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Influence of thermo-oxidative aging on the
impact property of conventional and
graphene-based carbon fabric composites

Wei Fan, Jia-lu Li, Huan Wang and Dan-dan Guo

Abstract

The effects of reinforced structure (three-dimensional braided preform and laminated plain woven fabric) and graphene

nanoplatelet-reinforced hierarchical interface on the impact properties of carbon fabric composites after thermo-oxi-

dative aging were investigated. The results indicated that the impact properties decreased with increasing aging time due

to the degradation of the matrix and fiber–matrix interface. After exposure to 140�C for 1200 h, the peak impact force

and impact strength retention rates of 3D-braided graphene nanoplatelet-coated carbon fiber-reinforced composite

were 13% and 8% higher than those of the laminated composite, respectively. One of the reasons was the graphene

nanoplatelet-reinforced gradient interphase may provide an effective shield against interface oxidation, transfer the

localized thermal stress, and restrict the movement of the different phase of the materials at the composites interface.

Another reason was the integrated structure of the 3D-braided composite can make the fiber bear impact force

together although the resin was damaged and the adhesive force between fiber bundles and resin decreased after

thermo-oxidative aging. This synergetic reinforcing effect of 3D-braided structure and graphene nanoplatelet-reinforced

hierarchical interface provides an easy and effective way to design and improve the thermo-oxidative stability of carbon

fiber-reinforced composites.

Keywords

Polymer matrix composites, thermo-oxidative aging, reinforced structure, graphene, mechanical property, interface

Introduction

Carbon fiber polymer matrix composites (CFPMCs)
have been widely used in aerospace structures due to
their superior specific strength and stiffness.1–3 In aero-
space structures, some composite parts adjacent to a
hot air source are long exposed to rather severe thermal
conditions.4 Under such conditions, oxidation reac-
tion–diffusion phenomena take place within
CFPMCs, introducing damage at the fiber–matrix
interfaces and causing formation of matrix micro-
cracks.5 However, unfortunately, the composite struc-
tures used in aerospace are prone to be subjected to
low-velocity impact,6 which is sensitive to interface per-
formance.7 Therefore, the matrix transverse cracking
and fiber–matrix interface debonding of CFPMCs
caused by thermo-oxidative aging will bring great
safety hidden trouble for their following use.

For the conventional laminated composites, the
occurrence and the development of microscopic

damage (fiber–matrix debonding or micro-cracks) give
rise to the onset of oxidized–damaged layers that
propagates along the composite plies. This process is
prone to drilling-induced delamination damage. By
contrast, three-dimensional (3D)-braided composites
show low delamination tendency in combination with
near net shape manufacturing, out-of-plane stiffness,
high strength and impact tolerance as well as anti-abla-
tion resistance.8 However, no studies have focused on
the impact property of 3D-braided composites after
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thermo-oxidative aging. Therefore, we do not know
whether the advantages of 3D braided composites
could help to improve the thermo-oxidative stability
of CFPMCs.

Previous research9 has shown that good interfacial
properties can improve the thermo-oxidative stability
of CFPMCs. In recent years, the introduction of gra-
phene nanoplatelet (GN) into conventional continuous
fiber-reinforced polymer composites to create hierarch-
ical reinforcement structures is a topic of significant
current interest due to the unique structures, outstand-
ing strength and modulus, excellent electrical and ther-
mal properties of the GN.1,10 It has been demonstrated
that by adopting the GN, significant improvements are
achieved in CFPMCs, especially for the fiber–matrix
interphase and matrix-dominated out-of-plane per-
formances, such as interfacial shear strength,1,11

impact strength,1 fatigue resistance.10 However, there
are few studies regarding the properties of GN-rein-
forced CFPMCs after thermo-oxidative aging.

For this investigation, the purpose of the current
investigation was to determine the role of reinforced
structure (3D and four-directional (4Dir) braiding pre-
form and laminated plain woven fabric) and GN-rein-
forced hierarchical interface on the impact property of
CFPMCs after thermo-oxidative aging. Therefore, spe-
cimens were thermally oxidized at 140�C for various
durations. After exposure to the high temperature,
composites are characterized to (1) determine the
weight loss and impact property at different exposure
times; (2) identify the failure modes of the 3D-4Dir
braided composites and laminated composites, and
observe the corresponding micro-cracks and surface
damage; and (3) understand the reinforced mechanism
using the different reinforced structure and the GN-
reinforced hierarchical interface.

Experimental details

Materials

Commercially available, T700-12K carbon fibers
(Toray) and plain woven T700-12K carbon fiber fabric
with areal density of 400 g/m2 and warp and weft densi-
ties of 2.5 yarns/cm (Yi Xing new carbon fiber weaving
co., Ltd) were 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 anhyd-
ride) and accelerant JC-02C (tertiary amine) was used
asmatrix. Graphite powders with an average diameter of
10 mm were purchased from Qingdao AoKe ShiMoCo.
Ltd., China. Concentrated H2SO4 (98%), concentrated
H3PO4 (85%), KMNO4, acetone, and 30% H2O2

(Tianjin Feng Chuan Co., Ltd.) were used to make GN.

Preparation of GN

Graphite oxide (GO) was synthesized with a
Marciano’s method.12,13 A 9:1 mixture of concentrated
H2SO4/H3PO4 (360:40ml) was added to a mixture of
graphite powders (3.0 g, 1wt equiv) and KMnO4

(18.0 g, 6wt equiv), producing a slight exotherm to
35–40�C. The mixture was stirred for 12 h at 50�C,
forming a thick paste. Subsequently, it was cooled to
room temperature and poured onto ice (400ml) with
30% H2O2 (3ml). The remaining solid materials were
then washed in succession with deionized water until
the pH was 7. At last, they were dried at vacuum
freeze drier for 12 h to get GO. The dry GO was
grinded into powder. GN was produced by the thermal
exfoliation10 of GO. The GO powder was
placed (200mg) in a quartz boat and the quartz boat
was put carefully into the vacuum–atmosphere tube
furnace (SK-1400�C, Central laboratory electric fur-
nace co., LTD. Tianjin, China) preheated to 1050�C
and held in the furnace for �35 s. When the quartz
boat was taken out, the black flocculent material was
the GN.

Preparation of GN-coated fibers

The GN was dispersed in acetone, and sonicated for 2 h
to obtain the stable suspension of 1 mg ml� 1. After
that, the T700-12K carbon fibers that had been
weighed were soaked in the homogeneous mixtures
for 20 s to absorb the solutions containing GN. Then
these carbon fibers coated by GN were dried at 50�C
under vacuum and the weight of carbon fibers was
measured again. The weight of GN was calculated by
changes in weight of carbon fibers. Then these steps
were repeated until the contents of GN in composites
reached 1wt%. The weight of GN in the composite was
chosen as 1% because our previous work has proved
that this content was the best proportion to improve the
bending and shear properties of carbon fiber/epoxy
composites at the room temperature.14 The procedure
of production of the GN-coated fibers is illustrated
in Figure 1.

Preparation of 3D-4Dir braided carbon fiber/epoxy
composites (BC), 3D-4Dir braided GN-coated carbon
fibers/epoxy composites (BGC), laminated plain
woven carbon fiber/epoxy composites (LC) and neat
resin (NR)

Both the 3D-4Dir braided virgin carbon fiber preforms
and 3D-4Dir braided GN-coated carbon fibers pre-
forms were manufactured by the intertwining or
orthogonal interlacing of four sets of yarns braiders
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to form a 3D sheet fabric.15 The 3D-4Dir braided archi-
tecture is illustrated in Figure 2(c). It is characterized by
almost all the braider yarns being offset at different
angles between the in-plane and through-thickness dir-
ections, which can be seen clearly from the tracer yarn

(colored yarns). An idealized model of the braid pre-
form surface is shown in Figure 2(e), where h is the
braiding pitch length, y is the surface braiding angle,
and a is the braiding angle. The average braiding angle
a of 3D-4Dir-braided preforms in this article was 22.3�.
The laminated plain woven fabric is illustrated in
Figure 2(d). The production process of BGC was the
same as that of the BC, the difference between them was
that the fibers used for BC were virgin carbon fibers
(Figure 2(b)) and those used for BGC were the GN-
coated carbon fibers (Figure 2(a)). The making process
of the composites and the neat resin is covered else-
where.16 The final specimens of the BGC, BC, and
LC are illustrated in Figure 2(f), 2(g), and 2(j), respect-
ively. The fiber volume fractions for the three compos-
ites were about 55%.

Accelerated aging experiments

In order to evaluate the durability of the composites, an
accelerated thermo-oxidative aging procedure was
adopted. Specimens were isothermally aged at 140�C
for 168, 360, 720, and 1200 h. After heating and at a
given aged time, specimens were removed, cooled in a
desiccator to avoid the humidity absorption. The
specimens were stored at 25� 3�C for at least 24 h
prior to test.

Figure 2. GN-coated carbon fibers (a); virgin carbon fibers (b); the reinforced structure diagram of BC (c); the reinforced structure

diagram of LC (d); an idealized model of the 3D-4Dir braided preform surface (e); an impact specimen of BGC (f), BC (g) and LC (j);

(h) zoom on the specimen surface corresponding to (f); (i) zoom on the specimen surface corresponding to (g); S1¼ area of

nonmachined resin-rich surfaces and S2¼ area of surfaces cut perpendicular to fibers.

Figure 1. Schematic of the graphene-depositing process on

carbon fibers.
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Tests

The surface topography of carbon fibers and cross-sec-
tion of composite specimens were obtained on a Hitachi
S-4800 FE-SEM (field emission scanning electron
microscope) and a VHX-1000 3D microscopy system.
Atomic force microscopy (AFM) observation of the
composites was performed on a CSPM 5500 scanning
probemicroscope. A JEOLTM-100 SEMwas employed
to observe fiber–matrix interfaces of the composites.

Thermal conductivity of the composites was exam-
ined by TC 3010 apparatus (Xi’an Xiatech Electronic
Technology Co. Ltd., China) according to ASTM
C1113/C1113M-09. The testing specimens had dimen-
sions of 40mm� 30mm� 4mm.

Dynamic mechanical analysis was conducted on the
specimens to investigate the glass transition tempera-
ture (Tg) according to ASTM E1640-2009 with a
three-point bending mode. The tests were performed
in the scanning temperature mode, in the range from
40�C to 185�C, at a heating rate of 5�C/min, and with
an oscillating frequency of 1.0 Hz. Three specimens of
rectangle shape with a nominal size of 60mm�

10mm� 2mm were analyzed for each level of thermal
treatment.

An electronic balance with 0.1mg accuracy was used
for recording the weight loss of composites. The impact
tests were conducted in accordance with GB/T 1451–
2005 with a three-point loading method with a 70mm
span between the supports. The impact tests were mea-
sured by Instron Dynatup 9250 HV (Figure 3), using an
impact mass of 5.5 kg and a wedge-shaped impactor.
The drop height was adjusted to produce an impact
velocity of approximately 2m/s. The dimensions of
the specimens (five for each condition) for impact
tests were 120mm� 15mm� 4mm.

Results and discussion

Surface topography and stiffness distribution of the
hierarchical interphase

To verify the introduction of hierarchical layer, the
interfacial phase structures of the pristine and the
multi-scale composites loading with 1wt% GN were
detected in detail. Surface morphologies of carbon

Figure 3. Drop-weight impact test setup (Instron Dynatup 9250 HV).
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fiber before and after depositing GN observed by FE-
SEM are shown in Figures 4(a) and 5(a), respectively. It
can be seen that the virgin T700 carbon fiber had a
smooth surface. After absorbing GN, we can see that
most GN were attached to the fiber surface (Figure
5(a)), which identified that a new hierarchical structure
was formed.17 Figures 4(b) and 5(b) are the schematic
representations of the unit cell that constitutes the two-
phase (carbon fiber/epoxy) composite (BC) and the
three-phase (carbon fiber/graphene/epoxy) hierarchical
composite (BGC), respectively. Linear scanning system
of FE-SEM is used to evaluate the element distribution
in interface region and the results are shown in Figures
4 and 5. As illustrated in Figure 4(d), a sudden drop in
the amount of carbon element can be observed from
fiber to matrix. However, this drop tendency became
much slower after addition of GN (Figure 5(d)), which
demonstrated the formation of nanocomposite inter-
face layer reinforced by GN in the carbon fiber–epoxy
interfacial phase. In addition, carbon element content
dwindled steadily from carbon fibers to epoxy, which
indicated the gradient distribution of GN in the BGC
and supported the construction of gradient interface
layers with a thickness of �0.98 mm (Figure 5(d)).

For further investigation of the interfacial phase
structures of composites, the force modulation mode
of AFM is adopted to study the stiffness of various
phases of composites, which allowed a qualitative state-
ment about the local modulus of specimen surface using
an oscillating cantilever tip that indents into the speci-
men surface. The corresponding cantilever amplitude
will change under scanning in accordance with the
local modulus of specimen. The indentation will be
larger on compliant areas, while smaller on stiff areas
of the specimen. Thus, different response of the canti-
lever from areas with different modulus could be
observed.18,19 However, due to the fact that only two
external channels are at our disposal, only the ampli-
tude of the electrical AC current signal and the ampli-
tude of the mechanical AC signal can be recorded.19

Therefore, the relative stiffness value was indirectly
indicated by the voltage generated from the cantilever
deflection of AFM. Figures 4(e) and 5(e) showed the
relative stiffness images of cross-section areas in BC
and BGC, respectively. The relative stiffness image of
carbon fibers was brighter than the surrounding epoxy,
which meant that the stiffness of carbon fibers was
higher than epoxy. Besides, it demonstrated that the

Figure 4. (a) the surface morphologies of the raw carbon fibers; (b) schematic representation of the unit cell that constitutes the

two-phase (carbon fiber/epoxy) composite (BC); (c) FE-SEM image of cross-section of the BC; (d) carbon element content varying

from carbon fibers to epoxy along the direction of arrow in (c); (e) relative stiffness image of cross-section areas of the BC; (f) relative

stiffness distribution curve of cross-section areas of the BC corresponding to (e).
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relative stiffness image displayed a clear distinction
between carbon fiber and the surrounding epoxy
(Figure 4(e)). After incorporation of GN, the boundary
of carbon fiber and epoxy became blurrier (Figure 5(e)).
Figures 4(f) and 5(f) were the corresponding relative
stiffness distribution curves of cross-section areas of
Figures 4(e) and 5(e), respectively. There was a sharp
drop of the stiffness from carbon fiber to epoxy for the
BC (Figure 4(f)). Nevertheless, this drop became more
gradual after adding GN, which implied the introduc-
tion of gradient interface layer and was in good agree-
ment with the linear FE-SEM results. The interphase
thickness value was �0.94 mm in Figure 5(f), which was
a little smaller than that in Figure 5(d) due to disparity
of specimens and experimental errors.

Thermal conductivity analysis

Figure 6 shows that the thermal conductivity of the
NR, BC, and BGC was 0.18, 0.91, and 1.03W/(mk),
respectively. It should be noted that the thermal con-
ductivity of the BC and BGC in this paper was along
the width of the specimens (transverse thermal conduct-
ivity of the composites). Compared with BC, the ther-
mal conductivity of BGC was improved by 13% due to
the small addition of GN (1wt%) with high thermal
conductivity (5000W/(mk)).20

Thermomechanical analysis

The temperature corresponding to the peak maximum
of loss modulus was defined as Tg, where the polymer
material undergoes the maximum change in mobility of
the polymer chains.21 The Tg for NR (125.5�C) was
smaller than for LC (127.6�C) and BC (141.9�C) despite
the same cure cycles (Figure 7), which might be because
the presence of fiber in the composites blocked the
mobility of the polymer chains, causing the composites

Figure 5. (a) the surface morphologies of the graphene-coated carbon fiber; (b) schematic representation of the unit cell that

constitutes the three-phase (carbon fiber/graphene/epoxy) hierarchical composite (BGC); (c) FE-SEM image of cross-section of the

BGC; (d) carbon element content varying from carbon fibers to epoxy along the direction of arrow in (c); (e) relative stiffness image of

cross-section areas of the BGC; (f) relative stiffness distribution curve of cross-section areas of the BGC corresponding to (e).

Figure 6. Thermal conductivity of NR, BC, and BGC.
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to have higher Tg. The Tg of BC was 14�C higher than
that of LC, which might be related to the fact that the
3D-4Dir braided preform had more fiber-crossing
points than that of plain woven fabric (Figure 2(c)
and (d)). And the fiber-crossing points might hinder
the flow of the molecules. The Tg of the BGC
(146.5�C) was about 5�C higher than that of BC,
which might be because of the rough and wrinkled sur-
face topology of GN-modified carbon fiber (Figure
5(a)) which can enable it to mechanically interlock,
increasing the interfacial friction and restricting the
movement of the different phase of the materials at
the composites interface.18

Weight loss analysis

Figure 8 illustrates the measured weight loss of the
three composites at 140�C as a function of aging
time. The present data were an average values obtained
from the impact specimens. The weight loss increased
with longer aging times. The weight loss of LC was
about 1.3 and 1.8 times as high as that of BC and
BGC, respectively.

In the case of CFPMCs, weight loss is (in general)
associated only with the polymer, as the reinforced
carbon fibers are thermally stable at 140�C.22 In this
research, the LC and BC specimens had the same
matrix resin content (45%), so they should have the
same weight loss. The weight loss of the two composites
did not appear to follow the expected behavior that the
weight loss of BC should be equal to that of the LC, but
rather LC lost considerably more weight than BC under
the same aging conditions. It was because surfaces of
specimens with different microstructural characteristics
were expected to exhibit different oxidation behavior.23

The cross-section photomicrographs of LC aged at
140�C for 1200 h compared to an unaged one are

shown in Figure 9. No damage was observed on the
surface of the unaged specimen (Figure 9(a)).
However, a lot of micro-cracks appeared on the aged
specimen (Figure 9(b)). The micro-cracks largely
appeared on the fiber end areas and few on the areas
parallel to the fibers (Figure 9(c) and (d)). It was
because the propagation of the oxidation in the axial
direction of fiber was dramatically greater than in the
transverse direction.23 Therefore, a specimen with
higher percentage of fiber end area exposed to air is
more susceptible to interface oxidation, resulting in
more weight loss.5,23 The weight loss data presented
in this article were an average of the values obtained
from the impact specimens, so the surface area ratio S2/
(S1+S2) for LC and BC was 23% and 2.6%, respect-
ively. However, the plain weave fabric only had half of
the fibers perpendicular to S2, so the actual fiber end
area ratio of LC was 11.5%, which was four times more
than that of BC. Besides, the LC had plies of two dif-
ferent orientations as its immediate neighbors, which
was prone to develop oxidation growth gradients
across the ply interfaces because of the anisotropy of
oxidation diffusion.24 It can be clearly seen that some
micro-cracks even seem to have developed into delam-
ination (Figure 9(d)). The micro-cracks created add-
itional permeation paths for oxygen to penetrate deep
into the composite during the aging process, accelerat-
ing the oxidation weight loss rate of composites.
Therefore, the LC lost much more weight than BC at
the same aging conditions, and the gap was continued
to be expanded with the increasing of aging time.

The BC and BGC had the same surface area ratio
S2/(S1+S2), however, the weight loss of BC was 1.4
times as high as that of BGC. Two reasons may
account for this phenomenon. To begin with, the GN
produced by thermal reduction of GO25 might have

Figure 8. Weight loss vs. aging time for specimens aged at

140�C.

Figure 7. The Tg of the neat resin and the three composites.

122 Journal of Reinforced Plastics and Composites 34(2)

www.sp
m.co

m.cn

http://jrp.sagepub.com/


residual hydroxyl and epoxide functional groups, which
could interact covalently with the epoxy chains thereby
further promoting interfacial adhesion. A strong inter-
face can hinder the diffusion of oxygen into the com-
posites, reducing the oxidation weight loss of
interface.26 Secondly, the axial (100W/(mk)) and
radial thermal conductivity (11W/(mk)) of T700
carbon fiber27 was 555 and 61 times as high as those
of NR (0.18W/(mk)), respectively. Mismatches in the
thermal conductivity between the fiber and matrix give
rise to localized thermal stress at the fiber–matrix inter-
face, which are prone to induce micro-cracks. After
adding GN at the fiber–matrix interface in carbon
fiber/epoxy composites, the thermal conductivity of
BGC was improved by 13% compared to BC. The
carbon element content dwindled steadily from
carbon fibers to epoxy (Figure 5(d)) indirectly indicat-
ing that the thermal conductivity of the GN-reinforced
gradient interphase layer was lower than that of carbon
fiber and higher than that of matrix. The gradient con-
ductive layer might transfer the interfacial thermal
stress, mitigating the interface damage. The cross-sec-
tion photomicrographs and SEM pictures of the

fracture surfaces of the unaged and aged specimens in
Figures 10 and 11 may be good evidences for the two
points of views. It can be seen that no damage was
observed on the unaged specimen surface (Figure
10(a)), but a lot of micro-cracks appeared on the end
cross-section of the aged specimen (Figure 10(b)). The
micro-cracks were also noted on the end cross-section
of BGC (Figure 10(c)). However, in comparison to the
BC, the extent of micro-cracks was much less in the
BGC specimens. By comparing Figure 10(d) and (e),
it can be seen that micro-cracks in BC were more
open than in BGC, and the fiber–matrix debonding
onset (Figure 10(d)) was observed clearly. Figure 11
shows the typical SEM pictures of the fracture surfaces
of unaged and aged BC (left) and BGC (right). The
fracture surfaces of LC were similar to those of BC,
so the fracture surfaces of LC were not present in
Figure 11. On fracture surfaces of both unaged speci-
mens (Figure 11(a) and (f)), fibers were covered with the
matrix representing a good adhesion of fiber and
matrix. However, the adhesion of fiber and matrix on
fracture surface of BGC seemed to be better than that
of BC, which indicated that GN can promote

Figure 9. Photomicrographs of cross-section of (a) unaged and (b) aged (1200 h at 140�C) LC; zoom on thermo-oxidation-induced

microcracks (c and d).
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interfacial adhesion. In aged BC specimens, the cracks
propagated almost entirely along the fiber–matrix inter-
face after aging time of 168 h (Figure 11(b)); resins
attached to the fibers decreased and the grooves were
formed due to the pull out of the fibers after aging time
of 360 h (Figure 11(c)); with increase of aging time, the
fibers were lying loosely and the fiber surfaces were
completely devoid of matrix material (Figure 11(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 surfaces of
BGC specimens were still held together by the matrix
resin after aging time of 720 h (Figure 11(i)). Although
the fibers were lying loosely after aging time of 1200 h
(Figure 11(j)), the matrix resins were still present, filling
the space between the fibers. The photomicrographs
and SEM analyses illustrated that GN-reinforced gra-
dient interphase layer in BGC not only can promote
interfacial adhesion but also can transfer the interfacial
thermal stress, mitigating the interface damage.

Impact properties analysis

Figure 12(a) and (b) shows the impact force-deflection
and total energy-deflection traces of the three unaged

composites, respectively. The impact force-deflection
traces for both BC and BGC showed a typical brittle
failure, where the force increased in an almost linear
fashion until catastrophic failure occurred, at which
point the force decreased instantaneously. After a
brief fluctuation, the force decreased slowly. The
impact force-deflection trace for LC also showed a typ-
ical brittle failure, but where the force increased in
small saw-toothed fashion until catastrophic failure
occurred, at which point the force decreased instantan-
eously. After drastic fluctuations, the force decreased in
saw-toothed fashion until it fell to zero. Besides, the
fracture deflection of LC was much larger than that
of BC and BGC. The total energy-deflection traces
for the three composites increased quickly at the begin-
ning. After an obvious turning point corresponding to
the sharp decrease in force-deflection trace, the energy
increased to the peak values at a relative slow speed.
The differences between the force-deflection traces for
the three composites were related to their failure modes.
Figure 13(a) and (b) shows the representative failure
modes of unaged LC and BC specimens after impact
test, respectively. The failure modes were similar for
both BC and BGC, therefore, only one set of them
was presented in Figure 13(b). From Figure 13(a), it
can be seen that the fibers on the tension surface of
LC fractured completely, only a very small amount of

Figure 10. Photomicrographs of cross-sections of (a) unaged and aged (1200 h at 140�C) BC (b) and BGC (c); (d) zoom on thermo-

oxidation-induced micro-cracks corresponding to (b); (e) zoom on thermo-oxidation-induced micro-cracks corresponding to (c).
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fibers exhibited bridging on the compression surface,
and delamination can be seen clearly on the side sur-
face. For BC (Figure 13(b)), no fibers fractured and
only some resin became white on the tension surface,
a few of fibers fractured and some resin were pushed
out on the compression and side surfaces, but there was
no delamination on the side surface. By comparing LC
and BC, we can conclude that the saw-toothed wave on
the force-deflection trace of LC was characteristic of
delamination damage. As the BC and BGC damaged
as a whole structure, there were no saw tooth waves on
the force-deflection traces.

In order to avoid the effects of specimen size, the
maximum peak impact force per cross-sectional area
(Fmax) was used for comparison. Figure 14(a) and (b)

shows the Fmax and impact strength for the three
unaged composite specimens. From Figure 14(a), it
can be seen that the Fmax of LC, BC, and BGC was
14.7, 16.3, and 18.1 (MN/m2), respectively. From
Figure 14(b), it can be seen that the impact strength
of LC, BC, and BGC was 104.8, 161.4, and 192.5 kJ/
m2, respectively. The Fmax and impact strength of BC
increased by 11% and 54%, respectively, compared
with those of LC. This was related to the fact that the
reinforced structures for BC and LC had different
response to the impact load. Once a specimen surface
was impacted by the impactor, it would produce com-
pression stress waves perpendicular to the specimen
surface, then the stress wave would propagate along
the specimen thickness direction to the back of the spe-
cimen and finally be reflected to form the tensile stress.
When the impact energy was big enough, the tensile
stress would be turned into interlaminar stress. For
LC, the delamination damage (the side surface in
Figure 13(a)) happened following bending deformation
when the interlaminar stress exceeded its interlaminar
strength. With the increase of specimen deformation,
the transverse shear force between the layers would
promote interface cracks to extend, and then the
impact load was quickly passed to fibers when the
cracks extended to the interface of fiber and matrix.
Under the tension stress, the fibers fractured (the ten-
sion surface in Figure 13(a)), finally lead to the com-
plete break of the specimen (the load fell to zero, see
Figure 12(a)). However, for the BC, the stress wave was
hindered by the near net shape structure formed by the
fiber and matrix when it propagated from the compres-
sion surface to the tension surface along the specimen
thickness direction. Therefore, there were only a few of

Figure 11. SEM pictures of the fracture surfaces of unaged and

aged (1200 h at 140�C) BC (left) and BGC (right).

Figure 12. Typical force–deflection impact curves (a) and total

energy-deflection curves (b) for the three unaged composites.
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Figure 13. Representative failure modes of unaged LC (a) and BC (b) specimens after impact test.

Figure 14. Peak force/ligament area (a) and impact strength (b) for the three unaged composites.
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broken fibers on the compression surface but none on
the tension surface (Figure 13(b)). Furthermore, the
delamination was prevented effectively by the braider
yarns in the thickness direction of the braided preform,
so there was no delamination (the side surface in Figure
13(b)). As the near net shape structure played an
important role in preventing the propagation of the
cracks, absorbing most of energy, the Fmax and
impact strength of BC were higher than those of LC.
The Fmax and impact strength retention rates of BGC,
which increased by 11% and 19.3%, respectively, com-
pared to those of BC, could be attributed to the reinfor-
cing effect of the GN-reinforced gradient interphase
layer. The interfacial reinforcing mechanism by the
GN might be summarized as follows: (1) the stiffness
of gradient interphase was lower than that of carbon
fiber and higher than that of epoxy. The gradient stiff-
ness made the gradient interphase act as a stress trans-
fer medium and the load can be transferred from epoxy
to carbon fibers uniformly; (2) GN had a rough and
wrinkled surface topology that can enable it to mech-
anically interlock, increasing the interfacial friction and
restricting the movement of the different phase of the
materials at the composite interface; (3) GN produced
by thermal reduction of GO25 has residual hydroxyl
and epoxide functional groups that could interact cova-
lently with the epoxy chains thereby further promoting
interfacial adhesion.

In order to compare the thermo-oxidative stability
of the three composites, the normalized method was
used to analyze the Fmax and impact strength data.
Figures 15 and 16 show the Fmax and impact strength
retention rates of the three composites after thermo-
oxidative aging, respectively. It can be seen that the
Fmax and the impact strength retention rates of the
three composites decreased with the increasing of
aging time. After aging for 1200 h, the Fmax retention
rate of LC, BC, and BGC was 75.7%, 83.8%, and
88.8%, respectively. The corresponding impact
strength retention rate of LC, BC, and BGC was
85.9%, 90.8%, and 93.9%, respectively. The decreases
should be attributed to the progressive deterioration of
the matrix and fiber–matrix interface caused by
thermo-oxidative aging. Because of the matrix degrad-
ation, the resistance of the specimen to failure (by dent-
ing and compression) at the point of impact was
reduced, and also because of the weak interface, the
load transfer from the matrix to the fibers was not
effective. By comparing LC and BC, the Fmax and
impact strength retention rates of BC were higher
than those of LC. After aging for 1200 h, the Fmax

and impact strength retention rates of BC were 8%
and 5% higher than those of LC, respectively. One
reason was that the LC lost more weight than that of
BC, and the extra weight loss was caused by the fiber–
matrix interface oxidation. Therefore, interface of LC

Figure 15. Effect of aging time on maximum peak force per ligament area for the three composites aged at 140�C.
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was damaged more seriously than that of BC at the
same aging condition. The weak fiber–matrix interface
can accelerate the oxidative degradation of CFPMCs.
Another reason was that the micro-cracks were easily
produced at the ply interfaces of LC specimens due to
anisotropy of oxidation diffusion. The micro-cracks
were prone to progress along the layer-to-layer inter-
face when the LC specimens suffered impact loads and
finally leading to delamination. This phenomenon
would be exacerbated when the resin was damaged
and the adhesive force between fiber bundles and
resin decreased after thermo-oxidative aging. On the
contrary, all braided yarns of BC interweave together
forming a fully integrated structure (Figure 2(c)), which
can enable it to mechanically interlock, even if the
cracks are formed at the interlaced places of braided
yarns, they will be hindered by the neighboring braided
yarns. Therefore, the integrated structure of BC had
more effective ability to make fibers bear impact
loads together although the resin was damaged and
the adhesive force between fiber bundles and resin
decreased after thermo-oxidative aging. The Fmax and
impact strength retention rates of BGC were 5% and
3% higher than those of BC, respectively. According to
the weight loss, the photomicrographs and the SEM
analyses, it can be believed that GN-reinforced gradi-
ent interface layer provided an effective shield against
the degradation of the fiber–matrix interface. The effect
for GN is likely due to several reasons: (1) GN pro-
duced by thermal reduction of GO25 has residual

hydroxyl and epoxide functional groups, which could
interact covalently with the epoxy chains thereby fur-
ther promoting interfacial adhesion, which can prevent
oxygen penetrate deep into the composite along the
fiber–matrix interface during the aging process, redu-
cing the interface oxidation; (2) the thermal conductiv-
ity of the GN-reinforced gradient interphase layer was
lower than that of carbon fiber and higher than that of
matrix. The gradient conductive layer might transfer
the interfacial thermal stress, mitigating the interface
damage; (3) the rough and wrinkled surface topology
of GN can enable it to mechanically interlock, restrict-
ing the movement of the different phase of the mater-
ials at the composite interface although the adhesive
force between fiber bundles and resin decreased after
long time accelerated aging at high temperature.

After exposure to 140�C for 1200 h, the Fmax and
impact strength retention rates of BGC were 13% and
8% higher than those of LC, respectively. The results
suggested that the 3D-4Dir braided structure and GN-
reinforced gradient interface exhibited synergetic rein-
forcing effect on thermo-oxidative stability of CFPMCs.

Conclusions

This paper investigated the effects of reinforced structure
(3D-4Dir braiding preform and laminated plain woven
fabric) and GN-reinforced hierarchical interface on the
impact properties of CFPMCs before and after thermo-
oxidative aging. Before aging, the Fmax and impact

Figure 16. Effect of aging time on impact strength for the three composites aged at 140�C.
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strength of BC increased by 11% and 54%, respectively,
compared with those of LC. It was because the near net
shape structure of BC can prevent the propagation of the
cracks and resist delamination damage. The Fmax and
impact strength retention rates of BGC increased by
11% and 19.3%, respectively, compared with those of
BC. It was related to the fact that the GN-reinforced
gradient interphase may transfer stress from epoxy to
carbon fiber uniformly, restrict the movement of the dif-
ferent phase of the materials at the interface, and pro-
mote interfacial adhesion. After exposure to 140�C, the
impact properties of the three composites decreased with
the increase of aging time due to the deterioration of the
matrix and fiber–matrix interface, in the form of weight
loss, micro-cracks, and fiber/matrix debonding. After
aging for 1200 h, the Fmax and impact strength retention
rates of BC were 8% and 5% higher than those of LC,
respectively. There were two reasons that account for
this phenomenon. First of all, the LC specimens,
having four times higher quantity of fibers open ends,
had shown 1.3 times the weight loss compared to the
BC specimens. As the higher weight loss was due to inter-
face oxygenation, the fiber–matrix interface of LC was
damaged more seriously than that of BC at the same
aging condition. Last but not the least, the integrated
structure of 3D-braided composite can make the fibers
bear impact load together and resist delamination
damage although the matrix and interface properties
decreased after longtime thermo-oxidative aging.
The Fmax and impact strength retention rates of BGC
were 5% and 3% higher than those of BC, respectively.
It was because the GN-reinforced gradient inter-
phase may provide an effective shield against interface
oxidation, transfer the interfacial thermal stress, and
restrict themovement of the different phase of themater-
ials at the composite interface. Compared with LC, the
Fmax and impact strength retention rates of BGC were
13% and 8% higher than those of LC, respectively.
These results demonstrated that the 3D-4Dir braided
structure and GN-reinforced gradient interface have an
obvious synergetic reinforcing effect on the impact per-
formance of CFPMCs, which provides an easy
and effective way to design and improve the
durability, safety, and reliability of CFPMCs that are
increasing the material of choice in the aerospace
industry.
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