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Abstract 

 

In recent decades, fiber reinforced polymer composites have been widely used in the 

aerospace engineering industry to replace metallic structures. Mechanical bonding and 

adhesive bonding are the two main bonding methods for composite plates. The 

newly-developed adhesive bonding method is suggested in the current study with epoxy 

as the base adhesive, since this method is more beneficial to aerospace structures. 

 

One of the main challenges of applying FRP composites in aerospace structures is that 

they have to service in cryogenic temperature (CT) environment. Previous experiments 

showed that some mechanical properties of epoxy degrade at CT. It is not strong and 

reliable enough to be an aerospace adhesive so it is vital to improve its mechanical 

properties. 

 

In the current study, coiled carbon nanotubes (CCNTs) are proposed to be the nano-filler 

for epoxy adhesive in order to enhance its mechanical properties at CT. CCNTs, due to 

their special helical configuration, will not be pulled out from the epoxy matrix easily, 

unlike straight multi-walled carbon nanotubes (MWNTs). Mechanical tests were 

performed for pure epoxy, MWNT/epoxy and CCNT/epoxy adhesives at both room 

temperature and CT for comparison. Results show that carbon nanotube (CNT)/epoxy 

adhesives are stiffer than pure epoxy at CT. Since epoxy contracts at a greater extent than 

CNT, it eventually induces a cryogenic clamping force onto CNT which enhances the 

stress transfer between matrix and reinforcement. This phenomenon is also proven by 

finite element analysis with simulation. 
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In the mechanical tests, the performance of CCNT/epoxy adhesive at CT is outstanding. 

They show the greatest Vicker’s hardness value, tensile modulus and lap joint shear 

strength. Due to the helical configuration of CCNTs, the cryogenic clamping force is 

more effective in CCNT/epoxy than in MWNT/epoxy adhesive as the coils can interlock 

mechanically with the matrix. Hence, an excellent interfacial bonding is achieved, leading 

to a very effective stress transfer from epoxy to CCNTs. 

 

Two theoretical analyses are performed in this project. The first one is on the fiber pullout 

behavior of a CNT from a polymer matrix. A numerical model is developed to evaluate 

the effect of CT environment and other parameters to the stress distribution and stress 

transfer efficiency in CNT/polymer composites. The model also demonstrates that at CT, 

a greater stress is required to pull out a CCNT than a straight CNT, especially when the 

pitch angle of CCNT is less than 60°. Therefore, the stress transfer in CCNT/polymer 

composites is better than that in straight CNT/polymer composites. The second 

theoretical analysis is on the shear and peel stress distribution in adhesively-bonded 

single lap joints loaded in tension. A numerical model is applied to investigate the effects 

of CT environment, different kinds of adhesives and other geometric parameters, such as 

adhesive thickness and overlap length, to these stresses in adhesives. 

 

Owing to its outstanding performance, CCNT/epoxy nanocomposite possess a very high 

potential to be next-generation adhesive for aerospace structures. The investigations 

reported in this thesis build a good foundation for the adhesive to be further developed for 

commercial use. 
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Equation Parameters 

Latin: 

𝐴𝑒𝑓𝑓  Effective cross-sectional area 

𝐴𝑠 Surface area of the indent 

𝑎 Outer radius of CNT 

𝑏 Outer radius of a cylindrical matrix 

𝑐 Half the overlapped length 

𝐷 Flexural rigidity of adherend 

𝑑 Spacing between layers 

𝑑𝑚 Mean diagonal length 

𝐸𝑎(𝑇) Young’s modulus of adhesive with respect to temperature 

𝐸𝑚 Young’s modulus of matrix 

𝐸𝑁𝑇 Young’s modulus of CNT 

𝐸𝑟(𝑇) Young’s modulus of adherend with respect to temperature 

𝐸𝑟,𝑓(𝑇) Flexural modulus of adherend with respect to temperature 

𝐹 Load 

𝐹𝑙  Load per unit width on the lower adherend 

𝐹𝑢 Load per unit width on the upper adherend 
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𝐺𝑎(𝑇) Shear modulus of adhesive with respect to temperature 
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ℎ Thickness of one wall of CNT 

∆𝐿 Change of in length 

𝐿 Total length of the composite 

𝐿293𝐾  Initial length at 293 K 

𝑀𝑙  Bending moment per unit width on the lower adherend 

𝑀𝑢 Bending moment per unit width on the upper adherend 

𝑁 Number of walls of CNT 

𝑝0 Non-relaxed radius of the innermost wall of CNT 

𝑞(𝑧) Interfacial radial stress 

𝑞0 Radial stress due to thermal contraction 

𝑞𝑎(𝑧) Radial stress due to Poisson’s effect 

∆𝑇𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔  Change in temperature during conditioning 

∆𝑇𝑐𝑢𝑟𝑖𝑛𝑔  Change in temperature during curing 

𝑇 Temperature 

𝑇𝑖  A specific temperature at RT 

𝑇𝑓  A specific temperature at CT 

𝑡(𝑇) Thickness of adherend at CT 

𝑡𝑖  Thickness of adherend at RT 

𝑢𝑙  Longitudinal displacement of lower adherend 

𝑢𝑢 Longitudinal displacement of upper adherend 

𝑉𝑙 Transverse force per unit width on lower adherend 

𝑉𝑢 Transverse force per unit width on upper adherend 
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𝑣𝑙 Transverse displacement of lower adherend 

𝑣𝑚  Poisson’s ratio of matrix 

𝑣𝑁𝑇 Poisson’s ratio of CNT 

𝑣𝑟  Poisson’s ratio of adherend 

𝑣𝑢 Transverse displacement of upper adherend 

 

Greek: 

α Linear coefficient of thermal expansion 

𝛼𝑚 Linear coefficient of thermal expansion of matrix 

𝛼𝑁𝑇 Linear coefficient of thermal expansion of CNT 

𝛼𝑌 Ratio of the Young’s modulus of matrix to CNT 

𝛾 Area ratio of CNT to matrix 

𝜂(𝑇) Thickness of adhesive at CT 

𝜂𝑖  Thickness of adhesive at RT 

𝜃 Pitch angle of coil 

𝜇 Coefficient of friction 

𝜎 Peel stress of adhesive 

𝜎0 Applied axial stress to pullout a CNT 

𝜎𝐵,𝑙  Bending stress in the lower adherend 

𝜎𝐵,𝑢 Bending stress in the upper adherend 

𝜎𝑏 Bending stress of a CCNT 

𝜎𝑚(𝑧)  Axial stress of matrix 

𝜎𝑁𝑇(𝑧) Axial stress of CNT 

𝜎𝑝 Axial pullout stress of a CCNT 

𝜎𝑟 Applied vertical stress to pullout a CCNT 
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𝜎𝑇,𝑙 Longitudinal tensile stress in the lower adherend 
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𝜏 Shear stress of adhesive 

𝜏(𝑧) Interfacial shear stress along z-axis 

𝜏𝑐  Total interfacial shear stress of a coil fiber reinforced composite 

𝜏𝑟  Interfacial shear stress due to radial compression 

𝜏𝑏  Interfacial shear stress due to bending compression 
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Chapter 1 

 Introduction 

 

 

------------------------------------------------------------------------------------------------------------ 

 

1.1 Project Background 

In recent decades, fiber reinforced polymer (FRP) composites have been widely used in 

the aerospace engineering industry to replace metallic structures. Their high specific 

strength to weight ratio, excellent chemical and corrosion resistances and ease of 

manufacturing into complex forms make them attractive for many primary and secondary 

structural applications. In aircraft, they are used to make fuselage, doublers, stringers, etc. 

Boeing 787 and Airbus A350 are two recently developed aircraft that consist of over 50 % 

of FRP composites by weight. These composites are much lighter than conventional 

metallic materials including steel and aluminum alloy. With the utilization of FRP 

composites, long skin panels can be designed for aircraft. Long panels can minimize the 

use of fasteners and thus result in the reduction of aircraft deadweight. The fuel use can 

then be reduced and so do the carbon emission. It is also possible to optimize the skin 

thickness of each composite panel for different local loading cases so that a maximum 

strength-to-weight ratio can be achieved. 
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In spacecraft, FRP composites are used to make next-generation rocket motor casing 

since they are able to withstand high pressures and elevated temperatures that occur 

during fuel combustion [Shaheen et al., 2015]. According to the National Aeronautics and 

Space Administration (NASA), FRP composites are also used to replace metal as the 

main body of cryogenic fuel tanks for reusable launch vehicles and expendable launch 

vehicles [Grimsley et al., 2001]. Conventionally, cryogenic liquid fuels, with low calorific 

energy to volume ratio, require large and heavy metallic tanks for storage. Using FRP 

composites lead to a significant reduction of tank weight and so the launching cost. 

 

There are mainly two bonding methods for composite plates in the aerospace industry, 

namely mechanical bonding and adhesive bonding. Mechanical bonding is the 

conventional method. It is to fasten the plates by bolts, rivets, pins, etc. which are heavy 

metallic parts [Soykok et al., 2012]. The undercuts for fasteners will lead to easy failure 

of composites as they are locations of high stress concentration and may act as damage 

initiation points. In case of fatigue loading, the bolts and undercuts may also wear easily 

due to friction. Hence, this bonding method may not be very suitable for aerospace 

composites which have high safety standards. 

 

To solve the fundamental problems, the adhesive bonding method, a newly-developed 

method, is suggested in the current study. It is to apply a relatively low modulus interlayer 

of adhesives such as epoxy, polyester and polyurethane between the composite plates. 

This method not only reduces the weight of aerospace structures, but also avoids the 

development of stress concentration sites and air gaps at the bonding area. With the 

adhesive bonding method, there will be no holes on the surface of the structure. The 
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component is said to be sealed as liquid or gas cannot flow into it. A smooth external 

surface can also be obtained so the appearance of the structure can be improved. 

 

One of the main challenges of applying FRP composites in aerospace structures is the 

extremely low temperature environment that must be encountered during their service. 

For aircraft, when they are flying in the tropopause (~ 30,000 ft.), the temperature is 

around -60 ℃. For spacecraft, when they are servicing in the low earth orbit (~ 525,000 

ft.), the temperature can be down to -170 ℃ [Liu et al., 2011], which we call the 

cryogenic condition. As mentioned before, FRP composites are also used to make 

cryogenic fuel tanks which carry extremely low temperature liquid fuels (-150 ℃ or 

even lower). If adhesive bonding is used, both the adherend – FRP composites and the 

adhesive – polymeric materials will be experiencing these extreme temperatures. Previous 

experiments showed that some mechanical properties of adhesive joints like Young’s 

modulus and tensile strength are improved at cryogenic temperature (CT) while some 

properties like impact strength and fracture toughness are significantly degraded. 

Although there are improvements in mechanical properties, many of these properties are 

still below the standard for aerospace adhesives. Therefore, it is vital to improve the 

mechanical properties of both FRP composites and polymeric adhesives at cryogenic 

temperature. Yet, there are limited studies that address their mechanical behaviors at CT 

to date. 

 

Recently, researchers tried to enhance the mechanical strength of adhesively-bonded 

joints at room temperature (RT) by adding conventional straight multi-walled carbon 

nanotubes (MWNTs) into epoxy adhesive, a commonly used adhesive for aerospace 
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application. The adhesive itself becomes a nanocomposite. Adding MWNTs were found 

to improve some of the mechanical properties of epoxy adhesive including the Young’s 

modulus, flexural modulus and fracture toughness at RT [Yeh et al., 2008]. Yet, there is a 

major problem of using MWNTs as nano-filler, which is their weak interfacial bonding 

with matrix. MWNTs are easily pulled out during mechanical loading so the stress 

transfer efficiency is low. Therefore, the mechanical strength enhancement by adding 

MWNTs is not always very significant [Chandra et al., 2016]. 

 

To tackle the above problem, coiled carbon nanotubes (CCNTs) are proposed to be the 

nano-filler for adhesive. CCNTs are a special kind of carbon nanotube with helical 

configuration, like springs. Previous studies provide strong evidence that it can improve 

the mechanical properties such as hardness and Young’s modulus of epoxy at both RT and 

CT. Our team believes that it can interlock mechanically with the surrounding polymer 

matrix to achieve a compact interface [Lau et al., 2006]. CCNTs are still new to 

researchers that studies on CCNT reinforced composites at RT are very limited, not to 

mention CT. CCNTs, due to their special geometry, possess a very high potential to be 

next-generation nano-fillers for aerospace adhesives. This project focuses on the 

mechanical properties of FRP composites and CCNT reinforced nanocomposites at CT, to 

explore the feasibility of applying CCNT reinforced nanocomposites as adhesive for 

composite lap joints in the aerospace industry. 
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1.2 Project Objectives 

The objectives of this project are: 

 To investigate the mechanical properties of FRP composites at CT experimentally; 

 To compare the mechanical behaviors of MWNT and CCNT reinforced 

nanocomposites at CT; 

 To describe the fiber pullout behavior of carbon nanotube reinforced 

nanocomposites at CT analytically; 

 To understand the lap joint shear behavior of currently-developed adhesives at CT 

by both experimental and analytical approach; 

 To perform parametric studies on lap joints with CNT reinforced adhesives and 

 To prove the interfacial bonding enhancement at CT by finite element analysis. 

 

1.3 Thesis Outline 

Chapter 2 Literature Review 

In Chapter 2, a comprehensive literature review is presented. It summarizes the previous 

work on FRP composites, epoxy adhesive and carbon nanotube reinforced epoxy 

nanocomposites, especially at cryogenic temperature and gives an introduction on the 

adhesive bonding method. This chapter serves as a good reference for further 

investigation on the present topic. 

 

Chapter 3 Preliminary Studies 

The preliminary studies performed to better understand the mechanical behaviors of FRP 

composites at CT are reported in Chapter 3. Low velocity impact tests were conducted for 
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GFRP composites at low temperatures. The results were analyzed and presented in detail. 

GFRPs will be the adherends of a CCNT/epoxy adhesive in the present study. 

 

Chapter 4 Materials and Sample Preparation 

In Chapter 4, an introduction on the materials used for experiments is first given, 

followed by a detail description on the preparation procedures of adhesives and single lap 

joints. Some challenges in sample preparation are also reported. Thermomechanical 

analysis results on adherend and adhesives are presented as last. 

 

Chapter 5 Mechanical Properties of CNT/epoxy 

Chapter 5 is a report on the experiments conducted to investigate and compare the 

mechanical properties of pure epoxy, MWNT/epoxy and CCNT/epoxy adhesives at both 

RT and CT environments. Three major mechanical test, including Vicker’s hardness test, 

tensile properties test and lap joint shear test were performed. The results were analyzed 

and presented in detail. 

 

Chapter 6 Theoretical Analysis 

In Chapter 6, two numerical models are developed based on some classical models. The 

first model is on the pullout behavior of CNTs while the second one is on the stress 

distribution in lap joints. The background and derivations of the two models are given. 

Results are plotted according to the developed equations and analyzed. The details are 

discussed in this chapter. 
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Chapter 7 Finite Element Analysis 

Chapter 7 is a report on the finite element analysis performed to study the cryogenic 

clamping force acting on a CNT at CT under a tensile load. A three dimensional FEA 

model is created and the modeling method is presented. FEA solutions are analyzed and 

discussed. 

 

Chapter 8 Concluding Remarks 

In Chapter 8, a conclusion is first made based on all reported findings in this thesis. Since 

the CCNT/epoxy adhesive is very new to researchers, there are still plenty of rooms for 

research to further explore its opportunities to be a new aerospace composite. Some 

suggestions for future research are given in the second part of this chapter. 
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Chapter 2 

Literature Review 

 

 

In Chapter 2, a comprehensive literature review is presented. It summarizes the previous 

work on FRP composites, epoxy adhesive and carbon nanotube reinforced epoxy 

nanocomposites, especially at cryogenic temperature and gives an introduction on the 

adhesive bonding method. This chapter serves as a good reference for further 

investigation on the present topic. 

 

 

------------------------------------------------------------------------------------------------------------ 

 

2.1 FRP Composites at Low Temperature Environment 

2.1.1 Mechanical Behaviors at around -60℃ 

Since 1980, when British Aerospace first announced the idea of manufacturing a combat 

aircraft wing by carbon composites, researchers started to think of the practical issues and 

challenges of this cutting-edge technology [Taio, 1980]. As aircraft have to service in the 

tropopause, where the temperature is around -60 ℃, the mechanical properties of FRP 

composites at this temperature have long been a hot topic for researchers. Experimental 

studies found that the Young’s modulus and tensile strength of FRP composites increased 
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as temperature decreased from RT to -60 ℃ [Dutta, 1996; Nordin et al., 2010; Shokrieh 

et al., 2012]. Their static and dynamic flexural moduli were also higher at low 

temperature [Allred, 1984; Ip, 2001]. The impact properties of FRP composites at -60 ℃ 

were also studied by researchers. They discovered that at low temperature, the damage 

area was smaller and the perforation threshold was higher [Icten et al., 2009]. However, 

studies also showed that their failure strain was significantly reduced [Torabizadeh, 2013]. 

That means FRP composites becomes stiffer but more brittle at low temperature. 

 

2.1.2 Cryogenic Temperature (CT) Environment 

In the late 1990s, more sophisticated carbon composites were developed and 

characterized by NASA. These composites were good enough to be viable alternatives to 

metallic materials in cryogenic fuel tanks [Nettles et al., 1996]. Since then, research 

studies on the mechanical properties of FRP composites at CT have been growing rapidly. 

“Cryogenic Temperature (CT)” generally refers to any temperature lower than or equal to 

-150 ℃ (123 K). In an experiment, a CT environment is usually achieved by vaporizing 

liquid nitrogen in an environmental chamber, where the experiment is conducted. A 

temperature sensor should be installed in the chamber so the temperature can be 

controlled by regulating the flow of liquid nitrogen [Kim et al., 2007]. Some researchers 

focus on the mechanical properties of CT treated samples instead. CT treated samples can 

be prepared by immersing samples in liquid nitrogen for a period of time, e.g. 20 min. 

Mechanical tests are usually performed immediately after the CT treatment [Miura et al., 

2012]. 
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2.1.3 Mechanical Behaviors at CT 

Studying the mechanical behaviors of FRP composites at CT has been a new trend for 

aerospace researchers. Comparing to the experiments at -60 ℃, those at CT are relatively 

limited. Carbon fiber and glass fiber reinforced polymer composites are the two most 

commonly-used composites in the aerospace industry. Table 1.1 is a summary of nearly 

all the available experimental work on their mechanical properties at 77 K (liquid 

nitrogen temperature). Similar to those properties at -60 ℃, the Young’s modulus, 

compressive modulus and shear modulus of FRP composites increase as temperature 

decreases. It means that these composites are stiffer at CT. However, there is a very wide 

range in the percentage increase. It ranges from a few percent to more than a hundred 

percent. Till now, there is no common consensus on the percentage increase in these 

properties at CT, which means extensive studies are still required. 

 

The tensile strength, compressive strength and interlaminar fracture toughness at CT also 

vary widely. Some researchers reported an increase in these values while some of them 

reported a decrease (value bolded). That means there is a chance for FRP composites to 

degrade at CT, which poses huge safety concern to the aerospace industry. As shown in 

the table, the material properties vary from case to case. Continuous research can help 

manufacturers to avoid designs that will lead to degradation. Other mechanical properties 

at CT, including fatigue and impact properties, have not been studied in detail. Hence, 

there are still a lot of unknowns in this topic waiting for researchers to find out. 
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Table 2.1  Previous experimental work on the mechanical properties of FRP 

composites at 77K [Garber et al, 1982; Kalarikkal et al., 2006; Liu et al., 2017; Liu et al., 

2015; Miura et al., 2012; Nettles et al., 1996; Sanada et al., 2005; Shindo et al., 1999; 

Shindo et al., 2000; Shindo et al., 2006; Song et al., 2004; Waish et al., 1995; Wei et al., 

2015; Whitley et al, 2004] 

Author Fiber Orientation Matrix Behavior at CT* 

(comparing to RT) 

Young’s Modulus 

Garber D.P. et al. carbon 0° 

45°/90°/-45°/0° 

polyimide 

 

↑ by 3.7 % 

↑ by 4.2 % 

Whitley K.S. et al. carbon ±45° polyimide ↑ by 26 % 

Nettles A.T. et al. carbon 45°/90°/-45°/0° epoxy ↑ by 4.4 % 

Waish R.P. et al. glass 0° 

90° 

epoxy 

 

↑ by 10 % 

↑ by 45 % 

Shindo Y. et al. glass woven epoxy ↑ by 20 % 

Sananda K. et al. glass woven epoxy ↑ by 17 % 

Tensile Strength 

Garber D.P. et al. carbon 0° 

45°/90°/-45°/0° 

polyimide 

 

↑ by 7.1 % 

↑ by 25 % 

Whitley K.S. et al. 

 

carbon 

 

0° 

±45° 

90° 

45°/90°/-45°/0° 

polyimide 

 

↓ by 34 % 

↑ by 48 % 

↓ by 55 % 

↓ by 17.7 % 

Wei W. et al. carbon 0° epoxy ↑ by 15 % 

Nettles A.T. et al. carbon 45°/90°/-45°/0° epoxy ↓ by 8.8 % 

Waish R.P. et al. 

 

glass 0° 

90° 

epoxy ↑ by 31 % 

↑ by 45 % 

Shindo Y. et al. glass woven epoxy ↑ by 139 % 
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Compressive Modulus 

Whitley K.S. et al. 

 

carbon 

 

0° 

±45° 

90° 

45°/90°/-45°/0° 

polyimide 

 

↑ by 12 % 

↑ by 40 % 

↑ by 2.6 % 

↑ by 37 % 

Waish R.P. et al. glass 0° epoxy ↑ by 5.9 % 

Song S. et al. glass 0°/90° urethane ↑ by 137 % 

Compressive Strength 

Wei W. et al. carbon 0° epoxy ↑ by 23 % 

Whitley K.S. et al. 

 

carbon 

 

0° 

±45° 

90° 

45°/90°/-45°/0° 

polyimide 

 

↑ by 31 % 

↑ by 26 % 

↑ by 34 % 

↓ by 21 % 

Waish R.P. et al. 

 

glass 0° 

90° 

epoxy 

 

↑ by 82 % 

↑ by 222 % 

Shindo Y. et al. glass woven epoxy ↑ by 90 % 

Song S. et al. glass 0°/90° urethane ↑ by 257 % 

Shear Modulus 

Nettles A.T. et al. carbon ±45° epoxy ↑ by 45 % 

Waish R.P. et al. glass ±45° epoxy ↑ by 125 % 

Sananda K. et al. glass woven epoxy ↑ by 52 % 

Shear Strength 

Nettles A.T. et al. carbon ±45° epoxy ↑ by 8.5 % 

Waish R.P. et al. glass ±45° epoxy ↑ by 100 % 

Shindo Y. et al. glass woven epoxy ↑ by 100 % 

Interlaminar Fracture Toughness 

Liu X. et al. carbon 0° epoxy ↑ by 108 % 

Kalarikkal S.G. et al. 

 

carbon 

 

0° 

90° 

0°/90° 

woven 

epoxy 

 

↓ by 27 % 

↓ by 40 % 

↓ by 2 % 

↑ by 96 % 

Liu Y. et al. glass woven epoxy ↑ by 123 % 

Miura M. et al. glass woven epoxy ↑ by 18 % 

*Bolded: percentage decrease 
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2.2 Bonding Methods for Composite Plates 

During manufacturing, it is often unavoidable to join composites together or assemble 

them with other components to form the required structure. Mechanical bonding and 

adhesive bonding are the two main bonding methods for FRP composite plates in the 

aerospace industry. Their bonding mechanism and related literatures are discussed in this 

section. 

 

2.2.1 Mechanical Bonding 

Mechanical bonding is to fasten the composite plates by bolts, rivets, pins, etc. It is the 

conventional method and is still the dominant bonding method in the aerospace industry. 

The design of bolted joints is usually based on experiences and experimental data 

[Thoppul et al., 2009]. Figure 2.1 shows two typical configurations of bolted joints. 

 

(a) Single Lap (b) Double Lap 

 

 

 

 

Figure 2.1 Two typical configurations of bolted joints [Strong, 2008] 

 

One of the main advantages of mechanical bonding is that bolted joints can be 

disassembled without damaging the composites, which provides convenience in 

manufacturing and repair. Moreover, the bonding strength is not very sensitive to the 

preparation method of the bonding surface and environmental conditions such as 

temperature and humidity [Thoppul et al., 2009]. Therefore, joining FRP composites by 

this method is relatively convenient. 
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However, as mentioned in Chapter 1, bolts and nuts are heavy metallic parts. They 

account for a significant portion of the total weight of aircraft and spacecraft and so do 

the total fuel required. Apart from the economic issue, the undercuts for fasteners will 

lead to easy failure of composites as they are locations of high stress concentration and 

may act as damage initiation points. Figure 2.2 illustrates some longitudinal failures 

induced by undercuts. Through-the-thickness failure may also occur and may eventually 

lead to failure of the whole structure [Thoppul et al., 2009]. In case of fatigue loading, the 

bolts and undercuts may also wear easily due to continuous rubbing. Hence, this bonding 

method may not be very suitable for aerospace industry which poses safety at top 

concern. 

 

(a) Bearing failure (b) Tension failure (c) Shear-out failure (d) Cleavage failure 

    

Fig. 2.3 Longitudinal failures induced by undercuts [Strong, 2008] 

 

2.2.2 Adhesive Bonding 

Adhesive bonding is a newly-developed bonding method for composite plates. It is to 

apply a relatively low modulus interlayer of adhesives such as epoxy, polyester and 

polyurethane between the cured composite plates. Adhesives can be defined as any liquid 

materials that are applied on surfaces, to join them together and resist their separation 

[Smith, 1994]. After curing, their thicknesses are usually less than 1 mm. Adherends are 
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the materials being joined, which are the composites plates in the present case. Figure 2.3 

shows two typical configurations of adhesively-bonded joints.  

 

(a) Single Lap (b) Double Lap 

 

 

Figure 2.3 Two typical configurations of adhesively-bonded joints [Strong, 2008] 

 

2.2.2.1 Bonding Mechanism 

In adhesive bonding, the liquid adhesive is spread uniformly onto the surface of a solid 

adherend to form a thin film. This process is called ‘wetting’ as shown in Figure 2.4. The 

adhesive is then cured in between the adherends. Different kinds of adhesives require 

different curing conditions such as temperature and pressure. The intermolecular force at 

the bonding interface is mainly van der Waal’s force, but sometimes, there exist some 

covalent bonds and hydrogen bonds. 

 

(a) Before wetting (b) After wetting 

  

Figure 2.4 Schematic diagrams of adhesive joints before and after ‘wetting’ 

[Smith, 1994] 
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The condition of bonding surfaces greatly influences the durability of adhesively-bonded 

joints. Grease and other contaminants on bonding surfaces will weaken the intermolecular 

forces between adhesive and adherend [Davis et al., 1999]. Appropriate surface 

pretreatment is essential. Before bonding, the bonding area of FRP composites should 

first be abraded by sandpaper, aiming to increase the surface roughness. The abrasion 

should remove some matrix material but not damaging the fibers [Banea et al., 2009]. 

After that, the bonding surface should be cleaned by an organic solvent like ethanol or 

acetone to remove grease and other solid contaminants. 

 

2.2.2.2 Advantages 

There are many advantages of adhesive bonding over mechanical bonding. The following 

are some examples [Smith, 1994; Davis et al., 1999; Petrie, 2006]. 

Adhesive bonding 

 Reduces the weight of aerospace structures; 

 Avoids the development of stress concentration sites near the bonding area; 

 Avoids liquid or gas to flow through the thickness of the structure; 

 Eliminates air gaps at the bonding area; 

 Absorbs energy during vibration and impact; 

 Can be inspected easily by non-destructive tools and 

 Improves the appearance of the structure by allowing a smoother external surface. 

 

Among the advantages, avoiding stress concentration sites is the most important one since 

a uniform stress distribution along the structure can greatly enhance its fatigue resistance 

[Smith, 1994]. 
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According to NASA, adhesive bonding for FRP composites will be the new trend in the 

aerospace industry. This bonding method is going to replace the conventional method in 

near future [NASA, 2011]. Although there are indeed some disadvantages of this bonding 

method such as difficult to repair and long adhesive curing time, the pros outweigh the 

cons. Therefore, the adhesive bonding method is suggested in the current project. 

 

 

2.3 Epoxy Adhesive 

The matrix material of FRP composites are usually thermosetting plastics such as epoxy, 

polyester and polyimide. Among them, epoxy is the most commonly-used one in the 

aerospace industry due to its excellent mechanical properties [Mouritz, 2012]. It contains 

an epoxide group (Figure 2.5) with two carbon atoms and one oxygen atom in its polymer 

chain [Chawla, 2012]. In most of the cases, a hardener (curing agent) with a hydroxyl 

group (an –OH group) is required to cure epoxy. A 10-15 % by weight of hardener is 

usually added. The epoxide and hydroxyl groups react with each other to form long 

polymer chains and cross-links. This is an irreversible process [Jin et al., 2015]. The 

curing process may be done in many different environmental conditions including 

temperature and pressure, depending on the type of resin. Table 2.2 shows the typical 

mechanical properties of epoxy. 

 

 

Figure 2.5 Structural formula of an epoxide group [Chawla, 2012] 
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Table 2.2  Typical properties of epoxy [Chawla, 2012] 

Density 

(𝐠/𝒄𝒎𝟑) 

Tensile 

Strength 

(MPa) 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

Coefficient of 

Thermal Expansion  

(10
-6 

K
-1

) 

Cure 

Shrinkage 

(%) 

1.2-1.3 50-125 2.5-4 0.2-0.33 50-100 1-5 

 

Since epoxy is the most commonly-used matrix material of FRP composites, it is also 

frequently used as the adhesive for bonding these composites. A better bonding will be 

achieved if the matrix and adhesive are the same material due to compatibility [Banea et 

al., 2009; Ebnesajjad et al., 2015]. Similar chemical and physical properties of adherend 

and adhesive can make the joint more durable [Petrie, 2006]. 

 

2.3.1 Advantages 

Epoxy is a very strong thermosetting plastic, mainly due to its cross-links. It is 

well-known to engineers for its outstanding chemical and physical properties. Comparing 

to its alternatives, epoxy has the following advantages [Petrie, 2006; Chawla, 2012; Khan, 

2013; Liu et al., 2013; Azeez et al., 2013]. 

 Excellent mechanical properties – It has high strength, high toughness and 

resistance to micro-cracking. 

 Good dimensional stability – Its shrinkage during curing is low and its dimensions 

will not change easily as the service environment changes. 

 Fairly impermeable to fluid and moisture – A fairly sealed FRP composite structure 

can be formed. 

 Good fire resistance – The structure itself will not be burnt easily and it can also 

protect the inner structures from fire. 
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 Chemical inertness – It rarely reacts with surrounding substances, so degradations 

due to chemical reactions, like corrosion, seldom occur. 

 Absence of byproducts or volatiles during curing – It is relatively convenient to 

handle as there are no safety concerns on the byproducts or volatiles and no further 

processes are required to remove these unwanted substances. 

 Good adhesion with fibers – Robust FRP composites can be formed. Delamination 

will not occur easily during loading. 

 Available in many different forms – They can be in liquid, thin film or powder form 

for different uses. 

 

2.3.2 Aerospace Applications 

The above advantages make epoxy adhesive very attractive to the aerospace engineering 

industries. It has been their primary type of adhesive for many years. Figure 2.6 shows 

the locations of adhesive bonding with epoxy in Boeing’s aircraft thirty years ago. These 

applications are mainly metal to metal joints while some polymeric honeycomb structures 

also exist. 

 

In recent years, along with the increasing usage of FRP composites, there is an 

unprecedented growth in the importance of epoxy adhesive in the aerospace industry. As 

mentioned in Chapter 1, FRP composites are now extensively-used in commercial and 

military aircraft. Epoxy is the dominant matrix material of these composites. Besides 

being the matrix, epoxy are also used to join composites, metals and other dissimilar 

materials together. Loctite EA 9377, a commercial epoxy adhesive, joins composite 

aircraft ribs to their skins. Redux 319, another commercial epoxy adhesive, is used to 
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assemble aircraft wings and flight-control panels [Black, 2016]. Epoxy, being an 

excellent insulator, is also used in aircraft coatings to protect the inner structures from 

lightning strike. 

 

 

 

Figure 2.6 The locations of adhesive bonding in aircraft [Boeing Company, 1990] 

 

Epoxy is a dominant adhesive in spacecraft. Most of the FRP composite cryogenic fuel 

tanks consist of an epoxy matrix as epoxy is a high-strength adhesive [Grimsley et al., 

2001, Samit et al., 2004, Ifji et al., 2006]. TenCate, a well-known adhesive manufacturer, 

has epoxy products that are used to fabricate the reflectors and antennas of satellites. 

Epoxy is chosen because it has a relatively low coefficient of thermal expansion (CTE), 

comparing to its alternatives, so the dimensions of the structure will not be greatly 

affected when servicing in extreme temperatures in space [Wo et al., 1997]. 
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2.3.3 Mechanical Properties of Epoxy at CT  

The above applications show that epoxy is capable for bonding structural components. 

The present study focuses on the application of epoxy adhesive in the aerospace industry, 

especially in cryogenic servicing environments. Table 2.3 is a summary of some previous 

experiments done by researchers on the mechanical properties of epoxy at CT.  

 

From the table, the Young’s modulus of epoxy increases drastically as temperature 

decreases which means epoxy is stiffer at CT. It gives a smaller deformation in response 

to an applied force. The tensile strength also increases as temperature decreases which 

means epoxy has a higher strength at CT. It can withstand a greater load before failure. 

However, when it comes to shear strength, both increase and decrease were reported. The 

results varied greatly case by case so continuous study is required to obtain reliable 

results. Besides, epoxy adhesive becomes brittle at low temperature so the tensile failure 

strain is significantly reduced. The toughness of epoxy is also low at CT. Its impact 

strength and fracture toughness decrease as temperature decreases. 
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Table 2.3  Previous experimental work on the mechanical properties of epoxy at CT 

[Chen et al., 2003; Chen et al., 2009; Graft et al., 2000; He et al., 2014; Huang et al., 2005; 

Li et al., 2016; Yang et al., 2007; Yang et al., 2008] 

Author Testing Temperature Value Percentage Change* 

(comparing to RT) 

Young’s modulus (GPa) 

Chen Z.K. et al. 77K 4.58 ↑ by 72 % 

He Y.X. et al. 77K 4.50 ↑ by 73 % 

Huang C.J. et al. 77K 4.80 ↑ by 220 % 

Yang G. et al. 77K 4.62 ↑ by 73 % 

Yang J.P. et al. 77K 3.20 ↑ by 220 % 

Tensile Strength (MPa) 

Chen Z.K. et al. 77K 92.7 ↑ by 26 % 

He Y.X. et al. 77K 81.6 ↑ by 19 % 

Huang C.J. et al. 77K 72.7 ↑ by 53 % 

Yang G. et al. 77K 77.6 ↑ by 6.6 % 

Yang J.P. et al. 77K 105 ↑ by 62 % 

Li J.L. et al. 90K 127 ↑ by 79 % 

Tensile Failure Strain (%) 

Chen Z.K. et al. 77K 2.50 ↓ by 46 % 

Huang C.J. et al. 77K 1.60 ↓ by 75 % 

Yang G. et al. 77K 2.20 ↓ by 51 % 

Li J.L. et al. 90K 1.41 ↓ by 65 % 

Shear Strength (MPa) 

Graft N.A. et al. 21K 20 ↓ by 64 % 

Chen Q. et al. 77K 6.38 ↑ by 7.6 % 

Impact Strength (kJ/m2) 

Chen Z.K. et al. 77K 24.0 ↓ by 37 % 

He Y.X. et al. 77K 36.5 ↓ by 15 % 

Yang G. et al. 77K 11.0 ↓ by 17 % 

Fracture Toughness (MPa/m2) 

Li J.L. et al. 90K 1.22 ↓ by 25 % 

*Bolded: percentage decrease 
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2.3.4 Problems for Aerospace Applications 

Although epoxy is stiffer with higher tensile strengths at CT, its shear strength sometimes 

decreases. It is still not strong and reliable enough to be widely-used as aerospace 

adhesive. In the electronic industry, adhesives are required to have shear strengths of at 

least 6.9 MPa at 25 ℃ [Ebnesajjad, 2001]. This requirement increases with decreasing 

service temperature. For the aerospace industry, adhesives with higher performance are 

necessary since aerospace structures usually have to bear a very high stress and to service 

at extreme environments. The shear strength requirement for aerospace applications 

should be far greater than that for electronic applications. As shown in Table 2.3, the 

shear strength of epoxy adhesive at CT is not always greater than 6.9 MPa. Hence, it is 

essential for aerospace researchers to look for solutions to further increase the strength of 

epoxy adhesive. 

 

For many years, epoxy has been suggested by NASA to be the adhesive for joining the 

components of cryogenic fuel tanks [Glass, 1997]. In 2000, they tried to employ adhesive 

bonding in the fuel tank of their new unmanned space vehicle. The tank was made from 

carbon fiber/epoxy composite plates with some honeycomb structures in between. They 

were bonded together by an adhesive. However, this new technology was not mature at 

that time. The fuel tank failed in pressure testing and hydrogen leakage was reported. 

NASA’s researchers found that the adhesive joint failed due to peeling, and the 

bond-lines are poor [Melinda, 2002]. Since then, they have been exploring ways to 

improve the quality of adhesive bonds. As safety is the top concern in the aerospace 

industry, continuous research is necessary to keep the chance of failure to a minimum. 
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2.4 Epoxy-based Nanocomposites 

2.4.1 Different Nano-fillers 

To improve the mechanical properties of epoxy adhesive, researchers have been trying to 

add different nano-fillers (nano-reinforcements) into it. A nanocomposite is then formed. 

Nano-fillers are nanoparticles with at least one dimension smaller than 100 nm. They can 

be in one-dimensional form (nanoclay, graphene and carbon nanotube), and 

three-dimensional (nano-silica particles) form [Azeez et al., 2013; Chan, 2011; Lau et al., 

2003; Tullio et al., 2015]. 

 

Bulk FRP composites, such as GFRP, often require a high weight percentage (>10 wt. %) 

of fiber to achieve a significant improvement in mechanical properties of the polymer 

matrix. Nanocomposites require less. Previous studies showed that a less than 5 wt. % of 

nano-fillers was enough to give a significant improvement [Azeez et al., 2013]. Low 

nano-filler content is beneficial as the overall density of composite will not be greatly 

affected. Since nano-fillers have high aspect ratios and large surface areas, the stress 

transfer between matrix and reinforcement in nanocomposite is usually quite effective. 

Therefore, adding nano-fillers into epoxy adhesive is proven to enhance its mechanical 

properties such as hardness, elastic modulus and fracture toughness [Gojny et al., 2005; 

Lam et al., 2005; Liu et al., 2011]. 

 

Among all kinds of nano-fillers, carbon nanotube is the most suitable kind for aerospace 

applications due to its combined advantages. It has very outstanding mechanical 

properties and at the same time with excellent electrical and thermal conductivities.  
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It allows aerospace structures to dissipate electrostatic charges and transfer heat away so 

they can be more durable [Bokobza, 2007]. Therefore, carbon nanotubes are chosen to be 

the nano-filler of epoxy adhesive in this project. 

 

2.4.2 Straight Carbon Nanotubes 

Straight carbon nanotubes (CNTs) were first discovered in 1991 by a Japanese researcher 

called Sumio Iijima [Iijima, 1991]. They are allotropes of carbon with a planar hexagonal 

arrangement of carbon-carbon atoms and can be imagined as graphene sheets being rolled 

into a cylindrical form [Bokobza, 2007]. At the ends of the cylinders, there are end caps, 

which are half-spherical fullerenes. Each half-fullerene consist of six pentagons and the 

rest are hexagons [Reich et al., 2005]. Figure 2.7 is a schematic diagram of a CNT with 

end caps. 

 

 

Figure 2.7 A CNT with end caps [Lau et al., 2002] 

 

CNTs can be produced in a number of ways such as direct-current arc process and laser 

ablation, chemical vapor deposition (CVD). Among these techniques, CVD is the most 

popular one since it can produce a large amount of high-purity CNTs at the same time. 

Different geometries and structures of CNTs can be synthesized by varying the catalyst, 

temperature and other parameters [Bokobza, 2007]. The CVD set-up is also simple and 

inexpensive to be constructed in laboratories. 
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The synthesis methods of CNTs, especially CVD, have been improved since the 1990s. 

At present, the scale of production and the yield of CNTs are far greater than those in 20 

years ago [De Volder et al., 2013]. With the advancement of the synthesis methods, the 

price of CNTs has been continuously decreasing, as shown in Figure 2.8 [Wang, 2009; 

Funk, 2013]. It is forecasted that the price will decrease to below USD 10/g in the near 

future. Therefore, the cost of producing CNT reinforced composites will be reduced as 

well. Applying CNT reinforced composites in any aspects will surely become ever more 

economical. 

 

 

Figure 2.8 Price of CNTs since 1997 [Wang, 2009; Funk, 2013] 
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2.4.2.1 Types 

There are two basic kinds of straight CNTs depending on the number of cylinders. They 

are single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes 

(MWNTs). A MWNT consists of a number of concentric SWNTs with weak van der 

Waal’s force in between. Figure 2.9 shows the schematic diagrams of a SWNT and a 

MWNT. 

 

(a)  

 

(b) 

 

Figure 2.9 Schematic diagrams of (a) a SWNT and (b) a MWNT 

[Rafique et al, 2016; Nanotech, 2017] 

 

The diameter of a SWNT is in between 0.8-2 nm while the diameter of a MWNT is in 

between 5-20 nm, depending on the number of walls [Gohardani et al., 2014]. Since 

CNTs have end caps, only the outermost wall of a MWNT can interact with surroundings. 

In case of mechanical loading, stress is transferred from the outermost wall to the inner 

walls only through the weak van der Waal’s force which is ineffective. Therefore, a 

MWNT is usually considered as a SWNT with a larger diameter [Lau et al., 2004; Gojny 

et al., 2005]. 
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2.4.2.2 Properties of MWNTs 

CNTs are very stiff with high strength in-plane since they consist of only sp2 hybridized 

carbon atoms which form strong covalent bonds (sigma bonds) in-plane [Ma et al., 2011]. 

Their extremely high aspect ratios also contribute to the excellent mechanical properties 

[Grady, 2011]. They are stronger and lighter than steel. The Young’s modulus of SWNTs 

is beyond 1 TPa while that of MWNTs is around 1 TPa [Lau et al., 2002]. MWNTs are 

chosen for comparison in the current study as it is more than 20 times cheaper than 

SWNTs, but with sufficient mechanical properties. 

 

Besides possessing excellent mechanical properties, there are also other desirable 

functional properties of CNTs. Since each carbon atom in a CNT only bonds to three 

adjacent carbon atoms, there is one valence electron in each carbon atom. These valence 

electrons help CNTs to conduct electricity. There are also a lot of thermal phonons for 

heat transfer in CNTs at all temperatures [Ma et al., 2011]. Hence, the electrical and 

thermal conductivities of CNTs are outstanding. Table 2.4 shows the typical properties of 

MWNTs. 

 

Table 2.4  Typical properties of SWNTs and MWNTs [Choi et al., 2018; Gardea et 

al., 2014; Gohardani et al., 2014; Krishnan et al., 1998; Lau et al., 2002] 

Type Tensile 

Strength 

(GPa) 

Young’s 

Modulus 

(TPa) 

Coefficient of 

Thermal Expansion 

(10
-6 

K
-1

) 

Thermal 

Conductivity 

(W/mK) 

Electrical 

Conductivity 

(S/m) 

SWNTs ~50 ~0.9-1.9 ~0.1 > 3000 106-107 

MWNTs ~60 ~1 ~0.1 > 3000 106-107 
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2.4.3 MWNT/epoxy Nanocomposites 

2.4.3.1 Aerospace Applications 

Using CNTs as nano-fillers has been a popular method to enhance the mechanical, 

thermal and electrical properties of epoxy since the beginning of the 21st century. In the 

aerospace industry, the number of patents on the use of CNT/epoxy composites is 

growing rapidly in recent years [Gohardani et al., 2014]. The following are some 

examples. 

 

In commercial and military aircraft, CNTs are mixed with epoxy resins to form the matrix 

of FRP composites. They are used to manufacture and repair fuselage components 

including skins, stringers and wingtips. FRP composites are originally non-conductive. 

Adding CNTs makes FRP composites conductive. It allows them to conduct electrical 

charges away when hit by lightning [Sequeiros et al., 2010]. Due to the excellent thermal 

and electrical conductivity of CNTs, they are potential materials for aircraft deicing which 

involves electric heating and heat transfer [Gohardani et al., 2014]. 

 

In spacecraft, CNT/epoxy composites are also used to enhance the mechanical, electrical 

and thermal properties of spacecraft bodies, wing structures and fuel tanks. The antennas 

of new satellites are also fabricated from CNT/epoxy composites [Gohardani et al., 2014]. 

Besides, they are materials of gas detectors or chemical sensors in aerospace structures 

[Li et al., 2003]. Their ability to absorb electromagnetic (EM) waves is currently under 

investigation. If possible, they can act as EM shields for spacecraft [Li et al., 2006]. Last 

but not least, they can improve the comfortability of spacesuits as the rate of heat loss 

from the astronaut to surroundings can be increased [Scott et al., 2003]. 
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2.4.3.1 Mechanical Properties at RT 

Extensive experimental studies have been done to investigate the effect of MWNTs on 

epoxy matrix. Table 2.5 is a selection of experimental work on the mechanical properties 

of MWNT/epoxy nanocomposites at RT. 

 

In general, adding MWNTs increases the tensile and flexural moduli of epoxy but 

decreases its failure strain at RT. That means MWNT/epoxy composites are stiffer but 

more brittle than pure epoxy. As mentioned in the previous section, MWNTs are strong 

with high aspect ratios. With their large surface areas for stress transfer, MWNTs can 

share the load and eventually, leads to an increase in stiffness of epoxy. Researchers do 

not have a consensus on whether adding MWNTs will increase or decrease the tensile 

strength of epoxy. There are many reasons for the decrease in tensile strength such as 

agglomeration of nano-fillers and imperfect curing of epoxy due to residual solvent 

[Gojny et al., 2005; Lau et al., 2005]. 

 

Lap Joint shear strength is an important indicator of the mechanical performance of 

adhesive joints. To date, only Hsiao’s team did relevant experiments [Hsiao et al., 2003]. 

Both pure epoxy and MWNT/epoxy adhesive were used to bond CFRP composites plates 

and the lap joint shear strengths were examined. Results showed that the lap joint shear 

strength of 1 wt. % MWNT/epoxy adhesive was 31 % higher than that of pure epoxy 

adhesive at RT. 
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Table 2.5  Previous experimental work on the mechanical properties of 

MWNT/epoxy at RT. [Ayatollahi et al., 2011; Ayatollahi et al., 2017; Gojny et al., 2005; 

Hsiao et al., 2003; Montazeri et al., 2011; Vahedi et al., 2014; Zhou et al., 2007] 

Author Value of 

Pure Epoxy 

Percentage 

of MWNTs 

Value of 

MWNT/epoxy 

Percentage Change* 

(comparing to pure 

epoxy) 

Tensile strength (MPa) 

Gojny F.H. et al. 63.8 0.1 

0.3 

0.5 

63.0 

63.0 

61.5 

↓ by 1.3 % 

↓ by 1.3 % 

↓ by 3.6 % 

Montazeri A. et al. 71.0 0.1 69.5 ↓ by 2.2 % 

Vahedi F. et al. 60.0 0.05 

0.1 

0.25 

0.5 

69.0 

71.0 

68.0 

47.0 

↑ by 15 % 

↑ by 18 % 

↑ by 13 % 

↓ by 22 % 

Young’s Modulus (GPa) 

Gojny F.H. et al. 2.60 0.1 

0.3 

0.5 

2.78 

2.77 

2.61 

↑ by 6.9 % 

↑ by 6.5 % 

↑ by 0.38 % 

Montazeri A. et al. 2.55 0.1 2.81 ↑ by 10 % 

Vahedi F. 2.50 0.05 

0.1 

0.25 

0.5 

2.59 

2.68 

2.72 

2.77 

↑ by 3.6 % 

↑ by 7.2 % 

↑ by 8.8 % 

↑ by 11 % 

Tensile Failure Strain (%) 

Montazeri A. et al. 4.12 0.1 3.60 ↓ by 13 % 

Vahedi F. 12.4 0.05 

0.1 

0.25 

0.5 

7.60 

6.80 

6.40 

1.80 

↓ by 39 % 

↓ by 45 % 

↓ by 48 % 

↓ by 85 % 
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Flexural Strength (MPa) 

Vahedi F. 110 0.05 

0.1 

0.25 

0.5 

118 

117 

113 

50.0 

↑ by 7.3 % 

↑ by 6.4 % 

↑ by 2.7 % 

↓ by 55 % 

Zhou Y. et al. 93.5 0.1 

0.2 

0.3 

0.4 

109 

115 

121 

113 

↑ by 17 % 

↑ by 23 % 

↑ by 29 % 

↑ by 21 % 

Flexural Modulus (GPa) 

Vahedi F. 3.00 0.05 

0.1 

0.25 

0.5 

3.04 

3.08 

3.14 

3.13 

↑ by 1.3 % 

↑ by 2.7 % 

↑ by 4.7 % 

↑ by 4.3 % 

Zhou Y. et al. 2.46 0.1 

0.2 

0.3 

0.4 

2.54 

2.60 

2.65 

2.75 

↑ by 3.3 % 

↑ by 5.7 % 

↑ by 7.7 % 

↑ by 12 % 

Lap Joint Shear Strength with FRP as Adherends (MPa) 

Hsiao K.T. et al. 

(CFRP) 

13.0 1 

5 

17.0 

19.0 

↑ by 31 % 

↑ by 46 % 

Fracture Toughness (MPa/m2) 

Ayatollahi M.R. et al. 1.62 0.1 

0.5 

1 

1.87 

2.05 

1.93 

↑ by 15 % 

↑ by 27 % 

↑ by 19 % 

Gojny F.H. et al. 0.65 0.1 

0.3 

0.79 

0.80 

↑ by 22 % 

↑ by 23 % 

*Bolded: percentage decrease 
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2.4.3.2 Mechanical Properties at CT 

The studies on the mechanical properties of MWNT/epoxy at CT are very limited. To date 

only Chen’s team [Chen et al., 2009] and He’s team [He et al., 2014] did relevant studies. 

They found that the tensile strength of 0.5 wt. % MWNT/epoxy at CT was 24-60 % 

higher than that at RT while the Young’s modulus was also around 70 % higher. Similar 

to pure epoxy at CT, the failure strain of MWNT/epoxy was around 40 % lower and the 

impact strength was also around 30 % lower. That means MWNT/epoxy is also stiffer but 

more brittle at CT like pure epoxy. Other mechanical properties such as hardness and lap 

joint shear strength at CT are yet to be investigated. 

 

2.4.3.3 The Main Problem 

The stress transfer efficiency in composites depends on the interfacial shear stress 

between fiber and matrix. The main problem of applying straight CNTs is the weak 

interfacial bonding between straight CNTs and epoxy adhesive which leads to low 

interfacial shear stress. They are bonded together mainly by weak van der Waal’s forces, 

though a few hydrogen bonds may exist [Schadler et al., 1998; Tam et al., 2017]. 

Hydrogen bonds are a bit stronger than van der Waal’s force but weaker than covalent or 

ionic bonds. To date, there are no studies that report chemical bonds other than hydrogen 

bond. Besides, the surface of CNTs is very smooth so the friction at the interface of CNTs 

and epoxy is small. CNTs can easily slide in matrix when subjected to an external force 

and eventually leads to fiber pullout during mechanical loading. Figure 2.10 shows some 

pulled-out MWNTs after loading. Since the stress transfer efficiency is low in 

MWNT/epoxy composites, the enhancement in mechanical properties is not always very 

significant, which limited their uses [Zhang et al., 2011; Chandra et al., 2016]. 



Chapter 2 Literature Review 
 

Hei-Lam Ma  34 
 

  

Figure 2.10 Some pulled-out MWNTs after mechanical loading 

[Schadler et al., 1998; Chen et al., 2009] 

 

To improve the interfacial bonding, some researchers tried to adopt the method of 

chemical functionalization. It is to modify the surface of MWNTs by adding functional 

groups, such as -COOH and –NH2, groups to them [Yang et al., 2009; Sanchez et al., 

2013]. These functional groups form chemical bonds with epoxy matrix and thus improve 

the interfacial bonding. However, there are side effects of chemical functionalization. 

Studies found that MWNTs became softer with lower tensile strength and modulus after 

functionalization [Ma et al., 2011]. Besides, this process often involves the use of a 

considerable amount of highly corrosive chemicals such as concentrated sulfuric acid, 

concentrated nitric acid and sodium hydroxide solution [Yang et al., 2009]. They should 

be handled with great care which increases the difficulty of the fabrication process. In 

case of any remaining chemicals on the surface of MWNTs, the properties of the final 

nanocomposite will also be degraded. Hence, chemical functionalization may not be the 

best way to solve the problem. 
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2.4.4 Coiled Carbon Nanotubes 

To tackle the above problem, coiled carbon nanotubes (CCNTs) with multi-walls are 

proposed to be the nano-filler for epoxy adhesive. CCNTs were first discovered in 1993 

by Itoh’ team [Itoh et al., 1993] and observed experimentally in 1994 by Zhang [Zhang, 

1994], but they are not extensively-studied till the recent decade. CCNTs are still very 

new to researchers. They are a special kind of carbon nanotube with helical configuration, 

like springs. The coils are formed due to the inclusion of pentagonal and heptagonal 

arrangements periodically in the original hexagonal network of a MWNT [Volodin et al., 

2000]. Figure 2.11 illustrates the difference between a MWNT and a CCNT. CCNTs are 

usually described by three parameters including the diameter of CCNT (d), the diameter 

of coil (D) and coil pitch (p). 

 

(a) 

 

(b) 

 

Figure 2.11 Schematic diagrams of (a) a MWNT and (b) a CCNT 

 

Until now, catalytic CVD under atmospheric pressure and high gas flow rate was found to 

be the only way to produce high quality CCNTs with multi-walls. This production process 

involves the pyrolysis of a hydrocarbon, such as methane, propane or benzene, in 

500-1000 ℃ with the help of a transition metal catalyst such as iron, cobalt or nickel. 

The catalyst and deposition conditions determine the geometries and morphology of the 

final product [Lau et al., 2006]. 

 

 



Chapter 2 Literature Review 
 

Hei-Lam Ma  36 
 

2.4.4.1 Properties 

There are a few existing work on the properties of CCNTs. CCNTs were found to have a 

Young’s modulus of 0.7 TPa, which is slightly lower than MWNTs (1 TPa) [Volodin et al., 

2000], and a shear modulus of 6 GPa [Yonemura et al., 2015]. Behaving like an elastic 

spring, their spring constant is around 0.12 N/m in the low strain regime and increases 

drastically in the high strain regime [Chen et al., 2003]. The impact properties of a forest 

of MWNTs and a forest of CCNTs were studied by Daraio’s team [Daraio et al., 2006]. 

The CCNT forest exhibited superior elastic spring properties in a drop-weight impact test. 

They showed a full recovery of elastic deformation after the test while fractured MWNTs 

were found in the MWNT forest. The electrical conductivity of CCNTs was found to be 

similar to that of MWNTs [Hayashida et al., 2002] while other properties are not yet 

examined to date. 

 

2.4.5 CCNT/epoxy Nanocomposites 

Since CCNTs are still very new to researchers, existing literatures on the mechanical 

properties of CCNT/epoxy nanocomposites are very limited. Yoshimura’s team studied 

the effect of adding carbon microcoils (long CCNTs) to epoxy at RT. They found that 

carbon mircocoils increased the Young’s modulus and tensile strength of epoxy but 

greatly reduced its failure strain [Yoshimura et al., 2006]. Our team previously compared 

the hardness and flexural behaviors of pure epoxy, SWNT/epoxy and CCNT/epoxy 

nanocomposites. CCNT/epoxy showed the greatest Vicker’s hardness value among the 

three candidates as shown in Figure 2.12. Although its flexural strength was lower than 

pure epoxy, it still performed better than the SWNT/epoxy [Lau et al., 2006; Lau et al., 

2013]. 
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Figure 2.12 Vicker’s hardness value of epoxy, SWNT/epoxy and CCNT/epoxy at RT 

[Lau et al., 2006] 

 

For the mechanical properties of CCNT/epoxy at CT, only our team did relevant 

experiments previously. The Vicker’s hardness value and Young’s modulus were found to 

increase greatly with the addition of 1-3 wt. % of CCNTs and their performance was 

much better than MWNTs [Lau et al, 2013]. Other important mechanical properties such 

as lap joint shear strength have not yet been reported. 

 

Our team proposes an explanation for the excellent performance of CCNT/epoxy 

composites. We believe that CCNTs, due to its special helical configuration, can interlock 

mechanically with the surrounding polymer matrix to achieve a compact interface. By 

using CCNTs instead of MWNTs, the interfacial bonding can be improved without the 

addition of extra chemicals. Yet, the above studies are only preliminary, detailed 

investigations are required to prove this hypothesis. In the present project, the mechanical 

behaviors of CCNT/epoxy, especially at CT, are investigated experimentally and 

analytically. The reasons behind the behaviors are also discussed in order to explore the 

feasibility of applying CCNT/epoxy adhesive in the aerospace industry.
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Chapter 3 

Preliminary Studies 

 

 

The preliminary studies performed to better understand the mechanical behaviors of FRP 

composites at CT are reported in Chapter 3. Low velocity impact tests were conducted for 

GFRP composites at low temperatures. The results were analyzed and presented in detail.  

GFRPs will be the adherends of a CCNT/epoxy adhesive in the present study. 

 

 

------------------------------------------------------------------------------------------------------------ 

 

3.1 Scope 

Before developing an adhesive for bonding FRP composite plates, it is essential to have a 

good understanding on the mechanical behaviors of FRP plates at a low temperature 

environment. Preliminary studies on FRP composites were conducted. As mentioned in 

Chapter 2, the impact properties of FRP composites at CT have not yet been studied 

elsewhere. Researchers have only investigated their properties down to -60 ℃ [Icten et 

al., 2009]. Aerospace vehicles encounter an impact by foreign objects occasionally. 

Impact damages may lead to catastrophic failures of composite structures. These damages 

are difficult to be discovered through human eyes or common non-destructive testing 
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tools, so they are always neglected by routine visual inspections [Russo et al., 2013]. In 

order to design composite structures with adequate impact resistance, continuous study on 

the impact properties of FRP composites, especially at CT, is important for aerospace 

researchers. 

 

In the present study, low velocity impact tests were performed for glass fiber/epoxy 

composites treated at RT, dry ice temperature (DT) and CT. The results were analyzed. 

 

3.2 Materials and Sample Fabrication 

CFRP and GFRP are the two most common and promising types of FRP composites in 

the aerospace industry. CFRPs are in black while GFRPs are in white. GFRPs are chosen 

since there will be a strong contrast when they are bonded by different kinds of 

CNT/epoxy adhesives, which are in black. Thus, the bondline and fracture surfaces could 

be observed easily. 

 

3.2.1 Glass Fiber 

The raw materials of glass fiber are silica sand (~50-60 %), limestone and many other 

minor oxides [Chawla, 2012]. They are melted to form continuous strands in around 1260 

℃. There are mainly three kinds of glass fibers for composite fabrication, namely E-glass, 

S-glass and C-glass. E-glass was chosen for this project as it has the smallest coefficient 

of thermal expansion with sufficient mechanical strength at CT. Table 3.1 shows some 

typical properties of E-glass [Chawla, 2012]. 
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Table 3.1 Typical properties of E-glass 

Density 

(g/cm
3
) 

Tensile Strength 

(GPa) 

Young’s Modulus 

(GPa) 

Coefficient of Thermal 

Expansion (10
-6 

/K) 

2.55 1.5-2.5 70 4.7 

 

In the composite fabrication process, glass fiber is in a fabric form (unidirectional or plain 

woven). Plain woven glass fiber was chosen in the present work as it is more isotropic 

in-plane. Table 3.2 shows the specifications of the glass fabric (Colan AF 218 100) used 

provided by the supplier. 

 

Table 3.2  Specifications of glass fiber fabric used in the present work 

Construction Weave Glass Type Weight per m
2 

(g) 

Thickness  

(mm) 

Warp: 17 per inch 

Weft: 14 per inch 

Plain E 175 0.25 

 

3.2.2 Epoxy 

The epoxy used for fabricating GFRP is Araldite GY251 with Aradur HY956 hardener. It 

was the same as that used for fabricating CNT/epoxy composites. The advantages, 

applications, physical and mechanical properties are discussed in Chapter 2. Table 3.3 

shows the specifications of the epoxy used in the present work provided by the supplier. 
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Table 3.3  Specifications of epoxy used in the present work 

Epoxy Resin (GY251) and Hardener (HY956) Mixture 

Mixing ratio (GY251:HY956) 5:1 

Viscosity at 25℃ (Pas) 0.15 

Pot life 120 min at 25 ℃ 

62 min at 40 ℃ 

Gel time 62 min at 40 ℃ 

15 min at 60 ℃ 

Minimum curing time 24 h at 25 ℃ 

4 h at 25 ℃ + 6 h at 60 ℃ 

Cured Epoxy 

Density (g/cm3) 1.1 

Flammability non-flammable 

Glass transition temperature (℃) 64 

Thermal conductivity at 25℃ (W/mk) 0.15 

Tensile strength at 23℃ (MPa) 58 

Tensile modulus at 23℃ (GPa) 2.9 

Tensile strain at 23℃ (%) 12 

Flexural strength at 23℃ (MPa) 107 

Shore D hardness at 23℃ 80 

 

3.2.3 Sample Fabrication 

Nine GFRP samples were fabricated according to ASTM D5628 for impact test. Glass 

fabrics (Colan AF218 100) were cut into a required shape by paper cutting device. There 

were 8 layers of glass fabrics in each sample. The ratio of Araldite GY251 epoxy to 

HY956 hardener was 5:1. The mixture was stirred mechanically for 2 min. 

 

As the mechanical properties of composites are highly sensitive to their inherent defects, 

good quality of samples is required. To reduce the void content in the samples, the 

degassing process under vacuum was adopted for all samples. After mixing epoxy and  
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hardener, the mixture was placed into a sealed degassing can. The can was connected to a 

vacuum pump and vacuum was applied to the system for 15 min. Most of the gas bubbles 

were withdrawn from the mixture. Vacuum infusion technique was then applied to wet 

the glass fibers and infused samples were kept under vacuum during the curing process at 

RT for 24 h. 

 

After curing, the samples were cut into the size of 100 mm x 100 mm according to ASTM 

D5628. The thickness of each sample was around 1.45 mm while the weight was around 

23 g. The fiber mass fraction was approximately 56 %. 

 

3.3 Experimental 

3.3.1 Sample Conditioning 

Prior to the impact test, the samples were conditioned in three temperatures. They were 

RT (295 K), DT (199 K) and CT (77 K). Three samples were tested for each temperature 

setting. RT was achieved by placing the samples in ambient temperature. DT was 

achieved by surrounding the samples with dry ice cubes in a vacuum flask. CT was 

achieved by immersing the samples in liquid nitrogen in a vacuum flask. The 

conditioning time was 15 min which was sufficient for their properties to change. A 

thermal couple was used to monitor the temperature. Impact tests were performed 

immediately after each sample was taken out from its environment. 
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3.3.2 Impact Test Set-up 

Low velocity drop-weight impact tests were performed according to ASTM D5628. 

Figure 3.1(a) shows the drop tower impact tester, INSTRON Dynatup 9250HV used in 

the current experiment. The impactor is an assembly of a load cell and a steel dart, with a 

total weight of 17.25 kg. The steel dart has a hemispheric tip with a diameter of 12.7 mm.  

An impact energy value that will not perforate the sample but produce adequate damage 

for observation is desired. Trail running was performed to obtain this energy value. The 

drop height was first set to 1m for testing and it was decreased with a 0.1 m interval. A 

drop height of 0.5 m was finally chosen and the test energy was 8.44 J. 

 

During impact, a square sample was clamped tightly by a pneumatic fixture (Figure 

3.1(b)). Only a circular center of the sample with a diameter of 76 mm was exposed to 

impact. The impactor was allowed to fall freely onto the sample to produce damage and 

the impactor was caught by the system after the first impact to avoid multiple impact 

damages. Before the tests, the thickness of each sample was measured by a caliper and 

inputted to the impulse data acquisition computer software. A velocity sensor was placed 

in the machine to monitor the velocity of the impactor. Load, time and velocity were 

measured by the machine and the data were transferred to the software. The software 

automatically calculated the energy and deflection of the sample. Three repeated tests 

were conducted at each temperature. 
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(a) (b) 

  

Figure 3.1 (a) INSTRON Dynatup 9250HV drop tower impact tester and  

(b) A schematic diagram of the pneumatic fixture 

 

3.4 Results and Discussion 

3.4.1 Impact Damage 

The damages on the GFRP samples were first examined visually. All of the samples were 

not perforated. Impact energy was able to transmit from the top layer to the bottom layer, 

leading to apparent damages on both sides. Matrix cracking, delamination and minor 

glass fiber breakage could be observed from the damaged area. Figure 3.2 shows the 

bottom and top surface damages at different temperatures. The top surface is the impacted 

side. From the damage photos, it can be seen that impact damages cannot be observed 

easily from the impacted side, which may be the reason why they are always neglected by 

routine visual inspection. 
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The damage size and depths, as illustrated in Figure 3.3 (a) & (b), were measured. The 

results are tabulated in Table 3.4. In impact tests, temperature plays a significant role on 

the size of damage in GFRP. Both the damage size and damage depth decreases 

considerably as the testing temperature decreases. That means low velocity impact 

produces less damage to GFRP composites at low temperature condition. 

 

 

Figure 3.2 Bottom and top surface damages at different temperatures 

 

(a) (b) 

  

Figure 3.3 Schematic diagrams of (a) damage size and (b) damage depth 

 

Table 3.4  Damage size and damage depth 

 RT DT* CT* 

Damage Size (mm
2
) 108.33 95.67 (-11.7%) 90.33 (-16.6%) 

Damage Depth (mm) 1.84 1.28 (-30.4%) 1.02 (-44.6%) 

*Percentage change comparing to RT 
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3.4.2 Microscopic Analysis 

An optical microscope, Nikon EPIPHOT 200, as shown in Figure 3.4, was used to 

examine the fracture surfaces.  

 

 

Figure 3.4 Nikon EPIPHOT 200 optical microscope 

 

One damaged RT sample and one damaged CT sample were first cut and buried in epoxy. 

Then, they were grinded and polished to obtain a desired cross-section for observation. 

Figure 3.5(a) & (b) show the cross-sessions of samples impacted at RT and CT 

respectively. For the sample impacted at RT, depression begins at the first layer (the 

impacted side) which means damage begins at the first layer. Yet for the sample impacted 

at CT, no depression can be found in the first four layers while damage begins at the 

fourth layer. Impact damages at CT are more difficult to be observed from the impacted 

side since there may be no depression at all. Severer fiber breakage and a larger overall 

damage depth can also be observed in RT samples when comparing to CT samples. The 

above microscopic analysis further assures that low velocity impact normally produces 

less damage to GFRP composites at low temperature testing environment. The reasons 

behind this behavior will be discussed later. 
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(a) (b) 

  

Figure 3.5 The cross-sessions of samples impacted at (a) RT and (b) CT 

 

3.4.3 Load-deflection Curves 

Load deflection curves of samples at different temperatures are plotted with the data 

generated by the impact test system. They are shown in Figure 3.6. None of the samples 

were perforated. The striker rebounded in all cases. The samples exhibited residual elastic 

behavior so the curves are in closed form [Simeoli et al., 2014]. Since there was no failure, 

the maximum load that the samples could withstand was not determined in this 

experiment. The slope of the load deflection curves in the elastic region and the 

maximum deflection were the focus. Their calculated means are tabulated in Table 3.5. 

 

From the graph, the slope increases with decreasing temperature. It is related to the 

bending modulus and thus, the stiffness of the samples. A greater slope of a 

load-deflection curve means a stiffer sample. Results show that samples become stiffer in 

the out-of-plane direction as temperature decreases. On the contrary, the maximum 

deflection and the depth of damage decrease with decreasing temperature. These are 

indicators of less elastic and brittle material at CT. According to Kim [Kim et al., 2007], 

both fibers and epoxy are more brittle at low temperature, which contributes to the greater 

stiffness of composites. 
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Table 3.5  Mean slope and mean maximum deflection 

 RT DT* CT* 

Slope in Elastic Region 0.5245 0.5876 (+12.0%) 0.6348 (+21.0%) 

Maximum Deflection (mm) 8.8364 8.4325 (-4.57%) 8.1108 (-8.21%) 

*Percentage change comparing to RT 

 

 

Figure 3.6 Load-deflection curves of samples at different temperatures 

 

3.4.4 Absorbed Energy-time Curves 

The absorbed energy-time curves are shown in Figure 3.7. They illustrate the energy 

change of samples during the impact event. Since the striker rebounded in all cases, the 

maximum energy absorbed was greater than the total energy absorbed. The deviation 

between these two values is the elastic energy given by the samples to rebound the striker. 

The final energy level is the energy absorbed by samples to produce permanent damages 

and deformations. Therefore, the higher the final energy level, the greater is the damage 

occurred. The mean energy values are tabulated in Table 3.6. 
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Table 3.6  Mean energy values 

*Percentage change comparing to RT 

 

 

Figure 3.7 Absorbed energy-time curves of samples at different temperatures 

 

From the absorbed energy-time curves and the mean energy value table, it can be seen 

that as the temperature decreases, both the maximum energy absorbed and the final 

energy absorbed by samples decrease. The trend is similar to that reported by other 

researchers. They found that the amount of energy spent for producing permanent 

deformation decreases as the temperature decreases (down to -60 ℃  only) 

[Salehi-Khojin et al., 2006; Icten et al., 2009]. Since the samples absorbed less energy for 

producing damage at low temperature, the decrease in damage size and depth was 

justified. 

 

 RT DT* CT* 

Maximum Energy Absorbed (J) 10.3300 10.2941 (-0.348%) 10.2061 (-1.20%) 

Final Energy Absorbed (J) 7.4301 6.5328 (-12.1%) 5.9737 (-19.6%) 
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A reasonable explanation for the smaller energy absorption at low temperatures is the 

improved interfacial bonding properties between fiber and matrix. It is commonly 

believed that better interfacial bonding plays a significant role in improving the impact 

properties of FRP composites [Russo et al., 2013]. In fact, both glass fiber and epoxy 

experience negative thermal expansion as temperature decreases from RT to DT or CT. 

The negative thermal expansion of composites in the transverse direction mainly depends 

on epoxy as the ratio of thermal expansion of epoxy to that of fiber is 15:1 [Kanagaraj et 

al., 2004]. Epoxy experiences greater contraction and tightens glass fibers. A clamping 

force is thus formed, which improves the interface at low temperatures. Fiber pullout 

dissipates a considerable amount of impact energy while a more compact interface 

alleviates this type of damage by increasing the friction during fiber slipping [Simeoli et 

al., 2014]. Besides, delamination, which also dissipates a large amount of energy, can be 

reduced by an improved interfacial bonding as well. Therefore, a smaller amount of 

energy is absorbed at low temperature, which leads to a smaller damage size and depth. A 

similar explanation was also suggested by Salehi-Khojin’s team [Salehi-Khojin et al., 

2006]. They reported degradation in interfacial bonding with increasing temperature. 

 

Although the damage size and depth of samples at low temperatures were smaller, their 

energy absorptions were also smaller. Impact resistance is related to energy absorption. 

Some researchers believe that the greater the energy absorption, the greater the impact 

resistance is [Russo et al., 2013]. Hence, whether FRP composites behave better at low 

temperatures depends on how “impact resistance” is defined. Low velocity impact tests 

with greater test energy can be performed to further understand the energy absorption at 

perforation and failure. 
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3.5 Summary 

In the preliminary studies, low velocity impact tests were performed for GFRP samples 

treated at RT, DT and CT. The damaged samples were examined through visual 

inspection and also the optical microscope. Load-deflection curves and absorbed 

energy-time curves were plotted to analyze the impact behaviors of GFRP at low 

temperatures. The following conclusions can be drawn. 

 

 Matrix cracking, delamination and fiber breakage are the main failure modes of 

GFRPs under low velocity impact. 

 The damage size and depth of GFRPs are smaller as temperature decreases. 

 GFRP composites are stiffer at low temperature. This is due to the embrittlement of 

composites materials. The increase in stiffness leads to the reduction in elasticity of 

GFRPs so the deflection during impact is smaller at low temperature. 

 GFRPs absorbed less energy for producing damage as temperature decreases. This 

is due to the improved interfacial bonding between fiber and matrix at low 

temperature. Since epoxy contracts at a greater extent than glass fiber, it tightens 

glass fibers. A clamping force is thus formed, which improves the interface at low 

temperatures. 

 

In the following study, GFRPs will be the adherends of a CCNT/epoxy adhesive. The 

findings in preliminary studies give a basic idea of the mechanical behaviors of GFRP 

composites at CT. The clamping force mentioned above will be one of the main focuses 

in this project. 
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Chapter 4 

Materials and Sample Preparation 

 

 

In Chapter 4, an introduction on the materials used for experiments is first given, 

followed by a detail description on the preparation procedures of adhesives and single lap 

joints. Some challenges in sample preparation are also reported. Thermomechanical 

analysis results on adherend and adhesives are presented as last. 

 

 

------------------------------------------------------------------------------------------------------------ 

 

4.1 Materials for Experiments 

The present study aims at investigating the mechanical behaviors of CCNT/epoxy 

adhesive at CT. A series of mechanical and thermal tests were performed and the 

materials used are presented in this section. For the adherend, GFRP composites were 

chosen as there will be a strong contrast when they are bonded by different kinds of 

CNT/epoxy adhesives. The glass fiber and epoxy resin used for fabricating GFRP 

samples were the same as those used in the preliminary studies. Their properties and 

specifications are listed in Chapter 3. 
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Three kinds of adhesives were manufactured, including pure epoxy, MWNT/epoxy and 

CCNT/epoxy adhesive. The first two were for comparison. Since a better bonding can be 

achieved if the matrix and adhesive are the same material due to compatibility [Banea et 

al., 2009; Ebnesajjad et al., 2015], the epoxy used for fabricating adhesives was the same 

as those in adherends. Its properties and specifications are listed in Chapter 3. The 

properties of MWNTs and CCNTs are addressed in Chapter 2. Their specifications will be 

given in this section. 

 

4.1.1 MWNTs 

The MWNTs (L-MWNT-1020) used in the present study were purchased from Shenzhen 

Nanotech Port Company Limited (NTP). They were synthesized by catalytic CVD, 

following the production system suggested by ISO 9001: 2008. According to the 

information from the supplier, the MWNTs possess excellent mechanical properties, 

superior electrical and thermal conductivity. Figure 4.1 shows a scanning electron 

microscopy (SEM) image of the MWNTs purchased. It was captured by the supplier - 

Shenzhen Nanotech Port Co. Ltd. Their specifications are tabulated in Table 4.1. 

 

 

Figure 4.1 A SEM image of MWNTs [Shenzhen Nanotech Port Co. Ltd, 2011] 
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Table 4.1  Specifications of MWNTs used in the present work 

Model L-MWNT-1020 

Outer diameter (nm) 10-20 

Purity (%) > 97 

Length (𝛍m) ~ 5 

Specific surface area (m
2
/g) 100-160 

Ash content (wt. %) < 3 

Tap density (g/cm
3
) 0.03-0.16 

 

4.1.2 CCNTs 

The CCNTs used in the present study were obtained from the Department of Maritime 

Materials, Shanghai Maritime University. The CCNTs were also synthesized by catalytic 

CVD. The adopted CCNTs were examined under a scanning electron microscope (Tescan 

Vega 3). Figure 4.2 shows a SEM image of the CCNTs. The geometries of the coils were 

measured. The coil diameter and the pitch are both around 200 nm. The length is around 5 

μm, similar to that of the MWNTs used in the present study. The pitch angle is around 

30°. 

 

 

Figure 4.2 A SEM image of CCNTs 
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4.2 Sample Preparation 

Two main kinds of samples were prepared. The first one was the adhesives solely without 

applying on any adherend. Pure epoxy, MWNT/epoxy and CCNT/epoxy adhesives were 

fabricated. It is aimed to obtain a random distribution of CNTs in adhesives. CNT 

alignment was not considered since CNTs should be able to entangle with the surface of 

adherends to form a good adhesive. If CNTs are aligned, they cannot fill in the gaps so 

the adhesive bond will not be strong. The adhesive fabricated were for thermomechanical 

analysis (TMA), Vicker’s hardness tests and tensile properties tests. The second was 

single lap joints bonded by the above adhesives. They were for lap joint shear tests. The 

preparation methods and dimension of samples are given in the following sections. 

 

4.2.1 Adhesive Preparation Method 

4.2.1.1 Procedures 

The epoxy, MWNT/epoxy and CCNT/epoxy were first prepared solely without applying 

on any adherend. They were fabricated according to the same route. The route was 

modified from the nanocomposite preparation method developed by our team more than 

10 years ago [Lau et al., 2006]. The procedures are as follows. 

 

1. A desirable amount of CNTs was weighted with an electronic balance. 

2. High purity acetone was added to the CNTs. The mixture was sealed and sonicated 

for 1 h in an ultrasonic bath (Branson 2510). 

3. A desirable amount of epoxy resin was weighted and mixed with the CNT-acetone 

suspension. 

4. The mixture was sonicated again for 1 h to disperse CNTs in epoxy resin. 
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5. The mixture was placed in a vacuum oven for 24 h to remove acetone and air bubbles. 

The temperature was set to 23 ℃. 

6. A desirable amount of hardener was weighted and added to the CNT-epoxy mixture. 

7. The mixture was stirred by a magnetic stirrer (IKA RCT basic) for 5 min. Some air 

bubbles were unavoidably included. 

8. The mixture was placed in vacuum for another 5 min to remove the remaining air 

bubbles. 

9. The mixture was poured into a silicon mold with desired shapes and allowed to cure 

at room temperature for 24 h. 

10. The cured samples were grinded and polished for mechanical tests. 

 

4.2.1.2 Thermomechanical Analysis (TMA) Samples 

TMA samples were fabricated according to ASTM E831-14. The adhesives prepared with 

the procedures stated above were molded into 10 mm squares with a thickness of 4.5 mm. 

They were grinded with sandpaper (from grit P400 to P800) to obtain flat surfaces for 

measurement. The final thickness of samples was 4 mm.  

 

4.2.1.3 Vicker’s Hardness Test Samples 

Vicker’s hardness test samples were fabricated according to ASTM E384. The only 

requirement for the dimensions of samples is that the thickness of samples should be at 

least 10 times the depth of the indentation. No specific dimensions are suggested. 

However, the samples should have a flat and well-polished surface for indentation. The 

adhesives prepared with the procedures stated in Section 4.2.1.1 were molded into 

rectangular shapes (63.5 mm x 12.7 mm) with a thickness of 4.5 mm. Their surfaces were 
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first grinded with sandpaper (from grit P400 to P2000), then polished with aluminum 

oxide suspension (0.05 μm) to obtain flat and shiny surfaces. The polishing marks on the 

surfaces were kept to a minimum so indentations can be observed and measured easily. 

The final thickness of samples was 4 mm. 

 

4.2.1.4 Tensile Properties Test Samples 

Tensile properties test samples were fabricated according to ASTM D638 type IV, which 

is tailored for plastics. The adhesives prepared with the procedures stated in Section 

4.2.1.1 were molded into the suggested shape. Figure 4.3 shows the standard three views 

of a sample. The gage length of the sample is 25 mm and the cross-sectional area within 

the gage length is 24 mm2. 

 

 

Figure 4.3 Standard three views of a tensile properties test sample 
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4.2.2 Adhesive Preparation Challenges 

4.2.2.1 Dispersion 

Dispersing nano-fillers in polymer resin has always been a challenging step in 

nanocomposite fabrication. CNTs usually come in entangled bundles. They should be 

well-dispersed to avoid agglomeration in matrix, which severely deteriorates the 

mechanical properties of nanocomposites [Wernik et al., 2014]. However, CNTs are very 

difficult to be dispersed due to their high surface area to volume ratio. Their large surface 

area leads to strong van der Waal’s attraction between them. For the same weight 

percentage, MWNTs are easier to be dispersed than SWNTs since the number of tubes is 

smaller. 

 

Sonication with an organic solvent is the most frequently-used technique for CNT 

dispersion. It is to apply ultrasound energy to excite CNTs and thus separating them from 

the bundles [Ma et al., 2011]. There are mainly two types of sonicator including 

sonication bath and probe sonicator. Studies showed that probe sonicator damages the 

structures of CNTs due to its excessively high power [Suresh et al., 2012] so a sonication 

bath (Branson 2501) with an output power of 100 W and a frequency of 42 kHz was used 

in the present study. CNTs were first dispersed in acetone (propanone) to form a 

suspension. It aims to separate CNTs from the bundles. An organic solvent has to be used 

as CNTs are hydrophobic [Vaisman et al., 2006]. High purity acetone (99.5 %) was 

chosen as the medium since it can be removed easily later on. After dispersion in acetone, 

the suspension was mixed with epoxy resin. 10 wt. % of acetone lowers the viscosity of 

epoxy resin to around 50 %, promoting better dispersion of CNTs in epoxy resin [Loos et 

al., 2008].  
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4.2.2.2 Solvent and Air Bubbles Removal 

Acetone has to be thoroughly removed after dispersion as residual acetone hinders the 

curing of epoxy, which will eventually lead to deterioration of mechanical properties 

[Loos et al., 2008]. The boiling point of acetone at atmospheric pressure is around 56 ℃ 

while at near vacuum, it can be at RT. Figure 4.4 shows the phase diagram of acetone. 

Hence, the sonicated epoxy-acetone-CNT mixture was placed in vacuum for 24 h for 

thorough removal of acetone. Applying vacuum can remove air bubbles, formed during 

sonication, at the same time to minimize the defects in CNT composites. 

 

 

Figure 4.4 Phase diagram of acetone [The Engineering Toolbox] 
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4.2.3 Determination of CNT Weight Percentage 

4.2.3.1 Tensile Properties Test Set-up 

To determine a suitable CNT weight percentage for comparison between MWNTs and 

CCNTs, tensile properties tests for MWNT/epoxy adhesives with different weight 

percentages of MWNTs (0, 0.5, 1, 2, 3 wt. %) were first performed at RT. The tests were 

conducted by a tensile testing machine (MTS Alliance RT/50) with an extensometer 

(MTS 634.12F-21) at RT (295 K). Since the width of the sample is not uniform along its 

longitudinal direction, it is essential to use an extensometer to measure the strain within 

the uniform gage length only. Figure 4.5 shows the machine while Figure 4.6 shows the 

extensometer.  

 

 

Figure 4.5 MTS Alliance RT/50 tensile testing machine 

 

Figure 4.6 MTS 634.12F-21 extensometer 
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The crosshead speed was adjusted to 2 mm/min and the data acquisition rate was set to 10 

Hz. For each MWNT weight percentage, five MWNT/epoxy samples were tested to 

obtain reliable results. The width and thickness of each sample within the gage length 

were first measured by a caliper and the data were inputted into the computer software. 

The system measured a series of parameters including load, time and extension and 

automatically calculated the results including stress, strain and modulus. 

 

4.2.3.2 Results and Discussion 

A graph presenting the variation of tensile strength and Young’s modulus with different 

MWNT weight percentages is plotted in Figure 4.7. The mean values are tabulated in 

Table 4.2. The tensile strength decreases gradually as MWNT weight percentage 

increases from 0 to 1 wt. %. Beyond 1 wt. %, it decreases drastically with a percentage 

decrease of more than 30 % when comparing to pure epoxy. This trend is similar to that 

reported by Gojny’s team [Gojny et al., 2005]. The strength of MWNT/epoxy adhesive 

gets lower and lower with increasing CNT content. This may be due to easy 

agglomeration and non-uniform dispersion of CNTs at high content [Romanov et al., 

2015; Vadlamani et al., 2012; Yeh et al., 2008]. As mentioned in Section 4.2.2.1, the van 

der Waal’s force between CNTs is strong due to their large surface area. When CNT 

content increases, the force will be even larger. This increases the difficulty of dispersion. 

During mechanical loading, agglomeration sites are stress concentration sites. Cracks 

initiated in these sites propagate through the sample and thus, leads to easily failure.  

 

The Young’s modulus behaves differently. It first increases as MWNT weight percentage 

increases to an optimal of 2 wt. %, then decreases as the weight percentage further 
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increases. As mentioned in Chapter 2, MWNTs, with their large surface area for stress 

transfer can share the load during mechanical loading. Hence, the stiffness of epoxy 

increases. Nevertheless, CNTs, especially in high weight content, retards the curing 

process of epoxy [Bae et al., 2002; Choi et al., 2010; Tao et al., 2006]. The degree of cure 

decreases with increasing CNT content for the same curing duration. Besides, a higher 

CNT content leads to a higher degree of agglomeration. Studies showed that 

agglomeration slows down the increasing rate of Young modulus [Yeh et al., 2008] and 

may even decrease the Young’s modulus when the content is very high [Pan et al., 2017]. 

Agglomeration leads to uneven stress distribution in nanocomposites during loading so 

the stress transfer is ineffective. Therefore, the enhancement of stiffness is not that 

effective at high CNT content. 

 

Figure 4.7 Tensile strength and Young’s modulus versus MWNT weight percentage 

 

From Figure 4.7, with 1 wt. % of CNTs, the tensile strength of epoxy is only slightly 

reduced while the Young’s modulus is considerably improved. It is the optimal weight 

percentage for the present case. 1 wt. % is also a common weight percentage for 

researchers to compare the mechanical properties of different kinds of CNT/epoxy 
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nanocomposites [Abdalla et al., 2010; Wong, 2008; Zhang et al., 2011]. Hence, 1 wt. % 

(around 3 vol. %) was chosen to be the CNT weight percentage in all of the following 

experiments. 

 

Table 4.2  Mean tensile strength and Young’s modulus 

MWNT  

wt. % 

Tensile Strength (MPa) Young’s Modulus (GPa) 

Mean Percentage Change* Mean Percentage Change* 

0 61.0 − 2.79 − 

0.5 57.6 -5.57 2.86 +2.51 

1 56.7 -7.05 3.02 +8.24 

2 42.2 -30.8 3.03 +8.60 

3 40.6 -33.4 2.84 +1.79 

*Percentage change comparing to pure epoxy (0 wt. % of MWNTs) 

 

4.2.4 Lap Joint Preparation Method 

Lap joint shear tests were performed for the three kinds of adhesives including pure 

epoxy, MWNT/epoxy and CCNT/epoxy. Single lap joints were fabricated according to 

ASTM D5868 and ASTM D1002. Glass fiber/epoxy composites (with 8 layers of woven 

glass fabrics) were the adherends. Figure 4.8 shows the schematic diagrams of a lap joint 

shear test sample. Composite taps were stack onto the adherend to ensure a proper 

loading direction.  

 

Figure 4.8 Schematic diagrams of a lap joint shear test sample 
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As mentioned in Chapter 2, the condition of bonding surfaces greatly influences the 

durability of adhesively-bonded joints. Appropriate surface pretreatment is essential to 

improve the wetting of adherends and avoid contaminants so that a strong bonding can be 

achieved. Before applying an adhesive, the joint area of adherend was roughened by 

sandpaper, aiming to remove some epoxy matrix but not damaging the glass fibers. After 

that, the joint area was cleaned by ethanol to remove grease and other solid contaminants. 

The detailed preparation procedures of single lap joints are list as follows. 

 

1. A 250 mm x 250 mm glass fiber/epoxy composite plate was fabricated by hand layup. 

2. It was allowed to cure at room temperature for 24 h. 

3. It was cut into a number of 25.4 mm x 101.6 mm rectangular plates and 25.4 mm x 

25.4 mm squares. The rectangular plates were the adherends while the squares were 

the taps. 

4. The tap area was roughened with sandpaper (grit P200). 

5. The roughened tap area was cleaned with ethanol. 

6. Taps were stack onto adherends with epoxy (same as the epoxy of adherends). 

7. Adherends were allowed to cure at room temperature for 24 h. 

8. The joint area was roughened with sandpaper (grit P200). Some matrix was removed. 

9. The roughened joint area was cleaned with ethanol. 

10. Pure epoxy, MWNT/epoxy and CCNT/epoxy adhesives prepared with the procedures 

stated in Section 4.2.1.1 were applied. 

11. 500 g weights were placed on top of each sample to obtain an adhesive thickness of 1 

mm. 

12. The samples were allowed to cure at room temperature for 24 h. 

13. The edges of the samples were deburred by a hand file. 
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4.3 Thermomechanical Analysis (TMA) 

Thermomechanical analysis (TMA) is to measure the dimensional changes of a material 

as a function of temperature. It is often used to measure a material’s linear coefficient of 

thermal expansion (CTE). The present project aims to investigate the mechanical and 

thermal properties of CCNT/epoxy adhesive at CT. Although TMA only measures 

expansion but not contraction, the results can still be a good reference. Obtained CTEs in 

TMA were used in the theoretical analysis on the stress distribution of single lap joints. 

 

4.3.1 Theory 

Linear CTE α can be expressed in terms of the change in length ∆𝐿, length at 297 K 

𝐿297𝐾  and change in temperature ∆𝑇 of the sample. 

α =
∆𝐿

𝐿297𝐾∆𝑇
                     (4.1) 

Since the thermal contraction from RT to CT is the focus in this project, the length of 

sample at 297 K was chosen to be the reference length. This expression is also found in 

literatures for studying the cryogenic thermal contraction of materials [Wu et al., 2012]. 

The length at 297 K 𝐿297𝐾, change in length ∆𝐿 and temperature 𝑇 can be obtained 

from the raw data of TMA. 
∆𝐿

𝐿297𝐾
 is the thermal strain. By plotting 

∆𝐿

𝐿297𝐾
 versus 𝑇 and 

calculating the slope, α can be found. 

 

4.3.2 Experimental 

The thermomechanical analyzer used was Mettler Toledo TMA/SDTA1, as shown in 

Figure 4.9. It has a wide temperature range from -150 ℃ to 1600 ℃, a measurement 

range of ±5 mm and a very high resolution of 0.5 nm. 
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Figure 4.9 Mettler Toledo TMA/SDTA1 thermomechanical analyzer 

 

In the present work, TMA was performed according to ASTM E831-14. The linear CTEs 

of adherend (glass fiber/epoxy) and adhesives (pure epoxy, 1 wt. % MWNT/epoxy and 1 

wt. % CCNT/epoxy) were measured within the temperature range of -150 ℃ to 24 ℃ 

(123 K to 297 K). Compression mode was selected to hold the sample. A static 

compressive force of 0.1 N was applied to the sample and the sample was allowed to 

expand. A heating rate of 10 ℃/min and a data acquisition rate of 1 Hz were set. 

 

The sample was first inserted to the sample holder at RT (297 K). Its change in thickness 

throughout the test was detected by a quartz probe. Liquid nitrogen was pumped into the 

furnace to lower the temperature rapidly to 123 K. When the temperature in the furnace 

reached 123 K, the experiment began and the temperature rose constantly. The thickness 

and temperature of sample were recorded by the system. 
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4.3.3 Results and Discussion 

4.3.3.1 Thermal Strain 

At the beginning of measurement, although the temperature in the furnace reached 123 K, 

the temperature of the samples did not reach 123 K due to the thermal barrier of materials. 

The beginning temperature of all samples was around 140 K. The length of adherend at 

297 K was 2.5 mm while the lengths of the adhesives were all around 4 mm. Figure 4.10 

(a) shows the thermal strain versus temperature curve of glass fiber/epoxy adherend while 

Figure 4.10 (b) shows the curves of the three kinds of adhesives. 

 

(a) (b) 

  

Figure 4.10 Thermal strain versus temperature curves of (a) adherend and (b) adhesives 

 

All of the curves can be divided into two regimes. The first one is from 140 K to around 

200 K, where the length of samples increases constantly. The second one is from around 

200 K onwards, where the length of samples increases with an increasing rate. 

 

The adherend (glass fiber/epoxy composites) has a much smaller thermal strain than the 

adhesives. Its percentage change in length is only -0.575 % with reference to its length at 
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297 K while the percentage changes in length of epoxy, MWNT/epoxy and CCNT/epoxy 

are -0.714 %, -0.711 % and -0.750 % respectively. This is a normal phenomenon as the 

volume fraction of glass fiber in epoxy is much greater than that of nano-fillers in epoxy. 

Previous studies proved that a considerably large volume fraction of reinforcement 

significantly decreases the CTE of matrix at low temperatures [Chu et al., 2010; Neely et 

al., 2014]. 

 

The thermal strains of epoxy, MWNT/epoxy and CCNT/epoxy are similar. The greatest 

difference in percentage change in length is only around 0.04 % which is within 

experimental error. Thus, it can be concluded that adding 1 wt. % of CNTs, no matter 

what kind, has no effect to the thermal strain of epoxy at low temperatures. 

 

4.3.3.2 Linear Coefficient of Thermal Expansion (CTE) 

The slopes of the thermal strain versus temperature curves were calculated to obtain the 

linear CTE across the temperature range 140 K to 297 K. Figure 4.11 (a) shows the CTE 

versus temperature curve of the adherend while Figure 4.11 (b) shows the curves of the 

three kinds of adhesives. At most of the temperatures, the CTE of adherend is lower than 

the CTEs of adhesives. 

 

Similar to the thermal strain curves, the CTE curves can also be divided into two regimes. 

The first one is from 140 K to around 200 K, where the CTE is constant. The second one 

is from around 200 K onwards, where the CTE increases continuously. Bilinear curve 

fitting can be used. The first regime can be fitted by a linear equation while the second 

regime can be fitted by a quadratic equation. 
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The CTE curves were fitted by excel and the fitted equations are tabulated in Table 4.3. 

These equations were used to calculate the thermal strain of adherend and adhesives in 

Chapter 6. 

 

(a) (b) 

  

Figure 4.11 CTE versus temperature curves of (a) adherend and (b) adhesives 

 

Table 4.3  Fitted Equations for the CTEs of Samples 

 Temperature Range Equation of 𝜶 (x10-6/K)  

Glass fiber/epoxy 

(Adherend) 

140 𝐾 ≤ 𝑇 ≤ 200 𝐾 

𝑇 ≥ 200 𝐾 

𝛼 = 23.2 

𝛼 = 0.0041𝑇2 − 1.4766𝑇 + 154.66 

(4.2) 

(4.3) 

Pure epoxy 

(Adhesive) 

140 𝐾 ≤ 𝑇 ≤ 220 𝐾 

𝑇 ≥ 220 𝐾 

α = 38.0 

𝛼 = 0.0037𝑇2 − 1.4814𝑇 + 185.52 

(4.4) 

(4.5) 

MWNT/epoxy 

(Adhesive) 

140 𝐾 ≤ 𝑇 ≤ 210 𝐾 

𝑇 ≥ 210 𝐾 

𝛼 = 39.0 

𝛼 = 0.0020𝑇2 − 0.7717𝑇 + 112.33 

(4.6) 

(4.7) 

CCNT/epoxy 

(Adhesive) 

140 𝐾 ≤ 𝑇 ≤ 200 𝐾 

𝑇 ≥ 200 𝐾 

α = 39.0 

𝛼 = 0.0018𝑇2 − 0.6375𝑇 + 95.129 

(4.8) 

(4.9) 
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Since the lowest achievable temperature of the thermomechanical analyzer in PolyU was 

only 123 K and the corresponding temperature of samples was 140 K, the linear CTE of 

samples below 140 K is still unknown. In the present study, the behaviors of adhesives at 

liquid nitrogen temperature (77 K) are the main focuses so it is essential to find an 

expression of CTE from 77 K to 140 K. Escher did experiments on the thermal expansion 

of pure epoxy from 4.5 K to 293 K by a dilatometer [Escher, 1995]. The CTE versus 

temperature curve is given in Figure 4.12. From 140 K onwards, the trend is similar to 

that obtain in the present work. Therefore, it is assumed that the results from 77 K to 140 

K also follow the same trend given in this literature, which is nearly constant throughout 

this temperature range. 

 

 

Figure 4.12 CTE versus temperature curve of pure epoxy obtained from literature 

[Escher, 1995] 
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Chapter 5 

Mechanical Properties of CNT/epoxy 

 

 

Chapter 5 is a report on the experiments conducted to investigate and compare the 

mechanical properties of pure epoxy, MWNT/epoxy and CCNT/epoxy adhesives at both 

RT and CT environments. Three major mechanical test, including Vicker’s hardness test, 

tensile properties test and lap joint shear test were performed. The results were analyzed 

and presented in detail. 

 

 

------------------------------------------------------------------------------------------------------------ 

 

5.1 Vicker’s Hardness Test 

5.1.1 Theory 

Vicker’s hardness test measures the surface hardness of nearly all kinds of solid materials 

by determining their resistance to plastic deformation. It is done by pressing a diamond 

indenter with face angles of 136° onto the sample to create an indent and measuring the 

mean diagonal length (𝑑𝑚) of the indent. Figure 5.1 (a) & (b) show the schematic 

diagrams of the indentation process and an indent. 
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(a) (b) 

 
 

Figure 5.1 Schematics diagrams of (a) the indentation process and (b) an indent 

 

The result of each indentation is presented in Vicker’s hardness number (𝐻𝑉). It is the 

load (𝐹) in gf over the surface area of the indent (𝐴𝑠) in μm2, i.e. 

𝐻𝑉 = 1𝑥103 𝐹

𝐴𝑠
               (5.1) 

It can be expressed in terms of the load (𝐹) and the mean diagonal length (𝑑𝑚) in μm 

only. 

𝐻𝑉 =
2𝑥103𝐹𝑠𝑖𝑛(

136°

2
)

𝑑𝑚
2               (5.2) 

𝐻𝑉 = 1854.4
𝐹

𝑑𝑚
2              (5.3) 

 

5.1.2 Experimental 

Vicker’s hardness tests were performed for pure epoxy, 1 wt. % MWNT/epoxy and 1 wt. 

% CCNT/epoxy adhesives according to ASTM E384-11. Good surface finish of sample is 

essential. Prior to the tests, the samples were well-polished to obtain flat and shiny 

surfaces as mentioned in Chapter 4. They were then treated in RT (295 K) and CT (77 K). 

RT was achieved by placing the samples in ambient temperature while CT was achieved 

by immersing the samples in liquid nitrogen in a vacuum flask. The conditioning time 

was 20 min which was sufficient for their properties to change with temperature. A 
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thermal couple was used to monitor the temperature change. Tests were performed 

immediately after each sample was taken out from the flask. 

 

The Vicker’s hardness tester used was Future-tech FM series, as shown in Figure 5.2. In 

each indentation, a load of 100 gf was applied for 15 s. 10 data points were obtained from 

each sample group. 

 

 

Figure 5.2 Future-tech FM series Vicker’s hardness tester 

 

5.1.3 Results and Discussion 

The mean Vicker’s hardness numbers are tabulated in Table 5.1.The Vicker’s hardness 

numbers of all samples are higher at CT. The percentage increase is from 24.2 to 36.9 %. 

Polymeric materials become stiffer at low temperature environment due to the decrease in 

mobility of molecules so that they have better resistance to plastic deformation [Kalia et 

al., 2013]. 
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Table 5.1  Mean Vicker’s hardness number (HV) 

Temperature Sample Mean HV Percentage Change* 

RT (295 K) Pure Epoxy 15.7 ± 0.2 − 

MWNT/epoxy 16.3 ± 0.3 3.82 

CCNT/epoxy 16.4 ± 0.1 4.46 

CT (77 K) Pure Epoxy 19.5 ± 0.5 24.2 

MWNT/epoxy 20.2 ± 0.2 28.7 

CCNT/epoxy 21.5 ± 0.6 36.9 

*Percentage change comparing to pure epoxy at RT 

 

At RT, the hardness number of epoxy is only slightly increased with the addition of 

MWNTs and CCNTs. Yet at CT, CCNT/epoxy performs exceptionally better than 

MWNT/epoxy with a percentage increase in hardness by 36.9 %, when comparing to pure 

epoxy at RT. There is a strong interfacial bonding between CCNT and epoxy because of 

CCNTs’ special helical configuration. The thickness of a polymer chain is around 0.4 nm 

[Roiter et al., 2005] which is way smaller than the diameter and pitch of CCNTs. Epoxy 

overwraps CCNTs which leads to the mechanical interlocking effect. This effect becomes 

more significant at CT when both CCNTs and epoxy experienced negative thermal 

expansion. Since the CTE of epoxy is much greater than that of CCNTs, epoxy contracts 

at a greater extend and clamps CCNTs tightly at CT. This forms a strong cryogenic 

clamping force that enhances the interfacial bonding. 

 

Indeed, this clamping force also exists in MWNT/epoxy. However, due to the helical 

configuration of CCNTs, this clamping force is more effective in CCNT/epoxy. In 

MWNT/epoxy, epoxy only clamps a MWNT in a direction along its diameter while in 

CCNT/epoxy, epoxy clamps a CCNT in many different directions along the coil. It 

eventually leads to effective stress transfer from epoxy to CCNTs and so the outstanding 
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performance of CCNT/epoxy adhesives. This cryogenic clamping force will be further 

discussed in Chapter 6 and 7. 

 

5.2 Tensile Properties Test 

5.2.1 Theory 

Tensile properties test is one of the fundamental static mechanical tests for materials. In 

the test, a sample is subjected to a tension loading with a constant rate until failure. A 

tensile stress-strain curve is usually plotted to illustrate the results. Tensile strength and 

Young’s modulus are the two main properties that can be determined. Tensile strength is 

calculated by dividing the maximum load sustained by the sample by the original 

cross-sessional area of the sample within the gage length while Young’s modulus is 

determined by finding the slope of the stress-strain curve within the elastic region. 

 

5.2.2 Experimental 

Tensile properties tests were conducted for pure epoxy, 1 wt. % MWNT/epoxy and 1 wt. 

% CCNT/epoxy adhesives according to ASTM D638-14 tailored for plastics. Samples 

were prepared according to the method stated in Chapter 4. The tensile testing machine 

used was MTS Alliance RT/50, same as that used for determining the weight percentage 

of CNT in Chapter 4. An extensometer, MTS 634.12F-21, was also used to measure the 

strain within the uniform gage length. It was especially for CT, with a service temperature 

range of -265 ℃ to 65 ℃. 
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Two methods of achieving CT were applied. The first one was to immerse the samples in 

liquid nitrogen for 20 min and test them at RT. For those samples, the word “treated” will 

be added to distinguish them. The second method is to conduct the experiment in an 

environmental chamber with liquid nitrogen being pumped into the chamber continuously 

throughout the test. Before running the test, the fixture and sample were conditioned in 

the chamber for 20 min to cool them to the desired temperature (77 K). The set-up is 

shown in Figure 5.3. Temperature was monitored by a thermal couple. 

 

 

Figure 5.3 Tensile properties test set-up with environmental chamber 

 

In all the tests, the crosshead speed was adjusted to 2 mm/min and the data acquisition 

rate was set to 10 Hz. Five samples were tested for each sample group. The width and 

thickness of each sample within the gage length were first measured by a caliper and the 

data were inputted into the computer software. The system measured a series of 

parameters including load, time and extension and automatically calculated the results 

including stress, strain and modulus. 
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5.2.3 Results and Discussion 

Tensile stress-strain curves of the selected samples are plotted to illustrate the results. 

Figure 5.4 shows the curves of samples at RT and CT (treated) while Figure 5.5 shows the 

curves of samples at RT and CT (with environmental chamber).  

 

Figure 5.4 Tensile stress-strain curves of samples at RT and CT (treated) 

 

 

Figure 5.5 Tensile stress-strain curves of samples at RT and CT 

(with environmental chamber) 
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The mean values of the tensile strength, Young’s modulus and failure strain at different 

temperatures are tabulated in Table 5.2. 

 

Table 5.2  Mean tensile strength, Young’s modulus and failure strain at different 

temperatures 

Temperature Sample Tensile Strength (MPa) Young’s Modulus (GPa) 

Mean % Change* Mean % Change* 

RT (295 K) Epoxy 61.0 ± 2.3 − 2.79 ± 0.08 − 

MWNT/epoxy 56.7 ± 1.9 -7.05 3.02 ± 0.20 +8.24 

CCNT/epoxy 44.3 ± 4.4 -27.4 3.20 ± 0.14 +14.7 

CT (77 K) 

(treated) 

Epoxy 72.3 ± 3.1 +18.5 3.42 ± 0.18 +22.6 

MWNT/epoxy 67.1 ± 2.6 +10.0 3.71 ± 0.11 +33.0 

CCNT/epoxy 61.0 ± 2.3 0 3.84 ± 0.14 +37.6 

CT (77 K) Epoxy 65.1 ± 4.9 +6.72 4.92 ± 0.10 +76.3 

MWNT/epoxy 54.3 ± 5.4 -11.0 5.19 ± 0.30 +86.0 

CCNT/epoxy 49.1 ± 5.3 -19.5 5.42 ± 0.08 +94.3 

 

Temperature Sample Failure Strain 

Mean % Change* 

RT (295 K) Epoxy 0.0454 ± 0.0049 − 

MWNT/epoxy 0.0241 ± 0.0036 -46.9 

CCNT/epoxy 0.0166 ± 0.0025 -63.4 

CT (77 K) 

(treated) 

Epoxy 0.0258 ± 0.0025 -43.2 

MWNT/epoxy 0.0225 ± 0.0016 -50.4 

CCNT/epoxy 0.0194 ± 0.0028 -57.3 

CT (77 K) Epoxy 0.0156 ± 0.0034 -65.6 

MWNT/epoxy 0.0121 ± 0.0037 -73.3 

CCNT/epoxy 0.0094 ± 0.0036 -79.3 

* Percentage change comparing to pure epoxy at RT 
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5.2.3.1 Samples at CT (treated) 

From Figure 5.4, pure epoxy is the most ductile candidate among the three at both RT and 

CT (treated). It becomes brittle when nano-fillers are added. When comparing the results 

of samples at RT and CT (treated), it can be seen that the tensile strength and Young’s 

moduli of all samples at CT (treated) are greater. The stiffness of polymeric materials 

increases at low temperature as the mobility of molecules is restrained. At RT, 

MWNT/epoxy is the best candidate. Although the increase in Young’s modulus of 

CCNT/epoxy (14.7 %) is greater than that of MWNT/epoxy (8.24 %), the tensile strength 

of MWNT/epoxy is only 7.05 % lower. The tensile strength of CCNT/epoxy is greatly 

reduced (-27.4 %) at RT. 

 

At both RT and CT (treated), CCNT/epoxy adhesives show the greatest Young’s Modulus 

but the smallest tensile strength. The increase in Young’s modulus is 14.7 % at RT and 

37.6 % at CT (treated) with respect to epoxy at RT. A greater Young’s modulus is 

associated with a better interfacial bonding in composites. A better interfacial bonding 

leads to a more effective stress transfer form matrix to reinforcement so the material can 

resist deformation during loading. The results indicate that the interfacial bonding in 

CCNT/epoxy was better than that in MWNT/epoxy. This is due to the difference in the 

cryogenic clamping force of the two materials as mentioned in the results of Vicker’s 

hardness test. 

 

However, the tensile strengths of samples with nano-fillers at CT (treated) are smaller. 

This is a common mechanical behavior of nanocomposites as some nano-fillers may still 

agglomerate though sonication has already been performed for a long time [Yeh et al., 
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2008]. The reduction of tensile strength is greater in CCNT/epoxy than in MWNT/epoxy. 

To understand the reason behind it, the fracture surfaces of the two candidates treated at 

CT were examined by a scanning electron microscope, Jeol 6490. Their SEM images are 

shown in Figure 5.6 (a) and (b). 

 

(a) (b) 

  

Figure 5.6 SEM images of the fracture surfaces of (a) MWNT/epoxy and (b) 

CCNT/epoxy samples treated at CT 

 

In Figure 5.6 (a), there are numerous protruded MWNTs on the fracture surface. It shows 

that MWNTs are pulled out during the test. On the contrary, in Figure 5.6 (b), no 

pulled-out CCNTs are found on the fracture surface but broken CCNTs can be seen. Due 

to the compact interfacial bonding between CCNT and epoxy at CT (treated), CCNTs 

cannot be pulled out easily. Instead, they experience shear fracture within their coils.  

CCNTs are CNTs with natural topological defects. A straight CNT consist of a planar 

hexagonal arrangement of carbon-carbon atoms. The curvy structure of a CCNT is 

formed by the inclusion of heptagons, which may be considered as defect sites. These 

defect sites increase the stress concentration in CCNTs and therefore, reducing their 

strengths [Tian et al., 2015]. 
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A tensile properties test at CT required approximately 30 s to run. Since there was 

temperature difference between samples and the testing environment, the temperature of 

samples was not constant throughout the test. It rose continuously which affected the  

temperature-dependent mechanical properties. The non-linear portion of the stress-strain 

curves may not be only due to the plastic deformation of materials. It maybe also due to 

temperature change that continuously affects the stiffness. 

 

5.2.3.2 Samples at CT 

With the use of an environmental chamber, the temperature of samples became stable at 

liquid nitrogen temperature (77 K) throughout the test. The results are somewhat different 

from those at CT (treated). As observed in Figure 5.5, only the linear portion exists in the 

stress-strain curves of samples. That means the samples only exhibit elastic behavior and 

are extremely brittle at CT. There is no plastic deformation at CT at all. It demonstrates 

that the non-linear portion in the stress-strain curves of CT treated samples exists because 

there was temperature change during the test, which continuously affected the stiffness of 

samples. 

 

The trends of the tensile strengths and Young’s moduli at CT are similar to that at CT 

(treated) but the mean values are greatly altered. The percentages increase in Young’s 

moduli of epoxy, MWNT/epoxy and CCNT/epoxy are 76.3 %, 86.0 % and 94.3 % 

respectively when comparing to epoxy at RT. The increase is substantial. It is around 2.5 

times greater than that of the CT-treated samples. A stable testing temperature is very 

important for CNT reinforced composites as the strength of the cryogenic clamping force 

on CNTs depends on temperature. A stable temperature allows the force to be constantly 
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at a high level throughout the test and so do the stiffness. This force is more effective in 

CCNT/epoxy than in MWNT/epoxy because of the special helical configuration of 

CCNTs. 

 

Yet, the tensile strengths of samples do not show an increase like at CT (treated). The 

tensile strengths are similar to those at RT but the failure strains are much smaller. As 

mentioned before, the mobility of molecules is restrained at low temperatures. At CT, the 

mobility is very low so the samples are very stiff and brittle. The results obtained with an 

environmental chamber should be more accurate. Those from CT treated samples can 

only be references. 

 

5.3 Lap Joint Shear Test 

5.3.1 Theory 

Lap joint shear test is a fundamental static mechanical test for adhesives. It aims to 

determine the shear strength of adhesives in a single lap joint. Similar to a tensile 

properties test, a sample is subjected to a tension loading with a constant rate until failure. 

The two ends of a single lap joint are clamped so the adhesive is subjected to shear 

loading. A shear stress-strain curve is usually plotted to illustrate the results. The shear 

strength of an adhesive is calculated by dividing the maximum load sustained by the 

sample by the cross-sectional area of the sample parallel to the applied force vector. 

 

5.3.2 Experimental 

Lap joint shear tests were conducted for pure epoxy, 1 wt. % MWNT/epoxy and 1 wt. % 

CCNT/epoxy adhesives bonded to glass fiber/epoxy adherends according to ASTM 
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D5868 and ASTM D1002. Single lap joint samples were prepared according to the 

method stated in Chapter 4. The same tensile testing machine, MTS Alliance RT/50 as 

that in the tensile properties tests was used. The two ends of a single lap joint were 

clamped so the adhesive was subjected to shear loading. 

 

Similar to the tensile properties tests, two methods of achieving CT were also applied. 

The first one was to immerse the samples in liquid nitrogen for 20 min and test them at 

RT. For those samples, the word “treated” will be added to distinguish them. The second 

method is to conduct the experiment in an environmental chamber with liquid nitrogen 

being pumped into the chamber continuously throughout the test. Before running the test, 

the fixture and sample were conditioned in the chamber for 20 min to cool them to the 

desired temperature (77 K). The set-up is similar to that shown in Figure 5.3. Temperature 

was monitored by a thermal couple. 

 

In all the tests, the crosshead speed was adjusted to 2 mm/min and the data acquisition 

rate was set to 10 Hz. Five samples were tested for each sample group. The thickness and 

cross-sectional area of the adhesives parallel to the loading direction were first measured 

by a caliper for the calculation of shear stress and strain. 

 

5.3.3 Results and Discussion 

During a lap joint shear test, the adhesive experiences both shear deformation and peeling 

from the adherend. Shear stress and peel stress are the two main stresses acting on the 

sample. Shear stress is along the loading direction while peel stress is perpendicular to the 

loading direction. Figure 5.7 shows the stresses. 
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Figure 5.7 Stresses acting on a lap joint shear test sample 

 

Shear stress-strain curves of the selected samples are plotted to illustrate the results, as 

shown in Figure 5.8 (a) – (c). The mean values of the lap joint shear strength at different 

temperatures are tabulated in Table 5.3. 

 

Table 5.3  Mean lap joint shear strength 

Temperature Adhesive Mean (MPa) Percentage Change* 

RT (295 K) Epoxy 6.82 ± 0.38 − 

MWNT/epoxy 7.32 ± 0.18 +7.33 

CCNT/epoxy 6.80 ± 0.20 -0.29 

CT (77 K) 

(treated) 

Epoxy 6.44 ± 0.26 − 

MWNT/epoxy 6.92 ± 0.12 +7.45 

CCNT/epoxy 7.48 ± 0.28 +16.1 

CT (77 K) Epoxy 5.94 ± 0.20 − 

MWNT/epoxy 6.28 ± 0.14 +5.72 

CCNT/epoxy 7.00 ± 0.21 +17.8 

* Percentage change comparing to pure epoxy at each temperature 
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(a) 

 

 

(b) (c) 

  

Figure 5.11 Shear stress-strain curves of adhesives at (a) RT, (b) CT (treated) and (c) CT 
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The fracture surfaces of samples at RT, CT (treated) and CT were examined visually. 

They are shown in Figure 5.9 – 5.11. 

 

(a)  (b) (c) 

   

Figure 5.9 Fracture surfaces of samples with (a) epoxy, (b) MWNT/epoxy and (c) 

CCNT/epoxy adhesives at RT 

 

(a) (b) (c) 

   

Figure 5.10 Fracture surfaces of samples with (a) epoxy, (b) MWNT/epoxy and (c) 

CCNT/epoxy adhesives at CT (treated) 

 

(a) (b) (c) 

   

Figure 5.11 Fracture surfaces of samples with (a) epoxy, (b) MWNT/epoxy and (c) 

CCNT/epoxy adhesives at CT 
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5.3.3.1 Samples at CT (treated) 

The results of samples at RT and CT (treated) are first compared. At RT, MWNT/epoxy 

shows the greatest lap joint shear strength (7.32 MPa) while pure epoxy and CCNT/epoxy 

show similar lap joint shear strengths (around 6.8 MPa). When comparing the slopes of 

the shear stress-strain curves, it can be seen that after adding either MWNTs or CCNTs, 

the stiffness of epoxy significantly increases. Although the slope of CCNT/epoxy is the 

greatest, it does not have the greatest lap joint shear strength. This may be due to the 

difference in the total number of CNTs in MWNTs and CCNTs. For the same weight 

percentage (1 wt. %), the total number of CNTs in MWNT/epoxy is much greater than 

that in CCNT/epoxy. The higher density of MWNTs leads to a better reinforcement in RT 

and also, resist matrix cracking and crack propagation. Thus, MWNT/epoxy withstands a 

greater load before failure. Yet, the surfaces of MWNTs are atomically smooth due to its 

perfect hexagonal structure. Stress transfer in MWNT/epoxy is less effective than that in 

CCNT/epoxy so the stiffness of CCNT/epoxy is slightly greater. Whether MWNT/epoxy 

or CCNT/epoxy is the best candidate at RT depends on which mechanical property, lap 

joint shear strength or lap joint stiffness, is required. 

 

From the fracture surfaces of samples at RT (Figure 5.8), the dominant failure mode is 

interfacial failure between glass fiber and adhesives. In every sample, the first layer of 

woven glass fiber is clearly visible from the fracture surfaces. It is undamaged with very 

little adhesive remain on it. This indicates that the bonding between adherend and 

adhesive is poor at RT. 

 



Chapter 5 Mechanical Properties of CNT/epoxy 
 

Hei-Lam Ma  88 
 

At CT (treated), the performance of CCNT/epoxy adhesive is outstanding. It has the 

greatest lap joint shear strength as well as the greatest shear stress-strain slope. In fact, 

only CCNT/epoxy shows an increase in lap joint shear strength at CT (treated), from 6.80 

MPa at RT to 7.48 MPa at CT (treated). The strengths of epoxy and MWNT/epoxy are 

greatly reduced instead. The special helical configuration of CCNTs allows the cryogenic 

clamping force to be acted in many different directions towards the tube so the 

reinforcement efficiency was significantly increased. Although the total number CCNTs 

is smaller than that of MWNTs, the effect of the cryogenic clamping force dominated at 

CT (treated). Hence, CCNT/epoxy adhesive has the best performance. 

 

The dominant failure mode of samples at CT (treated) is also interfacial failure between 

glass fiber and adhesives (Figure 5.9). The fracture surface of CCNT/epoxy adhesive at 

CT (treated) is very distinctive. A lot of CCNT/epoxy adhesive is found remaining on the 

woven glass fiber fabric while the fracture surfaces of pure epoxy and MWNT/epoxy are 

relatively clean. That means CCNTs are able to entangle themselves with the rough 

surface of adherend at low temperature. As the temperature drops from RT to CT, both the 

adhesive and adherend will contract. The matrix of the adherend, which is also epoxy, 

tightens the entangled CCNTs so the bonding is excellent. 

 

Nevertheless, a lap joint shear test at CT required approximately 40 s to run. Since there 

was temperature difference between samples and the testing environment, the temperature 

of samples rose continuously throughout the test which may affect the results. Thus, 

performing experiments with an environmental chamber is essential to reconfirm the 

results. Many previous experiments on the tensile properties of composites achieve CT 
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only by treating the samples in liquid nitrogen and conducting the test in RT [Chen et al., 

2009; Chu et al., 2011; Huang et al., 2005]. The results may not be accurate. 

 

5.3.3.2 Samples at CT 

With the use of an environmental chamber, the temperature of samples became stable at 

liquid nitrogen temperature (77 K) throughout the test. The slopes of the shear 

stress-strain curves of all samples are greater than that of those without chamber. That 

means samples are all stiffer when there is a stable CT environment. 

 

The trends of the results are similar to that at CT (treated). The performance of 

CCNT/epoxy adhesive is also outstanding. It has the greatest lap joint shear strength as 

well as the greatest shear stress-strain slope. That means it is the stiffest and toughest. 

When comparing to RT, both epoxy and MWNT/epoxy show a decrease in lap joint shear 

strength at CT while CCNT/epoxy shows a similar strength (6.80 MPa at RT and 7.00 

MPa at CT). When comparing to CT (treated), all samples show a decrease in lap joint 

shear strength. The decrease in lap joint shear strength of epoxy may be due to the huge 

increase in stiffness at CT. It leads to a substantial increase in the maximum shear stress 

and peel stress which are located at the edges of lap joints. Hence, the bonding fails easily 

at CT. The locations of these maximum stresses will be proven theoretically in the next 

chapter. 

 

The substantial increase in maximum shear stress and peel stress also happens in 

MWNT/epoxy and CCNT/epoxy. Yet, the bonding is theses samples is strong so the 

adhesives cannot be peeled off easily. Their failure mode at CT is very different (Figure 
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5.10). It is delamination of the first layer of glass fiber and also fiber breakage. From the 

fracture surface of MWNT/epoxy, it can be seen that nearly half of the first layer of glass 

fiber is peeled off. Some peeled off glass fibers are found adhered on the adhesive while 

some are fragmented. From the fracture surface of CCNT/epoxy, both peeling of the first 

layer of glass fiber and severe fiber breakage can be seen. These are evidence of excellent 

bonding between adhesive and adherend. As mentioned previously, CCNTs entangle 

themselves with the rough surface of adherend. This phenomenon is more effective when 

the temperature is extremely low as the adherend matrix clamps CCNTs tightly. Therefore, 

CCNT/epoxy has the best performance in a lap joint shear test at CT. 

 

Delamination occurs since the interfacial bonding between the first layer of glass fiber 

and epoxy matrix is weaker than the adhesive bonding with MWNT/epoxy and 

CCNT/epoxy at CT. To further enhance the joint durability, the quality of the composite 

adherend should also be improved. 

 

  



Chapter 5 Mechanical Properties of CNT/epoxy 
 

Hei-Lam Ma  91 
 

5.4 Summary 

Three experiments on the mechanical properties of pure epoxy, MWNT/epoxy and 

CCNT/epoxy adhesives were performed, including Vicker’s hardness test, tensile 

properties test and lap joint shear test. Graphs were plotted to illustrate the results and the 

fracture surfaces of samples were examined. The results were analyzed and the reasons 

behind the mechanical behaviors were discussed. The main findings are as follows. 

 

 CCNT/epoxy has the greatest Vicker’s hardness number at CT. 

 All of the adhesive tested are stiffer, with greater Young’s moduli, at CT as the 

mobility of molecules is restrained. 

 CNT-reinforced adhesives show a greater increase in stiffness at CT. Since the 

matrix contracts at a much greater extent than CNTs, a cryogenic clamping force 

acting on CNTs is induced. The interfacial bonding is thus enhanced and the stress 

transfer becomes more effective. 

 When considering the stiffness, CCNT/epoxy performs exceptionally better than the 

other candidates at CT. Due to the special helical configuration of CCNTs, the 

cryogenic clamping force acts on CCNTs in many different directions. Thus, CCNTs 

are clamped tightly and the interfacial bonding is excellent. 

 The tensile strength of CCNT/epoxy is relatively lower. SEM images show that 

during tensile loading, MWNTs are pulled out from the matrix while CCNTs 

experience shear fracture within the coils. The interfacial bonding in CCNT/epoxy 

is so strong that CCNTs cannot be pulled out easily. 

 CCNT/epoxy adhesive has the best performance in lap joint shear tests at CT. Its 

fracture surface demonstrates that CCNTs, with their coil structure, are able to 
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entangle with the surface matrix of a composite adherend. The contraction of the 

surface matrix at CT clamps the entangled CCNTs, leading to an improvement in 

bonding. This is the most important finding in this project as it demonstrates that 

CCNT/epoxy is an extraordinary adhesive for bonding composite plates. 

 In lap joint shear tests at CT, the failure mode of samples with MWNT/epoxy and 

CCNT/epoxy adhesive is very different. They both fail by delamination of the first 

layer of glass fiber of the adherend. That means the adhesive bonding with CNTs is 

very strong at CT. 

 The results obtained with the use of an environmental chamber should be considered 

as temperature stability affects the accuracy of results. However, the results of the 

CT-treated samples can also be good references. 

 

Although the tensile strength of CCNT/epoxy is relatively lower, its other mechanical 

properties such as hardness, modulus and lap joint shear strength are excellent at CT. 

Therefore, it can still be claim as the best candidate for bonding composite lap joints. 
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Chapter 6 

Theoretical Analysis 

 

 

In Chapter 6, two numerical models are developed based on some classical models. The 

first model is on the pullout behavior of CNTs while the second one is on the stress 

distribution in lap joints. The background and derivations of the two models are given. 

Results are plotted according to the developed equations and analyzed. The details are 

discussed in this chapter. 

 

 

------------------------------------------------------------------------------------------------------------ 

 

6.1 Pullout Behavior of CNTs 

6.1.1 Background 

When a composite material is subjected to a temperature decrease, thermal stress is built 

up in the composite due to dissimilar CTEs of the two materials, i.e. fiber and matrix. If 

the composite is loaded at low temperature, the stress induced is known as thermal 

residual stress. Experimental results shown in Chapter 5 addressed that this stress, also 

known as the cryogenic clamping force, affects the mechanical properties of CNT/epoxy 

composites significantly, especially when there is a huge temperature difference. It 
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enhances the interfacial properties between CNT and epoxy, resulting in the improvement 

of stress transfer efficiency from the matrix to the fiber. This stress is especially effective 

in tensile loading as it can help resist fiber pullout from matrix. However, to date, there 

are no existing theoretical models that can numerically demonstrate and quantify this 

stress in composite systems. 

 

In this section, a numerical fiber pullout model tailored for a straight CNT/epoxy 

composite is developed, modified from some classical models. Thermal residual stress 

due to temperature decrease from RT to CT is considered and its effects to the overall 

stresses of the composite are evaluated. The effects of some physical and geometrical 

parameters, such as CNT weight percentage and length, are studied as well. The model 

can also be used for CCNT/polymer composite. It can predict the effect of the pitch angle 

of coil to the stresses in the composite during a fiber pullout test. 

 

Although only the CNT/polymer composite is investigated in the present study, the model 

can literally be used for all hollow fiber reinforced composites. 

 

6.1.2 Classical Models 

The classical fiber pullout model developed by Zhou et al. [Zhou et al., 1994] has been 

used to predict the stress distribution along solid fibers in a single fiber pullout test for 

many years [Poon et al., 2005; Quek, 2002]. Figure 6.1 (a) shows the schematic diagram 

of the model. The radii of fiber and matrix are represented by 𝑎 and 𝑏 respestively. 𝐿 

is the total embedded axial length while 𝑙  is the debonded length. Cylindrical 

coordinates (𝑟, 𝜃, 𝑧)  are used, with 𝑟  being the radial direction, 𝜃  being the 
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circumferential direction and 𝑧 being the axial direction. An axial stress 𝜎 is applied on 

the fiber. 

 

The model accounts for the interfacial properties of the composite including the radial 

stress due to thermal contraction during curing and also the radial stress acting on fiber 

due to the difference in Poisson’s ratio. In most polymer-based composites, the matrix 

possesses a greater CTE than the fiber. In the curing process, the temperature of 

composites decreases from around 60 ℃ to RT. Since the matrix contracts at a greater 

extent than the fiber, thermal stress will be induced onto the fiber. Similarly, the Poisson’s 

ratio of matrix is usually greater than the fiber so a radial clamping force will be induced 

onto the fiber’s surface during loading. These two radial compressive stresses 

significantly affect the interfacial properties. Zhou et al. team developed a numerical 

expression for the radial stress due to the difference in Poisson’s ratio and it only 

represents the radial stress due to thermal contraction by a constant 𝑞0. 

 

Chai et al. [Chai et al., 2001] proposed a fiber push-out model, as shown in Figure 6.1 (b), 

based on the model developed by Zhou et al. The geometries are similar, except that an 

axial stress is applied to the opposite direction. Instead of just expressing the thermal 

residual stress by a constant, a numerical expression relating the stress to the material 

properties was derived to calculate the thermal residual stress. This expression is useful 

for the present study. It can be used to calculate the thermal residual stress built up during 

conditioning from RT to CT as well. The composite is assumed to be placed in CT for a 

long period of time before performing the pullout test in the same environment, so 

thermal residual stresses are built up before the test. Nevertheless, both the models 
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developed by Zhou et al. and Chai et al. are for a solid fiber only. They cannot be used for 

hollow fibers like CNTs directly. Therefore, a modified model is needed. 

 

Apart from that, the models proposed by Zhou et al. and Chai et al. consider three 

different interfaces between the fiber and the matrix including the fully bonded, partially 

bonded and fully debonded regions. For a bonded interface, the main assumption is that 

fiber and matrix should be perfectly bonded. However in the present study, the bonding 

force between the CNT and the matrix is mainly by weak van der Waal’s interaction. No 

chemical bonds are introduced. Hence in the current model, the whole CNT is assumed to 

be fully debonded, only the radial compressive stresses affect fiber pullout. 

 

(a) (b) 

 

 

 

Figure 6.1 The classical fiber pullout models developed by (a) Zhou’s team [Zhou et al., 

1994] and (b) Chai’s team [Chai et al., 2001] 
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6.1.3 Derivation of Current Model 

6.1.3.1 Geometries of the Model 

Figure 6.2 (a) shows a schematic diagram of the CNT pullout model of the current study. 

A straight CNT with an outer radius 𝑎 is embedded into a cylindrical matrix with a 

radius 𝑏. The CNT and the matrix are concentric along the z-axis. The total length of the 

composite in the fully debonded region is 𝐿. Figure 6.2 (b) shows a schematic diagram of 

the CNT. A MWNT is considered as a number of concentric hollow tubes. 𝑝0, ℎ and 𝑑 

correspond to the non-relaxed radius of the innermost wall, the thickness of one wall and 

the spacing between layers [Lau et al., 2003]. 

 

Figure 6.2 Schematic diagrams of (a) the CNT pullout model and (b) the CNT 

  

(a) (b) 
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The number of walls is represented by 𝑁. When 𝑁 = 1, it is a SWNT. The outer radius 

𝑎 of a CNT can be expressed as: 

𝑎 = 𝑝0 + 𝑑(𝑁 − 1)              (6.1) 

 

As mentioned in Chapter 2, CNTs have end caps. In real CNT/polymer composites, only 

the outermost wall is in contact with matrix. According to Lau’s team [Lau et al., 2004], 

the inner walls do not have much contribution to the load carrying capacity since the van 

der Waals force between walls is very weak. Therefore, a MWNT can be treated as a 

SWNT with larger outer radius. The effective cross-sectional area 𝐴𝑒𝑓𝑓 of the CNT can 

then be given by: 

𝐴𝑒𝑓𝑓 = 2𝜋ℎ[𝑝0 + 𝑑(𝑁 − 1)]            (6.2) 

 

6.1.3.2 Governing Differential Equations 

During a CNT pullout action, the axial stress and interfacial shear stress of both CNT and 

matrix should be at equilibrium. The differential equations for the axial stress of CNT 

𝜎𝑁𝑇(𝑧) and axial stress of matrix 𝜎𝑚(𝑧) can thus be written as: 

𝑑𝜎𝑁𝑇(𝑧)

𝑑𝑧
= −

2𝜋𝑎

𝐴𝑒𝑓𝑓
𝜏(𝑧)              (6.3) 

𝑑𝜎𝑚(𝑧)

𝑑𝑧
=

2𝑎

(𝑏2−𝑎2)
𝜏(𝑧)              (6.4) 

where 𝜏(𝑧) is the interfacial shear stress along z-axis. Let 𝛾 be the area ratio of CNT to 

matrix, i.e.: 

γ =
𝐴𝑒𝑓𝑓

𝜋(𝑏2−𝑎2)
               (6.5) 

The axial stress of matrix 𝜎𝑚(𝑧) can then be simplified into: 

𝑑𝜎𝑚(𝑧)

𝑑𝑧
=

2𝜋𝑎

𝐴𝑒𝑓𝑓
𝛾 𝜏(𝑧)              (6.6) 
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6.1.3.3 Radial Compressive Stresses 

Frictional slip occurs in the fully debonded interface. The stress transfer at the interface is 

assumed to be governed by Coulomb’s friction law with 𝜇 being the coefficient of 

friction. The interfacial shear stress 𝜏(𝑧) can then be expressed by: 

𝜏(𝑧) = 𝜇𝑞(𝑧)               (6.7) 

where 𝑞(𝑧)  refers to the interfacial radial stress. In the present problem, 𝑞(𝑧)  is 

assumed to be composed of the radial stress due to thermal residual stress 𝑞0 and the 

radial stress due to Poisson’s effect 𝑞𝑎(𝑧) only. Hence: 

𝜏(𝑧) = −𝜇[𝑞0 − 𝑞𝑎(𝑧)]             (6.8) 

 

𝑞0 is a constant as the temperature of the testing environment is constant throughout the 

whole CNT pullout process. As suggested by Chai et al. [Chai et al., 2001], it can be 

numerically expressed in terms of the Young’s moduli of matrix 𝐸𝑚 and CNT 𝐸𝑁𝑇, the 

linear coefficients of thermal expansion of matrix 𝛼𝑚 and CNT 𝛼𝑁𝑇, the Poisson’s 

ratios of matrix 𝑣𝑚  and CNT 𝑣𝑁𝑇 , the change in temperature and the geometrical 

factors of the model. In order to take the low temperature environment into consideration, 

the change in temperature is expanded into two constants namely the change in 

temperature during curing ∆𝑇𝑐𝑢𝑟𝑖𝑛𝑔 and conditioning ∆𝑇𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔, i.e.: 

𝑞0 =
𝐸𝑚(𝛼𝑚−𝛼𝑁𝑇)(∆𝑇𝑐𝑢𝑟𝑖𝑛𝑔+∆𝑇𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔 )

𝛼𝑌(1−𝑣𝑁𝑇)+(1+2𝛾+𝑣𝑚)
          (6.9) 

where 𝛼𝑌 is the ratio of the Young’s modulus of matrix 𝐸𝑚 to CNT 𝐸𝑁𝑇. Since the 

change in temperature during curing and conditioning are both negative in the present 

case, 𝑞0 must be negative which represents a compressive stress. 
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The stress due to Poisson’s effect 𝑞𝑎(𝑧) varies along the z-axis as it is related to the 

axial stress of CNT and matrix. It was calculated according to the general relationships 

between stress and strain by Zhou et al. [Zhou et al., 1994]: 

𝑞𝑎(𝑧) =
𝛼𝑌𝑣𝑓𝜎𝑁𝑇(𝑧)−𝑣𝑚𝜎𝑚(𝑧)

𝛼𝑌(1−𝑣𝑁𝑇)+(1+2𝛾+𝑣𝑚)
           (6.10) 

 

Inserting equation (6.9) and (6.10) into (6.8), the differential equations for the axial stress 

of CNT 𝜎𝑁𝑇(𝑧) and matrix 𝜎𝑚(𝑧) become: 

𝑑𝜎𝑁𝑇(𝑧)

𝑑𝑧
= −

2𝜋𝑎𝜇

𝐴𝑒𝑓𝑓
[−

𝐸𝑚(𝛼𝑚−𝛼𝑁𝑇)(∆𝑇𝑐𝑢𝑟𝑖𝑛𝑔+∆𝑇𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔)

𝛼𝑌(1−𝑣𝑁𝑇)+(1+2𝛾+𝑣𝑚)
+

𝛼𝑌𝑣𝑓𝜎𝑁𝑇(𝑧)−𝑣𝑚𝜎𝑚(𝑧)

𝛼𝛼𝑌(1−𝑣𝑁𝑇)+(1+2𝛾+𝑣𝑚)
]  (6.11) 

𝑑𝜎𝑚(𝑧)

𝑑𝑧
=

2𝜋𝑎𝛾𝜇

𝐴𝑒𝑓𝑓
[−

𝐸𝑚(𝛼𝑚−𝛼𝑁𝑇)(∆𝑇𝑐𝑢𝑟𝑖𝑛𝑔+∆𝑇𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔)

𝛼𝑌(1−𝑣𝑁𝑇)+(1+2𝛾+𝑣𝑚)
+

𝛼𝑌𝑣𝑓𝜎𝑁𝑇(𝑧)−𝑣𝑚𝜎𝑚(𝑧)

𝛼𝑌(1−𝑣𝑁𝑇)+(1+2𝛾+𝑣𝑚)
]    (6.12) 

 

6.1.3.4 Solutions 

In a typical CNT pullout test, an axial stress 𝜎0 is applied onto the CNT at 𝑧 = 0 while 

the matrix is free of stress. At 𝑧 = 𝐿, the CNT is free of stress while an axial stress of 

γ𝜎0 is applied onto the matrix. Hence, the boundary conditions for the present problem 

are 𝜎𝑁𝑇(0) = 𝜎0, 𝜎𝑚(0) = 0, 𝜎𝑁𝑇(𝐿) = 0 and 𝜎𝑚(𝐿) = 𝛾𝜎0. 

 

By solving the differential equations with the consideration of the boundary conditions, 

the following solutions describing the stresses in a CNT pullout test at low temperature 

can be obtained: 

𝜎𝑁𝑇(𝑧) = 𝜎0 − 𝜔(�̅� − 𝜎0)[𝑒𝜆𝑧 − 1]          (6.13) 

𝜎𝑚(𝑧) = 𝛾𝜔(�̅� − 𝜎0)[𝑒𝜆𝑧 − 1]           (6.14) 

𝜏(𝑧) =
𝐴𝑒𝑓𝑓𝜆𝜔

2𝜋𝑎
(�̅� − 𝜎0)𝑒𝜆𝑧            (6.15) 
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where 

𝜔 =
𝛼𝑣𝑁𝑇

𝛼𝑣𝑁𝑇+𝛾𝑣𝑚
              (6.16) 

�̅� =
𝑞0

𝜔𝑘
               (6.17) 

𝜆 =
2𝜋𝑎𝜇𝑘

𝐴𝑒𝑓𝑓
               (6.18) 

𝑘 =
𝛼𝑣𝑁𝑇+𝛾𝑣𝑚

𝛼(1−𝑣𝑁𝑇)+(1+2𝛾+𝑣𝑚)
            (6.19) 

 

6.1.3.5 Stresses in CCNTs 

A coiled reinforcement is often modeled as a straight reinforcement that is inclined at 

every point along its length [Hao et al., 2017]. A CCNT can also be modeled by this 

approach. The pullout load can be decomposed into a parallel pullout force and also a 

perpendicular bending force which changes the direction of fiber during pullout [Zhang et 

al., 2016]. Figure 6.3 shows the relationship between the stresses and the pitch angle of 

coil 𝜃 in a CCNT/polymer composite. 

 

 

Figure 6.3 Relationship between the stresses and the pitch angle 

in a CCNT/polymer composite 
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Let the applied vertical stress to pullout the CCNT be 𝜎𝑟, the axial pullout stress be 𝜎𝑝 

and the bending stress be 𝜎𝑏. L is the unwound length of the CCNT. The applied axial 

stress 𝜎0 at z = 0 from the boundary condition of the straight CNT pullout model in the 

previous sections is then the axial pullout stress 𝜎𝑝 of CCNT. 𝜎0 can be expressed in 

terms of the applied vertical stress 𝜎𝑟 and the pitch angle 𝜃: 

𝜎𝑟 =
𝜎𝑜

𝑠𝑖𝑛𝜃 
                   (6.20) 

 

The total interfacial shear stress of a coil fiber reinforced composite 𝜏𝑐 at the exit point 

(𝑧 = 0) composes of two stresses, including the interfacial shear stress due to radial 

compression 𝜏𝑟  and the interfacial shear stress due to bending compression 𝜏𝑏 at the 

exit point [He et al., 2012], i.e. 

𝜏𝑐 = 𝜏𝑟 + 𝜏𝑏              (6.21) 

 

𝜏𝑟  is the interfacial shear stress of straight CNT. With reference to the pullout model for 

the straight CNT, 𝜏𝑟  equals to zero at 𝑧 = 0. 𝜏𝑏 is the interfacial shear stress due to the 

point stress 𝜎𝑏 which acts only on the exit point. It moves along the axial position of 

CNTs during pullout. By Coulomb’s friction law, 𝜏𝑏 can be expressed in terms of the 

coefficient of friction between CCNT and matrix 𝜇, the applied vertical stress 𝜎𝑟 and 

the pitch angle 𝜃: 

𝜏𝑏 = 𝜇𝜎𝑏 = 𝜇𝜎𝑟𝑐𝑜𝑠𝜃            (6.22) 

 

Since 𝜏𝑟 = 0 at z = 0, by substituting equation (6.20) and (6.22) to (6.21), the interfacial 

shear stress of a CCNT/polymer composite is then: 

𝜏𝑐 = 𝜇𝜎𝑜𝑐𝑜𝑡𝜃              (6.23) 
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The only unknowns in equations (6.20) and (6.23) are the coefficient of friction, the pitch 

angle and the applied axial stress for straight CNT. The first two are constants. The 

applied axial stress can be obtained from the straight CNT pullout model and it varies 

with temperature. Therefore with these equations, the stresses in the CCNT/polymer 

composite at low temperature can be predicted easily. 

 

6.1.4 Material Constants and Geometric Parameters 

Material constants and geometric parameters are substituted into the equations obtained in 

Section 6.1.3. The material constants are from literatures and also experiments conducted 

previously. Table 6.1 shows a list of material constants while Table 6.2 shows the 

geometric parameters of the CNT used in the current study. 

 

Table 6.1  Material constants [Ahmed et al., 2014; Lau et al., 2006; Shintani et al., 

2003] 

Item Value 

Young’s Modulus (GPa) Matrix at 293 K 𝐸𝑚,293𝐾 2.80 

Matrix at 123 K 𝐸𝑚,123𝐾 4.40 

Matrix at 100 K 𝐸𝑚,100𝐾 4.70 

Matrix at 77 K 𝐸𝑚,77𝐾 5.00 

Carbon nanotube 𝐸𝑁𝑇 1000 

Poisson’s ratio Matrix 𝑣𝑚 0.48 

Carbon nanotube 𝑣𝑁𝑇 0.2 

Coefficient of  

thermal expansion (𝐾−1) 

Matrix 𝛼𝑚 6.5𝑥10−5 

Carbon nanotube 𝛼𝑁𝑇  0.1𝑥10−5 

Coefficient of friction 𝜇 0.48 

Change in temperature during curing ∆𝑇𝑐𝑢𝑟𝑖𝑛𝑔 (K) -40 
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Table 6.2  Geometric parameters of CNT [Ahmed et al., 2014; Vodenitcharova et al., 

2003] 

Item Value 

Thickness of one wall h (m) 6.17𝑥10−11 

The non-relaxed radius of the inner most wall 𝑝0 (m) 6.94𝑥10−9 

Spacing between layers d (m) 3.4𝑥10−10 

 

6.1.5 Results and Discussion for Straight CNTs 

6.1.5.1 The Effect of CT Environment 

To evaluate the effect of CT environment to the stresses in a straight CNT/polymer 

composite during a fiber pullout test, the axial stress along CNT 𝜎𝑁𝑇(𝑧) and the 

interfacial shear stress in the CNT/polymer interface 𝜏(𝑧) are plotted with respect to the 

dimensionless axial position (𝑧/𝐿), as shown in Figure 6.4 (a) & (b). Three temperatures, 

77 K, 100 K and 123 K, are selected. The CNT is assumed to have 10 walls and a length 

of 2 um. The weight percentage of CNT is 1 %. 

 

(a) (b) 

  

Figure 6.4 (a) Axial stress along CNT and (b) interfacial shear stress with different 

testing temperatures 
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From the graphs, a greater axial stress is required to pullout a CNT for a greater 

temperature change from curing to conditioning, i.e. lower testing temperature. The axial 

stress required at liquid nitrogen temperature (77 K) is around 6.5 times larger than that 

required at RT (293 K). The difference in interfacial shear stress is even more obvious. 

The interfacial shear stress at the CNT end at 77 K is around 8 times larger than that at 

293 K which indicates that the clamping force acting on CNT by polymer, due to thermal 

expansion mismatch, mechanically improves the interfacial bonding. 

 

The degree of enhancement from the present theoretical analysis is much greater than that 

from experiments. The discrepancy is due to the difference in CNT orientation. In the 

experiments, the CNTs are not aligned along the loading direction. They are randomly 

distributed instead, so the reinforcing effect is smaller. In the present theoretical analysis, 

the CNT is aligned along the loading direction so the reinforcing effect is greater. 

 

The characteristic length for stress transfer has longed been an important parameter for 

evaluating the fiber pullout behavior in a composite system. It refers to the length where 

the axial stress increases from zero dramatically to a saturated value while the interfacial 

shear stress decreases dramatically and vanishes [Chen et al., 2009]. The shorter the 

characteristic length, the more efficient is the stress transfer, when efficiency is in terms 

of the length [Andersons et al., 2007]. From the graphs, the characteristic length for stress 

transfer is the same for all temperatures. Hence, it can be concluded that low temperature 

testing environment increases the required stress to pull out a CNT but has no effect to the 

stress transfer efficiency with respect to CNT length. 
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6.1.5.2 The Effect of CNT Weight Percentage 

The effect of CNT weight percentage to the mechanical properties of CNT/polymer 

composites has been a hot research direction for scholars. In the current model, different 

weight percentages of CNTs are defined as different radii of the cylindrical matrix. The 

greater the weight percentage of CNTs, the smaller is the radius of the cylindrical matrix.  

Figure 6.5 (a) & (b) shows the axial stress along CNT and the interfacial shear stress with 

different weight percentages of CNTs at 77 K.  

 

(a) (b) 

  

Figure 6.5 (a) Axial stress along CNT and (b) interfacial shear stress with different CNT 

weight percentages at 77K 

 

The above figures show that for different weight percentages, the axial stress required to 

pullout the CNT from matrix remains nearly constant and the interfacial shear stress is 

similar along nearly the whole fiber length. These phenomena were also observed in 

previous work by other researchers [Shintani et al., 2003; Spanos et al., 2014]. 
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However, the characteristic length for stress transfer varies considerably with different 

weight percentages of CNT. The characteristic length decreases with increasing weight 

percentage which indicates that the stress transfer efficiency in terms of CNT length is 

higher in greater weight percentages. The optimal weight percentage is around 7 % for 

the present case. At this percentage, the stiffness of the slope near the CNT end almost 

reaches a maximum. Further increasing the percentage will have nearly no effect on the 

stress transfer efficiency. 

 

6.1.5.3 The Effect of CNT Wall Number 

Different kinds of CNT, including SWNTs, double-walled CNTs and MWNTs, are 

applied in aerospace nanocomposites. As mentioned previously, only the outermost wall 

of CNT carries load in a CNT/polymer composite. Different number of walls affects the 

outer radius of CNT, which is governed by equation (6.1). The greater the wall number, 

the greater is the outer radius of CNT. Besides, the carbon content in one CNT increases 

with increasing number of walls. Therefore, using CNTs with a smaller wall number 

increases the volume fraction of CNT in a CNT/polymer composite for a given weight 

percentage (1 wt. %). This is represented by a smaller radius of the cylindrical matrix in 

the current model. Figure 6.6 (a) & (b) shows the axial stress along CNT and the 

interfacial shear stress with different CNT wall number at 77 K. 

 

From the graphs, the trend is similar to that shown in Section 6.1.5.2. The required axial 

stress to pull out the CNT from matrix is the same for all kinds of CNTs. However, the 

characteristic length for stress transfer increases with increasing wall number, due to the 

decrease in the total number of CNTs. The stress transfer efficiency is the highest in 
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single-walled CNT since it has the greatest surface area to volume ratio and also, the total 

number of CNTs in a single-walled CNT/polymer composite is greater than other 

CNT/polymer composite with the same CNT weight percentage. 

 

(a) (b) 

  

Figure 6.6 (a) Axial stress along CNT and (b) interfacial shear stress with different CNT 

wall number at 77 K 

 

6.1.5.4 The Effect of CNT Length 

Different CNT lengths (0.5, 1, 2, 4, 5 um) are applied to the numerical model to study 

their effect to the stresses in the composite at 77 K. In this case, the CNT was assumed to 

have 10 walls and the weight percentage is 1 %. Figure 6.7 (a) & (b) show the stresses. 

 

In general, a greater axial stress is required to pull out a CNT with longer length. The 

interfacial shear stress decreases with increasing CNT length which is similar to the 

behavior observed by Duncan’s team and Jia’s team [Duncan et al., 2010; Jia et al, 2015] 

at RT environment. 



Chapter 6 Theoretical Analysis 
 

Hei-Lam Ma  109 
 

From the graphs, the characteristic length for stress transfer increases with decreasing 

CNT length. For a CNT length of 0.5 um, the saturation point cannot even be attained. 

Stress cannot be fully transferred between CNT and polymer so the CNT will be pulled 

out easily. To optimize the stress transfer efficiency, the optimal CNT length, when the 

CNT has 10 walls and the weight percentage is 1 %, was found. It is around 5 um, where 

the characteristic length for stress transfer is the shortest. Further increasing the length 

will have nearly no effect to the stresses in the composite. 

 

(a) (b) 

  

Figure 6.7 (a) Axial stress along CNT and (b) interfacial shear stress with different CNT 

lengths at 77 K 

 

6.1.5.5 The Effect of Polymer Modulus 

Many different kinds of polymer matrix are used for fabricating aerospace composites, 

including phenolic, polyester and epoxy. Their elastic moduli at RT range from 0.8 GPa 

to 3.2 GPa while at CT; they are approximately three times greater [Bafekrpour et al., 

2013; Huang et al., 2005; Manalo et al., 2015]. The variations in axial stress along CNT 
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and interfacial shear stress at 77 K, when different polymer moduli are used, are shown in 

Figure 6.8 (a) & (b). 

 

(a) (b) 

  

Figure 6.8 (a) Axial stress along CNT and (b) interfacial shear stress with different 

polymer modulus at 77 K 

 

The axial stress required to pull out a CNT is nearly the same for all moduli. Yet, the 

characteristic length for stress transfer varies. Composites with a smaller matrix modulus 

show a longer characteristic length which means lower stress transfer efficiency. The 

optimal matrix modulus is approximately 8 GPa in the present case and further increasing 

the modulus will have very small effect on the fiber pullout behavior. 

 

6.1.6 Results and Discussion for CCNTs 

To understand the effect of pitch angle to the stresses in CCNT/polymer composites at 

low temperature, graphs of the required vertical stress and interfacial shear stress at the 

exit point, versus pitch angle are plotted. They are shown in Figure 6.9 (a) & (b).  
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(a) (b) 

  

Figure 6.9 (a) Required vertical stress versus pitch angle of CNT and (b) interfacial shear 

stress at z = 0 versus pitch angle of CCNT 

 

A pitch angle of 90° corresponds to the case of straight CNT. In general, the stresses at 

CT are higher than that at RT, which is consistent with the results for straight CNT as 

shown in Figure 6.4. 

 

At both temperature conditions, the required vertical stress to pullout the CCNT does not 

change much as the pitch angle decreases from 90° to 60°. When the pitch angle is further 

decreased, the two curves depart from each other, first gradually, then drastically. That 

means a significantly greater force is required to pullout a CCNT than a straight CNT at 

CT, if the pitch angle is small enough. The interfacial shear stress at the exit point (𝑧 = 0) 

behaves similarly, except that both curves start from zero at 90°. The gap between them 

grows as the pitch angle decreases. 
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The results indicate that at low temperature, CCNTs with small pitch angle are more 

difficult to be pulled out than straight CNTs. The experimental results on mechanical 

properties in Chapter 5 showed that CCNT/polymer composites were much stiffer than 

straight CNT/polymer composites at CT. This phenomenon can be explained by the 

current model. Since CCNTs are more difficult to be pulled out, the stress transfer 

efficiency between CCNT/polymer composites is better than that in straight 

CNT/polymer composites. It consequently leads to a greater stiffness in CCNT/polymer 

composites. Hence, CCNTs are very effective reinforcement for polymers to be servicing 

at CT. 

 

6.1.7 Summary 

In this section, a numerical fiber pullout model tailored for CNT/polymer composites is 

developed with the consideration of thermal residual stress. The effects of low 

temperature testing environment and other parameters to the stress distribution and stress 

transfer efficiency in composites are evaluated. Graphs on the axial stress of straight 

CNTs and the interfacial shear stress between CNT and matrix are plotted. Results from 

numerical analysis on straight CNTs show that the required axial stress to pull out a CNT 

at CT is more than 6 times greater than that required at RT. It shows that the thermal 

residual stress, also known as the cryogenic clamping force, significantly improves the 

interfacial properties between the CNT and the polymer. The model is also applied to 

CCNTs. At CT, a greater stress is required to pull out a CCNT than a straight CNT, 

especially in the case where the pitch angle of CCNT is less than 60°. The interfacial 

bonding in CCNT/polymer is better than that in straight CNT/polymer so CCNT/polymer 

composite performs better in the mechanical tests in Chapter 5. 
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6.2 Stress Distribution in Lap Joints 

6.2.1 Background 

To effectively apply adhesives to bond composite plates, it is essential to understand the 

stress distribution in lap joints during loading. There are two main stresses in the adhesive 

of a single lap joint, namely shear stress and peel stress. Previous studies showed that 

material properties and lap joint geometries significantly affect the stress distribution, and 

thus the strength of different lap joints [Her, 1999; Langella et al., 2011]. However, very 

few studies focus on the effect of elevated or lowered service temperature to the stresses 

in composite lap joints [Stein et al., 2017]. Most of the material properties such as 

Young’s modulus and shear modulus are temperature dependent. Besides, the geometry 

of the lap joint will also be affected in case of a temperature change. Hence, it is 

important to perform parametric studies for CT cases. 

 

In this section, the Goland and Reissnar model is applied to evaluate the effects of 

cryogenic testing environment, different kinds of adhesives and other geometric 

parameters, to the stress distribution in the adhesive of a single lap joint loaded in tension 

[Goland et al., 1944]. It is a classical closed-form two-dimensional model for analyzing 

single lap joints with flat adherends and has been widely used for many years [Da Silva et 

al., 2009; Her, 1999; Langella et al., 2011]. Some modifications are made to suit the 

present study. 
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6.2.2 Derivation of the Current Model 

6.2.2.1 Geometries of the Model 

Consider a single lap joint with two flat identical adherends and a relatively flexible 

adhesive subject to an eccentric tensile load. Its cross-section is shown in Figure 6.10.  

 

The adherends are modeled as beams, which are structures with one dimension much 

larger than the other two. At the beginning of the derivation, the lap joint is assumed to be 

rotatable by the eccentric loading which leads to a non-linear model [Da Silva et al., 

2009]. 𝐹𝑢 and 𝐹𝑙 are the axial tensions per unit width on the upper and lower adherends. 

In the present study, the adherends are glass fiber/epoxy composite plates while the 

adhesive can be pure epoxy, MWNT/epoxy or CCNT/epoxy. 

 

 

Figure 6.10 The cross-section of a single lap joint subjected to an eccentric tensile load 

 

Only the overlapped area is considered. It is symmetric along the center line as shown in 

Figure 6.11. 𝑡(𝑇) and 𝜂(𝑇) are the thickness of adherends and adhesive at CT. The 

adhesive is assumed to be very thin, when comparing to the adherends. c is half the 

overlapped length. Let 𝑥, 𝑦, 𝑧 be the directions along the overlap, along the thickness 

and along the width. 
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Figure 6.11 The overlapped area 

 

6.2.2.2 Temperature-dependent Parameters 

To study the effect of CT environment, temperature-dependent material properties are 

employed. They include the elastic modulus of the adherend 𝐸𝑟(𝑇) and adhesive 𝐸𝑎(𝑇), 

the flexural modulus of the adherend 𝐸𝑟,𝑓(𝑇) and the shear modulus of adhesive 𝐺𝑎(𝑇). 

 

The temperature drop from RT to CT leads to the thermal contraction of both adherends 

and adhesive, which affects the geometries of the model. It is assumed that the adherends 

only contracts in the transverse direction, as for GFRP composites with 50 % by volume 

of fiber, the ratio of the transverse CTE to that of the longitudinal CTE is around 70:1 

[Hassanzadeh-Aghdam et al., 2017]. The contraction in the longitudinal direction is thus 

negligible. 

 

Since the thickness of the adhesive is very small (usually less than 1 mm) when 

comparing to that of the adherends, the thermal contraction of adhesive in the 𝑥 and 𝑧 

directions (longitudinal directions) is highly restricted by the adherends. The contraction 

should be very small and can also be neglected. 

 

 



Chapter 6 Theoretical Analysis 
 

Hei-Lam Ma  116 
 

What is left is the contraction of the adherends and adhesive in the y-direction (the 

transverse direction along their thickness). It is significant since the contraction in this 

direction is not restricted. As determined from the TMA experiment in Chapter 4, the 

CTEs of both adherends and adhesive in this direction vary greatly with temperature. 

They are temperature-dependent and are represented by 𝛼𝑟(𝑇) and 𝛼𝑎(𝑇) respectively. 

The thickness of adherends 𝑡(𝑇) and adhesive 𝜂(𝑇) at CT can be expressed in terms of 

the CTEs, the thicknesses at RT 𝑡𝑖 and 𝜂𝑖 and a specific room temperature 𝑇𝑖 and 

cryogenic temperature 𝑇𝑓, i.e. : 

𝑡(𝑇) = 𝑡𝑖 − 𝑡𝑖 ∫ 𝛼𝑟(𝑇)𝑑𝑇
𝑇𝑓

𝑇𝑖
           (6.24) 

𝜂(𝑇) = 𝜂𝑖 − 𝜂𝑖 ∫ 𝛼𝑎(𝑇)𝑑𝑇
𝑇𝑓

𝑇𝑖
           (6.25) 

The expressions for 𝛼𝑟(𝑇) and 𝛼𝑎(𝑇) are found experimentally in Chapter 4 (Table 

4.3). Hence by assuming the thicknesses at RT, the thicknesses at CT can be calculated. 

 

6.2.2.3 Equilibrium Conditions 

The eccentric load leads to the bending moments 𝑀𝑢 and 𝑀𝑙 and the transverse forces 

𝑉𝑢 and 𝑉𝑙 on the upper and lower adherends. 𝑀𝑢, 𝑀𝑙 , 𝑉𝑢 and 𝑉𝑢 are also per unit 

width. Let the shear stress be 𝜏 and the peel stress be 𝜎. Figure 6.12 (a) & (b) show the 

loads on the upper and lower elements. 

 

(a) (b) 

 
 

Figure 6.12 The loads on the (a) upper and (b) lower element 
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The edge conditions are: 

At 𝑥 = 𝑐, 𝑀𝑢 = 𝐹𝑢 = 𝑉𝑢 = 0, 𝑀𝑙 = 𝑀𝑜 , 𝐹𝑙 = 𝐹𝑜 and 𝑉𝑙 = 𝑉𝑜. 

At 𝑥 = −𝑐, 𝑀𝑙 = 𝐹𝑙 = 𝑉𝑙 = 0, 𝑀𝑢 = −𝑀𝑜 , 𝐹𝑢 = 𝐹𝑜 and 𝑉𝑢 = 𝑉𝑜. 

 

During a lap joint shear test, the force and moment acting on the lap joint should both be 

at equilibrium. The following differential equations can thus be obtained: 

𝑑𝑀𝑢

𝑑𝑥
− 𝑉𝑢 + 𝜏

𝑡(𝑇)

2
= 0  and  

𝑑𝑀𝑙

𝑑𝑥
− 𝑉𝑙 + 𝜏

𝑡(𝑇)

2
= 0     (6.26) 

𝑑𝐹𝑢

𝑑𝑥
− 𝜏 = 0    and  

𝑑𝐹𝑙

𝑑𝑥
+ 𝜏 = 0      (6.27) 

𝑑𝑉𝑢

𝑑𝑥
− 𝜎 = 0    and  

𝑑𝑉𝑙

𝑑𝑥
+ 𝜎 = 0      (6.28) 

 

6.2.2.4 Stresses and Displacements 

The expressions for the stresses and displacements of adherends are first developed. The 

eccentric loading leads to the longitudinal tensile stresses 𝜎𝑇,𝑢 and 𝜎𝑇,𝑙 and also the 

bending stresses 𝜎𝐵,𝑢 and 𝜎𝐵,𝑙 in the upper and lower adherends. They are given by: 

𝜎𝑇,𝑢 =
𝐹𝑢

𝑡(𝑇)
    and  𝜎𝑇,𝑙 =

𝐹𝑙

𝑡(𝑇)
       (6.29) 

𝜎𝐵,𝑢 = −
6𝑀𝑢

[𝑡(𝑇)]2    and  𝜎𝑏,𝑙 =
6𝑀𝑙

[𝑡(𝑇)]2      (6.30) 

 

Let 𝑣𝑢  and 𝑣𝑙  be the transverse displacements and 𝑢𝑢  and 𝑢𝑙  be the longitudinal 

displacements of the upper and lower adherends. By the Kirchhoff-Love theory of thin 

plates: 

𝑑2𝑣𝑢

𝑑𝑥2 = −
𝑀𝑢

𝐷
    and  

𝑑2𝑣𝑙

𝑑𝑥2 = −
𝑀𝑙

𝐷
      (6.31) 

where 𝐷 is the flexural rigidity of adherend. It is related to the flexural modulus 𝐸𝑟,𝑓(𝑇), 
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the thickness 𝑡(𝑇) and the Poisson’s ratio 𝑣𝑟  of the adherend, i.e.: 

𝐷 =
𝐸𝑟, 𝑓(𝑇)[𝑡(𝑇)]3

12(1−𝑣𝑟
2)

             (6.32) 

 

The total longitudinal stress is a sum of the tensile stress and bending stress. Substituting 

equation (6.29) and (6.30) into the stress-strain relations of adherends: 

𝑑𝑢𝑢

𝑑𝑥
=

1

𝐸𝑟(𝑇)
{

𝐹𝑢

𝑡(𝑇)
−

6𝑀𝑢

[𝑡(𝑇)]2
}  and  

𝑑𝑢𝑙

𝑑𝑥
=

1

𝐸𝑟(𝑇)
{

𝐹𝑙

𝑡(𝑇)
+

6𝑀𝑙

[𝑡(𝑇)]2
}     (6.33) 

 

Since the deformation of adhesive is restricted by the adherends, the displacement of 

adhesive is the relative displacement of the adherends. The transverse displacement of 

adhesive is thus 𝑢𝑢 − 𝑢𝑙  while the longitudinal displacement is 𝑣𝑢 − 𝑣𝑙 . By the 

stress-strain relations of adhesive, the shear stress 𝜏 and peel stress 𝜎 of adhesive can 

be expressed in terms of the moduli and displacements. i.e.: 

𝜏 =
𝐺𝑎(𝑇)

𝜂(𝑇)
(𝑢𝑢 − 𝑢𝑙)               (6.34) 

𝜎 =
𝐸𝑎(𝑇)

𝜂(𝑇)
(𝑣𝑢 − 𝑣𝑙)               (6.35) 

 

6.2.2.5 Differential Equations and Boundary Conditions 

To obtain differential equations for 𝜏 and 𝜎, a series of differentiation and substitution 

are performed for equation (6.34) and (6.35). The substituted equations are (6.26-6.28), 

and (6.31-6.33). The derived differential equations are as follows: 

𝑑3𝜏

𝑑𝑥3 =
8𝐺𝑎(𝑇)

𝐸𝑟(𝑇)𝜂(𝑇)𝑡(𝑇)

𝑑𝜏

𝑑𝑥
             (6.36) 

𝑑4𝜎

𝑑𝑥4 = −
24(1−𝑣2)𝐸𝑎(𝑇)

𝜂(𝑡)𝐸𝑟, 𝑓(𝑇)𝑡(𝑇)3 𝜎            (6.37) 
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By applying the edge conditions, the boundary conditions for the shear stress of adhesive 

are found as: 

At 𝑥 = ±𝑐, 

𝑑𝜏

𝑑𝑥
= ∓

𝐺𝑎(𝑇)

𝐸𝑟(𝑇)𝑡(𝑇)𝜂(𝑇)
(𝐹𝑜 + 6

𝑀𝑜

𝑡(𝑇)
)          (6.38) 

The boundary conditions for the peel stress of adhesive are also found as: 

At 𝑥 = ±𝑐, 

𝑑2𝜎

𝑑𝑥2 =
𝐸𝑎(𝑇)

𝜂(𝑇)𝐷
𝑀𝑜   and  

𝑑3𝜎

𝑑𝑥3 = ±
𝐸𝑎(𝑇)

𝜂(𝑇)𝐷
𝑉𝑜      (6.39) 

 

6.2.2.6 Solutions 

By solving the differential equations with the boundary conditions, the following 

solutions describing the adhesive’s shear 𝜏 and peel 𝜎 stresses can be obtained: 

𝜏 =
1

8

𝐹𝑜

𝑐
{

𝛽𝑐

𝑡(𝑇)
(1 + 3𝑘)

𝑐𝑜𝑠ℎ[
𝛽𝑐

𝑡(𝑇)

𝑥

𝑐
]

𝑠𝑖𝑛ℎ[
𝛽𝑐

𝑡(𝑇)
]

+ 3(1 − 𝑘)}          (6.40) 

𝜎 =
1

∆

𝐹𝑜𝑡(𝑇)

𝑐2
{

[𝑅2𝜆2 𝑘

2
+ 𝜆𝑘′ 𝑐𝑜𝑠ℎ(𝜆) 𝑐𝑜𝑠(𝜆)] 𝑐𝑜𝑠ℎ (

𝜆𝑥

𝑐
) 𝑐𝑜𝑠 (

𝜆𝑥

𝑐
) +

[𝑅1𝜆2 𝑘

2
+ 𝜆𝑘′ 𝑠𝑖𝑛ℎ(𝜆) 𝑠𝑖𝑛(𝜆)] 𝑠𝑖𝑛ℎ (

𝜆𝑥

𝑐
) 𝑠𝑖𝑛 (

𝜆𝑥

𝑐
)

}    (6.41) 

 

where 

𝛽2 = 8
𝐺𝑎(𝑇)

𝐸𝑟(𝑇)

𝑡(𝑇)

𝜂(𝑇)
             (6.42) 

𝑘 =
𝑐𝑜𝑠ℎ (𝑢𝑐)

𝑐𝑜𝑠ℎ(𝑢𝑐)+2√2𝑠𝑖𝑛ℎ (𝑢𝑐)
            (6.43) 

𝑢 = √
3(1−𝑣𝑟

2)

2
[

1

𝑡(𝑇)
] √

𝐹𝑜

𝑡(𝑇)𝐸𝑟, 𝑓(𝑇)
           (6.44) 

𝑅1 = 𝑐𝑜𝑠ℎ(𝜆) 𝑠𝑖𝑛(𝜆) + 𝑠𝑖𝑛ℎ(𝜆) 𝑐𝑜𝑠 (𝜆)         (6.45) 

𝑅2 = 𝑠𝑖𝑛ℎ(𝜆) 𝑐𝑜𝑠(𝜆) − 𝑐𝑜𝑠ℎ(𝜆) 𝑠𝑖𝑛 (𝜆)         (6.46) 

𝛥 =
1

2
[𝑠𝑖𝑛(2𝜆) + 𝑠𝑖𝑛ℎ(2𝜆)]           (6.47) 
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𝑘′ =
𝑘𝑐

𝑡(𝑇)
√3(1 − 𝑣𝑟

2)
𝐹𝑜

𝑡(𝑇)𝐸𝑟, 𝑓(𝑇)
          (6.48) 

𝜆 = 𝛾
𝑐

𝑡(𝑇)
               (6.49) 

𝛾4 = 6
𝐸𝑎(𝑇)

𝐸𝑟(𝑇)

𝑡(𝑇)

𝜂(𝑇)
             (6.50) 

 

6.2.3 Material Constants and Geometric Parameters 

Material constants and geometric parameters are substituted to the equations obtained in 

previous section. The material constants are from literatures and also experiments 

conducted previously. Table 6.3 shows the geometric parameters of the lap joint while 

Table 6.4 shows a list of material constants. An axial load of 40 kN per unit width is input 

to the model. 

 

Table 6.3  Geometric parameters 

Item Value 

Overlap length (mm) 25.4 

Thickness of adherent at 293K (mm) 2.50 

Thickness of adhesive at 293K (mm) 1.00 
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Table 6.4  Material constants [Lau et al., 2006; Okoli et al., 2000; Shindo et al., 

2006] 

Item Value 

Young’s modulus (GPa) Epoxy at 293 K 2.79 

Epoxy at 77 K 4.92 

MWNT/epoxy at 293 K 3.02 

MWNT/epoxy at 77 K 5.19 

CCNT/epoxy at 293 K 3.20 

CCNT/epoxy at 77 K 5.42 

GFRP at 293 K 25.3 

GFRP at 77 K 30.4 

Flexural modulus (GPa) GFRP at 293 K 15.0 

GFRP at 77 K 18.0 

Shear modulus (GPa) Epoxy at 293 K 0.94 

Epoxy at 77 K 1.66 

MWNT/epoxy at 293 K 1.02 

MWNT/epoxy at 77 K 1.75 

CCNT/epoxy at 293 K 1.08 

CCNT/epoxy at 77 K 1.83 

Poisson’s ratio All kinds of adhesive 0.48 

GFRP 0.15 

 

6.2.4 Results and Discussion 

6.2.4.1 The Effect of CT Environment 

Three kinds of adhesives are investigated, including epoxy, MWNT/epoxy and 

CCNT/epoxy. To evaluate the effect of CT environment to the stress distribution, their 

shear stress and peal stress at RT (293 K) and CT (77 K) are plotted with respect to the 

dimensionless longitudinal position (𝑧/𝑐), as shown in Figure 6.13. 
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(a) (d) 

  

(b) (e) 

  

(c) (f) 

  

Figure 6.13 (a)-(c) Shear stress and (d)-(f) peel stress of three different kinds of 

adhesives at RT and CT 
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Since the single lap joint is balanced, the distributions of shear stress and peel stress are 

both symmetric with respect to the center line 𝑥 = 0. The maximum shear stress and peel 

stress occur when 𝑥 = ±𝑐 which indicates that the stress at the free ends of the overlap 

is the greatest. When 𝑥 = 0, the shear stress is at minimum while the peel stress is zero 

so only shear stress occurs at this point. The peel stress shows a change in sign along the 

overlap. That means some area of the adhesive experience peeling while some experience 

compression. There are no specific positions for the minimum peel stress. In general, the 

maximum peel stress is greater than the maximum shear stress for every case so peeling is 

the dominant failure mode. This echoes with the experimental results on single lap joint 

in Chapter 5 in which the samples also failed due to peeling. 

 

From the graphs, the maximum shear stresses of all three kinds of adhesives at 77 K are 

around 1.2 times greater than those at 293 K while the minimum shear stresses are similar. 

The maximum peel stresses of all three kinds of adhesives at 77 K are also around 1.2 

times greater than those at 293 K. That means adhesives are stiffer at CT. These results 

are due to a combination of changes in the temperature-dependent parameters, including 

the moduli and thicknesses of adherends and adhesives, at CT. 

 

The results can be compared with the experimental results from the lap joint shear test. A 

load of 40 kN per unit width is applied to the present model, which is equivalent to a 

shear stress of 1.6MPa in a lap joint shear test. This value is in the elastic region of the 

shear stress-strain curves so the initial slopes in experiments can be considered. From the 

lap joint shear test results, the initial slopes of samples are greater at CT. Therefore, both 

methods demonstrate that lap joints are stiffer at CT. 
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The overall stress distribution is also worth-studying. From Figure 6.13, adhesives at 77 

K have a less even stress distribution than those at 293 K. The stresses are highly 

concentrated at the free ends so the adhesive’s failure strain may be reached easily and 

the joint will fail. However, in case of a more even stress distribution, the phenomenon of 

“global yielding” may occur [Da Silva et al., 2009]. It means that yielding is spread 

within the whole overlap so the joint may fail before the adhesive’s failure strain is 

reached. Therefore, striking a balance between the stress concentration effect and the 

global yielding effect is important to obtain a durable lap joint. It can be done by 

adjusting other parameters such as adhesive thickness and overlapped length. 

 

6.2.4.2 The Effect of Adhesive Type 

Three kinds of adhesives are compared, including epoxy, MWNT/epoxy and 

CCNT/epoxy. Different adhesives have different moduli and thicknesses at CT. From 

Figure 6.13, the effect of adhesive type is small. CCNT/epoxy has the greatest maximum 

shear stress and maximum peel stress, followed by MWNT/epoxy and then epoxy. At CT, 

adding CCNTs increases the maximum shear stress of epoxy by 4.70 % while adding 

MWNTs only increases it by 2.51 %. Adding CCNTs also increases the maximum peel 

stress of epoxy by 4.78 % while adding MWNTs only increases it by 2.60 %. The small 

improvement is due to the increase in stiffness of epoxy by adding CCNTs and MWNTs 

as investigated in Chapter 5. The stress distribution of CCNT/epoxy is also theoretically 

less even, though the difference in not that obvious. Since the results of the three kinds of 

adhesives are quite similar, only CCNT/epoxy will be investigated in the following 

parametric studies. 
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6.2.4.3 The Effect of Adhesive Thickness 

It is commonly believed that the thickness of adhesive greatly affects the strength of lap 

joints [Boutar et al., 2016]. The adhesive thickness is usually less than 1 mm. Figure 6.14 

shows the shear stress and peel stress of CCNT/epoxy with three different thicknesses 

(0.2, 0.5 and 1 mm) at CT. The maximum shear stress and peel stress increases with 

decreasing adhesive thickness while the stress distribution is less even as adhesive 

thickness decreases. According to Da Silva’s team [Da Silva et al., 2009], the strength of 

lap joint increases as adhesive thickness decreases from 1 mm to 0.5 mm since the effect 

of global yielding dominants. The more even the stress distribution, the more likely 

global yielding occurs. However, as the thickness further decreases, the effect of stress 

concentration at the free ends dominants. As the adhesive thickness decreases, the stress 

concentration increases so the failure strain of the adhesive will be reached easily. This 

turning point, at 0.5 mm, can only be a reference as it varies from case to case. 

 

(a) (b) 

 
 

Figure 6.14 (a) Shear stress and (b) peel stress of CCNT/epoxy adhesive with different 

thickness at CT 
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6.2.4.4 The Effect of Overlapped Length 

The overlapped length is also an important parameter affecting the strength of lap joints 

[Langella et al., 2011]. Three lengths are chosen for investigation, including 12.7 mm 

(0.5’), 25.4 mm (1’) and 50.8 mm (2’). Figure 6.15 shows the shear and peel stress of 

CCNT/epoxy with different overlapped length at CT. In the previous sections, it is a 

common phenomenon that if the maximum shear stress and peel stress increases, the 

adhesive will have a less even stress distribution. Yet, when the overlapped length is 

varied, the trend is very different. As the overlapped length decreases, the maximum 

shear stress and peel stress increases while the stress distribution becomes more even. 

Thus for short overlaps (e.g. less than 20 mm), both the effect of global yielding and the 

effect of stress concentration at the free ends occur. The joint will therefore fail easily. For 

long overlaps, although stresses are more concentrated at the free ends, the maximum 

shear stress and peels stress are lower. Hence, lap joints with longer overlapped length 

should be more durable with a greater strength. 

 

(a) (b) 

  

Figure 6.15 (a) Shear stress and (b) peel stress of CCNT/epoxy adhesive with different 

overlapped length at CT 
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6.2.5 Summary 

In this section, the Goland and Reissnar model is applied to evaluate the effects of 

cryogenic testing environment, different kinds of adhesives and other geometric 

parameters to the stress distribution in the adhesive of a single lap joint loaded in tension. 

Some modifications are made to consider the effect of cryogenic testing environment. 

Graphs on the shear stress and peel stress of adhesives with respect to their longitudinal 

direction are plotted. In general, the maximum peel stress is greater than the maximum 

shear stress for every case so peeling is the dominant failure mode. Numerical analysis 

shows that the maximum shear stress and peel stress are both around 1.2 times greater at 

CT than at RT. At low temperature, the stress concentration is less even and more 

concentrated at the free ends. Among the three kinds of adhesives (pure epoxy, 

MWNT/epoxy and CCNT/epoxy), CCNT/epoxy shows the greatest maximum shear 

stress and peel stress. It also has the least even stress distribution, although the difference 

among the three kinds is not very obvious. Other geometric parameters, including 

adhesive thickness and overlapped length, also significantly influence the maximum 

stresses and stress distribution. Two phenomena, the effect of stress concentration and the 

effect of global yielding, governed the strength of lap joints. The material and geometric 

parameters together determines the dominant effect that leads to failure. 
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Chapter 7 

Finite Element Analysis 

 

 

Chapter 7 is a report on the finite element analysis performed to study the cryogenic 

clamping force acting on a CNT at CT under a tensile load. A three dimensional FEA 

model is created and the modeling method is presented. FEA solutions are analyzed and 

discussed. 

 

 

------------------------------------------------------------------------------------------------------------ 

 

7.1 Background 

Experimental results presented in Chapter 5 show that both MWNT/epoxy and 

CCNT/epoxy adhesives are stiffer with greater lap joint shear strengths when comparing 

wiht pure epoxy at CT. The cryogenic clamping force acting on CNTs is believed to be 

the reason for the enhancement. It was due to the thermal residual stress induced by 

conditioning from RT to CT. Therefore at CT, CCNT/epoxy adhesive performs 

exceptionally better. It is the stiffest with the greatest lap joint shear strength among the 

three candidates. Since CCNTs are in a helical configuration, the cryogenic clamping 

force acts on CCNTs in many different directions. It clamps CCNTs tightly and leads to 
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an excellent interfacial bonding. In Chapter 6, a numerical model is developed to study 

this cryogenic clamping force. A substantial increase in interfacial shear stress is found at 

CT which indicates the effectiveness of this force. 

 

In this chapter, the cryogenic clamping force is investigated by a computational approach. 

Finite element analysis (FEA) was performed for a straight double-walled carbon 

nanotube (DWNT) reinforced epoxy composite to study the radial deformation of a 

DWNT under a tensile load, with the temperature change from RT to CT. Though there 

are previous work employing FEA to study the mechanical properties of CNT reinforced 

composites, most of them focused on a RT environment [Han et al., 2014; Li et al., 2006]. 

FEA on CNT reinforced composites with a temperature change is still a topic with very 

limited studies. 

 

7.2 Modeling Method 

A three dimensional FEA model is created by ANSYS, an engineering simulation 

software. It is commonly used for analyzing CNTs and their composites [Fan et al., 2009; 

Mohammadpour et al., 2011; Tserpes et al., 2005]. To model a DWNT/epoxy composite, 

a representative volume element (RVE) is used. It is the smallest volume that can 

represent the whole in a measurement, like a unit cell. The multi-scale modeling method 

is applied. DWNT is modeled in the atomic scale by the molecular mechanics approach 

while epoxy is modeled in the macroscopic scale by the continuum FEA approach. 
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7.2.1 Modeling of DWNT 

DWNT is modeled in the atomic scale by the molecular mechanics approach, where each 

carbon atom is simulated as one particle. There are three types of CNTs, including 

armchair, zigzag and chiral. Their structures are described by chiral vector, which is a pair 

of indices (n, m). The DWNT is assumed to be in a zigzag form with a chiral vector of (6, 

0). It is treated as two concentric layers of SWNT. The layers are with a space frame 

structure, which is constructed by interlocking struts with a geometric pattern [Tetrasteel, 

2017]. Nodes are placed at carbon atoms and linear beam elements, BEAM 188, with 

circular cross section are selected for modeling the connections between the carbon atoms. 

Figure 7.1 shows the FEA model of DWNT. 

 

 

Figure 7.1 FEA model of DWNT 

 

There are six degrees of freedom at each node of the beam element, including translation 

in the x, y and z directions and rotation about the x, y and z directions. Some material 

constants and geometric parameters of a DWNT at RT (293 K) are input into the model. 
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They are obtained from previous work and listed in Table 7.1. The properties of DWNTs 

at CT (77 K) are assumed to be the same as those at RT as the differences are very small 

[Chan et al., 2009]. 

 

Table 7.1  Material constants and geometric parameters of a DWNT at RT [Gardea 

et al., 2014; Tserpes et al, 2005] 

Item Value 

Coefficient of thermal expansion (𝐾−1) 0.1𝑥10−5 

Young’s Modulus of a C-C bond (TPa) 5.49 

Shear Modulus of a C-C bond (TPa) 0.871 

C-C bond length (nm) 0.147 

Diameter of the beam element’s cross section (nm) 0.142 

Radius of the DWNT’s outer wall (nm) 0.588 

Radius of the DWNT’s inner wall (nm) 0.237 

 

7.2.2 Modeling of the van der Waal’s Force between Layers 

Between the two layers of SWNT, there is a weak van der Waal’s force. There will be 

pressure between the layers when the equilibrium separation is altered. Linear spring 

elements, LINK 11, are selected to simulate the van der Waal’s force. The spring 

elements are placed between carbon atoms, linking the inner and outer layers. Their 

spring constant is 3.7 N/m and their length is 0.341 nm. This simulation method is with 

reference to the work of Fan’s team [Fan et al., 2009]. Figure 7.2 shows the cross-section 

of a DWNT model. 
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Figure 7.2 The cross-section of a DWNT model 

 

7.2.3 Modeling of Epoxy 

Epoxy is modeled in the macroscopic scale by the continuum FEA approach. It is treated 

as a continuous mass that fills the entire space it occupies. With this approach, the 

physical properties of a material, such as stress and strain, can be expressed by tensors 

[Batra, 2006]. Three-dimensional solid elements, SOLID 185, are selected. The material 

constants of epoxy at RT (293 K) and CT (77 K) are obtained from previous experiments 

and literatures. They are list in Table 7.2. 

 

Table 7.2  Material constants of epoxy [Gardea et al., 2014] 

Item Value 

Young’s modulus at RT (GPa) 2.768 

Young’s modulus at CT (GPa) 3.418 

Poisson’s ratio at RT and CT 0.3 

Coefficient of thermal expansion at RT and CT (𝐾−1) 6.5𝑥10−5 
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7.2.4 Modeling of the Composite 

Figure 7.3 shows the sectional plot of the nanocomposite. A volume percentage of 3 % is 

chosen, which is approximately equal to 1 wt. % when the density of DWNT is around 

0.032 g/cm3. The total length and diameter of the RVE is 5.183 nm and 4.25 nm 

respectively. Perfect bonding is assumed in between the outer wall of DWNT and epoxy 

as a partially bonded or a fully debonded interface is difficult to be modeled by FEA. 

Figure 7.4 shows a sectional plot of the composite. 

 

 

Figure 7.3 A sectional plot of the composite 
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7.3 Results and Discussion 

First, an axial displacement of 0.1 nm was applied to one end of the DWNT/epoxy 

composite model while the other end is fixed so the composite is under tension. The 

Young’s modulus of the composite at RT is obtained, which is 3.127 GPa. After that, a 

bulk temperature load of 77 K is applied to each node of the model. The Young’s 

modulus becomes 6.384 GPa, which is approximately two times greater than that at RT. 

That means the composite is stiffer at CT. Figure 7.4 and 7.5 show the axial deformation 

(in nm) of epoxy at RT and CT respectively. 

 

Figure 7.6 and 7.7 show the radial deformation (in nm) of DWNT at RT and CT 

respectively. The radial deformation at RT is in a magnitude of 10−13 nm which is 

negligible. At CT, there is a negative radial deformation of 0.577 × 10−5 nm on the 

outer layer of the DWNT. The contraction is due to the cryogenic clamping force induced 

by the shrinkage of epoxy. It imposes a compressive stress onto the outer layer of the 

DWNT and forces the DWNT to contract. A compact interfacial bonding is formed 

between DWNT and epoxy and thus, the Young’s modulus of the composite is greatly 

increased. 
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Figure 7.4 Axial deformation (in nm) of epoxy at RT 

 

 

Figure 7.5 Axial deformation (in nm) of epoxy at CT 
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Figure 7.6 Radial deformation (in nm) of DWNT at RT 

 

 

Figure 7.7 Radial deformation (in nm) of DWNT at CT 
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The results obtained from this FEA model can be compared with those obtained from the 

theoretical fiber pullout model. From the theoretical model, the axial stress required to 

pullout a CNT and the interfacial shear stress increase as temperature decreases. From the 

present model, a radial compressive stress is found acting on the CNT at cryogenic 

temperature which means the interfacial shear stress increases. Both models demonstrate 

the enhancement in interfacial bonding and so the stiffness of composite due to the 

cryogenic clamping force. 

 

From Figure 7.7, the deformation of the inner layer of the DWNT is greater than that of 

the outer layer. This is an interesting finding that has not yet been reported elsewhere. The 

phenomenon may be due to the smaller surface area of the inner layer. In this model, the 

force acting on the outer layer and the inner layer of the DWNT should be the same. 

Therefore, a larger stress is generated on the inner layer and leads to a greater 

deformation. 

 

7.4 Summary 

A three dimensional FEA model is created with ANSYS to study the deformation of a 

DWNT/epoxy composite under a tensile load, with a temperature change from RT (293 K) 

to CT (77 K). Results show that the Young’s modulus of the DWNT/epoxy composite at 

CT is around two times greater than that at RT. There is a negative radial deformation of 

0.577 × 10−5 nm on the outer layer of the DWNT after the temperature change. It 

indicates the existence of a radial compressive stress which is due to the cryogenic 

clamping force. A compact interfacial bonding is formed between DWNT and epoxy and 

thus, the Young’s modulus of the DWNT/epoxy composite is greatly increased.
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Chapter 8 

Concluding Remarks 

 

 

In Chapter 8, a conclusion is first made based on all reported findings in this thesis. Since 

the CCNT/epoxy adhesive is very new to researchers, there are still plenty of rooms for 

research to further explore its opportunities to be a new aerospace composite. Some 

suggestions for future research are given in the second part of this chapter. 

 

 

------------------------------------------------------------------------------------------------------------ 

 

8.1 Conclusion 

This project aims at developing an aerospace adhesive for bonding composite plates. 

Aerospace structures are required to service at CT environment where degradation occurs 

for traditional adhesives, like epoxy. CCNT/epoxy adhesive is suggested due to its 

excellent properties at CT. In the beginning of this thesis, the background of this project is 

introduced and the scope of study is defined. A comprehensive literature review is then 

presented. The previous work related to the current project are summarized. They are 

good references for further investigation on the present topic. 
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Preliminary studies are first performed to better understand the mechanical behaviors of 

FRP composites at CT. Low velocity impact tests were conducted for GFRP composites 

at low temperatures. The damaged samples were examined through visual inspection and 

also an optical microscope. Results show that GFRP composites are stiffer and absorbed 

less energy for producing damage as temperature decreases. This is due to the improved 

interfacial bonding between fiber and matrix at low temperature. Since epoxy contracts at 

a greater extent than fiber, it tightens the fibers. A clamping force is thus formed, which 

improves the interface at low temperatures. This cryogenic clamping force in composite 

material is the main focus of the present project. 

 

A detail description on the preparation procedures of adhesives and single lap joints is 

given and some challenges in sample preparation are also reported. The temperature 

dependent CTEs of adherend, glass fiber/epoxy, and adhesives, epoxy, MWNT/epoxy and 

CCNT/epoxy, are obtained from TMA. 

 

Three mechanical tests, namely Vicker’s hardness test, tensile properties test and lap joint 

shear test, were performed for the three kinds of adhesives. Two methods of achieving CT 

were applied. The first one was to immerse the samples in liquid nitrogen for 20min and 

test them at RT while the second one is to conduct the experiment in an environmental 

chamber with liquid nitrogen. The results obtained with the use of an environmental 

chamber should be considered as temperature stability affects the accuracy of results. Yet, 

the results obtained from the other method can also be good references. 
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When considering the stiffness, results indicate that all of them are stiffer at CT as the 

mobility of molecules is restrained. All CNT-reinforced adhesives show a greater increase 

in stiffness due to the cryogenic clamping force, which enhances the interfacial bonding. 

Among the candidates, CCNT/epoxy has the best performance. Due to the special helical 

configuration of CCNTs, the cryogenic clamping force acts on CCNTs in many different 

directions. The interfacial bonding in CCNT/epoxy is excellent and so do the stress 

transfer efficiency. 

 

However, the tensile strength of CCNT/epoxy is the lowest. SEM images show that 

during tensile loading, MWNTs are pulled out from the matrix while CCNTs experience 

shear fracture within the coils. The interfacial bonding in CCNT/epoxy is so strong that 

CCNTs cannot be pulled out easily so CCNT/epoxy is the stiffest but with the lowest 

tensile strength. 

 

In the lap joint shear test at CT, CCNT/epoxy adhesive also has the best performance. Its 

fracture surface demonstrates that CCNTs, with their coil structure, are able to entangle 

with the surface matrix of a composite adherend. The contraction of the surface matrix at 

CT clamps the entangled CCNTs, leading to an improvement in bonding. This is the most 

important finding in this project as it demonstrates that CCNT/epoxy is an extraordinary 

adhesive for bonding composite plates. The failure mode of samples with MWNT/epoxy 

and CCNT/epoxy as adhesive is very different. They both fail by delamination of the first 

layer of glass fiber of the adherend which means the adhesive bonding with CNTs is very 

strong at CT. 
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From the mechanical tests, it can be concluded that although the tensile strength of 

CCNT/epoxy is relatively lower, its other mechanical properties such as hardness, 

modulus and lap joint shear strength are excellent at CT. Therefore, it can still be claimed 

as the best candidate for bonding composite lap joints. 

 

Two theoretical analyses are performed in this project. The first one is on the fiber pullout 

behavior of a CNT from a polymer matrix. A numerical model is developed to evaluate 

the effect of CT environment and other parameters to the stress distribution and stress 

transfer efficiency in CNT/polymer composites. Results on straight CNTs show that the 

required axial stress to pull out a CNT at CT is more than 6 times greater than that 

required at RT. The thermal residual stress, also known as the cryogenic clamping force, 

significantly improves the interfacial properties between CNT and polymer. The model 

also demonstrates that at CT, a greater stress is required to pull out a CCNT than a 

straight CNT, especially when the pitch angle of CCNT is less than 60°. Therefore, the 

stress transfer in CCNT/polymer composites is better than that in straight CNT/polymer 

composites as shown in the mechanical tests. 

 

The second theoretical analysis is on the shear and peel stress distribution in 

adhesively-bonded single lap joints loaded in tension. A numerical model is applied to 

investigate the effects of CT environment, different kinds of adhesives and other 

geometric parameters to these stresses in adhesives. In general, the maximum peel stress 

is greater than the maximum shear stress for every case so peeling is the dominant failure 

mode in the lap joint shear tests. Numerical analysis shows that the maximum shear stress 

and peel stress of all adhesives are around 1.2 times greater at CT than at RT. 
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CCNT/epoxy shows the greatest maximum shear stress and peel stress and also the least 

even stress distribution at CT. Two phenomena, the effect of stress concentration and the 

effect of global yielding, governed the strength of lap joints. Whether an uneven stress 

distribution is harmful depends on which effect is dominant. Other geometric parameters, 

including adhesive thickness and overlapped length, also significantly influence the 

maximum stresses and stress distribution. 

 

Finite element analysis is also performed to study the cryogenic clamping force acting on 

a CNT at CT. A three dimensional FEA model is created with ANSYS to study the stress 

in a DWNT/epoxy composite after the servicing environment changes from RT to CT. 

Solution shows that there is a negative radial stress acting on the outer layer of a DWNT 

after the temperature change. It indicates the existence of a radial compressive stress 

which is due to the cryogenic clamping force. Hence, the interfacial bonding between 

epoxy and DWNT is improved at CT. 

 

To conclude, the performance of CCNT/epoxy nanocomposite is generally outstanding in 

the tests and numerical analyses presented in this thesis. Though it has a few weaknesses 

indeed, its strength is remarkable. Every material has its strengths and weaknesses. If 

engineers can apply the material in a way that the side effects are minimized, the material 

will be beneficial to the structure. CNT/epoxy nanocomposite possesses a very high 

potential to be next-generation adhesive for aerospace structures. The investigations 

reported in this thesis build a good foundation for the adhesive to be further developed for 

commercial use. 
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8.2 Suggestions for Future Research 

Since the CCNT/epoxy adhesive is very new to researchers, there are still plenty of rooms 

for research. This thesis addresses only a portion of the mechanical and thermal behaviors 

of CCNT/epoxy adhesives at CT. To have a deeper understanding, there are still some 

computational and experimental work that can be conducted based on the present 

findings. 

 

In the present project, only the optimal weight percentage of MWNTs is investigated, 

which is 1 wt. %. 1 wt. % is then used for comparison between MWNTs and CCNTs. If 

the performance of 1 wt. % of CCNTs is better than that of 1 wt. % MWNTs, CCNTs will 

be good enough to replace MWNTs. However, the optimal weight percentage of CCNTs 

is also worth-studying for further application of CCNTs in the aerospace industry. 

Mechanical tests, including Vicker’s hardness test, tensile properties test and lap joint 

shear test, can also be performed for different weight percentages of CCNTs to determine 

the optimal percentage. 

 

In the FEA of this project, it is found that the stress acting on the inner layer of the 

DWNT is greater than that acting on the outer layer. This is an interesting finding that has 

not yet been reported elsewhere. The reason for the contraction of the inner layer can be 

further investigated in future research by numerical and computational approaches. 

 

Besides, only the RVE of a straight CNT/epoxy composite is simulated in the present 

work. A RVE of CCNT/epoxy composite can also be built with a similar method reported 

in this thesis. It can be used to simulate the cryogenic clamping force acting on the CCNT, 
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to show that it clamps CCNT in many different directions. The interfacial bonding 

enhancement at CT can thus be counter-checked. Apart from that, FEA on a composite 

single lap joint loaded in tension can be performed to predict the lap joint shear strength. 

The stress distribution, with different temperature environments, different adhesives and 

different geometries, in both adherend and adhesives can also be studied and compared 

with the experimental and numerical results presented in this thesis. 

 

The durability and service life of composite lap joints at CT is also important. Defects, 

especially pores, may exist in the joints. They may grow into a crack after continuous 

loading. The cleavage test, ASTM D3433, is a common test for determining the fracture 

strength of adhesives with a crack. It aims to extend a crack in an adhesive by a tensile 

force acting in a direction normal to the crack surface. The fatigue test, ASTM D3166, is 

also a well-known test for adhesives. The experimental set-up is similar to the lap joint 

shear test performed in this project but a cyclic loading is applied. It aims to determine 

the number loading cycles to failure in order to predict the service life of the joint. To date, 

there are very limited experiments reported in these two areas, especially at a CT 

environment. 

 

The electrical properties of CCNT/epoxy adhesive at CT are also worth-investigating. As 

mentioned in Chapter 2, CNT/epoxy composites are applied to absorb EM waves and to 

be EM shields for spacecraft. Previous research found that CCNTs possess superior 

electrical and magnetic properties due to its special helical configuration [Ihara et al., 

1995]. CCNT composites are reported to have a better electrical conductivity than straight 

CNT composites at RT, since they have more electrical conduction paths [Park et al., 
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2013]. Exploration on the conductivity at CT allows CCNT/epoxy adhesive to be utilized 

in more aspects. 

 

Other than under a constant temperature environment, mechanical properties of 

composite materials under thermal cycling are also popular research directions in 

aerospace engineering. Spacecraft may experience high amplitude thermal cycle in the 

range of -170 ℃ to 200 ℃ as they enter and exit the earth’s shade [Ajaja et al., 2016; 

Liu et al., 2011]. It not only induces thermal stress, but also leads to thermal fatigue. 

Research shows that a continuous temperature change creates defects in composite 

materials, which alter their thermomechanical properties and may lead to catastrophic 

failure [Evseeva et al., 2013]. Mechanical tests, such as tensile properties test and lap 

joint shear test, under and after thermal cycling should be done. The investigation can 

also be done in computational and numerical approaches to have a thorough 

understanding of the behaviors of CCNT/epoxy adhesive. 
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