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Abstract An intumescent flame retardant (IFR), a Schiff-
base polyphosphate ester (PAB)-functionalized montmo-
rillonite (PAB-MMT) was combined with PAB to adopt
into ethylene—vinyl acetate copolymer (EVA) by melting
intercalation. The synergistic effect between PAB-MMT
and PAB was evaluated by thermogravimetric analysis
(TGA), transmission electron microscopy (TEM), limiting
oxygen index (LOI), vertical burning test (UL-94), micro-
scale combustion colorimeter (MCC) and scanning electron
microscopy (SEM). The results showed that when 5.0 wt%
PAB-MMT replaced the same amounts of Na-MMT in
the composite, the flame retardancy of EVA/PAB com-
posite was improved. For this composite, the LOI value
was increased and the ignition time in UL-94 rating was
shortened compared to pure EVA or composites contain-
ing PAB or Na-MMT/PAB. The MCC results indicated that
the peak heat release rate (PHRR) and total heat release
(THR) were significantly reduced in comparison with other
EVA nanocomposites. Meanwhile, the TGA data showed
that the EVA/PAB/PAB-MMT nanocomposite had higher
char residue than the EVA/PAB and EVA/PAB/Na-MMT
nanocomposites. The TEM and dispersibility measurement
results showed that PAB-MMT had better dispersion than
Na-MMT. The SEM results demonstrated that the mini-
mal loading levels of PAB-MMT in EVA/PAB/PAB-MMT
composite had a well-structured and strong char which had
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better ability to endure heat erosion. A good synergistic
effect between PAB-MMT and PAB was constructed.
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Introduction

Nowadays, polymers are versatile materials and are used
massively in our everyday life due to their remarkable
combination of properties. However, the lacking in flame
retardancy is the common problem of polymers [1]. The
incorporation of flame retardant additives has proved to be
an effective way to reduce the flammability of polymers
[2—4]. Intumescent flame retardant (IFR) materials have
found a place in polymer science as a method of provid-
ing flame retardancy to polymeric materials [5]. However,
IFRs also have drawbacks, for instance, low flame retard-
ant efficiency and low thermal stability [6]. Recently, much
attention has been devoted to the use of nanoparticles such
as layered silicates, graphite oxide, layered double hydrox-
ides and layered metal phosphates [7]. Among them, mont-
morillonite (MMT) is the most commonly used layered
compound which improves polymeric materials’ flame
retardancy, particularly in reducing peak heat release rate
(PHRR) during burning when is evaluated by cone calorim-
etry [8]. The most popular accepted mechanism to explain
the fire retardancy of polymer—clay nanocomposites is
based on barrier effects [9]. MMT has been identified as a
promising synergistic agent when combined with polymer
intumescent systems [10, 11].

Natural MMT has usually been modified by organic
intercalation agents to obtain the good affinity of MMT
with organic polymers [12]. However, organic intercalation
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agents are combustible, resulting in negative effect on
flame retardancy [13]. So the further improvement of the
flame retardancy of composites is limited.

As to develop a functionalized MMT with high flame
retardancy, it can be achieved by incorporating a flame
retardant as a replacement for alky ammonium salts in
functionalizing MMT [14, 15]. In our previous study [16,
17], we synthesized an IFR (PAB) and utilized it as an
organophilic-modification agent to modify MMT (PAB-
MMT). It was found that the PAB-MMT, having a larger
interlayer spacing, could improve the flame retardancy of
EVA nanocomposites.

To further improve the flame retardancy of EVA and
to reduce the amount of IFR in polymer composites, the
combination of the PAB-MMT and the flame retardants
(PAB) was used. In this work their synergistic effect has
been evaluated through transmission electron microscopy
(TEM), thermogravimetric analysis (TGA), limited oxygen
index (LOI), vertical burning test (UL-94) and microscale
cone calorimeter test (MCC). Moreover, scanning electron
microscope (SEM) was employed to characterize the mor-
phology of the char of EVA/PAB/PAB-MMT composites.

Experimental
Materials

Elvax® 360 is an EVA copolymer containing 25 wt% of
vinyl acetate with a melt flow index of 2 g/10 min, a den-
sity of 0.948 g/cm® and was provided by DuPont, USA.
Pristine Na-MMT, with a cation exchange capacity of
110 meq/100 g, was supplied by Zhejiang Fenghong Clay
Products (Anji County, Zhejiang Province, China). PAB
was self-made by interfacial polycondensation according
to the procedures reported previously [16]. The chemical
structure of PAB is shown in Scheme 1. PAB was reacted
with Na-MMT to form the modified clay (PAB-MMT)
[17]. All materials were dried in vacuum oven at 80 °C for
24 h before use.

Preparation and characterization of composites

The flame retardant EVA composites were prepared via
melt compounding at 120 °C in Thermo Haake Rheomixer
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Scheme 1 The chemical structure of PAB
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Table 1 Formulations of flame retarded EVA blends

Sample EVA Na-MMT  PAB-MMT PAB
(Wt%)  (Wt%) (Wt%) (Wt%)
EVA 100 / / /
EVA/20 wt% PAB 80 / / 20
EVA/PAB/Na-MMT 80 5 / 15
EVA/PAB/PAB- 80 / 5 15
MMT

(Polylab, Germany) with a rotor speed of 60 rpm for 8 min.
The formulations of EVA samples prepared are shown in
Table 1. The samples were hot-pressed at 120 °C under
8 MPa for 8 min into sheets for testing.

TG analysis was performed on a TA STD Q600 ther-
mal analyzer (USA) at a heating rate of 20 °C/min in N,.
LOI values were determined using an HC-2 oxygen index
instrument (China) according to ASTM D2863 with the
sample sheets of dimension 150 x 6 x 3 mm?>. UL-94 test
was conducted in a CZF-III horizontal and vertical burn-
ing tester (Jiangning Analysis Instrument Company, China)
according to UL-94 test ASTM D3801-1996 standard, on
the sheet of 127 x 12.7 x 3 mm®. The TEM micrographs
of the composites were obtained with a JEM-1200EX elec-
tron microscope (JEOL Corporation, Japan). MCC tests
were carried out on a Govmak MCC-2 microscale combus-
tion colorimeter (USA) with a heating rate of 1 °C s'ina
stream of nitrogen flowing at 80 cm® min~!. The volatile
thermal degradation products in the nitrogen gas stream
were mixed with a 20 cm® min~' stream of pure oxygen
prior to entering a 1,000 °C combustion furnace. The SEM
observations of the char residues were carried out on an
S-4800 microscope (HITACHI, Japan) under an accelerat-
ing voltage of 3 kV.

Results and discussion
Morphology

To investigate the dispersion of clay mineral layers in
the matrix, the TEM images of EVA/Na-MMT and
EVA/20 wt% PAB-MMT composites were carried out. The
TEM images are presented in Fig. 1. From Fig. 1a it could
be found that Na-MMT was unexfoliated and agglomerated
and the layers in the EVA/Na-MMT composite maintained
stacking structure. While in the EVA/20 wt% PAB-MMT
composite (Fig. 1b), the size of PAB-MMT particles was
much smaller and the PAB-MMT particles were dispersed
uniformly in the matrix. As denoted by the arrows, the
exfoliated and intercalated PAB-MMT sheets could be
observed.
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Fig. 1 TEM images of a EVA/Na-MMT and b EVA/PAB-MMT

(a)100-
80
60 -

40 4

Weight (wt%)

—a— EVA
—e— EVA/20 wt% PAB

—aA— EVA/PAB/Na-MMT (15:5)
04 —»— EVA/PAB/PAB-MMT (15:5)

20 4

¥ ]
300 400
Temperature (°C)

L)
100 200 500 600

F)
O
N
o
[

N
o
'}

-20 <

-30 4

Derive weight (wt%/°C)

409 s EVA
—a— EVA/20 wt% PAB
—o— EVA/PAB/Na-MMT (15:5)

50 o EVAPABIPAB-MMT (15:5)

T ] L]
300 400 500

Temperature (°C)

T
100 200 600

Fig. 2 TG and DTG curves of EVA nanocomposites in N, at a heating rate of 20 °C/min

Thermal stability

Figure 2 shows the TG and DTG curves of the EVA
composites. The detailed TG and DTG data are listed
in Table 2. The pure EVA resin began to decompose at
336 °C. When the temperature was further increased, the
weight loss increased rapidly, without leaving any char
residue at 600 °C in N,. Compared with pure EVA, the
decomposition temperature of 5 % weight loss (T ¢,4) of
EVA/20 wt% PAB was lower. This phenomenon was attrib-
uted to the decomposition of ethyl ester groups in PAB at
relatively low temperature [18]. However, the EVA/20 wt%
PAB sample could obtain much residual char about 6.6 %.
Based on the results of Fig. 2 and Table 2, the residual

Table 2 Results of TG and DTG analysis for EVA blends in N, at a
heating rate of 20 °C/min

Sample Tsq Touxi Tiuo  Residue at 600 °CP
Pure EVA 336 358 476 0

EVA/20 wt% PAB 233 358 476 6.6 %
EVA/PAB/Na-MMT 296 358 477 11.0 %
EVA/PAB/PAB-MMT 299 358 477 16.7 %

# The temperature of maximum weight loss rate occurred
® The residual weight of sample at 600 °C

char of EVA/PAB/PAB-MMT was 16 %, while the EVA/
PAB/Na-MMT sample had a residual char of about 11 %.
This indicated that the functionalized MMT and PAB had
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Table 3 Results of LOI values and UL-94 rating for EVA blends

Sample LOI UL%4 Dripping AFT*
Pure EVA 19.7 Failed Yes Burns
EVA/20 wt% PAB 23.0 V-2 Yes 11/2.0
EVA/PAB/Na-MMT 23.4 V-2 Yes 9/2.2
EVA/PAB/PAB-MMT 25.0 V-2 No/Yes? 6/2.6

* Average flaming time after the first and the second ignition

 No/Yes represents the responses of the first/second flame applica-
tion

a synergistic effect on improving the thermal stability of
EVA only at high temperature and the char forming ability
on EVA resin. This phenomenon may attribute to the fact
that PAB-MMT is intercalated by PAB which is an IFR and
containing phosphorus [14]. It is well known that phospho-
rus is a promoter for “char-formation” [18] and it is clear
that the decomposition of PAB could generate phosphinic
acid and led to the formation of char residue which could
protect the resin underlying substrates.

Flammability

The results of LOI values and UL-94 ratings of the samples
are listed in Table 3. The LOI of the pure EVA was only
19.7 with dripping, which indicated the EVA was an eas-
ily flammable polymeric material. The addition of 20 wt%
PAB increased the value of LOI to 23.0, while the EVA/
PAB/Na-MMT sample had an LOI value of 23.4. Moreo-
ver, combining of PAB-MMT and PAB in EVA resin could
increase the LOI value to the optimal result of about 25.0.
V-2 rating in the UL-94 rating tests could be obtained for
the EVA/IFR composites. However, the average flaming
times after the first and the second ignition were different
and were in accordance with the results of the LOI val-
ues. The results of LOI value and UL-94 rating indicated
that the PAB-MMT had a better synergistic effect with
PAB compared to Na-MMT. In the UL-94 test, though the
EVA/PAB/PAB-MMT blend failed to prevent flame drip-
ping, there was no dripping after the first application of the
flame. This may attribute to the increased melt viscosity
of the system due to the intercalated structure in the PAB-
MMT. To inhibit the dripping behavior of EVA/PAB/PAB-
MMT blend, 0.3 wt% PTFE (polytertrafluoroethylene)
was added into the system. And the EVA/PAB/PAB-MMT/
PTFE blend was found to reach UL-94 V-0 rating without
dripping.

The combustibility of the blends was evaluated using
microscale combustion calorimeter (MCC). The curves of
heat release rates (HRR) and detailed MCC data are pre-
sented in Fig. 3 and Table 4. The peak heat release rate
(PHRR) of pure EVA was 882 kW/m?, while the PHRR of
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Fig. 3 HRR curves of EVA blends at a heating rate of 1 °C/s

Table 4 Results of MCC measurements

Sample PHRR (W/g) THR (kJ/g) TEMP (°C) HRC (J/g-k)
Pure EVA 882.2 41.2 477.5 904
EVA/PAB20 718.1 38.0 482 722
EVA/PAB/Na- 706.6 354 483.1 714
MMT
EVA/PAB/ 658.9 327 482 705
PAB-MMT

PHRR peak heat release rate, THR total heat release, TEMP tempera-
ture to PHRR, HRC heat release capacity

EVA/PAB was 718.1 kW/m?, a reduction of about 18 %.
Compared with the EVA/PAB blend, the PHRR of EVA/
PAB/Na-MMT and EVA/PAB/PAB-MMT was further
reduced, about a reduction of 1.6 and 8.2 %, comparatively.
The total heat release (THR) of pure EVA was 41.2 kl/g.
The addition of PAB and Na-MMT in EVA material could
also descend the value of THR to 35.4 kJ/g, which is a
reduction of about 14 % compared to that of EVA. As to the
EVA/PAB/PAB-MMT sample, the THR value was further
decreased. The lower THR value meant that a part of the
EVA sample had not combusted completely, indicating bet-
ter flame retardancy.

Analysis of the char residue

The SEM images of the char after the combustion of
the EVA composites are shown in Fig. 4. It can be seen
from Fig. 4a that the blend without MMT shows swollen
chars on the surface. The surface of EVA/PAB/Na-MMT
(Fig. 4b) was more compact and denser than that of the
EVA/PAB sample, which was very important in improving
the flame retardancy of EVA as it could provide a barrier
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Fig. 4 SEM images of the residual chars: a EVA/PAB, b EVA/PAB/Na-MMT, ¢ EVA/PAB/PAB-MMT

to protect the underlying resin effectively. As to the EVA/
PAB/PAB-MMT sample, it showed more continuous and
thick char layer and this was in accordance with the results
of LOI values and UL-94 rating.

Conclusions

The PAB-functionalized montmorillonite (PAB-MMT)
exhibited a synergistic effect with IFR (PAB) on the EVA
composite compared with the EVA/PAB/Na-MMT sample,
giving the best LOI value and UL-94 rating. The improve-
ment of flame retardancy was mainly induced by the intro-
duction of PAB-MMT into the EVA/PAB sample, which
was attributed to the improvement of char forming ability
and a denser char barrier.
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