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Effect of Graphitic Nanofibers on Interfacial Adhesion and Fracture
Toughness of Carbon Fibers-reinforced Epoxy Composites
Seong-Hwang Kim*, Soo-Jin Park*†

ABSTRACT: The mechanical properties of carbon fiber-reinforced epoxy composites (CFRPs) are greatly dependent
on the interfacial adhesion between the carbon fibers and the epoxy matrix. Introducing nanomaterial reinforcements
into the interface is an effective approach to enhance the interfacial adhesion of CFRPs. The main purpose of this
work was to introduce graphitic nanofiber (GNFs) between an epoxy matrix and carbon fibers to enhance interfacial
properties. The composites were reinforced with various concentrations of GNFs. For all of the fabricated composites,
the optimum GNF content was found to be 0.6 wt%, which enhanced the interlaminar shear strength (ILSS) and
fracture toughness (KIC) by 101.9% and 33.2%, respectively, compared with those of neat composites. In particular, we
observed a direct linear relationship between ILSS and KIC through surface free energy. The related reinforcing
mechanisms were also analyzed and the enhancements in mechanical properties are mainly attributed to the interfacial
interlocking effect. Such an effort could accelerate the conversion of composites into high performance materials and
provide fundamental understanding toward realizing the theoretical limits of interfacial adhesion and mechanical
properties.
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1. INTRODUCTION
Carbon fibers-reinforced composites (CFRPs) as lightweight, high specific strength and stiffness have been extensively developed for many structural applications [1,2].
However, poor interfacial adhesion between the carbon fibers
(CFs) and the polymer matrix is a headache for CFRPs and
limits its application and development. A high interfacial
interaction between the polymer matrix and CFs is required to
obtain high-performance CFRPs. Therefore, several methods
have been evaluated for enhancing the interfacial interaction
between polymer matrix and CFs in CFRPs.
The problems associated with the low surface free energy
and chemical inertness of CFs can be mitigated by introducing
carbon based nanofillers, such as graphene oxide (GO),
carbon black (CB), graphitic nanofibers (GNFs), carbon
nanotubes (CNTs), or carbon nanofibers (CNFs), onto the
CFRPs [3-5]. A multi-scale hierarchy with carbon nanomaterials has been proven to be an innovative and effective

approach [6,7] that could remarkably enhance the interfacial
adhesion of CFRPs by increasing the wettability and mechanical interlocking between the CFs and the epoxy matrix [8].
Especially, GNFs have been considered as promising nanofillers to reinforce CFRPs [9,10]. GNFs have attractive physical
and mechanical properties with high availability among nanofillers. GNFs principally possess two different kinds of surfaces: a basal surface and prismatic surfaces. Whereas ideal
basal surfaces are homogeneous and consist only of carbon
layers, the prismatic surfaces are heterogeneous and contain
various oxygen containing groups [11,12]. The prismatic surfaces of GNFs exhibit higher activity compared to basal surfaces, meaning that GNFs can easily be attached to the epoxy
matrix. Considering the above facts, not only various functional groups on the GNFs enhance wettability with the
CFRPs, but they can also act as reactive sites for further promotion of interfacial adhesion between the CFs and epoxy
matrix [13,14].
The purpose of the present study is to investigate the influ-
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ence of incorporating GNFs on the mechanical and interfacial
properties of conventional CFRPs. As far as we know, there are
no relevant studies on using GNFs as reinforcement for
enhanced interfacial properties of CFRPs. Such an effort could
accelerate the conversion of CFRPs into high performance
materials and provide more rational guidance and fundamental understanding towards realizing the theoretical limits of
interfacial properties.

2. EXPERIMENTAL
2.1 Materials
Unless otherwise stated, chemicals were obtained from a
commercial company and used without further purification.
CFs (woven-type T-300 grade) were purchased from Toray
Co., Japan. Epoxy resin (density of ~1.16 g cm−3 at 25°C and
epoxide equivalent weight of 185–190 g·eq−1) was purchased
from Kukdo Co., Korea. 4,4'-diaminodiphenylmethane
(DDM) were purchased from Sigma-Chem Co, Korea. GNFs
(herringbone type, a width of 40-50 nm and diameter of 200300 nm) were purchased from Carbon nano-material Tech
Co., Korea.
2.2 Fabrication of the composites
Fig. 1 illustrates the composite preparation process. First,
different concentrations of GNFs (0.2, 0.4, 0.6, 0.8, or 1.0 wt%)
were added to an epoxy resin/acetone mixture and ultra-sonicated for 20 min. Afterward, mixture was heated in an oven at
80°C for 15 h to remove the acetone. A curing agent (DDM)
was dispersed within the mixture according to an established
method using a planetary mixer. These procedures the resultant suspension was degassed in a vacuum oven at 70°C for 1 h
to eliminate air bubbles. After bubble removal, the resulting
suspension was continuously impregnated with CFs using a
three-roll milling machine to manufacture the prepregs.
Finally, the prepregs were cured at 60°C for 2 h and 120°C for
2 h, followed by 2 h of post-cure at 170°C. We denoted the
specimens of GNFs/CFs/epoxy composites as GCE composites.
2.3 Characterization
The structural changes of GNFs were investigated by X-ray
diffraction (XRD, Bruker Co, Korea) at room temperature
with Cu-target Kα radiation (λ = 0.154 nm). The surface properties of the GNFs were investigated using a Raman microscope (Raman, Bruker Co, Korea). The surface morphologies
of the prepared GNFs and GCE composites were investigated
using high-resolution scanning electron microscopy (SEM,

Fig. 1. A schematic of the fabrication of the GCE composites

Hitachi Co, SU8010, Japen) and field-emission transmission
electron microscopy (TEM, Jeol Co, USA).
2.4 Testing of the composites
To evaluate the influence of added GNFs on the interfacial
adhesion of the GCE composites, their contact angles (CA)
were measured using the sessile drop method on a Rame-hart
contact angle goniometer (CA, Marktech Co, Korea). At room
temperature (27 ± 1°C), at least 5 valid tests were carried out
and the mean value with a standard deviation lower than 1°
was reported for each specimen. Standard liquid characteristics of surface free energy are shown in Table 1. According to
Owens [15], Fowkes [16], and Kaelble [17], the γ is the surface
free energies, γL is the London dispersion components
(Lifshitz-van der Waals that includes London dispersion
forces), and γSP is the specific polar components Keesom’s
orientational force, dipole-induced dipole, hydrogen bonding,
Debye-inductive polarization).
Universal testing machine (UTM, Lloyd-instruments Co,
Lloyd LR5k, USA) was used to determine the fracture toughness (KIC) of the specimens in terms of the critical stress intensity factor, satisfying the requirements of ASTM E399. The
pre-crack was obtained by lightly tapping a razor blade into
the tip of the machined crack. Fracture toughness for the specimens is calculated as [18,19]:
FL
-⋅Y
KIC = ---------3/2
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(1)
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3a/d [1.99 – (a/d)(1 – a/d)(2.15 – 3.93a/d + (2.7a /d ))]
- (2)
Y = ---------------------------------------------------------------------------------------------------------------------------------3/2
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where F is the maximum loading force, L is the span between
the supports, b and d are sample thickness and characteristic
length of the specimen, and Y is the shape factor described in
ASTM E-399. Where a is the crack length. The pre-crack was
cut using a diamond razor blade (LSDC, DY Co, Korea) to
approximately half the specimen depth. The interlaminar
shear strength (ILSS) of the specimen was evaluated with a
UTM using a three-point bending tests in accordance with
ASTM D-2344. ILSS determined from the specimen was calculated as (3) [20]:
0.75F
ILSS = ------------bd

(3)

where the parameters are the same as for fracture toughness.
Table 1. Surface free energy, specific of the test wetting liquids
used
Wetting liquids

γ (mJ·m-2)

γL (mJ·m-2)

γSP (mJ·m-2)

Distilled water

72.80

21.80

51.00

Ethylene glycol

47.70

31.00

16.70

Diiodomethane

50.80

50.42

0.38
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3. RESULTS AND DISCUSSION
3.1 Characterization of GNFs
XRD analysis was performed to investigate the crystallographic nature of GNFs, the results of which are shown in
Fig. 2. The XRD pattern of the GNF shows two broad peaks at
2θ = 26.2 and 43.5° corresponding to the (002) and (100)
planes of the hexagonal graphitic structure, respectively
[18,19].
Fig. 3 presents the Raman spectra of the GNFs. The wide Dbands near 1340 cm−1 presented the prismatic surface (sp3
hybridized carbon) in the hexagonal framework of the GNF
walls, representing covalent bonds of the oxygen containing
groups. The small G-bands observed near 1582 cm−1 corresponded to the basal plane (sp2 hybridized graphitic layers). As
a result, the prismatic surface of GNFs could be undertaken to
significantly enhance interfacial adhesion.
3.2 Morphology of GNFs
The microstructures of GNFs were observed by SEM and
TEM, as shown in Fig. 4(a-b). As evident in Fig. 4(a-b), the
GNFs were fairly straight and highly ordered structures. The

Fig. 4. Surface morphology of the GNFs: (a) SEM images of GNFs
and (b) TEM images of GNFs

outer surface is covered by a very thin prismatic layer, whereas
the inside of the nanofiber shows stacked graphitic layers of
the herringbone type.
3.3 Interfacial properties of the GCE composites
The surface free energy of the composites is directly related
to their interfacial adhesion. To obtain accurate surface free
energy information for the composites, these values are calculated on the basis of the CAs [20-22]:

γ = γ L + γ SP

(4)

γ L (1 + cosθ ) = 2( γ SL ⋅ γ LL + γ Ssp ⋅ γ Lsp )

(5)

where θ is the CAs of the liquid droplet, subscript L represents
the liquid, and subscript S represents a solid. Three test liquids,
in conjunction with Eqs. (4) and (5), can be used to accurately
determine the surface free energy with the following equation:
γ L (1 + cosθ )
2 γ LL

Fig. 2. XRD patterns of the GNFs

⎛ γ sp
= γ Ssp ⎜ L
⎜ γL
⎝ L

⎞
⎟ + γ SL
⎟
⎠

(6)

The CA and surface free energy results for the GCE composites, as calculated using Eq. (6), are reported in Table 2 and
Fig. 5.
The GCE composites exhibited an obvious enhancement in
comparison with neat composites. As presented in Fig. 5, the
surface free energy of the GCE composites reached roughly
from ~35.1 mJ·m-2 to maximum of ~40.2 mJ·m-2. As increasTable 2. The CA of the neat and GCE composites

Fig. 3. Raman spectrum of the GNFs

Specimens

Distilled water

Diiodo
methane

Ethylene glycol

Neat

78.8 ± 0.2

50.2 ± 0.4

59.5 ± 0.4

0.2 wt% GCE

70.4 ± 0.4

49.1 ± 0.4

64.5 ± 0.1

0.4 wt% GCE

69.1 ± 0.4

49.5 ± 0.3

66.7 ± 0.5

0.6 wt% GCE

67.3 ± 0.5

47.7 ± 0.3

66.8 ± 0.7

0.8 wt% GCE

69.6 ± 0.9

48.4 ± 0.6

63.2 ± 1.0

1.0 wt% GCE

73.3 ± 1.0

49.3 ± 0.7

62.4 ± 0.9
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Fig. 7. Correlation between ILSS and surface free energy in the
interfacial adhesion of GCE composites
Fig. 5. Surface free energy of the GCE composites

ing GNFs contents, surface free energy is significantly
increased until GCE composites. In the context of the aforementioned Raman results, GNFs showed an increase in oxygen-containing groups as a result of hybrids, which could be a
major contributor to the enhancement of specific polar elements. However, when the GNFs content reached 0.8 wt%, the
surface free energy and the polar component value of the composite decreases regardless. It tends to excessively bond with
itself, rather than with an epoxy matrix due to its intermolecular hydrogen bonding. It should be highlighted that, in a
reasonable capacity range, a higher interfacial property can be
obtained by increasing the filler contents.
To support this explanation, we studied the wetting behavior
of distilled water (carried out at 27°C for 5 min) acting on the
neat and GCE composites in more detail. It can be seen in Fig.
6 that the CAs of the neat composites near 48.2° showed no
obvious changes, while the CAs of the 0.6 wt% GCE composites decreased very rapidly and saturated at around 37.8°.
This decrease is due to the surfaces with a large number of
hydrophilic groups on the GNFs, from which water droplets
could quickly diffuse, indicating that the improved interfacial
interaction between GNFs and epoxy matrixes [23,24].
The ILSS is one of the appropriate measurements for determining the interfacial adhesion [25,26]. The out-of-plane
interfacial adhesion of GCE composites was performed by
ILSS defined at the interface between CFs and epoxy matrix.

Fig. 6. Optical images of the contact angle of water over time

As illustrated in Fig. 7, the GCE composites exhibit excellent
linearity for the relationship between the ILSS and surface free
energy, which clearly demonstrating improved interfacial
adhesion. As a result of this evaluation, the 0.6 wt% GCE composites had the highest value of ILSS 31.9 MPa, 101.9% higher
than the 15.8 MPa of the neat composites. These results suggest that additional interfacial interlocking was achieved when
the GNFs were included within the epoxy matrix, resulting in
enhanced interfacial adhesion. Meanwhile, in the 0.8 wt%
GCE composites (24.7 MPa), GNFs tended to excessively
bond with itself rather than with the epoxy matrix because of
its strong van der Waals force. This reduces the shear propagation energy, thus leading to a decrease in ILSS.
3.4 Mechanical properties of the GCE composites
Commonly, carbon based nanofillers, when used as a reinforcing element in an epoxy matrix, are known to enhance the
KIC and are an important design factor, particularly for composites intended for application in the structural engineering
industries [27-29]. As illustrated in Fig. 8, the GCE composites
exhibit good linearity for the relationship between the surface
free energy and KIC, which clearly demonstrating enhanced
interfacial adhesion. Besides, the GCE composites exhibited

Fig. 8. Correlation between KIC and surface free energy in the
interfacial adhesion of GCE composites
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4. CONCLUSIONS
In this study, GNFs were utilized for use as reinforcement in
CFRPs. We focused on the interfacial interactions of GNFs in
epoxy matrix and CFs and provided a simple approach to
increase ILSS and KIC. Specifically, the ILSS and KIC of the
0.6 wt% GCE composites could reach to 31.9 MPa and 42.9
MPa·m1/2, approximately 101.9% and 33.2%, respectively,
compared with those of neat composites. The presence of the
GNF-rich interlayer enhanced the wettability between the CFs
and the epoxy matrix, thereby inducing the formation of a
new interface for efficient load transfer, which was the main
reason for the enhancement of the composites.
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Fig. 9. Fracture surface of GCE composites: (a) SEM images of
neat composites and (b) SEM images of 0.6 wt% GCE
composites

significant enhancements in KIC values compared to the neat
composites. Compared to the neat composites (32.2 MPa·m1/2),
the KIC values of the 0.2 wt% OGCE composites (38.5 MPa·m1/2)
increased by 19.6%. Moreover, the measured highest KIC value
reached 42.9 MPa·m1/2 in the 0.6 wt% GCE composites, equating to enhancements of 33.2% compared to the neat composites. These results suggest that additional interfacial
interlocking was achieved when the GNFs were included
within the epoxy matrix, resulting in enhanced mechanical
properties of composites.
We observed the fracture surfaces in more detail to study
the fracture mechanisms acting on the GCE composites. As
shown in Fig. 9(a), the cracks in the neat composites propagate
directly through the interface of the CFs/epoxy matrix, and
adhesive failure occurs. In this case, the composite shows a
smooth fracture surface, which is typically a brittle fracture of
the epoxy resin [30]. On the other hand, the 0.6 wt% GCE
composites exhibited crack progression almost proprietarily
along the GNF-rich interlayer and were tightly embedded
within an epoxy matrix without de-bonding (Fig. 9(b)). This
inhibits propagation through the epoxy matrix as a crack must
pass either through or around areas with GNF-rich interlayers,
resulting in an enhanced KIC.
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