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ABSTRACT: A novel halogen-free charring agent bi(4-
methoxy-1-phospha-2, 6, 7-trioxabicyclo [2.2.2]-octane-1-
sulfide) phenylphosphate (BSPPO) was synthesized from
phenylphosphonic dichloride (PPDC), and 4-hydroxy-
methyl-1-phospha-2, 6, 7-trioxabicyclo[2.2.2]-octane-1-sul-
fide (SPEPA) which was synthesized from pentaerythritol
and thiophosphoryl chloride in this article. The structure
of BSPPO and SPEPA was characterized by Fourier trans-
form infrared (FTIR), '"H-NMR, *C-NMR, and *'P-NMR.
Combined with ammonium polyphosphate (APP) and
melamine pyrophosphate (MPP), the flame retardance and
dripping resistance of BSPPO added in polypropylene
(PP) were investigated. The fire performance of the flame
retardant PP system was investigated by limiting oxygen
index (LOI), vertical burning test (UL-94), and cone calo-
rimeter. The thermal stabilities of the composites were
studied by thermogravimetric analysis (TGA). The flame
retardance mechanism was investigated by FTIR and scan-
ning electronic micrograph (SEM). The mechanical proper-

ties and water solubility were also investigated. The
residue of BSPPO is 40.6% at 600°C, which indicates
BSPPO has excellent charring ability. The char residue of
the polypropylene intumescent flame retardant (PP-IFR)
system is 22% at 600°C, which suggests that the flame re-
tardation synergy of APP, BSPPO, and MPP is good. With
the optimum formulation, the LOI of the IFR-PP system is
32.0, and the UL-94 is V-0 rating. The heat release rate
(HRR), total heat release (THR), smoke production
rate (SPR), total smoke production (TSP), and mass loss
rate (MLR) of IFR-PP with the optimum formulation
decrease significantly comparing to pure PP from cone cal-
orimeter analysis. The FTIR and SEM results indicate that
the char properties and the char yield have direct effect on
the flame retardance and antidripping behaviors. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 123: 1636-1644, 2012
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INTRODUCTION

Polypropylene (PP) is used worldwide for many
applications. However, PP is a highly combustible
material that burns with flammable dripping. In
addition, it releases smoke and poisonous gases dur-
ing the fire because of the aliphatic hydrocarbon
structure. So flame retardance becomes an important
requirement for PP. Traditionally, halogen-contain-
ing compounds with antimony trioxide as a syner-
gistic agent are the main flame retardants of PP.
However, some of them are limited in use because
of the evolution of toxic gases and corrosive smoke
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during combustion and dioxins problem and other
environmental problems.'” Now halogen-free com-
pounds are regarded as promising flame retardants
because of their environmentally friendly properties.
Among them metal hydroxides such as Mg(OH),
and Al(OH); are commonly used, but highly loading
(more than 60 wt %) of the metal hydroxides is
required to obtain an adequate flame retardant prop-
erty at the expense of the rheological and mechanical
properties of the flame retardant materials.*® In
recent years, intumescent flame retardants (IFR)
have attracted increasing attention in the flame retar-
dation of materials because they produce low smoke
and toxicity with no corrosive gas generation. The
IFR system is usually composed of three compo-
nents: an acid source, a carbonization agent, and a
blowing agent.” ' A typical and widely adopted IFR
system is an ammonium polyphosphate (acid
source)/pentaerythritol (carbonization agent)/mela-
mine (blowing agent; APP/PER/MA) mixture.'”
However, the hydrophilic properties of PER because
of four hydroxyl groups in the structure make this
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Scheme 1 Chemical structure of BSPPO.

IFR system moisture sensitive, which will decrease
flame retardancy of PP because of the exudation of
the additive. Many researchers try to avoid problems
of exudation and water solubility of PER.**** Ratz
and Sweeting™ synthesized the derivative of PER,
namely, 4-hydroxymethyl-1-phospha-2, 6,7-trioxabi-
cyclo[2.2.2]-octane-1-sulfide (SPEPA). However, it
has still a hydroxyl group in its structure, and the
content of carbon is only 30.62%.

To avoid the defect and to increase the char resi-
due, a novel halogen-free phosphorus-containing
caged bicyclic carbonization agent [bi(4-methoxy-1-
phospha-2, 6, 7-trioxabicyclo [2.2.2]-octane-1-sulfide)
phenylphosphate (BSPPO), Scheme 1], which is
hydrophobic in nature and shows high thermal sta-
bility because of the symmetrical structure and the
incorporation of carbon abounding benzene group,
was synthesized by a nucleophilic substitution reac-
tion under low temperature successfully. The struc-
ture of BSPPO was characterized by Fourier trans-
form infrared (FTIR), '"H-NMR, >C-NMR, *'P-NMR.
The thermal properties and flammability of intumes-
cent flame retardant polypropylene (IFR-PP) system
using BSPPO as carbonization agent combining with
APP as well as melamine pyrophosphate (MPP)
were investigated. The mechanical properties and
water solubility were also investigated.

EXPERIMENTAL
Materials

PP (T30S) with a MFI of 3.0 g (10 min) ' was pro-
vided by China Petroleum and Chemical Corp.
Maoming Branch (Maoming, China). Its melting
temperature (T,,) was 150°C tested through a differ-
ential scanning calorimetry (DSC204, NETZSCH,
Germany) with scanning rate of 10°C min ™.
Thiophosphoryl chloride (PSCl;), PER, and phenyl-
phosphonic dichloride (PPDC) supplied by Changz-
heng Chemical Reagent Corp. (Chengdu, China). APP
was provided by Changfeng Chemical Corp. (Shifang,
China). MPP was provided by Fine Chemical Engi-
neering Research and Design Institute of Sichuan.

Preparation of 4-hydroxymethyl-1-phospha-2,6,7-tri-
oxabicyclo[2.2.2]-octane-1-sulfide

A mixture of 62.6 g (0.46 mol) PER and 77.9 g (0.46
mol) thiophosphoryl chloride was heated at 145°C in a

250-mL round-bottomed flask equipped with reflux,
protected from atmospheric moisture and equipped
with magnetic stirrer. Evolution of hydrogen chloride
ceased after 10 h. The resulting cake was extracted
with 250 mL boiling water and cooled to room temper-
ature. During the extracting some material remained
undissolved and collected as heavy oil at the bottom of
the flask. The aqueous solvent was separated from this
oil by decantation through a folded filter. The product
was crystallized from water and afforded white crys-
tals (62 g, yield 68.7%, m.p. 158-160°C).

Preparation of bi(4-methoxy-1-phospha-2, 6,
7-trioxabicyclo [2.2.2]-octane-1-sulfide)
phenylphosphate

A 250-mL three-necked round bottom flask was
equipped with a magnetic stirrer, a reflux condenser,
and a constant pressure funnel. The flask was
charged with 19.6 g (0.1 mol) SPEPA, 10.1 g (0.1
mol) triethylamine, and 80 mL acetonitrile. There-
after, the mixture was stirred and heated to reflux.
Then 9.8 g (0.05 mol) PPDC was added within 0.5 h,
and the reaction was kept about 8 h at the same
temperature. Successively, the reaction mixture was
cooled to room temperature, then poured the mix-
ture into distilled water and filtered. The solid was
washed with ethanol and dried at 100°C under vac-
uum to constant weight (product yield: 86.37%).
Melt point is over 300°C (decomposition).

Preparation of test samples

All samples were prepared in a parallel corotating
twin-screw extruder with a length/diameter ratio of
32, and a screw diameter of 25 mm (TSSJ-25/32, pro-
vided by the Research Institute of Plastic Machine of
ChenGuang, Chengdu, China). The composites were
extruded at 190°C with 90 rpm. The samples were
hot-pressed under 10 MPa for 5 min at 190°C into
sheets of suitable thickness and size according to
ASTM D2863-97, ASTM D3801, and ISO 5660.

Characterization

FTIR spectra were recorded on a Nicolet FTIR 170SX
infrared spectrophotometer using KBr pellets. 'H-
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Scheme 2 Synthesis route of BSPPO.
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Figure 1 FTIR spectrum of SPEPA.

NMR, *C-NMR, and °'P-NMR were carried out on
a Bruker AV II-400 MHz, using DMSO-d, as solvent
and TMS as an internal standard.

Limiting oxygen index (LOI) values were meas-
ured on a HC-2 oxygen index meter (Jiangning
Analysis Instrument Company, China) with sheet
dimensions of 130 x 6.5 x 3 mm?, according to
ASTM D2863-97. The vertical burning tests (UL-94)
were conducted on a CFZ-2-type instrument (Jiangn-
ing Analysis Instrument Company, China) with
sheet dimensions of 130 x 13 x 3 mm?’, according to
ASTM D3801.

Heat release rate (HRR), peak of HRR (PHRR),
total heat release (THR), smoke production rate
(SPR), total smoke production (TSP), and mass loss
rate (MLR) were tested by the cone calorimeter (Fire
Testing Technology, UK). All samples (100 x 100
x 3 mm?) were exposed horizontally to an external
heat flux of 35 kW m 2 according to ISO 5660
standard procedures.

Thermogravimetric analysis (TGA) was carried
out on a TA Q600 thermogravimetric analyzer (TA).
A 2 mg of samples (platinum pan) were heated from
room temperature to 600°C at a heating rate of 20°C
min~! under air atmosphere with a flowing rate of
50 mL min .

Scanning electronic micrograph (SEM) observed
on a JEOL JSM-5900LV (JEOL, Japan) was used to
investigate the residues of the IFR-PP system, which
were obtained after combustion by cone calorimeter
tests. SEM graphs of the char residue were recorded
after gold coating surface treatment. The tensile
strength of the materials was measured using an Ins-
tron 4302 material tester according to ASTM D-638,

Journal of Applied Polymer Science DOI 10.1002/app

and the Izod notched impact strength was examined
using an XJ-40A impact strength tester.

RESULTS AND DISCUSSION

Synthesis and characterization of SPEPA and
BSPPO

The synthesis route of BSPPO is shown in Scheme 2.
The structure of SPEPA was characterized by FTIR
(Fig. 1). The stretching absorptions of —CHj; and
—CH,— are observed at 2945 and 2903 cm ™', respec-
tively, and the bending absorption of —CHj; and
—CH,— is at 1466 cm ™ '. The peaks at 3557 and 1147
cm ! can be assigned to O—H stretching and O—H
bending in —OH, respectively. The peak 1014 cm '

T T T -
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Figure 2 'H-NMR spectrum of SPEPA.
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Figure 3 FTIR spectrum of BSPPO.

is associated with P—O—C in the phosphate. The
peaks at 867 and 816 cm ™' are associated with the
stretching mode of caged bicycle P(OCH,);C. The
peaks at 688 cm ™! are associated with the stretching
mode of P=S.

The "H-NMR spectrum of SPEPA is shown in Fig-
ure 2. The multiplet between 4.670 and 4.686 ppm
(a) corresponds to the —CH,— protons of the caged
bicyclic phosphates. Signal at 3.474 ppm is attributed
to the —CH,— protons (b) adjacent to the caged
ring. Signal at 2.212 ppm is attributed to the —OH
proton (c).

The previous work® confirmed that the crystal
structure of SPEPA is three six-membered rings all
adopt boat conformations. Molecules form chains
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Figure 4 'H-NMR spectrum of BSPPO.

along the C-axis via intermolecular O—H=0 hydro-
gen bonds. These results prove that the intermediate
product has been synthesized successfully.

BSPPO was characterized by FTIR (Fig. 3). The
absorption band at about 3058 cm ™' corresponds to
vibration of benzene ring, and the absorption band
at about 748 cm ™' corresponds to vibration of single
substituted benzene ring. The stretching absorptions
of —CH3; and —CH,— are observed at 2950, 2900
cm ', and the bending absorption of —CHj and
—CH,— is at 1469 cm ™. Moreover, the peak at 1247
cm ™' is associated with the stretching mode of
P=0. The peak 1014 cm™' is associated with the
stretching mode P—O—C in the phosphate. The
peaks at 869 and 820 cm ™! are associated with the

PC-(CH,),(c)
6 C-CH,-0-P (d)
Ph-C(a) —
)2 C-CH,-0-P(b)
dl 1 1
15 140 130 120 110 100 9% 8 70 6 5 40 30 ppm

Figure 5 '>C-NMR spectrum of BSPPO.
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Figure 6 °'P-NMR spectrum of BSPPO.

stretching mode of caged bicycle P(OCH,);C. The
peaks at 690 cm ™! is associated with the stretching
mode of P=S.

The "H-NMR spectrum of BSPPO is shown in Fig-
ure 4. The multiplet between 7.57 and 7.79 ppm (a)
corresponds to the protons of benzene ring. Signals
from 4.63 to 4.65 ppm (b) correspond to the —CH,—
protons of the caged bicyclic phosphates. Signal at
3.474 ppm is attributed to the —CH,— protons (c)
adjacent to the caged ring. The chemical shifts of the
absorption peaks and the area ratios of the peak
integration are found to be consistent with the
expected chemical structure.

The *C-NMR spectrum of BSPPO is shown in Fig-
ure 5. Signals at 40 ppm are attributed to the protons
(c) of C(CHy)s. Signal at 62.64 ppm is attributed to
the protons (b) adjacent to the caged ring. The mul-
tiplet between 75.5 and 75.7 ppm corresponds to the
protons (d) of the caged bicyclic phosphates.” The
multiplet between 125.0 and 133.9 ppm corresponds
to the protons (a) of benzene ring.

The structure of BSPPO is also confirmed by °'P-
NMR spectrum illustrated in Figure 6. Two sharp
signals are observed. The peak of phosphorus (a)
linked with benzene is observed at 19.50 ppm. The
peak at 57.6 ppm corresponds to the phosphorus (b)
of the caged bicyclic phosphates. From the above
analysis, it can be believed that the target product
has been synthesized successfully.

HUANG ET AL.

Flammability

This novel BSPPO which was synthesized in our
work was mixed with APP, MPP, and PP to obtain a
new IFR system. To evaluate the flame retardance
properties and the synergy of the three components,
the LOI and vertical burning test (UL-94) were con-
ducted. The results are given in Table L

The LOI of the pure PP is only 18.3 with dripping,
which indicates that PP is easy to fire. When the
three components were added separately (formula-
tions 2, 3, and 4), the LOI of these formulations is
not exceed 24, UL-94 ranking is failed, which means
the flammability of these systems is not good. The
flame retardance is still unsatisfying for the two-
component systems of APP/MPP (formulation 5),
MPP/BSPPO (formulation 6), and APP/BSPPO (for-
mulation 7). To combine the three components, add-
ing only 2% BSPPO (formulation 5), the flame
retardancy is increased greatly. The best ratio of
APP, MPP, and BSPPO is 14 : 8 : 8 which LOI is 32,
UL-94 is V-0 rating (formulation 11). The results
demonstrate that BSPPO is synergy excellently with
APP and MPP. Moreover, no dripping was observed
during UL-94 test, so the char-forming agent BSPPO
shows an excellent antidripping property. The rea-
son may be that with the effective charring agent
(BSPPO), the char can be rapidly formed as encoun-
tering fire or heat, and change the viscosity of the
melting matrix.

The cone calorimetry is one of the most effective
bench-scale methods to study the flammability of
materials. HRR, especially the PHRR, THR, SPR, and
TSP are important parameters for evaluating flame
retardancy and flammability of polymeric materials.
Figures 7-11 show the combustion plots of pure PP
and IFR-PP system (PP + 30% IFR, formulation 11),
which were obtained from the cone calorimeter test
at a heat flux of 35 kW m 2 Figure 7 indicates that
the pure PP burns very rapidly. The HRR increases
very fast after ignition, and a sharp HRR peak

TABLE I
Effect of IFR Composition on the Flame Retardance of PP
Composition of IFR-PP (%) UL-94
Formulation pp APP MPP BSPPO LOI (%) Dripping Ranking
1 100 0 0 0 18.3 Yes Fail
2 70 30 0 0 22.0 Yes Fail
3 70 0 30 0 23.6 Yes Fail
4 70 0 0 30 23.4 Little Fail
5 70 22.5 7.5 0 24.1 Yes Fail
6 70 0 22.5 7.5 26.2 Little V-2
7 70 22.5 0 7.5 25.9 Yes Fail
8 70 22 6 2 28.5 No V-0
9 70 18 6 6 30.0 No V-0
10 70 20 8 2 30.5 No V-0
11 70 14 8 8 32 No V-0

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 HRR curves of pure PP and IFR-PP system.

(1041.6 kW m?) appears at 155 s. The IFR-PP burns
slowly compared with pure PP. The PHRR decreases
from 1041.6 kW m™? to 182.1 kW m™?, which indi-
cates that the flammability of the composite is obvi-
ously restrained. It is worth noticing that there are
two obvious peaks of the HRR curve of the IFR-PP,
which is a typical character of intumescent systems.
The first peak is assigned to the ignition and to the
flame spread on the surface of the materials and
then to protection via the intumescent coating when
the HRR values become constant. The material is
protected by the intumescent char in this time zone.
The second peak means the destruction of the intu-
mescent structure and the formation of a carbona-
ceous residue.

Figure 8 shows the curves of the THR. The value
of THR of IFR-PP is reduced a lot and the THR time
is also obviously delayed which compares with that
of the pure PP. The release of smoke is another im-
portant parameter for the flame-retarded materials.
Figures 9 and 10 show the curves of SPR and TSP
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Figure 8 THR curves of pure PP and IFR-PP system.
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Figure 9 SPR curves of pure PP and IFR-PP system.

via burning time of the pure PP and IFR-PP. During
burning, the pure PP and IFR-PP present low smoke
emission, and their TSP all are less than 12 m? The
peak of SPR of PP is 0.095 m® s~ at about 160s.
With adding IFR, the peak of SPR reduces to 0.03 m?
s ! at 450 s. It can demonstrate that the smoke emis-
sion is retarded and delayed during the whole emis-
sion process with APP/BSPPO/MPP system.

The curves of MLR versus combustion time of
pure PP and IFR/PP are showed in Figure 11. It can
be seen that the IFR could effectively prohibit the
decomposition of PP and form an amount of char on
the surface. The mass loss behavior of the composite
is coincidence with the heat release behavior and the
smoke emission behavior. From the data above, we
can demonstrate that the heat transfer and flamma-
ble vaporing matter transfer between the flame and
the polymer decrease greatly, so the flame retard-
ancy of the IFR-PP system is improved a lot.

12

10

TSP/m®

—O— PP+30% IFR(formulation 11)

-7t r r r r - r . 1+ 1 1 T
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Figure 10 TSP curves of pure PP and IFR-PP system.
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The thermal stability of BSPPO and
Flame-retardant PP system

TGA is one of the commonly used techniques for
rapid evaluation of the thermal stability of different
materials, and it can also indicate the decomposition
behavior of flame retardants at various tempera-
tures.””?® The TGA and DTG curves of the pure PP,
BSPPO, and PP + 30% IFR (APP : BSPPO : MPP =
14 : 8 : 8, formulation 11) are shown in Figures 12
and 13. The TGA and DTG curves show that the
pure PP decomposes at about 280°C in the air, the
maximum decomposition temperature is about
360°C, the char residue is nearly zero. However, the
initial decomposition temperature of BSPPO is 320°C
with two decomposing steps. The first step occurs at
around 330°C which relates to the release of water,
to the decomposition and crosslinking reactions,
which can protect the matrix from heat and decom-
position. The second step occurs at around 400°C

——PP
—O0—BSPPO
—/—PP+30% IFR

100 < e o

80

60

40

weight(%)

20 4

v L] v ] v ] v L) v L) v T v L]
0 100 200 300 400 500 600 700
Temperature (°C)

Figure 12 TGA curves of pure PP, BSPPO, and formula-
tion 11 (PP + 30% IFR; air atmosphere and the heating
rate is 20°C min!).
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Figure 13 DTG curves of pure PP, BSPPO, and formula-
tion 11 (PP + 30% IFR; air atmosphere and the heating
rate is 20°C min ).

which relates to the further crosslinking, further
decomposition, and charring. The BSPPO itself
exhibits an excellent char-forming ability, the char
residue is as high as 40.6% at 600°C. When the new
compound BSPPO is combining with APP and MPP,
the char residue is about 22%. The maximum
decomposition temperature of the IFR-PP system is
about 420°C, which is 60°C higher than pure PP.
This further proves the results of LOI, UL-94, and
cone calorimeter, so BSPPO is an excellent carbon
agent for PP combined with APP and MPP.

The flame retardance mechanism

FTIR characterization of the residue

The char residue plays an important role in the flame
retardance of PP. To better understand the flame
retardance mechanism and the synergistic role of the
IFR, the properties of combustion residue were inves-
tigated by FTIR and SEM. Figure 14 shows the FTIR
spectrum of the residue after IFR-PP system was
heating 10 min under 600°C in muffle furnace. The
absorption band at about 3422 cm ™' is assigned to
the stretching mode of —OH from the P—OH group,
and the bands at 3120 and 1401 cm ™' correspond to
the stretching mode of —NH in NHj . The absorption
at 2361 cm™ ' is assigned to the stretching mode of
P—H. Moreover, the absorption band at 1643 cm ™' is
assigned to the stretching mode of aromatic com-
pound, and the peaks at 1005 and 925 cm ™' are attrib-
uted to the symmetric and asymmetric vibration of
P—O in P—O—P group.” Therefore, the FTIR spec-
trum confirms the existence of P—OH, P—H, P—O—P,
and NH; groups in charred layers, which means that
NH; and polyphosphoric acid are produced at high
temperature. Polyphosphoric acid is contributed to
the carbonization of BSPPO and the degradation and
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Figure 14 FTIR spectrum of the residue after the IFR-PP system was heating 10 min under 600°C in the muffle furnace.

charring of PP, which reverts to phosphoric acid
through this process. NH; produced by APP or MPP
dilutes the concentration of the oxygen near the surface
of material and foams the carbon layer during fire. Fur-
thermore, MPP because of its three amidocyanogen can
react with phosphoric acid to form a crosslink structure,
which acts as a barrier to limit the diffusion of both the
volatile thermal oxidative products to the gas phase
and oxygen from the gas phase to the matrix.

The morphology of the char residue

Figure 15 shows the SEM images of the char residues
of IFR-PP after cone calorimeter test. It can be seen
that the surface of char is smooth and tight, indicating
a dense char structure. During combustion a high-

quality char can effectively form a protected layer to
prevent the melted PP from dripping, enhance the
dripping resistance, and protect the matrix under the
char layer which is coincident with the literature.®

Mechanical performance of PP/IFR Sﬁstem and
effect of water solubility of IFR on the
performance of PP/IFR system

To evaluate the effect of the water solubility of
APP/BSPPO/MPP system on the performance of
PP/IFR, the samples have been poached in water at
70°C for 7 days. Table II lists the mechanical and
flame properties of PP/IFR systems and PP/IFR sys-
tems poached in water. The tensile strength, elonga-
tion at break, and Izod notched impact strength of

Lo

Figure 15 SEM images of the char residues after cone calorimeter test.
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TABLE II
Mechanical and Flame Properties of PP/IFR and PP/IFR Poached in Water
Mechanical properties UL-94
Tensile Elongation Izod notched Weight
strength at break impact strength LOI variation after
(MPa) (%) (k] m~3) (%) Dripping Ranking poached (%)
Pure PP 30.5 686 8.6 18.3 Yes Fail N/A
PP/IFR (formulation 11) 24.18 81 5.96 32.0 No V-0 N/A
PP/IFR® (APP : MPP : 23.5 78 5.32 27.9 A little V-1 N/A
PER=3:1:1)
PP/IFR® (poached; APP : 23.4 63 5.34 24.8 Yes Fail -2.8
MPP:PER =3:1:1)
PP/IFR (poached; 24.20 70 5.97 28.6 No V-0 —-0.3
formulation 11)
@ Flame retardant loading level: 30%.
PP/IFR are decreased much comparing to pure PP.  References

When the samples were poached in water, there is a
little effect on the mechanical properties. The weight
of samples is decreased 0.3% for BSPPO IFR system
(formulation 11), whereas the weight of samples is
decreased 2.8% for PER IFR system. Although the
LOI of BSPPO IFR system is decreased a lot as same
as PER IFR system, the UL-94 rating of BSPPO IFR
system is not deteriorated. The results demonstrate
that the antiwater-solubility of the BSPPO IFR sys-
tem is improved comparing to the PER IFR system,
and the flame retardance is also improved.

CONCLUSIONS

A novel charring agent of BSPPO was successfully
synthesized. The IFR using BSPPO as carbonization
agent shows excellent flame retardancy and anti-
dripping properties for PP. The synergistic effect
among APP (acid source), MPP (gas source), and the
new synthesized charring agent, BSPPO, is pivotal to
fully exert the flame retardance of the IFR system.
The optimum flame retardant formulation is APP :
MPP : BSPPO = 14 : 8 : 8 (LOI is 32, UL-94 V-0 rat-
ing, PHRR is 182.1 kW m™2, and SPR is 0.03 m? s ).
The cone calorimeter tests agree very well with the
TG analysis, which confirm the excellent char-form-
ing ability of BSPPO. The char properties were also
characterized by FTIR spectroscopy and SEM micro-
graph which prove the char quantity and quality
formed during combustion are crucial to the flame
retardance and antidripping ability of the IFR-PP
system. The antiwater-solubility of IFR system with
BSPPO is improved.

Authors wish to thank the FTIR, nuclear magnetic resonance,
and SEM analyses assistance provided by Analysis and Test-
ing Center of Sichuan University and the cone calorimeter
test assistance provided by Chinese State Key Laboratory of
Polymer Materials Engineering.
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