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ABSTRACT: A novel hybridized multifunctional filler (CPBN),
cyclotriphosphazene/hexagonal boron nitride (hBN) hybrid, was
synthesized by chemically coating hBN with hexachlorocyclo-
triphosphazene and p-phenylenediamine, its structure was
systemically characterized. Besides, CPBN was used to develop
new flame retarding bismaleimide/o,0’-diallylbisphenol A (BD)
resins with simultaneously high thermal conductivity and thermal
stability. The nature of CPBN has a strong influence on the
flame behavior of the composites. With the addition of only 5 wt
% CPBN to BD resin, the thermal conductivity increases 2 times;
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meanwhile the flame retardancy of BD resin is remarkably increased, reflected by the increased limited oxygen index, much
longer time to ignition, significantly reduced heat release rate. The thermogravimetric kinetics, structures of chars and pyrolysis
gases, and cone calorimeter tests were investigated to reveal the unique flame retarding mechanism of CPBN/BD composites.
CPBN provides multieffects on improving the flame retardancy, especially in forming a protective char layer, which means a more
thermally stable and condensed barrier for heat and mass transfer, and thus protecting the resin from further combustion.
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1. INTRODUCTION

As functional materials, flame retarding polymers have been
increasingly required by numerous industries from cutting-
edges fields (such as aerospace, electric information, new
energy, insulating, etc.)' ™ to daily life related general fields
(including decorates, construction, textile, and so on).*®
However, almost all polymers do not have good flame
retardancy, and lots of researches have concluded that adding
flame retardants into polymers is an effective way to prepare
flame retarding polymers,®” so the progress of flame retarding
polymers greatly depends on the development of high
performance flame retardants.

The concept of “high performance flame retardants” has
been continuously updated to meet more and higher
requirements of rapid development of industries, the main
features are environment-friendly, high efficient and multifunc-
tional. Note that high thermal resistance and thermal
conductivity also become representative features of high
performance flame retardants for IT and new energy fields;"
however, few literature focused on this subject. One possible
reason is that high thermal conductivity seems to be not
beneficial to get high flame retardancy because the external heat
may pass into the interior quickly, that is, it is not easy to
prepare a material with simultaneously high thermal resistance
and thermal conductivity. Another fact is that to obtain good
flame retardancy or high thermal conductivity, different
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functional fillers have been used. Specifically, as organic
materials generally do not have high thermal conductivity, so
inorganic materials with high thermal conductivity have been
often used to get high thermal conductivity. On the other hand,
compared with organic flame retardants, inorganic flame
retardants are environment-friendly, but their loadings are
usually large, and some of them are even higher than 40 wt % to
get good flame retardancy.”™'' Therefore, to develop flame
retardants with high thermal conductivity, inorganic/organic
hybrids may be the right candidates.

In the past decade, many works focused on organic/inorganic
hybrids because they have great possibility to inherit the merits
and overcome the disadvantages of both organic and inorganic
materials.'*~'* Up-to-date, only several hybrids were prepared
to act as flame retardants; however, these hybrids did not have
high thermal conductivity. Therefore, it is of great interest to
make progress on this issue.

Hexagonal boron nitride (hBN) is known to be a layered
material with super high thermal conductivity (200 W/mK),"®
which is one of the highest values owned by inorganic fillers.
Besides, hBN also has other outstanding performances
including good dimensional and thermal stability, desirable
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chemical and antioxidant ability.'> Note that these perform-
ances are even better than graphenes,ls’16 however, unfortu-
nately, the corresponding researches on hBN and related
materials are very limited. One possible reason is that the
content of active groups on the surface of hBN is so small that
it is difficult to be functionalized. Up-to-date, only several
research groups added hBN into epoxy resin,'” polyimide,'® or
bismaleimide resin,'” and found that the related composites
have increased thermal stability or thermal conductivity
compared with original resins. For example, after 2 wt % silane
modified hBN was embodied into polyimide, the initial thermal
degradation temperature (T, the temperature at which the
weight loss is S wt %) increased about 15 °C;'® while with the
addition of S wt % hBN into bismaleimide resin, the Ty does
not obvious change, but the thermal conductivity increases
from 0.4 to 0.5 W/mK."”

Cyclophosphazene and derivatives are known to be effective
flame retardants.”® Kumar’s*"** and Allcock’s™® groups studied
polyimide and epoxy resin with cyclophosphazene, and found
that the char yields at 700—800 °C of these polymers were as
high as 80 wt %; moreover, when these polymers were used as
matrices to prepare graphite fiber reinforced composites, the
resultant composites could not burn even in a pure oxygen
atmosphere.

This Research Article gives the first report on design and
synthesis of new hybridized fillers with multifunctions,
cyclophosphazene hybridized hBN (CPBN), which can be
used as both flame retardant and thermal conductor.
Considering the importance and great potential of applica-
tions,>*** 0,0’-diallylbisphenol A (DBA) modified bismaleimide
(BD) resin was chosen for evaluating the functional effects of
CPBN. A series of CPBN/BD composites with different
loadings of CPBN were prepared, moreover, the structure and
properties of CPBN/BD composites were systematically
investigated. Some interesting phenomena were founded, and
the origin behind was studied.

2. EXPERIMENTAL SECTION

2.1. Materials. hBN with a purity of 99.3% was purchased from
Zibo Jonye Ceramic Technologies Co., Ltd. (China), of which the
average particle size was about 3 pm. 4,4'-Bismaleimidodiphenyl-
methane (BDM) was obtained from Northwestern Chemical
Engineering Institute (China), DBA was provided by Soochow
University (China), hexachlorocyclotriphosphazene (HCCP) with a
purity of above 99% was purchased from Zibo Lanyin Chemical Co.,
Ltd. (China). p-Phenylenediamine (PDA) and triethylamine were
obtained from Beijing Chemical Works (China). y-Aminopropyl
triethoxysilane (APTS) was bought from Zhangjiagang Guotai
Huarong New Chemical Materials Co., Ltd. (China). Other reagents
were commercial products with analytical grades and used without
further treatment.

2.2. Synthesis of Cyclotriphosphazenes/hBN Hybrid (CPBN).
hBN (1 g) and APTS (1 wt %) were dispersed in toluene (S0 mL)
with an ultrasonical agitation under a nitrogen atmosphere to form a
mixture. The mixture was then stirred at 110 °C for 10 h and washed
with absolute ethanol for several times, followed by drying at 80 °C for
12 h. The resultant product was denoted as aBN. These aBN particles
were dispersed in tetrahydrofuran (THF) (S0 mL) via ultrasonication
to get a homogeneous mixture. The mixture and triethylamine (10
mL) were put into a 500 mL four-necked flask in an ice-bath with
stirring at 0 °C for 1.5 h. And then the HCCP (2.0 g)/THF(50 mL)
solution was slowly dropped into the flask within 2 h with stirring,
followed by maintaining at 65 °C for 8 h under a nitrogen atmosphere
to obtain a crude product. After that the crude product was filtered,
washed, and dried, successively, to get the intermediate product, coded

as HBN. The obtained HBN and 50 mL THF were put into a 500 mL
four-necked flask, into which triethylamine (8 mL) was poured with
stirring within 0.5 h. PDA (1.3 g) dissolved in S0 mL of THF was
dropped into the flask within 0.5 h, and the reaction was carried out
for 8 h with stirring at 65 °C under a nitrogen atmosphere. After that
the particles were quickly vacuum-filtered to completely remove free
HCCP, which was then washed using THF and absolute ethanol for
several times, and dried at 80 °C for 12 h, successively. The resultant
product was CPBN.

2.3. Preparation of BD Resin, hBN/BD, and CPBN/BD
Composites. Appropriate quantities of BDM and BDA (the molar
ratio of BDM to DBA was set at 1:0.86) were put into a beaker with a
mechanical stirrer and a thermometer, and then the beaker was heated
to 130—135 °C and maintained within that temperature range with
stirring until a clear and brown liquid was obtained. After that, hBN
particles with appropriate quantity were added into the liquid, and
maintained at that temperature with stirring for an additional 30 min
to get a hBN/BD prepolymer. The hBN/BD prepolymer was poured
into a preheated glass mold and degassed under vacuum at 130 °C for
30 min. After that, the mold was put into an oven for curing using the
procedure of 150 °C/2 h + 180 °C/2 h + 200 °C/2 h + 220 °C/2 h,
and followed by a postcuring at 230 °C for 4 h. The resultant
composite was coded as hBNx/BD, where x represents the mass
fraction of hBN particles in the composite, taking values of 5, 10, and
20. Composites made up of CPBN and BD were also prepared
according to the same process above, except that hBN was replaced by
CPBN, and the resultant composite was named as CPBNy/BD, where
y represents the mass fraction of CPBN in the composite, taking values
of 5, 10, and 20. BD prepolymer and cured resins were also prepared
following above procedure for hBN/BD composites except that no
hBN was added.

Fourier Transform Infrared (FTIR) Spectra. Each sample was
pressed into a pellet with KBr, which was then put into a Prostar
LC240 infrared spectrometer (Agilent Technologies, Palo Alto, USA)
for getting the FTIR spectrum between 400 and 4000 cm™ at a
resolution of 2 cm™.

Fluorescence Emission Spectra. The fluorescence emission spectra
were measured using a QM/TM/IM steady-state and time-resolved
fluorescence spectrofluorometer (PTI Ltd.,, USA) under an excitation
at 291 nm.

X-ray Diffraction (XRD) Analyses. A MERCURY charge-coupled
device X-ray diffractometer (Rigaku Tokyo, Japan) with Cuka
radiation (4 = 0.154056) was used to record the XRD patterns. The
20 angle ranged from 10° to 80°, and the scanning rate was 2 deg/min.

Scanning Electron Microscope (SEM). The morphologies of
composites were observed by SEM (Hitachi S-4700, Tokyo, Japan)
equipped with an energy dispersive spectrometry (EDS) attachment.
Each sample was dried at 100 °C for 6 h before tests and then sprayed
with a thin layer (about 10 nm) of gold.

Aberration-Corrected High-Angle Annular Dark-Field SEM Micro-
scope (HAADF-STEM). A FEI TechaiG220 transmission electron
microscope (TEM, USA) coupled with an EDS attachment operating
at an acceleration voltage of 200 kV was employed to observe the
STEM images of a sample and get various elemental mappings.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
recorded employing a Shimadzu-KRATOS Analytical-Axis ULTRA-
DLD spectrometer (Manchester, U.K.) with monochromatized Al Ka
X-ray source (hv = 1486.71 eV) and a pressure in the analysis chamber
of 107° Torr.

Thermogravimetric Analysis (TGA). A TGA SDTQ600 (TA
Instruments, USA) was used to conduct TGA from 25 to 800 °C
with a flowing rate of 100 mL/min and a heating rate of 10 °C/min in
an air atmosphere.

Thermal Conductivity. Thermal conductivity at 20 °C was
measured on a DRP-II thermal conductivity tester (Xiangtan
Apparatus & Instruments, Xiangtan, China) using a steady-state
method, and the upper copper plate was heated to 60 °C. The
dimensions of each sample were @ (70 + 0.02) mm X (3 + 0.02) mm.
Three specimens were tested for each formulation, and the data
reported herein are the averages of triplicate measurements.
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Limited Oxygen Index (Ol). OI values were measured with a
Stanton Redcraft flame meter (London, U.K.) according to ASTM D
2863/77. The dimensions of each sample were (130 + 0.02) mm X
(6.5 + 0.02) mm X (3 + 0.02) mm. Three samples were tested for
each composite, the values were reproducible within 0.5%, and the
average value was used as the final result.

Cone Calorimeter (CONE) Testing. CONE tests were performed on
an FTT device (UK) according to ISO 5660 with an incident flux of
35 kKW/m? For each resin (composite), three specimens were tested.
Each sample was put into an aluminum boat (tray), which was then
put into the specimen holder in the horizontal orientation for testing.
Typical results from CONE tests were reproducible to within about
+10%. The dimensions of each sample were (100 #+ 0.02) mm X (100
+ 0.02) mm X (3 £ 0.02) mm.

Thermogravimetric Analysis Infrared (TG-IR). TG-IR spectra were
recorded using a thermogravimetric analyzer (TGA F1, Netzsch,
Germany) that was interfaced to a FTIR spectrophotometer
(TENSOR 27, Bruker, Germany). Ten milligrams of a sample was
put in an alumina crucible and heated from 40 to 800 °C with a
heating rate of 10 °C/min under a nitrogen atmosphere, and the
flowing rate was 45 mL/min.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of CPBN. The route
for synthesizing CPBN is illustrated in Figure 1, which contains
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Figure 1. Synthesis of CPBN.

three steps. They are the introducing silane on the surface of
hBN, the coating formation through the reaction between P—
Cl groups and the amine or —OH groups, and the grafting of
PDA through P—Cl and amine groups of PDA.

CPBN is a hybridized hBN, the most obvious difference
between CPBN and hBN is their colors as shown in Figure 2A.
Besides, hBN and HBN do not show any fluorescence effect,
but CPBN exhibits a blue light fluorescence effect (Figure 2B)
because of the electron transfer between the phenyl and amine
groups of PDA,***” and the chromaticity coordinates are x =
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Figure 2. Digital photos of original and modified hBN powders (A);
the fluorescence spectrum (B) of CPBN dispersed in ethanol (30 pg/
mL).

0.2059, y = 0.1911. These phenomena primarily suggest the
success of synthesizing CPBN.

Figure 3 shows the FTIR spectra of hBN and CPBN.
Compared with the spectrum of hBN, that of CPBN shows
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Figure 3. FTIR spectra of hBN and CPBN.

some new peaks, including the stretching vibrations of N—H
(3408 cm™),*® C—H (2925 ecm™),***° —Si—0— (1119, 1032,
and 472 cm™),”® phenyl ring (1620, 1509, and 1453
em™1),?** —P=N- (at 1209 cm™'), and —P-N— (842
em™),* suggesting that CPBN contains the molecular features
of APTES, HCCP, and PDA. Importantly, the absorption peak
(601 cm™) assigning to the P—Cl group®' of HCCP is hardly
to be observed in the spectrum of CPBN, indicating the
occurrence of grafting HCCP and PDA onto hBN.

From TG analyses (see Figure S1 in the Supporting
Information), the composition of the coating on the hBN
was calculated to be 8.80 wt %.

XRD is known to be a useful technique to give the
composition, molecular structure and configuration information
on inorganic materials.”® Figure 4 shows the XRD patterns of
samples during different stages for synthesizing CPBN. All
samples have similar XRD patterns, and each pattern shows two
strong diffraction peaks centered at 20 = 26.7° and 41.7°,
corresponding to (002) and (100) diffractions, respectively.””
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Figure 4. XRD patterns of hBN, aBN, HBN, and CPBN.

Furthermore, no new peak appears, so no new phase is formed
during the synthesis of CPBN. Notably, the positions of these
peaks do not change, but the pattern of CPBN shows notably
weakened peaks (or even absent reflection) in the range of 260 =
40—50°, where the 100, 101, and 102 lines of bulk hBN are
found®® compared with the pattern of hBN, su§gesting that
CPBN and hBN have different order structures.>* This is also
supported by the observed changes in the interlayer distance
(dooz) and the thickness along the ¢ axis (L) (see Table S1 in
the Supporting Information). Especially, the L, value of CPBN
is about 80% of that of hBN, suggesting that the exfoliation
appears and thus the size of fillers reduces during the synthesis
process of CPBN. This phenomenon is also confirmed by the
loosened shape of CPBN compared with the compact form of
hBN as shown in the SEM micrographs (Figure SA and SB).
Figure SC—SE gives TEM images of hBN and CPBN
particles. The hBN flakes are laminar and smooth (Figure 5C);
while CPBN particles have rough surfaces (Figure SD and SE),

moreover, each of which is surrounded by a gray layer (bright
area) with a thickness of about 6 nm (Figure SE). This is an
interesting phenomenon.

hBN particles do not have uniform dimensions, so do CPBN
particles, this is also proved by the TEM photos of different
CPBN particles shown in Figure SD—SF. To clearly character-
ize the element distribution of CPBN, another CPBN with
large dimension was selected to record its STEM image (Figure
SF) and corresponding EDS spectra (Figure SG). It can be seen
that the distribution of Si element is not as dense as those of C,
O, and P elements, this is expected because the content of Si
element is relatively smaller than those of other elements. The
appearance of these elements reflects that the surface of CPBN
is covered by an organic coating containing P, O and Si
elements. On the other hand, the line EDS elemental mappings
of B and P for CPBN (Figure 6) show that the content of P
element in the rages of CPBN is relatively larger than that in
the middle part; in contrast, the distribution of B element
exhibits different trend, reflecting that a layer containing P
element is coated on the surface of CPBN.

XPS technique was used to detect the difference in the
chemical structure between hBN and CPBN. As shown in
Figure 7A, the wide-scan spectra of hBN and CPBN are alike;
however, compared with the spectrum of hBN, that of CPBN
shows a new peak (at 134 €V) corresponding to P 2p.>*** The
N 1s core level spectra (Figure 7B, 7C) were recorded to study
the concentration of nitrogen-based functional groups on hBN
and CPBN, it can be seen that the N 1s spectrum of hBN can
be divided into two separate peaks attributing to —N—B— and
—N—C-— (the C element was introduced during the production
process of hBN, confirmed by the manufacturer and the
research conducted by Jaewoo’s group>®), respectively. The two
peaks also appear in the spectrum of CPBN, meanwhile, there
are two additional peaks assigning to —N—H— (~400.7 eV)

Figure 5. SEM (A, B) and TEM (C—E) images of hBN and CPBN; STEM image of CPBN (F) and XEDS elemental mappings (G) of C, O, P, and

Si in (F).
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Figure 6. Line EDS elemental mappings of B and P for CPBN.
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Figure 7. XPS spectra (A) and the N 1s core level spectra (B, C) of
hBN and CPBN.

and —N—-P— groups (~393.7 eV), 338 demonstrating the
occurrence of the hybridization of hBN.

On the basis of the above Results and Discussion, CPBN is a
hybrid, of which hBN is chemically coated by an organic/
inorganic layer containing cyclotriphosphazene, amine, Si—O—,
and —OH groups.

3.2. Thermal Conductivities of CPBN/BD Composites.
The aim of this paper is developing a new kind of functional
fillers that can endow the resin with both high thermal
conductivity and flame retardancy, so it is necessary to evaluate
the thermal conductivity of CPBN/BD composites. Figure 8
depicts the thermal conductivities of cured BD resin, hBN/BD,
and CPBN/BD composites. All composites have much higher
thermal conductivities than BD resin, and the larger the content
of CPBD is, the higher the thermal conductivity is. On the
other hand, the CPBN/BD composite has higher thermal
conductivity than the hBN/BD composite with the same
content of fillers; this result is attractive and seems to be
unexpected because cyclophosphazene is a material with low
thermal conductivity.>*~** It is known that the thermal
conductivity is theoretically proportional to the transferring
velocity and the mean free path of the phonons,* so the factors
that can improve the interaction between fillers and the resin
matrix, as well as the dispersion of fillers are beneficial to
improve the thermal conductivity of a composite.

As discussed above that compared with hBN, CPBN has
three differences in structure, including more active groups that
will react with BD resin, reduced dimension and loosened
connection between layers, these differences provide possibility
for resin to enter into the layers of CPBN and make layers easy
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Figure 8. Thermal conductivities of BD resin, hBN/BD, and CPBN/
BD composites.

to be exfoliated during curing process, and consequently,
resulting in good dispersion of CPBN in BD resin. As shown in
Figure 9, hBN particles have serious aggregation in BD resin
(Figure 9A1 and 9B1, 9A2, and 9B2); while CPBN particles
have good dispersion, almost no obvious aggregation of white
points is observed in the B mappings (Figure 9A3 and 9B3;
9A4 and 9B4). Therefore, it is reasonable to observe the results
shown in Figure 8.

3.3. Flame Retardancy of CPBN/BD Composites. OI
and CONE tests are two typical techniques to evaluate the
flame retardancy and simulate the real fire of a material in a lab
scale.”® All composites have higher OI values than BD resin,
and the OI value increases as the content of fillers increases
(Figure 10), indicating that both CPBN and hBN have flame
retarding effect. While, interestingly, the CPBN/BD composite
has a significantly higher OI value than the hBN/BD composite
with the same content of fillers, demonstrating that CPBN has
a bigger flame retarding effect.

Table 1 summarizes typical CONE data of BD resin, hBN/
BD, and CPBN/BD composites. CPBN/BD composites have
much longer time to ignition (TTI) than BD resin and hBN/
BD composites. This result is very attractive and meaningful
because TTI represents the degree of difficulty in igniting a
material.** The additions of many flame retardants tend to get
reduced TTI values. For example, Cloisite 30B, a commercial
organic-modified clay (montmorillonite), is known to be a
good flame retardant for ethylene-vinyl acetate copolymer,**°
but it reduced TTI from 91 to 80 s.*’ When nano-oxides
(AL O; and TiO,)/ammonium polyphosphate was used as the
flame retardant for poly(methyl methacrylate), the TTI value
obviously decreased.*® In fact, the biggest disadvantage of
phosphate-containing flame retardants is that their addition

dx.doi.org/10.1021/am502364k | ACS Appl. Mater. Interfaces 2014, 6, 14931—14944
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Figure 9. TEM micrographs (Al, A2, A3, A4) and B mappings (B1, B2, B3, B4) of two hBNS/BD and two CPBNS/BD composites.
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Figure 10. OI values of hBN/BD and CPBN/BD composites.

Table 1. Typical Parameters from CONE Tests for BD
Resin, hBN/BD, and CPBN/BD Composites

hBNS/ hBN10/ CPBNS/ CPBNI10/

BD BD BD BD BD
TTI (s) 154 171 177 242 250
FPI (s:m?/kW) 0.40 0.57 0.62 1.07 121
FGI (kW/(m?* 2.17 1.65 1.51 0.88 0.80

K))

PHRR (kW/m?) 383 302 285 226 207
AHRR (kW/m?) 175 141 100 78 77
THR (mJ/m?) 62 55 46 55 44
MLR (g/s) 0.07 0.06 0.04 0.03 0.03
TSR (m?/m?) 2279 2160 1709 1037 936
TSP (m?) 20 19 15 9 8
SEA (m/kg) 722 827 800 483 436
EHC (mJ/kg) 22 21 22 23 23

usually decreases the TTI value.*” Therefore, CPBN does not
exhibit the shortcoming of these flame retardants, instead,
which shows super advantage in increasing TTL This is
attributed to the unique structure of CPBN as discussed later.

Besides TTI, fire performance index (FPI) and fire growth
index (FGI) are two important parameters for evaluating the
fire hazard of a material. Table 1 shows that the FPI values of
hBN/BD and CPBN/BD composites are almost 1.4 and 2.7
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times higher than that of BD resin, respectively, meaning that
CPBN has a greater ability to increase the time to flashover or
the available time for escaping in a full-scale fire situation.>® In
addition, the FGI values of hBNS/BD and CPBNS/BD
composites are only about 76% and 40% of that of BD resin,
respectively, meaning that a small addition of hBN or CPBN
can effectively reduce the risk of catching fire and the
combustion intensity of the resin. This is also supported by
the overlay plots of heat release rate (HRR) versus time for BD
resin, hBNS/BD, and CPBNS/BD composites (Figure 11).
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Figure 11. Overlay plots of dependence of HRR on time for BD resin,
hBN/BD, and CPBN/BD composites.

As shown in Figure 11, the plot of cured BD resin contains a
sharp peak as well as a broad and asymmetrical peak, indicating
that the initially formed char is not strong enough to retard the
continuous combustion. The curves of hBN/BD composites
have similar shapes as that of the BD resin, but the former is
much narrower and smaller than the latter. Interestingly, the
curves of the CPBN/BD composites have obviously different
shapes from others, demonstrating that the CPBN/BD
composite has different flaming behavior.

For many materials, the effective heat of combustion (EHC)
is constant for the whole burning of a specimen in the cone
calorimeter, and a larger mass loss §enerally leads to higher
HRR and poorer flame retardancy,””" so the origin behind
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these attractive results may be revealed through considering the
integrated varieties of EHC and mass loss rate (MLR).
Although all samples have almost equal EHC values (Table
1), they have obviously different dependence of the normalized
mass loss on the time during the whole combustion process as
shown in Figure 12. After ignition, BD resin quickly loses its

100 -
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Figure 12. Overlay plots of dependence of normalized mass loss on
time for BD resin, hBN/BD, and CPBN/BD composites.

weight, while the two kinds of composites, especially CPBN/
BD composites, have much slower MLR values (Table 1), so
the condensed phase flame retarding plays an important role in
hBN/BD and CPBN/BD composites, which will be intensively
discussed later.

Figure 13 shows the overlay curves of smoke produce rate
(SPR)—time for resins and composites. Compared with the
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Figure 13. Overlay plots of dependence of SPR on time for BD resin,
hBN/BD, and CPBN/BD composites.

peaks of BD resin, those of hBN/BD composites have similar
shapes but weaker intensities; while CPBN/BD composites not
only have the lowest SPR values among all samples, but also
have obviously different shapes from others. With the addition
of 5 and 10 wt % CPBN, the total smoke release (TSR) and
total smoke production (TSP) are only 40—45% of that of BD
resin, clearly demonstrating that CPBN/BD composites have
high smoke suppression. This statement is further supported by

the similar trend in specific extinction area (SEA) that reflects
the smoke-producing ability of materials.*’

The SPR curves of CPBN/BD composites can be divided
into three parts, the first step is considered as an alarm of fire,
including the appearance of smoke and the lasting period (100
s) before ignition; the time of this step is much shorter than the
TTI value, meaning that the difficulty of the ignition is
decreased with the addition of CPBN. The second step of the
SPR curves is the rapid decrease to 0.04 m?/s (about half of the
peak value) of SPR after ignition, while the third step is the
gradual decrease until the appearance of the flame out. This
phenomenon is attributed to the unique structure of CPBN.
Specifically, phosphate-containing component decomposes to
produce phosphorus—oxygen acid (including some polymers),
the composite with the phosphate-containing component will
form a compact char layer that prevents the further combustion
and heat transferring, leading to greatly reduced smoke
releasing amount and thus improved flame retardancy.*”**

Note that the char of the CPBNS/BD composite after the
CONE test is completely different from those of both BD resin
and hBNS/BD composite (Figure 14). Specifically, both BD

Figure 14. Digital photos of the chars of BD resin, hBNS/BD, and
CPBNS/BD composites after CONE tests.

resin and hBNS/BD composite will greatly swell during
combustion, and the maximum heights of the resultant chars
are about 4 times of that of the CPBNS/BD char. Moreover,
the BD and hBNS/BD chars are so thin and loose that they are
easy to collapse, so the chars have irregular shapes; while the
CPBNS/BD char is thick and relatively smooth with some
broken crevices. On the other hand, some white substances are
observed on the surfaces of the hBN5/BD and CPBN5/BD
chars. Obviously, these differences originate from the difference
in the structures of these cross-linked networks, the detail and
intensive analyses and discussions are provided in the following
part.

3.4. Flame Retarding Mechanism. Thermal stability,
decomposition rate, production rate of char and char yield
during the degradation process are three key factors to the
flame retardancy of a polymer,*”** on which the rich
knowledge can be obtained from the study on the
thermodegradation kinetics, although less work was reported
in the literature on the flame retarding polymers.

Figure 15 shows TG and DTG curves of BD resin, hBNS/
BD and CPBNS5/BD composites at different heating rates in an
air atmosphere. The thermal decomposition of either original
or modified BD resin contains two distinct stages divided by
two DTG peaks, but these resins have different thermal
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Figure 15. TG and DTG curves of BD resin, hBN5/BD, and CPBNS/BD composites in an air atmosphere.

Table 2. Activation Energies of Thermodegradation under an Air Atmosphere for Cured BD Resin, hBNS/BD, and CPBNS/BD

Composites
Ist step 2nd step
sample Ea; (kJ/mol) n In A, R, Ea, (kJ/mol) 1, In A, R,
BD 190 2.3 24.8 0.9902 123 1.3 891 0.9813
hBNS/BD 211 3.1 28.2 0.9943 138 1.5 10.7 0.9965
CPBNS/BD 224 4.2 30.3 0.9982 143 1.7 10.5 0.9967
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Figure 16. Digital photos (A) and residual weights (B) of BD resin, hBNS/BD, and CPBNS/BD composites after being maintained at different

temperature for 15 min in a muffle furnace.

stabilities reflected by the Ty value®* As the CPBNS/BD
composite has higher Ty than the hBN5/BD composite, so the
former has better thermal-oxidative stability than the latter. In
addition, the BD resin almost completely degrades at 650 °C,
whereas hBNS/BD and CPBNS/BD composites have residual
weights even at 800 °C, further indicating that the addition of
either hBN or CPBN to BD resin can improve its thermal-
oxidative stability at high temperature, and the CPBNS5/BD
composite has higher thermal-oxidative stability than the
hBNS/BD composite.

According to the theory of nonisothermal kinetics and
Arrhenius equation,®>* the thermal decomposition kinetics of
resins and composites were calculated, the corresponding
parameters such as active energy (Ea,, Ea,), reaction order (n,,
n,), and pre-exponential factor (A;, A,) are summarized in
Table 2. The composites (especially CPBNS/BD) have higher
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Ea, and Ea, values than the BD resin, meaning that the
composites are more difficult to be degraded than the resin,
while CPBN has a bigger ability to retard the degradation. On
the other hand, CPBN5/BD composite has much bigger n,
value and slightly bigger n, value than BD resin and hBNS/BD
composite, so the whole degradation process of CPBNS/BD
composite has a bigger dependence on the concentration of
oxygen, this result coincides with the increased OI (Figure 10)
and TTI (Table 1) values.

To intensively study the morphology change during heating,
the photos of BD resin, hBNS/BD, and CPBNS/BD
composites that had maintained at a preset temperature for
1S5 min in a mufile furnace were taken. As shown in Figure 16,
both BD resin and hBN5/BD composite cannot retain their
shapes after being maintained at the temperatures higher than
400 °C, especially, their volumes significantly expand at 500 °C,
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Figure 17. FTIR spectra of the chars of BD resin, hBNS/BD, and CPBNS/BD composites after maintained at different temperature for 15 min in a

muffle furnace.

Table 3. Elemental Compositions of the Residues for BD Resin, hBNS/BD, and CPBNS/BD Composites after Maintained at

Different Temperatures

elemental composition (wt %)

elemental ratio (%)

residue C N (¢) P Si C/0

BD 25 °C external 73.81 9.48 16.71 0 0 442

internal 73.07 7.96 18.96 0 0 3.85

350 °C external 70.68 9.50 19.81 0 0 3.57

internal 73.01 7.39 19.59 0 0 3.73

550 °C external 78.63 13.15 8.22 0 0 9.57

internal 7834 8.18 13.48 0 0 5.81

650 °C external 79.41 11.96 8.63 0 0 9.20

internal 81.18 12.72 6.10 0 0 13.31

hBNS/BD 25 °C external 66.46 15.24 1831 0 0 3.63

internal 71.98 13.15 14.87 0 0 4.84

350 °C external 6321 15.63 21.16 0 0 2.99

internal 74.45 10.86 14.69 0 0 5.07

550 °C external 62.05 25.40 12.55 0 0 4.94

internal 79.86 8.39 11.76 0 0 6.79

650 °C external 4.89 87.06 8.05 0 0 0.61

internal 18.65 73.54 7.81 0 0 2.39

CPBNS/BD 25 °C external 73.61 9.90 16.15 0.18 0.16 4.56

internal 73.36 10.01 16.33 0.17 0.13 4.49

350 °C external 73.20 9.21 17.31 0.17 0.11 423

internal 73.90 9.63 16.07 0.21 0.19 4.60

550 °C external 65.73 21.74 11.07 091 0.55 5.94

internal 67.80 13.45 18.43 0.13 0.19 3.68

650 °C external 34.03 45.03 16.12 2.71 1.71 211

internal 71.13 16.45 11.26 0.85 0.31 6.32
and then remarkably decrease as the temperature further sample after stayed at 650 °C for 15 min, its residual mass is
increases. Note that, during the whole change process in the only 4.99 wt % of that of original resin (Figure 16B), and no
volume, the mass of BD resin rapidly decreases as the peak attributing to organic groups can be observed in its FTIR

maintained temperature increases; moreover, when the sample spectrum (Figure 17).

is maintained at temperature higher than 550 °C, it becomes a The hBNS/BD composite shows a similar phenomenon;
“shell” made up of many holes, suggesting that the carbon however, the volume of hBNS/BD composite is not as large as
produced during the decomposition does not form a compact that of BD resin when the temperature is higher than 400 °C.
layer, and thus the resin cannot be well protected. For the And it is interesting to find that the surface of hBNS/BD char is
14939 dx.doi.org/10.1021/am502364k | ACS Appl. Mater. Interfaces 2014, 6, 14931-14944
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Figure 18. Three-dimensional FTIR spectra of the gaseous volatiles evolved during the combustion processes of BD resin, hBNS/BD, and CPBNS/

BD composites in a N, atmosphere.

covered by a layer of white substance when the temperature is
higher than 600 °C, and the phenomenon enhances as the
temperature increases. The white substance is proved to be
hBN due to the appearance of the vibration peak assigning to
—B—N- bonds at 1382 and 809 cm™"*"** in the FTIR spectra
(Figure 17).

The CPBNS/BD char maintains a good dimensional stability
and is very compact without any pore during the whole
experiment; moreover, which has much larger residual masses
at high temperature (>450 °C) than the BD and hBNS/BD
residues, demonstrating that the addition of CPBN can endow
the cross-linked network with very good dimensional and
thermal stability. This statement is further confirmed by the
appearance of the characteristic absorptions of organic bonds,
including imide ring (3440 cm™") and DBA (2920, 1710, 1600
cm™),*” in the FTIR spectrum of CPBNS/BD residue after
being maintained at 650 °C (Figure 17); and the surface of
CPBNS/BD char is also covered with a layer of hBN, proved by
the vibration peak assigning to B—N— bonds at 1382 and 809
cm™! shown in FTIR spectrum (Figure 17),57’58 so the organic
resin has been protected from a complete decomposition with
the presence of CPBN.

Table 3 shows the elemental compositions of the residues for
BD resin, hBN5/BD, and CPBNS/BD composites after
maintained at different temperatures. During the whole process,
the element concentrations of the external or internal part of
BD char are substantially the same, indicating that the internal
and external parts have similar combustion behavior, in other
words, the char generated on the surface of BD resin during
combustion can not effectively protect the inner resin from
decomposition. When the temperature is higher than 550 °C,
the relative C/O element ratio on the surface increases by
almost 2 times, and the contents of C and N elements increase,
suggesting that the groups containing O element have a
significant degradation at this temperature. After heated at 650
°C, the internal element compositions are similar as the
external compositions, but some organic compounds are still
remained according to the content of N element.
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For the hBNS5/BD composite, its external and internal parts
have different element distributions, indicating that hBN
particles do not show a good dispersion in the composite at
the room temperature. The content of the N element increases
sharply when the sample is maintained at the temperature
higher than 550 °C, while the C/O element ratio increases a
little compared with the samples at low temperatures,
suggesting that the organic composition begins to decompose
but the organic groups still remains, meaning that hBN particles
begin to aggregate on the surface of the sample. When the
temperature is as high as 650 °C, the content of N element on
the surface increases to 87%, while the C content is only 4.89%,
indicating that almost only hBN left, and either the organic
compounds or inorganic char has almost been decomposed; at
this time, the N content of the interior is as high as 73.5%, but
the C content is much higher than that on the surface,
illustrating that hBN on the surface plays an effective role in
protecting the organics from combustion.

With regard to CPBNS/BD composite, its element
dispersions of the external and internal parts are similar, so
CPBN particles exhibit an excellent distribution in the
composite at 25 °C. After the sample was maintained at
temperature higher than 550 °C, the C/O element ratio does
not obviously change and is similar as that of hBNS/BD
composite; while the contents of N, P, and Si elements increase
by 1, 5, and 3 times, respectively, suggesting that the content of
inorganic component increases; moreover, the increased
contents of P and Si elements illustrate that the groups
containing P or Si of CPBN in the composite have
decomposed, and gathered on the surface of the sample by
the joint action of heat and air flows. This phenomenon is
enhanced for the sample maintained at 650 °C, and the
contents of N and C elements on the surface of the sample are
45% and 34%, respectively; such high content of C element
suggests that the char generated on the surface has high stability
even at 650 °C. In the internal part, the content of C element is
even higher than that of N element, indicating that there is
considerable concentration of organic composition left without

dx.doi.org/10.1021/am502364k | ACS Appl. Mater. Interfaces 2014, 6, 14931—14944
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Figure 19. TG curves and FTIR spectra of volatilized products at typical temperatures during the thermal degradation for BD resin, hBNS/BD, and

CPBNS/BD composite.

decomposition, that is to say that CPBN has outstanding
protection role.

To obtain more understanding of the flame retarding
mechanism, TG-IR spectra of pyrolysis products of BD resin,
hBNS/BD and CPBNS/BD composites in a N, atmosphere
were recorded. Figure 18 shows the three-dimensional FTIR
spectra of gaseous volatiles evolved during the whole
combustion processes of BD resin, hBNS/BD, and CPBNS/
BD composites. As same parameters including the size, shape
and weight of samples were used for tests, so the absorption
intensity of peaks can be used to evaluate the relative amount of
the pyrolysis products. It can be seen that the CPBNS/BD
composite releases the fewest amount of products, while the
BD resin has the most amount. This statement is also
confirmed by the TG curve (Figure 19), and coincides with
the flame retarding results discussed above.

Figure 19 gives the FTIR spectra of each sample at typical
temperatures, including Ty, the temperature of the maximum
degradation rate (T,,). For BD resin, a slight absorption peak
assigning to carbonyl-containing compounds (1500—1700
em~1)*% js observed when the temperature reaches 300 °C;
at Ty (395 °C), the peak for CO, (2300—2400 cm™")"%* is
clearly observed. These peaks are greatly enhanced and more
peaks appear as the temperature increases, specifically, when
the temperature increases to 451 °C (T,,.), the peaks
attributing to O—H bond (3750, 3653, and 1259 cm™, relating
to H,O generation),”>** aromatic compounds (1511, 1607, and
3017 cm_l),sg’60 aliphatic components (2972, 1259, and 748
em™),%® and nitrogen compounds (1179 cm™")%° appear. The
C—H peak (2800—3100 cm™')* reaches the maximum values
at 464 °C, and then disappear at 550 °C.

Compared with BD resin, hBNS/BD composite has similar
Ty and Ty, values but higher char yield at 800 °C (Y) that is
even larger than the calculated value based on the “mixture
role”. The FTIR spectra at low temperature (<T,,,) of hBNS5/
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BD composite are alike as those of BD resin, while the spectra
of hBNS/BD composite at temperature higher than T, are
different from those of BD resin. Specifically, the peaks over
2800—3100 cm™' still exist, indicating that the pyrolysis
products at high temperature still have rich compositions,
that is, the decomposition of organic resin has been delayed
because of the presence of hBN.

For the CPBNS/BD composite, its Ty, Ty and Y. at 800
°C are much higher than those of BD resin and hBNS/BD
composite, clearly demonstrating that CPBN can effectively
retard the decomposition of BD resin and has super ability of
char formation. With regard to the FTIR spectra of pyrolysis
products of the CPBNS5/BD composite, they have some
interesting differences compared with those of BD resin and
hBNS/BD composite. First, no peak is observed until the
temperature reaches 312 °C, at which only slight peak for
carbonyl-containing components (1500—1800 cm™') is ob-
served, this is in good agreement with the remarkably increased
TTI value (Table 1). Second, when the temperature is higher
than 550 °C, the peak from aromatic compounds (3017 cm™)
becomes stronger, meanwhile two peaks representing C—N
bond (965 and 927 cm™')®*%” appear, suggesting the
degradation of the organic coating on CPBN. On the other
hand, it is worthy to note that the typical peaks representing
phosphorus-containing (P—N, P—O, P—C) bonds or silicon-
containing bonds are not observed in the FTIR spectra of
pyrolysis products of CPBN5/BD composite, clearly demon-
strating that cyclotriphosphazene and Si-containing bonds
remain in the residue, in other word, they play role in the
condensed phase.

On the basis of the above analyses, it is reasonable to state
that the BD resin, hBN/BD, and CPBN/BD composites have
different combustion processes and flame retarding mecha-
nisms. Figure 20 gives the schematic flame retarding
mechanisms of these samples. In detail, the BD resin starts to
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Figure 20. Schematic combustions of BD resin, hBNS/BD, and
CPBNS/BD composites.

degrade when it is heated to a certain temperature, and the char
on the surface does not have a sufficient protection.

In the hBN/BD composite, hBN particles do not have good
dispersion in the resin, so hBN particles could not effectively
protect the resin from combustion. After combustion, the
organic parts on the surface decompose, and then the left hBN
particles tend to gather with the aid of the flow of the gas,
gradually forming a layer of hBN layer, which can retard the
decomposition of the inner resin.

For the CPBN/BD composites, the CPBN particles have
good dispersion in the resin owing to their good interaction
with BD resin, this can effectively improve the thermal stability
of the composite. Only when the heat is high enough, the resin
begins to decompose with slow rate. While P—N and P—O
bonds of CPBN are easily broken because their bond energies
are relatively low,””% the P flame retardants released from
CPBN increase the ability of char formation, but do not play
role in the gas-phase. Therefore, a dense and thermally stable
char containing hBN is produced on the surface of the sample,
which isolates the resin from oxygen and heat and thus protects
the inner resin from decomposition.

4. CONCLUSIONS

CPBN is a new hybridized hBN. CPBN/BD composites with
suitable loadings of CPBN particles have not only significantly
improved flame retardancy, but also much higher thermal
stability and thermal conductivity, demonstrating that CPBN
has attractive multifunctional effects due to the unique structure
of CPBN. Specifically, the fruit active groups on CPBN endow
the good dispersion in BD resin, while the cyclotriphosphazene
released from CPBN makes the composites prefer to form
dense and thermally stable char containing hBN, leading to
significantly improved flame retardancy.
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