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Abstract 8 

To improve the dispersion effectiveness of carbon nanotubes (CNTs) in epoxy and 9 

the adhesion of the resulted composites on steel substrates, this paper proposed to surface 10 

treat CNTs using carboxymethyl cellulose (CMC) in the epoxy-CNTs composite. The 11 

dispersion characterizations and adhesion properties of epoxy composites reinforced by 12 

CMC surface treated CNTs were then systematically investigated. CNTs with three 13 

different weight fractions (0.5%, 1%, and 2%) were surface treated by CMCs to improve 14 

their dispersion in epoxy-CNTs composites. It was found by Raman spectroscopy, 15 

particle size analysis, transmission and scanning electron microscopy that the CMC 16 

surface treatment was effective in reducing the size of CNT clusters to achieve a better 17 

dispersion of CNTs in such epoxy-based composite. The experimental results of contact 18 

angle and single lap joint tests indicated that better CNT dispersion resulted from the 19 

CMC surface treatment significantly improved the wettability and adhesion properties of 20 

the epoxy-CNTs composites. 21 
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1. Introduction 24 

Carbon nanotubes (CNTs) are allotropes of carbon with the form of cylindrical 25 

molecules [1]. The unique nanostructure of CNTs contributes to their excellent 26 

characteristics and great potentials in extensive applications which requires lightweight, 27 

high strength, electrical, and thermal conductivities. The extraordinary properties of 28 

CNTs have intrigued many research interests, and made them an ideal particle 29 

reinforcement for synthetizing polymer-matrix composite with enhanced properties and 30 

characteristics [2,3]. It is well understood that incorporating a small proportion of CNTs 31 

could considerably improve the mechanical properties of CNT-reinforced PMCs in terms 32 

of strength and toughness [4,5]. Among various polymer matrix, epoxy resin is widely 33 

recognized as one of the most favorable polymeric materials. Epoxy adhesive joints offer 34 

a great solution to join similar or dissimilar materials in structural applications due to high 35 

specific strength, uniform stress distribution, and good corrosion resistance [6,7].  36 

A number of researches have investigated the effect of CNT addition into epoxy 37 

matrix on its mechanical properties, especially the adhesion properties [8, 9]. Literature 38 

shows that adhesion properties of epoxy composites increase as the increase of CNT 39 

proportion until a threshold (around 1%), and then decrease [10,11]. The existence of an 40 

optimal CNT proportion is mainly due to the non-uniform dispersion of CNTs in the 41 

epoxy matrix when the CNT fraction is too high [10,11]. CNTs are difficult to be 42 

uniformly and evenly dispersed in the epoxy matrix not only because of the relatively 43 

high viscosity of epoxy resin, but also owing to the extremely high aspect ratios and 44 

extremely large surface areas of CNTs, resulting in strong Van der Waals forces on the 45 

surface [12]. Without any external stimulus to break the intermodular interactions, CNTs 46 

are more likely to agglomerate and entangle into CNT clusters which normally weaken 47 

the strength, cause stress concentration and other detrimental effects as defects or 48 



imperfections [13,14]. Thus, the reinforcing efficiency of CNT-reinforced epoxy 49 

composites are highly restricted by the agglomeration and entanglement of CNTs, and a 50 

uniform dispersion has become a critical issue and a prerequisite to optimize the desired 51 

performances of CNT-reinforced epoxy composites [15,16]. 52 

Although the homogenization of CNT dispersion is still far from satisfactory, 53 

varieties of methods have been developed to promote the dispersion of CNTs into epoxy 54 

resin. Most of the prevalent methods fall into three categories: mechanical mixing, 55 

chemical, and physical surface treatments [17]. Mechanical mixing including ultrasonic 56 

mixing [18] and three-roll milling [19] is the most prevalent method to improve the 57 

dispersion by breaking up CNT clusters, but it is not able to maintain the dispersion state 58 

constantly [20]. Moreover, the disassembling process by ultrasonic methods may also cut 59 

off the length and shorten the aspect ratio of CNTs [18, 21].  60 

On the other side, the principal mechanism of both chemical and physical surface 61 

treatments is to add soluble moieties and let them attach on the tube surface, which 62 

prevents CNTs from agglomeration [22]. Chemical treatments are usually covalent 63 

functionalization such as amino [23], silane [24], and hydroxy functionalization [25, 26], 64 

and it is proven that they are effective to modify the dispersion in practical applications 65 

[27]. However, chemical treatments could also cause structural damages on the tube walls, 66 

which in turns inevitably affects the mechanical and electrical properties of CNTs and the 67 

polymer matrix as a whole [28, 29]. Among all those methods, physical surface treatments 68 

are regarded as non-covalent functionalization with less aggressive surfactants forming 69 

physical absorption on the surface of CNTs [30, 31]. Compared to covalent 70 

functionalization, physical treatments are expected to improve the dispersion while 71 

preserving the chemical structure and original properties of the CNTs [32].  72 



Carboxymethyl cellulose (CMC) is a water dispersible cellulose derivative, and its 73 

sodium salt has been exclusively used in food, cosmetic and pharmaceutical industries as 74 

a thicker, stabilizer or binder [33]. Recently, CMC found its new applications as a 75 

surfactant to functionalize CNTs for a better dispersion, and physical treatment using 76 

CMC is a prospective method to improve the mechanical and electrical properties of 77 

carbon nanomaterials [34, 35]. Moreover, CMC is an environmental-friendly, 78 

biocompatible, and disposable material without any harsh chemicals, which makes it even 79 

more favorable over some other solvents. However, the current application of CMC is 80 

only limited in obtaining a uniform and stabilized CNT dispersion in cementitious 81 

materials [36], no studies have incorporated CMCs into CNT-reinforced polymer 82 

materials like CNT-reinforced epoxy resin. There is a severe lack of investigations on the 83 

effect of CMC addition on dispersion state and adhesion properties of CNT-reinforced 84 

epoxy composite. 85 

In this study, for the first time, CMC was applied to surface treat the CNTs to 86 

improve the dispersion effectiveness of CNTs in epoxy composite. The dispersion 87 

characterizations and adhesion properties of CNT-reinforced epoxy composites using 88 

CMC as a surfactant to treat CNTs were systematically investigated. For dispersion 89 

characterizations, Raman spectroscopy was carried out to prove the effectiveness of CMC 90 

treatment on the surface of CNTs. Particle size analysis was also conducted to directly 91 

reflect the dispersion state of CNTs with and without CMCs. The wettability and adhesion 92 

properties of pristine CNTs and CMC/CNT-reinforced epoxy composites were examined 93 

by contact angle test and single lap joint (SLJ) tests, respectively. In addition, 94 

transmission and scanning electron microscopy (TEM and SEM) analyses were also 95 

performed on the individual CNTs, CNT aqueous solution and CNT-reinforced epoxy 96 

composites to reveal the dispersion-modifying mechanism and result of CMCs. 97 



2. Experimental Setup 98 

2.1 Materials 99 

The epoxy resin used in this study was purchased from East Coast Resin with a 100 

bisphenol A based resin and a polyamide curing agent. Multi-wall CNTs supplied by 101 

Skyspring Nanomaterials Inc were selected as the pristine CNT addition to reinforce 102 

epoxy matrix. The purity of the CNTs was more than 95%. The outside diameter, inside 103 

diameter, and length of the tubes ranged between 50-100 nm, 5-10 nm, and 5-20 µm 104 

respectively. The surfactant used in physical surface treatment was a water dispersible 105 

sodium salt of carboxymethyl ether of cellulose (sodium CMC 419273) obtained from 106 

Sigma-Aldrich Corp with formula of C28H30Na8O27 and an average mole weight around 107 

90,000. 108 

2.2 CMC surface treatment to CNTs 109 

To prepare the CMC surface treated CNTs, CMCs with a constant weight fraction 110 

of 0.5% [36] were gradually added into deionized water (DI) while the solution was 111 

mechanically stirred by a magnetic rod on a magnetic stirrer at a speed of 1600 rpm. After 112 

CMCs were thoroughly dissolved in the DI water, CNTs were dispersed in the CMC 113 

solution with the same mechanical stirring. To ensure a good dispersion as well as 114 

sufficient interaction between CNTs and CMCs, the aqueous suspensions were further 115 

mechanically mixed on a tube rotator for 24h at a speed of 30 rpm. The whole mixing 116 

procedures of CNT aqueous suspensions are shown in Figure 1. The CMC surface 117 

treatment method did not involve any ultrasonic process to avoid reducing the CNT 118 

geometry and keep CNTs intact. According to the literature regarding adhesion properties 119 

of CNT-reinforced epoxy composites, around 1% was the optimal CNT fraction.  As the 120 

CNT fraction got either lower and higher than 1%, bonding strength of the composites 121 

dropped accordingly [10, 11, 37]. Three different CNT fractions (0.5%, 1% and 2%) were 122 



considered to study the effect of CMCs on slightly-, mediumly- and highly-aggregated 123 

CNTs. For each CNT fraction, CNT suspensions without the CMC treatment were also 124 

prepared as the control groups. 125 

2.3 Dispersion characterizations 126 

The dispersion characterizations of pristine CNTs and CMC treated CNTs prepared 127 

in last section were evaluated by Raman spectroscopy and particle size analysis. Raman 128 

spectroscopy was performed using Aramis Confocal Raman Imaging Raman System, 129 

Horiba Jobin Yvon’s Raman spectrometer equipped with a 532 nm laser and a 10X 130 

magnification objective lens. The recorded region was from 800 cm-1 to 2400 cm-1. 131 

Particle size analysis was conducted using Particle Sizing Systems SPOS 780 which is 132 

capable of detecting particle sizes from 0.5 nm to 400 µm. Using DI water instead of 133 

epoxy resin as the solution for dispersion characterizations was because resin and curing 134 

agent could severely contaminate the test instruments. 135 

2.4 Wettability 136 

Wettability plays an important role in the adhesion properties of epoxy composites, 137 

which determines the interfacial adhesion between epoxy and substrates. The wettability 138 

of CNT-reinforced composites was measured by contact angle tests, according to ASTM 139 

D7334-08. The contact angle tests were conducted using FTA1000 Drop Shape 140 

Instrument B Frame Analyzer System. The material of the substrate was the most 141 

commonly used A36 steel (purchased from Mid America Steel Inc). Before contact angle 142 

measurements, the substrates were sandblasted and then cleaned by compressed air and 143 

sonication to remove oxide film and any foreign contaminants of the steel surfaces. The 144 

droplets were made by dispersing CNTs and CMCs following the same mixing 145 

procedures described above except the curing agent as the solution. Then the mixture was 146 

mechanically mixed with the resin at a volume ratio of 1:1. The average contact angles 147 



were obtained by measuring three droplets, and two measurements were made on the 148 

edges of each droplet. 149 

2.5 Adhesion properties 150 

Adhesion properties are the top priorities of the epoxy composites, especially when 151 

they are used in adhesive joints. In this study, SLJ tests were employed to determine the 152 

adhesion properties of the epoxy composites. The SLJ test specimens were designed 153 

based on ASTM D3165-07 as shown in Figure 2(a). Two adherends were bonded by 154 

epoxy adhesives at a bonding area, and two jaws were also bonded at each end of the 155 

adherends. The usage of thickened steel adherends were to prevent the specimens from 156 

early buckling before unexpected shear failure. Prior to applying epoxy adhesives, similar 157 

surface treatments were repeated on the bonding areas of all the steel sheets to obtain a 158 

good bonding performance. The thickness of the epoxy adhesives was regulated at 0.5 159 

mm for all the specimens. The well-assembled SLJ specimens were placed in a warm 160 

room at 32 ℃ for the first 24 hours, and then the specimens were transferred to room 161 

temperature environment curing for at least seven days before testing. 162 

SLJ tests were performed using MTS Flex Test® SE loading frame as shown in 163 

Figure 2(b). The jaws located at each end of the SLJ specimen had same thickness as the 164 

steel sheets, and they were held by the grips of the loading frame to make sure that the 165 

center line of the grips and the long axis of the SLJ specimen were coincident. Monotonic 166 

tensile loading was applied on the epoxy adhesive joints under displacement control mode 167 

at a stain rate of 1.3 mm/min until shear fracture occurred. Six different testing conditions 168 

including three CNT weight fractions (0.5%, 1%, and 2%) and two adhesive materials 169 

(pristine CNTs and CMCs treated CNTs), were involved in this study, and five specimens 170 

were prepared for each testing condition to be statistically valid. For a clear presentation 171 

of the testing conditions, the test matrix is displayed in Table 1.   172 



3. Experimental Results and Discussions 173 

3.1 Raman spectroscopy 174 

Raman spectroscopy was used in this study to show the structural differences 175 

between pristine CNTs and CMCs coated CNTs. Normalized Raman spectra of pristine 176 

CNTs and CMCs coated CNTs with different CNT fractions are illustrated in Figures 3(a 177 

~ c). As shown in Figures 3, all the spectra exhibited two main typical peaks referring to 178 

D band around 1345 cm-1 and G band around 1573 cm-1. The locations of those two brands 179 

were consistent with the results in the literature [38, 39]. In Figures 3(c), there was another 180 

disorder-induced peak around 1607 cm-1 called D' band with rather weak intensity [40, 181 

41]. It is noted that D band reflects the existence of defects, while G band represents the 182 

normal C-C bond of the carbon system [42], and the intensity ratio between D and G band, 183 

ID/IG is able to indicate the density of disordered structures due to any surface treatments 184 

on the CNTs [43]. The ID/IG ratios of pristine CNTs were 0.15, 0.24, and 0.3 for three 185 

CNT fractions of 0.5%, 1%, and 2%, respectively. After CMC treatments, the 186 

corresponding ratios increased to 0.3, 0.36 and 0.5, respectively. In terms of all CNT 187 

fractions, the increases of ID/IG ratios proved the effectiveness of CMC treatment 188 

indicating that CMCs were attached on the surface of CNTs and changed the physical and 189 

chemical structures of the CNTs. The attached CMCs were expected to help achieve a 190 

better CNT dispersion. 191 

3.2 Particle size analysis 192 

The dispersion state of CNTs depends on various factors such as type, geometry, 193 

shape and surface condition. Among all those methods to evaluate the dispersion state of 194 

CNTs, particle size analysis is the most direct ways to quantitively demonstrate the size 195 

and the distribution of CNT agglomeration. Figures 4(a ~ f) presents the particle size 196 

distributions of pristine CNTs and CMCs coated CNTs with different CNT fractions. It 197 



is obviously shown that all the particle size distributions followed an approximate normal 198 

distribution pattern, so that the average diameter is equal to the median diameter with the 199 

highest volume. As shown in Figures 4(a, c, e), The average diameters of pristine CNTs 200 

with three CNT fractions (0.5%, 1%, and 2%) were 9.4 µm, 16.3 µm, and 19.5 µm, 201 

respectively, implying that the agglomerations were more severe with higher CNT 202 

fractions. According to Figures 4(b, d, f), the average diameters of CMC treated CNTs 203 

were 7.2 µm, 8.6 µm, and 10.3 µm for the three CNT fractions, respectively. By 204 

comparing pristine CNTs and CMC treated CNTs for each fraction, the average diameters 205 

reduced significantly by 23%, 47%, and 47%, correspondingly. The results clearly 206 

indicated that large CNT clusters were broken up into smaller one with CMC surface 207 

treatment which greatly improved the dispersion states of CNTs. The particle size 208 

reduction was less significant for slightly-aggregated (0.5%) CNTs because CNTs were 209 

less likely to form CNT agglomerations with the lower fraction. 210 

3.3 TEM analysis 211 

The effectiveness of CMCs treatment was further illustrated by TEM analysis. The 212 

TEM observations of pristine CNTs and CMCs coated CNTs with different CNT fractions 213 

are displayed in Figures 5(a ~ f). A relatively low magnification of 0.5 µm was used to 214 

show the overall dispersion states. According to Figures 5(a, c, e), without any special 215 

dispersion methods, the dimension of those CNT clusters become larger as the increase 216 

of CNT fractions. 0.5% CNTs were only slightly aggregated, while almost all visible 217 

CNTs were entangled with 2% CNT addition. Moreover, Figures 5(a, d), (b, e) and (c, f) 218 

compare the dispersion states of pristine CNTs and CMC coated CNTs with the same 219 

fractions. For pristine CNTs, almost all of the CNTs were entangled into CNT clusters 220 

without the presence of any individual CNTs. While for CMCs coated CNTs some 221 

agglomerated CNTs were broke up into individual CNTs and the dimension of the rest 222 



CNT clusters were apparently reduced resulting in more uniform CNT distribution states. 223 

Thus, it was evidently confirmed that CMC treatment was effective in mitigating CNT 224 

agglomerations and eventually improving the dispersion of CNTs. 225 

To further reveal the dispersion modifying mechanism of CMCs treatment, Figures 226 

6(a, b) present the typical TEM images of individual pristine CNTs and CMCs coated 227 

CNTs at a higher magnification. The sidewall of the pristine CNT was sharp and clear in 228 

Figure 6(a). For the CMCs coated CNTs, a thin layer was observed outside the sidewall 229 

of the CNT as shown in Figure 6(b). The boundary of pristine CNT was obviously 230 

smoother than the boundary of CMCs coated CNTs. It was directly proved that CMCs 231 

were attached on the sidewall of the CNTs forming an amorphous layer which helped 232 

build up a better CNT dispersion state. 233 

3.4 Contact angle test 234 

As for CNT-reinforced epoxy composites, wettability is of vital importance on the 235 

adhesion properties especially the interfacial adhesion. It is found that epoxy composite 236 

is unable to gain a solid bond without sufficient interfacial adhesion between adhesives 237 

and substrates [44]. Figures 7(a ~ f) display the appearance of CNT-reinforced epoxy 238 

droplets and their contact angles on steel substrates. As shown in Figure 7(a, b, c), the 239 

contact angle of 0.5% pristine CNT-reinforced epoxy was 44.9º. With the increase of 240 

CNT fractions to 1%, the contact angle was lowered to 43.0º indicating higher wettability 241 

and interfacial adhesion. While further adding the CNT addition to 2%, the contact angle 242 

increased to 45.1º which was even higher than the contact angle of 0.5% pristine CNT-243 

reinforced epoxy. The CNT agglomeration might lead to the further increase of contact 244 

angle from 1% to 2% CNT fractions. CMC/CNT-reinforced epoxy showed a similar trend 245 

with the increase of CNT fractions as shown in Figure 7(d, e, f). The contact angle of 0.5% 246 

pristine CNT-reinforced epoxy came to be the highest, although epoxy composites with 247 



1% CNT addition still yielded the best. Regarding pristine CNTs and CMC/CNT-248 

reinforced epoxy with the same CNT additions, it is clearly observed in Figure 7(a, d), (b, 249 

e) and (c, f) that CMC/CNT-reinforced epoxy had smaller contact angles than pristine 250 

CNT-reinforced epoxy. This finding showed that CMC treatments improved the 251 

wettability of CNT-reinforced epoxy composites, and the deterioration of CNT dispersion 252 

state also had a negative influence on the wettability of the composites and interfacial 253 

adhesion at the adhesive-substrate interface. 254 

3.5 SLJ test 255 

Figure 8(a) presents the typical stress-strain curves of all the SLJ specimens tested 256 

in this study. All the curves shared a similar pattern with a practically linear stage 257 

followed by a nonlinear stage, while the degrees of nonlinearity varied among each curve. 258 

To compare the nonlinearities quantitively, Figure 8(b) demonstrates the areas under all 259 

the curves which are regarded as the toughness indicating the ability of plastic 260 

deformation and energy consumption. The toughness of 0.5% pristine CNT-reinforced 261 

epoxy composite was 11.56 MPa. As the CNT fractions increased to 1%, the toughness 262 

also increased to 16.58 MPa. Then when the CNT fraction continually increased to 2%, 263 

the toughness decreased to 7.3 MPa which was even lower than pristine CNT-reinforced 264 

epoxy composites with 0.5% addition. The significant decrease of toughness from 1% to 265 

2% CNT-reinforced epoxy composites was mainly due to the formation of CNT clusters 266 

with a poor dispersion state. On the other hand, by comparing SLJ specimens with same 267 

CNT fractions but different adhesive materials, the toughness of the specimens with CMC 268 

treatments increased approximately 100%, 112%, and 338% for 0.5%, 1%, and 2% CNT 269 

fractions, respectively. It was very obvious that CMC treatments improved the toughness 270 

of CNT-reinforced epoxy composites by improving the CNT dispersion. As for the 271 

toughness of CMC/CNT-reinforced epoxy composites, although the highest value still 272 



lied in the specimens with 1% CNT addition, the lowest value went to the specimens with 273 

0.5% addition instead of 2% addition. Since CNTs have more agglomerations with more 274 

additions, the improvements were more significant with highly aggregated CNTs. 275 

Among all the adhesion properties of epoxy composites, the most important 276 

parameters are bonding strength and fracture strain which can be obtained from the stress-277 

strain curve [44]. Figures 9(a, b) illustrate increments of the bonding strength and fracture 278 

strain between pristine CNTs and CMC/CNT-reinforced epoxy composites with different 279 

CNT fractions. As for pristine CNT-reinforced epoxy composites, the specimens with 1% 280 

CNT fractions gained the highest bonding strengths being 19.21 MPa, while the strengths 281 

with 0.5% fractions being 16.57 MPa which was higher than those with 2% fractions. 282 

This indicated that the precise optimal fraction lied somewhere between 0.5% and 1% 283 

(much closer to 1), and severe CNT agglomerations are more prone to occur with higher 284 

CNT fractions.  285 

However, regarding CMC/CNT-reinforced epoxy composites, the bonding strength 286 

of the specimens with 2% CNT fraction reached 22.44 MPa, only slightly lower that the 287 

highest value of the specimens with 1% fraction being 25.43 MPa, making 0.5% fraction 288 

the worst case (20.12 MPa). Thus, the optimal fraction might get improved to the range 289 

between 1% and 2%. For comparisons between pristine and CMC/CNT-reinforced epoxy 290 

composites, it was clearly shown in Figure 9(a) that CMC treatments considerably 291 

improved the bonding strength of CNT-reinforced epoxy composites. The increments of 292 

three CNT fractions after CMC treatment reached as high as 21%, 32%, and 42%, 293 

respectively, given that the highest increments with amino or ozone functionalization 294 

reported were only around 10 ~ 15% [23, 39]. As the increase of CNT fractions, the 295 

improvements of bonding strength by CMC treatments were more and more significant. 296 

In addition, according to Figure 9(b), the variations of fracture strain were very similar to 297 



those of bonding strength, which was also consistent with the findings of toughness. The 298 

results of SLJ tests clearly showed that better dispersion states by CMC treatments had a 299 

remarkably positive effect on the adhesion properties of CNT-reinforced epoxy 300 

composites. 301 

3.6 SEM analysis 302 

The dispersion states of epoxy composites were further evaluated using SEM 303 

analysis to show the size of CNT clusters on the fracture surfaces. Figures 10(a ~ d) 304 

demonstrates the typical CNT clusters on the fracture surfaces of 2% pristine CNTs and 305 

CMC/CNT-reinforced epoxy composites, since most apparent differences was seen with 306 

the 2% CNT addition. For pristine CNT-reinforced epoxy composites as shown in Figure 307 

10(a, b), there was a huge CNT cluster with a diameter of more than 21 µm on the fracture 308 

surface. The existence of that huge CNT cluster was due to that CNTs tended to form 309 

larger CNT clusters and highly aggregate with higher CNT fractions. However, for 310 

CMC/CNT-reinforced epoxy composites as shown in Figure 10(c, d), although CMC 311 

treatments did not eliminate the CNT clusters, most of the CNT clusters yielded a similar 312 

diameter around 8 µm. The remarkably smaller CNT clusters after CMC treatments were 313 

in agreement with the results of particle size analysis. Although CMC treatments did not 314 

completely break up CNT clusters into individual CNTs, it did improve the dispersion 315 

state of CNTs in the epoxy matrix by reducing the size of clusters and mitigating CNT 316 

agglomeration.  317 

4. Conclusions 318 

This paper introduces the use of CMC surface treatment to improve the dispersion 319 

of CNTs in epoxy-CNTs composite and investigated the dispersion characterizations and 320 

adhesion properties of the epoxy composites reinforced by CMC surface treated CNTs 321 

for three different CNTs fractions (0.5%, 1%, and 2%). The results of Raman 322 



spectroscopy and TEM analysis proved the effectiveness of CMC treatments that CMCs 323 

were attached on the surface of CNTs forming a thin amorphous layer. It was found by 324 

particle size analysis, TEM, and SEM analysis that although CMC treatments did not 325 

completely break up all the CNT clusters into individual CNTs, CNT dispersion states 326 

were improved by reducing the size of CNT clusters after CMC treatments. For 1% and 327 

2% CNT addition, the CNT agglomerations were significantly mitigated with average 328 

diameter reductions of 47%. While the dispersion improvement was less significant for 329 

0.5% CNT addition, since CNTs were less likely to agglomerate with a low fraction. The 330 

improved CNT dispersion state by CMC treatments also had a positive influence on the 331 

wettability and adhesion properties of CNT-reinforced epoxy composites. Due to better 332 

CNT dispersion state with CMC treatments, CMC/CNT-reinforced epoxy composites had 333 

stronger interfacial adhesion, higher toughness, bonding strength, and fracture strain 334 

compared to pristine CNT-reinforced epoxy composites.  335 
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Figure 1. CMC and CNT mixing procedures. 499 
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Figure 5 TEM observations of pristine CNTs and CMCs coated CNTs with different 505 

CNT fractions: (a) C0.5; (b) CC0.5; (c) C1; (d) CC1; (e) C2; (f) CC2. 506 
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Figures 3 Raman spectra of pristine CNTs and CMCs coated CNTs with different CNT 524 

fractions: (a) 0.5%; (b) 1%; (c) 2%. 525 

  526 



  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figures 4 particle size distributions of pristine CNTs and CMCs coated CNTs with 527 

different CNT fractions: (a) C0.5; (b) CC0.5; (c) C1; (d) CC1; (e) C2; (f) CC2. 528 
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Figures 5 TEM observations of pristine CNTs and CMCs coated CNTs with different 530 

CNT fractions: (a) C0.5; (b) CC0.5; (c) C1; (d) CC1; (e) C2; (f) CC2. 531 

  
(a) (b) 

Figures 6 Typical TEM images of individual pristine CNTs and CMCs coated CNTs at 532 

a higher magnification: (a) pristine CNTs; (b) CMCs coated CNTs 533 
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Figures 7 CNT-reinforced epoxy droplets and their contact angles: (a) C0.5; (b) C1; (c) 534 

C2; (d) CC0.5; (e) CC1; (f) CC2. 535 
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Figures 8 SLJ test results: (a) stress-strain curves of SLJ specimens; (b) Toughness of 536 

SLJ specimens. 537 

  538 



  
(a) (b) 

Figures 9 Increments of the bonding strength and fracture strain between pristine CNTs 539 

and CMC/CNT-reinforced epoxy composites with different CNT fractions: (a) bonding 540 

strength; (b): fracture strain 541 

  
(a) (b) 

  
(c) (d) 

Figures 10 Typical CNT clusters on the fracture surfaces of 2% pristine CNTs and 542 

CMC/CNT-reinforced epoxy composites: (a) C2; (b) close-view of the CNT cluster of 543 

C2; (c); CC2; (d) close-view of the CNT cluster of CC2. 544 



Table 1 SLJ test results 545 

Testing 

condition 

Adhesive 

material 

CNT fraction 

(%) 

Bonding 

strength (MPa) 

STD 

(%) 

Ultimate 

strain 

STD 

(%) 

C0.5 Pristine CNTs 0.5 16.57± 1.12 6.76 1.11 ± 0.084 7.57 

CC0.5 CMC treated 

CNTs 

0.5 20.12 ± 1.74 8.65 1.55 ± 0.100 6.45 

C1 Pristine CNTs 1 19.21 ± 1.31 6.82 1.40 ± 0.083 5.85 

CC1 CMC treated 

CNTs 

1 25.43 ± 1.87 7.35 1.85 ± 0.149 8.01 

C2 Pristine CNTs 2 15.85 ± 1.29 8.13 0.91 ± 0.085 9.34 

CC2 CMC treated 

CNTs 

2 22.44 ± 1.71 7.62 1.76 ± 0.116 6.59 
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