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Ammonium polyphosphate (APP) was grafted onto the surface of exfoliated graphite
nanoplatelet (GNP) to obtain a novel flame retardant, GNP-g-APP, and thereafter was incor-
porated into the ethylene vinyl acetate (EVA) to improve its flame retardancy. The chemical
structures of the precursors and the target product were characterized by Fourier trans-
form infrared spectroscopy (FTIR), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), and energy dispersive X-ray spectroscopy (EDS) techniques. FTIR spectra
appeared at 1056 and 1103 cm~! were attributed to P—O—C asymmetric stretching bond,
that conformed formation of GNP-g-APP. Thermal stability behaviour and flame retardancy
performance of the samples were evaluated by TGA, UL-94, micro-calorimetry, and cone
calorimetry. TGA measurements revealed the superiority of GNP-g-APP over GNP. The micro-
calorimetry analyses indicated a sharp fall in both the total heat release (THR) and the
peak of heat release rate (pHRR) of EVA containing 30 wt.% GNP-g-APP, evidenced by a thick
char layer formed as barrier. Cone calorimetry confirmed flame-retardant effect of GNP-g-
APP featured by a reduction in pHRR (—63 %) and THR (—31.6 %) due to the formation of a
cohesive char layer. Although GNP addition sharply decreased the elongation at break of
70/30 (w/w) composites from 500% for neat EVA to 71%, a very promising value of 364% for

EVA/GNP-g-APP sample preserved superior flexibility.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Copolymer of ethylene and vinyl acetate, poly (ethylene-
co-vinyl acetate) (EVA) was broadly applied in biomedical
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mainly as hot-melt adhesive [4] and electrical cable [5], but
it appeared flammable [5-9]. Halogenated flame retardants
have been selected as common additives for high flammable
polymers [10], but their usage was banned/limited due to
the emission of toxic and corrosive gasses [11]. To tackle
this problem, a wide variety of additives/fillers such as alu-
mina trihydrate (ATH) and magnesium hydroxide (MDH) have
been examined. Nevertheless, such minerals could have been
used at high loadings (~30-60%) that would have detrimental
effects on the mechanical properties of composites [12-14].
Thus, using reactive materials like expandable graphite (EG)
and ammonium polyphosphate (APP) at low loading received
more attention [15,16].

In recent years, carbon-based materials have been widely
considered for their adequate flame retardant properties
[17,18]. For instance, by studying the thermal and flame
retardant properties of three kinds of graphite structures (nat-
ural graphite, EG, and graphene oxide), Wu et al. uncovered
promising effect of EG on the EVA through the formation of
carbon layers within which sulphuric acid (H,SO4) appeared
as intercalated structure [19]. When EG was heated, it could
expand, approximately by 100 times, along the C axis of
its crystal structure to create a protective physical layer on
the polymer matrix [20]. The resulting physical protective
layer assisted in reduction of heat and gas transfer in the
course of combustion [21-23]. However, unaccompanied use
of EG had two disadvantages: first, the incompact structure of
the char layers could easily be blown off by the turbulence
of flame impingement [24]; second, the poor compatibility
between EG and polymer matrix deteriorated the mechani-
cal properties of composites [25]. Therefore, many researches
attempted to modify graphite by increasing its adsorptive
capacity, e.g. with MgCl,-6H,0 [26], functionalizing graphene
nanoplatelet to enhance thermal performance of wind tur-
bines [27], functionalizing EG for adsorption of methyl orange
[28], and anchoring carboxyl groups on the graphite to make
it hydrophilic and enhance electrolyte wettability properties
[29]. Most of the works done to improve the flame retardant
performance of graphite were based on the physical com-
bination of EG with other flame retardants, e.g. aluminium
hydroxide [30], ammonium polyphosphate [31], red phos-
phorus [21] and phenylphosphinic [32] to obtain synergistic
effects. One of the few works on chemical modification of
exfoliated graphite nano-platelets was the one due to Wang
et al. who introduced a covalently grafted 910-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide (DOPO) onto graphite [33].
They applied their product in polyethylene and improved the
total heat release (THR) form125 to 85.6 MJ/m?, while limiting
oxygen index (LOI) from 17.5 to 30.6% at 20 wt.% of EG-g-DOPO.

Phosphorus-based materials are known as effective flame
retardants by representing different degrees of oxidation
including phosphates, phosphonates, phosphinates [34,35].
These materials, when exposed to fire, reduce the amount
of fuel by formation of char during combustion, capturing
free radicals, and preventing the release of gases to vapour
phase. As a result, they reduce combustibility, and insulate
polymers against heat. APP is a phosphorus-containing flame
retardant that contains both acid source and blowing agent,
which has been used to make EVA flame retardant [36]. Up
to now, a variety of phosphorus derivatives highly efficient

halogen-free flame retardants (FRs) have been functionalized
with graphene to enhance the flame-resistant efficiency of
graphene [37-40]. Ran et al. [41] reported that graphene func-
tionalized with (DOPO) and branched polyethylenimine (BPEI)
could improve the specific extinction area (ASEA) and the total
smoke release (TSR) of polylactic acid (PLA). Shao et al. [42]
reported that modification of APP via ion exchange reaction
with ethylenediamine increases charring efficiency. Modifica-
tion of APP for polyamide (PA) has led to a-80-percent fall in
the value of pHRR of PP containing 25wt.% PA-APP by com-
parison with the neat PP. However, inadequate mechanical
properties of flame retardant EVA highly filled with exclusive
additives from one side and the need for developing a flame
retardant acting atlow loading through a facile synthesis route
and based on available commercial FRs from the other side
have remained an unanswered question.

In this work, a phosphorus-containing flame retardant,
namely GNP-g-APP, was prepared via functionalization of
exfoliated graphite nanoplatelet (GNP). Fourier transform
infrared (FTIR), scanning electron microscopy (SEM), ther-
mogravimetric analysis (TGA) and energy dispersive X-ray
spectroscopy (EDS) were employed to probe into the structure
of GNP-g-APP. The resulting GNP-g-APP was applied as a flame
retardant to the EVA polymer matrix. The thermal degradation
and flammability of EVA/GNP and EVA/GNP-g-APP compos-
ites were investigated by TGA and pyrolysis combustion flow
calorimetry (PCFC). Mass loss cone calorimetry was also per-
formed to provide an image of flame retardancy performance
of the developed composite in terms of well-known parame-
ters [43]. Mechanical properties of EVA composites containing
GNP and GNP-g-APP were also compared with that of EVA
using tensile test to give useful insights into the compatibility
of the used flame retardant additives with EVA.

2. Experimental

2.1. Materials

EVA was commercial grade of EVA 1316 with vinyl acetate
content of 18 wt.% having melt flow rate (MFR) of 0.8 g/10 min
purchased from Hanwa Chemical, South Korea. EG nanosheets
having expansion ratio of 200cm3g=! and an average par-
ticle size above 300nm) was obtained from Ito Kokuen Co,
Japan. Pristine form of commercial APP supplied by Kimia
Pooyesh, Iran was used as phosphorus flame retardant. NaOH
and ethanol were purchased from Merck Co, Germany, and
used as received.

2.2. Preparation of GNP-g-APP

EG powder was annealed in a furnace for 30s at 900°C. APP
was dried at 105°C for 12h in an oven. The prepared exfoli-
ated graphite nanoplatelet (GNP) and APP powders were used
as the initial materials and mixed in 5:1 wt ratio using ball-
milling for 8h. After that, the mixture together with 20g of
NaOH were added into a three-neck flask containing ethanol
(99.9%) under stirring and nitrogen atmosphere. Afterwards,
the mixture was heated at 90°C, the reaction temperature
preserved for about 10h. The resulting solid was rinsed, over
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Table 1 - EVA and its graphitic composites.

Samples EVA GNP GNP-g-APP
EVA 100 = =
EVA/GNP30 70 30 =
EVA/GNP-G-APP30 70 = 30

and over again was sieved under vacuum, and washed three
times with ethanol solvent. Then, it was washed with deion-
ized water to have a pH around 6. Finally, the resulting powder
(GNP-g-APP) was dried at 105 °C in a vacuum oven overnight.

2.3. Sample preparation

EVA pellets were melt-mixed with the GNP and GNP-g-APP
powders separately at fixed loading of 30 wt. % in an Xplore
conical twin-screw micro-compounder (MC 15 HT, Nether-
lands) at 120°C and a rotor speed of 60 rpm for 10 min (Table 1).
Allblends were grinded, then hot pressed and molded using an
Agila machine under 80 bars at 120 °C for 20 min to obtain the
specimens in the form of square sheets (100 x 100 x 4 mm?) for
cone calorimeter analysis. For preparing specimens of UL-94
and mechanical properties tests, since the melt mixing was

completed, the melt polymer composites underwent calen-
dering to prepare thin films by using a casting machine (Xplore
thickness: 0.5 mm, width: 15 mm).

2.4. Characterization methods

FTIR measurements were conducted on a Jasco FTIR 615, Jasco
Inc., (USA). The GNP and GNP-g-APP samples in the form of
powder (grinded product of compounds obtained from micro-
compounder) were pressed into KBr pellets by compression to
collect FTIR spectra with resolution of 4cm~! varying wave-
length between 4000 and 400 cm™.

Thermal decomposition behaviour of samples having
weight of 10+2mg was studied through thermogravimetric
analysis (TGA) on a Setaram Labsys Evo thermogravimet-
ric analyser (France) under nitrogen atmosphere keeping the
heating rate fixed at 10°Cmin—1.

A scanning electron microscope, FEI Quanta 200 SEM (USA)
was used to study the microstructure of samples. The appara-
tus was equipped with a high-vacuum chamber working at a
voltage of 10kV, keeping spot size fixed at 4 and probe distance
at 8—10mm. SEM micrographs were provided from carbon-
sputtered cryogenically fractured EVA and EVA composites.

Step (1) W‘.
o_o

Expandable Graphite
(EG)
Ho-—ﬁ —OH
Step (2) At
*NH, X *NH,
Ammonium
polyphosphate (APP)
H,S0, COOH APP

Furnace

Exfoliated Graphite
Nanoplatelet (GNP)

e el

GNP-g-APP

Scheme 1 - Possible reaction between GNP and APP.
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A set of experiments were done to study fire retardancy
behavior of samples. First, UL-94 was carried outin accordance
with ASTM D3801 as a rough estimation to study burning
of specimens of 120 x 15 x 0.5mm?> dimension in a vertical
manner. The flammability of samples was studied by a micro-
calorimetry analysis on a PCFC apparatus. To do so, about
2mg of each sample underwent pyrolysis at 750 °C in nitrogen
atmosphere by heating samples under the rate of 1°Cs~1. The
apparatus worked on the basis of transfer of gases released
during the pyrolysis into a combustion chamber containing
20% oxygen to be completely oxidized at 900 °C. Each test was
repeated three times and the mean values of PCFC character-
istics, including the total heat release (THR), the peak of heat
release rate (pHRR), and the temperature at which pHRR takes
place were recorded. The analysis made by PCFC provides
the researcher with a basic knowledge about flammability of
samples, but the outcome cannot be generalized to a semi-
real condition. Therefore, the fire behaviours of EVA and its
nanocomposites were studied on a mass loss cone calorimeter
(MLC) apparatus in accordance with the ISO 13927 procedure.
As per instruction, small sheets of 100 x 100 x 4mm? dimen-
sion were prepared by compression moulding and placed in
the combustion chamber giving them exposure to irradiation
of a mild external heat flux of 35kW/m?. The main charac-
teristics of the tests including THR, heat release rate (HRR)
as a function of burning time, pHRR, and the time to ignition
(TTI) were directly collected for the sake of comparison of fire
retardancy of samples.

Mechanical properties of neat EVA and its nanocom-
posites were studied under tension. Tensile measurements
were carried out on a SANTAM Universal Testing Machine
in accordance with ASTM D638 procedure. Samples of
45 x 15 x 0.5 mm?3 obtained by calendering of molten compos-
ites extruded by micro-compounder underwent tension at a
crosshead speed of 10mm/min~1.

3. Results and discussion
3.1. Characterisation of GNP-g-APP

3.1.1. FTIR analysis

The FTIR spectra of the GNP and GNP-g-APP nanosheets are
compared in Fig. 1. For GNP, the peaks at 3439, 2925cm™! can
be ascribed to the O—H stretching, while the peaks at 1729,
1632, 1255 and 1077 cm™! respectively belong to the stretch-
ing vibration of carbonyl, C=C, C—OH and C=0 [33,44,45]. FTIR
spectrum of GNP-g-APP shows a peak at 1296cm~! corre-
sponding to the stretching vibration of P=0. Once modification
by APP performed, two new peaks appeared in GNP-g-APP at
1056 and 1103 cm~? attributed to P-O—C asymmetric stretch-
ing bond (see Scheme 1). As shown in Fig. 1, the intensity of
the OH bond (at 2925 and 3439 cm~?) in the FTIR spectrum of
GNP-g-APP was decreased because of the formation of P-O—C
bond [42,46].

3.1.2. Morphological observations

The microstructure of GNP and GNP-g-APP were imaged
(Fig. 2). Fig. 2a and b show overlapped layers of EG. Due to the
effect of heat, the graphite layers after exposure to heat were

—— GNP
—— GNP-g-APP

100 41056.18

80 1160.85

60 - 1296.01

4 110320
869.60

40

55,
B 172030 235564

Transmittance (%)

1632.11
o/

107743

3439.36
-40 =

T T T T T T
1000 1500 2000 2500 3000 3500
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Fig. 1 - FTIR adsorption spectra of (a) GNP, and (b)
GNP-g-APP.

significantly enlarged up to almost 100 times higher than that
of the layers of untreated GNP, which made evidence for the
increased volume of GNP in Fig. 2(c,d). This phenomenon was
due to the hexagonal carbon structure of GNP and intercalated
chemical compound (HSO4) [18]. When the EG was placed
inside the furnace at 900°C, H,SO4 was oxidized, and decom-
posed into gases (CO2, SO7, and H,0), which were responsible
for the expansion. This is shown in the following reaction
scheme [24]:

C+ 2H,S04 — CO7 + 2H50 + 2SO0, (1)

The high pressure caused by the breakdown of intercalated
zones made separated the graphite layers. Apparently, such an
external pressure was much stronger than the binding forces
between the graphite layers.

It is also interesting to note that after synthesis of GNP-
g-APP, the structure was destroyed as shown in Fig. 3 and
wrinkles were created on the surface and edges of the
platelets.

Fig. 4 provides an overall view at a magnification of 20 pm
on the white zones which are indicative of the presence of
phosphate derivatives on the graphite surface. The energy dis-
persive X-ray spectroscopy (EDS) was done as a complement to
SEM analyses (Fig. 5). Itis clear that carbon, oxygen, and phos-
phorus elements are the main proportion of surface and are
well dispersed, which is consistent with the results of the table
inside the EDS of Fig. 5. Notably, the amount of phosphorus in
the GNP-g-APP mentioned in the table reached 6.5 wt.%.

3.1.3. Elemental analysis of GNP-g-APP

The elemental mapping of carbon (C), oxygen (O), sodium
(Na), phosphorus (P), and nitrogen (N) of GNP-g-APP are shown
in Fig. 6. It is apparent that the P element was uniformly
distributed at the surface of GNP-g-APP. A small amount of
nitrogen was also dispersed, which was the result of the pres-
ence of non-reacted ammonium.
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Fig. 3 - SEM images of GNP-g-APP (a, b and c).

Fig. 4 - SEM back scatter electron images of GNP (a) and GNP-g-APP (b).
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Fig. 5 - Energy dispersive X-ray spectroscopy (EDS) analysis data of GNP-g-APP.
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Fig. 6 - SEM image of GNP-g-APP (a), elemental mapping of GNP- g-APP (b), carbon (c), phosphorus (d), oxygen (e), sodium
(f), and nitrogen (j).
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Fig. 7 - TGA and DTG curves of GNP and GNP-g-APP at heating rate of 10 °Cmin~! under nitrogen atmosphere.

Table 2 - Analysis and data on TGA and DTG analyses at heating rate of 10°C min-lunder nitrogen.

Sample code Tsy, (°C) Tmax (°C) Residue (wt.%) at 800°C
GNP 675 791 75

GNP-g-APP >800 550 95

EVA 335 347—-475 0

EVA/GNP30 337 353-472 26

EVA/GNP-g-APP 329 356—474 31

3.1.4. Analysis of thermal behaviour of GNP and

GNP-g-APP

The TGA and derivative of TGA (DTG) curves of GNP and
GNP-g-APP taken from cryogenically fractured samples are
shown in Fig. 7. Moreover, the temperatures at which the
relative mass loss of 5% (Tsy), and the maximum mass loss
(Tmax) took place are summarized in Table 2. The Tse, of GNP
is 675°C, whereas that of GNP-g-APP is above 800°C. The
weight loss of GNP-g-APP stems from the decomposition of
APP that releases phosphoric, polyphosphoric, and metaphos-
phoric acids [47]. The peak observed at 550°C monitored in
the DTG curve of GNP-g-APP can be ascribed to degradation
of polyphosphate network [47]. Beyond 700°C, the platelets
of the GNP-g-APP could form barricades to block the pathway
of volatile gases, but in the meanwhile some intermediates
were probably formed that could weaken thermal resistance
of GNP-g-APP. The char residue of GNP-g-APP was ca. 95% at
750°C, well above that of GNP (75%). The thermal decomposi-
tion of APP promotes GNP to form a compact char layer under
high temperature. As a result, the GNP-g-APP revealed higher
thermal stability at elevated temperatures with respect to the
GNP.

3.2 Characterization of EVA and EVA composites

3.2.1. Morphological images

The SEM micrographs of EVA composite specimens are shown
in Fig. 8. Fig. 8a and b refer to EVA/GNP30 sample; while 8c and
d correspond to EVA/GNP-g-APP30 sample. The presence of EG
layers is clearly visible in the structure of composites.

3.2.2. TGA and DTG curves

The TGA and DTG curves of the neat EVA and EVA compos-
ites are shown in Fig. 9. Table 2 summarizes the results of
Tsy, Tmax, and the residue amount at 800°C. Overall, both
the neat EVA and EVA/GNP30 composite underwent a clear
two-step weight loss featured by sharp peaks of degradation,
while for EVA/GNP-g-APP30 composite an almost broad peak
was appeared in the first step, demonstrating complexity of
degradation (see DTG curve in Fig. 9). The first weight loss
for all samples occurred in between 300 and 380°C, which
can be attributed to thermal deacetylation of EVA chains [48].
The Tse, of EVA/GNP30 was 353°C, above 347 °C detected for
the neat EVA. The resistance of EVA/GNP30 compared to the
neat EVA hasbeen signalled by a slighter decay-type behaviour
in TGA curve of the assigned sample in the first degradation
step compared to that of EVA (see TGA curve in Fig. 9). The
thermal stability of EVA/GNP-g-APP30 was slightly improved
by broadening of the peak of degradation of the assigned
sample (signature of higher thermal resistance) compared to
that of EVA/GNP30 (see DTG curve in Fig. 9). On the other
hand, the second degradation step taking place above 400°C
revealed a significant difference between thermal stability of
samples. Typically, this behaviour could be attributed to the
vinyl bond degradation and the volatilization of the residue.
Although EVA was completely degraded at elevated temper-
atures, EVA/GNP30 and more remarkably EVA/GNP-g-APP30
resisted against thermal degradation as a result of the pres-
ence of mineral and organic compounds. The chemical bond
between APP and GNP previously detected in Fig. 1 was the
reason why the EVA/GNP-g-APP30 composite appeared ther-
mally more stable. In agreement with this observations, the
residue at 800 °C was increased from 26 wt.% for EVA/GNP30 to
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Fig. 9 - TGA and DTG curves of EVA, EVA/EG30, and EVA/GNP-g-APP30 at heating rate of 10 °Cmin~! under nitrogen

atmosphere.
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Table 3 - Result of UL-94 of EVA samples.

Samples UL-94 Dripping Cotton ignition
EVA NC2 Yes Yes
EVA/GNP30 NC Yes Yes
EVA/GNP-g-APP30 V-0 Yes No
2 NC refers to not classified case in UL-94 test.
10(s) 30(s) 40(s) 60(s) End of test
EVA
EVA/GNP30
EVA/GNP-g-APP30

Fig. 10 - Digital photographs of EVA, EVA/GNP30, and EVA/GNP-g-APP30 during and after the vertical burning test.

EVA |

EVA/GNP 30

T —— —— — —

' Pyrolysls Zoﬂej Pyro]yze
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400] | ——EVA/GNP30
—+—EVA/GNP-G-APP30 §

200 +

ki L.s222523 e - T T
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Fig. 11 - pHRR curves of EVA, EVA/GNP30, and EVA/GNP-g-APP30 at heating rate of 10 °Cmin~! in nitrogen atmosphere.

31wt.% for EVA/GNP-g-APP30 sample, implying that the GNP-
g-APP promoted charring effect.

3.2.3. UL-94

The results of UL-94 test indicated that the neat EVA and
EVA/GNP30 were highly flammable, for they were entirely
burned from the bottom to the top of the holding clamp.
Table 3 shows that all samples were dripped when exposed
to flame. Moreover, the neat EVA and EVA/GNP30 have taken
not classified (NC) label in UL-94 rating. By contrast, EVA/GNP-
g-APP30 sample was not ignited even after 2 times by the
exposure to the direct flame. For this sample, the cotton did

not burn because of the incorporation of APP flame retardant.
Therefore, this sample took V-0 rating label. To make sense of
burning behaviour of samples, digital photographs provided
from EVA, EVA/GNP30, and EVA/GNP-g-APP30 samples after
the vertical burning test are displayed in Fig. 10.

3.2.4. PCFC and PCFC-TGA superposition analyses

The main characteristics of PCFC test were extracted from heat
release-temperature scans for neat EVA and EVA composites
(Fig. 11). The values of pHRR (W/g), maximum temperature
(Tpurr), THR (kJ/g), and heat release capacity, HRC (J/gK), are
summarizes in Table 4. Both the neat EVA and EVA/GNP30
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Table 4 - Result of PCFC analysis of EVA samples.

Name PHRR; (W/g) pHRRy (W/g)  Tpurri (°C)  Tpurr2 (‘C) THR (kJ/g) HRC (J/(gK)) sum pHRR (W/g) Reduction in
PHRR with
respect to EVA
(%)

EVA 33 896 356 463 35 1040 930 -

EVA/GNP30 31 729 354 478 31 923 761 18

EVA/GNP-g-APP30 - 555 = 474 24 729 555 40

10997 —xeao 1000
——EVA/GNP30 (PCFC)
—— EVA/GNP-g-APP30 (PCEC), KA | 20
800 [~ ~EVA@TG) )
- - ~ EVA/GNP30 (DTG) 800 -
- - - EVA/GNP-g-APP30 (DTG)
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Fig. 12 - Superposition of HRR (solid lines), obtained from
PCFC tests, and DTG (dashed lines) curves as a function of
temperature for all samples.
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Fig. 13 - HRR curves of pristine EVA and composites
(35kW/m?).

samples exhibited two small peaks of HRR around 350°C due
to the loss of acetic acid and degradation of the ethylene
repeating units of the backbone [49]. This is consistent with
the results obtained by the TGA analysis (Fig. 9). In the case
of EVA/GNP-g-APP30, the first peak of HRR was considerably
decreased. All samples showed a second peak of HRR around
460°C.

THR value of EVA was decreased from 35 to 31kJ/g for
EVA/GNP30 and 24k]J/g for EVA/GNP-g-APP. The reduction in
PHRR value of EVA/GNP30 and EVA/GNP-g-APP30 compared to
neat EVA reached 18 and 40%, respectively. This suggest the
efficiency of GNP-g-APP in reducing pHRR compared to GNP.

Fig. 12 compares the superposition of DTG (obtained from
TGA tests, dashed line) and HRR (obtained from PCFC tests,
solid line) curves for the neat EVA and EVA composites. The
shapes of the curves obtained under nitrogen were similar.
However, temperature dependency of HRR and DTG curves
were different because of difference between heating rates
applied in TGA and PCFC analyses.

Overall, a significant difference between degradation
behaviour of samples can be seen in the first step of thermal
decomposition. All peaks in DTG are higher than that of PCFC.
This difference means that the quantity of degraded mate-
rials in DTG was not proportional to the amount of energy
released by the gases. In the other words, the proportion of
energy of gases released in the first step of thermal degrada-
tions was not significant compared to the whole amount of
energy caused by released gases. For the second peak of HRR,
the shape of PCFC and DTG curves and their peak loci and
height were almost the same as those of neat EVA. However,

some differences between curves should be noticed in view of
thermal stability. For instance, the peak of HRR for EVA/GNP30
sample was positioned higher than that of DTG for this sam-
ple in the second step of decomposition, while an opposing
trend was the case for EVA/GNP-g-APP30. Such contradic-
tive thermal behaviours were possibly due to the structural
changes made by incorporation of APP into the GNP layers. It
can be concluded that the efficiency of GNP-g-APP was more
that GNP in EVA and probably GNP-g-APP could act in both
gas and condensed phases, which encouraged us for further
analyses.

3.2.5. Mass loss cone calorimeter (MLC)

Fig. 13 shows HRR curves as a function of fire exposure time
for EVA and its composites. Table 5 summarizes the obtained
results. The incorporation of GNP induced a significant reduc-
tion in pHRR of about —46% without affecting the TTI that
remained very close to that of pristine EVA (52 s). THR was also
reduced when GNP was used (—14.5%). The enhancement of
EVA flame retardant properties was more significant by the
use of GNP-g-APP. In fact, pHRR and THR reductions were
more pronounced by values of —63% and —31.6%, respectively.
However, TTI was significantly decreased by the incorporation
of 30 wt.% GNP-g-APP into EVA compared to what happened
in the case of EVA/GNP30. This result was related to the
decline in the thermal stability of this composite highlighted
by the superposition of the DTG curves of EVA, EVA/GNP30 and
EVA/GNP-g-APP (Fig. 12). The premature decomposition was
not corresponding to the gases released by phase action com-
pounds, but correlated to combustible volatiles. Condensed
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Table 5 - Result of MLC tests performed on EVA samples.

Name TTI (s) PHRR (kW/m?) PHRR reduction (%) THR (kJ/g) THR reduction (%)
EVA 52 940 = 117 =

EVA/GNP30 56 510 —46 100 —14.5
EVA/GNP-g-APP30 30 340 —63 80 —31.6

EVA/GNP30

EVA/GNP-g-APP30

Fig. 14 - Digital images of the combustion residue obtained after MLC test on EVA/GFP30 and EVA/GFP-g-APP 30.

Table 6 — Mechanical properties of EVA samples.

Samples Stress at break (kg/cm?) Elongation at break (%)
EVA 101 499

EVA/GNP30 43 71

EVA/GNP-g-APP30 64 364

phase action of GNP-g-APP in the EVA offered the main mode
of action responsible for enhancing the flame retardant prop-
erties of composite. It is particularly visible on the images of
residues formed during MLC tests. Fig. 14 suggests that the
combustion residue of the composite containing GNP-g-APP
had higher cohesion with respect to that formed during the
combustion of EVA/GNP30 (mainly composed of black powder
that does not present any cohesion). The presence of phospho-
rus improved the barrier effect of the char and; thus, enabled
the sample to approach further pHRR reduction.

3.2.6. Mechanical properties

The mechanical properties of the neat EVA and its composites
were studied by applying tensile tests (Fig. 15). The average val-
ues of mechanical characteristics of samples are reported in
Table 6. The neat EVA showed an average stress at break of ca.
100kg/cm? and the elongation of ca. 500%. About EVA/GNP30,
the stress and elongation at break values were 43kg/cm? and
71% respectively (Table 6), which showed about 57% fall in
stress at break and more than 76% reduction in elongation
at break. This was a signature of incompatibility of GNP with
EVA. When 30 wt.% of GNP-g-APP was used in EVA, the elon-
gation and stress at break values reached 364% and 64 kg/cm?,
respectively. This revealed that the flexibility of this compos-

140
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——EVA/GNP-g-APP30

1204
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80
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stress (kg/cm?)

40

20

T T T 1
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Fig. 15 - Tensile Stress-Strain curves for EVA samples.

ite was preserved to some extent compared to the neat EVA. In
the other word, particles of GNP-g-APP had a higher interfacial
adhesion to EVA matrix.

4, Conclusions

GNP-g-APP was synthesized by functionalization of exfoliated
graphite nanoplatelet (GNP), fully characterized, and applied
as flame retardant additive in EVA matrix. The results of FTIR,
SEM, and EDS analyses proved that 6.5 wt.% APP phosphorus
precursor was grafted onto the surface of GNP. TGA results
confirmed that GNP-g-APP promoted char effect at high tem-
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perature (20.2% at 800), unlike GNP with limited potential for
making EVA flame retardant. After applying 30 wt.% of GNP-
g-APP, UL94 analysis implied V-0 rating, in contrast to the
neat EVA and EVA composite containing the same amount of
GNP with non-rating labels. Moreover, the TGA result showed
that residue at 800 °C increased from ca. 26.5wt.% for GNP30
to 31.1wt.% for GNP-g-APP. Flame retardation effect of GNP-
g-APP on EVA was further confirmed by PCFC test, showing
obvious reduction in THR and pHRR of the neat EVA poly-
mer. Mass Loss Cone Calorimeter results revealed a reduction
of 45% in the value of pHRR for EVA/GNP30, and —63% fall
of pHRR of EVA/GNP-g-APP30, with respect to the neat EVA.
According to the literature, EVA composites containing 30 wt.%
APP/poly(piperazinyl malonamide) showed —50% fall in the
PHRR, and for the EVA containing 30 wt.% graphene oxide the
difference was —63% [50], which is indicative of superiority
of the flame retardant developed in the present work. The
flexibility of composite was conserved to some extent com-
pared to the neat EVA by using GNP-g-APP due to improved
compatibility with EVA. The tensile strength of EVA/GNP-g-
APP30 was 36% lower than that of EVA, while the value for
EVA/GNP30 was 57% lower than neat EVA. However, the tensile
strength of EVA/GNP-g-APP30 was about 50% higher than that
of EVA/GNP30; moreover, the elongation at break in the same
order was more that 500% higher for the EVA/GNP-g-APP30.
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