CNT geometries were investigated for the first time. 

4) For the first time, CMCs were added into of CNT reinforced epoxy composites to 

improve the CNT dispersion, and the effectiveness of this newly-developed surface 

treatment method by CMCs was comprehensively proved. 

7.3. Future Work 

Future work applies to make comparisons among the three different CNT dispersion 

methods (mechanical mixing, chemical and physical surface treatments) and find the best 

dispersion method for optimizations of dispersion characterizations and bonding performance of 

CNT reinforced epoxy composites. 
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