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Abstract

Novel intumescent flame retardancy acrylonitrile—butadiene—styrene (ABS) composites were prepared by adding poly-(4-
nitrophenoxy)-phosphazene (DPP) as charring and inflate agent, and ammonium polyphosphate (APP) as acid and inflate
agent. The flame-retardant properties of samples were studied by LOI, UL-94 and microscale combustion calorimeter
(MCC), when the ratio of APP and DPP was 1:1 with 30 mass% additive amount, the LOI was 27%, and the UL-94
reached V-0 rating. To further study the synergistic effects of DPP and APP, the charring-forming capability and thermal
behavior of ABS composites were extensively studied by thermogravimetric analysis (TGA) under nitrogen and air,
respectively. Also the binary system of APP and DPP was investigated by TGA measurements to identify their reaction and
the synergistic mechanisms. The char residues were studied by X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM) analysis and Fourier transform infrared (FTIR). Meanwhile, the gaseous products generated in

degradation process were detected by thermogravimetric analysis coupled Fourier transform infrared (TGA/FTIR).

Keywords Poly-(4-nitrophenoxy)-phosphazene (DPP) - Ammonium polyphosphate (APP) - Acrylonitrile-butadiene—
Styrene (ABS) - Intumescent flame retardants (IFRs) - X-ray photoelectron spectroscopy (XPS)

Introduction

Acrylonitrile-butadiene—styrene (ABS), a widely used
thermoplastic material [1, 2], is the most significant
materials in 3D-printing field [3-6], because of its good
mechanical properties, chemical resistance and processing
advantages [7-9]. However, the combustibility and molten
dripping is the odious shortcoming for ABS, which will
limit its development and applications [10, 11]. To
decrease the flammability of ABS, introducing flame
retardant is the most convenient and economic technique
[7, 8]. In order to resolve the problems of combustibility
and molten dripping of ABS, intumescent flame retardants
(IFRs) are selected as halogen-free agents for flame-retar-
dant ABS [12-14]. Typically, the principal ingredients of
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IFRs are charring agents, inflate sources and acid sources.
And a typical example is the ammonium polyphosphate
(APP)/pentaerythritol (PER) system [15, 16]. However,
PER, functioned as charring agent in this case, is small
molecular compound and consists of hydroxyl groups,
which will lead to a severe deterioration of the flame
retardancy [17], and generates negative effect on the sta-
bility of composites in hygrothermal environment [13].
Therefore, it is urgent and crucial to discover novel intu-
mescent flame retardants, which is high molecular com-
pound without hydroxyl groups, applied in flame
retardancy ABS.

As we known, phosphazenes with an alternating P-N
backbone have a wide temperature range of thermal and
chemical stabilities [18], which have been used as efficient
intumescent flame-retardant additives for polymers [19]. In
our previous work, we found that nitro compounds had the
ability of char forming and anti-dripping [20, 21]; the
synthesis of hexakis(4-nitrophenoxy) cyclotriphosphazene
(HNTP) was designed to be used as charring agent in the
PC composite and ABS composites. It suggested that the
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introduction of nitro increased the percentage of nitrogen
and the P-N synergism effects [22, 23]. Nevertheless,
HNTP was a small molecular compound. To avoid the
negative influence of small molecular compounds men-
tioned above, poly-(4-nitrophenoxy)-phosphazene (DPP),
which possessed high molecular compounds without
hydroxy groups, was designed to be used as charring agent
and inflate agent. Meanwhile, ammonium polyphosphate
(APP) was used as acid and inflate agent [24-26], which
can indeed act either in the gas phase by inhibiting the
flame and in the condensed phase by interacting with the
polymeric matrix and promoting char [27, 28].

In this work, DPP, which possessed high molecular
compounds without hydroxy groups, and APP, which also
was high molecular compound, were mixed with ABS as
intumescent flame retardants to decrease the combustibility
of ABS. DPP was used as charring and inflate agent, and
APP was used as acid and inflate agent. The flame-retar-
dant properties of samples were studied by LOI, UL-94 and
microscale combustion calorimeter (MCC). For qualita-
tively analyzing the synergistic effects of APP and DPP,
thermogravimetric analysis (TGA) measurements were
used to study the synergistic effects of DPP and APP, the
char-forming capability and thermal behavior of ABS
composites under nitrogen and air, respectively. Also the
binary system of APP and DPP was investigated by TGA
measurements to identify their reaction and the synergistic
mechanisms. The char residues were studied by X-ray
photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM) analysis and Fourier transform infrared
(FTIR). At the same time, the gaseous products generated
in degradation processing were detected by thermogravi-
metric analysis coupled Fourier transform infrared (TGA/
FTIR).

Experimental
Materials

Acrylonitrile-butadiene—styrene copolymer (0215A) used
in this work was purchased from lJilin petrochemical
company limited. Ammonium polyphosphate (APP) was
obtained from Zhejiang Long you GD Chemical Industry
Company. The APP (n > 1000) with branched chain was
called crystalline phase II. Poly-(4-nitrophenoxy)-phosp-
hazene (n > 10, DPP, showed in Scheme 1) was prepared
in laboratory [29].

Samples preparation

ABS, DPP and APP were dried in a vacuum oven at 80 °C
for 12 h prior to processing, respectively. According to a
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Scheme 1 Structure of poly-(4-
nitrophenoxy)-phosphazene
(DPP)
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Table 1 Compositions of the investigated materials

Sample Percentage of mass/%

ABS DPP APP
ABS-0 100 0 0
ABS-1 70 0 30
ABS-2 70 30 0
ABS-3 70 22.5 7.5
ABS-4 70 20 10
ABS-5 70 10 20
ABS-6 70 7.5 22.5
ABS-7 70 15 15

certain proportion of DPP, APP and ABS were added into a
HAAKE plastic order mixer at 180 °C and 30 rpm for
4.5 min. The mixed samples were transferred to a mold and
preheated at 180 °C for 8 min, then pressed at 15 MPa, and
then cooled to room temperature while maintaining 5 MPa
pressure to obtain the composite sheets for further mea-
surements. In this work, the percentage of flame retardants
was 30 mass%. The ratio of DPP to APP was noted in the
Table 1.

Instrumentation

Flammability and stability of all samples were assessed by
LOI, UL-94 vertical burning test, microscale combustion
calorimeter (MCC) and thermogravimetric analysis (TGA).
LOI was measured at room temperature on an oxygen
index instrument (XYC-75) (Chende Jinjian Analysis
Instrument Factory) according to the ASTM D2863-08
standard. UL-94 vertical burning tests were performed on a
CZF-2 instrument (Jiangning Analysis Instrument Factory)
according to UL-94 ASTM D635-77 standard. Pyrolysis
combustion flow calorimetry experiments were carried out
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I::L'ﬁszo ngi X‘QSUCLOI?I‘LSEZLS Sample LOV % UL-94 (3.20 mm)
Rating /s First dripping  t,/s Second dripping Mass loss/% Ignited
ABS-0 18+ 1 No 56 £9 Yes - - 95 £5 Yes
ABS-1 23+1 No 28 £ 9 Yes - No 84 £ 6 Yes
ABS-2 23+1 V-2 12+ 6 Yes 14+5 No 20 + 4 Yes
ABS-3 24 4+1 V-1 14 +4 1 drop 10+ 6 No 18+5 No
ABS-4 24 4+1 V-1 12+ 5 Yes 13+£6 No 23+ 7 No
ABS-5 25+ 1 V-1 11£5 Yes 14+5 No 25+ 6 No
ABS-6 25+ 1 V-1 13 £4 Yes 13+£5 No 20 +3 No
ABS-7 271 V-0 10£ 6 No 8§+6 No 21 £5 No

on a FAA-PCFC microscale combustion calorimeter pro-
duced by Fire testing technology (FTT, UK). The flow was
a stream of nitrogen and oxygen flowing at 80 mL min~"
with oxygen/nitrogen flow rate was set at 20/80, according
to ASTM D7309-07 standard. All samples were tested in
triplicate and the data obtained were reproducible to
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within £ 10%. The measurement of TGA was taken using
a Netzsch TG209 F1 thermogravimeter at a linear heating
rate of 10 °C min~" within the temperature range from 30
to 800 °C under air or nitrogen flow of 60 mL min~". All
the mass of samples was kept at 8.0 = 0.5 mg. Also the
binary system of APP and DPP was investigated by TGA
measurements to identify their reaction and the synergistic
mechanisms under air or nitrogen flow.

In order to go further study the synergy of APP and
DPP, the surface combustion residues left by LOI (fully
burned samples) were detected by X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM)
analysis and Fourier transform infrared (FTIR), respec-
tively. XPS was carried out with XSAM 800 spectrometer
(Kratos Co., UK), using Al Ka excitation radiation
(1486.6 eV), operated at 12 kV and 15 mA. Bing energies
were referenced to the carbonaceous carbon at 285.0 eV.

0 ; ) ) ) ) ) : Table 3 MCC data of PC composites and flame retardant
500 600 700 800 Sample PHRR +5 Tp+5 THR +0.5 HRC + 10
Temperature/K Wig K Kl/g Jg K

(B)

500 —ABSO APP 14 594 1.88 307

o ABSA DPP 279 686 4.09 266

- 400 Exp-APP-DPP* 106 647 3.28 112
g Cal-APP-DPP® 140 686 3.51¢ -
£ 300 ABS-0 460 713 27.33 467
° ABS-1 316 713 21.14 642
ﬁ 200 ABS-2 251 695 23.65 380
£ ABS-7 280 702 24.27 362
§ 100

1 n 1 n 1

500 600 700 800
Temperature/K

Fig. 1 MCC curves of composites and flame retardant, Exp-APP-DPP
was the MCC results of binary system APP and DPP (the ratio of APP
and DPP was 1:1), Cal-APP-DPP was the calculation results of binary
system (was assumed by 50%APP + 50%DPP)

PHRR, the peak of heat release rate; Tp, temperature at peak heat
release rate; THR, total heat released; HRC, heat release capacity

“Exp-APP-DPP: the MCC results of binary system APP and DPP (the
ratio of APP and DPP was 1:1)

°Cal-APP-DPP: the calculation results of binary system(was assumed
by 50%APP + 50%DPP)

“THR of Cal-APP-DPP was the integrate of MCC curves of Cal-APP-
DPP
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Fig. 2 TGA curves (a)(CR800 was the char residual yield at 800 K,
CR1000 was the char residual yield at 1000 K) and DTG curves (b) of
ABS-0, ABS-1, ABS-2 and ABS-7 under nitrogen

Samples for SEM (JeolJSM-7500F) were prepared by low-
temperature fracturing and sputtered with gold on the
surface prior to measurement. The char residues on the
surface of the flame-retarded composites after LOI tests

were characterized with an infrared spectrometer (Nicolet
50, Nicolette Co., USA) using KBr pellets.

And gaseous products generated in degradation were
detected by thermogravimetric analysis coupled Fourier
transform infrared (TGA/FTIR). TGA/FTIR measurements
were taken on a Mettler Toledo TGA/DSC 1 STAR® Sys-
tem thermogravimeter coupled with a Nicolet iS10 FTIR
spectrophotometer. About 8.0 & 0.2 mg of each sample
was heated from 323 to 883 K with a heating rate of
10 K min~" under air condition.

Results and discussion

The flammability properties of ABS composites
samples

The LOI and UL-94 results of the samples are listed in
Table 2. It showed that the addition of APP and DPP was
beneficial to improve the flame retardancy of ABS. When
APP and DPP were added alone, LOI was 23%, and UL-94
reached the V-2 rating. The addition of APP and DPP did
not eliminate the molten drops of ABS at first fire test.
However, the molten drops of blends disappeared at second
fire test. APP and DPP were used as IFR system and added
together to further improve the flame retardancy of ABS.
To find the optimum proportion of APP and DPP, APP and
DPP were added together as different ratio. According to
the results of LOI and UL-94, when the ratio of APP and
DPP was 1:1, the LOI of ABS-7 was 27%, and the UL-94
reached V-0 rating.

MCC has been suggested as a method to assess the
flammability characteristics of mg-sized sample [30, 31].
Heat release rate (HRR) is calculated from the oxygen
depletion measurements. Heat release capacity (HRC) is
obtained by dividing the sum of the peak heat release rate
(PHRR) by the heating rate. The total heat release (THR) is
obtained by integrating the HRR curve. Figure 1 and

Table 4 TGA and DTG results of ABS-0, ABS-1, ABS-2 and ABS-7 under nitrogen

Sample  Temperature/K Peak Rate/% min~" Residual yield/%

T5% TPre TMain TPos PPre PMain PPos 800 K 1000 K
ABS-0 6584 +5 - 6989 + 7 - —-212+1 0 0
ABS-1  6436+5 - 6979 £ 75 7944+£8 - - 158 %1 —-19+£02 1471 74405
ABS-2 58794 597745 6835+65 - —56+£1 —-93+05 - 2344+£2 213+1
ABS-7 5932 +4 597.8%5 6852 +£ 6 - —-25£05 —-101+£07 - 278 +2 232+15

Tsq, the average temperature of 5% mass loss decomposition (set Ts¢, as initial decomposition temperature); Tp,, the average temperature of the
previous decomposition peak; Ty, the average temperature of the main decomposition peak; Tp.s, the average temperature of the previous
decomposition peak; Peak rate, the average mass loss rate at the decomposition peak; Pp., the average mass loss rate at the previous
decomposition peak; Pppin, the average mass loss rate at the main decomposition peak; Pp,s, the average mass loss rate at the posterior
decomposition peak; Residual yield, the average char residual yield at 800 K and 1000 K

@ Springer



The synergistic effects of a novel intumescent flame... 69
(A) (A)
100 —&— ABS-0 100 —APP
—o— ABS-1 — bPP
—A—ABS-2 Exp-APP-DPP
80 —V—ABS-7 80 | Cal-APP-DPP
O\O 60 0\\0 60
= 1)
a %]
] ©
< =
40 40 -
20 |
20 |- ABS-0 ABS1 ABS-2 ABS7 |
CR800 8.2 31.9 31.7 36.3
CR1000 0.9 19 3.9 2.2
O | N | N il N | N | N | N L 0 B 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Temperature/K Temperature/K
B) (B)
0 4 N 0
=7 ‘l_c -5F
- k=
E -5 £
% Previous peak s %: —1o0k
n —wy— ABS-7 £~
8 _1ol g » —— APP
@ 3 ——DPP
a S -15f Exp-APP-DPP
IS 2 Cal-APP-DPP
B -151 g
@ -20 F
©
2
-20 | -25 1
= + VY, Main peak
1 N 1 N 1 . - 1 N 1 N 1 N 1 1 L 1 1 1 1 1
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Temperature/K Temperature/K

Fig. 3 TGA curves (a) (CR800 was the char residual yield at 800 K,
CR1000 was the char residual yield at 1000 K) and DTG curves (b) of
ABS-0, ABS-1, ABS-2 and ABS-3 under air

Table 3 are the heat release rate curves and data from the
MCC of flame retardant and samples, respectively. Exp-
APP-DPP was the MCC results of binary system APP and
DPP (the ratio of APP and DPP was 1:1). Cal-APP-DPP
was the calculation results of binary system (was assumed

Fig. 4 TGA (a) and DTG (b) curves for APP + DPP (the ratio

APP:DPP was 1:1) binary system under air

of

by 50%APP + 50%DPP). In Fig. la, APP had lowest
PHRR and THR with lowest decomposition temperature.
The HRC of DPP was lower than that of APP. By contrast,
the MCC curve of Exp-APP-DPP showed that the reaction
between APP and DPP reduce the PHRR and THR.

Table 5 TGA and DTG results of ABS-0, ABS-1, ABS-2 and ABS-7 under nitrogen

Sample  Temperature/K Peak Rate/% min~" Residual yield/%

TS% TPre TMain TPos PPre PMain PPos 800 K 1000 K
ABS-0 64195 - 692.3 £ 6 8297+£6 - —21.1£2 —-12+£02 82+05 09+£0.1
ABS-1 649.1 £5 - 6852 +55 89877 - — 131 £1 —-35+£02 319+1 1.9+£02
ABS-2 5868 +3 5923+4 6803+£5 8153+6 —51=+1 -79+£05 —-27+01 317+1 39+02
ABS-7 5963 +4 5944+4 6762+45 8894+7 —24+£05 —-89+£05 —-23+01 363+£1 22+£02

Tsq, the average temperature of 5% mass loss decomposition(set 7’5 ¢, as initial decomposition temperature); Tp., the average temperature of the
previous decomposition peak; Ty,in, the average temperature of the main decomposition peak; Tp.s, the average temperature of the previous
decomposition peak; Peak rate, the average mass loss rate at the decomposition peak; Pp., the average mass loss rate at the previous
decomposition peak; Pppin, the average mass loss rate at the main decomposition peak; Pp,s, the average mass loss rate at the posterior
decomposition peak; Residual yield, the average char residual yield at 800 K and 1000 K
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Table 6 TGA and DTG results of binary system under air

1

Sample Temperature/K Peak rate/% min~

Tsq, Tp Ter P P, P;
APP 579.6 £ 3 5802 +£3 8573+ 7 —15+£05 —97+£05 -
DPP 622.6 + 6 6388 + 6 - —249 +0.7 - -
Exp-APP-DPP 5769 £ 3 6131 +5 8355+£5 1000.7 + 10 —75+£0.6 —55+04 - 19+025
Cal-APP-DPP 5989 £5 6393 £5 8569 £ 5 — 12.8 £ 0.75 —59+05 -

Tsq, the average temperature of 5% mass loss decomposition(set 7’5 ¢, as initial decomposition temperature); 7p, the average temperature of the
first decomposition peak; Tp,, the average temperature of the second decomposition peak; 7p3, the average temperature of the third decom-
position peak; Peak rate, the average mass loss rate at the decomposition peak; P;, the average mass loss rate at the first decomposition peak; P,,
the average mass loss rate at the second decomposition peak; P3, the average mass loss rate at the third decomposition peak; Exp-APP-DPP, the
TGA results of binary system APP and DPP (the ratio of APP and DPP was 1:1); Cal-APP-DPP, the calculation results of binary system(was

assumed by 50%APP + 50%DPP)

There was about 45.4% reduction in PHRR with
30 mass% DPP, while was 31.3% reduction with 30 mas-
s%APP, and 39.1% reduction with 15 mass% DPP and 15
mass% APP. But the tendency of HRC was different. There
was about 18.6% reduction in HRC with 30 mass% DPP,
while was 37.5% increase with 30 mass%APP, and 22.5%
reduction with 15 mass% DPP and 15 mass% APP. And Tp
of all ABS composites were at the same level in the error
range. The addition of flame retardants made a decrease in
THR. The results of samples confirmed that the introduc-
tion of DPP was beneficial to reduce PHRR, HRC and THR
while the introduction of BDP was benefit of reducing
PHRR, and THR.

The thermal decomposition behaviors
under nitrogen

For qualitatively analyzing the synergistic effects of APP
and DPP, TGA was used to study the mass loss and mass

— ABS-1
Cis — ABS-2
: — ABS-7

Intensity/cps

- P:Zp P:zs /\‘“‘N‘__J\/\

L 1 2 1 L 1 L 1 L 1
0 200 400 600 800 1000
Binding energy/cV

i
E

Fig. 5 Full-scan XPS spectra of ABS composites
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loss rate of samples under pure nitrogen is, respectively,
presented in Fig. 2a and b. In order to simplify the curves,
only the ABS sample with 1:1 ratio of APP and DPP was
illustrated. With the addition of APP, the onset decompo-
sition temperature of samples did not change very much.
But the addition of DPP had shifted the onset decomposi-
tion temperature. The addition of APP and DPP increased
the char residues of ABS. And the addition of APP and
DPP changed the decomposition peak of ABS from one to
two.

Table 4 clearly lists the results got from the TGA
measurements. The initial decomposition temperature of
ABS-1 was close to that of ABS-0. But the addition of DPP
shifted the initial decomposition temperature of ABS by
70.5 K. As shown in Fig. 2b, except for ABS-0, all the
other samples showed two thermal decomposition steps.
ABS-1 had a main decomposition peak which was asso-
ciated with the decomposition of ABS, and a posterior
decomposition peak which was related to the decomposi-
tion of APP. The main decomposition temperature of ABS-
1 was same with that of ABS-0, but the rate of the main
decomposition peak of ABS-1 was 74.5% of that of ABS-0.
At the same time, the residual yield of ABS-1 increased
from 0O to 14.7% at 800 K. It indicated that the addition of
APP postponed the decomposition of ABS.

Different from the effect of APP, the addition of DPP
shifted the initial decomposition temperature and main

Table 7 The XPS results of ABS composites

Sample Atomic ratio/% C/O*
Cls Nls Ols P2p

ABS-1 43.57 4.925 41.63 9.88 1.05

ABS-2 82.33 2.281 13.07 2.324 6.30

ABS-7 60.27 3.987 29.46 6.285 2.05

“The ratio of C atom and O atom
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decomposition temperature to low temperature by 70.5 K
and 15.4 K, respectively. And the addition of DPP intro-
duced a previous decomposition peak. The rate of main
decomposition was decreased by 56.1%. And the residual
yield of ABS-2 increased from 0 to 23.4% at 800 K, and
from O to 21.3% at 1000 K. Those results implied that that
the addition of DPP accelerated the decomposition of ABS.
The variation of residual yield at high temperature showed
the thermal stability of the product.

With the addition of APP and DPP, the initial decom-
position temperature and main decomposition temperature
were shifted to low temperature by 65.2 K and 13.7 K,
respectively. The temperature of the previous peak of ABS-
2 and ABS-7 was same. But the Pp,. of ABS-7 was 44.6%
of that of ABS-2. The Ty, and Py, of ABS-2 and ABS-
7 were close. Meanwhile, the residual yield of ABS-7
increased from O to 27.8% at 800 K, and from 0 to 23.2%
at 1000 K. Those results showed the synergistic effects of
APP and DPP.

The thermal decomposition behaviors under air

The decomposition of ABS samples under air atmosphere
was also detected by TGA analysis. The TGA results of
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Fig. 6 Cl s (a), Ol s (b), N1 s (¢), and P2p (d) XPS spectra of ABS-1
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APP and DPP mixed ABS under air are presented in Fig. 3.
The participation of air weakened the char residual yield of
all samples. The char residual yield of ABS-1, ABS-2 and
ABS-7 still was higher than the yield of pure ABS.

Table 5 summarizes the main parameters of TGA
measurements under air. The participation of oxygen
shifted the Tsq, of ABS-0 to low temperature by 16.5 K,
while Ts¢, of other samples was shifted to high temperature
or did not change. The obvious influence of the oxygen on
the decomposition behaviors of ABS-0 samples was
decomposition steps. There were two decomposition steps.
One was same with the main decomposition peak under
nitrogen; the other was a posterior peak at 829.7 K with a
low mass loss rate.

Compared with ABS-0, the Ts¢, and the temperature at
main decomposition peak of ABS-1 were shifted to low
temperature about 10 K, the temperature at posterior peak
shifted to high temperature by 69 K. There was also dif-
ference in the rate of decomposition. The addition of APP
made the Py, of ABS-1 to be 62.1% of the Py, of ABS-
0, but the Pp,s of ABS-1 was 2.9 times of that of ABS-0.
The char residual yield of ABS-1 increased from 8.2 to
31.9% at 800 K and from 0.9 to 1.9% at 1000 K.
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Fig. 7 Cls(a), Ols(b), N1s (c¢), and P2p (d) XPS spectra of ABS-2

With the addition of DPP, there were three decompo-
sition peaks in the whole heating range. The T’s¢,, Tiain and
Tpos Were shifted to low temperature. But the rate at main
decomposition was 37.4% of that of ABS-0. The residual
yield of ABS-2 was 3.9 times of that of pure ABS at 800 K.

When APP and DPP were added together, the Ts¢,, Tyain
and Tp,. were similar to those of ABS-2, and the Tp,s was
close to the Tpys of ABS-1. Those similarities implied the
influence of APP and DPP on ABS decomposition. The
decrease in Pp, and Pp, and the increase in residual yield
at 800 K suggested the synergistic effects between APP
and DPP.

TGA analysis of binary system APP + DPP
under air

In order to identify the reaction and the synergistic mech-
anisms between APP and DPP, the binary system was
investigated; the ratio of APP:DPP was 1:1. In Fig. 4 and
Table 6 the thermal analysis of APP and DPP binary sys-
tem under air was presented. The mass loss of all samples
occurred at about 550 K, while the process of APP and
Exp-APP-DPP was earlier. DPP had one decomposition
peak at 638.8 K in the rate of 24.9% min_l, APP and Cal-

@ Springer

Intensity/cps

Intensity/cps

(B)
—N1s
—N1:C-N/NH2(4DO.1eV)
—Nz:N(_H)“/sp2-N(402.5eV)
2,50k __paselne
2.25k A
2.00k 4
410 408 406 404 402 400 398 396
Binding energy/cV
(D) —P2p
1000  — P1:P-benzene(132.1eV)
——P2:PO,% (134.8eV)
— B.aseline
8004 — Fitted
600
4004
200
O T T T
140 136 132 128

Binding energy/cV

APP-DPP had two decomposition peaks, and Exp-APP-
DPP had three decomposition peaks. APP and DPP binary
system demonstrated a lower thermal stability than the
calculated binary system. The decomposition process of
Exp-APP-DPP shifted to low temperature. Tsq,, Tp; and Tp,
were reduced by 23, 26 and 21 K, respectively. These
differences indicated that the reaction of APP and DPP
shifts the decomposition of binary system to lower
temperature.

The study of char residues by XPS, SEM and FTIR

To further study the synergistic effects of APP and DPP in
remnant char, the chemical constitution of the charring
residue of ABS-1, ABS-2 and ABS-7 left was investigated
by XPS. Figure 5 presents the full-scan XPS spectra of
ABS composites. To compensate for sample charging, all
binding energies were referenced to C1 s at 285 eV. The
peaks of carbon, oxygen, nitrogen and phosphorus were
detected from the full-scanned XPS spectrum of ABS
composites. The detailed data are presented in Table 7. As
shown in Table 7, the addition of APP increased the atomic
ratio of Nls, Ols and P2p, and the addition of DPP
increased the atomic ratio of Cls. With the addition of
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DPP, the C/O ratio of ABS-2 was 6 times of that of ABS-1,
suggesting the charring ability of DPP.

The Cls, Ols, N1s and P2p spectra of ABS-1, ABS-2
and ABS-7 are shown in Figs. 6-8, respectively. The
analysis of C1 s spectra showed that the addition of APP
makes the C1 s spectra of ABS-1 have two peaks, 284.8
and 285.9 eV, which were belong to C—C (70.4%) and O-
C=0 (29.6%) bond, respectively [32, 33], while the C1 s
spectra of ABS-2 had four peaks, 283.1, 284.8, 285.9 and
288.9 eV [34], which may belong to conjugation (10.8%),
C-C (53.1%), C-O/C-N (22.5%), and O-C=0 (13.6%)
bond, respectively. There was a new peak of C—O/C-N,
and the percentage of O—C=0 bond was lower than that of
ABS-1. Those results implied the charring ability of DPP.
When APP and DPP were added together, the C1 s spectra
of ABS-7 had three peaks, 248.8, 285.9 and 288.9 eV,
which were belong to C—C (65.2%), C—O/C-N (30.3%) and
O0-C=0 (4.5%) bond, respectively. With the addition of
APP and DPP, the percentage of O—C=0 decreased obvi-
ously. The N1s, Ols and P2p spectra of ABS-1 suggested
the dehydration and salt-forming process of APP during
heating. The comparison of Ols and P2p spectra indicated
the reaction between ABS and DPP in heating.
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Fig. 8 Cls(a), Ols(B), N1s (c), and P2p (d) XPS spectra of ABS-7

Then the microcosmic morphology of the char heated by
Muffle furnace was also investigated with SEM. Figure 9
presents the SEM micrographs of ABS composites char
residues. According to Fig. 9 ABS-0, for pure ABS, the
residues had poor chars on the surface of melting ABS.
This defective char cannot insulate combustion-supporting
gas and heat effectively, and cannot protect ABS from
degrading during combustion. Therefore, in vertical burn-
ing tests, ABS burned off with molten dripping. As illus-
trated in Fig. 9 ABS-1, there were some char residues on
the surface of ABS-1, which was consisted with the result
of Fig. 3. Figure 9 ABS-2 shows the section and surface of
ABS-2; its residues were intumescent and porous. This
special structure was capable of preventing heat transfer,
and protecting the polymer materials from further burning.
In addition, this char structure can offer a useful shield to
prevent melted ABS from dripping. As shown in Fig. 9
ABS-7, with the addition of APP and DPP, this char
structure was same as the char structure of ABS-2. The
surface of char residues and porous (inside of char resi-
dues) was look like the surface of ABS-1. Figure 10 lists
the FTIR of char residues changed with the addition of
APP and DPP. Also those results were consisted with the
result of XPS.
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Fig. 12 Three-dimensional TGA/FTIR spectra of ABS-0, ABS-1, ABS-2 and ABS-7

The study of gaseous products

After TGA, XPS, FTIR and SEM analysis of char residues,
the gaseous products generated in degradation processing
were detected by TGA/FTIR. As shown in Fig. 11, the
intensity of pyrolysis gaseous of ABS composites changed
with the addition of flame retardant. Those different curves
of gaseous intensity implied the different decomposition
process.

Figure 12 shows the three-dimensional FTIR spectra of
gaseous products of the composites at sharp losing mass
temperature (600-880 K), respectively. For ABS-0, the
generation of CO, and H,O was observed over the whole
range. But their peaks intensity increased with the rise of
temperature firstly then decreased gradually after the first
degradation peak. At the second peak, the trend of the
intensity of CO, was same. Furthermore, in the temperature
range of 630-750 K, there were the peaks of arene and
alkane (in the range of 3100-2900 cm™' and
1500-1630 cm_l). With the addition of APP, the kind of
peaks did not change. But the intensity of —-CH,—, arene,
CO, and H,O of ABS-1 was higher than that of ABS-O0.
And the intensity of CO of ABS-1 was lower than that of
ABS-0. As showed in the XPS spectra of ABS-1, there was
PO; ™ in the char residues. And the heat release of ABS-1
was lower than that of ABS-0. It suggested that the for-
mation of phosphate by APP dehydration absorbed part of
the heat and changed the combustion behaviors of ABS.

For ABS-2, no new peaks or peak shifts were observed
at each temperature. And in the main degradation tem-
perature range, the main gaseous products of the ABS-2
were CO, and H,0. However, the intensity of all absor-
bance peaks was weaker compared with ABS-0. The char
residues yield coupled with the onset decomposition tem-
perature results (Figs. 2, 3) indicated that the introduction
of DPP accelerated the decomposition and catalyzed the
production of stable materials during the decomposition
process. So the gaseous products of the ABS-2 were less
than that of ABS-1.

With the addition of APP and DPP, the intensity of CO,
of ABS-7 was 3.87 times of that of ASB-0. The intensity of
—CH,— and arene of ABS-7 was a half of that of ASB-0.
The intensity of H,O of ABS-7 was same as that of ABS-1.
It indicated that the combustion of ABS was reduced by
APP and DPP. These differences also indicated the syn-
ergistic effect of APP and DPP.

Conclusions

In this work, poly-(4-nitrophenoxy)-phosphazene(DPP)
and ammonium polyphosphate (APP) were mixed with
ABS as intumescent flame retardants to decrease the
combustibility of ABS. When the ratio of APP and DPP
was 1:1 with 30 mass% additive amount, the LOI of ABS-
7 was 27%, and the UL-94 reached V-0 rating. With the
addition of APP and DPP, the PHRR of ABS-7 was
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reduced by 39.1%, and the HRC became 77.5% of that of
ABS-0. TGA measurements were used to study the syn-
ergistic effects of APP and DPP under pure nitrogen and
air, respectively. Under nitrogen, the residual yield of
ABS-7 increased from 0 to 27.8% at 800 K, and from O to
23.2% at 1000 K. Under air, the residual yield of ABS-7
was 4.4 times of that of ABS-0 at 800 K, and 2.4 times at
1000 K. There were interactions between APP and DPP
investigated by TGA measurements to identify their reac-
tion and the synergistic mechanisms. The char residues
were studied by XPS, SEM and FTIR. The results of XPS
showed that the addition of APP increased the atomic ratio
of Nls, Ols and P2p, the addition of DPP increased the
atomic ratio of Cls. For ABS-7, the percentage of O—-C=0
decrease obviously, which meant more cross-linking
formed with the addition of both APP and DPP. At the
same time, the gaseous products generated in degradation
process were detected by TGA/FTIR. The intensity of
pyrolysis gaseous of ABS composites changed with the
addition of flame retardant. All results suggested the syn-
ergistic effects between APP and DPP in gaseous process.
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