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Abstract. Maleic anhydride functionalized graphene oxide (MAH-GO) was synthesized and then introduced into carbon
fiber (CF) reinforced bismaleimide (BMI) composites, with the aim of improving the interfacial adhesion strength between
CF and BMI resin. Various characterization techniques including Fourier transform infrared spectroscopy (FT-IR), X-ray
photoelectron spectra (XPS) and thermogravimetric analysis (TGA) demonstrated that the maleic anhydride has been successfully grafted onto the GO surfaces. The study showed that the interlaminar shear strength (ILSS) and flexural properties
of CF/BMI composites were all improved by the incorporation of GO and MAH-GO, and the MAH-GO showed the substantially improved effect due to the strong interaction between the MAH-GO and the resin matrix. The maximum increment
of the ILSS, flexural strength and flexural modulus of composites were 24.4, 28.7 and 49.7%, respectively. Scanning electron
microscope (SEM) photographs of the fracture surfaces revealed that the interfacial bonding between CF and resin matrix
was significantly strengthened by the addition of MAH-GO. The results suggest that this feasible method may be an ideal
substitute for the traditional method in the interfacial modification of composites.
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1. Introduction

surfaces are smooth, non-polar and chemical inert
[4, 5]. In order to improve the interfacial bonding
properties, a series of effective methods have been
successfully developed for surface modification of
CFs, such as chemical oxidation, high-energy radiation, grafting, and plasma treatment, etc. [5–8].
Recently, the utility of graphene oxide (GO) or functionalized GO as additives to enhance the interfacial
properties of CF reinforced polymer composites has
begun to attract more attention [2, 9]. Because the
functionalized GO has various functional groups and
large specific surface area, it can be uniformly dispersed and firmly adsorbed on the surface of CFs to
prepare a new hierarchical reinforcement. Therefore,
the interfacial adhesion of composites can be im-

Carbon fiber (CF) reinforced polymer composites
have been widely used in aerospace, automobiles,
constructions and other industry fields because of
their excellent mechanical properties, such as high
specific strength, specific modulus and damping capacity [1–3]. As well known, the mechanical properties of fiber reinforced composites are largely dominated by the fiber-matrix interfacial adhesion. Good
interfacial bonding is essential to ensure the load
transfer from the matrix to the fiber reinforcements,
which is helpful to reduce the stress concentrations
and improve the overall mechanical properties of
final composite products. However, the fiber-matrix
interfacial adhesion tends to be weak since the CFs
*
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2. Experimental section
2.1. Materials

proved by this new hierarchical reinforcement due
to consuming much more energy by pulling out the
functionalized GO from the matrix or breakage of
them. On the other hand, the introduction of the functionalized GO can increase the modulus of polymer
matrix significantly [10–12], that is to say, it can reduce the modulus difference between matrix and fiber,
which is also beneficial for the applied load transferring more effectively from matrix to CFs.
CF reinforced bismaleimide (BMI) composites have
been widely used as one of advanced composites
owing to their superior mechanical and thermal properties [13, 14]. Nevertheless, the properties need to be
further improved when they are used in some specific
environments. Nowadays, GO or functionalized GO
have been used for modifying the BMI resin by some
researchers. For example, Yan and coworkers [15,
16] grafted hyperbranched polysilane (HBPSi) and
hyperbranched polytriazine (HBPT) onto the reduced GO surfaces, respectively. The results revealed
that the introduction of HBPSi (or HBPT) functionalized reduced GO could decrease the frictional coefficient and the wear rate of the BMI resin dramatically. Liu et al, [13] reported a 39% increase in
impact strength by adding 0.3 wt% aniline functionalized graphene nanosheets in BMI resin. Our previous work [17] also found that the suitable addition of
silane functionalized GO (MPTS-GO) could significantly improve the mechanical properties of the BMI
composites. Although substantial research has pointed out that the addition of graphene into polymer
matrix can result in the considerable improvements
of new or modified properties, there are few reports
to study the effect of graphene on enhancing the
properties of CF/BMI composites, especially the interfacial adhesion.
Herein, we report the fabrication of a novel covalent
functionalized GO by using maleic anhydride. Then
the maleic anhydride functionalized GO (MAH-GO)
was introduced into the CF/BMI composite system
to improve the mechanical properties. Because the
carbon-carbon bond of maleic anhydride is high reactive activity, the MAH-GO is easy to participate
in the curing reaction of BMI resin, and thus improving its dispersibility and strengthening the interaction with the resin. The aim of the current investigation is to determine the role of MAH-GO on the
interfacial adhesion of CF/BMI composites.

The BMI resin used was the 4,4′-bismaleimide
diphenyl methane (BDM) modified with the O,O′diallyl bisphenol A (DBA). BDM and DBA were
both supplied by Honghu New Materials Technical
Co. LTD., China. Unidirectional carbon fiber
(T700SC-12k, diameter: 7 μm) was purchased from
Toray Industries, Inc., Japan. Pristine graphite powder was obtained from Qingdao Jinrilai Graphite
Co., Ltd., China. Maleic anhydride (MAH), ethanol,
acetone, and dimethylformamide (DMF) were of analytical grade and obtained from Sinopram Chemical
Reagent Co., Ltd., China.

2.2. Fabrication of GO and MAH
functionalized GO (MAH-GO)
GO was prepared by oxidizing natural graphite powder based on a modified Hummers method [17, 18].
To functionalize GO, 0.5 g GO was placed in a
250 mL dried beaker with 100 mL DMF and sonicated for 1 h to form a homogeneous solution. 15 g
MAH was then added into the mixture solution and
transferred into a three-necked flask with refluxing at
80 °C for 1 h. After the reaction finished, the product
was washed with ethanol several times to remove all
the unreacted MAH. The solid was finally dried under
vacuum to obtain the MAH-GO. The preparation
process of MAH-GO is shown in Figure 1.
2.3. Fabrication of CF reinforced BMI
composites
According to the different weight ratios, the MAHGO was firstly added into 100 mL ethanol and sonicated for 1 h to promote its dispersion. 51 g DBA was
then added into the ethanol solutions and sonicated
for another 1 h. In order to remove all the ethanol, the
mixture container was transferred into an oil bath and
distilled according to the scheduled process: 80 °C
for 1 h, 100 °C for 2 h, 120 °C for 1 h, and 140 °C for
6 h. Then, 68 g BDM was added to the mixture, and
this was followed by prepolymerization for 30 min
at 140 °C. The molar ratio of DBA to BDM was
0.87:1. 150 mL acetone was added into the resultant
prepolymer under refluxing for 1 h to obtain a homogenous thin resin solution. The unidirectional CF
was impregnated by passing through this resin solution. Two glass bars were used to scrape off excess
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Figure 1. Schematic of preparation process of MAH-GO

Figure 2. Fabrication process of CF/MAH-GO/BMI composites

persed in de-ionized water by sonication for 30 min
and then some pieces were collected on carbon-coated copper grids for TEM observation.
Fourier transform infrared (FT-IR) spectra were
recorded on a spectrometer (Spectrum 100, Perkin
Elmer, USA) using KBr pellets at room temperature.
The frequency range of FT-IR was 4000–400 cm–1.
X-ray photoelectron spectroscopy (XPS) measurements were used to determine the surface groups of
GO and MAH-GO by using an XPS instrument (ESCALAB 250, Thermo, USA). The nonlinear least
squares fitting (NLLSF) program with a GaussianLorentzian production function was used for curve

resin solution from the CF carefully, and then the solvent was removed in a vacuum oven at 80 °C to obtain the prepregs. The composites were prepared by
using compression molding method. The preparation
procedure of CF composites is represented in Figure 2. The referential CF/GO/BMI composites were
also prepared in the same procedure.

2.4. Characterization
Transmission electron microscopy (TEM) micrographs were used to observe the morphologies of GO
and MAH-GO sheets by using a TEM instrument
(TecnaiG220, FEI, USA). The sheets were firstly dis-
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fitting of C1s spectra. The surface chemical composition was calculated from the areas of relevant spectra peaks.
Thermogravimetric analysis (TGA) were measured
under a nitrogen atmosphere from 60 to 700 ° with a
thermal analyzer (TGA-7, Perkin Elmer, USA) at a
heating rate of 10 °C·min–1.
Scanning electron microscopy (SEM) observations
were conducted with a scanning electron microscope
(∑IGMA, Carl Zeiss, Germany). Each sample was
coated with gold prior to SEM observation.
The interlaminar shear strength (ILSS) of CF composites was carried out by the short beam three point
bending test on a universal testing machine (WOW
1000, Jinan Shidai Shijin Testing machine Group
Co., Ltd., China) according to the ASTM D2344.
The cross-head speed was 2 mm·min–1. The width
of test specimen was 6 mm and the thickness was
2.4 mm. A span-to-depth ratio of 5:1 was used.
The flexural properties of composites specimens were
carried out using three-point bending mode on the
above mentioned WOW1000 testing machine according to ASTM D-790. The crosshead rate was
2 mm·min–1. The length between supports span was
16 times the depth of test specimen. At least seven
samples were tested in each experiment and the average value was reported.

Figure 4. FT-IR spectra of GO and MAH-GO

GO. Figure 4 illustrates a comparison of FT-IR spectra of GO and MAH-GO. In the case of GO, the peak
located at 1716, 1637, 1375, 1227 and 1048 cm–1 are
assigned to the stretching vibrations of C=O of carboxylic and carbonyl groups, C=C, –OH of the carboxyl group, C–O of the epoxy group and C–OH
group, respectively. Similar patterns were observed
in other studies [10, 19]. These observations indicate
that the GO contains abundant oxygen-containing
functional groups. After surface covalent functionalization, the bands at 1716, 1637 and 1375 cm–1 became stronger. Meanwhile, the new band appeared
at 860 cm–1, correspond to the in-plane bending vibration of C–H of CH=CH group. Another two new
bands at 1100 and 1172 cm–1 are assigned to the
stretching vibration of C–O of the ester group. The
appearance of ester group clearly implies that the
MAH molecules were reacted with the electrophilic
groups of the GO surfaces, which provided more evidence for this successful chemical functionalization.

3. Results and discussion
3.1. Characterization of GO and MAH-GO
TEM micrographs of the GO and MAH-GO sheets
are given in Figure 3. The GO and MAH-GO sheets
show almost similar structures with a few thin ripples in their surfaces. FT-IR, XPS and TGA analysis
were used to testify the surface functionalization of

Figure 3. TEM images of (a) GO and (b) MAH-GO
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Figure 5. C1s XPS spectra of (a) GO and (b) MAH-GO

of C–OH group decreased from 15.98 to 9.79%, and
the concentrations of C=O and C(=O)O groups increased from 20.13 to 25.24% and 9.63 to 11.14%, respectively. The change of these functional group concentrations are caused by the grafting of MAH
molecules onto the GO surface. Meanwhile, it may
be concluded that the C–OH groups acted as electrophilic groups and reacted with the MAH molecules (see the Figure 1) in the light of the significant
decrease of its content.
Figure 6 presents the TGA and DTG curves of
graphite, GO and MAH-GO. As can be seen, the pristine graphite is thermally stable. After oxidation, the
GO show significant decomposition at approximately 230 °C, which is likely due to the decomposition
of labile oxygen-containing functional groups [9, 10,
20], yielding CO, CO2 and H2O. From the DTG curve
of MAH-GO, it is clearly shown that there are two
weight loss peaks appeared at 176 and 256 °C, re-

Table 1. The chemical compositions of GO and MAH-GO
Contents of chemical groups
[%]
C=C C–C C–OH C–O–C C=O C(=O)O
GO
0.378 21.14 20.68 15.98 12.44 20.13
9.63
MAH-GO 0.397 23.10 19.70 9.79 11.03 25.24 11.14
Samples O/C

XPS is a useful tool in determining the chemical compositions of graphene surfaces. Figure 5 shows the
XPS C1s spectra of GO and MAH-GO. It is shown
that both of the C1s spectra contain six peaks, which
are assigned to C=C (284.4 eV), C–C (284.8 eV),
C–OH (285.6 eV), C–O–C (286.7 eV), C=O
(287.3 eV) and C(=O)O (288.6 eV) group, respectively. However, as shown in Table 1, the O/C ratio
of GO increased slightly from 0.378 to 0.397 after
interacting with MAH, which may be caused by the
higher oxygen atom concentration in the MAH molecules. Moreover, it is noted that the concentration

Figure 6. (a) TGA and (b) DTG curves of graphite, GO and MAH-GO
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spectively. This result may be caused by the difference of thermal stability between the grafted MAH
molecules and the original labile groups. However,
the MAH-GO does not exhibit excessive highly thermal stability, which is explained by the fact that the
grafted MAH are also small molecules. By comparison, the weight loss of MAH-GO observed up to
700°C (about 71.1%) is higher than that of GO (about
55.3%), which further alludes to the successful grafting of MAH molecules onto the GO surfaces. The
result is consistent with that derived from FT-IR and
XPS analysis.
In this study, the aim of covalent functionalization of
GO by using MAH is to react the MAH-GO with the
BMI resin so as to improve the dispersibility of functionalized GO in the resin matrix. According to the
literatures [21, 22], the ene reaction and Diels-Alder
reaction have been proposed to be involved in the
curing process of BDM and DBA. In view of the
high activity of carbon-carbon double bond of grafted MAH, it may be concluded that the MAH-GO
could participate in the curing reaction of BMI resin.
In order to testify whether the reaction between them
occurred or not, the maleic acid was used to react
with DBA based on the molecular structure of grafted MAH. Figure 7 shows the FT-IR spectra of maleic acid and DBA before and after reaction.
In the spectrum of maleic acid, the peaks located at
863, 1587 and 1705 cm–1 are assigned to the in-plane
bending vibration of C–H of CH=CH group, the
stretching vibrations of C=C and C=O, respectively.
After react with DBA, the peaks at 1587 and 863 cm–1
are disappeared. This phenomenon indicated that the

carbon-carbon double bond of maleic acid reacted
with the DBA molecules. Therefore, the conjugation
effect between the C=O and C=C was not existed.
As a result, the characteristic band of the C=O stretching mode of MA split into two peaks (1718 and
1778 cm–1). These results confirmed that the MAHGO could take part in the curing reaction of BMI
resin.

Figure 7. FT-IR spectra of maleic acid and DBA before and
after reaction

Figure 8. ILSS of neat BMI resin and its composites with
different filler loading

3.2. Effect of MAH-GO on the interfacial
property of CF/BMI composites
The ILSS test is an effective method for evaluating
the interfacial adhesion property of fiber composites.
The effects of GO and MAH-GO on the ILSS of CF/
BMI composites are shown in Figure 8. It is shown
that the ILSS of CF/BMI composites increased firstly and then decreased with the increase of filler loading. At 0.1 wt% loading of GO, the ILSS of composites reached the maximum value of 88.5 MPa, corresponding to a slight increase of 5.3% compared to
the CF/BMI composite. It is exciting that the maximum improvement of ILSS obtained in the composites containing MAH-GO is far higher than the GO
counterparts, which is 24.4% at 0.15 wt% loading.
The corresponding ILSS value is 104.6 MPa. The result indicted that the interfacial bonding between the
carbon fibers and BMI resin was enhanced by the introduction of GO and MAH-GO, and the MAH-GO
showed a substantially improved effect.
Although the further increase in the MAH-GO content lead to the decrease of ILSS, which is possibly
attributed to the agglomeration of excessive filler, it
is still much better than that of the CF/BMI compos-
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ite. Meanwhile, it is also noted that the ILSS of composites decrease severely when the GO content beyond its optimum value. Based on the above results,
it is safe to conclude that the dispersion of MAH-GO
in the resin was superior to that of GO due to the
chemical interaction between the grafted MAH molecules and the BMI resin. Moreover, the MAH-GO
nanosheets bring this advantage into the CF/BMI
composites to enhance the interfacial adhesion.
To better understand the addition of GO and MAHGO in enhancing the interfacial adhesion of the CF/
BMI composites, the fracture morphologies of the
composites were studied by using SEM, as shown in
Figure 9. For the CF/BMI composite, quite a number
of fibers have smooth surfaces and there is little resin
adhered on the surfaces (see the red box in Figure 9a). In addition, it is clearly shown that many CFs
are pulled out from the resin matrix and the gaps between CFs and resin are quite large (see the red arrows in Figure 9d). These phenomena indicate that

the interfacial adhesion of the CF/BMI composite is
weak and the fiber debonding occurs easily. When
the GO or MAH-GO was introduced into the composite system, the fracture morphologies are obviously different (Figure 9b, 9e and Figure 9c, 9f). Especially for the CF/MAH-GO/BMI composite, the
fibers are tightly surrounded by the resin and there
are no pulled-out fibers. A large amount of matrix is
attached on the CFs surfaces. Moreover, Figure 9g
shows that many MAH-GO nanofillers (see the red
arrows) are adsorbed on the surface of CFs although
few of MAH-GO agglomerates (see the blue arrow)
are also existed. Therefore, the interfacial adhesion
of composites was improved because more energy
was consumed by pulling out the MAH-GO nanofillers from the matrix.

3.3. Flexural properties of CF/BMI composites
The flexural properties of CF/BMI composites were
measured and illustrated in Figure 10. The flexural

Figure 9. Fracture morphologies of the composites: (a), (d) CF/BMI; (b), (e) CF/BMI with 0.1 wt% GO; (c), (f), (g) CF/BMI
with 0.15 wt% MAH-GO
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strength for CF/BMI composite was 1.36 GPa. With
the increase of filler loading, the flexural strength increased firstly and then decreased. This tendency is
similar to that of the ILSS of the composites. The
flexural strength of CF/GO/BMI and CF/MAH-GO/
BMI composites reached the maximum values of
1.51 and 1.75 GPa when the GO and MAH-GO content was 0.1 and 0.15 wt%, 11.0 and 28.7% improvement more than that of the CF/BMI composite, respectively.
The improvement of flexural strength should be attributed to the enhancement of the interfacial adhesion between the CFs and MAH-GO (or GO). The
enhanced interfacial adhesion allows better load transfer from the resin matrix to the CFs [2, 23]. Another
possible reason is the synergistic effects [24] of microscopic CFs and nanoscale MAH-GO (or GO). The
CFs and the MAH-GO (or GO) might act as a good
combination of reinforcement and to carry the load
during the flexural deformation of resin matrix.
Figure 10b shows the effects of GO and MAH-GO
content on the flexural modulus of CF/BMI composites. It is obviously that the incorporation of GO and
MAH-GO yielded an improvement of the composites stiffness and the MAH-GO enhanced the flexural modulus of composites greatly compared with
the GO. When the filler content was 0.1 wt%, the
flexural modulus of CF/GO/BMI and CF/MAHGO/BMI composites reached the maxium values of
84.63 and 98.87 GPa, which increased 27.9 and
49.7% with respect to that of CF/BMI composite, respectively. The study also indicates that excessive
GO and MAH-GO gave the negative effects to the
flexural properties of composites due to the agglom-

eration. The agglomeration will decrease the surficial contact area of the graphene filler and thus give
bad effect in improving the mechanical properties of
the CF composites.

4. Conclusions
In this study, we have demonstrated a novel and facile
method for improving the interfacial adhesion property of CF/BMI composites. Firstly, the covalent functionalized GO was synthesized by grafting MAH onto
the GO surfaces. Then, the CF/BMI composites with
both the GO and MAH-GO at different loadings were
prepared. The effects of GO and MAH-GO on the
interfacial adhesion of CF/BMI composites were investigated and compared. Due to the high reactivity
of carbon-carbon double bond in the grafted MAH
molecules, the MAH-GO reacted with the BMI resin
during the curing process. This strong chemical interaction between the MAH-GO and the resin matrix
gave a substantial increase in the ILSS and flexural
properties of CF/BMI composite. The enhancement
of interfacial adhesion was testified by SEM images
of the fracture morphologies.
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