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Carbon nanotube/graphene nanoplatelet (MWCNT/GNP) hybrid membranes with lower liquid permeability and better barrier
e
ect compared to MWCNT membranes were successfully synthesized by vacuum �ltering. �eir morphologies, water
permeability, and pore structures were characterized by a scanning electron microscope (SEM) and nitrogen adsorption
isotherms. Furthermore, MWCNT/GNP membranes were used to improve the �ame retardancy of carbon �ber reinforced
polymer (CFRP) composites, and the in�uence of weight percentage of GNPs on the permeability and �ame retardancy of
MWCNT/GNP membranes was systematically investigated. Results show that incorporation of MWCNT/GNP membranes on
CFRP composite plates can remarkably improve the �ame retardancy of CFRP composites. Speci�cally, the incorporation of
hierarchical MWCNT/GNP membrane with 7.5 wt% of GNP displays a 35% reduction in the peak heat release rate (PHRR) for
a CFRP composite plate with the epoxy as matrix and a 11% reduction in PHRR compared with the incorporation of MWCNT
membrane only. A synergistic �ame retarding mechanism is suggested to be attributed to these results, which includes controlling
the pore size and penetrative network structure.

1. Introduction

Carbon �ber reinforced polymer (CFRP) composites have
been extensively used in aerospace systems (aircra�s, space
vehicles, satellite systems, etc.), automotive parts (bumper
beam, hood, radiator support, roof panel, etc.), sporting
goods (racing boats, golf sha�s and balls, tennis rackets,
snow skis, �shing rods, bicycle frames, race cars, etc.),
marine applications (passenger ferries, power boats, buoys,
o
shore pipelines, etc.), and civil engineering structures
(CFRP reinforced bridges). However, CFRP composites are
generally combustible because their matrix resins contain
both hydrogen and carbon atoms. Sometimes it is desirable
or required that CFRP composites would have a better �ame
retardancy [1–3].

Flame retardants, a large group of polymer additives, are
playing a major role in improving the �ame retardancy of
polymer materials. Flame retardants are mainly based on
halogen (bromine and chlorine), phosphorus, inorganic, and

melamine compounds. Among these �ame retardants, only
inorganic �llers are normally nontoxic materials; however,
conventional �llers are not e�cient �ame retardants, and the
physical properties of polymers are o�en badly a
ected by the
addition of �llers.

New �ame retardant approaches for polymer materials
have been developed using nanoadditives [4–6]. To date,
many researches focus on nanoclay [7, 8], carbon nanotubes
[9, 10], carbon nano�bers [11, 12], graphene [13, 14], nano
silica [15, 16], and polyhedral oligomeric silsesquioxanes
[17]. Generally, the addition of inorganic nanoadditives to
polymer materials results in the following: (i) the ability to
promote �ame retardancy and thermal stability of a polymer
at very low �lling levels, (ii) signi�cant improvement to the
physical properties of the polymer rather than degradation,
(iii) no environmental or toxicity problem, and (iv) no
obvious increase in the weight of the polymer materials.
�erefore, nanoparticles have a great potential to be one of
the most promising �ame retardants.
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However, there are two major obstacles that must be
overcome for the use of inorganic nanoadditives as e�cient
�ame retardants: (i) aggregation of nanoparticles and (ii)
dramatic increase of the resin viscosity at high �lling levels
[18–21]. First, the barrier e
ect of nanoadditives is believed
to be one of �ame retarding mechanisms of nanoadditives.
Nanoadditive walls make excellent gas barriers which delay
the oxidative degradation of resin during a �re accident.
Moreover, the larger surface area of nanoadditives can induce
a large amount of char which prevents the resin from
su
ering heat. However, these nano e
ects will be minimized
if nanoadditives aggregate together driven by the strong van
der Waals interaction. Second, the �ame retardant e
ect of
nanoadditives will not be signi�cant if the loading of nanoad-
ditives is low. However, the viscosity of a polymer resin
rapidly increases with the increased loading of nanoadditives,
resulting in fabricating problems of composites, especially,
when the resin is applied to CFRP composites. Bubbles
generated inside the resins with high viscosity are hard
to be removed, and the resins are hard to penetrate into
carbon �ber fabrics. Besides the viscosity issue, high loading
of nanoadditives is prone to aggregate. Consequently, it is
o�en a challenging work to fabricate a nanocomposite with
a certain high loading of nanoadditives and well dispersion
of nanoadditives. �us, the use of nanoadditives as �ame
retardants is limited.

Recently, Wu and his coworker developed novel �ame
retardancy carbon �ber reinforced polymeric composites
using buckypapers [22–24]. Buckypapers are nonwoven car-
bon nanotube membranes, in which nanotubes are well
dispersed and entangled together. Two layers of buckypapers
impregnated with epoxy resin were applied to the heat-
radiating surfaces of a CFRP composite plate during the
cone calorimeter test. It was found that the peak heat release
rate of the CFRP composite plate was reduced by more
than 60% and the smoke generation was reduced by 50%
during combustion [22]. A piece of buckypaper contains
many nanosize voids. �e �ame retarding mechanism of
buckypapers on CFRP composites may be promoting the
forming of char and stopping the dripping of thermode-
composite products. It was reported that montmorillonite,
exfoliated to nanoplates in polymer maxtrix, has a di
erent
�ame retarding mechanism through creating a “tortuous
path” to form the gas barrier [25–27]. It would be interesting
if these �ame retarding mechanisms can be synergistically
applied into CFRP composites.

In this paper, carbon nanotubes and graphene
nanoplatelets were used to fabricate hybrid membranes.
�e hybrid membranes were applied on the surface of
CFRP composite plates as �ame retarding layers. �e water
permeability and pore structures of hybrid membranes were
analyzed. �e synergistic e
ects of carbon nanotubes and
graphenes on the �ame retardancy of CFRP composites were
studied. �e e
ects of the properties (permeability and pore
structure) of buckypaper and hybrid membranes on the
�ame retardancy of CFRP composites were compared, and
the �ame retarding mechanism of hybrid membranes on
CFRP composites was analyzed.

2. Experimental

2.1. Materials. �e raw materials of graphene nanoplatelets
(GNP) with 0.5 �m to 20�m in width and 5 nm to 25 nm in
thickness were obtained from the Xiamen Knano Graphite
Technology Co. �e raw materials of multiwalled carbon
nanotubes (MWCNT) with 10–30 �m in length and 20–
50 nm in diameter were obtained from the Chengdu Organic
Chemicals Co., Chinese Academy of Sciences. Diglycidyl
ether of bisphenol A (Epon 128) was purchased from Shang-
hai Resin Factory Co. �e curing agent diethyltoluenedi-
amine (Ethancure 100) was obtained from the Chongshun
Chemical. T700 carbon �ber fabrics (Toray Industries, Inc.)
were used as reinforcement.

2.2. Preparation of MWCNT and MWCNT/GNPMembranes.
MWCNTs were dispersed in water at a concentration of
0.7mg/mL using a high intensity probe sonicator to make
a stable suspension of MWCNTs. Subsequently, a MWCNT
membranewas prepared by �ltering theMWCNTsuspension
through a nylon �ltering membrane with the aid of vacuum.
Following �ltration, theMWCNTmembranewas thoroughly
washed with deionized water and acetone to remove the
surfactant. Finally, the MWCNT membrane was carefully
peeled o
 from the �lter and dried in a vacuum oven. �e
membrane was marked as “MWCNT”.

MWCNTs and GNPs were dispersed in water at a total
concentration of 0.7mg/mL using a high intensity probe
sonicator to make a stable suspension of MWCNT and
GNP. Subsequently, the hybrid membranes of MWCNTs and
GNPs were fabricated using the same procedure to produce
MWCNT/GNP membranes. �e hybrid membranes were
marked as “MWCNT/GNP�”, where � represents the weight
percentage of GNP in hybrid membrane, and � is 2.5, 5, 7.5,
10, 20, and 25, respectively.

2.3.Water Permeability ofMWCNTandMWCNT/GNPMem-
branes. �e water permeability of the produced MWCNT
or MWCNT/GNP membranes was measured to evaluate
the barrier e
ect of GNPs in a MWCNT membrane. �e
MWCNT or MWCNT/GNP membranes were placed inside
a �lter and sealed. Deionized water was added on the mem-
brane and �owed through the MWCNT or MWCNT/GNP
membranes along the thickness direction. Vacuum was
applied to the �lter. �e water �ow rate, thickness of
MWCNT or MWCNT/GNP membranes, surface area of
MWCNT or MWCNT/GNP membranes, and vacuum pres-
sure were recorded to calculate the �-direction permeability
of MWCNT or MWCNT/GNP membranes with 70 ∼ 90 �m
in thickness and a nanoscale pore structure. �e �-direction
permeability �� (saturated permeability) was calculated by
the following equation derived from Darcy’s law:

�� =
��	

� ,

(1)

where � is the �ow rate; � is the viscosity of water; 	 is the
thickness of prepared membranes; � is the vacuum pressure.
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2.4. Preparation of Carbon Fiber Reinforced Epoxy Compos-
ites. Epoxy/T-700 CFRP composite plates with and without
MWCNT or MWCNT/GNP membranes skins were fabri-
cated by using hand layup processing followed by vacuum
bagging. Consequently, composite plates were cured at 120∘C
for 2 h and 180∘C for another 2 h and then cooled down
to the room temperature. �e controlled CFRP composite
plate was formed with six layers of T-700 carbon �ber
fabrics and was marked as “CF/EP”. �e �ame retarding
CFRP composite plates were formed with the addition
of MWCNT or MWCNT/GNP membrane skin on both
sides of a controlled CFRP composite plate: one piece of
MWCNT or MWCNT/GNP membrane was placed on the
top, and two pieces of corresponding membranes were
placed on the bottom of carbon �ber laminates on a mold.
�e composite sample was marked as “MWCNT/CF/EP”
or “MWCNT/GNP�/CF/EP”, where � represents the weight
percentage of GNP in hybrid membranes, and � is 2.5, 5, 7.5,
10, 15, 20, and 25, respectively. During cone calorimeter test,
the bottom side of the composite, with two layers ofMWCNT
or MWCNT/GNP membranes, was facing up and was closer
to the conical radiant electrical heater.

2.5. Measurements. A scanning electron microscope (SEM)
(JEOL JEM-2010, Japan) was employed to observe the
morphologies of samples. �e resolution of the secondary
electron image is 1.5 nm under 15 kV. All samples should be
dried at 50∘C for 24 h before the test.

�e speci�c surface (BET) was performed with an auto-
matic surface analyzer (ASAP2020M, USA). Prior to the
characterization of microstructure, all samples were treated
at 350∘C for 2 h in N2 atmosphere to remove any residual
surfactant.

Flammability of the resins was characterized using a cone
calorimeter performed in an FTT device (UK) according to

ISO 5660 with an incident �ux of 35 kW/m2 using a cone
shape heater. Typical results from cone calorimeter reported
here were the averages of triplicate. �e dimensions of the

sample were (100 ± 0.02) × (100 ± 0.02) × (3 ± 0.02)mm3.

3. Results and Discussion

3.1.Morphologies ofMWCNTandMWCNT/GNPMembranes.
�e top-le� picture in Figure 1 shows a photograph of a
MWCNT/GNP membrane. MWCNT/GNP membranes are
�exible and are strong enough as a free-standing membrane.
�e SEM pictures of MWCNT and MWCNT/GNP mem-
branes are also shown in Figure 1. It can be seen that all
MWCNT and MWCNT/GNP membranes are a random,
dense, and entangled network, which consists of continu-
ous individual MWCNT or mixed MWCN and GNP self-
assembled by van der Waals force during �ltration. �e size
andporous structures ofMWCNTandMWCNT/GNPmem-
brane are uniform, indicating that MWCNT and GNP were
well dispersed in the suspension. Moreover, both MWCNT
and MWCNT/GNP membranes have pores with diameters
around 100–500 nm, which are much smaller than those in
carbon �ber fabrics.

Interestingly, it can be found that the GNPs not only
uniformly dispersed in the MWCNT membrane but also
aligned along the membrane plane. �is can be explained as
the following: the �ow of water during the �ltering process
forced the GNPs to lie on the MWCNT/GNP membrane.
Some of the voids in MWCNT membrane were covered by
GNPs. �is MWCNT/GNP hybrid structure would have a
better barrier e
ect than using MWCNTs alone.

�e present developedMWCNTmembranes for improv-
ing �ame retardancy of polymer is typically prepared from
single one-dimensional carbon nanotubes through vacuum
�ltration. Although they can endow the nanoparticle with
high loading and good dispersion with polymer, the barrier
e
ect need to be further improved. As we have known,
compared with one-dimensional nanoparticles, hierarchi-
cal nanoparticles preparing by mixing one-dimensional
nanoparticles and two-dimensional nanoparticles can guar-
antee the good dispersion of two-dimensional nanoparticles
and high loading onmembranes [28, 29] and thus is expected
to successfully endow prepared hierarchical MWCNT/GNP
membranes with a better barrier e
ect. In detail, the hierar-
chical two-dimensional/one-dimensional hybrid nanoparti-
cles have a better barrier e
ect through creating a “tortuous
Path” than one-dimensional nanoparticle.

3.2. Permeability ofMWCNTandMWCNT/GNPMembranes.
Since the geometry structures of the prepared free-standing
membranes were changing from one-dimensional structure
to hierarchical structure, it is necessary to characterize their
permeability property for evaluating the barrier e
ect of
MWCNT and MWCNT/GNP membranes as shields. �e
permeability of MWCNT and MWCNT/GNP membranes
calculated by (1) are depicted in Figure 2. It can be seen
that the permeability of MWCNT/GNP membranes is lower
than that of MWCNTmembrane; while the former is closely
related with the content of GNP, there is an optimum content
of GNP to get the minimum permeability. �e di
erences
in permeability can be directly attributed to changes in the
network of nanoparticles.

In fact, the addition of GNP to MWCNT membrane
brings two opposite e
ects on permeability. On the one hand,
GNP has a lower permeability than MWCNT due to the
“tortuous Path” created by the two-dimensional structure,
so the addition of GNP into MWCNT membranes can
prolong the e
ective pervasive path and then improve the
barrier e
ect of resulting hierarchical network. On the other
hand, due to the two-dimension structure, GNPs can be
not entangled together. Moreover, the incorporation of GNP
into MWCNT may decrease the degree of entanglement
of nanotubes and therefore increase the distance between
entangled points, resulting in larger size pores compared to
a MWCNT membrane. �is may decrease the permeability
of the resultant network. In the case of aMWCNTmembrane
with a small content ofGNP, the �rst factor is dominant; while
in the case of a MWCNT membrane with a large content of
GNP, the second factor is dominant. �erefore, there is an
optimum content of GNP to get the best permeability.
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Figure 1: A photograph and SEM pictures of MWCNT and MWCNT/GNP membranes.
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Figure 2: Water permeability of MWCNT and MWCNT/GNP
membranes.

3.3. Pore Structure and Distribution of MWCNT and
MWCNT/GNP Membranes. �e size and distribution of
porosity structure for MWCNT and MWCNT/GNP mem-
branes are important characteristics that a
ect permeability
performance. Pore size distributions and BET surface area
were determined by nitrogen adsorption isotherms at 77K,
and pore size analysis was performed by BJH method. �e
pore size distributions of MWCNT and MWCNT/GNP
membranes from BJH analysis are shown in Figure 3. Both
MWCNT and MWCNT/GNP membranes show a wide
macropore peak between 100 nm and 800 nm. For the
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Figure 3: BJH pore analysis of the MWCNT and MWCNT/GNP
membranes.

MWCNT membrane, the peak of macropore size is around
470 nm, and three narrow pore distributions are around
25 nm, 40 nm, and 90 nm. However, as for MWCNT/GNP
membranes, the peak of macro-pore size arising from the
macroscopic structure of the nanotube or nanoplatelets
is still existence about 470 nm, while the previous three
narrow pore distributions which relate to the space between
nanotube or nanoplatelets aggregates almost disappear,
indicating that the incorporating of GNP into MWCNT can
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Figure 4: Dependence of heat release rate on time of CF/EP and
modi�ed CE/EP composites.

improve the dispersion of MWCNT in resultant network,
which is also proven by some investigations [30, 31]. On
the other hand, it is interesting to note that the intensities
of pore size for MWCNT membranes exceeding 800 nm
increase with the continuously increasing content of GNP.
�is phenomenon can be attributed to the di
erences
in the geometry structure of membranes, which is also
agreement with the results of morphology and permeability
tests. In addition, the calculated speci�c surface area
(
BET) and BJH mean pore width (�BJH) are presented
in Table 1. �e value of 
BET for MWCNT membrane is
only 86.9m2 g−1 which is less than the previously reported
because of its big diameter [22, 32], while the values of 
BET
for MWCNT/GNP membranes continuously decrease. In
summary, MWCNT/GNP membranes show slightly bigger
pore sizes than MWCNT membrane, which means that the
addition of GNP to MWCNT membrane produces large
amounts of pores.

3.4. Flame Retardancy and Mechanism of MWCNT/CF/EP
andMWCNT/GNP/CF/EP Composites. Generally, the di
er-
ences in geometry structure and permeability for membranes
will undoubtedly a
ect the �ame retardancy of resultant
composites. Hence, in order to investigate the detailed �ame
retardancy, the cone calorimeter was used to evaluate the
�ame retardancy of modi�ed composite because its results
correlate well with those obtained from large-scale �re tests
and can be used to predict the combustion behavior of
materials in real �res [33]. Figure 4 shows overlay plots of
heat release rate (HRR) versus time for CF/EP and modi�ed
CE/EP composites; the corresponding data are summarized
in Table 2. As for MWCNT/CF/EP composite, the maximum
peak (PHRR) displays a 25% reduction with respect to CF/EP
composite. However, with regard to MWCNT/GNP/CF/EP

Pressure

Gas

Pressure

Gas

Figure 5: Proposal �ame retarding mechanism of hierarchical
MWCNT/GNP membranes in carbon �ber reinforced epoxy com-
posite.

Table 1: Porosity of MWCNT and MWCNT/GNP membranes
derived from N2 adsorption measurements.

Sample
N2 isotherms

BET (m2 g−1)

Adsorption �BJH
(nm, 4V/A)

MWCNT membrane 86.9 198

MWCNT/GNP2.5 membrane 63.8 235

MWCNT/GNP7.5 membrane 50.6 262

MWCNT/GNP15 membrane 51.3 369

composite, it can be seen that all composites have similar
lengths of time for igniting (
ign) and time to peak HRR, but
the MWCNT/GNP7.5/CF/EP composite displays 35% and
11% reduction in PHRR comparedwithCF/EP composite and
MWCNT/CF/EP composite, respectively; meanwhile, total
heat released (THR), total smoke released (TSR), maximum
average rate of heat emission (MAHRE) also follow the
similar trend, indicating that theMWCNT/GNPmembranes
can signi�cantly slow down the combustion process and have
better �ame retardancy e
ects than MWCNT membranes.
However, the �ame retardancy seems to deteriorate with the
continuously increasing content of GNP in MWCNT mem-

brane. Speci�cally, the values of PHRR rise from 221.2 kW/m2

for MWCNT/GNP7.5/CF/EP composite to 272.7 kW/m2 for
MWCNT/GNP15/CF/EP composite, but the latter is still
lower than that of CF/EP composite.

Based on the aforementioned discussions, it can be
concluded that a proposal two-mode �ame retarding mech-
anism (Figure 5) is responsible for the greatly improving
�ame retardancy of CF/EP composite by using hierarchical
MWCNT/GNP membranes. In detail, two aspects, the pore
size and penetrative network structure, dominate the �ame
retardancy of the MWCNT/GNP/CF/EP composite. As for
MWCNT/CF/EP composites, the general �ame retarding
mechanism of MWCNT membrane is thought to be the
formation of protective barrier during combustion. �e
macropore diameter of MWCNT membrane determined
by nitrogen adsorption isotherms is around 198 nm which
is responsible for its high gas permeability, and then the
presence of MWCNT membrane on the composite surface
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Table 2: Cone calorimeter data for CF/EP and modi�ed CE/EP composites.

Sample �ign (s) PHRR (kW/m2) THR (MJ/m2) MAHRE TSR (m2/m2) Time to peak HRR (s)

CF/EP 91 339.9 17.9 82.9 707.7 125

MWCNT/CF/EP 93 255.8 12.7 64.3 523.4 120

MWCNT/GNP2.5/CF/EP 95 228.3 11.3 56.7 438.3 125

MWCNT/GNP7.5/CF/EP 91 221.2 10.7 52.6 402.1 125

MWCNT/GNP15/CF/EP 91 272.7 13.7 66.2 585.5 125

can resist decomposed gas release e�ciently. Nevertheless,
with the incorporating of GNP into MWCNT membrane,
their pore sizes tend to increase with the increased content
of GNP and then weaken the resistance of gas permeability
for MWCNT membrane; at the same time, the introduced
two-dimensional structure can exert additional synergistic
factor through “Tortuous Path” which can e
ectively retard
the progress of the gas molecules through membranes. �ese
two opposite e
ects tend to achieve balance, and the �ame
retardancy reaches its ownmaximum at an optimum loading
of GNP. However, further increasing the content of GNP, the
negative factor is dominant and thus has decreased �ame
retardancy; however this �ame retardancy is still greater
than that of CF/EP composite owing to the excellent barrier
e
ect of the prepared hierarchical membrane. In a word,
through controlling the synergistic e
ect of the pore size and
penetrative network structure, MWCNT/GNP membranes
can more e
ectively reduce the �re hazard of epoxy/T-700
composite by acting as a �re shield thanMWCNTmembrane,
which makes it a promising novel material to improve �ame
retardancy of polymeric composites.

4. Conclusions

Carbon nanotube/graphene nanoplatelet (MWCNT/GNP)
hybrid membranes with lower liquid permeability and better
barrier e
ect compared to MWCNT membranes were suc-
cessfully synthesized by vacuum �ltering, which can signif-
icantly improve the �ame retardancy of carbon �ber rein-
forced epoxy (CF/EP) composites compared with MWCNT
membrane. Speci�cally, the MWCNT/GNP7.5/CF/EP com-
posite displays 35% and 11% reductions in PHRR compared
with CF/EP composite and MWCNT/CF/EP composite,
respectively.�e improved �ame retardancy can be attributed
to a �ame retarding mechanism including two factors: pore
size and penetrative network structure. �is investigation
issues a newway to develop novel �ber reinforced composites
with good �ame retardancy.
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