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Abstract To improve the interfacial properties of carbon
fibers/epoxy composites, we introduced a gradient inter-
phase reinforced by graphene sheets between carbon fibers
and matrix with a liquid phase deposition strategy. Inter-
laminar shear strength and flexural strength of the com-
posites are both improved. The interfacial reinforcing
mechanisms are explored by analyzing the structure of
interfacial phase with linear scanning system of scanning
electron microscope and atomic force microscope. Results
indicate that carbon element shows a graded dispersion in
the interface region and a gradient interface layer with the
modulus decreasing from fibers and matrix is found to be
built. To verify the effect of gradient interphase on the
interfacial properties of composites, the mixture of carbon
fiber/graphene/epoxy is sonicated before curing to disperse
graphene sheets in matrix homogeneously. As a result,
gradient interphase structures are disappeared and interfa-
cial performance of composites is found to be weakened.
The role of gradient interface layers in enhancing interfa-
cial performances is further proved from a different angle.

Introduction

It is well known that the performance of the carbon fiber
(CF)-reinforced composites is, to a large extent, controlled
by the fiber-matrix interface. Good interfacial properties
are essential to ensure efficient load transfer from fibers to
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matrix, which helps to reduce stress concentrations and
improve overall mechanical properties [1, 2]. Attempts to
improve the interlaminar fracture toughness and delami-
nation fatigue properties of composites have so far shown
various results. Many nano-fillers (carbon nanotubes,
nanoclays, etc.) have been considered to be applied as the
modifiers of the traditional composites in order to enhance
the mechanical, thermal, electric, and gas/liquid barrier
properties or to add multi-functionality [3—16]. The created
chemical bonding and mechanical interlocking, increased
fiber surface area, or local stiffening at the interface should
be the main reasons for improving stress transfer and then
interfacial properties [13, 17-22].

With low density and large specific surface area,
graphene sheets (EG) have been widely used for the rein-
forcement of nanocomposites [23-27]. They were highly
effective in suppressing crack propagation in polymer
matrix, and resulted in improvement of strength and
toughness of the polymer composites [24, 26, 28]. These
properties make it an ideal candidate for using as the
reinforcement in high-performance composites, especially
in the fields of multi-scale composites [7]. In zhang et al
work [1], graphene oxide sheets were directly introduced
onto the CF surface and interfacial properties of compos-
ites were investigated by microbond test and three-point
short beam shear test. Tests indicated a 36.3 % improve-
ment of interfacial shear strength and a 12.7 % improve-
ment of interlaminar shear strength (ILSS) compared with
that of commercial-sizing-modified CF composites. In
addition, the tensile strength and tensile modulus were also
improved by introducing graphene oxide, which could be
interpreted by the formation of chemical bridging between
CF, graphene oxide sheets, and matrix [4]. Yavari et al [2]
also found that over three orders of magnitude enhance-
ment in flexural bending fatigue life of glass fiber-
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reinforced composites was achieved by graphene platelets.
However, it is hard to determine that the increase in fatigue
life should be attributed to improved interfacial properties
or increased toughness of matrix.

In present work, we explore an approach to introduce a
graphene-based gradient interface layer between CFs and
epoxy to enhance the interface strength, which is different
from the reported mechanisms of improving interfacial
properties. Expanded EG were delivered to the surface of
CF by a liquid phase deposition method [19]. Composites
were prepared by resin transfer molding (RTM) technol-
ogy. The ILSS of composites was investigated by short
beam shear tests. Flexural properties of multi-scale com-
posites were also detected to assure the modification of
mechanical properties. Due to the micro-scale of compo-
nents at interface, in combination with physical tests rela-
ted to mechanical properties, force modulation atomic
force microscope (AFM) tests and linear scanning of
scanning electron microscope (SEM) were carried out,
targeting to analyze the variation of interfacial structures.
For further investigation of reinforcing mechanisms, after
injection of resin, the mold was sonicated so that graphene
fillers can be penetrated into matrix extensively. The
mixtures were then cured and the sonicated composites
were prepared. The interfacial properties and the fiber/
matrix interface structures of sonicated composites were
also characterized and compared with the pristine and
hierarchical composites to identify the exact reinforcing
mechanisms.

Experimental section
Preparation of EG

The EG were prepared by expanding the graphite oxide in
high temperature. The graphite oxide was firstly prepared
according to the method as described by Marcano et al.
in [29]. A 9:1 mixture of concentrated H,SO4/H;POy4
(720:80 mL) was added to a mixture of graphite flakes
(6.0 g, carbon content >99.99 %) and KMnO, (18.0 g),
producing a slight exotherm to 3540 °C. The mixture was
then heated to 50 °C and stirred for 12 h. The mixture was
cooled to room temperature and poured onto ice (800 mL)
with 30 % H,O, (6 mL). After then, the mixture was fil-
tered over a polytetrafluoroethylene membrane with a
0.22 pm pore size. The remaining solid was then washed in
succession with 2000 mL deionized water. For each wash,
the mixture was centrifuged at a speed of 8000 rpm. The
solid obtained in the centrifuge tube was then freeze-dried
at room temperature to get graphite oxide powder. The
quartz tube with graphite oxide powder was quickly

Fig. 1 Schema illustration for the preparation of CF absorbed with
EG

inserted into a furnace preheated to 1000 °C and held in the
furnace for 1 min to get EG [30].

Preparation of EG-coated CF and composites

Figure 1 shows the procedure for preparation of CNS-
coated CF and composites. To exclude possible effects of
commercial size from the ILSS improvement in the system,
we refluxed the commercial CF (T700S from Jiangsu
Tianniao Co., LTD) with acetone and petroleum benzin for
24 h beforehand. Firstly, different weights of EG were
dispersed in acetone under sonication with a concentration
of 0.5 mg/ml and the washed CF was then immersed into
the solution. The mixture was sonicated for 2 h to promote
the absorption of EG onto CF. Secondly, the bath was
heated to 100 °C under sonication to evaporate organic
solvents and the CF absorbed with various contents of EG
(0.1,0.3, 0.5, 1.0, 1.5, 2.0 wt% relative to composites) was
prepared.

The composites were produced via the RTM process. As
fiber-reinforcement, the as-prepared unidirectional CF was
used. The fiber volume fraction was chosen as high as
60 % so that the EG cannot be flushed out during the
injection of resin. An epoxy resin system (Guangzhou
Yigao Co., LTD.) with the anhydride hardener (Zhejiang
Qingan Co., LTD.) was used as matrix polymer in this
study. The resin was preheated at 60 °C and 2 h of injec-
tion was carried out to minimize void defects. The pressure
of mold was controlled precisely and sample sizes were
measured to make sure that fiber volume fractions of
samples were equivalent to each other. After infusion, the
mold was cured at 90 °C for 3 h, 120 °C for 3 h, and then
150 °C for 5 h. Samples with obvious resin-rich field will
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be discarded. Furthermore, in order to improve the distri-
bution of EG in composites, the mold with fibers and resins
was sonicated before curing (as shown in dashed box in
Fig. 1). The sonicated composites were then reached by
heating the sonicated mold.

Characterizations and tests

Tapping mode of AFM (CSPM 5500 from Guangzhou

Benyuan LTD.) was used to observe the morphology and
the thickness of EG. In addition, the chemical structure of
EG was determined by X-ray photoelectron survey (XPS,
Thermo ESCALAB 250) spectra.

The short beam shear tests were carried out according to
JC/T773-2010 to determine the effect of EG and their
content on ILSS. All tests were carried out at room tem-
peratures and the reported values were calculated as aver-
ages of five specimens for each composite. Flexural
properties of the composites were measured according to
GB/T1449-2005. Both of these tests were performed in an
Instron mechanical testing machine (Instron5567, USA)
using a cross-head speed of 1 mm/min. Furthermore, the
morphologies of fracture surfaces of pristine and modified
composites were observed with SEM.

Linear scanning system of SEM (JEOL JSM-5900LV)
was applied to detect the carbon element distribution in the
interface layers. The SEM samples were coated with a thin
layer of gold prior to examinations. In addition, force
modulation mode of AFM was adopted to study the stiff-
ness of various phases to evaluate the exact structures of
interface layers. A silicon nitride probe with the spring
constant of 5 N-m~' and the resonant frequency of
70-150 kHz was selected. For observing the stiffness of
interface accurately, the cross-sections of composite spec-
imens were polished using sand papers and a Cr,O3

Fig. 2 a AFM topographic
image, b height profiles of EG,
and ¢ comparison of FT-IR
spectra of graphite oxide and
EG

@ Springer

suspension with an average grain size of 50 nm, cleaned
with water in ultrasonic washer and dried.

Results and discussion
Microstructural characterizations of EG

We first examine the morphology of EG by AFM. The
thickness of EG we prepared is within a range of
1.6-2.1 nm, as indicated in Fig. 2b. The layers of EG
should be mostly less than five due to the fact that the
monolayer is somewhat larger than theoretical thickness
(0.34 nm) of parent graphene because of the folding of
monolayer EG. The sheets are a little more ‘bumpy’ than
predicted, which is possibly due to the existence of wrin-
kle. Note the wrinkled (rough) surface texture of EG which
could play an important role in enhancing mechanical
interlocking and load transfer with matrix. XPS spectra of
graphite oxide and EG are presented in Fig. 2c. Spectrum
of graphite oxide indicates the presence of abundant oxy-
gen groups. After reduction, absorption of EG at infrared
range is not observable, likely due to the exhaustive
reduction of graphite oxide.

Surface topography of modified CF

Surface morphologies of CF before and after depositing EG
are observed by SEM. For easy comparison, the CF loading
with EG content of 0, 0.5, 1, and 1.5 wt% is chosen as
representatives and the images are shown in Fig. 3. After
absorbing EG, we can see that a new hierarchical structure
is formed [31]. However, no bond is created between EG
and CF because of the fact that there are little functional-
ized groups on surfaces of CF and EG. In addition, we
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Fig. 3 SEM images of a virgin
CF and CF deposited by EG
with the content of b 0.5 wt%,
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Fig. 4 ILSS of unidirectional composites loading with different
contents of EG

examine the hierarchical reinforcement and find that most
EG are attached along the CF axial direction. Some EG are
stably standing on the CF. The size of EG is micro-scale
and most of them are irregular. However, there is an
obvious agglomeration of EG on the surface of CF with
1.5 wt% EG (Fig. 3d), which may go against the
mechanical properties of composites.

Interfacial performance of composites

Interlaminar shear strength is one of the most important
parameters for the interfacial performance of composites.

Fig. 5 Flexural performances of unidirectional composites loading
with different contents of EG

The results from the short beam shear tests of the com-
posites with different contents of EG are shown in Fig. 4.
All data include statistical deviation. As shown in Fig. 4,
all specimens with EG exhibit the improved ILSS in
comparison with washed CF and commercial-sized CF-
reinforced composites. When the content of EG is lower
than 0.1 wt%, reinforcement suffers from low content of
EG and results in limited improvement in ILSS. With the
increase of EG content, there is a steady improvement of
ILSS. Especially, the ILSS of composite with 1 wt% EG is
28.3 % higher than that of baseline sample. This

@ Springer



116

J Mater Sci (2015) 50:112-121

improvement should be attributed to the increase of the
interface layer modulus by adding more EG. However,
when the EG loading exceeds 1 wt%, the ILSS is decreased
slightly by increasing the EG content. This should be
attributed to the fact that a significant amount of EG will
agglomerate in interfacial regions (as shown in Fig. 3d)
and become stress concentration sites, which decreases the
energy dissipating and results in deterioration of interfacial
strength [25]. The agglomeration induced decrease of
interfacial property is further supported by the decrease of
ILSS of hierarchical composites with 2.0 wt% EG.

For further inspecting the enhancing effect of EG on
interfacial performance, we investigate flexural properties
of composites and the values of flexural strength and

Fig. 6 Fracture surface of a pristine composites, b hierarchical
composites with 0.3 wt% EG, ¢ composites with 1 wt% EG and the
corresponded parts at higher magnifications in d, and e composites
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flexural modulus are shown in Fig. 5. It is clearly verified
that the flexural strength of EG modified composites is
greater than that of the composites reinforced by com-
mercial and washed CF. Formation of stronger interface
after introducing EG leads to better load transfer from
matrix to fibers and results in greater flexural strength.
However, excessive EG would aggregate in interfacial
phase and new stress concentration sites are formed to
decrease the flexural strength. For the flexural modulus of
composites toughened by EG, there are some obvious
improvements in comparison with that of the pristine
composites, showing a trend that is similar to ILSS and
flexural strength. Nevertheless, the flexural modulus con-
tinues to grow, when EG content exceeds 1 wt%, which

with 1.5 wt% EG and the corresponded parts at higher magnifications
in f. Red circles in d indicate the dispersed EG and blue circle in
f indicated the agglomerated EG (Color figure online)
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Fig. 7 SEM images of polished
fracture surfaces of a pristine
composites and b composites
with 1 wt% EG and the
corresponding distribution of
carbon elements in the
interfacial phase of ¢ pristine
and d hierarchical composites

may be attributed to the improvement of matrix modulus
after adding excessive EG.

Micrographs of fracture surface

We examine the fracture surfaces of unidirectional composites
after flexural tests by SEM to better understand the interface
behavior of pristine and modified composites. Figure 6a shows
that the fiber surfaces have little matrix adhering to them. The
epoxy matrix exhibits a relatively smooth fracture surface,
indicating a weak fiber/matrix interface. After adding EG,
fracture surface of matrix becomes rough, which is considered
to be brought by the decrease of stress concentration (as shown
in Fig. 6b). With the increase of EG content (Fig. 6¢, d), the
matrix fracture surface is found to be much rougher due to the
well-dispersed EG indicated by red circles in Fig. 6d, which
would lead to increased load transfer efficiency and then a
gradual increase in ILSS. Nevertheless, the roughness of
composite is seen to be decreased when EG loading is 1.5 wt%
(Fig. 6e, ). This should be attributed to the agglomeration of
excessive EG (as shown by blue circle in Fig. 6f), which brings
about local stress concentration, decreases energy dissipation
capability and results in less effective enhancement of the
interfacial performance eventually.

Structure of interfacial phase

For the reinforcing mechanisms, little oxygen-containing
groups are known on EG, which can rarely form any

chemical bonding between EG and fibers or matrix. More-
over, the hydrophobic EG would decrease the fiber surface
energy and lead to poor wettability with viscous matrix.
Hence, a gradient interface layer which is similar to bio-
logical systems and rarely exhibits vastly different
mechanical properties [32, 33] is considered to be con-
structed at the interfacial phase of CF and epoxy resin. It
may eventually be beneficial to decrease stress concentration
and raise the mechanical properties of composites [34-36].

To verify the introduction of gradient interface layer, the
interfacial phase structures of the pristine and the multi-
scale composites loading with 1 wt% EG are detected in
detail. Linear scanning system of SEM is used to evaluate
the element distribution in interface region and the results
are shown in Fig. 7. As illustrated in Fig. 7c, a sudden drop
in the amount of carbon element can be observed from fiber
to matrix. However, this drop tendency becomes much
slower after addition of EG (Fig. 7d), which demonstrates
the formation of nanocomposite interface layer reinforced
by EG in the CF/epoxy interfacial phase. In addition, car-
bon element content dwindles steadily from fibers to
matrix, which indicates the gradient distribution of EG in
the nanocomposites and supported the construction of
gradient interface layers with a thickness of ~ 1.8 pum
(Fig. 7d).

For further investigation of the interfacial phase struc-
tures of composites, the force modulation mode of AFM
is adopted to study the stiffness of various phases in
unidirectional CF/epoxy composites, which allowed a
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Fig. 8 a Relative stiffness
images, ¢ probability histograms
of relative stiffness and

e stiffness change tendency of
untreated composite surface. b,
d and f were the corresponding
characterizations for
hierarchical composite surface

qualitative statement about the local modulus of sample
surface using an oscillating cantilever tip that indents into
the sample surface. The corresponding cantilever ampli-
tude will change under scanning in accordance with the
local modulus of sample. The indentation will be larger on
compliant areas, while smaller on stiff areas of the sample.
Thus, different responses of the cantilever from areas with
different moduli could be observed [36-38].

The force modulation AFM results are shown in Fig. 8.
Figure 8a shows apparent contrast between fiber and matrix
region. After incorporation of EG, the boundary of CF and
epoxy becomes blurrier and an obvious interphase is found
as shown in Fig. 8b. Figure 8c, d shows the probability
histograms of the relative stiffness. From Fig. 8c, it can be
seen that the stiffness distribution curve is clearly divided
into two peaks and no obvious transition can be found,
indicating two diverse stiffness phases around the interface,
and the stiffness of CF(0.052-0.062 V) is much higher than
that of epoxy(0.037-0.045 V). However, after adding EG, a
new phase with the stiffness values located between 0.045
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and 0.052 V, which are all lower than CF, but higher than
matrix is emerged (Fig. 8d), which means that an interfacial
phase is constructed between CF and matrix. The structures
of interfacial phases for pristine and modified composites
are further studied in Fig. 8e, f. There is a sharp drop of the
stiffness from fiber to epoxy for the pristine composites.
Nevertheless, this drop becomes more anetic after adding
EG, which implies the introduction of gradient interface
layer and is in good agreement with the linear SEM results.
The interphase thickness value is ~ 1.5 um in Fig. 8f, which
is little smaller than that in Fig. 7d due to disparity of
samples and experimental errors. This gradient interfacial
phase in the composites is similar to biological system,
which rarely exhibits discrete boundaries between two
materials with vastly different mechanical properties [32,
36]. Therefore, the stress concentration between fiber and
matrix would be decreased significantly so that the
mechanical properties of composites such as ILSS and
flexural strength would show impressive improvements after
introducing this gradient interface layer.
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Fig. 9 a SEM images of
polished fracture surfaces and
b the distribution of carbon
elements in the interfacial phase
of sonicated composites.

¢ Relative stiffness images,

d probability histograms of
relative stiffness, and e stiffness
change tendency in sonicated
composite surface
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Fig. 10 ILSS and flexural strength of pristine, hierarchical, and
sonicated composites

To assure the reinforcing mechanisms of improved load
transfer efficiency by introducing gradient interface layers
rather than stiffening of locally matrix properties by adding

EG, we prepare multi-scale composites with EG dispersed
homogeneously in matrix by sonication. The interface
structures are also detected using SEM and force modula-
tion AFM in Fig. 9. Compared with Fig. 7d, Fig. 9b shows
that an apparent contrast of carbon element distribution is
re-appeared after sonication. In addition, modulus is
dropped sharply from fiber to matrix (Fig. 9e) and gradient
interphase region cannot be found from Fig. 9c, d. All of
these prove that the EG are dispersed uniformly into the
matrix so that the gradient structures are vanished after
sonication. ILSS and flexural properties of the sonicated
composites with 0.3 and 1 wt% EG are measured and
calculated and the results are shown in Fig. 10. It can be
clearly seen that the disappearance of gradient interphase
decrease the ILSS and flexural properties of hierarchical
composites, which confirms the positive effect of gradient
interphase on the interfacial properties from a different
angle. The exact structure differences between the pristine,
hierarchical, and sonicated composites are illustrated in
Fig. 11.
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Fig. 11 Schema for the
differences between pristine,
hierarchical, and sonicated
composites

Conclusions

To improve the interfacial properties of CF/epoxy com-
posites, EG were delivered to the surface of CF by a liquid
phase deposition method. A gradient interface layer rein-
forced by EG is established successfully in interfacial
phase during the forming process of composites. Due to the
formation of this gradient interface layer, 28.3 %
enhancement of unidirectional CF/epoxy composites in
ILSS is observed with EG loading of 1 wt%. The flexural
properties of the composites are also enhanced owing to the
improved interfacial performance. Based on the linear
scanning system of SEM and the force modulation mode of
AFM, the exact structure of this gradient interfacial phase
is detected. After adding EG, the modulus drop from CF to
matrix is found to be slowed significantly. This plays an
important role for improving stress transformation from CF
to epoxy and then enhancing the interfacial performance.
However, when EG loading exceeds 1.5 wt%, ILSS and
flexural strength are shown to be decreased, which may be
attributed to the reappearance of stress concentration
induced by agglomeration of excess EG. To verify the
effect of gradient interphase on the interfacial properties of
composites from a different angle, the gradient interphase
is removed by sonicating the uncured composites with EG.
Gradient interphase structures are disappeared and inter-
facial performance of composites is found to be weakened,
which further confirmed the capacity of decreasing stress
concentration by gradient interfacial layers.

In our present work, 28.3 % increase of the ILSS is
smaller than that reported in the literatures [13, 21, 36, 39].
However, the preparing procedures of our hierarchical CF/
EG reinforced multi-scale composites, whose interfacial
performance is improved due to the introduction of

@ Springer

gradient interfacial phase, rather than the reported mecha-
nisms of creating chemical bonding or mechanical inter-
locking or increasing fiber surface area, can be realized for
industrial production. In addition, further regulating the
structures of gradient interfacial phases, such as function-
alizing EG, using other nanomaterials to replace EG or
altering the width of gradient interface, is expected to be a
promising strategy to improve the interfacial performance
significantly.
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