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Abstract 18 

The effects of the addition of graphene oxide (GO) as a filler for an epoxy 19 

matrix have been studied in terms of the surface energy and mechanical interfacial 20 

properties of GO/epoxy nanocomposites. The GO surface properties were determined 21 

using X-ray photoelectron spectroscopy and Fourier-transform infrared spectroscopy, 22 

and . The contact angle was measured by the sessile drop method for the evaluation of 23 

surface free energy. The investigated mechanical properties of the nanocomposites 24 

included the impact strength, fracture toughness and fracture energy. For the GO-25 

reinforced epoxy resin matrix system, a direct linear relationship was observed between 26 

the specific polar components of the surface energy and the mechanical behavior. These 27 

results indicate that the mechanical interfacial properties of the GO/epoxy 28 

nanocomposites were controlled by the specific polar component including the 29 

electron–acceptor and electron–donor parameters. 30 

 31 

 32 

Keywords: A. Resins; B. Fracture toughness; B. Surface properties.33 
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1. Introduction 35 

 An increasing number of materials are currently being produced using filler-36 

reinforced composites [1]. Epoxy-based materials are extensively used in polymer 37 

engineering, e.g., in cryogenic fuel tanks, coating agents for space shuttles, structural 38 

adhesives, microelectronics and matrix materials for structural composites. These 39 

materials possess many useful properties such as relatively good thermal stability 40 

combined with excellent stiffness, strength and excellent adhesion [2, 3]. However, the 41 

cured epoxy of the tight three-dimensional network structures is prone to fracture and 42 

exhibits a high cross-link density because of its inherent brittleness and poor crack 43 

resistance. Accordingly, numerous attempts have been made to improve the brittleness 44 

of these resins by adding various nanosized fillers, such as silica, carbon-based 45 

materials, clay, and inorganic particles to epoxy matrices. In addition, their combination 46 

has been used to enhance the fracture toughness, stiffness, and strength and even endow 47 

these materials with multifunctional properties [4–8]. 48 

Currently, carbon-based materials have been researched on their 49 

physicochemical, thermal stability, electrical and mechanical properties. Various carbon 50 
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materials have emerged as potential fillers for polymer composites. The addition of 51 

carbon-based fillers, such as carbon black, carbon nanotubes, carbon fiber, expanded 52 

graphite and graphene have resulted in beneficial chemical and physical properties 53 

when employed in various applications. In several studies, carbon fillers have been 54 

successfully dispersed into epoxy resins, improving the fracture toughness and heat 55 

resistance and reducing the coefficient of thermal expansion [9–12].  56 

Among these materials, graphene oxide (GO) has recently received 57 

considerable attention. GO consists of a single atomic layer of sp2 carbon atoms. 58 

Commonly, graphite is oxidized to GO and is then chemically or thermally reduced to 59 

produce functionalized graphite. GO is a promising candidate filler for use in 60 

composites because of its high surface area, various reaction sites, low density, high 61 

thermal resistance, and good conductivity. In addition, during the oxidation of graphite, 62 

various oxygen-containing functional groups such as epoxides, hydroxyls, ketones and 63 

quinones are incorporated into the layers. The presence of functional groups improves 64 

the compatibility of graphite with various matrix polymers and promotes the dispersion 65 

of graphite in epoxy, organic solvents and water, yielding excellent mechanical and 66 

thermal properties. Therefore, GO is a considerably efficient filler. GO has been used as 67 

a nanosized filler in a wide range of polymer matrices including polyetherimide, 68 
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polyurethane, and polypropylene. GO has also been investigated as a reinforcement in 69 

polymer composites [13–17]. 70 

The wettability of a solid surface describes the ability of a liquid to maintain 71 

contact with the surface, which is significant in the adherence or bonding of two 72 

materials. Additionally, the surface energetics of solid surfaces are critical in composite 73 

systems, as they can determine the strength of the solid surface interaction with its 74 

environment. Wettability, which depends on both roughness and chemical heterogeneity, 75 

is an important characteristic. A prerequisite for good adhesion between a filler and 76 

polymer is that the surface energy of the filler must be greater than or equal to that of 77 

the polymer. Pristine carbon exhibits a small surface energy and is unable to form strong 78 

adhesive bonds with polymers. However, various functional groups provide the GO film 79 

with high surface free energy, improving its wettability. The functional groups and 80 

energetic properties of GO can lead to completely different mechanical properties of the 81 

resulting composites. However, a systematic study of the effects of the addition of GO 82 

on both the surface energetics of GO and the mechanical interfacial properties of 83 

GO/polymer composites has yet to be comprehensively undertaken [18–23]. 84 

In this work, GO was used as a carbon filler to improve the mechanical 85 

interfacial properties of epoxy composites, and the correlation between the surface free 86 
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energy and toughness behaviors of the resulting nanocomposites was investigated. 87 

 88 

2. Experimental 89 

2.1. Materials 90 

Natural graphite particles with an average diameter of 500 µm were purchased 91 

from Sigma–Aldrich Co., Korea. The diglycidyl ether of bisphenol-A (DGEBA) type 92 

epoxy (YD-128) with an epoxide equivalent weight of 185–190 g·eq−1 and a density of 93 

approximately 1.16 g·cm−3 at 25 °C was supplied by Kukdo Chemical Co., Korea. The 94 

hardener used was 4,4'-diaminodiphenylmethane (DDM), supplied by TCI Co., Japan. 95 

Phosphoric acid (60%) and sulfuric acid (98 %) were supplied by Daejung Chemicals, 96 

Co., Korea. 97 

 98 

2.2. Synthesis of GO 99 

GO was prepared using Hummers’ method with some modifications [24, 25]. 100 

Flake graphite was added to a 1:9 mixture of concentrated phosphoric acid/sulfuric acid 101 

with stirring; the mixture was then cooled under an ice bath, and the temperature was 102 
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maintained below 20 °C. Subsequently, KMnO4 was added with stirring, and the 103 

reaction was allowed to proceed at 45 °C for 24 h. In the next step, the mixture was 104 

cooled down to ambient temperature and poured onto ice (~ 400 mL); 30% hydrogen 105 

peroxide was slowly added to the mixture, which was maintained at the same 106 

temperature. Subsequently, the solution was filtered and washed repeatedly with 10% 107 

hydrogen chloride, ethanol, and distilled water until a neutral pH was reached. The 108 

mixture was then dispersed in distilled water using ultrasonication, and the GO powder 109 

was prepared by freeze drying. Finally, the GO powder was vacuum dried for 6 h at 110 

room temperature.  111 

 112 

2.3. Fabrication of epoxy composites with GO 113 

Epoxy composites containing GO were prepared using the following procedure. 114 

GO was first dispersed in acetone by sonication at ambient temperature for 30 min. The 115 

solution was then mixed with the epoxy by sonication for 30 min. Then, the mixture 116 

was degassed at 80 °C in a vacuum oven for 6 h to remove the solvent. Subsequently, 117 

the addition of the curing agent with DDM was performed using mechanical mixing for 118 
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30 min. The bubble-free mixture was then poured into a preheated mold. Finally, the 119 

curing steps were performed in a convection oven at 130 °C for 1 h, 150 °C for 2 h, and 120 

170 °C for 1 h. Composites containing different weight ratios (0.25, 0.5, 1.0, 1.5, and 121 

2.0 wt%) of as-received GO were prepared. The preparation route for the GO/epoxy 122 

nanocomposites is illustrated in Fig. 1. 123 

 124 

2.4. Characterization and measurements 125 

The structural properties were examined using X-ray diffraction (XRD, D2 126 

PHASER, Bruker Co.). Infrared spectra were obtained using Fourier-transform infrared 127 

spectroscopy (FT-IR, PS-4000, Jasco Co.). The surface properties of the specimens were 128 

determined using X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific 129 

Co.). The thermal properties were analyzed using a thermogravimetric analyzer (TGA, 130 

Model TG209F3, Netzsch Co.). The morphologies and microstructures of the prepared 131 

composites were examined using field-emission transmission electron microscopy (FE-132 

TEM, JEM-2100F, JEOL Co., Ltd.), atomic force microscopy (AFM, Nanoscope 133 

Multimode IVa, Bruker Co.), and high-resolution scanning electron microscopy (HR-134 
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SEM, Model SU-8010, Hitachi Co., Ltd.).  135 

The contact angle was measured using the sessile drop method on a Rame–Hart 136 

goniometer (Phoenix 300 Plus, SEO Co.). A wetting liquid (5 µL) was used for each 137 

evaluation at 25 ± 1 °C, and more than 10 drops were tested for each prepared 138 

composite. Contact angle measurements were performed within 5 s of contact for the 139 

critical surface tension. In this work, three different wetting liquids were selected: 140 

distilled water, diiodomethane, and ethylene glycol. The interfacial (or surface) tension, 141 

London dispersion force, and specific (or polar) components were analyzed to 142 

determine their components, including the acid and base parameters of the surface free 143 

energy. The basic characteristics of the surface free energy of the liquids are listed in 144 

Table 1 and were used to evaluate the surface free energies of the casting surfaces [26]. 145 

The data were averaged for 10 specimens. 146 

Izod impact tests were performed on notched specimens using an impact testing 147 

machine (BESTIPT-320I, Ssaul Bestech Co.) according to ASTM D-256. The specimen 148 

size was 5 × 12.7 × 63.5 mm3. The critical stress intensity factor (KIC) and critical strain 149 

energy release rate (GIC) of the prepared composites were measured using single-edge-150 

notched specimens; the tests were performed with a universal test machine (UTM, 151 
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LR5KPlus, Lloyd Instruments Ltd.) according to ASTM E-399. The sample size was 5 152 

× 10 × 50 mm3, and the cross-head speed was 0.85 mm·min−1. The data were averaged 153 

for five specimens. 154 

 155 

3. Results and discussion 156 

3.1. Morphology and characterization of GO 157 

 Fig. 2 presents TEM and AFM images of GO. The TEM image in Fig. 2a 158 

reveals a large area of a GO sheet exhibiting a transparent clean surface and a few thin 159 

ripples, which indicates that the surface functionalization successfully changed the 160 

surface morphology of the GO sheets. The formation of GO with a wrinkled surface is 161 

often considered beneficial for a strong interfacial interaction with the polar epoxy 162 

matrix. The morphology and thickness of the GO sheets was investigated using AFM, 163 

which offers immediate evidence for ultra-thin nano-sheets (Fig. 2c). The size of GO 164 

mainly ranged from 0.25 to 5.0 µm with an average thickness of approximately 0.927 165 

nm, indicating the presence of one-atom-thick GO due to the sonication-assisted 166 

exfoliation [27]. 167 
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 The various GO functional groups were examined using FT-IR spectroscopy 168 

and XPS. Fig. 3a presents FT-IR spectra of the pristine graphite and GO, which were 169 

consistent with the data reported in the literature [28, 29]. After modification, a series of 170 

new peaks appeared. The peaks at 3360, 1682, and 1037 cm−1 indicate that the GO 171 

surface was covered with hydroxyl (–OH), carbonyl/ester (–C=O), and hydroxyl/ether 172 

(–C–O) groups, respectively, which were formed during the oxidation process in the 173 

chemical exfoliation. These results indicate that the O-containing groups were 174 

successfully introduced onto the graphite surfaces. The XPS spectra were analyzed to 175 

further identify the surface chemical compositions and their changes with the GO 176 

content. The C1s core level spectrum of GO is shown in Fig. 3b. As previously reported 177 

in the literature, GO exhibited six different chemically shifted components: sp2 C=C 178 

(284.5 eV), sp3 C–C/C–H (284.8 eV), C=OH (285.3 eV), C–O–C (286.7 eV), C=O 179 

(287.1 eV), and O–C=O (288.6 eV), confirming the successful modification based on 180 

pristine graphite. Thus XPS and FT-IR spectra demonstrate the presence of different 181 

types of oxygen functional groups on the surface of GO, which could affect the cure 182 

reaction of the epoxy resin. 183 

 The interlayer distance (d002) was calculated from the C (002) peak of the 184 

XRD pattern using Bragg's law: 185 
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θλ sin2dn =                                                          (1) 186 

where n is an integer, θ is the X-ray wavelength, d is the interlayer distance, and λ is the 187 

diffraction angle.  188 

 XRD patterns of the GO and pristine graphite are presented in Fig. 3c. The 189 

XRD patterns of the pristine graphite reveal an intense diffraction (002) peak at 2θ = 190 

26.6°, reflecting a d-spacing of 0.335 nm between the graphitic interlayers. A well-191 

defined GO diffraction peak was observed at 2θ = 11.03°, indicating that the interlayer 192 

spacing or gap increased to 0.801 nm. This result confirmed that GO was exfoliated into 193 

stacking layered sheets, which is in good agreement with previous results [30].  194 

 Fig. 3d presents the TGA curves of the pristine graphite and GO. The pristine 195 

graphite exhibited high thermal stability and did not decompose up to 600 °C. The 196 

degradation curve of GO indicates a two-stage process in atmosphere. A similar pattern 197 

was observed by Wan et al. and Shen et al. [28, 31]. The first weight loss occurred 198 

below 100 °C because of the vaporization of water and other volatile impurities. The 199 

second stage occurred between approximately 200 and 500 °C because of the pyrolysis 200 

of unstable oxygen functional groups such as carbonyl, hydroxyl, and carboxylic groups, 201 

which caused the generation of gases including CO, CO2, and steam. 202 

 203 
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3.2. Structural characterization of GO/epoxy nanocomposites 204 

 The inner structures of the GO/epoxy nanocomposites were examined using 205 

TEM. Fig. 4a reveals the homogenous and uniform dispersion of GO sheets with an 206 

intercalated-exfoliated and hair-like structure without aggregates and single or ultrathin 207 

sheets with a thickness of less than several nanometers, demonstrating the high 208 

compatibility between GO and the epoxy matrix to achieve nanoscale dispersion. 209 

Consequently, by analyzing the nanocomposite morphology, the layered structure of the 210 

GO filler, which is supposed to improve the mechanical properties, could be observed. 211 

However, some bundles and stacks appeared when the content of GO exceeded 1.00 212 

wt% (Figs. 4b and c); because of the increase in the GO content, the agglomerates 213 

became denser, hindering the dispersion of GO in the polymer matrix (Figs. 4b and c, 214 

black arrows). Notably, the interfacial bonding between GO and the epoxy matrix was 215 

not ideal, leading to degradation of the mechanical properties [27].  216 

 Fig. 5 presents SEM images of the prepared composites after the KIC tests. Fig. 217 

5a reveals that the fracture surface of DGEBA was smooth and mirror-like. The cracks 218 

spread freely and randomly, which is typical of brittle fracture and demonstrates the 219 

poor impact strength of the neat epoxy. In contrast, the prepared composites containing 220 

GO exhibited rough fracture surfaces (Figs. 5b–f), which indicated the need of a large 221 
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amount of energy during crack propagation and resulted in a high impact strength and 222 

fracture toughness. Fig. 5d shows that GO was uniformly dispersed in the epoxy resin. 223 

In addition, rough fracture surfaces with numerous tortuous and fine river-like structures 224 

were observed because of the embedding of GO sheets in the epoxy matrix. This finding 225 

provides clear evidence of the strong interaction between the GO sheet and epoxy 226 

matrix. The large surface area and presence of multifunctional groups increased the 227 

interfacial adhesion between the filler and matrix, leading to a significant improvement 228 

of the mechanical properties, which was reflected in the fracture surface of the 229 

composites. Notably, agglomerates, which reduced the mechanical properties of the 230 

epoxy matrix, can be observed in Figs. 5e and f [32]. 231 

 232 

3.3. Surface energy 233 

 The adsorption (gas–solid), wettability (liquid–solid), adhesion (solid–solid), 234 

and morphology of the component phases were greatly affected by the interfacial and 235 

surface free energy, which is important in evaluating the physical and mechanical 236 

properties of the composites. The surface free energy of the composites was calculated 237 

based on the contact angle formed between the liquid and a solid of known surface free 238 

energy. According to Fowkes, Owens, and Wu, the total surface free energy can be 239 
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divided into two components [33–35]: 240 

SPL γγγ +=                                                           (2) 241 

where Lγ  is the dispersive component of the surface free energy related to Lifshitz–242 

van der Waals interactions that encompass London dispersion forces, and SPγ  is the 243 

specific polar component of the surface free energy related to Debye-inductive 244 

polarization, Keeson forces, van der Waals forces, and hydrogen bonding. 245 

 The SPγ  component results from electron–acceptor and electron–donor 246 

intermolecular interactions, called Lewis acid and base interactions, respectively. The 247 

term SPγ  is further divided into two parameters using the geometric mean: 248 

−+ ⋅= γγγ 2SP

                                                       (3) 249 

where +γ  represents the electron–acceptor parameter and −γ  represents the electron–250 

donor parameter. The surface free energy of the solid ( Sγ ) is calculated using the 251 

following equation based on van der Waals acid–base parameters: 252 






 ⋅+⋅+⋅=+ +−−+

iLSiLS
L

iL
L
SiL ,,,, 2)cos1( γγγγγγθγ                            (4)  253 

where Lγ  is the experimentally analyzed surface tension of the liquid, θ is the contact 254 
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angle, and the subscripts S and L refer to the solid and liquid phases, respectively. The 255 

subscript i indicates the experimental testing liquid, i.e., in this work, water, 256 

diiodomethane, and ethylene glycol.  257 

 Knowing the values of L
Lγ , +

Lγ , and −
Lγ  for the three liquids and their contact 258 

angles on the solid (θ), a set of Eq. (4) can be simultaneously solved to determine the 259 

surface free energy parameters for the solid, L
Sγ , +

Sγ , and −
Sγ . Table 2 summarizes the 260 

results of the London dispersive component and specific component, including the 261 

contact angle of the prepared composites for the surface free energy [20, 26]. 262 

 The contact angles of the test liquids (distilled water, diiodomethane, and 263 

ethylene glycol) on the prepared composites were measured using Young's equation. Fig. 264 

6 presents schematic diagrams illustrating the variations of the contact angle and surface 265 

properties of the GO/epoxy nanocomposites. The wettability of the prepared composites 266 

was assessed by evaluating the contact angle of a sessile droplet of three different 267 

liquids on the surfaces. The surfaces of the composites were determined to be 268 

hydrophilic if the water contact angle was in the range of 0° ≤ θ < 90° and hydrophobic 269 

if the water angle was in the range of 90° < θ ≤ 180°. As observed in Fig. 6a, the 270 

distilled water droplet retained an ellipsoidal shape on the neat epoxy, with a contact 271 
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angle of 75.20° ± 2°, suggesting that the neat epoxy materials had a relatively 272 

hydrophilic character. A sharp decrease in the contact angle of the prepared composites 273 

from 75.20° to 55.24° was observed upon increasing the GO ratio (Fig. 6). These results 274 

indicate that the GO surface retained the hydrophilic properties of the various functional 275 

groups. Upon the addition of GO, the contact angle changed more severely for the 276 

polar-elemental distilled water. This result indicates that among the properties of GO, 277 

the specific component on the surface had a greater effect than the London dispersion 278 

component [36, 37].    279 

Surface energy is directly related to the adhesion force, assuming that the 280 

strength of adhesive bonding is proportional to the work of adhesion. The interfacial 281 

tension and surface free energy values for the prepared composites are reported in Table 282 

2. GO exhibited the maximum total surface free energy, mainly because of its 283 

impressive specific polar components, SP
Sγ , which involved increases in both 284 

parameters of the specific polar component of surface free energy, +
Sγ  and −

Sγ . Table 2 285 

lists the +
Sγ  and −

Sγ  components of the specific polar component. The filler addition 286 

led to a systematic increase in the +γ  values of the prepared composites with respect to 287 

that of the neat epoxy resin, indicating that the increase in the +
Sγ  component of the 288 
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surface free energy could be largely attributed to the polar basic surface functional 289 

groups on the GO sheet. In addition, a major portion of the interfacial interaction was 290 

due to intermolecular acid-base interactions at the interfaces between the matrix and GO. 291 

Notably, the polar component was dependent on the surface activity, which was related 292 

to the surface functional groups, i.e., hydroxyl, carbonyl, carboxyl, and ether groups. 293 

This interfacial tension increase could be attributed to intermolecular hydrogen bonding 294 

between the GO and epoxy resin, which is one of the factors affecting the specific polar 295 

component of the surface free energy, as demonstrated by the FT-IR and XPS results in 296 

Fig. 3. The specific polar component had a more significant effect on the surface free 297 

energy than the London dispersive component. The surface free energy increased upon 298 

increasing the GO content to 1.0 wt%. However, when the GO content exceeded 1.00 299 

wt%, GO tended to excessively bond with itself, rather than with the epoxy resin 300 

because of its large surface area and strong van der Waals force. This phenomenon 301 

generated a lengthened grafted chain that formed agglomerates (Fig. S1), preventing the 302 

formation of a tight bridge structure and reducing the binding force, thus leading to a 303 

decrease of the surface free energy [26, 38]. The agglomeration and tight bridge 304 

structure in epoxy matrix are illustrated in Fig. 7. 305 

 306 
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3.4. Mechanical behavior 307 

The mechanical properties of the composites, including their impact strength 308 

and fracture toughness, were investigated, and KIC and GIC were determined. The value 309 

of KIC was calculated as follows [39, 40]: 310 

Y
bd

PL
K

2
3IC

⋅=                                                          (5) 311 

Here, L is the length of the span (mm), P is the critical load for crack 312 

propagation, d is the specimen thickness (mm), b is the specimen width (mm), and Y is 313 

the geometrical factor given by Eq. 6 with a being the pre-crack length (mm): 314 

3/2

221/2

)/)(1/22(1

)])/(2.7/3.93)(2.15/)(1/([1.99/3

dada

badadadada
Y

−+
+−−−=                     (6) 315 

GIC was calculated using KIC and the following equation [41]: 316 

E

Kv
G IC

22

IC

)(1 ⋅−
=                                                     (7) 317 

where ν is Poisson’s ratio of the epoxy resin, taken to be 0.3 [42], and E is the tensile 318 

modulus acquired from fracture testing. 319 

Fig. 8a shows the impact strength of the GO/epoxy nanocomposites. The epoxy 320 
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resin was brittle, exhibiting an impact strength of 4.01 ± 0.3 kJ·m−2, whereas the impact 321 

strength of the prepared nanocomposite containing GO was nearly 80% higher at 7.24 ± 322 

0.2 kJ·m−2. The addition of GO enhanced the impact strength of the composites because 323 

of the strong hydrogen bonding between the GO functional groups and epoxy matrix. In 324 

contrast, an increase in the mass ratio of GO (1.0 wt%) led to the formation of 325 

agglomerates in the epoxy network. The presence of agglomerates led to low interfacial 326 

adhesion between the filler and epoxy, thereby reducing the impact strength. The 327 

various GO surface functional groups enhanced the adhesion and chemical bonding, 328 

which improved the energy absorption during impact loading. In addition, these 329 

findings indicate that the well-dispersed GO sheets were considerably more effective 330 

than the poorly dispersed sheets in improving the impact strength of the epoxy resin 331 

[43].  332 

Fig. 8b shows the KIC and GIC values. KIC and GIC of the neat epoxy were 1.39 ± 333 

0.10 MPa·m1/2 and 4.48 ± 1.20 kJ·m-2, respectively, which are typical values for brittle 334 

epoxy materials [44–46]. As expected, the addition of GO as a filler effectively 335 

improved the KIC and GIC values. The fracture toughness of the prepared 336 

nanocomposites was enhanced by increasing the GO ratio. The KIC and GIC values of 337 
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the prepared composites exhibited maximum values at 1.0 wt% GO. The KIC value at 1 338 

wt% GO content, 2.76 ± 0.17 MPa·m1/2, was 98% higher than that of the neat epoxy. 339 

Notably, the presence of GO in the matrix could lead to crosslinking through chemical 340 

bonding, such as hydrogen bonding between the epoxide groups of the epoxy resin and 341 

various surface functional groups of GO, thereby increasing the critical energy release 342 

and fracture toughness values. In contrast, a further increase in the mass ratio of GO 343 

beyond 1.0 wt% led to the formation of micron-scale agglomerates within the epoxy 344 

network due to the strong van der Waals force of GO, which caused a deterioration of 345 

the mechanical interfacial properties of the epoxy nanocomposites [41, 47]. Therefore, a 346 

better dispersion of GO fillers in the matrix could have led to crosslinking through 347 

chemical bonding, thereby increasing the critical energy release and fracture toughness 348 

values. 349 

 In addition, the mechanical properties and surface energy of the prepared 350 

composites are plotted in Fig. 9. Both graphs reveal good linearity (regression 351 

coefficients of R2 = 0.9615 and 0.9881, respectively) for the relationship between SPγ  352 

of the surface free energy and the mechanical interfacial properties, such as KIC and 353 

impact strength. This result is similar to those presented in previous reports [48], 354 
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indicating that an increase in the specific polar component of the surface free energy is 355 

important in enhancing the physical GO filler–epoxy matrix of the prepared 356 

nanocomposites.  357 

 358 

4. Conclusions 359 

This study demonstrated that increasing the amount of GO filler leads to an 360 

improvement of the impact strength and KIC value of GO/epoxy composites. Relative to 361 

the neat epoxy resin, the addition of 1.00 wt% GO resulted in an 80% increase of the 362 

impact strength (from 4.01 ± 0.3 to 7.24 ± 0.2 kJ·m−2) and 98% increase of the KIC 363 

value (from 1.39 ± 0.10 to 2.76 ± 0.17 MPa·m1/2). This finding indicates that increasing 364 

the GO filler content led to an increase of the mechanical interfacial properties, mainly 365 

because the GO hydroxyl groups improved the chemical bonding and caused a strong 366 

interfacial interaction between the GO surface and epoxy matrix. This phenomenon 367 

clearly resulted in an increase of the specific polar component of the surface free energy 368 

for the intermolecular physical bonding properties among the three different elements of 369 

the GO/epoxy nanocomposites. This increase in the specific polar component of the 370 

surface free energy consequently plays an important role in improving the degree of 371 

adhesion at interfaces in the nanocomposite system. 372 
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Figure Captions 513 

Fig. 1  Schematic diagram of the preparation of GO/epoxy nanocomposites. 514 

Fig. 2  Micrographs of GO sheets: (a) TEM image of GO, (b) magnified image of the 515 

boxed region in (a), and (c) AFM image of GO. 516 

Fig. 3  Characterization of GO sheets: (a) FT-IR spectra, (b) C1s core level of XPS 517 

spectra, (c) XRD patterns, and (d) TGA curves. 518 

Fig. 4  TEM images of GO/epoxy nanocomposites with different GO contents: (a) 1.00 519 

wt%, (b) 1.50 wt%, and (c) 2.00 wt%. 520 

Fig. 5  SEM images of cross-sectional fracture surfaces of GO/epoxy composites: (a) 521 

neat epoxy, (b) 0.25 wt%, (c) 0.50 wt%, (d) 1.00 wt%, (e) 1.50 wt%, and (f) 2.00 522 

wt%. 523 

Fig. 6  Illustrating the changes of water contact angle of the GO/epoxy nanocomposites: 524 

(a) neat epoxy, (b) 0.25 wt%, (c) 0.5 wt%, (d) 1.0 wt%, (e) 1.5 wt%, and (f) 2.0 525 

wt%. 526 

Fig. 7  Schematic diagram of agglomeration and tight bridge structure in epoxy matrix. 527 

Fig. 8  Mechanical properties of GO/epoxy nanocomposites: (a) impact strength and (b) 528 

fracture toughness. 529 

Fig. 9  Dependence of impact strength and KIC of GO/epoxy nanocomposites on γs. 530 

 531 
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Fig. 1. Schematic diagram of the preparation of (a) GO and (b) GO/epoxy nanocomposites. 
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Fig. 2. Micrographs of GO sheets: (a) TEM image of GO, (b) magnified image of the boxed region 

in (a), and (c) AFM image of GO. 
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Fig. 3. Characterization of GO sheets: (a) FT-IR spectra, (b) C1s core level of XPS spectra, (c) XRD 

patterns, and (d) TGA curves. 
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Fig. 4. TEM images of GO/epoxy nanocomposites different GO contents: (a) 1.0 wt%, (b) 1.5 

wt%, and (c) 2.0 wt%.  
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(a) 

(f) (e) (d) 

(c) (b) 

Fig. 5. SEM images of cross-sectional fracture surfaces of GO/epoxy composites: (a) neat epoxy, (b) 

0.25 wt%, (c) 0.50 wt%, (d) 1.00 wt%, (e) 1.50 wt%, and (f) 2.00 wt%. 
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Fig. 6. Illustrating the changes of water contact angle of the GO/epoxy nanocomposites: (a) neat 

epoxy, (b) 0.25 wt%, (c) 0.5 wt%, (d) 1.0 wt%, (e) 1.5 wt%, and (f) 2.0 wt%. 
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Fig. 7. Schematic diagram of agglomeration and tight bridge structure in epoxy matrix. 
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Fig. 8. Mechanical properties of GO/epoxy nanocomposites: (a) impact strength and (b) fracture toughness. 
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Fig. 9. Dependence of the impact strength and KIC of  nanocomposites on the γS. 
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Table 1 Surface tension (γL), London dispersive forces (γL
L ), and specific (γL

SP ) components of wetting 

liquids (subscript: L). 

Wetting liquids  γL (mJ·m-2) γL
L (mJ·m-2) γL

SP (mJ·m-2) γL
+ (mJ·m-2) γL

- (mJ·m-2) 

Distilled water  72.80 21.80 51.00 25.50 25.50 

Diiodomethane  50.80 50.42 0.38 0.00 0.00 

Ethylene glycol  47.70 31.00 16.70 1.92 47.00 
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Table 2  Surface free energies of GO/epoxy nanocomposites depending on GO contents. 

Specimens 

Surface free energy  

γS (mJ·m-2) γs
L

 (mJ·m-2) γs
SP (mJ·m-2) γs

+ (mJ·m-2) γs
- (mJ·m-2) 

Neat epoxy 40.93 39.99 0.94 9.44 0.023 

0.25 wt% 41.81 40.44 1.37 17.97 0.026 

0.50 wt% 42.36 40.65 1.70 22.80 0.032 

1.00 wt% 42.72 40.70 2.02 27.31 0.037 

1.50 wt% 42.38 40.61 1.77 24.75 0.032 

2.00 wt% 42.03 40.50 1.53 24.01 0.024 


