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ABSTRACT

Pristine and phosphorylated detonation nanodiamonds (ND) were incorporated in ethylene vinyl acetate (EVA)
as potential synergist agents to improve flame retardancy. Combinations of 5 wt% of pristine or modified ND and
20 or 25 wt% of Ammonium Polyphosphate (APP) were investigated using ThermoGravimetric Analysis (TGA),
Pyrolysis Combustion Flow Calorimeter (PCFC), and Cone Calorimeter (CC). The study of thermal stability shows
that APP and pure ND interacts, resulting in the formation of a char residue which is stable up to 750 °C. A strong
reduction in the peak of HRR at Cone Calorimeter is highlighted for APP/ND combinations. PCFC data show that
the peak of heat release rate (pHRR) decreases with the additive content. All these experiments suggest the
formation of a thick charring layer, able to protect the material during thermal degradation. SEM micrographs

confirm that EVA/APP/ND residues are more cohesive than EVA/APP ones.

1. Introduction

Ethylene Vinyl Acetate (EVA) is frequently used in the cable
industry as flexible sheath. Due to its chemical composition, this
polymer is easily flammable and decomposes in two steps: elimination
of the side group with acetic acid release and then breaking of the main
chain. These chemical processes can be highlighted through thermal
analysis. In the past, halogen compounds were used to improve flame
retardancy of EVA copolymers, but due to corrosiveness and environ-
mental concemns, industry has been pushed to select new approaches.
The most commonly used halogen free fire retardant formulations for
this kind of application are based on hydrated minerals, such as
aluminum trihydroxide (ATH) or magnesium dihydroxide (MDH)
[1-4]. Such hydroxides act as fire retardants mainly through endother-
mic dehydration processes and dilution of gas phase surrounding the
material, but very high filler contents are needed to obtain satisfactory
fire properties. Even so, various studies have highlighted the interest of
combining hydrated mineral with synergistic agents such as organo-
modified layered silicates or silicas [5-7]. Another approach to improve
fire performance of EVA is that of intumescence which aims to create an
expanded and charred layer at the surface of polymer [8]. This layer
acts as a shield able to limit mass and heat transfer through the material
during its thermal degradation. Thus, the heat flux arising from the
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flame to the polymer matrix which is responsible for the fuel production
and thereby the spread of fire can be reduced. On the whole,
intumescent formulations consist of three components: an acid source
(polyphosphates, borates...), a charring agent (polyols, polyurethanes,
polyamides...) and a blowing agent (melamine or its salts). The
exposure to a heat source of polymers containing such additives leads
to the transformation of the acid source into an inorganic acid which
can dehydrate the carbonizing compound, what results in the formation
of a cellular structure, promoted by the blowing agent or by the release
of gaseous decomposition products. In various research works, poly-
amide 6 (PA6) and ammonium polyphosphate (APP) have been
combined as flame retardant system for EVA [9,10]. More recently,
other original intumescent systems have been assessed in EVA such as
for example cyclodextrin nanosponge/APP compound [11] or chitosan/
phytic acid polyelectrolyte complex [12]. Moreover, to improve the
efficiency of intumescent system, synergistic agents such as nanoparti-
cles and more particularly organomodified layered silicates [13,14],
but also expanded and natural graphite [15] have been investigated. It
can be surprising to use pure carbon to improve fire retardancy of
polymers, but it can be shown that graphite compounds and even
graphene oxide compounds can act as char promoters [16-18]. In
addition, other studies have shown that carbon structures such as
carbon nanotubes [19,20] or graphene [21,22] could create a thermal
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barrier limiting the heat flux through the residual material and
promoting heat re-radiation.

In recent years nanodiamonds have roused interest in various
research areas due to a set of properties such as hardness, chemical
inertness, thermal conductivity, electrical insulation, that make them
candidates for numerous applications [23-26]. In recent papers, we
have shown that surface modification of nanodiamond can be achieved
by phosphorylation [27-29]. This reaction was highlighted to enhance
the thermal stability of nanoparticles under oxidizing conditions.
Oxidation temperature was shifted up to 190 °C and oxidation rate
was greatly decreased. Based on these encouraging results, it was
intended to investigate the ability of nanodiamond to improve the fire
behavior of a polymeric matrix.

In the present work, pure and surface modified nanodiamonds were
used in combination with APP with the objective to improve the
reaction-to-fire of EVA. In a first part, the behavior of these composites
was studied in order to evidence the potential action of ND on thermal
stability and char promotion. In a second part, the fire behavior of the
ND containing composites was investigated using calorimetry. An
attempt was made to relate the flame retardant action of the system
to the microstructure and properties of the composites.

2. Experimental section
2.1. Materials

Purified detonation nanodiamonds (ND, 99% purity, 0.2 wt% of
non-diamond carbon) with an average primary particle size of 4 to 5nm
and a specific surface area of 270m>g~ ' were purchased from
International Technology Center (ITC, Raleigh, NC, U.S.A.). They were
dried before use for 18h at 120°C under reduced pressure
(5.10 * mbar).

Ethylene-vinyl-acetate copolymer (EVA) Alcudia PA-440 grade was
provided by Repsol (Madrid, Spain) with 28 wt% of vinyl acetate.
Ammonium polyphosphate (APP) was supplied by Clariant (Muttenz,
Switzerland) under the grade Exolit AP 423, with an average particle
size (D50) of 8 pm and approx. 31.5 wt% in Phosphorus.

2.2. Material processing

2.2.1. Functionalization of the NDs

Commercial NDs were phosphorylated using 2.5 mmol of phosphor-
yl chloride (POCI;) and 7 mmol of water per gram of ND, according to a
previous work [27]. The P content determined by elemental analysis
was 5.15 wt%.

2.2.2. Preparation of EVA composites

Compositions were compounded using an internal mixer (Thermo
Haake, chamber = 60 cm®, speed = 60 rpm, T = 165 °C, 3 min). The
obtained composites were then processed by compression moulding at
165°C into disk-shaped (20 bars, diameter = 25mm, thick-
ness = 1.5mm) or square-shaped (100bars, 100 x 100 x 3 mm)
pieces.

The various compositions and designations are given in Table 1.

Table 1
Composition and phosphorus amount of the different compositions.

Samples EVA (wt%) APP (wt%) ND (wt%) P (%)"
EVA/APP,, 80 20 6.3
EVA/APPs 75 25 7.9
EVA/APP,/NDs" 75 20 5 6.3
EVA/APP/ND-Ps" 75 20 5 6.6

* P: phosphorus weight content.
b ND: pristine nanodiamonds; ND-P: phosphorylated nanodiamonds.

2.3. Sample characterization

Thermogravimetric analysis (TGA) was performed on 55mg = 5
mg samples under air (50 em®min ! flow) or argon (30 em®min~ !
flow) in the 293K to 1073K temperature range (heating rate of
5 K'min~ 1) using a Netzsch STA 409 PC Luxx thermobalance.
Nevertheless for the sake of brevity only the results under air atmo-
sphere are presented.

Pyrolysis combustion flow calorimeter (PCFC) analysis was carried
out according to ASTM D7309 using a FTT apparatus with a heating
rate of 1°Cs™ ', the maximum pyrolysis temperature was 750 °C and
the combustion temperature was 900 °C (corresponding to complete
combustion). The flow in combustor was a mixture of Q,/N, 20/80 at
100 cm®*min~?, the sample weight was 2.5mg + 0.5 mg and analyses
were made in duplicate. Heat Release Rate (HRR) and peak of Heat
Release Rate (pHRR) values are measured as a function of temperature
and the calculations are based on the Principle of Huggett. Heat Release
Capacity (HRC) is defined as the ratio of pHRR with heating rate,
therefore pHRR and HRC are equal when the heating rate is 1°Cs™ *.In
our case, the decomposition of samples involved several steps and so
sumHRC was used rather than HRC, where sumHRC is the sum of HRC
values of every decomposition peak after deconvolution.

Cone calorimetry was carried out using a Fire Testing Technology
(FTT) apparatus. Irradiance was fixed at 50 kW-m ™ and all samples
were tested in duplicate. The sample (100 x 100 x 3 mm®) is placed
on the microbalance support that enables following the evolution of the
mass loss during the experiment. From the measurement of the gas flow
and of the oxygen concentration, the quantity of heat released per unit
of time and surface is calculated: HRR expressed in kW'm™ % This
parameter and the value of its maximum pHRR are usually taken into
account for the evaluation of the fire behavior of materials. Data
reported are the average of two runs. pHRR data are reproducible
within + 5%.

Scanning transmission electron microscopy (STEM) microstructure
observations on cryo-microtomed samples of composites were carried
out using a FEI Quanta 200 environmental scanning electron micro-
scope under high vacuum at an acceleration voltage of 10 kV or 15kV
(specified on images). Fourty-micrometer-thick films were deposited on
copper grids covered with carbon film. EDX mapping was carried out
for carbon, phosphorus and oxygen elements.

Rheological properties of materials were performed on an ARES
rheometer (TA Instrument) using a parallel plate geometry (25mm
diameter) in the oscillatory rotational mode. 2 min after the sample was
loaded, the gap is reduced from 3 to 1 mm and the excess of material is
removed. The test starts 2 min later. Complex shear viscosities as well
as complex shear modulus were determined at 150 °C in the angular
frequency range varying from 0.1 to 100 rad-s~ !. The strain magnitude
was fixed at 1% to stay in the linear domain. The thermal stability of
samples was checked at 0.1 Hz for 15 min at the testing temperature.

3. Results and discussion

In order to observe the influence of nanodiamonds on the thermal
and fire behavior of EVA composites, several compositions have been
studied. In comparison with pure EVA, compositions containing
ammonium polyphosphate (APP) flame retardant agent with different
loadings (EVA/APP,, and EVA/APP,s), and compositions substituting a
part of APP with nanodiamonds, either pure (EVA/APP2o/NDs) or
functionalized (EVA/APP,,/ND-P5) have been tested.

3.1. Thermogravimetric analyses

3.1.1. Individual components

The mass loss curves of the various individual components are
shown in Fig. 1 and relevant parameters are presented in Table 2. It can
be observed that the thermal degradation of EVA takes place in two
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Fig. 1. TGA under air of individual components.
Table 2

Characteristic temperatures of degradation and residue amounts from TGA experiments
in air.

Samples T10%* Residue Residue™ " Residue Residue™
((C+1) @500°C @500°C @700°C @ 700°C
@ + 01) (% *01) (% *01) (% = 0.1)

Pure EVA 330 19 1.9 0.0 0.0

EVA/APPy, 335 20.6 181 (+25) 1.5 9.2(-7.7)

EVA/APPy»; 335 23,5 222 (+13) 16 115 (- 9.9)

EVA/APP,,/ 335 25.6 22.4(+3.2) 6.1 10.7 (- 4.6)
NDs

EVA/APPy/ 340 24.0 227 (+1.3) 4.4 13.1 (-8.7)
ND-Ps

* Temperature corresponding to a 10% weight loss in the decomposition.
b The differences between experimental and caleulated residues were indicated in
brackets.

steps. As described in the literature [30] the first one between 300 °C
and 400 °C corresponds to a deacetylation process (elimination of acetic
acid) with formation of conjugated polyenes and the second one is
assigned to the degradation of the poly-unsaturated chains obtained
after deacetylation. The presence of double bonds may induce cycliza-
tion/aromatization reactions leading to a char residue that degrades
around 500 °C. The decomposition of APP was studied in details by
Camino et al. in the eighties [31]. It occurs in three different steps. The
first two steps corresponding to a weight loss of circa 15% between 200
and 400 °C were attributed to the release of water and ammonia as
gaseous products. The evolution of these gases induces the formation of
acidic hydroxyl groups that enable a further crosslinking of the residue
into ultraphosphate structures. The third step of degradation located
around 650-700 °C corresponds to the fragmentation of phosphate
chains. It leaves a complex phosphorus/nitrogen residue representing
about 20% of the initial mass at 800 °C [32]. The decomposition of pure
nanodiamond starts at 440 °C and finishes at 790 °C leaving almost no
residue. As mentioned in a previous paper, phosphorylated nanodia-
mond (ND-P) exhibits a higher thermal stability in air than that of pure
ND. Up to 600 °C the mass loss is lower than 10 wt%. The main
decomposition step occurs between 650 and 900 °C giving rise to a
6.5 wt% residue. This increase of oxidative stability was attributed to
the condensation of the surface phosphate groups into polyphosphate
species that create a protective layer at the ND surface [27].

3.2. Composite materials

Mass loss curves of composites materials are presented in Fig. 2. In
order to emphasize interactions between components, theoretical mass
loss curves (ML™!) of composite samples have been calculated assum-

ing a rule of mixture between the experimental mass losses (ML®®) of
the different components:

MLML(T) = Xgya X MLER (T) + Xapp X ML, (T) + Xyp X MLYE (T)
m

where XEVA, XAPP and XND represent the weight fractions of EVA,
APP and ND. A comparison between experimental and theoretical
decomposition in air is proposed in Fig. 2. Theoretical residues
(Residue™) at 500 and 700 °C calculated according to the same rule
of mixture are also noted in Table 2.

The results indicate that the presence of any additive does not affect
the first step of EVA decomposition (i.e. deacetylation) since no
difference is observed on the position of the first peak on the derivative
mass loss curves (Fig. SI1). However from Fig. 2 it can be noted that the
weight fraction remaining after this first degradation step is slightly
higher than expected by calculation (of approx. 3 wt%). It can be
remarked that this intermediary residue increases with increasing APP
content. From Fig. 1, it can be seen that the thermal decomposition of
APP overlaps with the deacetylation process in EVA. Thus, APP may
interact with the remaining polymer through crosslinking. This is
similar to what was observed by Rimez et al. [33] in PVAc/APP
systems. Nevertheless, it must be admitted that this effect remains
small.

As regards the second decomposition step, the degradation onset is
slightly retarded in the presence of additives (about 5 °C). This effect is
slightly more significant in the case of ND-P with a shift of 10 °C. After
the EVA main chain decomposition, an approximately 20 wt% residue
is obtained. In all cases, the experimental residue amount is slightly
higher than that calculated from a mixing law. However the discre-
pancy is almost the same as that observed after the first decomposition
step. This indicates that APP has a poor ability to promote charring
during the second decomposition step. The char residue is stable up to
600 °C where it starts decomposing. It should be noted that the char
stability is increased with increasing APP content since char decom-
position temperature is shifted by about 25 °C when APP content varies
from 20 to 25 wt%. But surprisingly and contrary to what was expected
from a simple rule of mixture, char yield and char stability are
dramatically reduced in the range 650 °C to 800 °C. This was also
observed by Siat et al. in PA6 [9]. As mentioned above, APP interferes
with EVA during decomposition by crosslinking. Therefore the resulting
residue differs from the ultraphosphate structure obtained with pure
APP and consists rather in a phosphocarbonaceous structure [34] that
decomposes from 600 °C.

In the presence of ND (pure or phosphorylated), an additional
residue is observed in the range 650 °C to 800 °C. Disturbingly, the
residue of the composition containing pure ND is higher than that
containing ND-P whereas taken separately ND-P has been shown to
exhibit higher residue in this temperature range. In order to assess the
interaction between ND (pure or phosphorylated) and APP a calculated
curve can be plotted by using a rule of mixture between EVA/APP20 on
one side and ND on the other side (Eq. (2)).

MLP2(T) = 0.95 X MLED, 4 pp (T) + 0.05 x MLEY (TY )

*It should be remarked that this rule of mixture gives a theoretical
composition slightly different from the experimental one (76/19/5
instead of 75/20/5 for EVA/APP/ND).

This second set of calculated curves indicates that at high tempera-
ture EVA/APP,,/ND-Ps; follows approximately a rule of mixture.
Therefore no interaction between APP and ND-P is evidenced. On the
contrary, the residual mass of EVA/APP,,/ND was shown to be higher
than calculated. This fact indicates an interaction between APP and
pure ND resulting in the formation of a char residue which is stable up
to 750 °C. (See Fig. 3)
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3.3. PCFC results

Several information was obtained by PCFC analyses (Table 3): peak
of heat release rate (pHRR) and temperature of pHRR (Tpeak) were
recovered directly from the curves (Fig. 4). Sum of heat release capacity
(sumHRC) and total heat release (THR) were mathematically extracted.
Finally, effective heat combustion (EHC) was calculated from the THR
value divided by the mass loss at the final temperature (750 °C)
obtained from TGA analysis.

Fig. 4 reveals that on the whole PCFC curves are relatively poorly
modified in the presence of additives. The two steps of degradation
occur at similar temperatures whatever the compositions. The main

Table 3
Characteristic values from PCFC experiments.
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Fig. 4. PCFC curves.

PHRR is decreased by 20 to 25% that corresponds approximately, in
these experiment conditions, to the additive content. The decrease of
EHC indicates that the flame retardant system has an action in the
vapor phase. The action may be related to the release of non or poorly
combustible gases (i.e. water and ammonia) during APP decomposition.
The presence of ND (pure or phosphorylated) does affect the main step
of degradation of EVA. A slightly different behavior is observed for
EVA/APP,,/ND-Ps in the 200 °C to 400 °C temperature range corre-
sponding to the release of acetic acid. It was shown in Fig. 1 that ND-P
exhibits a small weight loss (ca. 5%) between 200 and 400°C. In a
previous study this weight loss was attributed to the release of water
resulting from the condensation of phosphate units at the ND surface

Sample pHRR® Toeak sumHRC* THR' EHC*
Wg™' * 5%) (c=x1) (Fg~ 'K~ = 5%) (kFg™' + 3%) Jg™h
Pure EVA 679 479 728 333 33.3
EVA/APP, 585 479 639 26.6 27.0
EVA/APPs 530 479 583 24.9 25.3
EVA/APP/NDs 518 477 560 24.7 25.7
EVA/APP.,,/ND-P; 497 479 546 23.4 239

* pHRR: peak of Heat Release Rate.
b Tpeak: temperature corresponding to the pHRR.

¢ sumHRC: Heat Release Capacity, obtained as sum of the two pHRR values divided by the heating rate.

< THR: Total Heat Release, calculated from the total.

* EHC: Effective Heat of Combustion, corresponding to the THR value divided by the mass loss at the finale temperature (e.g. 750 °C).
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[27]. The release of water is likely to induce the early hydrolysis of EVA
into EVOH with release of acetic acid. This phenomenon occurs 30 °C
lower than thermal deacetylation, as seen on Fig.5. However, it seems
not to impinge the rest of the thermal decomposition. It shall be noted
that no heat release was observed in the range 550-700 °C. This
confirms that the amount of char must be very small in these
compositions. Furthermore, the weight loss observed in TGA curves
around 600 °C is mainly related to the decomposition of APP residue
with evolution of phosphate fragments that do not behave as fuel.

3.4. Cone calorimetry results

Complete results of cone calorimetry for the different composites
are shown in Table 4, Heat release rate (HRR) and mass loss rate (MLR)
curves are presented in Figs. 5 and 6. To obtain the effective heat of
combustion (EHC), THR is divided by the final mass loss. Finally,
pictures of the aspect of the residue are shown in Fig. 9.

Fig. 5 shows that whatever the composition TTI remains almost
constant with value between 26 and 28 s. This result may be counter-
intuitive since it is known from the literature that NDs tend to increase
the thermal conductivity of polymers [35]. Therefore heat should have
been transferred more rapidly to the back of the sample and an increase
of TTI could have been expected. However it seems that the concomi-
tant presence of APP and ND do not promote such a phenomenon. The
results indicate that flame retardant additives act mainly after ignition.
In the case of EVA/APP compositions the pHRR is decreased by 30 to
40%. However the shape of the curve remains unchanged with the peak
occurring near the exhaustion of fuel. It should be noted that the
residue yield is 12.8% and 18.3% respectively for 20 and 25% APP
loading. These values are higher than for TGA residues determined at
700 °C. They correspond approximately to TGA residue measured at

Table 4
Cone calorimeter data.
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Fig. 6. Mass Loss Rate (MLR) curves from cone calorimeter tests under 50 kW-m™ 2
irradiance.
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50 kW-m ™ ? irradiance.

600 °C, meaning that the temperature reached by the condensed phase
in cone calorimeter was not higher than this value. No further charring
was evidenced. A small decrease of EHC of approximately 12% was
observed. As previously mentioned this decrease can be assigned to the
release of non-combustible gases during APP decomposition.

The results obtained with EVA/APP/ND compositions are much
more interesting. In the presence of ND (pure or modified) pHRR is
decreased by 65% with values around 450 kW-m ™2, Moreover, the
shape of HRR curve is significantly changed with the peak occurring
shortly after ignition. After the peak, HRR slowly decreases what
corresponds to a controlled release of fuel. This allegation is supported

Sample TTI* pHRR" THR" EHC’ Residue

(s + 1) (kWm~2 = 5%) (kFg = 1%) (MFkg~—! + 5%) % + 0.1)
Pure EVA 28 930 338 34.2 1.2
EVA/APP, 27 604 26.1 30.0 12.8
EVA/APPs 26 684 256 31.4 18.3
EVA/APP.,,/ND; 26 435 245 28.4 13.6
EVA/APP,/ND-Ps 28 455 243 28.7 15.3

* TTL Time-to-Ignition.
b pHRR: peak of Heat Release Rate.
© THR: Total Heat Release.

4 EHC: Effective Heat of Combustion, corresponding to the THR divided by the final mass loss.



2500
2000 -
Eig‘ 1500
£
o
7] —s—EVA
= 10007 —e— EVA/APP®
—— EVA/APP?®
500 - —— EVAJAPP?/ND®
—+— EVA/APP?/ND-P®
0 —— T - T - T - T . 1
0 100 200 300 400 500

Time (s)

Fig. 8. Total Smoke Release (TSR) Cone curves from cone calorimeter tests under
50 kW-m ~ Z irradiance.

by the mass loss curve as shown in Fig. 6. In the range 100 s to 300 s the
mass loss rate is significantly lower for ND containing compositions.
This type of curves corresponds to a thick charring behavior according
to the classification of Schartel and Hull [36]. This behavior is
encountered when a protective layer acting as barrier for heat and
mass transfer is built at the surface of the sample. From Table 4 it can be
seen that the global EHC is lowered in ND containing compositions.
EHC can be also calculated at any time t of the experiment by

EVA/APP”

-

dividing the cumulative heat release by the mass loss at the correspond-
ing time t. Fig. 7 presents the evolution of EHC as a function of time for
the various compositions. It is noteworthy that in the case of pure EVA,
EHC increases progressively from 21 to 35 kJ.g~'. The initial value
corresponds approximately to that of acetic acid which is the early
decomposition product of the polymer matrix. The further EHC increase
can be related to the contribution of ethylenic fragments with a higher
intrinsic combustion energy (circa 42 kJ-g~ 1. In the case of EVA/APP
compositions, the evolution of EHC is relatively similar with a lower
final value (31 kJ-g~ 1) due to the release of water and ammonia that do
not contribute to the combustion. Despite the fact that ND containing
compositions should release decomposition products similar to those of
EVA/APP compositions, their EHC reach rapidly a lower constant value
of approximately 27 kJ-g~'. This means that in this case combustion
shall be incomplete. This hypothesis is confirmed by the higher total
smoke release (TSR) observed from the first peak of HRR (Fig. 8).
Furthermore, it should be remarked that the residue yields in the
presence of ND are in the same range than with APP solely. Thus it may
be suspected that the difference between EVA/APP and EVA/APP/ND
behaviors lies in their residue structuration that plays an important role
on its flame retardant efficiency.

3.5. Electronic microscopy

This hypothesis of different residue structuration is confirmed by
pictures taken at macroscale and presented in Fig. 9. EVA/APP residues
are thin and poorly cohesive while EVA/APP/ND residues are thicker
and seem more cohesive. Moreover, a slight swelling of residues was

EVA/APP”’/ND-P°

Fig. 9. Cone calorimeter tests: residue aspect.
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Fig. 10. STEM images of composites.

observed during the test giving rise to surface relief with irregularities.
This swelling cannot obviously be compared to that of intumescent
systems. However expansion is generally considered as beneficial for
the thermal shield properties of the residue [37].

In order to better understand the fire behavior observed in cone
calorimeter test, the microstructure of composites before burning was
investigated by STEM. Fig. 10 shows the morphology of the various
compositions at microscopic scale. From the observation of EVA/APP
compositions, it can be noticed that APP consists of micron-sized
particles with diameter ranging from 5 ypm to 10 pm. In EVA/APP/ND
compositions micron-sized APP particles can also be observed. Addi-
tionally, submicron particles are evidenced. Intuitively these particles
are supposed to be aggregates of ND. To confirm this hypothesis, EDX
mapping was carried out on ND containing samples. Fig. 11 shows
carbon, oxygen and phosphorus cartography. Surprisingly, it was
highlighted that some of the submicron particles contain only phos-
phorus and oxygen. This result was attributed to the fragmentation of
APP particles in the presence of ND. Due to their hardness and the
frictional forces involved during processing, ND particles are likely to
break APP particles. As a consequence APP is better finely dispersed in
the EVA matrix when ND is present. This could be one of the reasons for
the more homogeneous charred layer observed in EVA/APP/ND
compositions.

3.6. Rheology

It is recognized that the rheological properties may play a dominant
role in the fire behavior of polymeric materials because different
phenomena such as bubbling or barrier formation are govermned by
viscosity [38]. Fig. 12 shows the complex viscosity of pure EVA and
some composite formulations. It can be noticed that EVA exhibits a non-
Newtonian behavior with a decrease of viscosity with increasing

frequency typical of shear-thinning. A similar behavior was observed
for EVA/ND and EVA/APP systems with viscosity slightly higher than
the pure polymer. Singularly EVA/APP/ND composition exhibits a very
different rheological behavior with an increase of viscosity as angular
frequency increases. This behavior can be considered as shear-thicken-
ing. It is thought that the higher viscosity of the ND containing
composition may act favorably on the cohesion and swelling of the
protective layer during its formation as evidenced in Fig. 9.

4. Conclusion

The interest of combinations of pristine or modified nanodiamond
(ND) and Ammonium Polyphosphate (APP) to improve the reaction to
fire of ethylene vinyl acetate (EVA) has been shown. Thermal analysis
indicates an interaction between the degradation of APP and ND, which
leads to the enhancement of the char residue stability, but only up to
750 °C. A strong reduction in peak of heat release at cone calorimeter
was observed for APP/ND combinations in comparison with APP alone
in EVA at the same global loading. A synergistic effect on total heat
released (THR) was also noticed. The formation of a thick charring
residue was observed by SEM and it can be supposed that the
incorporation of ND particles tends to improve the cohesion of the
residue. This improvement could result from both the grinding effect of
APP by the ND particles and the increase of viscosity in the joint
presence of APP and ND. Moreover, despite a better thermal stability of
modified ND, no significant difference appears between pristine and
phosphorylated ND, regarding the thermal stability and fire behavior of
nanocomposites. Among the perspectives of this work, the study of FR
systems combining a charring polymer with APP/ND blends in EVA
seems of prime interest, to investigate if ND can play a potential role of
synergistic agent in intumescent compositions.

Supplementary data to this article can be found online at http://dx.
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Phosphorus

Fig. 11. Element Maps for C, P and O in EVA/APP20/ND5 sample using EDX.
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Fig. 12. Complex viscosity as a function of angular frequency for various compositions (T = 150 °C, strain = 1%).
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