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ABSTRACT

This work seeks to address the effect of simultaneous use of three flame retardants, having three
different modes of action, (magnesium hydroxide, expanded and expandable graphite) on the thermal
degradation and flame retardancy of poly(ethylene-co-vinyl acetate). Thermal conductivity of samples
was measured in order to investigate the effect of the use of expanded and expandable graphite on the
time-to-ignition and the peak of heat release rate in cone calorimeter test. Thermal shielding perfor-
mances of chars were studied as well. It was found that there is an optimum ratio between expanded and
expandable graphite in order to control thermal conductivity and therefore fire properties. Some cor-
relations were also found between the char thickness and the first peak of heat release rate.
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1. Introduction

Poly(ethylene-co-vinyl acetate) (EVA) copolymer has been
widely used in a variety of areas such as cable and wire insulation,
adhesive, solar energy, construction, and packaging industries [1,2].
However, EVA is known as a highly flammable polymer. The fire
behavior of EVA has been extensively studied over recent years. In
this regard, the effect of different “additive flame retardant” sys-
tems on the flame retardancy of EVA has been investigated [3—11].
Among flame retardants incorporated into EVA, metallic hydrox-
ides, magnesium hydroxide (MDH) and alumina trihydrate (ATH)
have been comprehensively studied in view of their exceptional
efficiencies. The mechanism of action of MDH is similar to that of
ATH consisting of an endothermic reaction, through release of
water followed by formation of a protective mineral layer (MgO and
Al03) on the surface of polymer during the course of combustion.

* Corresponding author.
** Corresponding author.
E-mail addresses: henri.vahabi@univ-lorraine.fr (H. Vahabi), mfasihi@iust.ac.ir
(M. Fasihi).

Fire properties of EVA were significantly governed by the individual
and/or simultaneous use of MDH and ATH.

The combination of MDH or ATH with different flame retardants
has also been examined to attain synergistic effects on fire prop-
erties of EVA. This strategy allows decreasing the incorporation
level of flame retardant in EVA, and thus improving mechanical
properties. Almost all additives have been considered, most often to
improve the cohesion of the mineral barrier formed by the accu-
mulation of alumina or magnesium oxide on the top surface of the
composite during combustion. The cohesion of the formed residue
during combustion, which is of crucial importance in cable and
wire insulation applications, as well as its thickness more or less
determine the flame retardancy properties [12—14]. For example in
cable industry, the NFC 32070 CR1 standard test imposes that ca-
bles sustain electrical power where jackets must protect the copper
[15,16]. Generally, synergist is used at 1-5 wt.%, but in some cases
higher contents (>10 wt.%) are used. Zinc, calcium or melamine
borate [17—22], montmorillonite [9,23—30], talc [11,20], silica and
silicon-based fillers [31—34], layered double hydroxide [35], and
carbon nanotubes [23,36] have been considered in this context.

Expandable graphite (EG), also known as intumescent flake
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graphite, is a form of intercalated graphite used to promote intu-
mescence and efficiency of barrier layer during burning in EVA
[37—39]. Expanded graphite (EDG) generally assists in heat dissi-
pation on the surface of the polymer, and therefore delays the in-
crease in surface temperature [40,41]. It has been observed that
Time-To-Ignition (TTI) increases when EDG is incorporated into a
polymer [42]. However, the increase in TTI could be counter-
balanced by the acceleration of the Heat Release Rate (HRR); and
consequently an increased HRR peak, as reported by Patel et al. [43].
Such phenomena were explained by heat transfer from the surface
to the bulk of sample. It was observed that TTI increases because of
the increase in the thermal conductivity of polymer in the presence
of heat conductor additive as EDG, followed by a fast heating of the
bulk leading to arise in pHRR [44,45]. Despite such a history behind
the use of EDG as an efficient flame retardant, to the best of the
knowledge of authors of this work, its synergistic potential in
combination with MDH or ATH has not been examined yet.

The present work aims to (i) investigate the combination effect
of three different flame retardants (MDH, EG and EDG) each one
providing their own action towards fire properties improvement of
EVA; (ii) the competiveness and/or synergy between EG and EDG
and their simultaneous influence on two crucial parameters, TTI
and intumescence, as well as thermal conductivity, Scheme 1. The
efficiency of hybrid flame retardant systems developed in this
work, which contains different amounts of MDH, EG, and EDG was
assessed using a complete set of experiments performed on com-
posite samples including microscopy, thermogravimetric analysis,
thermal conductivity, and cone calorimetry analyses.

2. Experimental
2.1. Materials

Ethylene vinyl acetate copolymer, EVA 1316 (MFI = 0.8 g/10min;
vinyl acetate content = 18 wt.%), was purchased from Hanwa
Chemical, South Korea, and used as matrix. Three types of fillers
were used as flame retardants: Magnesium dihydroxide (MDH) was
purchased from Daejung Chemicals & Metals Co. Ltd, South Korea,
while expandable graphite (EG) (expansion ratio = 200 cc.g™!;
particle size > 300 pm) and expanded graphite (EDG) (average
particle size = 100 um) were both obtained from Ito Kokuen Co.,
Japan.

2.2. Sample preparation

EVA and flame retardants were mixed in a batch melt mixer
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Scheme 1. Contribution of MDH, EDG and EG to flame retardancy of EVA.

(Brabender W50 EHT) at 150 °C and a rotor speed of 80 rpm. First,
EVA was fed into the mixing chamber and after melting, MDH,
expanded and expandable graphite were added to the mixer,
respectively. The total mixing time for all samples was fixed at
10 min. Neat EVA was prepared under the same condition, for
comparison. The samples nomenclature and composition are given
in Table 1. After the melt mixing completed, the samples were
compression-molded at 180 °C under 10 MPa for 10 min in a square
100 mm x 100 mm x 4 mm mold.

2.3. Instrumentation

Morphology of composites was observed by a scanning electron
microscope (FEI Quanta 200 SEM). All micrographs were obtained
under high vacuum at a voltage of 10 kV with a spot size of 4 and a
working distance of 8—10 mm. Small bars of EVA composites were
cryofractured in the liquid nitrogen into two pieces. Prior to
microscopic measurements, the cryofractured surfaces were
sputter coated with carbon to make them conductive.

Thermal decomposition was investigated using a Setaram Lab-
sys Evo thermogravimetric analyzer. All measurements were per-
formed under nitrogen with a heating rate of 10 °C.min"’. The
sample weight was 30 + 2 mg. Cone calorimeter tests were per-
formed on 100 x 100 x 4 mm?> sheets using an incident heat flux of
50 kW m~2, according to ISO 5660. Peak of Heat Release Rate
(pHRR), Total Heat Release (THR), Total smoke production (TSP),
and Time-To-Ignition (TTI) were recorded from this test. Three
experiments were performed for each sample. Accuracy is esti-
mated to be around 5%. The appearance of the residual chars after
the cone calorimeter tests was observed by a digital camera to
assess the intumescence and char integrity.

Thermal diffusivity & (m2s~!) was measured using a Laser Flash
apparatus (XFA600 from Linseis). The specimens were stamped
from compression-molded 100 x 100 x 4 mm? sheets, thinned to a
thickness of 2 mm and coated with graphite on both surfaces.
Measurements were carried out at room temperature in vacuum.

Thermal diffusivity, a is closely related to thermal conductivity,
known as the equation (1):

o = A/pc (1)

Thermal conductivity was calculated using typical values of
density p and specific heat c. These values can be found in the
literature for EVA and fillers. These values are shown in Table 2.
Even if thermal conductivity changes during burning, the mea-
surement of its initial value is useful to understand the changes in
time-to-ignition.

Table 1

Name and composition of the samples prepared in this study.
Sample code EVA MDH EDG EG

(wt.%) (wt.%) (wt.%) (wt.%)

E100 100 0 0 0
EM-50 50 50 0 0
EM-45 50 45 5 0
EM-40 50 40 10 0
EM-35 50 35 15 0
EM-30 50 30 20 0
EME-15 50 30 15 5
EME-10 50 30 10 10
EME-5 50 30 5 15
EME-0 50 30 0 20




Table 2
Density and specific heat for EVA and fillers used to calculate thermal conductivity.

Density (g.cm ) Specific heat (J.g~'. K1) References
EVA 0.94 14 [46,47]
MDH 2.34 1.33 [48,49]
EDG 225 0.7 [50,51]
EG 15 0.7 [48,52]

3. Results and discussion
3.1. Morphology observations

The dispersion states of flame retardants in EVA were monitored
by SEM. Fig. 1 provides SEM images for four samples containing
MDH (EM-50, Fig. 1a), MDH/EDG (EM-30, Fig. 1b), MDH/EDG/EG
(EME-10, Fig. 1c), and MDH/EG (EME-0, Fig. 1d). The micronic
particles of MDH were regularly dispersed in EVA with sizes below
1 um. However, the presence of aggregates was also observed,
Fig. 1a. The image of EM-30 sample showed the presence of EDG
platelets and also MDH with the same dispersion state as previ-
ously observed for EM-50. The thickness of graphite sheets was
nanometric, Fig. 1 b. The difference in dispersion between EG and
EDG and the form of EG was not clear from Fig. 1c. However
regarding Fig. 1 d, it seems that EG “particles” are platelets roughly
similar to EDG.

3.2. Thermogravimetric analysis (TGA)

Fig. 2 shows the TGA curves of MDH, expanded graphite and
expandable graphite. The dehydration decomposition of MDH was
in the range of 330—460 °C, and the residual mass was 68%.
Expanded graphite was thermally stable until 800 °C. Expandable

graphite loses about 10% of its weight since 190 °C due to release of
volatile gases from the intercalant at this temperature [53,54]. Fig. 3
and Fig. 4 present the TGA curves of EVA and EVA-based compos-
ites. The obtained parameters from these curves are summarized in
Table 3. EVA and all composites showed a two-step weight loss. In
the first decomposition step, from 300 to 380 °C, EVA loses acetic
acid and carbon-carbon double bonds are formed along the poly-
mer backbone [55,56]. The dehydration reaction of MDH was
simultaneously performed in this range. The second degradation
step, from 430 to 500 °C, is attributed to the chain scission of the
polymer and the volatilization of the residue [8,57].

The thermal stability of composites was superior to that of pure
EVA. The onset temperature of degradation (first step) increased
from 303 °C for EVA to 322 °C for EM-50 and to about 316 °C for
other composites. However, the mixtures of MDH and expanded
graphite or expandable graphite were less effective than pure MDH
in improving the thermal stability of composites. In the composites
including expandable graphite, it was expected that the expansion
of this filler during heating forms a protective layer against the heat
which improved thermal stability. Nevertheless, it seems that this
mechanism is not effective for the very small samples such as the
ones used in TGA test. The residue at 600 °C increased from
37.5 wt.% for EM-50 to 39, 44 and 46 wt.% for EM-40, EM-30, and
EME-10. This implies that the expanded graphite and expandable
graphite may promote charring.

3.3. Cone calorimeter

The heat release rate (HRR) curves as a function of time are
presented in Fig. 5 (samples containing MDH and EDG) and Fig. 6
(samples containing MDH, EDG, and EG). The obtained parame-
ters from these curves (TTI, pHRR, TSP, THR) are summarized in
Table 4. The peak of HRR (pHRR) decreased to 360 kW m~2 when

Fig. 1. SEM images of a) EM-50, b) EM-30, c) EME-10, and d) EME-0 samples.
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Fig. 3. TGA curves of all EM and E-100 samples, at heating rate of 10 "C.min~' under nitrogen.

MDH was added to EVA. This represents a reduction of 74% of pHRR
compared to pure EVA (1350 kW m~2). The TTI was shifted to 110 s
for this sample. The combination of MDH and EDG led to the
decrease in pHRR and to the increase in TTI, Fig. 5. Regarding the
shape of curves, two behaviors can be distinguished. In the case of
EM-45 sample, a first peak appeared at 220 s, and then a second
peak at 515 s. This behavior has already been explained by Schartel
and Hull [58] as the evidence of thermally thick charring materials.
They claimed that the appearance of the second peak was due to
cracking and to the release of flammable gases during combustion.
When the rate of EDG increased in the blend, TTI increased and the
trough between two peaks decreased, from EM-45 to EM-30. It was
also observed that pHRR decreased by the increase in EDG rate.
However, second pHRR increased at 15 and 20 wt.% of EDG loading
(EM-35 and EM-30 samples) compared to the samples containing
only 5 and 10 wt.% of EDG. The second peak totally disappeared for

these samples. The disappearance of the second peak may be
explained by the reinforcement of char residue with an increase in
the rate of EDG for EM-30 sample. Obviously, EM-40 sample
(containing 40 wt.% MDH and 10 wt.% EDG) gives the best results
among samples of this kind. The HRR peak for this sample was
242 kW m2. It could therefore be concluded that there is an
optimal combination rate between EDG and MDH.

The substitution of 5 wt.% of EDG with EG led to the decrease in
pHRR and re-appearance of a second peak at 413 s, Fig. 6. After-
wards, by adding EG, the pHRR decreased and the shape of curves
was changed. However, TTI decreased by increasing the loading
rate of EG. The comparison of HRR curves of EM-30 and EME-
0 samples, Fig. 7, shows that the combination of MDH and EG is
more efficient than that of MDH and EDG, in terms of flame
retardancy. The decrease in pHRR for EME-0 was 90.4%, compared
to pure EVA. However, the TTI was much higher in the case of EM-
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Table 3

TGA parameters for all samples, collected from TGA curves, under nitrogen (Tqoy is
temperature at 10% weight loss, Tmax is the maximum rate degradation temperature,
from DTG.).

Sample code Tiox Trax Residue
(°C) (°C) (wt.%) at 600 °C

MDH 391 402 68

EDG - 322 97

EG 410 230 89
E100 352 345—473 0.7
EM-50 351 351472 37.5
EM-45 341 340-472 38.5
EM-40 344 341-471 39
EM-35 352 336—471 41
EM-30 356 334-471 44
EME-15 359 332-471 44
EME-10 369 332—471 46
EME-5 343 332-470 40.5
EME-0 361 331-468 44

30 sample (combination of MDH and EDG).

Total smoke production (TSP) was also determined with cone
calorimeter test. All TSP curves were shown in Fig. 8. The total
smoke production of EME-0 and EME-5 sample was significantly
reduced (black arrow). For the second group of samples, the TSP
tended to reach a steady state after 550 s (red arrow). For the third
group of samples (purple arrow), TSP increased steadily. It may be
concluded that char barrier was more efficient in the case of the
first two groups, and that the acceleration of TSP for the third group
(purple arrow) was due to the non-effectiveness barrier character
of their residues.

The images of residues after cone calorimeter test are presented
in Fig. 9. Three forms of residue were observed after test. In the case
of EM-50 sample, a brittle and thin residue was formed. For the
samples containing both MDH and EDG, the char surfaces were
smooth. However, the inside of char was porous, with large holes.
The residues of samples containing EG were compact, dense, with a
“worm-like"roughened surface, and without internal porosity. Char
thickness values, Table 4, was increased by increasing the rate of
EDG or EG, except for EME-15 samples. The addition of EG at 15 to
20 wt.% allowed to considerably promote the formation of an
expanded char residue, which prevented the heat and gas transfer

between the flame zone and the burning substrate, and thus
limited the heat release.

Fig. 10 shows SEM images of EM-40 and EME-10. Two types of
texture could be observed for all samples. The samples containing
MDH and EDG present a smooth char surface, Fig. 10 a. The char
surface of samples containing MDH, EDG and EG are more porous
and contain the worm-like structure which is formed during the
expansion of EG Ref. [59], Fig. 10 b.

The three fillers contribute to the barrier effect by accumulating
at the top surface of the sample. Moreover, intumescence is pro-
moted especially by expandable graphite. It is always challenging to
correlate fire performances including pHRR occurring just after
ignition to final residue morphology. However if the barrier layer
develops early during the test, such correlations make sense. Fig. 11
shows the change in first pHRR versus char thickness. E100 was not
considered because the amount of fuels is different from other
samples and no char is formed. First pHRR seems to decrease
continuously when thickness of the char at the end of the test in-
creases. For EM samples containing 10, 15 and 20 wt% of EDG, the
char thickness is almost the same but the pHRR increases when the
EDG content increases. As already discussed, this change can be
related to the high thermal conductivity which promotes the heat
transfer to bulk leading to higher heat release rate.

Fig. 12 shows the change in THR versus the char thickness. Up to
25 mm-thick, char is not protective enough to avoid complete py-
rolysis of EVA. Therefore THR is constant and close to 19.5 kj/g.
Thicker chars obtained with 15 and 20 wt% of EG limits the heat
transfer so that EVA is not fully pyrolysed. THR of EME-0 is only
13.8 k] g1, i.e. only 70% of the heat released in case of complete
pyrolysis of EVA (19.5 k] g~1). These results highlight the huge ef-
fect of intumescent residue to improve the flame retardancy.

3.4. Study of heat transfer in composites

Time-to-ignition in cone calorimeter test, changes from 65 to
130 s according to the composite, Table 4. The three fillers used in
this study have different impacts on TTI. Ignition occurs when the
surface temperature reaches a critical value. A couple of phenom-
ena influence the heating of the material during the pre-ignition
period. The significant increase in TTI when 50 wt.% of MDH are
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Table 4
Summary results of cone calorimetry test (* The residue was brittle and it was not possible to measure its thickness).
1st 2" pHRR THR THR TTI PHRR reduction TSP Char thickness
pHRR (kW.m—2) (MJ.m—2) (kj.g™ (s) (%) (m%m—2) (mm)
(kW.m™2)
E100 1350 — 158 389 65 — 2630 0
EM-50 360 342 116 19.6 110 734 2655 -*
EM-45 319 355 119 19.5 115 73.8 2795 9
EM-40 240 242 114 18.7 125 82 2795 16
EM-35 290 366 123 19.6 130 72.8 1535 18
EM-30 341 - 127 20.5 125 74.7 875 20
EME-15 230 309 117 19.9 125 77.2 1075 19
EME-10 197 185 108 183 99 85.4 987 25
EME-5 155 — 98 16.8 75 88.5 410 37
EME-0 130 - 79 13.8 75 90.4 190 48

added to EVA can be assigned to the dilution of fuels in gas phase MDH releases 31 wt.% of water and the enthalpy of decomposition
through the endothermic release of water by MDH decomposition. is 1450 ] g~ [60]. The water release occurs in the same temperature



250-
] - EM-30
--- EME-0

A A 3
Vil VA

50

2 500+

2 000

1 500+

TSP (m2.m2)

1000+

500

0 ' 400
Time (s)

2

Fig. 8. Total Smoke Production (TSP) curves of all samples, obtained from cone calorimeter test, heat flux: 50 kKW m

Fig. 9. Pictures of the residues remaining after the cone calorimeter test a) EM-50, b) EM-45, c) EM-40, d) EM-35, e) EM-30, f) EME-15, g) EME-10, h) EME-5, and f) EME-O0.



15kV X37

500um 0000 3175 SEI

AN
15KV X37  500pm 0000 2875 SEL il

Fig. 10. SEM images of the residues remaining after the cone calorimeter test for EM-40 (a) and EME-10 (b) samples.

400
350 . o
300 o

250 O

First pHRR (kW/m?)

150

100

50

0 10 20

OEVA/MDH/EDG
® EVA/MDH/EDG/EG

200 e

30 40 50 60

Char thickness (mm)

Fig. 11. First pHRR versus char thickness for all samples (excluding E100).

24.0

22.0

20.0 -
Sl o N S o

S o

THR (k/g)

18.0

16.0

14.0

12.0
0 10 20

@) \‘

O EVA/MDH/EDG
® EVA/MDH/EDG/EG

30 40 50 60

Char thickness (mm)

Fig. 12. THR versus char thickness for all samples (excluding E100).

range as the first step of decomposition of EVA (release of acetic
acid). Nevertheless, the partial substitution of MDH with EDG

delays ignition despite the fact that EDG does not release water. The
incorporation of EDG allows a linear increase in thermal



conductivity as shown in Fig. 13. It is well known that a high
thermal conductivity promotes a fast heat transfer from the surface
to the bulk, limiting the heating rate of the surface [43,61]. There-
fore the increase in thermal conductivity allows delaying ignition
(Fig. 13). TTI increases from 110 to 130 s when 15 wt.% of EDG are
added. TTI decreases slightly with a further increase in EDG,
probably because the increase in thermal diffusivity does not bal-
ance the decrease in the endothermic release of water.

EG has a different influence on TTI. When EDG is partially
replaced with 5 wt.% of EG, the thermal conductivity increases from
1.56 to 1.85 W m~ LK~ (Fig. 15) and TTI remains constant (Fig. 14). A
higher amount of EG leads to a decrease in thermal diffusivity and
TTL Even if composites containing 10—20 wt.% of EG have a higher
conductivity than EVA/MDH 50/50, their TTI is much lower. When
the content of EG is 15—20 wt.%, TTl is close to the TTI of pure EVA. It
can therefore be assumed that EG has a strong detrimental effect on
time-to-ignition. It is noteworthy that various phenomena may

1.6
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Thermal conductivity (W/m.K)
=
n—.—«
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modify the time-to-ignition. For example, higher absorptivity of EG
may promote a fast heating rate of the surface composite. The
decomposition of EG at low temperature (around 200 °C) may also
promote earlier ignition.

High thermal conductivity can delay ignition but promotes a fast
heating rate of the bulk leading to an increase in HRR during cone
calorimeter test [43]. Nevertheless, the formation of a protective
layer during cone calorimeter test also has a strong influence on
heat release rate and can avoid a fast decomposition despite a high
heat transfer from the surface to the bulk. Residues from cone
calorimeter tests were cooled and submitted to heat flux of
50 kW m~2. A thermocouple was used to measure the temperature
of the lower surface during the heating (Scheme 2 and Fig. 16). The
temperature increases very slowly for EME-0 residue, evidencing
the insulating effect of the expanded residue containing 20 wt.% of
EG. EME-5 and EME-10 also provide an expanded residue but the
temperature increases much faster. After 400 s, the temperature
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Fig. 13. Thermal conductivity of composites containing MDH and EDG (filler content is fixed to 50 wt.%).
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reaches 130 and 160 °C respectively for these two residues, versus
only 60 °C for EME-0 residue. The insulating character of the res-
idue may be partially disrupted due to an increase in the thermal
conductivity provided by EDG filler. The temperature increases
similarly for all EM composites and reaches 140—170 °C after 400 s
(as EME-10). It can be observed that the best insulating residues (i.e.
EME-0 and EME-5) correspond to the lowest pHRR measured in
cone calorimeter test.

4. Conclusion

Magnesium hydroxide, expandable and expanded graphites
contribute to improve the flame retardancy of EVA through various
modes-of-action. Magnesium hydroxide delays ignition through
endothermic release of water diluting fuels in gaseous phase and
formation of a mineral layer (magnesium oxide). Nevertheless, this
layer is very thin and not effective as insulating barrier. Expandable
graphite promotes the formation of an intumescent layer,

" 200

300

400 " 500 " 600
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Fig. 16. Temperature of the back surface of residues, obtained from cone calorimeter test (residues were exposed to heat flux of 50 kW m2).



significantly reducing the peak of heat release rate, the total heat
release and the smoke production. However, ignition occurs earlier
in the presence of a moderate content of expandable graphite.
Finally, expanded graphite contributes to delay ignition thanks to
its high thermal conductivity. It also improves char thickness when
combining with magnesium hydroxide, even if it is less effective
than expandable graphite from this point of view. The formation of
a char layer together with magnesium hydroxide and/or expand-
able graphite further avoids the fact that the fast heating of the
sample bulk leads to a fast degradation rate (and therefore a high
heat release rate) during the second part of the test. The analysis of
cone calorimeter results shows that char thickness is highly
correlated to heat release, including just after ignition. Indeed, the
correlations found between the thickness of the residue and the
first peak of heat release rate were quite consistent. From a per-
formance point of view, the combination of these three fillers can
be considered as synergistic, i.e. an optimum composition (ratio
between expanded and expandable graphite), can be found to
reach the best flame retardancy performances. This does not mean
that there is synergy from a mechanistic point of view. The best
combination may be close to 30 wt.% of Magnesium hydroxide,
10 wt.% of expanded graphite and 10 wt.% of expandable graphite
for a total filler content of 50 wt.%. Nevertheless, this optimum
composition may depend on the considered fire test. Finally, it can
be assumed that the competitiveness between expanded and
expandable graphites to decrease of heat release rate and/or in-
crease of time-to-ignition can be monitored using an optimum
composition.
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