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Abstract: Metallic substrates and polymer adhesive in composite-metal joints have a relatively1

large coefficient of thermal expansion (CTE) mismatch, which is a barrier in the growing market of2

electric vehicles and their battery structures. It is reported that adding carbon nanotubes (CNTs)3

to the adhesive reduces the CTE of the CNT enhanced polymer adhesive multi-material system,4

therefore when used in adhesively bonded joints it would, theoretically, result in low CTE mismatch5

in the joint system. The current article presents the influence of two specific mass ratios of CNTs6

on the CTE of the enhanced polymer. It was observed that the addition of 1.0 wt% and 2.68 wt% of7

multi-walled CNTs (MWCNTs) decreased the CTE of the polymer adhesive from 7.5 × 10−5 ◦C−1
8

(pristine level) to 5.87× 10−5 ◦C−1 and 4.43× 10−5 ◦C−1, respectively by 22% and 41% reduction. The9

reduction in the CTE was predicted, theoretically, which showed that CTE should have been reduced10

to 3.6 × 10−5 ◦C−1 (52% reduction) and 1.4 × 10−5 ◦C−1 (81% reduction). This may be due to the11

fact that, Raman spectroscopy of the MWCNTs identified defects in the raw material, and scanning12

electron microscopy (SEM) identified agglomeration of MWCNTs on the surface and cross-section of13

the modified polymers.14

Keywords: Composite-metal joint, electric vehicles, carbon nanotubes, polymer adhesive, thermal15

strain measurement, coefficient of thermal strain mismatch16

1. Introduction17

Due to their advantages of energy saving and environmental protection, high performance electric18

vehicles are under rapid development [1]. The structure adhesive bonding technology, as a new type19

of lightweight structural joining technology nowadays, has a good performance to join dissimilar20

materials, such as those identified in and solves the technical bottlenecks in conventional joining21

processes [2–4]. Moreover, it has good sealing and fatigue resistance compared to traditional joining22

methods, which make them suitable in the assembling process of high-performance electric vehicles [5].23

For example, the adhesive bonding technology is applied in the battery pack system, which is one of24

the core components of the electric vehicles to determine the mileage and speed of the electric vehicles25

[6]. The disadvantage of this battery pack system is that the batteries discharge at different rates during26

use, and generate significant heat at different rates of heat generation. Besides, the accumulation of27

time and space effect will accumulate heat. The temperature in the battery pack area can reach up to28

200◦C [7]. The high temperature may lead to significant thermal expansion and residual stress in the29

battery compartments, resulting in failure of composite-metal bonded joints. The joint failures in the30

battery pack system will result in some serious problems, such as cracks in joints and moisture in the31

air enters the battery [5], thus reducing the performance of the battery, and even leading to the failure32
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of the entire battery pack system, potentially leading to traffic accidents. The main factor impacting the33

failure of the bonding joint is the coefficient of thermal expansion (CTE) mismatch among components34

of the joint, especially between the metal and polymer adhesives. The CTE mismatch is the main35

source of inducing internal shear stress that may result in the joint failure at high temperature. In some36

studies, it was reported that the carbon nanotubes (CNTs) can be added to the epoxy-based adhesive37

to adjust the CTE of the enhanced adhesive, therefore adhesives with different CTEs can be produced38

for various requirements [8].39

The present study investigates how the addition of varying weight percentages of CNTs in40

adhesive affects the CTE of the adhesive in adhesively bonded aluminium - epoxy polymer joints.41

2. Experimental Approach42

2.1. Materials43

A low viscosity bisphenol-A epoxy resin, Araldite LY1564 (Hunstman, UK), was used in the44

present study. The epoxy was cured using a hardener, Aradur 3486 (Hunstman, UK). The mix ratio of45

Araldite LY1564 and Aradur 3486 was 100 : 34 by weight. The recommended working temperature of46

the epoxy system is up to 120◦C [9].47

The epoxy was modified with varying weight percentages of multi-walled CNTS (MWCNTs).48

The weight percentages of MWCNTs used were 1.0 wt% and 2.68 wt%.49

A surfactant, Triton X-100, was used to facilitate the dispersion of MWCNTs. The critical micelle50

concentration (CMC) of Triton X-100 is from 0.22 to 0.24 mM [10] and the molecular weight is 625. So,51

the CMC is 0.14 mg/ml by weights. When the concentration of Triton X-100 is higher than the CMC,52

micelles of Triton X-100 occur in the solution, and they further contribute to the dispersion quality of53

CNTs [11]. The concentration of Triton X-100 used in the present case was ten times of CMC.54

2.2. Preparation and Manufacturing55

The epoxy adhesive specimens with CNTs and adhesive-metal bonded specimens with CNTs56

were prepared. Aluminium (Al) was used as substrates for adhesive-metal bonded specimens. Five57

types of specimens were manufactured as shown in the Table 1 and Figure 1.58

Table 1. List of specimens manufactured in the present study

Specimen Constitution Dimension

Specimen a epoxy+Al+1.00 % CNTs Figure 1 (a)
Specimen b epoxy+Al+2.68 % CNTs Figure 1 (a)
Specimen c epoxy+1.00% CNTs Figure 1 (b)
Specimen d epoxy+2.68% CNTs Figure 1 (b)
Specimen e Al only Figure 1 (c)

Figure 1. Schematics of specimens manufactured (a) hybrid joint specimen (b) epoxy specimen and (c)
aluminium specimen
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Firstly, the aluminum substrates were polished with 100-grit grinding paper to make the surfaces59

chemically active. Within an hour before bonding, 400-grit grinding paper was used to polish to avoid60

the potential oxidation on the bonding area. Acetone was used to wipe the bonding area to thoroughly61

clean any remaining contaminants on the surface, so as to ensure good bonding quality and the final62

performance of the specimens, i.e. ensuring the ultimate bond strength was reached.63

The aluminium moulds for the manufacturing of specimens were manufactured as per Figure64

2 and Figure 3. The moulds were equipped with release film to avoid the residue of the polymer65

after curing. The surface treatment using acetone and release agent was also performed before the66

application of the adhesive. Mould 1 was used to manufacture the specimen a and specimen b. The67

thickness of the chambers in mould 1 was 1mm; an aluminium substrate with the thickness of 0.5 mm68

was inserted inside to produce an adhesive thickness of 0.5 mm.69

Mould 2 was used to manufacture the specimens c and specimen d; the thickness of the chamber70

in mould was 0.5 mm to manufacture specimens having 0.5 mm thickness.71

Figure 2. Schematic of the mould manufactured

Figure 3. Image of the mould manufactured

The MWCNTs was dispersed in the epoxy/adhesive system using a sonicator. The dispersion72

process included the following steps:73

• weighing, 0.1 gm of CNTs each time74

• adding 40 ml of acetone to MWCNTs as the solvent75

• sonicating for 30 minutes with 80% amplitude76

• gathering all MWCNTs and treating with high shear mixer for 20 minutes77

• adding epoxy resin in the solvent78

• mixing and evaporating acetone for 5 hours at 80◦C79

the acetone was evaporated, the curing agent was added to the epoxy resin and MWCNTs mixture.80

The mixture was then stirred with a spatula and degassed for 30 minutes. The mixture was applied81

to the mould as an adhesive using a spatula, and the mould was clamped using foldback clips. The82

mixture was cured at 100◦C for 5 hours. The specimens were taken out from the moulds carefully after83

curing. The specimens were then trimmed with a cutter knife to remove the residuary side fillets. All84

specimens were made sure of having approximately identical dimension. Two specimens of each type85

were manufactured to ensure the accuracy and the repeatability of the results.86

Two reflective strips with a length of 10 mm were attached on the surface of the specimen in order87

to use a laser extensometer. The gap between the two strips was about 50 mm. A thermocouple was88

attached on the surface of the specimen to monitor its temperature variation.89
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2.3. Scanning Electron Microscopy90

Scanning electron microscopy (SEM) was performed to analyse the dispersion quality of CNTs in91

the adhesive. Specimen c and specimen d were analysed. One of the two samples from each specimen92

was analysed for the dispersion of CNTs on the surface of the specimen, the other one was analysed93

for the dispersion of CNTs on the cross-section of the specimen using a TESCAN LYRA3 microscope.94

The specimens were sputter coated with 10 nm gold coating to minimize the charging, and ensure95

high-quality SEM images from the analysis [12].96

2.4. Raman Spectroscopy97

The Raman spectroscopy was performed to assess the quality of the CNTs [13]. The amount of98

defective structures and complete molecular structures were measured, a comparison of the intensity99

of these two structures provided an evaluation of the quality of the CNTs used as the raw material100

in the present study. The MWCNTs were dispersed and mixed with silicon oil, the mixture was then101

loaded with glass slide for the Raman measurement.102

2.5. Thermal Strain measurement103

The CTE of every specimen was determined using thermal strain measurement technique. A104

hot-plate was used to attach the specimen onto it, and to heat the specimen up to 120◦C at 5◦C/min105

heating rate. A Laser extensometer was used to measure the deformation of the specimen during the106

heating process. The schematic of the thermal strain measuring system used for the study is shown in107

Figure 4, and described below:108

Figure 4. Schematic of thermal strain measurement system

The laser extensometer was positioned at a distance of 305 mm away from the specimen, and109

was slightly angled (5◦C) to avoid the interference from the possible spurious reflections from other110

reflective surfaces [14]. During the test, the laser emitted from the laser extensometer vertically aimed111

at the surface of the specimen. The laser extensometer measured and indicated the gauge length112

between the two reflective strips by the laser reflected from the reflective strips, the gauge length113

increased with the increase of the temperature. The thermocouple monitored the temperature of the114

specimen during the test, and the test was stopped when the temperature reached to 120◦C to avoid115

exceeding glass temperature. The digital signal processor transmitted the data to the computer where116

time, temperature data were recorded using LABVIEW program. The CTE of the specimens was117

calculated using the following equation:118

α =
Lend − Lstart

Lstart × (Tend − Tstart)
(1)
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where α is the CTE of the specimen, Lend is the gauge length of the specimen at the end of the test,119

Lstart is the gauge length at the start of the test, Tend is the temperature (◦C) of the specimen at the end120

of the test, and Tstart is the temperature (◦C) of the specimen at the start of test.121

3. Results122

3.1. Fractography123

The SEM images in Figures 5-9 show the dispersion quality of the MWCNTs both on the surface124

and cross-section of the different specimens. In Figures 5 and 6, many MWCNTs protruding out from125

the surface of cross-section are observed, attributed to the preparation stage where the samples were126

cut with a scissor, and the cross-section was not polished before gold coating.127

Figure 5. Dispersion of MWCNTs on cross-section of specimen a with 1.0 wt% MWCNTs

Figure 6. Dispersion of MWCNTs on cross-section of specimen b with 2.68 wt%

Figure 7 shows bundles of MWCNTs (highlighted by red boxes) in specimen c, which are128

protruding out of the surface, i.e. an obvious agglomeration of MWCNTs was observed. Figure129
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8 also shows agglomeration on the surface of specimen d (highlighted by red boxes). This indicates130

that the MWCNTS were poorly dispersed in the polymer possibly due to the re-agglomeration that131

happened after the curing process.132

Figure 7. Dispersion of MWCNTs on surface of specimen c with 1.0 wt% MWCTNs

Figure 8. Dispersion of MWCNTs on surface of specimen d with 2.68 wt% MWCTNs

In specimen a and specimen b, the MWCNTs were dispersed well, and no obvious agglomeration133

occurred as investigated in several SEM images, e.g. see Figure 5 and 6, however, agglomeration is134

observed in Figure 9 in specimen d. This indicates that the MWCNTs were not well dispersed before135

application, and hence reagglomeration occurred during the curing process [15]. The high weight136

percentages of carbon nanomaterials in adhesive was reported as the main reason for agglomeration137

and change in morphology [16].138
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Figure 9. Re-agglomeration of MWCNTs in specimen d

3.2. Raman Spectroscopy139

The MWCNTs used in this project were assessed by Raman spectroscopy. Figure 10 shows the140

evaluation result. The G band corresponds to the order character, and the D band represents the141

disorder character in Raman spectrum. The intensity of D band was around 1040 and the intensity of142

the G band was 1270, the intensity ratio of D and G bands, ID/IG was 0.8189. The high intensity ratio143

indicates that there were a lot of defects in the CNTs. The defects deteriorated the properties of the144

MWCNTs [13].145

Figure 10. Quality evaluation of MWCNTs

There are two reasons why defects occurred in MWCNTs: the defects may occur during146

the production process in the lab where the quality was affected by parameters, such as catalyst,147

temperature, pressure etc. Moreover, the defects of MWCNTs can also be induced during the gathering148

process from the quartz substrate in our chemical vapour deposition process [17,18].149

The second reason is that a large number of defects may occur during the dispersion process,150

the sonication process and high shear mixing process. It has been reported in the literature that long151

sonication duration may result in defects in CNTs. The sonication process with lower amplitude and152

high shear mixing with a lower rotational speed could prevent defects in MWCNTs.153

7

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2020                   doi:10.20944/preprints202010.0645.v1

https://doi.org/10.20944/preprints202010.0645.v1


3.3. Coefficient of Thermal Expansion154

The gauge lengths of all the specimens were measured with the increase of the temperature. The155

test started at 30◦C and ended at 120◦C. The CTE of the specimens were calculated using equation (1)156

and are listed in Table 2. The comparison of CTEs at different materials, including steel, aluminium,157

polymer used in the project, and different specimens is shown in Figure 11.158

Table 2. Experimentally determined CTEs of five specimens.

Specimen a b c d e

Length of thermal expansion (mm) 0.127 0.133 0.257 0.218 0.132
Interval of temperature (◦ C) 90 90 90 90 90

CTE ×10−5 ◦C−1 2.66 2.87 5.87 4.43 2.75

Figure 11. CTE (×10−5 ◦C−1) comparison of different materials and specimens

Figure 11 indicates that the CTEs of hybrid joint specimen a and specimen b, which contain an159

aluminium substrate, are close to the CTE of the aluminium plate. This is due to the fact that the160

adhesive and aluminium were bonded together and the bond strength was sufficiently high that the161

adhesive was forced to expand with the aluminium substrate during the heating process. No disbond162

was observed after the tests. Besides, due to the CTE mismatch between adhesive and aluminium,163

the specimen may bend. However, no bending was observed in the test as the thermal strain of the164

specimen was too small to be observed.165

According to the adopted curve in Figure 12 from [8], the CTE of specimen c should be 3.6 × 10−5
166

◦C−1, and the CTE of the specimen d should be 1.4 × 10−5 ◦C−1. However, the results in Table167

2 indicate that the CTE of specimen c is actually 5.87 × 10−5 ◦C−1 and the CTE of specimen d is168

4.43 × 10−5 ◦C−1. The difference between the theoretical and the experimental results is attributed to169

the fact that:170
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Figure 12. CTE with 1.14 vol% and 3 vol% MWCNTs [8]

1. The pre-existing defects in MWCNTs as was observed in the Raman Spectroscopy of the MWCNTs171

in the present study. The defects deteriorated the properties of the MWCNTs. Hence, the CTE of172

the polymer was not significantly decreased compared to the predicted theoretical CTE.173

2. The catalyst used for the production of MWCNTs in the lab was Ferrocene during the chemical174

vapour deposition process. It was not possible to separate the catalyst from the MWCNTs.175

Therefore, the weight percentages of the MWCNTs used in the specimens were possibly less than176

the expected weight percentages. The catalyst did not contribute to the reduction of the CTE of177

the polymer [19].178

3. There was a deviation on the density of MWCNTs used in the analytical calculation, as there was179

no effective method to measure the density of MWCNTs. The density of MWCNTs is related to180

the dimension of carbon nanotubes and the quantity of the walls in carbon nanotubes [20]. The181

diameter of the MWCNTs synthesised in the present study was between 20 nm-100 nm. The182

density of MWCNTs used in the present study might be under-estimated as the density of the183

MWCNTs varies from 1.5 gm/cm3 to 2.5 gm/cm3 [21].184

4. The agglomeration occurs spontaneously because of the static conduction, consequently the185

re-agglomeration happened after curing, as shown in Figure 9. CNTs agglomeration induces a186

negative influence on the performance of polymer [16]. Agglomerates may work as initiation187

sites for failure or accelerate the final breakage.188

5. The defects (porosity, void etc.) in the adhesive part of the specimens may cause poor bonding189

between the metal substrate and adhesive, which in turn can result different thermal expansion190

of the specimens. In the present study such defects were identified, see Figure 13. Insufficient191

degassing of the uncured epoxy causes formation of porosity and voids.192

Figure 13. Defects on specimen, porosity (black features on the surface) and void (highlighted with red
boxes)
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4. Conclusions193

The aim of the present study was to reduce the coefficient of thermal expansion (CTE) of an194

epoxy adhesive with the addition of multi walled carbon nanotubes (MWCNTs) in order to reduce the195

CTE mismatch in adhesive-metal bonded joint systems. A low viscosity bisphenol-A epoxy resin was196

modified with the addition of 1 wt% and 2.68 wt% MWCNTs and was used in adhesive-metal bonded197

joints. The MWCNTs was synthesised in the laboratory and the MWCNTs were assessed using Raman198

spectroscopy. Significant amount of defects was observed in the MWCNTs. The dispersion quality of199

the MWCNTs in the epoxy was examined using scanning electron microscopy (SEM). The MWCNTs200

were agglomerated i.e. poorly dispersed in the epoxy. The CTE of the adhesive-metal bonded joint201

was determined experimentally using thermal strain measurement technique. The addition of 1 wt%202

and 2.68 wt% of multi-walled CNTs (MWCNTs) decreased the CTE of the polymer adhesive from203

7.5 × 10−5 ◦C−1 (pristine level) to 5.87 × 10−5 ◦C−1 and 4.43 × 10−5 ◦C−1, respectively by 22% and204

41% reduction. The reduction in the CTE was predicted theoretically which showed that CTE should205

have been reduced to 3.6 × 10−5 ◦C−1 (52% reduction) and 1.4 × 10−5 ◦C−1 (81% reduction). The206

discrepancy between the experimental and the theoretical values was caused by the above mentioned207

defects in the MWCNTs and the agglomeration of the MWCNTs in the adhesive. Moreover, porosity208

and voids were observed on the surface of the adhesive part of the adhesive-metal bonded joints.209

These defects of the adhesives may result in poor bonding between the metal and the adhesive, hence210

the discrepancy of the experimental and the theoretical CTE.211
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