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The self-assembled GO interlayers are easily fabricated by a dip
coating process. Carbon ﬁber reinforced polyimide (CF/PI) composites
are prepared by the inﬁltration process and compression moulding.
The GO interfacial properties with diﬀerent cycles are investigated by
scanning electron microscopy (SEM), X-ray diﬀraction (XRD) and static
contact angle measurement. Furthermore, the mechanical properties
are measured by the three point ﬂexural test. And the fracture modes
are determined by the SEM morphologies of the fracture surfaces.

Introduction
As advanced composites, carbon ber reinforced polyimide (CF/
PI) composites have attracted more and more attention, due to
their outstanding mechanical properties.1,2 The interfaces and
interlayers between the carbon ber and PI matrix were
considered as an essential and crucial part to determine the
mechanical properties of the CF/PI composites.3,4 As past
reports, many eﬀorts were carried out to improve the interfacial
properties, i.e. to oxidize the carbon ber surfaces by oxidizing
acids,5 gra the reactive molecules and nanoparticles6 and
overlay with the polymer coatings on the carbon bers and their
fabrics.7 The graphene oxide (GO), as a planar reinforcement
added in PI matrix, could signicantly improve the mechanical
properties of CF/PI composites. Recently, some studies used the
GO sheets to gra on the carbon bers by chemical modications.8,9 However, these methods need the multi-step reactions
and expensive modied agents. Moreover, the mechanical
properties of CF/PI composites are mainly determined by these
agents, which limit the enhanced eﬀects of GO sheets.10
The self-assembly methods were explored for many nanoparticles, i.e. carbon nanotubes,11 nanocubes12 and metal
nanoparticles,13 and grown on diﬀerent substrates. In past
a
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works,14 we reported on a self-assembly method in liquid–solid
interfaces to make the GO sheets oriented on the glass
substrates under the capillary forces. Herein, we developed a
facile pulling method (dip coating) of the GO sheets to be
suitable for self-assembly on carbon bers and their fabrics.
The self-assembled GO layers on the carbon fabrics were
investigated by SEM micrographs. Furthermore, structures of
these GO layers and carbon fabric with diﬀerent cycles were
conrmed by the XRD analysis. The enhanced eﬀects and
fracture behaviours of GO interlayers on the CF/PI composites
were analyzed in detail by the three point exural tests and SEM
morphologies. The interfacial wettability was investigated by a
static contact angle measurement, to explain the enhancement
eﬀects of GO interlayers on CF/PI composites.

Experimental
Materials
Natural graphite was purchased from Qingdao Carbon Materials Co. Ltd. in China. N,N-Dimethylformamide (DMF), potassium permanganate (KMnO4), sulphuric acid (H2SO4),
hydrochloric acid (HCl) and sodium nitrate (NaNO3) were of
analytical reagent (AR) grade from China Sinopharm Chemical
Reagent. T-300 carbon fabrics (12k, 7 mm) were purchased from
Japan Toray. PI powder (TY-002) was purchased from Qingyang
Tianyi Chemical Co. Ltd. in China.
Preparation of GO suspension in ethanol
Graphene oxide suspension was prepared by the modied
Hummers' method and sonicated process.15 Natural graphite
(10 g) was placed in a ask and then oxidized by KMnO4 (25 g) in
the NaNO3 (6 g) and H2SO4 mixtures (130 mL). The nished
temperature was kept at 98  C for 1 h. The as-prepared resultant
was repeatedly washed by the HCl solution and deionized water
for several times. Then, GO dispersions in ethanol were
obtained by the sonicated method for 1 h. The concentration
of 0.5 mg mL1 GO suspension was prepared for the selfassembly process.
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Preparation of GO layers on the carbon fabric
Carbon fabrics (10  10 cm) were cut and used for the pulling
method, which were immersed with the GO suspensions in
ethanol. These carbon fabrics were pulled out at a pulling rate
of 100 mm s1 by a dip coating equipment (PCTL mm dip coater)
from the 0.5 mg mL1 GO suspensions and dried at 70  C for 1 h
in a table dry oven. It was noted as one cycle and named as one
GO layer. Then, the pulling and drying processes are repeated
for 5, 10, 15 and 20 cycles, signed as CF-GO-5, CF-GO-10, CF-GO15 and CF-GO-20. Subsequently, these carbon fabrics with
diﬀerent GO layers are immersed with the 50 wt% PI solution in
DMF. Finally, CF/PI composites were prepared aer curing
at 100  C for 1 h, 120  C for 1 h, 140  C for 1 h, 160  C for 1 h,
200  C for 1 h and 230  C for 1 h under the pressure of 2 MPa.
Characterizations
Morphologies of GO sheets were observed by a transmission
electron microscope (TEM, Hitachi S-7650, 100 kV). Raman
spectra of GO sheets are recorded by a HR-800 Raman spectroscopy (Horiba Jobin Yvon LabRAM) at wavelength of 532 nm.
XPS spectrum of GO sheets was measured by a PHI-5700 ESCA
X-ray photoelectron spectrometer. The structures of carbon
bers, coated or non-coated GO layers, were investigated by an
XRD technique (Dmax-rB 12 kW, Rigaku Co., Ltd.) with Cu Ka
radiation at l ¼ 1.5406 Å and at an acceleration voltage of 40 kV.
The morphologies of the GO interlayers and fractural surfaces
of CF/PI composites were observed by a scanning electron
microscope (SEM, FEI Quanta 200FEG). Mechanical properties
were measured by a universal testing machine using WDW-20
(Changchun Kexin Co. Ltd.) with a loading rate of 2 mm min1,
according to an ASTM standard D7264. The wettability of
carbon fabrics was performed on by a JY-2 contact angle analysis (Chengde Machine Equipment Co. Ltd.).
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(C–OH) and epoxy groups. The edge morphologies exhibited
that these GO sheets were the planet structures.16 Furthermore,
the structural components of functional groups in GO sheets
were measured by tting the C1s peak in XPS spectrum. Fig. 1b
demonstrated that the C1s peak for GO sheets are content by C–
C bond at 284.5 eV, C–O bond at 270.0 eV and C]O bond at
282.2 eV. Moreover, the fractions of C]C, C–O and C]O bonds
calculated by photoelectron intensity were 58.9%, 23.4% and
17.7%, respectively. Fig. 1c showed the Raman spectra of GO
sheets, which displayed two strong peaks, a D band centered at
1380 cm1, known as the defect mode, and a G band centered at
1580 cm1, as the tangential mode.17 Moreover, the intensity
ratio of D and G bands (ID/IG) indicated the disordered degree
for carbon materials.18 For these as-prepared GO sheets, the
value of ID/IG is around 1.13, which indicated that the GO sheets
were the well-dened sp2 crystalline with many defects of
oxygen functional groups. This result suggested that the asprepared GO sheets were adapted to self-assembly and provided
the distinct p–p interactions on the carbon bers.19
Fig. 2(a) showed the schematic diagram of the dip coating
process for the self-assembled GO sheets. The equivalent pulling forces are pulling out the carbon fabrics from the GO
suspension in ethanol solvent with a pulling rate of 100 mm s1.
And then the carbon fabrics containing the GO layers are dried
at 70  C. Fig. 2(b) showed the surface morphology of carbon

Results and discussion
GO suspensions in ethanol solvent were prepared by a facile
sonicated method. To characterize their dispersions, Fig. 1a
showed a typical TEM micrograph of the as-prepared GO sheets.
An entire GO sheet has been observed, which was larger more
than 1.5 mm. Several distinct folds on the GO sheet were relative
to the oxygen functional groups, i.e. carbonyl (C]O), hydroxyl

Fig. 1

(a) Schematic diagram of the dip coating process for selfassembled GO sheets on the carbon fabrics. SEM images of (b) original
carbon ﬁber, carbon ﬁber coated by the GO interlayers for (c) 5, (d) 10,
(e) 15 and (f) 20 cycles.

Fig. 2

(a) TEM micrograph, (b) XPS spectrum and (c) Raman spectrum of the as-prepared GO sheets.
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fabric, where the smooth and crinkled stripes were obviously
presented along the axial direction of the carbon bers.20 As a
comparison, aer coated GO layers, the coarse surface of carbon
fabrics are owing to the representative layered structures from
the self-assembled GO sheets, as shown in Fig. 2(c)–(f). It is
obviously demonstrated that the GO layers covered on the
surfaces of the carbon bers are increased with the increase of
cycles. Furthermore, most of the GO sheets are assembled and
oriented along in axial direction of the carbon ber.21 Due to
no using of modied agents, we can directly examine the
enhancement eﬀects of these self-assembled GO sheets as the
interfacial layers between the carbon fabrics and PI matrix.
To determine the GO structures loading on the carbon
fabrics, XRD patterns were performed on before and aer coating
on the GO interlayers with diﬀerent cycles, as shown in Fig. 3. All
the patterns possess a similar obvious peak at 2q ¼ 26.1 (dspacing value is 3.53 Å), which are assigned to the feature
diﬀraction peak of the carbon bers.22 The GO sheets have a
broad peak centralized at 2q ¼ 11.8 (d-spacing value is 7.49 Å).23
The intensity ratios of GO sheets and carbon bers provided an
enhancement with the cycles increasing from 5 to 20. It indicated
that the self-assembled GO sheets were well covered on the
surfaces of carbon fabrics, due to no impurity peaks.
Polyimide and its composites are well-known high performance materials with outstanding mechanical properties.24 The
CF/PI composites before and aer coating of self-assembled GO
sheets were prepared by compression moulding. Fig. 4(a) and
(b) showed the exural strength and bending modulus with the
increase of cycles, respectively. Obviously, changes of these
bending properties were depended on the thickness of GO
interlayers. The diﬀerent dip coating cycles cause the thickness
of GO interlayers to increase approximately from 50 nm to 200
nm, corresponding to 5 to 20 cycles.25 The exural strength and
bending modulus of CF/PI composite are 592  13 MPa and
65.9  1.3 GPa. Aer coating of the GO interlayers for 5 cycles, it
is noted that the values of mechanical properties are 681  17
MPa (exural strength) and 68.9  1.7 GPa (bending modulus),
which are higher than that of others cycles. For 15 cycles and
more, the mechanical properties were below the non-coated CF/
PI composite. The reason was that the GO interlayers produced
the dislocation and deformation, thus, caused the decrease of
the bending properties.26

XRD patterns of the carbon fabrics and carbon fabrics coated
by GO interlayers with diﬀerent cycles.

Fig. 3
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Fig. 4 (a) The relationships for CF/PI composites between the ﬂexural
strength and cycles, (b) the relationships for CF/PI composites
between the bending modulus and cycles. SEM micrographs of the
fracture surfaces of the (c) and (d) CF/PI composites, the CF/GO/PI
composites with (e) 5, (f) 10, (g) 15 and (h) 20 cycles.

The observations for fractural morphologies are a valuable
technique to examine the fracture behaviours of the carbon
ber/fabrics reinforced polymer (CFRP) composites. Fig. 4(c)–
(h) shows the SEM micrographs of the fracture surfaces of the
CF/PI and CF/GO/PI composites with diﬀerent cycles. The
fracture mode of CF/PI composites (in Fig. 4(c) and (d)) was
caused by the extraction of carbon bers, which indicated the
CF/PI composites had a weaker interfacial strength and worse
comparability for the carbon ber and matrix. With the cycles
increasing from 5 to 20 (in Fig. 4(e)–(h)), the fracture modes of
CF/GO/PI composites changed to the interfacial delaminating
damages.27–29 Combined with the exural strength and bending
modulus, it conrmed that GO interlayers were the high
strength interlayers for carbon ber and PI matrix. For the
thinner GO layers (5 cycles), the hard interfaces are presented in
the CF/PI composites, causing the increase of mechanical
properties. However, due to the deformation of the GO interlayers, the thicker interlayers (15 and 20 cycles) would reduce
the enhanced eﬀects of GO interlayers.30 It is important
evidence that the GO interlayers below 10 cycles would play an
enhanced role to improve the mechanical properties of these
CF/PI composites.
To conrm the enhancement of GO layers, the interfacial
wettability of various carbon fabrics was measured by the static
contact angles with the 50 wt% PI solution in DMF. The testing
results are shown in Fig. 5. It demonstrated that the static
contact angle between the pure carbon fabric and PI solution is
23.5 , due to the non-polarity surfaces on carbon fabrics. Aer
coating GO interlayers, the modied carbon fabrics of 5, 10, 15
and 20 cycles displayed the static contact angles of 14.9 , 13.8 ,
16.3 and 19.5 , respectively, less than that of the pure carbon
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Contact angles between diﬀerent carbon fabrics and PI solution in DMF.

Fig. 5

fabric. Because the surface of GO sheets presents a great
number of hydrophilic functional groups, i.e. epoxy, carbonyl
and hydroxyl, these functional groups could improve the
compatibility between carbon fabrics and PI solution.31
However, with the increase of cycles, the wrinkling appeared on
the surfaces of the GO interlayers could increase the surface
roughness, which cause the increase of contact angles.32
Furthermore, the interfacial properties could be supplied by
the work of adhesion and interfacial energy between carbon
fabrics and PI solution. The contact angles could be calculated
by Young's eqn (1):33,34
gs ¼ gsl + g1 cos q

(1)

The work of adhesion between the solid surface and liquid
could be calculated by the eqn (2) as follow:
Wsl ¼ gs + gl  gsl

(2)

where gs, gl and gsl are the surface free energies of carbon
fabrics, PI solution and their solid–liquid interfaces. The gl
value is approximately 54.55 mN m1, as reported in the literature.35 q is the static contact angle. Wsl is the work of adhesion
between the carbon fabrics and PI solution in DMF.
According to these two equations, the work of adhesion
could also be resulted by the eqn (3) as follow:
Wsl ¼ g1(1 + cos q)

(3)

The works of adhesion between carbon fabrics coated by GO
layers and PI solution were much larger than the pure carbon
fabric and PI solution. Moreover, the Wsl values of these fabrics
were derived as follows: 106.3 mN m1 for pure carbon fabric,
109.0 mN m1 for 5, 109.3 mN m1 for 10, 108.6 mN m1 for 15
and 107.7 mN m1 for 20 GO layers (20 times) on the carbon
fabrics. Therefore, these GO interlayers could improve the
compatibility and enhance the interfacial strength between
carbon fabrics and PI matrix.

Conclusions
The CF/PI composites with diﬀerent GO sheets as interfacial
layers were successfully fabricated from the dip coating process
and compression moulding. The XRD and SEM results
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displayed the GO sheets were eﬀectively coated on the carbon
fabrics. Furthermore, the bending properties have obvious
enhancements with the increase of cycles, i.e. the exural
strength and bending modulus from 592  13 MPa and 65.9 
1.3 GPa for pure CF/PI composites to 681  17 MPa and 68.9 
1.7 GPa for CF/GO/PI composites with 5 cycles, respectively.
Meanwhile, the fracture modes are changed from the extraction
of carbon bers to the interfacial delaminating damages by the
fractural morphologies. The carbon fabrics with the GO interlayers displayed outstanding interfacial properties, to enhance
the wettability and interfacial strength between carbon fabrics
and PI matrix.
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