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1 | INTRODUCTION

Polypropylene (PP), as staple commodity polymers, is exten-
sively used in electronic cases,’ building materials,

Abstract

Fire-retarded polymer nanocomposites (FRPN) based on polypropylene with
clay and allylamine polyphosphate (PP/clay-AAPP) were designed and pre-
pared by melt mixing. Their morphological, thermal and fire-safety properties
were investigated by TEM, SEM, EDS, TG, UL-94, LOI, cone-calorimeter test
and TG-FTIR. The results exhibited that the LOI of PP/2 wt%clay-20wt%AAPP
nanocomposites was 29.5% with V-0 rating level in UL-94 vertical testing. Sig-
nificant enhancements in fire safety performance were also observed for fire-
retarded PP nanocomposites from cone-calorimeter test decreasing heat release
as well as smoke and toxic gases. PP/clay-AAPP nanocomposites not only pro-
vided relatively stable char layer during polymer burning, but also exhibited
better fire safety performance due to the exfoliation of clay platelets. It dis-
played that incorporation of clay and AAPP were very efficient in increasing
the fire safety of PP composites.
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automotives,” wires,* cables,” etc. However, the high combus-
tibility of PP is regarded as an important limiting factor for
many applications.” Thus, the use of fire-retardant (FR) is
necessary to satisfied fire safety standards. At first,
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halogenated fire retardants (H-FR) are developed because of
their high fire safety. However, some of H-FR are completely
forbidden by many countries because of environmental
issues.*” Up to now, phosphorus-containing fire retardants
(P-FR) as halogen-free FR are the most promising candidates.
Among them, ammonium polyphosphate (APP) containing
of rich nitrogen element (N) and phosphorus element (P) is a
very important P-FR in both industrial and academic field.*'°
When PP with APP composites are ignited, APP is degraded
to ammonia (NH3) and polyphosphoric acid firstly. To form
phosphate ester, these polyphosphoric acid and hydroxyl
group then would be reacted. After degradation of phosphate
ester, the charring residue would be formed to against the
heat and oxygen transfer.>'>"" Since the formation of char-
ring layer during burning PP with APP composites is not sta-
ble, fire safety efficiency of alone APP is too low. Thus, it is
necessary to combine other technology to gain the good fire
safety efficiency of APP.

To increase the stability of charring residue, researchers
mainly have done two aspects of work. The first is the
organic stable charring agents (e.g. pentaerythritol, phos-
phate and 1,3,5-triazine derivatives, etc.)""'* were added as
intumescent flame retardant (IFR). Recently, modified APP
by piperazine''* and ethanolamine’>'® were developed
via a simple step, which enhance the stability of char resi-
due and fire safety efficiency of APP. However, there is still
some room for improvement that is the required more than
35 wt.% modified APP loading in PP is too high to satisfied
fire safety standards.'*'® The second aspect is inorganic
charring (in particular nanofiller) as the synergist is used to
enhance the fire safety of APP system.®'” For example, clay
is introduced into APP system due to their low cost, natural
existence, high interfacial reactivity, large specific surface
area, and nanoscale layered structure.'® ' During the clay-
polymer burning, the inorganic clay platelets can increase
the stable char layer, enhance degradation temperature,
prevent or delay mass and heat transfer. Wang et al investi-
gated® synergistic effect between clay and flame retardant
for fire safety PP. Chen et al prepared™ the clay aerogel
with alginate for fire safety polyurethane. Fu et al used**
clay into the cell wall of fire safety wood. Lai et al
suggested® that modified phosphorus-containing clay (P-
clay) via resorcinol bis(diphenyl phosphate), and the results
showed that the fire safety of PP was effectively improved
by only 2.0 wt% of P-clay. In clay-APP system, on one
hand, APP as an eco-friendly and safe fire-retardant acts
both as the gas and acid agent. On the other hand, only
small amount of clay (<5 wt%) is incorporated in the poly-
mer matrix, which greatly decreases melt dripping, reduces
heat release, and changes the carbonization.'****° How-
ever, the fire safety of PP with APP-clay system is still not
too high. Due to missing charring agent, a stable char from
the APP-clay system cannot be formed during the combus-
tion processes. In addition, the dispensability of hydrophilic
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clay surface is not so good in the hydrophobic polymer/
APP composites. Moreover, there are no strong synergistic
effects between APP and clay.

In our previous work,” a novel IFR allylamine
polyphosphate (AAPP) was well developed by simple cat-
ion exchange. The multifunctional AAPP not only had
acid source (phosphorus element), gas source (nitrogen
element), and carbon source (carbon element), but also
had allyl group (carbon-carbon double bond) for grafting
with polymer. Thermal stability of PP with AAPP
composite was improved by environment-friendly elec-
tron beam treatment.*>*! To enhance the fire safety,
fire-retarded polymer nanocomposites based on polypro-
pylene with clay and allylamine polyphosphate (PP/clay-
AAPP) were prepared by melt mixing. In this work
contrary to traditional clay-APP system, some of APP was
changed by AAPP. Under the total loading of filler was
22 wt%, PP/clay-APP nanocomposites were designed and
investigated by melt blend. Their morphological, thermal,
and fire-retardant properties were systematically investi-
gated. Moreover, the related fire safety mechanism of
PP/clay-AAPP system was explored in detail.

2 | EXPERIMENTAL AND
CHARACTERIZATION

2.1 | Materials

Clay was bought from BYK Co., Ltd (Clay 30B,
Germany); APP was purchased from Budenheim
(Germany); Ethanol and allylamine were obtained from

Sigma-Aldrich Company (Germany); PP was bought from
Borealis Company (HD 120MO, Finland).

2.2 | Synthesis of AAPP

APP (100 g) and allylamine (60 g) were put in a three-
neck flask in the mixed solvent of water and alcohol (9:1,
1000 mL) with a stirrer at 60°C under a N, atmosphere.
Next, reaction between APP and allylamine were via cat-
ion interchange. After that, the mixture was reduced
pressure distillation via rotary evaporator. The white
samples were washed with ethanol and dried in a drying
oven. 'H-NMR ((500 MHz, D,0): 5.72(m), 5.26(m), 3.45
(m)). *'P-NMR ((500 MHz, D,0) (—24.1).%°

2.3 | Preparation of fire retarded PP

The samples (Table 1) were mixed melt blending
(Brabender, KETSE 20/40 EC). The temperature of
extruder was set up from 180 to 190°C. Then, the pellets
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TABLE 1 Formulation of PP/clay- Sample PP (Wt%) APP (Wt%) AAPP (wt%) clay (wWt%)
APP and PP/clay-AAPP systems
Pure PP 100 0 0 0
PP/22 wt%APP 78 22 0 0
PP/1wt%clay-21wt%APP 78 21 0 1
PP/2 wt%clay-20 wt%APP 78 20 0 2
PP/22 wt%AAPP 78 0 22 0
PP/1wt%clay-21wt%AAPP 78 0 21 1
PP/2wt%clay-20wt%AAPP 78 0 20 2

with the processing temperature at about 210°C were pre-
pared using the Arburg injection molding machine
(320°C) to prepare the suitable samples for fire safety
properties tests.

24 | Characterization of samples
NMR data of AAPP and APP using D,0 as a solvent were
carried out on a Bruker 500 MHz (Germany) instrument.

Transmission electron microscopy (TEM) images
were performed on the Carl Zeiss Microscopy(Germany)
apparatus at 200 kV.

X-ray powder diffraction (XRD) tests were obtained
using DSADVANCE (Bruker, Germany) with Cu-K «o
radiation (A = 0.1541 nm) from 5° to 10° at 40 kV
and 30 mA.

Thermogravimetric (TG) analysis was conducted on a
Q5000 thermal analyzer (USA) from 35 to 800°C in N, at
a liner heating rate of 10 K/min.

SEM images for fire retarded PP nanocomposites
were carried out NovaNanoSEM450 (USA) to study mor-
phological nanocomposites. The energy dispersive X-ray
analysis (EDS) of fire retarded PP nanocomposites was
obtained using OXFORD X-MaxN (USA).

UL-94 testing with dimensions 130 x 13 x 3.2 mm’
was conducted on a FTT vertical burning (UK) following
the ASTM D3801-2010.

LOI testing with dimensions 130 x 6.5 x 3 mm® was
carried out with a FTT oxygen index meter
(UK) following the ASTM D2863-2012.

Cone-calorimeter (CC) test samples with dimensions
100 x 100 x 3 mm?® was performed on a FTT cone calorime-
ter (UK) measurement (50 kW/m?) following the ISO 5660-1.

SEM images for char residues was carried out Carl
Zeiss SMT (Germany) microscope model to study mor-
phological residues after CC test.

TG-FTIR measurements were carried out with a
Q5000 TG (USA) linked with FTIR Nicolet 380 (USA)) at
a heating rate of 10 K/min from 35 to 800°C in N,.

Tensile measurements (TS) were performed on Zwick
(8195.05, Germany) at a speed of 10 mm/min.

3 | RESULTS AND DISCUSSION

3.1 | Morphological fire retarded PP
nanocomposites

The TEM images of PP/2wt%clay-20wt%APP and
PP/2wt%clay-20wt%AAPP nanocomposites displayed
the direct the information of dispersion of the clay
platelets in the PP matrix in Figure 1. As shown in
Figure 1a, most of the clay platelets showing reunited
structures were dispersed in PP/APP system. However,
from Figure 1b, the image of PP/2wt%clay-20wt%AAPP
nanocomposite displayed most of the clay platelets
were closely exfoliated. Thus, it was obvious that the
dispersion of clay in PP/AAPP system was better than
in the PP/APP system. In order to study crystallinity of
PP/2wt%clay-20wt%APP and PP/2wt%clay-20wt%AAPP
nanocomposites, the XRD results were shown in
Figure 2. From Figure 2a, the XRD diffraction peaks of
neat PP were at 14.1°, 15.5°, 17.0°, 18.6°, 21.3°, 22.0°,
26.2°, and 29.3° which displayed semicrystalline mate-
rials. The XRD diffraction peaks of PP/2wt%clay-20wt%
APP nanocomposites were 14.1°, 15.5°, 17.7°, 18.0°,
21.2°, 22.2°, 26.2°, 27.6°, 29.2°, and 30.5°. Meanwhile,
the XRD diffraction peaks of PP/2wt%clay-20wt%AAPP
nanocomposites were 14.6°, 17.2°, 18.8°, 21.2°, 22.1°,
and 25.6 °. Consequently, PP/2wt%clay-20wt%AAPP
nanocomposites had still a crystalline structure but, as
expected, less pronounced and different compared to
PP/2wt%clay-20wt%APP nanocomposites. To deeply
investigate dispersion of the clay platelets in the in
PP/APP and PP/AAPP system, the XRD results from 5°
to 10° were shown in Figure 2b. It was observed that
the d001 peak of clay was disappeared, which demon-
strated the relative exfoliated structure of clay platelets
both PP/clay-APP systems and PP/clay-AAPP systems.
To further explore the microstructure of clay and
flame retardant in PP, SEM and EDS graphs were shown
in Figure 3. Many flame retardant APP and AAPP parti-
cles were observed in the PP matrix from SEM. It was
seen in Figure 3a2 and b2 that there were large agglomer-
ates in PP/2wt%clay-20wt%APP and PP/2wt%clay-20wt%
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FIGURE 2 XRD plots of neat PP, PP/2wt%clay-20wt%APP and
PP/2wt%clay-20wt%AAPP systems [Color figure can be viewed at
wileyonlinelibrary.com]

AAPP nanocomposites, which illustrated some of flame
retardant APP and AAPP with high loading (20 wt%)
were relatively rough distributed since there was phos-
phorus element in APP and AAPP.*”**?? From
Figure 3a4 and b4, the silicon map of PP/2wt%clay-20wt
%APP and PP/2wt%clay-20wt%AAPP nanocomposites
displayed most of the clay platelets were relative uniform
dispersion. Combining TEM, XRD, SEM, and EDS, the
PP/clay-AAPP composites had a good dispersion state.

3.2 | Burning behavior

3.2.1 | UL-94 vertical testing and LOI test

To study the influence of clay on fire safety of PP com-
posites, the UL-94 vertical testing and LOI testing
results of pure PP and its composites were presented in
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FIGURE 1 TEM images of PP/2wt%
clay-20wt%APP (a) and PP/2wt%clay-
20wt%AAPP (b) systems

-

Figure 4. PP with 22 wt% APP system had a low LOI
value of 20.4. In further composites, under the total
loading of filler was 22 wt%, some APP was changed
using the clay. The LOI results of PP/1wt%clay-21wt%
APP, PP/2wt%clay-20wt%APP systems amounted 20.4,
20.6, respectively. It is obvious that all PP/clay-APP sys-
tems exhibited no classified UL-94 vertical testing with
not any self-extinguishing phenomenon. However, with
22 wt% amount of AAPP in PP, the LOI results of PP
composites reached 29.2. At loading of 1 wt%, 2 wt%
clay in PP/AAPP systems, LOI values of PP/1wt%clay-
21wt%AAPP and PP/2wt%clay-20wt%AAPP amounted
28.4 and 29.6. Moreover, PP/2wt%clay-20wt%AAPP sys-
tem achieved V-0 rating level in UL-94 vertical testing
without melt dripping after fire ignition. The experi-
mental results clearly exhibited that clay-AAPP system
was better fire safety for PP in comparison with clay-
APP system. According to UL-94 vertical testing and
LOI results, fire safety of PP/AAPP system with only
addition of 2 wt% clay was significantly increased in
anti-melt dripping.

3.2.2 | Cone-calorimeter test

The cone-calorimeter (CC) test is a reliable and useful
bench-scale method for combustible polymer to evaluate
the intensity, spreading, and developing of fire.'”* The
heat release rate (HRR) data of pure PP and its compos-
ites were exhibited in Figure 5. The peak value of HRR
(PHRR) of combustible pure PP rapidly reached 841 kW/
m? after ignition. When 22 wt% APP was put in PP, the
PHRR results of PP/22wt%APP system was 534 kW/m?.
After combining both clay and APP, the PHRR results of
PP/1wt%clay-21wt%APP, PP/2wt%clay-20wt%APP sys-
tems were 453 (reduce 15%) and 363 (reduce 32%)
kW/m?> Nevertheless, the PHRR results of PP/22wt%
AAPP system was 369 kW/m? Obviously, the AAPP
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FIGURE 3 The morphology of PP/2wt%clay-20wt%APP (a) and PP/2wt%clay-20wt%AAPP (b) systems as obtained by SEM and EDS via
mapping of carbon (al, bl), phosphorus (a2, b2), nitogen (a3, b3), silicon (a4, b4), oxygen (a5, b5), and all these elements (a6, b6) [Color

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 UL-94 vertical testing and LOI test of pure PP and
its composites [Color figure can be viewed at
wileyonlinelibrary.com]

system had better fire safety in comparison with APP sys-
tem. Further, the PHRR values of PP/1wt%clay-21wt%
AAPP, PP/2wt%clay-20wt%AAPP systems were 390 (raise
5%) and 340 (reduce 8%) kW/m?. Thus, it can be said that
only 2 wt% of clay results in efficacious synergistic effect
fire safety of PP/AAPP systems.

1000
—— Pure PP
—— PP/22wt% APP
—— PP/1wt% clay-21wt% APP
800 —— PP/2wWt% clay-20wt% APP
—— PP/22wt% AAPP
— —— PP/1wt% clay-21wt% AAPP
£ 600 —— PP/2wt% clay-20wt% AAPP
S
<
i4
© 400+
200
o0

ke T v T v T T T T =
0 100 200 300 400 500 600 700 800

Time (s)

FIGURE 5 HRR images of pure PP and its composites [Color
figure can be viewed at wileyonlinelibrary.com]

Total heat release (THR) results of pure PP, PP/clay-
APP and PP/clay-AAPP systems were exhibited in
Figure 6. The THR results of PP/22wt%APP and PP/22wt
%AAPP systems amounted to 147 MJ/m? 123 MJ/m?,
respectively. When the clay was introduced to APP and
AAPP system, THR results of PP/1wt%clay-21wt%APP
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and PP/2wt%clay-20wt%APP were 140 (reduce 5%)
MJ/m? and 121 (reduce 17%) MJ/m? On the contrary,
the THR results of PP/1wt%clay-21wt%AAPP and PP/2wt
%clay-20wt%AAPP systems significantly reduced tol27
(raise 3%) MJ/m” and 92 (reduce 27%) MI/m?, respec-
tively. Thus, the lower THR results of PP/2wt%clay-20wt
%AAPP systems indicated that some of PP were not
completely combusted and protected due to only addition
of 2.0 wt% of clay, which led to significantly synergistic
effect on the fire-safety of PP/AAPP system.?**13*

The toxic gases and smoke results of pure PP,
PP/clay-APP, and PP/clay-AAPP systems were exhibited
in Figure 7. The peaks SPR (smoke production rate) of
PP/22wt%APP, PP/1wt%clay-21wt%APP, and PP/2wt%
clay-20wt%APP were 0.08 m?/s, 0.06 m?*/s, and 0.05 m?%/s,
respectively. However, when APP was replaced by AAPP,
the peaks SPR of PP/22wt%AAPP, PP/1wt%clay-21wt%
AAPP and PP/2wt%clay-20wt %AAPP reduced to
0.06 m?/s, 0.05 m?/s, and 0.04 m?/s. Therefore, the SPR
of PP/2wt%clay-20wt%AAPP system had remarkably
reduced in comparison with that of PP/22wt%APP sys-
tem. From Figure 7b, the lowest TSP (total smoke pro-
duction) result was observed for the PP/2wt%clay-20wt%
AAPP system. Further, according to Figure 7c, the peaks
of CO, (carbon dioxide production) of PP/22wt%APP,
PP/1wt%clay-21wt%APP, and PP/2wt%clay-20wt%APP
were 0.28 g/s, 0.24 g/s and 0.20 g/s. Moreover, the rele-
vant results of PP/22wt%AAPP, PP/1wt%clay-21wt%
AAPP, and PP/2wt%clay-20wt%AAPP were 0.21 g/s,
0.19 g/s and 0.18 g/s, respectively. From Figure 7d, the
peaks CO (carbon monoxide production) of PP/22wt%
AAPP, PP/1wt%clay-21wt%AAPP, and PP/2wt%clay-
20wt%AAPP reduced to 0.006 g/s, 0.004 g/s, and
0.003 g/s. Therefore, the combined AAPP with only
2.0 wt% of clay reduced the smoke release (e.g., SPR and

140 4
120 4
100
< J
S 804
2 A
=
F 60+ —— Pure PP
1 PP/22wt% APP
40 4 —o— PP/1wt% clay-21wt% APP
| PP/2wt% clay-20wt% APP
204 PP/22wt% AAPP
| —s— PP/1wt% clay-21wt% AAPP
- —— PP/2wt% clay-20wt% AAPP
T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800
Time (s)
FIGURE 6 THR images of pure PP and its composites [Color

figure can be viewed at wileyonlinelibrary.com]
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TSR) and toxic gases (e.g., CO, and CO) of fire-retarded
PP composites.®>’

3.3 | Possible fire retardant mechanism
The FTIR of PP/2wt%clay-20wt%APP (a) and PP/2wt%
clay-20wt%AAPP (b) systems at various temperature were
exhibited in Figure 8. The main pyrolysis products of neat
PP/clay-APP and PP/clay-AAPP system were water (from
3623 to 3540 cm V), hydrocarbons (from 3012 to
2872 cm ™ Y), aldehyde (from 2757 to 2692 cm '), carbon
dioxide (from 2634 to 2381 cm™!), carbon monoxide
(2173 and 2118 cm ™ %), carbonyl compounds (1756 cm ™ 1),
or other compounds. Moreover, in comparison of PP
without clay system in Figure S1, the concentration of
the flammable pyrolysis products was reduced during
PP/2wt%clay-20wt%APP and PP/2wt%clay-20wt%AAPP
compounds burning. When clay was introduced, APP
and AAPP can react with clay to form a ceramic-like
structure at above 300°C.***” The decomposition of clay
layer may further improve the char yield.*® Moreover,
during PP with flame retardant burning, an ablative
reassembling of the clay layers may occur on the surface
of the burning PP/2wt%clay-20wt%AAPP compounds
nanocomposite creating a physical protective barrier.*
The clay layer as a physical barrier limit the oxygen and
heat to the substrate.

To study the effect of clay and AAPP on fire-safety
property, the thermal degradation curves of AAPP and
APP in N, were exhibited in Figure S2. When the temper-
ature was below 300°C, APP was nearly no degradation.
The mass then was lost from 97% to 81% from 310 to
500°C due to the release of vapor and ammonia. Never-
theless, the decomposition of AAPP with modification of
organic material was about 210°C. The char residues of
AAPP at 800°C was 7.4 wt.%, increasing the residual after
burning due to charring-agent in AAPP.

For introducing AAPP to PP, the degradation results
of PP composites under N, were shown in Figure S3. The
first degradation of PP/AAPP system was 250°C for for-
ming water vapor and ammonia. The second degradation
of PP/AAPP system was from 250 to 450 °C. The maxi-
mum mass loss rate (Ty,.x) of PP/AAPP system was lower
than that of pure PP due to the formation of carbon resi-
dues. The last degradation of PP/AAPP system was from
450 to 600 °C. The more and stable char residue was
obtained because of the composite contained more C and
N sources during the combustion.*”

The effect of morphological char residues on the fire-
safety of PP/clay-APP and PP/clay-AAPP systems were
exhibited by digital photos and SEM in Figure 9. From
Figure 9a, the surface of PP/clay-APP system char layer was
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FIGURE 7 SPR(a), TSP (b), CO, (c) and CO (d) curves of pure PP and its composites [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 TG-FTIR images of PP/2wt%clay-20wt%APP (a) and PP/2wt%clay-20wt%AAPP (b) systems [Color figure can be viewed at
wileyonlinelibrary.com]

850807 SUOWWIOD @A eaID 8|qeo! dde ay3 Aq pausenob are ssjolie YO ‘SN JO Se|n. 10} ArIqi8UIUO A8]IM UO (SUORIPUCO-PUe-SWLRY/WID" A3 M Afelq1jpUIUO//:SANY) SUORIPUOD pue swie 1 8ys &8s *[£202/80/TE] Uo ARiqiTauliuo A[1M ‘(ouleande ) aqnopesy Aq TTEZS dde/z00T 0T/10p/i0o A8 |1 Arelqijeul|uo//sdny wouy papeojumod ‘€z ‘220z ‘829L60T


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

XIAO ET AL.

holes and vesicular pores that was poor quality barrier for
transmission of heat and mass. Seen from Figure 8d, the
char layer after cone-calorimeter test of PP/clay-AAPP sys-
tem was more strong and compact for preventing molten
PP and combustible gases towards the fire.>*** In the case
of PP/clay-AAPP system (Figure 9b, c), loose and no closed
intumescent charring residue was formed. However, the
morphological char residues of PP/2wt%clay-20wt%AAPP
system was closed honeycomb, dense and continuous
(Figure 9e, f), which in the condensed-phase effectively
insulated heat and gas transfer to inside, PP/2wt%clay-20wt
%AAPP system achieved V-0 rating level in UL-94 vertical
testing, as discussed above.

According to the results of digital photographs, SEM,
EDS, TG-FTIR, and TEM, the fire-retardant mechanism
of PP/clay-AAPP system was described as follows:
PP/clay-AAPP system was degraded, with the release of
NH; and H,O at the beginning. Then, AAPP and PP
were degraded and cross-linked which led to formed sta-
ble char residues because of the C=C of AAPP. Conse-
quently, an excellent fire safety performance with
P—N—C, P—O—C structures was obtained in the carbon
residues.>***°*? The second fire safety mechanism was

PP/2wt%clay-20wt%APP

PP/2wt%clay-20wt%AAPP

.
‘/,‘

Digital photographs

FIGURE 9

20wt%AAPP =

PP/ 7wt%é?

SEM images for outer surface

Applied Polymer_wiLgy-l 2

on clay platelets in the PP/AAPP system. The combined
AAPP with only 2.0 wt% of clay with high quality
intumescent carbonaceous char residues and stable sili-
con layers not only reduced the heat release rate,
retarded fire spread, prevented the transmission of heat
and fuel, but also provided anti-dripping features, self-
extinguishing as well as a ceramic-like performance
under the PP composites combustion. In particular,
PP/clay-AAPP system showed a better fire safety

Barrier

Migrant

Catalyzing carbonization

& *—’layer of clay

Sy — PP
‘ « APP _5_5.5 ,,,,,,,,, §
g i K ﬁ

FIGURE 10 Possible fire safety mechanisms of PP/clay-AAPP
systems [Color figure can be viewed at wileyonlinelibrary.com]
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Digital photographs after cone-calorimeter test for the char residues of PP/2wt%clay-20wt%APP system (a), PP/2wt%clay-

20wt%AAPP system (d), SEM images after cone-calorimeter test for the outer surface of PP/2wt%clay-20wt%APP system (b) and PP/2 wt%
clay-20wt%AAPP system (e); SEM images after cone-calorimeter test for the inner surface of PP/2wt%clay-20wt%APP system (c) and PP/2wt
%clay-20wt%AAPP system (f) [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Tensile properties of Tensile Young's Elongation

PP/clay-APP and PP/clay-AAPP Samples strength (MPa) modulus (MPa) at break (%)

systems Pure PP 235+ 0.8 984.7 + 7.9 743.0 +21.3
PP/22 wt%APP 23.0 +£ 0.6 1157 + 10.3 88.5+ 7.1
PP/2 wt%clay-20 wt%APP 232+1.2 1162 + 8.4 80.2 + 5.2
PP/22 wt%AAPP 23.8+0.3 1056 + 6.5 78.5+ 7.6
PP/2wt%clay-20wt%AAPP 226+ 13 1142 + 5.6 62.3 +10.4

performance than P PP/clay-AAPP system due to the ACKNOWLEDGMENTS

exfoliated clay platelets. The possible fire safety mecha-
nism was exhibited in Figure 10.

3.4 | Tensile properties

Tensile properties PP/clay-APP and PP/clay-AAPP sys-
tems were showed in Table 2 and Figure S4. Compare
with pure PP, the Young's modulus of PP/clay-APP and
PP/clay-AAPP systems were increased. It was seen that
tensile properties of PP/clay-APP was sight better than
PP/clay-AAPP systems. However, since the low interface
compatibility between PP and APP or AAPP (high load-
ing),'>?%*>* elongation at break of PP/clay-APP and
PP/clay-AAPP systems were reduced significantly. For PP
with AAPP and clay system, AAPP has not only acid
source, a foaming agent, but also a carbon source and
allyl group. In the next step, The PP/clay-AAPP systems
will be treated by electron beam processing in further to
improve thermal fire safety and tensile properties.

4 | CONCLUSIONS

In order to enhance the fire safety of traditional clay-APP
system, novel fire-retarded polymer nanocomposites
based on polypropylene with clay and allylamine
polyphosphate (PP/clay-AAPP) were explored. The
results exhibited that the LOI of PP/2wt%clay-20wt%
AAPP nanocomposites was 29.5% with V-0 rating in UL
94 test. Significant enhancements in fire safety perfor-
mance were also observed for fire-retarded PP
nanocomposites from cone-calorimeter testing decreasing
heat release (e.g, HRR and THR) as well as smoke
(e.g., SPR and TSP) and toxic gases (e.g., CO, and COP).
PP/clay-AAPP nanocomposites not only provided rela-
tively stable char layer during polymer burning, but also
exhibited better fire safety property due to the good dis-
persion of clay platelets. All results demonstrate that
greatly synergistic effect on the fire safety of PP/clay-
AAPP system.
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