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ABSTRACT: A novel flame retardant, tetra(5,5-dimethyl-
1,3- dioxaphosphorinanyl-2-oxy) neopentane (DOPNP),
was synthesized successfully, and its structure was charac-
terized by FT-IR, 'H NMR, and 3P NMR. The thermogra-
vimetric analysis (TGA) results demonstrate that DOPNP
showed a good char-forming ability. Its initial decomposi-
tion temperature was 236.4°C based on 1% mass loss, and
its char residue was 41.2 wt % at 600°C, and 22.9 wt % at
800°C, respectively. The flame retardancy and thermal
degradation behavior of novel intumescent flame-retardant
polypropylene (IFR-PP) composites containing DOPNP
were investigated using limiting oxygen index (LOI), UL-
94 test, TGA, cone calorimeter (CONE) test, and scanning
electron microscopy (SEM). The results demonstrate that

DOPNP effectively raised LOI value of IFR-PP. When the
loading of IFR was 30 wt %, LOI of IFR-PP reached 31.3%,
and it passed UL-94 V-0. TGA results show that DOPNP
made the thermal decomposition of IFR-PP take place in
advance; reduced the thermal decomposition rate and
raised the residual char amount. CONE results show that
DOPNP could effectively decrease the heat release rate
peak of IFR-PP. A continuous and compact char layer
observed from the SEM further proved the flame retard-
ance. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122: 3430-
3439, 2011
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INTRODUCTION

Many traditional halogen containing flame retard-
ants are in a dilemma due to the strict requirement
of less smoke and poison, this offers a good oppor-
tunity for the development of halogen-free flame
retardants. Therefore, halogen-free flame retardants
have been becoming one of the most promising
flame retardants."™ Non-halogen flame retardants
are divided into inorganic and organic flame retard-
ants. Generally, inorganic flame retardants have
lower flame retardancy, and a high addition (more
than 60 wt %) are needed, but they are less harm-
ful.>® Among organic flame retardants, intumescent
flame retardants (IFRs) are well known as a new
generation of flame retardants due to their merits,
such as low smoke emission and toxic gases pro-
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duced during burning, and antidripping property.®’
IFRs consist of three components: acid source [e.g.,
ammonium polyphosphate (APP)], carbonization
source (e.g., pentaerythritol), and blowing agent
(e.g., melamine). Besides, the synergistic agents (e.g.,
zeolite) have been used to enhance the flame retard-
ancy of IFRs, and only the “components” reasonable
match can promote the IFR systems to form a stable
swell char layer.'*"!

Generally, the halogen-free phosphorous flame
retardants present the flame retardant mechanisms
of condensed and gas phases in polymers, this
depends on the type of phosphorus compounds, the
chemical structure of polymers, and combustion con-
ditions.'*'® Tt has been reported that the P content of
flame retardant is the most important factor affecting
the flame retardancy,'*'” and aliphatic phosphates
are more desirable compounds to achieve high P
content, and used as effective charring agents in
IFRs. However, most of aliphatic structures of phos-
phates are easily hydrolytic.'®

To achieve both high P content and hydro-stabil-
ity, cyclic phosphate esters have been reported in
the literatures.'” " Vothi et al. disclosed that a com-
bination of cyclic structures with aromatic had good
hydro-stability, high thermal stability, and good
char-forming ability.'"® Hoang et al. synthesized a



EFFECT OF A NOVEL PHOSPHORUS-CONTAINING COMPOUND 3431

aliphatic biscyclic phosphorus flame retardant
(PBMP) with high P content (P% = 24.19) and good
hydro-stability. However, its char-forming ability
was low, only 6.8 wt % char residue at 700°C."

In this article, we synthesized a new cyclic phos-
phate ester, tetra(5,5-dimethyl-1,3-dioxaphosphori-
nanyl-2-oxy) neopentane (DOPNP), which is hydro-
phobic in nature and shows high thermal stability
and good char-forming ability due to the symmetri-
cal structure. The molecular structure of DOPNP
was characterized by FT-IR, 'H NMR, and *'P NMR
spectroscopies. The flame retardancy and thermal
behavior of a novel intumescent flame-retardant
(IFR) system consisted of DOPNP, APP, melamine
polyphosphate (MPP), and synergistic agent (4A ze-
olite) for PP were investigated.

EXPERIMENTAL
Materials

Polypropylene (PP) resin (homopolymer, melt flow
rate: 3.5 g/10 min) was produced by Daging Huake
(Daqging, China). Ammonium polyphosphate (APP,
GD-101, crystal form II, n > 1500, average particle
size: 15 pm) was supplied by Zhejiang Longyou GD
Chemical Industry Company (Longyou, China). Mel-
amine polyphosphate (MPP, average particle size: 15
um) was supplied by Jiangsu Zhenjiang Xingxing
Flame Retardants (Zhenjiang, China).

All raw materials used in the synthesis of DOPNP
included phosphorus oxychloride, neopentyl glycol,
and pentaerythritol. Phosphorus oxychloride (analyti-
cal) was purchased from the Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China), and neo-
pentyl glycol (industrial) from the Shanghai Huanyu
Chemical Reagent Factory (Shanghai, China). Pentae-
rythritol (industrial) was obtained from the Kermel
Tianjin Chemical Reagent Company (Tianjin, China).

Synthesis of a novel phosphorus flame retardant
(DOPNP)

The synthetic route of tetra(5,5-dimethyl-1,3-dioxa-
phosphorinanyl-2-oxy) neopentane (DOPNP) is
shown in Scheme 1. The intermediate, 2-chloro-2-
ox0-5,5-dimethyl-1,3,2-dioxaphosphorinane  (DOPC)
was first synthesized as the following process.
Neopentyl glycol (104.15 g, 1.0 mol) dispersed in
dichloromethane (500 mL) was added in a dry, four-
necked 1 L flask equipped with a mechanical stirrer,
a thermometer, a reflux condenser, and a dropping
funnel. The flask was immersed in an ice water
bath. Phosphorus oxychloride (160.00 g, 1.05 mol)
was added dropwise to the reaction flask over a pe-
riod of 2 h, and the temperature was maintained at
0-5°C. After the addition, the reaction mixture was

0
><OH POCl, ><O\|P|—Cl pentaerythritol
OH o’ TEA
DOPC
0 o
oK X

C 0
/N
DOPNP

Scheme 1 Synthesis scheme of DOPNP.

then allowed to warm up to room temperature and
refluxed for 4 h until no HCl gas could be detected.
The solvent was evaporated under a vacuum and
the intermediate (DOPC) precipitated in distilled
water, filtered, and dried for overnight to give a
white powder (yield: 94%).

DOPNP was prepared from the reaction of pentae-
rythritol with DOPC in the presence of acetonitrile.
A mixture of pentaerythritol (34.04 g, 0.25 mol) and
DOPC (193.79 g, 1.05 mol) dissolved in dry acetoni-
trile (500 mL) was placed into a dry, four-necked 1-
L flask equipped with a mechanical stirrer, a ther-
mometer, a reflux condenser, and a dropping funnel.
Triethylamine (106.25 g, 1.05 mol) was added drop-
wise at 50°C over a period of 4 h. After the addition,
the reaction temperature went up slowly to 80-90°C,
refluxing for 48 h. After the removal of salt (Et;N
HCI) by filtering and evaporation of filtrate, the
crude product was given; it was purified further by
washing three times with aqueous solution of so-
dium bicarbonate and then washed with distilled
water. After dried for overnight, the straw yellow
solid (DOPNP) was obtained (yield: 65%).

Preparation of IFR-PP composites

Intumescent flame retardant polypropylene compo-
sites (IFR-PP) were prepared by the following proce-
dure. First, All components shown in Table I were
blended using a SHR high-speed mixer (Zhangjia-
gang, China) at below 80°C for 1 min, and the mix-
ture was processed on a two-roll mill (Harbin Plastic
Company, China) at a temperature range of 170-
180°C for 10 min, then pressed on a curing machine
at 170°C for 2 min to obtain various thick sheets,
which were used to prepare various dimension
sheets for all tests.

FT-IR, 'H NMR, and *'P NMR spectroscopies

FT-IR, '"H NMR, and 3'P NMR were used to investi-
gate the structure of DOPNP. 'H NMR spectrum
was obtained on an Infinity-plus 300 spectrometer

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Effect of IFR Composition on Flame Retardance of PP
Composition of IFR-PP (wt %) UL-94 test

Sample pp DOPNP APP MPP Zeolite 4A Processing aid LOI (%) Dripping Rating
A 99.7 0 0 0 0 0.3 17.5 Yes No rating
B 69.7 28.5 0 0 1.5 0.3 23.2 Yes No rating
C 69.7 0 28.5 0 15 0.3 22.5 Yes No rating
D 69.7 3.6 7.1 17.8 15 0.3 25.5 Yes No rating
E 69.7 2.8 114 14.3 1.5 0.3 27.6 Yes No rating
F 69.7 2.4 14.3 11.8 1.5 0.3 29.4 Yes V-2

G 69.7 2.0 16.3 10.2 15 0.3 30.3 No V-0

H 69.7 1.8 17.8 8.9 1.5 0.3 31.3 No V-0

I 69.7 1.6 19.0 79 1.5 0.3 30.4 No V-0

J 69.7 24 23.7 24 1.5 0.3 27.6 Yes No rating
K 69.7 2.0 20.4 6.1 1.5 0.3 29.5 No No rating
L 69.7 1.6 15.8 11.1 1.5 0.3 29.6 No V-1

M 69.7 1.4 14.3 12.8 1.5 0.3 29.2 Yes No rating

(Switzerland) at 300 MHz using CDCl; as a solvent
and tetramethylsilane (TMS) as a reference. 3p
NMR spectrum was obtained on a superconducting
NMR spectrometer of Bruker Avance DPX-400 (Swit-
zerland) at 400 MHz using CDCl; as a solvent and
tetramethylsilane (TMS) as a reference. The FT-IR
spectra of DOPNP and DOPC were recorded with
KBr powder using a Nicolet Avator 360 spectrome-
ter (Wisconsin, USA).

Flame retardance tests

Limited oxygen index (LOI) values of all samples
were obtained on a JF-3 oxygen index instrument
(Jiangning, China) at room temperature with the
dimension of 130 mm x 6.5 mm x 3 mm according
to ASTM D2863-10. LOI is an important parameter
for evaluating flame retardancy and flammability of
polymeric materials in the same conditions. It
denotes the lowest volume concentration of oxygen
sustaining candle-like burning of materials in mixing
gases of nitrogen and oxygen.

Vertical burning ratings of all samples were meas-
ured on a CZF-3 instrument produced by Jiangning
Analysis Instrument Factory (Jiangning, China), with
sample dimension of 130 mm x 13 mm X 3 mm
according to ASTM D3801. UL-94 test results are
classified by burning ratings V-0, V-1 or V-2.

Thermogravimetry analysis (TGA)

Thermogravimetry analysis (TGA) was performed
on a Perkin-Elmer Pyris 1 Thermal Analyzer, (Mas-
sachusetts, USA) with platinum crucible sample
holder. The samples were examined under flowing
high-purity nitrogen of 50 mL min~' at a constant
heating rate of 10°C min ' in the temperature range
50-800°C and the weight of all samples was kept
within 3-5 mg.
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Mechanical property tests

According to ASTM D638 and ASTM D790, tensile
and flexural strength tests of 4.0 mm thick samples
were carried out by Regeer computer controlled me-
chanical instrument (Shenzhen, China) with a cross-
head speed of 15 and 2 mm min ™' at room tempera-
ture, respectively. Izod impact tests were performed
by Notched Izod impact instrument (Chengde,
China) according to ASTM D256. All the results
reported were the average from five samples.

Cone calorimeter test

All CONE data were taken from a Cone Calorimeter
[manufactured by Fire Testing Technology (West
Sussex, UK)] at an incident heat flux of 50 kW m 2
according to ISO 5660-1 standard. The samples (100
mm x 100 mm x 3 mm) were laid on a horizontal
sample holder.

Scanning electron microscopy (SEM)

The fractured surfaces and char residues of various
samples were investigated by means of QUANTA-
200, FEI scanning electron microscopy (Eindhoven,
Netherlands). Cryogenic fractured surfaces were
obtained by immersing the unbroken samples into
liquid nitrogen for several minutes and breaking
them with the tap of a hammer, which is called as
brittle fracture. All the fracture surfaces and char
residues were sputter-coated with gold layer before
examination.

RESULTS AND DISCUSSION
Characterization of DOPNP

Figure 1 presents the FI-IR spectra of DOPC and
DOPNP. From the spectrum of DOPNP, the
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Figure 1 FT-IR spectra of DOPC and DOPNP.

absorption band at about 2900-2990 cm ' was
assigned to —CHj3; and —CH,—, and the peak at 1376
cm~ ! was assigned to —C(CHj3;),— skeleton vibration
from neopentyl glycol. Absorption of P=0O was
observed at about 1317 cm™'. The peaks at 1064,
1013, and 988 cm ! were associated with the stretch-
ing mode of P—O—C. The absorption at 861 cm '
was assigned to the skeleton vibration of cyclic
phosphates.”’** The strong absorption peak at 549
cm ™! from the intermediate (DOPC) was assigned to
P—Cl. However, it disappeared completely in the
spectrum of DOPNP, and the disappearance of the
characteristic absorption band of O—H indicates that
the final product was obtained successfully.

The "H NMR spectrum of DOPNP is shown in Fig-
ure 2. Two single specific chemical shifts at 0.93 and
1.30 ppm were attributed to the chemical shifts of
—CH; protons (a) and (b), because the two —CHj
groups are at both sides of a six-membered heterocy-
clic, and this results in unequivalent —CHj; protons
(a) and (b). The double peaks at 4.02 and 4.05 ppm
were assigned to —CH,— protons (e). The multiplet
between 3.93 and 4.01 ppm and the double peaks at

Figure 2 'H NMR of DOPNP in CDCls.

0
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Figure 3 °'P NMR of DOPNP in CDCls.

446 and 4.50 ppm were attributed to the —CH,—
protons (c) and (d) from the cyclic phosphonates,
respectively,'®* that is because the —CH,— protons
(c) and (d) are at both sides of the six-membered het-
erocyclic (see in Fig. 2), and the different environ-
ment conditions lead to the two unequivalent protons
(c) and (d). There was almost no specific chemical
shift of the proton of —OH as presented in Figure 2.
The "H NMR result is in agreement with the analysis
on FT-IR of DOPNP. The structure of DOPNP is also
confirmed by *'P NMR spectrum shown in Figure 3.
Only one sharp signal was appeared at —7.8 ppm.
This result proved that the target product was syn-
thesized successfully. The chemical structure of
DOPNP is presented in Scheme 1, and the Kekulé
model of DOPNP is shown in Figure 4.

Thermal degradation behavior of the DOPNP

Thermogravimetric analysis (TGA) is one of the
most favorite techniques for evaluating thermal

Figure 4 Kekulé model photograph of DOPNP: (a) H, (b)
C, (¢) O, and (d) P. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5 TGA and DTG curves of DOPNP.

degradation and stability of materials.**® The TG
data of DOPNP under pure nitrogen and the corre-
sponding curves are presented in Figure 5. The ini-
tial decomposition temperature of DOPNP was
236°C, based on 1% mass loss, and the maximum
temperature of thermal decomposition rate was
292°C. It is seen from the TGA curve that it under-
went a two-step thermal degradation process. The
first thermal degradation step occurred roughly
from 220 to 310°C, the maximum rate of decomposi-
tion reached 37% min ' and the mass loss was 42.4
wt % at 310°C. It is probably that the weaker
P—O—C bonds of DOPNP broke down to form
phosphoric acid or metaphosphoric acid.”” Figure 6
shows the FT-IR spectra of DOPNP during the ther-
mal degradation in the range of room temperature
to 610°C. The intensities of the absorption bands at
2900-2990, 1469, and 1376 cm ™' decreased when the
degradation temperature exceeded 290°C, and their
absorption bands disappeared at higher temperature.
These facts confirm that the cleavage of cyclic struc-
ture took ;Jlace and the aliphatic —CH,— groups
eliminated.” The second thermal degradation step
occurred from 310 to 360°C, and was assigned to a
series of chemical reactions (crosslinking, dehydra-
tion and elimination) under the action of phosphoric
acid and metaphosphoric acid. The absorption peak
at nearby 3400 cm ' appeared and became a broad
absorption band increasingly, that was consistent
with the first thermal degradation of DOPNP.* It is
attributed to the formation of phosphoric acid
groups during the decomposition of DOPNP. As can
be seen from the Figure 6, the absorption peak at
1317 em ™' (P=0) moved gradually to a lower wave
number, while its intensity became weak increas-
ingly from 310 to 500°C. From the data of Figure 5,
the char residue of DOPNP was 41.2% at 600°C and
22.9% at 800°C, respectively. It showed a very effec-
tive charring ability.

Journal of Applied Polymer Science DOI 10.1002/app
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Flame retardancy of the IFR-PP composites

A new intumescent flame retardant (IFR) consisted
of DOPNP, APP, MPP, and 4A zeolite was used to
obtain Intumescent flame-retardant polypropylene
(IFR-PP). Of the components, DOPNP, APP, and
MPP are mainly used as a charring agent, an acidic
source and a blowing agent, respectively. Table I
gives LOI values and UL-94 results of PP composites
with 30 wt % loading of IFR or components. It was
found that single component addition showed lower
flame retardancy. The combination of them could
obtain a satisfying flame retardant. The LOI values
of IFR-PP systems rapidly increased and then
decreased with the increase in the amount of APP,
as the mass ratio of DOPNP to MPP was fixed at 1-
5. When the mass ratio of DOPNP/APP/MPP was
1/10/5 (Sample H), the composite reached the high-
est value of 31.3% and UL-94 rating reached V-0 rat-
ing. Therefore, the optimal mass ratio of DOPNP to
APP was 1 : 10. The addition of MPP in IFR also
affected the flame retardancy of IFR-PP systems.
From the data in Table I (Sample H, J-M), it was
found that Sample H still presented the most effec-
tive flame retardancy in PP, that is, the best mass ra-
tio of DOPNP/APP/MPP was 1/10/5.

Table II gives LOI and UL-94 data of IFR-PP sys-
tems with different addition of IFR (the mass ratio
of DOPNP/APP/MPP was 1/10/5). It was found
that LOI values of IFR-PP systems clearly increased
with the increasing addition of IFR. When the addi-
tion of IFR in PP was 35 wt %, LOI value of IFR-PP
system increased to 34.1%, and this system could
pass UL-94 V-0 rating. However, none of IFR-PP sys-
tems could reach V-0 rating when the addition of
IFR in PP was below 30 wt %.

RT

200°C

290°C

3500 29;84 ]3:1 7 10:] 3
1 . ! . 1 . 1 . ! . ! . 1 . !

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 6 FT-IR spectra of DOPNP during the thermal
degradation in the range of room temperature to 610°C.
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TABLE II
The Flame Retardancy of IFR-PP Systems with Different Loadings of IFR

Components of IFR-PP

systems (wt %) UL-94 test

Sample PP IFR Processing aid LOI (%) Flaming dripping rating
A 99.7 0 0.3 17.5 Yes No rating
B 89.7 10 0.3 21.1 Yes No rating
C 84.7 15 0.3 22.8 Yes No rating
D 79.7 20 0.3 24.9 Yes No rating
E 74.7 25 0.3 28.6 Yes V-2

F 69.7 30 0.3 31.3 No V-0

G 64.7 35 0.3 34.1 No V-0

Figure 7 gives the comparative analysis of LOI
values of the IFR-PP systems with and without
DOPNP. With the increasing addition of IFRs(-
DOPNP-APP-MPP and APP-MPP) in PP, LOI values
of IFR-PP composites (Curves a and b) increased.
However, LOI values of DOPNP-APP-MPP-PP com-
posite were clearly higher than these of APP-MPP-
PP composite. For instance, when the loading of
IFRs was 35 wt %, LOI values of DOPNP-APP-MPP-
PP composite and APP-MPP-PP composite was 34.1
and 26.5%, respectively. Reogard2000, the commer-
cial product of Great Lakes Chemical Corp., is based
on phosphorus, nitrogen, and aluminosilicates. Com-
pared with LOI value (26.7%) of IFR-PP with 25 wt
% Reogard2000 reported by Vuillequez et al.,*® the
LOI value of DOPNP-APP-MPP-PP composite,
28.6%, is higher. Based on LOI values, the flame
retardancy of DOPNP-APP-MPP is better than that
of Reogard2000. According to UL-94 results, It was
found all of APP-MPP-PP composites could not
reach V-1 rating when the addition of APP-MPP
composites in PP below 35 wt %. This is because
APP-MPP-PP composites, lacking of a carbonization
agent, can not form the effective protective char
layer to achieve the heat insulation and the oxygen
exclusion effect. Therefore, DOPNP effectively
improves LOI value of IFR-PP, and DOPNP-APP-
MPP is an effective intumescent flame-retardant for
PP.

Thermal degradation behavior of IFRs and IFR-PP
composites

Table III and Figure 8 give the thermal degradation
data and TG curves of PP, DOPNP-APP-MPP, APP-
MPP, DOPNP-APP-MPP-PP, and APP-MPP-PP in
pure nitrogen. The initial decomposition temperature
of DOPNP-APP-MPP and APP-MPP was 216 and
214°C, respectively, based on 1% mass loss. From
Figure 8, DOPNP-APP-MPP underwent a three-step
thermal degradation process at about 313, 355, and
434°C, which could be assigned to be dehydration,
ammonia release, decomposition, crosslinking, and

charring processes of IFRs. The first thermal degra-
dation step of DOPNP-APP-MPP occurred roughly
from 220 to 320°C, and its maximum rate of decom-
position was 2.2% min~'. The second thermal degra-
dation step took place at between 320 and 380°C,
and it was probably corresponding to chemical reac-
tions of dehydration and release of ammonia. Com-
pared with APP-MPP (3.1% min'), its maximum
decomposition rate was lower, reduced to 1.5%
min~'. The third thermal degradation step occurred
roughly from about 380 to 520°C, which could be
assigned to the decomposition of phosphates, and its
maximum decomposition rate (2.5% min~') was
almost the same with APP-MPP (2.3% min'). The
char residue of DOPNP-APP-MPP was 55.1 wt % at
600°C and 47.5 wt % at 800°C, and that of APP-MPP
was 56.1 wt % at 600°C and 43.5 wt % at 800°C. The
results show that DOPNP-APP-MPP displays a good
charring ability at the high temperature.

From the data of curve a shown in Figure 8, the
thermal degradation behavior of PP showed only
one peak of PP backbone decomposition at 472°C
and the maximum decomposition rate was very fast

36 -

32+

24|

20 |-

10 15 20 25 30 35
Flame retardant content /wt %

Figure 7 LOI values of the IFR-PP systems with and
without DOPNP: (a) DOPNP-APP-MPP-PP and (b) APP-
MPP-PP.
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TABLE III
Thermal Degradation Data of Samples by TG

Char residue (%)

Tinitial Rlpeak/Tlpeak RZpeak/T2peak R3peak/T3peak
Sample Q) (% min~'/°C) (% min~'/°C) (% min~'/°C) 600°C 800°C
PP 330.2 27.5/471.6 - - 0.7 0
DOPNP-APP-MPP 215.5 2.2/312.8 1.5/355.1 2.5/433.5 55.1 47.5
APP-MPP 213.7 3.1/358.5 2.3/429.7 - 56.1 435
DOPNP-APP-MPP-PP 270.7 0.6/295.8 1.5/400.2 21.8/483.1 16.1 15.6
APP-MPP-PP 287.5 2.1/396.4 26.9/489.4 - 155 133

(27.5% min'). There was almost no char residue
remained at over 600°C. From curves d, e in Figure
8 and the data of Table III, it is seen that the initial
decomposition temperature of DOPNP-APP-MPP-PP
composite was ahead of over 50°C relative to pure
PP, whereas the maximum thermal decomposition
temperature was delayed over 10°C. We found that
the initial decomposition temperature of APP-MPP-
PP composite was 287°C and its char residue was
13.3 wt % at 800°C. However, the initial decomposi-
tion temperature of DOPNP-APP-MPP-PP composite
was 271°C, ahead of about 20°C relative to APP-
MPP-PP composite, and its char residue was 15.6 wt
% at 800°C, that is because DOPNP could decom-
pose at the low temperature, and present a good
charring ability.

Cone calorimeter study

Cone calorimetry is one of the most effective bench-
scale methods for evaluating the flammability of
materials. It can provide a wealth of information on
the combustion behavior, and give a measure of the
size of the fire.’*®! The heat release rate (HRR) is
presented in Figure 9, which is recognized to be the

100
80

60

Weight /%

40

20

A " A A 4
100 200 300 400 500 600 700 800

Temperature/C
Figure 8 Comparison of TG curves of various samples:
(a) PP, (b) DOPNP-APP-MPP, (c) MPP-APP, (d) DOPNP-
APP-MPP-PP, and (e) APP-MPP-PP.
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most important parameter to measure the develop-
ing and spreading of fire.”>* From Figure 9, the
pure PP (curve a in Fig. 9) burned very fast after
ignition and a sharp HRR peak (1180.5 kW m ?)
appeared at 170 s, while the HRR peak value of the
DOPNP-APP-MPP-PP composite (Sample H in Table
I) obviously reduced to 294.0 kW m ™~ and its igni-
tion time was lower than PP due to the flame retard-
ant additive lead to earlier char formation. Com-
pared with the APP-MPP-PP composite, the
DOPNP-APP-MPP-PP composite showed a better
flame retardancy. This result is in an agreement
with LOI and UL-94 results. The total heat release
(THR) curves of the composites are given in Figure
10. The maximum THR value of DOPNP-APP-MPP-
PP composite (3220.7 MJ m 2 kgfl) decreased obvi-
ously compared to pure PP (4001.5 MJ m 2 kg ),
but almost no change relative to APP-MPP-PP com-
posite (3205.2 M]J m? kgfl). However, the time of
DOPNP-APP-MPP-PP composite for reaching the
maximum THR was prolonged. The mass curves of
pure PP, DOPNP-APP-MPP-PP composite, and APP-
MPP-PP composite are presented in Figure 11. The
tendency of their mass loss is similar to that of HRR.
But the decomposition of DOPNP-APP-MPP-PP
composite became slow, and its char residue content
enhanced. These results further demonstrate that the
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Figure 9 Heat release rate curves of samples: (a) PP, (b)
APP-MPP-PP and (c) DOPNP-APP-MPP-PP.
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Figure 10 Total heat release curves of samples: (a) PP, (b)
APP-MPP-PP, and (c) DOPNP-APP-MPP-PP.

IFR-PP system using DOPNP as carbonization agent
had excellent flame retardancy.

Mechanical properties

Tables IV and V give the effect of IFR loadings on
the mechanical properties of IFR-PP composites.
Compared with pure PP, flexural strength of both
DOPNP-APP-MPP-PP and APP-MPP-PP composites
slowly increased, whereas tensile strength and
notched Izod impact strength obviously decreased.
However, at the high loadings of IFR, tensile
strength and notched Izod impact strength of
DOPNP-APP-MPP-PP composite were better than
these of APP-MPP-PP composite. For example, when
the loading of IFR was 30 wt %, flexural strength,
tensile strength and notched izod impact strength of
DOPNP-APP-MPP-PP composite were 429 MPa,
25.4 MPa, and 2.7 k] m ™2, while 41.1 MPa, 22.1 MPa,
and 2.3 k] m 2 for APP-MPP-PP composite, respec-
tively. This is caused by a certain DOPNP addition.
This result is attributed to a large quantity of methyl
groups in DOPNP, which probably increase the
compatibility of PP and DOPNP-APP-MPP.
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Figure 11 Mass curves of samples: (a) PP, (b) APP-MPP-
PP, and (c) DOPNP-APP-MPP-PP.

SEM analysis

The SEM micrographs of fractured surfaces of IFR-
PP systems with and without DOPNP are showed in
Figure 12. Compared Figure 12(a) with 12(b), it was
found that the IFR with DOPNP showed better com-
patibility in PP than the one without DOPNP, which
was in agreement with the results of mechanical
properties at the high loading.

Figure 13 shows SEM micrographs of the char res-
idues of IFR-PP systems with and without DOPNP
to elucidate the relationship between the microstruc-
ture of protective char layer and flame retardancy.
The char residues were collected from the limiting
oxygen index tests of IFR-PP systems. It was found
that the char layer’s outer surface of APP-MPP-PP
composite [Fig. 13(b)] was porous, which could not
effectively hinder the thermal degradation of under-
lying PP and the release of combustible volatiles.
However, when DOPNP was added in the compos-
ite, its char residue [Fig. 13(a)] was almost no holes
and had a continuous, compact intumescent char
layer, which could effectively restrict mass and the
heat transfer from interior to outer.’*>® This result

TABLE IV
Mechanical Properties of IFR-PP Systems with Different Loadings of IFR with DOPNP

Composition of IFR-PP Systems (wt %)

Mechanical properties

DOPNP- Processing Tensile Flexural Izod impact
Sample PP APP-MPP aid strength (MPa) strength (MPa) strength (k] m?)
A 99.7 0 0.3 322 +0.3 38.1 £0.3 38 =02
B 89.7 10 0.3 293 £ 0.2 404 £ 05 36 =03
C 84.7 15 0.3 275 = 0.5 414 £ 04 32+ 0.1
D 79.7 20 0.3 27.0 = 0.4 423 £ 0.3 33 *+02
E 74.7 25 0.3 253 0.2 426 £ 0.5 2.8 = 0.3
F 69.7 30 0.3 254 = 0.3 429 + 04 27 = 0.2
G 64.7 35 0.3 254 = 04 41.7 £ 0.5 2.1 =01
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TABLE V
Mechanical Properties of IFR-PP Systems with Different Loadings of IFR Without DOPNP
Composition of IFR-PP Systems (wt %) Mechanical properties
Processing Tensile Flexural Izod impact
Sample PP APP-MPP aid strength (MPa) strength (MPa) strength (k] m~?)
A 99.7 0 0.3 322 *+0.3 38.1 = 0.1 38 +02
B 89.7 10 0.3 29.1 £ 0.2 421 = 0.6 3.6 203
C 84.7 15 0.3 272 + 05 41.0 = 05 3.0*+02
D 79.7 20 0.3 253 * 0.3 41.8 = 05 3.0 0.1
E 74.7 25 0.3 25.1 £ 0.2 424 =03 25 +0.2
F 69.7 30 0.3 22.1 = 04 411 * 05 23 +03
G 64.7 35 0.3 20.1 = 0.5 404 = 0.3 19 £ 0.1
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Figure 13 SEM photos of the surface of the burnt char residue (x1000): (a) DOPNP-APP-MPP-PP and (b) APP-MPP-PP.
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also proves that DOPNP-APP-MPP composite is an
effective Intumescent flame-retardant for PP.

CONCLUSIONS

A novel charring agent of DOPNP was synthesized
successfully and its chemical structure was confirmed
by FT-IR, '"H NMR, and *'P NMR. The results of TG
indicate that DOPNP showed a good charring ability.
The intumescent flame retardant (IFR) using DOPNP,
as carbonization agent, showed better flame retard-
ancy for PP, and synergistic effects among DOPNP,
APP and MPP was crucial to fully exert the flame
retardance of the IFR system. The optimal flame re-
tardant formulation was DOPNP/APP/MPP = 1/
10/5, at which the LOI value was 31.3% and it passed
UL-94 V-0 rating, as the addition of IFR was 30 wt %.
Based on the heat release rate (HRR) peak, total heat
release (THR), and mass loss of IFR-PP from the cone
calorimeter, it was further shown that the IFR with
DOPNP presented more effective flame retardancy
for PP. SEM micrographs and mechanical property
results also proved that DOPNP showed better com-
patibility of IFR and PP matrix.
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