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a b s t r a c t

A novel phosphorus-nitrogen containing polymer wrapped carbon nanotubes (CNT-PD-x, x denoted the
feed ratio) were facilely prepared via strong p-p stacking interactions between the poly(-
phenylphosphonic-4,4’-diaminodiphenyl-methane) (PD) and the walls of carbon nanotubes (CNTs). The
content of polymer PD of CNT-PD-x can be controlled by adjusting the feed ratio of polymer monomers to
CNTs. The structure and properties of CNT-PD-x were characterized by Fourier transformed infrared (FT-
IR) spectroscopy, 1H nuclear magnetic resonance (1H NMR), transmission electron microscopy (TEM) and
thermo gravimetric analysis (TGA) measurements. The CNT-PD-x was incorporated into epoxy resin for
improving the flame retardancy. The LOI value reached to 33.6% when the mass fraction of CNT-PD-x
(x ¼ 20) was 4 wt%. Compared with CNTs, the same addition of CNT-PD-x (x ¼ 10) reduced the PHRR
and THR of epoxy resin more effectively. The results implied the gas-condensed phase flame-retardant
effect of CNT-PD-x, which is ascribed to the combined action of the polymer PD and CNTs on the
flame retardancy of epoxy resin.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resins (EP) have been industrialized for about 60 years
and are widely used in various practical applications, especially as
structural adhesive, protective coating and electrical encapsulation
material due to their remarkable adhesion to many substrates, low
shrinkage on cure, excellent mechanical properties and corrosion
resistance [1e5]. However, epoxy resins have low flame retardancy
that limits their high-performance applications for safety consid-
eration [6]. Thus, it is important to improve the flame retardancy of
epoxy resins. Currently, research on flame-retardant epoxy resins
have focused on three ways, direct incorporating flame-retardant
additives [7,8], building inherent flame-retardant epoxy resin
molecules [9,10] and building flame-retardant curing agents of
epoxy resin [11,12].

To obtain a highly efficient flame-retardant epoxy resin, the
syntheses of some phosphorus-nitrogen containing flame re-
tardants have already been conducted, such as hexa-(phospha-
phenanthrene-hydroxyl-methyl-phenoxyl)-cyclotriphosphazene
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(HAP-DOPO) [13,14], tri-(3-DOPO-2-hydroxypropan-1-yl)-1,3,5-
triazine-2,4,6-trione (TGIC-DOPO) [15,16], poly(melamine-
ethoxyphosphinyl-diisocyanate) (PMPC) [17] and 1,3,5-tris(2-
DOPO-10-ethyl)1,3,5-triazine-2,4,6(1H,3H,5H)-trione (DOP-Cy)
[18]. Moreover, carbon nanotubes (CNTs) have drawn intensive
interest and are considered to be a promising candidate for
improving the flame retardancy of polymer in recent decades
[19e22]. The improvement of flame retardancy is attributed to the
formation of network char layer created by decomposition of CNTs
which can hinder the heat and mass transport [23,24]. However,
the flame retardancy efficiency of the CNTs is closely related to its
dispersion in the polymeric matrix [25]. Much effort has been
devoted to improve the dispersibility of the CNTs through covalent
and non-covalent functionalization. For instance, Fang et al. pre-
pared intumescent flame retardant covalently grafted CNTs, which
showed better dispersion and flame-retardant effect [26,27].
Molybdenum-phenolic resin was grafted onto the surface of CNTs,
which improved the dispersion of CNTs in epoxy resin and showed
high char yield during combustion [28]. CNTs wrapped with MoS2
nanolayers were well-dispersed in the EP matrix, leading to
simultaneous improvement of flame retardancy and mechanical
properties [29]. Although many functionalized methods have been
reported, the high-performance CNTs are still necessary to be
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further explored at low loading.
In this work, a novel phosphorus-nitrogen containing polymer,

poly(phenylphosphonic-4,4’-diaminodiphenyl-methane) (PD) was
wrapped on the surface of CNTs by strong p-p stacking interactions
to obtain CNT-PD-x. The wrapped CNTs were mixed into diglycidyl
ether of bisphenol-A (DGEBA) to prepare non-halogen flame-
retardant epoxy resins. The flame-retardant behaviors of epoxy
resins containing CNT-PD-x were systematically characterized and
the flame-retardant effects of CNT-PD-x were also analyzed.
Scheme 1. Schematic illustration of the synthesis procedure of CNT-PD-x.
2. Experimental

2.1. Materials

Multi-walled CNTs with a diameter of less than 8 nm were
purchased from Chengdu Institute of Organic Chemistry, China.
Phenylphosphonic dichloride (PPD), 4,40-Diaminodiphenyl
methane (DDM) and triethylamine (TEA) were supplied by Sino-
pharm Chemical Reagent Co. Ltd., China. Tetrahydrofuran (THF) was
purchased from Beijing Chemical reagent Co. Ltd., China. The epoxy
resin, diglycidyl ether of bisphenol-A (DGEBA, commercial name:
E-51), was purchased from Blue Star New Chemical Material Co.
Ltd., China.
Table 1
The experimental formulae and information on CNT-PD-x.

CNT-PD-x CNT (g) TEA (g) PPD (g) DDMa (g) Yield (%) CPD (wt.%)

CNT-PD-5 1.00 3.09 2.48 3.02 60.3 77.1
CNT-PD-10 1.00 6.18 4.96 6.05 70.6 80.8
CNT-PD-20 1.00 12.36 9.92 12.10 75.6 92.7

a The amounts of DDM used were 120 wt% of the theoretical amount required.

Table 2
The formulae of the epoxy resin thermosets.

Samples EP (g) DDM (g) CNTs or CNT-PD-x
(x ¼ 5, 10, 20)

(g) (wt.%)

Pure EP 100 25.3 0 0
2%CNT/EP 100 25.3 2.6 2
4%CNT/EP 100 25.3 5.2 4
2%PD/EP 100 25.3 2.6 2
4%PD/EP 100 25.3 5.2 4
2%CNT-PD-5/EP 100 25.3 2.6 2
4%CNT-PD-5/EP 100 25.3 5.2 4
2%CNT-PD-10/EP 100 25.3 2.6 2
4%CNT-PD-10/EP 100 25.3 5.2 4
2%CNT-PD-20/EP 100 25.3 2.6 2
2.2. Preparation of CNT-PD-x and PD

The wrapped CNTs, designated as CNT-PD-x (x ¼ 5, 10 and 20, x
denoted the feed ratio of polymer monomers to CNTs) with various
contents of polymer PD of CNT-PD-x (CPD), were prepared as fol-
lows. 1.00 g of CNTs, excess TEA as acid acceptor and 200 mL THF
were fed into a 500-mL three-necked flask and placed in an ul-
trasonic bath (300 W, 80 kHz) for 30 min. Then the mixture was
stirred and cooled to 5 �C in an ice-water bath. Subsequently, a
certain amount of PPD was added into the above mixture. After the
PPD was mixed uniformly, a THF solution of DDM was added
dropwise to the mixture for 1 h with vigorous stirring while
keeping the reaction system cool. Then the reaction mixture was
maintained at 50 �C for 12 h at reflux. Finally, the reaction mixture
was filtered to remove the solvent, and the product was washed
with THF three times and then with deionized water at least three
times. The resulting product was dried in a vacuum at 80 �C for 12 h
to a constant weight. Moreover, in order to determine the CPD, a
phosphorus-nitrogen containing polymer PD was synthesized us-
ing the same method without the addition of CNTs. The synthesis
procedure is shown in Scheme 1, and the experimental formulae
are given in Table 1.
4%CNT-PD-20/EP 100 25.3 5.2 4
2.3. Preparation of flame-retardant epoxy resins

The CNT-PD-x powder was added into EP under mechanical
stirring at room temperature. Then the mixture was heated slowly
to 110 �C and stirred until CNT-PD-x was evenly dispersed in EP.
After the mixture was cooled to 100 �C, DDM as curing agent was
added and dissolved completely to form a uniform mixture. The
mixture was kept in a vacuum oven at 100 �C for 3 min for
degassing. Then the mixture was poured into the preheated molds
and cured at 120 �C for 2 h and then at 170 �C for 4 h. Moreover, the
2%PD/EP and 4%PD/EP samples with polymer PD instead of CNT-
PD-x were prepared with the same method. The 2%CNT/EP and
4%CNT/EP samples with CNTs instead of CNT-PD-x were also pre-
pared with the same method. The Pure EP sample was also made in
the same method without the addition of flame retardant.

All the details of formulae are listed in Table 2.
2.4. Characterizations

The Fourier transform infrared (FTIR) spectrawere obtained on a
Nicolet iN10MX type spectrometer. The powdered samples were
thoroughly mixed with KBr and then pressed into pellets.

Hydrogen�1 nuclear magnetic resonance (1H NMR) was ob-
tained using a Bruker AV300MB NMR spectrometer and a DMSO-d6
solvent.

Morphology of CNTs and CNT-PD-x were observed with a JEM
2100 transmission electron microscope (TEM) at an accelerating
voltage of 100 kV.

Thermo gravimetric analysis (TGA) was recorded on TA instru-
ment Q500 IR thermal gravimetric analyzer with a heating rate of
20 �C/min from 40 to 600 �C under N2 atmosphere. All the tests
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were repeated three times, and the typical TGA data were repro-
ducible within ±5%.

The limiting oxygen index (LOI) values were obtained on a FTT
(Fire Testing Technology, UK) Dynisco LOI instrument according to
ASTM D 2863-97 (sample size: 130 mm � 6.5 mm � 3.2 mm).

The fire behavior was characterized on a FTT cone calorimeter
according to ISO5660 under an external heat flux of 50 kW/m2

(sample size: 100 mm � 100 mm � 3 mm). The measurement for
each specimen was repeated three times, and the error values of
the typical cone calorimeter data were reproducible within ±5%.

The dispersion of CNTs and CNT-PD-x were examined using a FP
2032/14 Quanta 250 FEG scanning electron microscope (SEM) un-
der high vacuum with a voltage of 10 kV. The micromorphology of
the residual char from the cone calorimeter test was obtained using
scanning electron microscope (SEM, Tescan Vega II, Tescan SRO Co.,
Czech Republic) under high vacuumwith voltage of 20 kV. The SEM
instrument was fully integrated with an energy dispersive X-ray
(EDX) microanalyser for elemental analysis.

To recognize the pyrolysis fragments of polymer PD, a Shimadzu
GC-MS-QP5050A gas chromatography-mass spectrometer equip-
ped with a PYR-4A pyrolyzer was employed. The helium (He) was
utilized as carrier gas for the volatile products. The injector tem-
perature was 250 �C, the temperature of GC/MS interface was
280 �C and the cracker temperature was 500 �C.

3. Results and discussion

3.1. Characterization of CNT-PD-x

Fig. 1 shows the FTIR spectra of CNTs, PD and CNT-PD-10. For
CNTs, they have few identifiable functional groups. The peak at
1579 cm�1 is attributed to an in-plane E1u mode of monocrystalline
graphite [28]. In the FTIR spectra of PD, it is observed that the strong
absorption peaks at 1510 and 1613 cm�1 are attributed to the vi-
bration of the benzene ring skeleton. The broad absorption peak at
around 3422 cm�1 is attributed to the stretching vibration of NeH.
The characteristic peaks centered at 1288 and 1438 cm�1 corre-
spond to P]O and P-Ph, respectively. The absorption peak at
1122 cm�1 indicates the formation of the PeN. Meanwhile, the
absorption peak at 550 cm�1 corresponding to the PeCl bond
disappear. Therefore, it can be deduced that the PPD was reacted
with the DDM and the phosphorus-nitrogen containing polymer
PD was successfully synthesized. Furthermore, these characteristic
Fig. 1. The FTIR spectra of (a) CNTs, (b) PD and (c) CNT-PD-10.
peaks in the spectrum of PD also appear in the spectrum of CNT-PD-
10. It shows that the polymer PD exists in CNT-PD-10.

The 1H NMR spectrum was further used to investigate the
structural of PD. As shown in Fig. 2, the peaks of 1H NMR (DMSO-d6,
ppm): d ¼ 7.3 to 8.0 (benzene ring, 4H), d¼ 6.7 to 7.1 (benzene ring,
5H), d¼ 3.0 to 3.1 (NeH,1H), d¼ 1.1 to 1.3 (eCH2, 2H) were found in
1H NMRof PD. The results of FTIR and 1H NMR clearly indicated that
CNT-PD-10 has been successfully prepared.

In order to get the morphology of evidence, the comparison for
TEM images of CNTs and CNT-PD-10 are presented in Fig. 3. Fig. 3(a)
displays a typical TEM image of CNTs, showing very smooth surface
and clear tubes. From the TEM image of CNT-PD-10 in Fig. 3(b), the
surface of CNTs became obscure and roughness because the poly-
mer PD wrapped on the external surface of CNTs. In addition, the
increase of diameters of CNTs is discerned from CNT-PD-10 in Fig. 3
(b). The polymer PD is tightly wrapped on the surface of CNTs,
because there is a strong p-p stacking interaction between the
polymer PD and the walls of CNTs. Undoubtedly, the TEM images
provide a further direct evidence of the wrapping of CNT-PD-10.

Fig. 4 shows the TGA curves of CNTs, PD, and CNT-PD-x, which
were carried out from 40 �C to 600 �C at 20 �C/min under N2 at-
mosphere. Obviously, CNTs presented good thermal stability under
N2 atmosphere. When the temperature was increased up to 600 �C,
there was no evident decomposition in CNTs, with 96.2 wt% of
residue at that temperature. The synthesized phosphorus-nitrogen
containing polymer PD started to decompose at 258 �C and about
33.0 wt% of residue was left at 600 �C, indicating PD has a good
char-forming capability. For CNT-PD-5, CNT-PD-10 and CNT-PD-20,
about 47.5 wt%, 45.1 wt% and 37.6 wt% of residues were left at
600 �C, respectively. By comparing the differences in the weight
loss between CNTs, PD, and CNT-PD-x, the content of the polymer
PD in CNT-PD-x was roughly estimated using the following
equation:

WCNT�PD�x ¼ ð1� CPDÞ �WCNTs þ CPD �WPD (1)

where WCNTs, WPD, and W CNT-PD-x were the residues weight frac-
tions of CNTs, PD, and CNT-PD-x at 600 �C, respectively. CPD denoted
the content of the polymer PD in CNT-PD-x.

Considering that the mutual influence on thermal degradation
between PD and CNTs is possible, thus the CPD is only approximate
but not accurate. The calculated CPD is listed in Table 1. As expected,
the CPD increases with the increase of the feed ratio of polymer
monomers to CNTs.

3.2. Dispersion of CNTs and CNT-PD-x in the thermosets

The reinforcement potential of CNTs is remarkably dependent
on the dispersion of CNTs in the thermosets. Therefore, it is
necessary to determine the dispersibility of CNTs in the thermosets.
The dispersion of CNTs and CNT-PD-x were examined by SEM, as
shown in Fig. 5. The fracture surface of Pure EP in Fig. 5(a) was
smooth without nanofillers. In Fig. 5(b), it was observed that CNTs
agglomerated seriously in the thermosets due to the van der Waals
force between CNTs. In contrast, CNT-PD-10 showed a good
dispersion in the thermosets and no obvious aggregation was
observed in Fig. 5(c). This indicates that the polymer PD wrapped
on the surface of CNTs preventing the agglomeration of CNTs and
improving the dispersion of CNTs in the thermosets.

3.3. LOI test

The LOI values of all samples were measured, and the corre-
sponding results are presented in Fig. 6. It can be seen that the
presence of CNTs increased the LOI value of EP only slightly. When



Fig. 2. The 1H NMR spectrum of PD.

Fig. 3. TEM images of (a) CNTs and (b) CNT-PD-10.

Fig. 4. TGA curves of (a) CNTs, (b) CNT-PD-5, (c) CNT-PD-10, (d) CNT-PD-20 and (e) PD.
*T5 ¼ the temperature at which 5 wt% weight loss takes place.
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the mass fractions of CNTs were 2 wt% and 4 wt%, the LOI values of
CNT/EP only increased from 26.3% to 26.8% and 27.3%, respectively.
It shows that CNTs merely exhibited flame retardancy at a low level
to EP thermosets. However, the wrapped CNTs significantly
improved the LOI values of EP thermosets, the LOI value of CNT-PD-
20/EP increased to 33.6% when the mass fraction of CNT-PD-20 was
only 4 wt%. The LOI values of CNT-PD-x/EP (x ¼ 5, 10, 20) samples
were also higher than those of PD/EP samples (2%PD/EP: 29.6%, 4%
PD/EP: 30.9%), this was due to the combined action of PD and CNTs
on the flame retardancy of epoxy resin. After comparing the LOI
values of the same addition of 2%CNT-PD-x/EP (x ¼ 5, 10, 20)
samples, the LOI values firstly increased and then decreased with
the increasing feed ratio. The result can be related with the weight
ratio of polymer PD to CNTs in the EP thermoset and the suitable
CPD should be possessed a better flame-retardant effect. Moreover,
in the same CPD, the LOI values of EP thermosets also increasedwith
the increasing of wrapped CNTs addition. In a word, the flame
retardancy of wrapped CNTs is obviously superior to that of CNTs.
The deduction will be further discussed in the subsequent section.

3.4. Cone calorimeter test

Cone calorimeter test is a fire testing apparatus based on the
oxygen consumption principle and provides a wealth of informa-
tion on flammability characteristics of materials [30,31]. The partial
characteristic parameters of samples, such as peak of heat release
rate (PHRR), total heat release (THR), average effective combustion
heat (av-EHC), average yield of CO (av-COY), average yield of CO2
(av-CO2Y) and the char yield, are shown in Table 3 and Figs. 7 and 8.



Fig. 5. SEM images of fracture surfaces of (a) Pure EP, (b) 2%CNT/EP and (c) 2%CNT-PD-10/EP.

Fig. 6. The LOI values of the epoxy resin thermosets.

Table 3
The parameters of samples investigated by the cone calorimeter test.

Samples PHRR (kW/m2) THR (MJ/m2) av-EHC (MJ/kg) av-COY (kg/kg) av-CO2Y (kg/kg) Char yield (%)

Pure EP 1420 ± 53 144 ± 5 29.9 ± 0.3 0.126 ± 0.005 2.51 ± 0.10 8.81 ± 0.25
2%CNT/EP 963 ± 36 119 ± 3 26.4 ± 0.3 0.101 ± 0.004 2.16 ± 0.09 9.75 ± 0.27
2%CNT-PD-10/EP 754 ± 31 102 ± 3 23.6 ± 0.2 0.132 ± 0.005 1.90 ± 0.08 14.70 ± 0.32

Fig. 7. The HRR curves of Pure EP, 2%CNT/EP and 2%CNT-PD-10/EP.
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As shown in Fig. 7, the HRR curves of Pure EP and 2%CNT/EP had
a small shoulder after ignition and before PHRR. This characteristic
curve of HRR represents non-charring materials [32]. At the end of
combustion, the Pure EP and 2%CNT/EP formed only small amounts
of residue, which hardly influenced the shape of the HRR curve. The
HRR curve of 2%CNT-PD-10/EP showed a gentle rise after strong
initial increase up to the occurring of PHRR. This was due to the 2%
CNT-PD-10/EP formed a thicker intumescent char, which showed
effective barrier effect. Fig. 8 shows the mass loss curves of the Pure
EP, 2%CNT/EP and 2%CNT-PD-10/EP. The mass loss curve charac-
terizes the reduction of mass of the material during combustion. At
the end of combustion (500s), the char yield of 2%CNT-PD-10/EP
was obviously more than those of Pure EP and 2%CNT/EP. Therefore,
the wrapped CNTs present better charring than CNTs.

The quantitative assessment of flame retardancy can precisely
compare the difference between CNTs and CNT-PD-x in flame-
retardant effect. The gas-phase effect and charring are quantified
by the reduction of the effective heat of combustion of the volatiles
(av-EHC) and the increase in residue, respectively. The change of
THR is attributed to the changes of the effective heat of combustion
and the amount of released fuel, and the change of PHRR is
attributed to the changes of the effective heat of combustion, the
amount of released fuel and the barrier effect of the char [33,34]. In
Table 3, the av-EHC of 2%CNT/EP was reduced to 88.3% compared
with that of the Pure EP. The residue increased from 8.81% to 9.75%,
thus the amount of released fuel was reduced to 99.0% [(1e9.75%)/
(1e8.81%)]. The change of THR is correspond to the lowered
effective heat of combustion and decreased fuel available
(88.3% � 99.0% ¼ 87.4%, the tested value is 83.1%). The PHRR was
reduced to 67.8%. Hypothetically, a reduction of the PHRR to 87.4% is
attributed to the gas-phase effect and increased charring as dis-
cussed for the THR. The additional reduction of the PHRR comes
from the barrier effect of the intumescent char. This relative value is
then calculated to be 22.4% (1e67.8%/87.4%). This result demon-
strates that the barrier effect plays a main role in the flame
retardancy of 2%CNT/EP.



Fig. 8. Normalized mass loss curves of Pure EP, 2%CNT/EP and 2%CNT-PD-10/EP from
the cone calorimeter test.
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The method also can be used for calculation of 2%CNT-PD-10/EP.
The av-EHC was reduced to 78.9% due to the gas-phase effect of
CNT-PD-10. The residue increased to 14.70%, thus the amount of
released fuel was reduced to 93.5% [(1e14.70%)/(1e8.81%)]. The
reduction of THR is also attributed to the reductions of the effective
heat of combustion and amount of fuel (78.9% � 93.5% ¼ 73.8%, the
tested value is 70.7%). The PHRR was reduced to 53.1%. A reduction
to 73.8% is assumed to originate from the gas-phase effect and the
increased residue of CNT-PD-10. The additional reduction of the
PHRR also comes from the barrier effect of the intumescent char.
This relative value is then calculated to be 28.1% (1e53.1%/73.8%). It
shows that the barrier effect of the intumescent char is significant
for 2%CNT-PD-10/EP.

Moreover, the differences of flame retardancymechanisms of 2%
CNT/EP and 2%CNT-PD-10/EP are further compared. In condensed
phase, the charring and barrier effects of 2%CNT-PD-10/EP (6.5%
and 28.1%) are stronger than those of 2%CNT/EP (1.0% and 22.4%),
which just accords with the characteristics of char yield in Fig. 8.
The reason is deduced that the interaction of the products from the
Fig. 9. Digital photos of cone calorimeter residues of (
pyrolysis of the phosphorus-nitrogen containing polymer PD and
EPmatrix promoted charring of the thermosets, and the interaction
also enhanced the barrier effect of the char. Thus the reinforced
intumescent char of 2%CNT-PD-10/EP is more effective to hinder
the heat and mass transport compared with that of 2%CNT/EP. The
further evidences in detail will be provided in the following dis-
cussion. Moreover, the gas-phase effect of 2%CNT-PD-10/EP (21.1%)
is also stronger than that of 2%CNT/EP (11.7%). Combining with the
data of Py-GC/MS in the later discussion, it is concluded that the
fragments released during the pyrolysis of CNT-PD-10 presented
quenching effect and restrained the ignition of combustible vola-
tiles resulting in more incomplete combustion. Thus the CO/CO2
ratio was increased from 5.01% to 6.94%. In the 2%CNT/EP, CNTs
released CO2 during combustion, which diluted combustible vola-
tiles resulting in the reduction of the CO/CO2 ratio to 4.68%, but this
effect is very low.
3.5. Morphology analysis of residues from cone calorimeter test

The condensed-phase flame-retardant effects of the Pure EP, 2%
CNT/EP and 2%CNT-PD-10/EP were further investigated using a
digital camera and SEM with EDX. The macro-morphology images
of the residues after the cone calorimeter test are shown in Fig. 9. As
shown in Fig. 9(a), the residue from Pure EP sample reserved only
tiny amounts of badly broken char, which means that Pure EP
almost totally decomposed during combustion. The residue of 2%
CNT/EP in Fig. 9(b) presented the local destruction, and the
expansion ratio was not obvious. However, in Fig. 9(c), the residue
of 2%CNT-PD-10/EP was compact and complete, a preferable intu-
mescent char, which not only effectively hampered the heat and
mass transfer but also increased the char yield.

In order to further explore the charring and barrier effects of 2%
CNT-PD-10/EP, SEM images of cone calorimeter residues are shown
in Fig. 10. From direct observations, the residue of Pure EP in
Fig. 10(a) had a lot of open holes with different sizes, which pro-
vided channels for the combustible volatiles from the inner matrix
and heat feedback from the flame. In Fig. 10(b), the residue of 2%
CNT/EP appeared many cracks and fissures because the undis-
persed network char layer created by decomposition of CNTs was
brittle and easy to be damaged. Obviously, the residue of 2%CNT-
a) Pure EP, (b) 2%CNT/EP and (c) 2%CNT-PD-10/EP.



Fig. 10. SEM images and EDX analysis of cone calorimeter residues of (a) Pure EP, (b) 2%CNT/EP and (c) 2%CNT-PD-10/EP.
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PD-10/EP in Fig. 10(c) was very dense, and few open holes were
found. This can be explained by the facts that, on one hand, the
wrapped CNTs formed a continuous network structured protective
layer; on the other hand, the polymer PD in CNT-PD-10 generated
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some products to fill the gap of the network char layer of CNTs to
make it denser. Therefore, this residue structure can effectively seal
the combustible volatiles in the matrix and decrease the combus-
tion intensity.

Additionally, the elemental composition and content of cone
calorimeter residues were determined using EDX. The EDX data
are given in Fig. 10 and Table 4. In the case of 2%CNT-PD-10/EP, it is
markedly found the occurrence of phosphorus and the increase of
oxygen content on surface of residue. It confirms that the CNT-PD-
10 decomposed to form some viscous polyphosphates and their
related analogues in the condensed phase during combustion,
which can enhance the barrier effect of the char layer. Thus the
more significant condensed-phase flame retardancy was
obtained.
Table 4
EDX data of surface of residues.

Samples Element content (wt.%)

C O N P

Pure EP 82.46 7.08 10.46 0
2%CNT/EP 82.21 7.89 9.90 0
2%CNT-PD-10/EP 78.21 11.98 9.14 0.67

Fig. 11. Py-GC/MS spectrum of PD and the deduced chemical structure of typical m/z
peaks.

Fig. 12. The gas-condensed phase flame
3.6. Py-GC/MS analysis of PD

The pyrolysis behavior of polymer PD was disclosed to explain
why CNT-PD-x exerts the gas-phase flame-retardant effect. PD was
pyrolyzed at 500 �C and the characteristic fragments were detected
by GC/MS. The typical fragment flows with some characteristic
ionic peaks were selected, and the results are shown in Fig. 11. PD is
the polycondensation product of PPD and DDM, which means that
PD was firstly decomposed into some parts containing benzene
ring: aniline (m/z¼ 93) and benzene ring (m/z¼ 78). Subsequently,
the further pyrolysis of the parts containing benzene ring would
generate a series of inert free radicals, such as C5H6 (m/z¼ 66), C5H5
(m/z¼ 65), C4H4 (m/z¼ 52) and C3H3 (m/z¼ 39). The fragment ionic
peaks at m/z 63 and 47 were determined as PO2� and PO� free
radicals, respectively. These two free radicals can quench the active
chain reaction free radicals from the decomposed matrix and
reduce the effective heat of combustion of the volatiles, which has
been reported by many papers concerned [15,35]. Therefore, CNT-
PD-x exerts the quenching effect in gas phase, which also
confirmed the above inference.

3.7. Flame-retardant mechanism of CNT-PD-x in EP thermosets

According to all the discussed results, the flame-retardant
mechanism of CNT-PD-x in EP thermosets is illustrated in Fig. 12.
After the flame-retardant EP thermosets are ignited, the pyrolysis
of CNT-PD-x releases some fragments with quenching effect to the
gas phase resulting in more incomplete combustion, and the frag-
ments inhibit the intensity of flame, which exhibits a gas-phase
flame-retardant mechanism. In the condensed phase, on one
hand, the CNTs in CNT-PD-x forms a continuous network char layer;
on the other hand, the phosphorus-nitrogen containing polymer
PD produces some viscous polyphosphates and their related ana-
logueswith strong dehydration property, which not only fill the gap
of the network char layer of CNTs but also promote the charring of
EP matrix. Therefore, the presence of CNT-PD-x is conducive to EP
thermosets form markedly intumescent char, which can prohibit
the release of combustible volatiles from the inner matrix and heat
feedback from the flame. In a word, the CNT-PD-x has a gas-
condensed phase flame-retardant effect in which the barrier ef-
fect of the intumescent char plays a main role.

4. Conclusion

A novel phosphorus-nitrogen containing polymer wrapped
CNTs, CNT-PD-x, were facilely prepared via strong p-p stacking
interactions between the polymer PD and thewalls of CNTs. The CPD
-retardant mechanism of CNT-PD-x.
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of CNT-PD-x can be readily controlled by adjusting the feed ratio of
polymer monomers to CNTs. The composition and morphology of
CNT-PD-x exhibited that the polymer PD was wrapped on the
surface of CNTs by non-covalent modification. CNT-PD-x showed
outstanding flame-retardant effect on EP matrix compared with
CNTs. This observation was confirmed by the results of the LOI and
cone calorimeter tests. The LOI value of EP composite reached to
33.6% when the mass fraction of CNT-PD-20 was 4 wt%. The PHRR
and THR values remarkably reduced by 46.9% and 29.3%, respec-
tively, when the mass fraction of CNT-PD-10 was only 2 wt%. The
results imply the gas-condensed phase flame-retardant effect of
CNT-PD-x, which is ascribed to the combined action of the CNTs
and the polymer PD on the flame retardancy of EP thermosets. In
gas phase, the pyrolysis of CNT-PD-x can release some fragments
with quenching effect, which reduced the effective heat of com-
bustion of the volatiles. In condensed phase, the CNTs can form a
continuous network char layer, and the polymer PD produces some
viscous polyphosphates and their related analogues at the same
time, which can cover the surface of network char layer and pro-
mote the charring of EPmatrix. Therefore, CNT-PD-x imposes better
flame retardancy to EP thermosets in gas-condensed phase than
CNTs.
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