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Abstract 

Low-dimension carbon nanomaterials, such as carbon nanotubes (CNTs) and graphene 

nanoplatelets (GNPs), are effective mechanical reinforcements in polymer composites. Epoxy 

matrix composites were fabricated by functionalizing CNT and GNP nanofillers using 

melamine and nondestructive ball milling. This noncovalent functionalization prevents 

agglomeration of nanofiller and produces direct C-N bonds with the epoxy matrix. Compared 

to pristine CNTs and GNPs/epoxy nanocomposites, melamine-functionalized CNT (M-

CNT)/epoxy and melamine-functionalized GNP (M-GNP)/epoxy nanocomposites exhibited 

considerably higher tensile strengths and fracture toughness (single edge notch bending, 

SENB). At 2 wt%, both M-CNT/epoxy and M-GNP/epoxy nanocomposites exhibited 

enhanced Young's modulus values (M-CNT: 64 % and M-GNP: 71%) and ultimate tensile 
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strengths (M- CNT: 22 % and M-GNP: 23%). Fracture toughness increased by 95% with the 

2 wt% M-CNT/epoxy and by 124% with the 2 wt% M-GNP/epoxy nanocomposite. The 

reinforcing effects of the two-dimensional M-GNPs were greater than those of the one-

dimensional M-CNTs due to differences in pull-out mechanisms and bridging effects. Crack 

propagation in the nanocomposites, as it relates to fracture toughness, was also investigated. 

Key Words: A. Polymer nanocomposites; B. Carbon Nanotubes; C. Graphene Nanoplatelets; 

D. Mechanical Properties 

 

1. Introduction 

Engineering polymers are used in a wide number of applications due to their high 

flexibility, processability, and relatively low cost. Among them, epoxy resins have received 

enormous interest from scientists for use in composite materials. Uncured epoxy resins have 

poor mechanical, chemical, and thermal properties. Reacting an epoxy resin with a suitable 

curing agent results in three-dimensional (3-D), cross-linked, thermoset structures with a high 

modulus, high failure strength, and high bond strength [1-3]. 

However, higher cross-link densities can contribute to low absolute strength and poor 

fracture toughness, limiting epoxy composite use in applications involving mechanical 

components [4]. Various types of reinforcements have been developed to improve the 

mechanical properties of epoxy composites [5-8].  

Among these, nanofillers, including low-dimensional carbon nanomaterials, have attracted 

considerable attention due to their low density, and excellent mechanical, electrical, and 

thermal properties in epoxy matrix composites [9-11]. Typical examples include one-
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dimensional (1-D) carbon nanotubes (CNTs), two-dimensional (2-D) graphene nanoplatelets 

(GNPs), and 3-D graphite [11]. The application of nanofillers has a significant impact on the 

interfacial load transfer levels of multifunctional nanocomposite materials. The interfacial 

area between a nanofiller and a polymer matrix varies according to the dimension and 

structure of the nanofillers[12-13]. For example, CNTs can interact a with polymer matrix 

through 1-D linear contact. In contrast, layered 2-D nanofillers like GNPs boast larger contact 

areas with polymer chains, leading to higher-performing composites [14-15]. Due to their flat 

surfaces and lateral dimensions, GNPs exhibit larger aspect ratios and greater specific surface 

areas than CNTs. These characteristics play an important role in enhancing the mechanical 

properties of polymer composites [16-18]. 

However, poor dispersibility and the low interfacial strength of nanofillers in polymer 

matrices have limited their applications. Furthermore, van der Waals forces between low-

dimensional carbon nanomaterials can lead to agglomeration and, consequently, difficulties in 

obtaining homogeneous dispersion in a polymer matrix [19]. 

Enhancements in dispersibility and interfacial strength can be achieved by 

functionalization. Functionalizing low-dimensional carbon nanomaterials such as CNTs and 

GNPs, either covalently or noncovalently, is an effective means of preventing nanofiller 

agglomeration and improving load transfer at the nanofiller/matrix interface [20-23]. 

Covalent functionalization is usually characterized by oxidation of CNTs or GNPs in an acid 

to attach carboxylic or hydroxyl groups at end-caps or defect sites [24]. This technique can 

dramatically improve the interfacial interactions between a nanofiller and a polymer matrix 

via direct chemical bonding [25]. Noncovalent functionalization is an alternative method for 

modifying the surface of CNTs or GNPs [26-27] and is characterized by interactions between 
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delocalized π-bonds on the surface of the nanofiller, due to sp2 hybridization [28], and 

hexagonal ring structures on the functionalizing moieties. The advantage of noncovalent 

functionalization is that it neither destroys the surface of the nanomaterial nor affects its final 

structure. Therefore, noncovalent functionalization is more attractive than covalent 

functionalization for maintaining the pristine structures and native properties of CNTs and 

GNPs [29-30]. In particular, the incorporation of amino-functionalized CNTs and GNPs 

provides huge improvements to the interfacial strengths of epoxy matrix composites. Direct 

C-N covalent bonds can form between the epoxy matrix and amino groups (NH2) on the 

nanofiller through the ring-opening reaction of epoxide (C-O-C) groups [31-32].  

In this work, we fabricated an epoxy matrix nanocomposite by functionalizing 1-D CNTs 

and 2-D GNPs with melamine, generating melamine-CNTs (M-CNTs) and melamine-GNPs 

(M-GNPs), using a nondestructive ball milling process. Melamine has a conjugated structure 

containing sp2-hybridized carbon, making it suitable for both noncovalent functionalization 

through π-π interactions, and covalent functionalization through the chemical bonding of 

amine groups to the epoxy matrix. The fracture and strength mechanics of the resulting 

composites were analyzed by determining their microstructure, tensile strength, Young’s 

modulus value, and fracture toughness. 

 

2. Experimental procedure 

2.1 Materials 

  The materials used in this study were epoxy resin, melamine-functionalized multiwall 

carbon nanotubes (M-CNTs), and GNPs (M-GNPs). MWCNTs (2.1±0.050g/cm3, Hanwha 
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Chemical, Korea) were produced by combustion chemical vapor deposition (CCVD) yielding 

tubes with diameters from 10 to 20 nm and more than 5 µm in length. GNPs (2.1±0.050g/cm3, 

XG-Science, Lansing, MI, USA) were used as reinforcements. The GNPs ranged in size from 

2 to 15 µm with a thickness of about 50 nm (25 layers), as shown in Fig. S3. Melamine, 

which has hexagonal rings suitable for π-π interactions with both CNTs and GNPs, was 

acquired from Aldrich. Epoxy resin MY 0510 (triglycidyl p-aminophenol, TGAP; Hunstman, 

Switzerland) was selected due to its low viscosity and extensive industrial applications. A 

low-viscosity matrix is more conducive to the uniform dispersion of additives. The resin 

curing agent was diaminodiphenylsulfone (DDS) and was mixed at a 100:30 ratio (MY 

0510:DDS) to form the matrix material. 

 

2.2 Preparation of Melamine-CNTs and Melamine-GNPs 

Melamine 500 mg was dissolved in N,N-dimethylforamide 80ml (DMF; Junsei) by stirring 

for 10 min. This solution was then sonicated for 1 h with 500 mg of CNTs or GNPs. For 

functionalization, the resulting mixture was ball-milled in a polypropylene (PP) bottle at a 

ball-to-product weight ratio of 1000:1 and a rotation speed of 200 rpm for 24 h (Fig. 1a). 

After ball milling, the carbon nanomaterials and melamine were bound by π-π interactions as 

shown in Fig. 1b. The hexagonal rings of melamine were adsorbed onto the surface of CNTs 

and GNPs. After adsorption, the solution was filtered under vacuum for 30 min. The resulting 

black solid was dried at room temperature under reduced pressure. 

 

2.3 Preparation of M-CNT/epoxy and M-GNP/epoxy nanocomposite resins 
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Functionalized CNTs and GNPs were mixed into the epoxy resin using a planetary 

centrifugal mixer at 2000 rpm for 2 h. As shown in Fig. 1c, this mixer employs a mechanism 

wherein the container holding the material revolves clockwise (revolution) and the container 

itself rotates counter-clockwise (rotation). To assess the effects of functionalization, epoxy 

nanocomposites reinforced with pristine CNTs and GNPs were also prepared. Homogeneous 

mixtures of epoxy and reinforcement were cast in dog bone-shaped and single-edge notch 

three-point bending (SENB) stainless steel molds and degassed at 95°C for 6 h under vacuum. 

Digital photographs and the dimensions of the specimens are shown in Fig. S1. Finally, 

specimen curing was conducted at 180°C for 6 h. In all cases, 2 wt% reinforcements were 

added to the epoxy matrix. 

 

2.4 Specimen characterizations 

Microstructural observations of nanocomposites were performed with a scanning electron 

microscope (SEM, Hitachi S-480). Fracture surfaces of specimens following mechanical tests 

were used to evaluate the degree of dispersion of CNTs or GNPs. Raman spectroscopy was 

performed with a Raman spectrometer from LabRAM. Thermo-gravimetric analyses (TGA) 

were performed with a TGA 92-18 device (Setaram) from 50 to 1000°C at a heating rate of 

10°C/min in air. The tensile properties of epoxy nanocomposites were measured using a 

universal testing machine (INSTRON 8848 microtester) according to ASTM D638, with a 

crosshead speed of 0.75 mm/min at room temperature. Dog bone-shaped specimens, with a 

length of 41.25 mm and a width of 4.75 mm, were used after surface polishing. The 

toughness properties of the epoxy composites were examined using a larger test machine 

(INSTRON 5583) and performed according to ASTM D5045-99. SENB specimens were 
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55.88 mm long (l), with a thickness (B) of 6.35 mm and a width (W) of 12.7 mm. A natural 

crack was created by tapping the specimen with a razor blade placed in the notch. Crack 

length (a) was selected such that 0.45 < a/W < 0.55. All a/W ratios were adjusted to 

approximately 0.5. The crosshead speed was 2 mm/min at room temperature. Five or seven 

specimens were tested for each configuration. 

 

3. Results and discussion 

3.1 Characterization of functionalized CNTs and GNPs 

Resonance Raman spectra were acquired from 500 to 3000 cm−1; π-π interactions occurred 

between melamine and the CNTs and GNPs, as shown in Fig. 2. Four types of 2D bands, 

corresponding to pristine CNTs, M-CNTs, pristine GNPs, and M-GNPs, were observed. In 

most cases, bilayer and few-layer graphene can up-shift the 2D band compared with that of 

single-layer graphene [33-35]. As the bending characteristics in carbon materials such as π-π 

interactions, doping, sp-bonding, etc., the 2D band was shifted comparing with pristine CNTs 

and GNPs. Therefore, of the spectra in Fig. 2, the Raman spectrum of pristine GNPs shows 

the highest frequency 2D band (2727 cm−1) due to its multiple layers of graphene. After 

functionalization, the bending characteristics was changed, resulting in a 20 cm−1 down-shift 

(2707 cm−1). Similarly, the M-CNTs up-shifts the 2D band relative to that of pristine CNTs. 

The 2D band of M-CNTs was at 2690 cm−1, whereas that of pristine CNTs was at 2683 cm−1. 

This suggests that CNTs and melamine bond via π-π interactions. 

TGA analyses provided evidence of noncovalent functionalization of CNTs and GNPs with 

melamine. Fig. 3 shows thermograms of melamine, pristine CNTs, M-CNTs, pristine GNPs, 
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and M-GNPs in air. Pristine CNTs showed a high thermal stability and did not decompose, 

even at temperatures above 1000°C. Melamine only showed signs of decomposition above 

250°C. The thermal degradation of M-CNTs was qualitatively similar to the sum of the 

melamine and CNT thermograms. The quantity of functionalized melamine was estimated as 

approximately 46 wt%. Pristine GNPs exhibited a lower thermal stability than CNTs, but the 

degradation behavior of M-GNPs was also similar to the sum of melamine and pristine GNP 

thermograms. The quantity of melamine was about 44 wt%. 

 

3.2 Mechanical properties of M-CNT/epoxy and M-GNP/epoxy nanocomposites 

Representative tensile properties of pure epoxy, pristine CNT/epoxy, M-CNT/epoxy, 

pristine GNP/epoxy, and M-GNP/epoxy nanocomposites are shown in Fig. 4. Fig. S2 presents 

strain–stress curves obtained from all of the nanocomposites.  

Young’s modulus and ultimate tensile strength of pure epoxy were 3.35 GPa (n = 7) and 

86.04 MPa (n = 7), respectively. The addition of either M-CNTs or M-GNPs significantly 

enhanced composite strength. With the addition of M-CNTs, Young’s modulus and ultimate 

tensile strength increased by 64% and 22% to 5.53 GPa (n = 7) and 105.01 MPa (n = 7), 

respectively. These enhancements were even more significant with the addition of M-GNPs, 

which showed a 71% increase in Young’s modulus to 5.76 GPa (n = 7) and an increase of 23% 

in tensile strength to 105.91 MPa (n = 6). The reinforcing effects of 2-D M-GNP/epoxy were 

stronger than those of 1-D M-GNP/epoxy due to the larger aspect ratio and specific surface 

area of the former. 

However, measurements of the mechanical properties of pristine CNT/epoxy and 
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GNP/epoxy composites showed slight increases in Young’s modulus, but with concurrent 

decreases in tensile strength. These results demonstrate that noncovalent functionalization of 

melamine can enhance the reinforcement properties of CNTs and GNPs in epoxy 

nanocomposites, presumably by improving the dispersion of CNTs and GNPs. Melamine 

interacts with CNTs and GNPs via π-π interactions and inhibits both the agglomeration of 

CNTs and the restacking of GNPs. In addition, the amino groups (-NH2) of melamine provide 

covalent handles for strong interactions with the epoxy system. These interactions result in 

enhanced load transfer across the epoxy/nanocomposite interface. 

 

3.3 Microstructures of M-CNT/epoxy and M-GNP/epoxy nanocomposites 

SEM images obtained from the fracture surfaces of epoxy nanocomposites following 

tensile tests are shown in Fig. 5. Figs 5a and b show that pristine CNTs and GNPs had 

agglomerated in the epoxy matrix, which could be divided into additive-rich and additive-

poor regions. In contrast, M-CNTs and M-GNPs dispersed homogenously throughout the 

epoxy matrix (Figs 5c and d). The addition of melamine prevented the agglomeration of 

CNTs and GNPs. In composites containing pristine CNTs and GNPs, load transfer between 

the additives and the epoxy matrix was inhibited. These points acted as defect sites in the 

epoxy nanocomposites. 

 

3.4 Fracture toughness properties of M-CNT/epoxy and M-GNP/epoxy nanocomposites 

The use of nanofiller as a structural element in an epoxy matrix is based largely on 

anticipated enhancements to fracture toughness. Fig. 6 shows the results of fracture toughness 
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measurements on M-GNP/epoxy and M-GNP/epoxy nanocomposites. 

 Fracture toughness, KIc, was calculated using the following relationship in ASTM D5045-99: 

(1) 

(2) 

 

where KQ is the provisional fracture toughness, f is the shape factor, PQ is the peak load, B 

is the specimen thickness, W is the specimen width, and a is the crack length. 

Both the M-GNP/epoxy and M-GNP/epoxy nanocomposites had significantly higher 

fracture toughness values than pure epoxy (KIc = 1.01 MPa*m1/2, n = 5). The KIc values of M-

CNT and M-GNP/epoxy were 1.95 MPa*m1/2 (n = 6) and 2.24 MPa*m1/2 (n = 6), respectively. 

M-CNT/epoxy specimens exhibited a toughening effect as high as 95% and the M-

GNP/epoxy specimens showed a 124% increase in fracture toughness, as illustrated in Fig. 6. 

The difference in relative enhancement between these two samples is caused by different 

pull-out mechanisms and bridging effects. 

The fracture toughness of nanocomposites incorporating pristine CNTs and GNPs was 

approximately 1.46 MPa*m1/2 (n = 6), which corresponds to a 47% increase over that of 

epoxy alone. Agglomerated CNTs and GNPs acted as obstacles to crack propagation. 

M-CNTs and M-GNPs composites exhibited improved nanofiller dispersion and enhanced 

interfacial adhesion, providing a large effective interfacial area. Melamine appears in 

domains on the surfaces of both CNTs and GNPs, with the nanofiller being locally bonded to 

���� = 6�� �⁄ [1.99 − ��1 − ���2.15 − 3.93� + 2.7���]

�1 + 2���1 − ��� �⁄ ,

� = �/�	

K
Q
 = (

��
���/ �����, W=2B 
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the epoxy matrix. Therefore, the observed enhancements in fracture toughness may be 

attributed to interfacial bonding between the nanofillers and the matrix. 

Due to their agglomeration in the epoxy matrix, pristine CNTs and GNPs were unable to 

arrange in such a way as to prevent crack propagation (Figs 7a and b). Some bridging 

structures arose, but they were easily broken or misshapen. As a result, cracks were 

transferred to the interface between misshapen bridges and the epoxy matrix. 

With M-CNTs, the dominant toughening mechanisms are pull-out and crack bridging. As a 

crack opens, energy is dissipated by the frictional pull-out of CNTs from the epoxy matrix. 

This slows crack propagation. Fracture toughness may also be enhanced by CNTs that bridge 

the crack and hinder crack opening. The micrographs in Fig. 7c show both pull-out and crack 

bridging of M-CNTs. Similar phenomena with M-GNPs can be seen in Fig. 7d. 

Similar toughening mechanisms were observed with both M-GNP to M-CNT 

nanocomposites. Frictional pull-out of GNPs is considered a primary source of fracture 

toughness given the strong interfacial adhesion between GNPs and the epoxy matrix. Many 

studies have investigated pull-out energies and derived mathematical expressions for fiber-

reinforced polymer matrices [36]. However, few studies have examined 2-D nanomaterial 

reinforcements in polymer nanocomposites. According to Lau, Epull-out, or the pull-out 

energy of nanotubes, can be calculated using simple shear lag theory: 

!"#$$%&#' = ( 2)*�+'#,- − ��./0�
12345
6

= ./)*+'#,-
�                            (3) 

Where ./ is the interfacial shear stress, Ltube is the nanotube length, r is the nanotube 

radius, and x is the displacement of the nanotube. 

To further simplify the calculation of pull-out energy in M-GNP/epoxy nanocomposites, 
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we modified the equation to consider GNPs in place of nanotube reinforcements. We 

assumed that a GNP is a regular hexagon with side length w and thickness t. In addition, 

Lnanoplatelet is the diagonal length of the nanoplatelet. A schematic diagram of the pull-out 

behavior is illustrated in Figs 7e and f. The pull-out energy of GNP nanoplatelets is denoted 

as follows: 

!"#$$%&#' = ( �
�√�

�
8 + 29��+:;:&"$;'-$-' − ��./0�

1<=<>?@=25@52
6

                    (4) 

Assuming that the nanoplatelets are very thin and hexagon-shaped, thent ≪ w , and 

+:;:&"$;'-$-' = 28. 

!"#$$%&#' ≅ 3√3./8�                                                    (5) 

We further assumed interfacial stress, τ_i, to be constant, although it scales with bond 

stress and changes during the pull-out process, because CNTs and GNPs contain the same 

functional groups. The pull-out direction of a nanoplatelet was considered to be solely 

longitudinal, and we disregarded the flexibility of CNTs and GNPs. In this study, the radius 

of a CNT, r, was 7.5±2.5nm and Ltube was 7.5±2.5µm. Furthermore, as shown in Fig. S3, the 

length of one side of a GNP was 5.92±0.45µm. Accordingly, the calculated pull-out energy of 

a GNP was larger than that of a CNT. Moreover, the large aspect ratio of a hexagonal 

nanoplatelet has a large impact on its pull-out energy. 

 

4. Conclusions 

This report described noncovalent functionalization with melamine as a means of 

improving the mechanical properties of epoxy matrices reinforced with CNTs and GNPs. A 
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non-destructive ball milling process was used to functionalize CNT and GNP nanofillers with 

melamine and a planetary centrifugal mixer was used to mix the nanofillers into an epoxy 

resin. Melamine was bound to the surface of CNTs or GNPs by π-π interactions, which 

prevented agglomeration of the nanofiller and afforded direct interfacial bonding with the 

epoxy matrix. Both M-CNT/epoxy and M-GNP/epoxy nanocomposites showed improved 

mechanical properties over those made with CNT/epoxy and GNP/epoxy nanofillers. The 

greatest improvements were observed with M-GNP/epoxy, which boasted a 71% 

enhancement in Young’s modulus, a 23% enhancement in ultimate tensile strength, and a 124% 

enhancement in fracture toughness. These results are due to geometric differences between 

the nanofillers. 2-D nanoplatelets offer a larger interface than 1-D nanotubes. This provides 

for greater load transfer between the matrix and the nanofiller, which yields better crack 

bridging and helps prevent pull-out. As a result, nanocomposites made with epoxy and M-

GNPs showed remarkably enhanced mechanical properties. This simple and effective 

approach to nanocomposite fabrication is applicable to any general polymer matrix and will 

aid in the development of next-generation lightweight and high-strength materials. 
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Captions 

Fig. 1. Functionalization of carbon nanomaterials and the mixing of carbon nanotubes (CNTs) 

or graphene nanoplatelets (GNPs) with an epoxy resin: schematic diagrams showing 

(a) ball milling as a means of CNT or GNP functionalization, (b) the functionalization 

of CNTs and GNPs by melamine, and (c) the use of a planetary centrifugal mixer to 

blend CNT/epoxy (left) and GNP/epoxy (right) nanocomposites. 

Fig. 2. Raman spectra of pristine CNTs, melamine-functionalized CNTs (M-CNTs), pristine 

GNPs, and melamine-functionalized GNPs (M-GNPs). 

Fig. 3. Thermogravimetric analyses (TGA) of melamine, pristine CNTs, M-CNTs, pristine 

GNPs, and M-GNPs from room temperature to 1000°C at a heating rate of 10°C/min 

in air. 

Fig. 4. Young’s modulus and ultimate tensile strengths of pure epoxy, CNT/epoxy, M-

CNT/epoxy, GNP/epoxy, and M-GNP/epoxy with 2 wt% nanofiller (n = 6~7). 

Fig. 5. Scanning electron microscopy (SEM) micrographs of (a) CNT/epoxy, (b) GNP/epoxy, 

(c) M-CNT/epoxy, and (d) M-GNP/epoxy nanocomposites. 

Fig. 6. Fracture toughness of pure epoxy, CNT/epoxy, M-CNT/epoxy, GNP/epoxy, and M-

GNP/epoxy with 2 wt% nanofiller (n = 5~7). 
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Fig. 7. SEM micrographs of etched samples showing pull-out and crack bridging in (a) 

CNT/epoxy, (b) GNP/epoxy, (c) M-CNT/epoxy, and (d) M-GNP/epoxy 

nanocomposites. Schematic depictions of pull-out mechanisms are shown for (e) 

CNTs and (f) GNPs. 
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Fig. 2. Raman spectra of pristine CNTs, melamine-functionalized CNTs (M-CNTs), pristine 

GNPs, and melamine-functionalized GNPs (M-GNPs). 
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Fig. 3. Thermogravimetric analyses (TGA) of melamine, pristine CNTs, M-CNTs, pristine 

GNPs, and M-GNPs from room temperature to 1000°C at a heating rate of 10°C/min in air. 
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Fig. 4. Young’s modulus and ultimate tensile strengths of pure epoxy, CNT/epoxy, M-

CNT/epoxy, GNP/epoxy, and M-GNP/epoxy with 2 wt% nanofiller (n = 6~7). 
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Fig. 5. Scanning electron microscopy (SEM) micrographs of (a) CNT/epoxy, (b) GNP/epoxy, 

(c) M-CNT/epoxy, and (d) M-GNP/epoxy nanocomposites. 
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Fig. 6. Fracture toughness of pure epoxy, CNT/epoxy, M-CNT/epoxy, GNP/epoxy, and M-

GNP/epoxy with 2 wt% nanofiller (n = 5~7). 
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Fig. 7. SEM micrographs of etched samples showing pull-out and crack bridging in (a) 

CNT/epoxy, (b) GNP/epoxy, (c) M-CNT/epoxy, and (d) M-GNP/epoxy nanocomposites. 

Schematic depictions of pull-out mechanisms are shown for (e) CNTs and (f) GNPs. 

 

 


