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a b s t r a c t

In order to improve the thermo-oxidative stability of three-dimensional and four-
directional braided carbon fiber/epoxy composites, we introduced a gradient interphase
reinforced by graphene nanoplatelets (GN) between the carbon fiber and the matrix, with
a liquid phase deposition strategy. Both the interlaminar shear strength and the flexural
strength of the composites were improved after thermo-oxidative aging at 140 �C for
various durations (up to 1200 h). The interfacial reinforcing mechanisms are explored by
analyzing the structure of the interfacial phase, thermal conductivity, weight loss, surface
topography, fiber/matrix interfacial morphology and thermomechanical properties of the
composites. Results indicate that the GN-reinforced gradient interphase provides an
effective shield against interface oxidation, assists in thermal stress transfer, and restricts
the movement of the different phases of materials at the composite interface.

© 2015 Elsevier Ltd. All rights reserved.pm
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1. Introduction

Carbon fiber (CF) polymermatrix composites (PMCs) are
extensively employed in the aerospace industry owing to
their high specific mechanical properties [1]. However,
degradation of the properties of the constituents, i.e., fiber,
matrix and fiber/matrix interphase, occurs when the
CFPMCs are exposed to oxidative environments at high
temperatures. In particular, fiber/matrix interface oxidation
governs the oxidation rate of the CFPMCs [2,3]. For tradi-
tional laminated composites, the occurrence and develop-
ment of microscopic damage (fiber/matrix debonding or
micro-cracks) promote delamination [4], which degrades
the structural properties and reduces service life of
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CFPMCs. However, the emergence of new advanced aero-
space applications (“hot” structures) has given a new
impetus to the development of CFPMCs with higher
thermo-oxidative stability (TOS).

Compared to conventional laminated composites, the
integrated structure of three-dimensional (3D) and four-
directional (4Dir) braided composites can improve the
TOS of the CFPMCs by enhancing the ability of the fibers to
bear the external load and resist delamination, despite the
deterioration in the matrix resin and interface properties
after thermo-oxidative aging (TOA) for long periods of time
[5]. Unfortunately, however, the flexural strength (FS) of
the 3D-4Dir braided composite decreases significantly
when the fiber/matrix interface performance declines
extensively after TOA [6].

Although substantial research has been conducted on
improving the interface performance of CFPMCs, only a
small portion has focused on the effect of interface
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performance on the TOS of CFPMCs [3,7]. Bowles [7] stud-
ied the effects of fiber surface modification on the TOS of
Graphite/PMR-15 composites and noted that the AS-4G
composites exhibited a higher interlaminar shear strength
(ILSS) compared to AS-4 composites at room temperature.
However, after TOA, the ILSS of the AS-4G composites (in
the above study) was somewhat worse than that of the AS-
4 composites. This was attributed to the 1.5 % low tem-
perature epoxy sizing at the fiber/matrix interface of the
AS-4G composites. The low temperature epoxy sizing on
the fiber surfaces degraded rapidly, resulting in diffusion of
air along the fiber/matrix interfaces, accelerating the
interface oxidation. This example illustrates that the
CFPMCs with higher bonding strengths at room tempera-
ture do not necessarily have higher TOS after TOA.
Furthermore, it demonstrates that the TOS of the reinforced
material itself has a great influence on the TOS of CFPMCs.
The introduction of GN into conventional continuous fiber
reinforced PMCs to create hierarchical reinforcement
structures is currently of significant interest owing to the
GN's unique structure, outstanding strength and modulus,
and excellent electrical and thermal properties [8,9].
Recent research demonstrates that, by incorporating GN,
significant improvements are achieved in CFPMCs, espe-
cially for the fiber/matrix interphase and the matrix-
dominated out-of-plane performance, such as interfacial
shear strength [8,10], impact strength [8] and fatigue
resistance [9]. However, there are few studies on the
properties of GN-reinforced CFPMCs after TOA.

Therefore, the purpose of the current investigation was
to determine the role of a GN-reinforced hierarchical
interface on the TOS of a 3D-4Dir braided/epoxy composite.
The specimens were thermally oxidized at 140 �C for
various durations. After exposure to the high temperature,
composites were characterized to: (1) determine the
weight loss and reduction in FS and ILSS at different
exposure times, (2) observe the corresponding micro-
cracks and surface damage, and (3) understand the rein-
forcement mechanism of the GN-reinforced hierarchical
interface. .sp
Fig. 1. Graphene nanoplatelet(GN)-coated carbon fibers(CFs) (a), commercial CFs (b
an idealized model of the 3D-4Dir braided preform surface (d), a flexural specimen
braided CF/epoxy composites (BCs) (f), zoom on the surface of BGCs (g) and BCs (h
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2. Experimental details

2.1. Materials

T700-12K CF (Toray) was used for this study. An epoxy
resin JC-02A based on diglycidyl ether of bisphenol A
(Changshu Jaffa Chemical Co., Ltd.) with hardener JC-02B
(improved methyl tetrahydrophthalic anhydride) and
accelerant JC-02C (tertiary amine) was used for the matrix.
Graphite powder with an average diameter of 10 mm was
purchased from Qingdao AoKe ShiMo Co. Ltd., China.
Concentrated H2SO4 (98%), concentrated H3PO4 (85%),
KMNO4, acetone and 30% H2O2 (Tianjin Fengchuan Co., Ltd.)
were used to make the GN.

2.2. Preparation of GN-coated CFs

The processes for making graphite oxide (GO), GN, and
GN-coated CFs are detailed in reference [11]. The difference
between the GN-coated CFs used in our study and those in
reference [11] is that the former were made with com-
mercial CFs without any treatment. The CFs absorbed
1 wt.% GN, relative to the composites. A GN concentration
of 1 wt.% was chosen because previous researchers [11]
have shown that this proportion is the best choice to
improve the FS and ILSS of CF/epoxy composites at room
temperature.

2.3. Preparation of 3D-4Dir braided CF/epoxy composites
(BCs), 3D-4Dir braided GN-coated CF/epoxy composites
(BGCs), and neat resin (NR)

Both the 3D-4Dir braided commercial CF preforms and
3D-4Dir braided GN-coated CF preforms were manufac-
tured by the intertwining or orthogonal interlacing of four
sets of yarns-braiders to form a 3D sheet fabric [12]. The
3D-4Dir braided architecture is illustrated in Fig. 1(c). It is
characterized by almost all the braider yarns being offset at
different angles between the in-plane and through-
thickness directions, which can be seen clearly from the
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), three-dimensional(3D) and four-directional(4Dir) braided architecture (c),
of 3D-4Dir braided GN-coated CF/epoxy composites (BGCs) (e) and 3D-4Dir
).
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tracer yarn (colored yarns). An idealized model of the braid
preform surface is shown in Fig. 1(d), where h is the
braiding pitch length, q is the surface braiding angle and a
is the braiding angle. The average braiding angle, a, of the
3D-4Dir braided preforms in this study was 22.3�. The
production process for the BGCs was the same as that for
the BCs, the only difference being that the fibers used for
the BCs were commercial CFs (Fig. 1(b)), whereas those
used for the BGCs were the GN-coated CFs (Fig. 1(a)). The
production processes for the composites and the neat resin
are covered elsewhere [6]. The final specimens of the BGCs
and BCs are illustrated in Fig. 1(e) and (f), respectively. The
average fiber volume fraction in the BGCs and BCs was
approximately 55%.
2.4. Accelerated aging experiments

In order to evaluate the TOS of the composites, an
accelerated TOA procedure was adopted according to ISO
2578-1998. Specimens were isothermally aged at 140 �C for
168, 360, 720, and 1200 h. After heating for a given aging
time, the specimens were removed and cooled in a desic-
cator to avoid moisture absorption. The specimens were
stored at 25 ± 3 �C for at least 24 h prior to testing.
m

2.5. Tests

The surface topography of CFs and the cross-sections of
the composite specimens were examined using a Hitachi S-
4800 field emission scanning electron microscope (FE-
SEM).Atomic forcemicroscopy (AFM)of the compositeswas
performed using a CSPM 5500 scanning probe microscope.
Afterflexural testing, the fracture surfacemorphologyof the
composites was examined in a VHX-1000 3D microscopy
system. A JEOL TM-100 SEM was employed to observe the
fiber/matrix interfacial morphology of the composites.

Thermal conductivity of the composites was measured
with a TC 3010 apparatus (Xi'an Xiatech Electronic Tech-
nology Co. Ltd., China), in accordance with ISO 22007-2-
2008. Thermal conductivity tests were conducted at 25 �C,
on specimenswith dimensions of 40mm� 30mm� 4mm.

An electronic balance with 0.1 mg accuracy was used for
recording the weight loss of the composites. The testing
method is detailed elsewhere [13].

Dynamic mechanical analysis (DMA) was conducted on
the specimens to investigate the Tg, according to ISO 6721-
11-2012, using three-point bending. The tests were per-
formed in the scanning temperature mode, in the range
from 40 to 185 �C, at a heating rate of 5 �C/min, and with an
oscillating frequencyof 1.0Hz. Three specimens, rectangular
in shape with a nominal size of 60 mm � 10 mm � 2 mm,
were analyzed for each level of thermal treatment.

The flexural specimens (80 mm length, 15 mm width
and 4 mm thickness) were first used for the weight loss
test. The flexural tests were conducted in accordance with
ISO 14125-1998 using a three-point loading method. The
ILSS of specimens (20 mm length, 10 mmwidth, and 2 mm
thickness) was determined by a three-point short beam
shear test, in accordance with ISO 14130-1997. The me-
chanical tests were conducted at 23 �C and 50% relative
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humidity, and each data point indicated in the results is an
average of three separate measurements.

3. Results and discussions

3.1. Surface topography and stiffness distribution of the
hierarchical interphase

To verify the introduction of hierarchical layers, the
interfacial phase structures of the pristine and the multi-
scale composites with 1 wt.% GN were examined in detail.
The surface morphologies of CF, before and after depositing
GN, as observed by FE-SEM, are shown in Figs. 2(a) and 3(a),
respectively. It is seen that the commercial T700 CF had a
smooth surface. After absorption, most of the GNs were
attached to the fiber surface (Fig. 3(a)), revealing the for-
mation of a new hierarchical structure [14]. Figs. 2(b) and
3(b) are schematic representations of the unit cell that
constitutes the 2-phase (CF/epoxy) composite (BC) and the
3-phase (CF/GN/epoxy) hierarchical composite (BGC),
respectively. Linear scans were conducted in FE-SEM to
evaluate the distribution of elements in the interface region,
and the results are shown in Figs. 2 and 3. As illustrated in
Fig. 2(d), a sudden drop in elemental carbon concentration
can be observed going from the CF to the epoxy. However,
this drop became much slower after the addition of GN
(Fig. 3(d)), which demonstrates the formation of a nano-
composite interface layer reinforced by GN in the CF/epoxy
interfacial phase. In addition, elemental carbon concentra-
tion dwindled steadily from the CFs to the epoxy, indicating
a gradient distribution of GN in the BGC and supporting the
construction of gradient interface layers. The thickness of
these layers was ~0.98 mm (Fig. 3(d)).

For further investigation of the interfacial phase struc-
tures of composites, the force modulation mode of AFM
was adopted to study the stiffness of various phases of
composites. This further allowed a qualitative probe of the
local modulus of the specimen surface, using an oscillating
cantilever tip that indented the specimen surface. The
corresponding cantilever amplitude changes under scan-
ning in accordance with the local modulus of the specimen.
Since compliant areas undergo larger indentation than
stiffer areas of the specimen, different responses to the
cantilever from areas with different modulus can be
observed [15,16]. However, because only two external
channels were available, only the amplitude of the elec-
trical AC current signal and the amplitude of the mechan-
ical AC signal could be recorded [16]. Therefore, the relative
stiffness value was indirectly indicated by the voltage
generated from the cantilever deflection. Figs. 2(e) and 3(e)
show the relative stiffness images of cross-sectional areas
in the BC and BGC, respectively. The relative stiffness image
of the CF was brighter than that of the surrounding epoxy,
implying that the stiffness of the CF was higher than that of
the epoxy. Furthermore, the relative stiffness image dis-
played a clear distinction between the CF and the sur-
rounding epoxy (Fig. 2(e)). After incorporation of GNs, the
boundary between the CF and the epoxy became more
blurred (Fig. 3(e)). Figs. 2(f) and 3(f) represent the corre-
sponding relative stiffness distribution curves of the cross-
sectional areas in Figs. 2(e) and 3(e), respectively. Therewas
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Fig. 3. (a) The surface morphologies of the GN-coated CF, (b) schematic representations of the unit cell that constitutes the 3-phase (CF/GN/epoxy) hierarchical
composite (BGC), (c) FE-SEM image of cross-sectional areas in the BGC, (d) elemental carbon concentration varying from the CF to the epoxy along the direction of
arrow in (c), (e) the relative stiffness image of cross-sectional areas in the BGC, (f) the relative stiffness distribution curve of the cross-sectional area in the BGC
corresponding to (e).

Fig. 2. (a) The surface morphologies of the raw CF, (b) schematic representations of the unit cell that constitutes the 2-phase (CF/epoxy) composite (BC), (c) FE-
SEM image of cross-sectional areas in the BC, (d) elemental carbon concentration varying from the CF to the epoxy along the direction of arrow in (c), (e) the
relative stiffness image of cross-sectional areas in the BC, (f) the relative stiffness distribution curve of the cross-sectional area in the BC corresponding to (e).
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a sharp drop in stiffness from CF to epoxy for the BC
(Fig. 2(f)). Again, this drop became more gradual after
adding GN, which implied the introduction of a gradient
interface layer in good agreement with the linear FE-SEM
results. The interphase thickness value was ~0.94 mm
(Fig. 3(f)), which is a little smaller than that in Fig. 3(d),
most probably due to specimen disparity and experimental
errors.



Fig. 4. Thermal conductivity of neat resin (NR), 3D-4Dir braided CF/epoxy
composite (BC), and 3D-4Dir braided GN-coated CF/epoxy composite (BGC).
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3.2. Thermal conductivity analysis

Fig. 4 shows that the thermal conductivity of the NR, BC,
and BGC was 0.18, 0.91, and 1.03W/mK, respectively. In this
study, the thermal conductivity of the BC and BGC was
measured along the width of the specimens (i.e., transverse
thermal conductivity of the composites). Compared to the
BC, the thermal conductivity of the BGC was 13% higher
owing to the addition of GNs (1 wt.%) with a high thermal
conductivity (5000 W/mK) [17].
m
3.3. Weight loss analysis

Since the oxidation process is sensitive to the surface
area of the different test specimens [18], the TOA data are
presented in terms ofweight loss per unit surface area of the
specimens as a function of aging time (see Fig. 5). Note that,
for both types of composites, theweight loss increasedwith
aging time. However, the overall weight loss as well as the
rate of weight loss was higher in the BCs than in the BGCs.
Two reasons may account for this phenomenon. Firstly, the.sp
Fig. 5. Weight loss per unit surface area of the BC and BGC specimens vs.
aging time at 140 �C.

www
GN produced by the thermal reduction of GO [19] could
have residual hydroxyl and epoxide functional groups,
which could interact covalently with the epoxy chains,
thereby furthering interfacial adhesion. A strong interface
can hinder the diffusion of oxygen into the composites,
reducing the oxidation weight loss of the interface [3].
Secondly, the axial (100 W/mK) and radial thermal con-
ductivity (11 W/mK) of the T700 CF [20] were 555 and 61
times as high, respectively, as the value for the NR (0.18 W/
mK). Mismatches in the thermal conductivity between the
CF and the matrix give rise to localized thermal stresses at
the fiberematrix interface, which makes it prone to micro-
cracks. After adding GN at the fiberematrix interface in CF/
epoxy composites, the thermal conductivity of the BGC was
improved by 13% compared to that of the BC. The elemental
carbon content dwindled steadily from the CF to the epoxy
(Fig. 3(d)), indirectly indicating that the thermal conduc-
tivity of the GN-reinforced gradient interphase layer was
lower than that of the CF and higher than that of thematrix.
Such a gradient conductive layer could transfer the inter-
facial thermal stress, mitigating the interfacial damage. The
cross-sectional photomicrographs and SEM pictures of the
fracture surfaces of the un-aged and aged specimens, in
Figs. 6 and 7,maybe good evidence for the two explanations
above about the potentiation of GNs. Nodamage is observed
on the un-aged specimen surface (Fig. 6(a)), but many
micro-cracks appear on the end cross-section of the aged
specimen (Fig. 6(b)). Themicro-cracks are also noted on the
end cross-section of the BGC (Fig. 6(c)). However, in com-
parison to the BC, the extent of micro-cracks is much less in
the BGC specimens. By comparing Fig. 6(d) and (e), it can be
seen that micro-cracks in BCs are more open than in BGCs,
and the fiberematrix debonding onset (Fig. 6(d)) is
observed clearly. Fig. 7 shows the typical SEMpictures of the
fracture surfaces of un-aged and aged BC (left) and BGC
(right). On the fracture surfaces of both un-aged specimens
(Fig. 7(a) and (f)), the fibers are covered with the matrix,
indicating good adhesion between fiber and matrix. How-
ever, the adhesion between fiber andmatrix on the fracture
surface of BGCs seems to be better than that in BCs, which
indicates that GN can promote interfacial adhesion. In aged
BC specimens, the cracks propagated almost entirely along
the fiber/matrix interface after aging for 168 h (Fig. 7(b)).
After aging for 360 h, the amount of resin attached to the
fibers decreased, and grooves were formed due to fiber pull
out (Fig. 7(c)). With further increase in aging time, fibers
were loose, and the fiber surfaces were completely devoid
of matrix material (Fig. 7(d) and (e)). Significant interfacial
failure was also noted in the fracture surfaces of composites
with GN-coated fibers. However, in comparison to the BC
specimens, the extent of the interfacial failure was much
less in the BGC specimens. The fibers on the fracture sur-
faces of the BGC specimens were still held together by the
matrix resin after aging for 720 h (Fig. 7(I)). Furthermore,
although the fibers had pulled loose after aging for 1200 h
(Fig. 7(J)), matrix resins were still present, filling the space
between the fibers. The photomicrographs and SEM ana-
lyses reveal that the GN-reinforced gradient interphase
layer in BGCs not only promotes interfacial adhesion, but
also facilitates the transfer of interfacial thermal stress,
mitigating interface damage.
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Fig. 6. The cross-sectional photomicrographs of the un-aged (a) and aged BC (b) and BGC (c). (d) Zoom on thermo-oxidation induced micro-cracks corresponding
to (b), and (e) Zoom on thermo-oxidation induced micro-cracks corresponding to (c).
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3.4. Thermomechanical property analysis

Polymer materials undergo a maximum change in the
mobility of polymer chains at a temperature corresponding
to the peak maximum of loss modulus, defined as Tg [21].
The values for Tg were extracted from the DMA traces (see
Fig. 8). The Tg for the un-aged BGC (146.5 �C) was about 5 �C
higher than that of the BC (141.9 �C). There are two possible
reasons for this observation. One is that the interface
bonding performance of BGCs is better than that of BCs, and
a strong interface can restrict the movement of different
phases of the materials at the interfaces. The other is the
rough and wrinkled surface topology of GN-modified CF
(Fig. 3(a)), which facilitates mechanical interlocking,
thereby increasing the interfacial friction and restricting
the movement of the different phases of the materials at
the interfaces [15]. Additionally, the Tg for all the BCs and
BGCs decreased with longer aging times owing to the
scission degradation of the matrix resin [22]. However, the
degree of drop in Tg for the BC was higher than that for the
BGC. For example, after aging for 1200 h at 140 �C, the Tg for
the BC decreased by 7.3 �C, which was greater than the
decrease for the BGC (4.5 �C). This is because the GN
enhanced gradient interface layer effectively alleviates the
interface oxidation in BGCs.

3.5. Mechanical properties analysis

The thermo-oxidative degradation of CFPMCs is mainly
controlled by the matrix and fiber/matrix oxidation
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[4,23e25], and the FS and ILSS of CFPMCs are very sensitive
to the matrix strength and the interfacial bonding between
the fiber and matrix [26,27]; hence, FS and ILSS were cho-
sen as positive indicators of thermo-oxidative degradation.

The ILSS and FS values for the two un-aged composites
are shown in Fig. 9(a) and (b), respectively. With the small
addition of GN (1 wt.%), the ILSS increased from 59.86 MPa
in the BC to 70.79 MPa in the BGC (Fig. 9(a)), an 18% in-
crease. Similarly, the FS increased from 724.01 MPa in the
BC to 832.57 MPa in the BGC (Fig. 9(b)), a 15% increase. The
probable rationale for the interfacial reinforcement by GNs
is summarized as follows: (1) the stiffness of the gradient
interphase is lower than that of the CF and higher than that
of the epoxy. The gradient in stiffness results in the gradient
interphase acting as a stress transfer medium, transferring
the load from the epoxy to the CFs more uniformly, (2) the
rough and wrinkled surface topology of the GN-modified
CF enables it to mechanically interlock, increasing the
interfacial friction and restricting the movement of the
different phases of materials at the composite interfaces,
and (3) GN produced by the thermal reduction of GO [19]
might have residual hydroxyl and epoxide functional
groups which could interact covalently with the epoxy
chains, thereby further promoting interfacial adhesion. The
good interfacial bonding can probably prevent oxygen
penetration deep into the composite along the fiber/matrix
interface during the TOA process, reducing oxidation of the
interface.

In order to compare the TOS of the two composites, the
normalized method was used to analyze the ILSS and FS



Fig. 7. SEM pictures of the fracture surfaces of the unaged and aged (1200 h at 140 �C) BC (left) and BGC (right).
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Fig. 8. The Tg for BC and BGC vs. aging time at 140 �C.

Fig. 9. Interlaminar shear strength (ILSS) (a) and flexural strength (FS) (b) of
the unaged BGC and BC.
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data. Fig. 10(a) and 10(b) show the normalized ILSS and FS
of the two composites, respectively. In both the BC and the
BGC, a decrease in FS and ILSS was observed with
increasing aging time, which can be attributed to thew.
Fig. 10. ILSS (a) and FS (b) retention rate of BC and BGC vs. aging time at
140 �C.

ww
progressive deterioration of the matrix and fiber/matrix
interface caused by the TOA in the form of weight loss,
micro-cracks and fiber/matrix debonding. However, under
the same aging conditions, the ILSS and FS retention rates
for the BGC were higher than those for the BC. For example,
after aging for 1200 h, the ILSS retention rate for the BGC
(80%) was 6% higher than that for the BC (74%). Similarly,
the FS retention rate for the BGC (83%) was 9% higher than
that for the BC (74%). This is due to the reinforcing effect of
the GN, which is probably due to the reasons specified
previously.

4. Conclusions

This study investigates the effect of a graphene nano-
platelet (GN)-reinforced gradient interface on the thermo-
oxidative stability (TOS) of three-dimensional (3D) and
four-directional (4Dir) braided carbon fiber/epoxy com-
posites before and after thermo-oxidative aging (TOA).
Before TOA, the interlaminar shear strength (ILSS) and
flexural strength (FS) of the 3D-4Dir braided GN-coated
carbon fiber/epoxy composites (BGCs) increased by 18%
and 15%, respectively, compared to the values for the 3D-
4Dir braided CF/epoxy composites (BCs). This increase re-
lates to the fact that the GN-reinforced gradient interphase
may promote stress transfer from the epoxy to the carbon
fibers more uniformly, restrict the movement of different
phases of the materials at the interface, and promote
interfacial adhesion. After exposure to 140 �C, the ILSS and
FS of the two composites decreased with increase in aging
time due to the deterioration of the matrix and fiber-
ematrix interface, in the form of weight loss, micro-cracks
and fiber/matrix debonding. However, under the same
aging conditions, the FS and ILSS of the BGCs were higher
than those of the BCs. For example, after aging for 1200 h,
the ILSS and FS retention rates for the BGC were 6% and 9%
higher than those for the BC, respectively. This is attributed
to the following rationale: the GN-reinforced gradient
interphase probably provides an effective shield against
interface oxidation, aids in the efficient transfer of inter-
facial thermal stress, and restricts the movement of the
different phases of the materials at the composite interface.
The study illustrates that the GN-reinforced gradient
interface can efficiently improve the TOS of the 3D-4Dir
braided carbon fiber/epoxy composites.
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