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Comprehensive study of the degradation
of an intumescent EVA-based material
during combustion
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In this work, we have studied the evolution of an flame retardant intumescent EVA-based
material during combustion. The formulation uses an original concept of the laboratory,
i.e., use of char forming polymer (here the polyamide-6) as carbonisation agent associated
to a carbonisation catalyst in an intumescent formulation. The fire behavior was modelled
using the cone calorimeter and we have explained the evolution of the rate of heat release
curve in terms of chemistry of the system using FTIR and solid state NMR. © 7999 Kluwer
Academic Publishers

1. Introduction Then, it takes a part in the dehydration of the car-
Polyethylenic polymers are used in many fields such abonific to yield the carbon char and finally, the blowing
housing materials, transport or electrical engineeringagent decomposes to yield gaseous products. These lat-
applications. Due to their chemical constitution, theseer cause the char to swell and hence provide the insu-
polymers are easily flammable and so, flame retardandpting material which then decomposes under the action
becomes an important requirement for many of themof the outer heat flux.
This can be obtained by several ways, one of these The carbonisation agents commonly used inintumes-
being incorporation of additives. Up to now, halogencentformulations for thermoplastics are polyols such as
compounds were widely used for this purpose, but thgentaerythritol, mannitol or sorbitol [9, 10]. However,
corrosiveness, the toxicity of their combustion productsexudation, reactivity during processing and water solu-
and the smoke production have attracted much atterbility are problems associated with these additives [11].
tion. As a result, certain sectors of industry, notablyMoreover, these additives are not compatibile with the
those concerned with aerospace, microelectronics, cgolymeric matrix, and the mechanical properties of the
ble and wire manufacture, are particularly interestedormulations are then very poor.
into alternative halogen-free fire retardants [1-4]. The Laboratory develops FR intumescent formu-
A solution for limiting the burning mechanism can lations for polyolefins using char forming polymers
consist in developing on the outer surface of the poly{polyamide-6, polyurethane,.) as carbonisation agent
mer a glassy [5] or an expanded shield [6, 7] which[12-16]. The advantage is to obtain flame-retarded
may at least partially, limit the transfer of fuel to the polymers with improved mechanical properties in com-
gas phase, the transfer of heat from the flame to thparison with polymers loaded with classical FR formu-
condensed phase and eventually oxygen diffusion ifations, and to avoid the problems of exudation and
the condensed phase. In particular, fire retardant intuwvater solubility.
mescent materials are halogen-free and form on heating In particular, intumescent mixtures of the additives
foamed cellular charred layers on the surface, whickammonium polyphosphate (APP) and polyamide-6
protects the underlying material from the action of the(PA-6) have been developed for use in polypropy-
heat flux or of a flame (Fig. 1). lene [9], ethylene propylene rubber, ethylene-vinyl ac-
Generally, intumescent formulations contain threeetate copolymers [12] and other polyolefins. Unfor-
active ingredients [6, 7]: an acid source (phosphatetunately, the two additives are not compatible when
borate, ..), a carbonisation compound (polyals,)  mixed and then master batches of the additives blends
and a blowing agent (melamine, isocyanurasf). First,  may not be used as obtained for industrial applications.
the acid source breaks down to yield a mineral acidThe solution consists in processing the blend using

* Author to whom all correspondence should be addressed.

0022-2461 © 1999 Kluwer Academic Publishers 5777



- X heat release needs to occur sufficiently fast so that the

x=0 _ x=s(t) x = L(t) heat is not quenched in the “cold” air surrounding the
A © 00 A8, latter product.
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=¥y 8 8 e Source APP/PA-6 in the case of a large fire (Fig. 3). The virgin
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O OC; . whereas this of the EVA-APP/PA-6 formulation is only

| e O S o s FUEL about 400 kW/rf.

Support e In order to understand the fire behaviour of the EVA-
St SutRse APP/PA-6 formulation, the aim of this work deals with

Intumescent front K . . K
the chemical characterisation of the intumescent mate-

Figure 1 One-dimensional model of the intumescence in the conditionrials formed during combustion in the conditions of the
of fire [8]. cone calorimeter. The study is led using FTIR and solid
state NMR of carbon and phosphorus.

a compatibilizer (ethylene-vinyl acetate copolymer,
functionalised terpolymers of ethylene, siloxane-based
resins) which maximises the interfacial bonding and s@. Experimental
prevents the reject of the mineral additive throughout2.1. Materials
the polymer matrix [12]. Among these agents, ethyleneThe following products were used: ethylene-vinyl ace-
vinyl acetate copolymer has been selected, it increasdste 8% copolymer (EVA8, Lactene 1005 VN3,
the “compatibility” of APP and PA-6 and in addition melt index: 0.4 g/10 mn as pellets supplied by EIf
acts as a synergistic FR agent [9]. Atochem), polyamide-6 (PA-6, as pellets supplied by

The association of ammonium polyphosphate as th&hone-Poulenc), and ammonium polyphosphate (APP,
acid source and polyamide-6 as the carbonisation agefNH4PQOs)n, n =700, Hostaflam AP422, soluble frac-
has been used directly as fire retardant intumescent ation in H,O < 1 wt %, supplied by Clariant).
ditive in an ethylene vinyl acetate 8wt % copolymer Materials were mixed at 23% using the Brabender
matrix (EVA). Insertion of this additive system in EVA Laboratory Mixer measuring head (type 350/EH, roller
leads to a significant improvement of the fire perfor-blades, checking of the mixing conditions using the data
mances of the material [13, 14]. Fig. 2 shows that interprocessing torque rheometer system Brabender Plasti-
esting results are obtained in EVA with the intumescentorder PL2000, constant shear rate: 50 rpm). Sheets
APP/PA-6 system at 30 and 40 wt % loading. The opti-were then obtained using a Darragon press at’€20
mal Limiting Oxygen Index (LOI) [17] ratio APP/PA-6 With a pressure of 10Pa.
is 5 wt%/wt % and UL-94 V-0 rating (vertical flame
test) [18] is achieved [19].

The cone calorimeter allows to simulate the condi-2.2. Oxygen consumption calorimetry
tions of fire in a small bench scale and to measureThe Stanton Redcroft Cone Calorimeter was used
in particular, the heat release during combustion usfor measurements on samples following the proce-
ing oxygen consumption calorimetry [20-22]. Indeed,dure defined in ASTM 1354-90. Rate of Heat Release
it has now been established that the property whicHRHR) measurement is based on oxygen consumption
most critically defines afire is the heat release [23—28]¢calorimetry [20]. The standard procedure used [22] in-
because two conditions are necessary for afire to propaolves exposing specimens measuring £QID0 mm
gate from the product first ignited to another one, in theand 3 mm thick in horizontal orientation to an exter-
surroundings. First, sufficient energy, as heat, needs toal heat flux of 50 kW/rhrepresenting generalised fire
be released to cause secondary ignition. Secondly, tHe3]. The external heat flux is shut down at different
characteristic times, the sample is removed from the
cone calorimeter and quenched in the air before spec-
trochemical analyses.

[
N
|
1

o
Loading = 30 wt.-%
| =
Loading = 40 wt.-%

w
o

2.3. FTIR

Infra-red spectra were recorded in the spectral zone
400-4000 cm? using an Nicolet Impact 400D spec-
trometer. Samples were grinded and mixed with KBr
pelletising.
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APP (%) 13C NMR measurements were performed on a Bruker
Figure 2 LOI values and UL-94 rating vs. APP and APP/PA-6 loading ASX100 at 25.2 MHz (2.35 T) with magic angle spin-
in EVA-APP/PA-6 intumescent formulations [19]. ning (MAS), high power'H decoupling (DD) and
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Figure 3 RHR curves (heat flux 50 kW/n?) of the virgin EVA and of the formulation EVA-APP/PA-6 [19].

1H-13C cross polarisation (CP) ugjra 7 mmprobe. RHR curve decreases). Then the RHR is reduced and
The contact time was 1 ms. A repetition time of 10 s@ plateau is reached in which the RHR is suppressed
was used for all samples. The reference used was tetraignificantly (110<t <200 s). It corresponds to a sta-
methylsilane and the spinning speed was 5000 Hz. ble efficient protective shield. Finally ¢ 200 s), there
31p  NMR measurements were performed atiS degradation of the protective coating which forms
40.5 MHz with magic-angle spinning (MAS), with or @ stable carbonaceous residtie-350 s). In order to
without high powerH dipolar decoupling (DD) and a understand what are the species formed as a function
repetition time of 450 s (because of the long spin-latticeof time during combustion, the external heat flux is
relaxation time). All spectra were acquired as a resulgshut down at the different characteristic times defined
of 500 scans. The reference used was 8598® in  Fig. 4. Then the samples so obtained, are analysed by
agueous solution. FTIR and solid state NMR.
FTIR spectraas afunction oftime (116:4 < 3505)
are presented Fig. 5 and the assignment of the main
3. Results and discussion bands Table I. Bands at 2800 and 2900 ¢rare ob-

The RHR curve of the formulation EVA-APP/PA-6 al- S€rvedtill 300s. They can be assigned to,groups in
lows to determine several characteristic times (Fig. 4)Pelyethylenic chains. This result suggests that polymer

The first event to notice is the heating of the polymerff@gments are kept in the intumescent structure.
(t =30 and 50 s). The ignition of the material occurs at At @very time, the spectra present broad bands be-

about 75 s. One can also remark the particular shapveen 1100 and 1300 crh assigned :%ccording to
of the RHR curve (wavy curve) of the intumescent MacKeeet al [31], to P-O-C bonds in “phosphate-

polymer. It can be assigned according previous Stud(_:arbon complexes and/oH® in a vitreous structure.

ies [29, 30] to the development of intumescence up to
110 s (RHR increases strongly and then the slope of the
t=350s M/\/\
RHR (KkW/m?)
500 -
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Figure 4 RHR values vs. time of the formulation EVA-APP/PA-6 and Figure 5 FTIR spectra as a function of characteristic times of EVA-
determination of the characteristic times. APP/PA-6.
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TABLE | Assignment of the band of the FTIR spectra
t=300s
Wavenumber W
(cm™Y) Assignment Reference
700-800 Deformation vibration of GHand/or [32,33] e
C—C aromatic and/or O
850-1000 vas of P—O in P—O—P [32] P
950-1050 vsym Of PO, and PQ in complexes [32, 33]
Phosphate-Carbon
1100-1120 vsym Of P—O [32, 33] =D
1100-1300 Stretching mode offo—C [31, 42, 43]

in complexes Phosphate-Carbon

and/or P-O in a vitreous structure ol £ (ppm) 0 R
1225-1250 Stretching mode iFFO [32, 33]
1400-1450 Nlj [32, 33] Figure 7 MAS NMR 31P spectra as a function of characteristic times of
1500-1550 Symmetrical deformation of gHCHz  [32, 33] EVA-APP/PA-6.
1625-1670 Stretching mode of P(GPH [32, 33]

2300-2500 Stretching mode offOH [32, 33]

(In overlap) . 1=350s ‘.ﬂ‘ /\,\_\_
2650-2800 Stretching mode of fOH [32, 33]

(In overlap) e rrepetrsapat”” W

2820-2850 Symmetrical stretching mode [32, 33]
of de Ch t=270s
2900-2930 Asymmetrical stretching mode [32, 33]

of de CH W
3050-3250 Nlj [32, 33]
3210-3500 OH [32, 33] __t=110s ﬂ
=ty
t=55s J K,J\ / .

t=350s ‘“"
d’\ | \ t=30s

[t “ T T T T T T T T
1=300s ! ‘ 80 60 40 20 0 20 -40 -60

I (ppm)
t=270s Figure 8 DD-MAS NMR 3P spectra as a function of characteristic

times of EVA-APP/PA-6.

t=200s

mation of shorter chains. When heating EVA degrades
and acetic acid is evolved which implies the formation

t=t;, of end chains methyl groups.

At 55 s and at the ignition, a band at around 130 ppm

t=110s

b is observed which can be assigned to aromatic species
t=30s [37, 38]. The carbonisation of the material begins there-
20, —— fore during heating of the material. Between 110 and

200 180 160 140 120 100 80 60 40 20 O 20 -40

(opm) 270 s, the appearance of a band around 140 ppm of

weak intensity suggests the condensation of aromatic
Figure 6 CP-DD-MAS NMR'3C spectra as a function of characteristic species to polyaromatic species [35, 37, 38]. At 300 s,
times of EVAAPP/PA-6. abroad band centred at 140 ppm is observed which im-

plies the presence of several non-magnetically equiv-

alent carbons [35]. As discussed before in a previous
The additional broad bands about 1000 ¢ncan be  work [39], this peak may be assigned to several types of
assigned to modes of symmetrical vibrations of,PO aromatic and polyaromatic species which can be par-
and PQ [32, 33]. The spectra suggests therefore theially oxidised. Finally at 350 s, the spectrum of the
formation of a phosphocarbonaceous structure. residue presents a weak signal to noise. Only one band

CP-DD-MAS NMR 13C confirms the assumptions of weak intensity (broad band centred around 125 ppm)
deduced from the FTIR study (Fig. 6). Bands at 32assigned to polyaromatic species is observed. The coat-
ppm can be assigned to polyethylenic chains [34] andhng is then degraded when the combustion stops.
are observed up to 300 s. Nevertheless at 300 s, the bandFTIR suggests the formation of a phosphocarbona-
at 32 ppm is not well resolved. It can be assigned taceous structure. To examine and to confirm it, NMR
aliphatic group issue from the degradation of polymer3'P is a powerful tool. Spectra made without and with
chains. dipolar decoupling are presented respectively Figs 7
From 30 s, it is to notice the appearance of a bandénd 8.

at 14 ppm (not observed on the spectrum of the sole Duringthe heating of the material and till the ignition,
polymer) which can be assigned to methyl group orthe characteristic bands of APPZ2 and—24 ppm) are
aliphatic chains [35, 36]. It means therefore that thereobserved. One can observed that it already degrades and
is scission of the polyethylenic chains leading to the for-reacts during heating. Indeed all spectra show a band

5780



centred at O ppm which can be assigned to orthophoglained the evolution of the rate of heat release curve
phate linked to aliphatic groups and/or orthophosphoridgn terms of chemistry.

acid [40, 41].
After the ignition, an additional band can be observed
at about—13 ppm till 270 s (weak intensity at this

last time). This band can be assigned to pyrophosphatdcknowledgement
species and/or to diphenyl- or triphenylorthophosphaté 'he authors are indebted to Miss Catherine SIAT for
groups [34]. It should be noted that the spectrum at 110 ker skilful experimental assistance.

recorded with DD has a better signal to noise ratio than
this one without DD. It means that there are heteronu-
clear interactions phosphorus-proton. The opposite is

observed at 200 and 270 s. It can be proposed that &eferences

110 s the observed species are mainly pyrophosphate&
and/or orthphosphates linked to uncondensed aromati(é.

groups. Thenthe aromatic species condense and the ma-

terial is composed by a phosphocarbonaceous structure
bridged by orthophosphate species.
These assignments can explain the evolution of the3:

FTIR spectra. Indeed the intensity of the broad band4 =

(1100-1300 cm?) decreases till 270 s, then increases
till 350 s. It can be therefore assigned te® group in
a vitreous structure. It suggests the formation of phos-5.
phocarbonaceous structure which provides a “coherenf:
phosphorus-carbon” structure. Then at 270 s, this struc-"
ture degrades to form a vitreous coating of phosphoric
acid and/or polyphosphoric acid (a band of weak in-
tensity is observed at36 ppm (Fig. 8) assignedtoa 8.
polyphosphoric acid [36]).

From this study, we can propose a mechanism of %

action of the flame retardant system in the conditions

of the cone calorimeter.
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