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ABSTRACT

This study presents the use of oedometric compression test in order to evaluate the breakdown of a
protective layer acting as a diffusion barrier (“barrier effect”) occurring during cone calorimeter tests for
ethylene-vinyl acetate copolymer/aluminium trihydroxide (EVA/ATH) composites. The formation of an
alumina layer at the sample surface during burning insulates thermally the underlying material and
reduces the heat release rate. The efficiency of this barrier depends on the cohesion of the layer formed.
This cohesion depends on the ability of the particles (ATH and synergistic mineral fillers) to self-arrange.
During the test, the breakdown of this barrier can lead to an increase in HRR.

The oedometric compression test allows assessing the ability of fillers to form a cohesive layer. Results
obtained from compression modulus of filler powders are directly related to some aspects of the heat
release rate curve of composites measured in cone calorimeter tests. Indeed, the appearance and the
intensity of the second pHRR (related to the breakdown of the barrier layer) in cone calorimeter test are

related to the slope of oedometric compression curve.
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1. Introduction

Due to their properties and processing characteristics, ethylene-
vinyl acetate (EVA) copolymers are commonly used in the wire and
cable industry. However, these polymers are easily flammable, so
flame retardant (FR) systems have to be introduced during the
process [1]. In EVA copolymers, hydrated mineral fillers, such as
alumina trihydroxide (ATH) and magnesium dihydroxide (MH) are
widely used in fire retardancy systems at very high loadings (up to
65 wt%).

The interest of hydrated mineral fillers (hydroxides and
hydroxycarbonates) is mainly based on the following fire retardant
mechanisms, described below [2]:

Dilution of the solid combustible fraction; endothermic
decomposition of the filler; dilution of fuels in gaseous phase;
formation of a protective barrier.

The efficiency of hydrated mineral fillers on fire retardancy

* Corresponding author.
E-mail address: belkacem.otazaghine@mines-ales.fr (B. Otazaghine).

depends on the amount of released molecules, on the related
enthalpy of reaction and on the temperature range of filler
decomposition. For example, ATH decomposes into boehmite at
180—200 °C, releasing two molecules of water. Then, the boehmite
formed decomposed at higher temperature (500—550 °C), leading
to alumina with the release of a third molecule of water. The whole
decomposition absorbs 1.3 k]/g, as an endothermic reaction [3].

The barrier effect is then provided by the alumina and depends
on the organisation of the particles at the surface of the polymer
[4]. It seems that a compact layer of inert fillers leads to a more
efficient insulation from the heat and also restricts the diffusion of
fuels into the flame. A model proposed by Staggs also confirms this
observation [5]. The efficiency of this barrier can be improved by
the presence of synergistic additives, which helps the formation of
a cohesive structure [6—9]. Moreover, geometric characteristics
such as particle size, aspect ratio and size distribution of alumina
particles could play an essential role on the organisation of the
protective layer [10].

The effect of the particle size of hydrated fillers was studied,
regarding the relative efficiency in fire retardancy tests [11]. In a
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previous study, carried out at our laboratory, it was shown that a
better flame resistance can be reached by using a combination of
different particles sizes [12]. This result was due to a more compact
organisation of particles.

Represented as spheres, a packing of monodisperse particles
presents voids between them, in which smaller particles can
intercalate [10].

Benezet et al. showed that the shape of particles is a major
parameter regarding the compactness and the compressibility of a
powder sample [13]. A bimodal distribution theoretically leads to a
more compact packing at the surface of the burning polymer. This
packing can be estimated by a compression test, forcing the parti-
cles to reach the optimal organization [14,15].

Concerning the barrier effect due to a packing of inorganic
fillers, Hshieh et al. worked on deposited silica-ash layer in silicones
[16]. In this work, silica-ash samples of different thicknesses were
placed on a sensor, under the cone calorimeter. The authors showed
that the presence of a barrier effect due to the organisation of
particles improves the fire resistance of materials.

In the present study, an adapted oedometric method was used
[17]. The oedometric compression is a method generally used for
the analysis of soils in civil engineering [ 17,18]. In the present case, a
uniaxial compression at constant speed was used to measure the
vertical tension during the test and the maximum resistance of the
sample toward the force applied. This resistance is closely related to
the deformation of the sample along the axe of compression.

We assumed that the resistance during an oedometric
compression for a heterogeneous mixture of particles can be related
to its optimum packing, and so its ability to form a cohesive layer
during a fire test. Cone calorimetry was widely used to investigate
the mechanisms of action of fire retardants. Both physical and
chemical effects are taken into account using this device. The barrier
effect can be visualized, on cone calorimeter curves, by a gradual
decrease of the heat release rate after a first peak. A longer decrease
corresponds to a more efficient barrier effect [19]. The protective
role of the barrier effect is disrupted when the cracking of the layer
occurs. This is represented on cone calorimeter curves by an increase
of the heat release rate, i.e. a second peak.

2. Experimental
2.1. Materials

The EVA copolymer used was a thermoplastic-elastomeric grade
Alcudia® PA-440 (Repsol), with a melt flow index of 7 g/10min
(190 °C, 2.16 kg) and a vinyl acetate content of 28 wt%. Aluminium
trihydroxides (ATH) were supplied by Alteo (SH15, SH20, SH100
and SH30N) and Albemarle (OL-104 LEO), with various particle size
distribution, aspect ratio and specific surface area. SH20, SH100 and
OL-104 LEO are precipitated ATH, with a pseudo-spherical shape.
SH15 and SH30N are grinded ATH, with a platelet shape. Median
diameters (D5o) were determined by laser diffraction.

Some silica-based synergistic agents were selected: two non-

Table 1
Characteristics of fillers.

commercial grades of crushed diatomite (raw and calcined) and a
spherically-shaped amorphous silicon dioxide supplied by Elkem
(Sidistar® T-120). Some major characteristics are presented in
Table 1. The calcination of diatomite was made during 1 h at
1000 °C under air [20]. Calcination of diatomite led to an internal
sintering [21], entailing a decrease of the porosity and internal
surface, and hence of the global surface area. This was confirmed by
Sger measurements presented in Table 1.

Powder true density was measured using a helium pycnometer
AccuPyc 1330 (Micromeritics). Specific surface area (Sggr) was
measured by N, adsorption at 77 K (BET method), using an SA 3100
analyser (Beckman—Coulter). Particle size (Dsp) was measured in
water with a laser diffraction particle size analyser LS 13320
(Beckman—Coulter), using an ultrasonic device to break particles
agglomerates. Main characteristics of the fillers are given in Table 1.

2.2. Processing

Processing was carried out by incorporating the fillers into EVA
using a twin-screw extruder (Clextral BC21, 900 mm) at 160 °C and
then pressed using an injection moulding machine (Krauss-Maffei
50T-KM50/180CX). Sheets of 100 x 100 x 4 mm’ were prepared at
140 °C under a pressure of 100 bars. Table 2 summarizes all the
formulations prepared. The total filler content was 60 wt% for each
formulation. Only sample 14 contains 45% of fillers due to the
volume restriction of the twin-screw extruder.

2.3. Characterizations

Flammability was studied using a cone calorimeter (Fire Testing
Technology - FIT) according to the ISO 5660 standard (sample di-
mensions 100 x 100 x 4 mm?). External heat flux was set to 50 kW/
m?. The variations of Heat Release Rate (HRR), peaks of Heat
Release Rate (pHRR), time to pHRR (tpHRR) and Total Heat Release
(THR) were measured. In this study, the second part of the curve
(specifically the second peak of HRR related to the breakdown of
the barrier layer, pHRR2) was scrutinized (see Fig. 1).

The theoretical mass loss of samples was measured by thermo-
gravimetric analysis (TGA), using a Pyris 1 TGA (Perkin Elmer). The
analyses were made under air, from 20 to 900 °C at 10 °C/min.

An adapted two-piston oedometric compression cell was
designed (Fig. 2). A mass of 10 g of product was introduced in the
cell for each test. The two-piston system was chosen for easier
sample release and cleaning. A classic oedometric test uses a non-
deformable compression cell, in which the sample is introduced. In
the present case, the smaller piston acts as the bottom of the
compression cell, and will not move during the test. The force is
applied by means of the bigger piston. The compression was carried
out using a Z010 Material Testing Equipment (Zwick) with a 10 kN
sensor, at a speed of 10 mm/min. The procedure was validated by
reproducibility tests.

A schematic representation of the uniaxial
compression test is shown in Fig. 3.

oedometric

Filler Denomination Powder true density (g/cm?) Sger (M?[g) Dsp Laser (um) Mineral composition
SH15 Al 248 20.58 1.7 Al(OH)3

SH20 A2 2.45 3.93 2.1 Al(OH);

SH100 A3 244 2.94 10.3 Al(OH);

SH30N A4 2.51 10.61 2.8 Al(OH)s3

OL-104 LEO A5 2.52 4.76 1.9 Al(OH);
Sidistar®T-120 S1 224 19.22 0.2 SiO,

Crushed diatomite (raw) S2 217 2343 2-5 Si0,

Crushed diatomite (calcinated) S3 237 13.71 2-5 SiO;




Table 2
List of formulations.

Formulation EVA (wt%) SH15 (wt%) SH20 (wt%) SH100 (wt%) SH3O0N (wt%) OL-104 (wt%) T-120 (wt%) Diatom (raw)(wt%) Diatom (calcinated) (wt%)

1: 60A1 40 60 - - - - - - -
2: 60A2 40 - 60 - - - - - -
3: 60A3 40 - - 60 - - - - -
4: 60A4 40 - - - 60 - - - -
5: 60A5 40 - - - - 60 - - -
6: 54A2/6A3 40 - 54 6 - - - - —
7: 30A2/30A3 40 - 30 30 - - - - -
8: 12A2/48A3 40 - 12 48 - - - - -
9: 50A2/10S1 40 - 50 - - - 10 - -
10: 50A2/10S3 40 - 50 - - - - - 10
11: 55A2/552 40 - 55 - - - - 5 -
12: 50A2/10S2 40 - 50 - - - - 10 -
13: 45A2/1552 40 - 45 - - - - 15 -
14: 4552 55 - - - - - - 45 -
15: EVA 100 - - - - - - - -
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Fig. 1. A typical HRR curve with two peaks of heat release rate.

F represents the force applied by the piston, S the surface of the
sample, hg the initial thickness of the sample, Ah the difference

the piston progresses along the cell, the powder is packed and the
particles self-organize, leading to a maximum packing allowed by
the limit of the 10 kN sensor.

Two domains are observed on the typical compression curve,
corresponding to two different slopes. The first step corresponds to
a rough organisation of the particles, in which the air is progres-
sively released, leading to a more compact system. The second step
corresponds to a higher resistance to compression of the particles,
with a forced re-organization due to the compression.

The slope of the first part of each curve is slightly the same for all
fillers (¢*). On the contrary, a variation can be noticed for the
estimated percentage of compression (%C) and the slope of the
second part (o). This slope is calculated on a linear section of the
second part of the curve:
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Fig. 2. A two-piston oedometric compression cell.
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Fig. 3. A representation of the oedometric compression.

A laser diffraction analysis was carried out to control the size of
particles after a compression test. Indeed, the compression may
break aggregates and thereby modifies the size distribution of the
sample. As an example, size analysis results obtained with SH100
for compression of 0 kN, 5 kN, and 10 kN are presented below
(Fig. 5).

Only the disappearance of a peak at 600 um corresponding to
particles agglomerates can be observed. As expected, compression
does not seem to break primary particles.

Differences between each size distribution appear to be essen-
tially a consequence of a de-agglomeration due to the compression.
The same tendency was noticed with other samples.

3. Results & discussion
3.1. Cone calorimeter tests

All results are presented on Table 3, including Time To Ignition
(TTI), first peak of Heat Release Rate (pHRR1), corresponding time
(tpHRR1), second peak of Heat Release Rate (pHRR2), correspond-
ing time (tpHRR2), Total Heat Release (THR), and Mass Loss.
Calculated mass loss is determined by TGA analysis, to estimate the
maximum residue rate theoretically present at the end of the cone
calorimeter test. This mass loss was determined by calculation,
based on the content of fillers for each sample and the mass loss

Ymax

Force of compression (daN)

G*

o

Compression (%)  Xpin Xmax

Fig. 4. A schematic compression curve and related parameters.

Volume (%)

Diameter (pm)

Fig. 5. Laser diffraction analysis of SH100 after different forces of compression (on
fillers).

due to the release of gases of decomposition, measured by TGA.
Regarding TGA results of the fillers, mass loss reaches 34.4% for Al,
34.0% for A2, 34.2% for A3, 34.1% for A4 and 33.7% for A5. Mass loss
for S1, S2 and S3 is 0%. A comparison with the effective mass loss,
measured during cone calorimeter tests, enables to estimate the
residue rate. Time between pHRR1 and pHRR2 is also presented
(At). Results presented in Table 3 are average values of cone calo-
rimeter tests, based on three measurements for each formulation.

The results of cone calorimeter test on formulations containing
only ATH (1-5) show that particle size and shape of the filler
modify the fire behavior of the composite. Fig. 6 presents HRR
curves for these formulations. As the median diameter decreases
from 10 pm to 2 um, pHRR1 is reduced of about 70 kW/m? and
pHRR2 of about 40 kW/m?. Furthermore, the second peak is
delayed of 100 s. For the formulation 3, a third peak appears during
the test, probably due to the lack of stability of the layer formed
during the fire. Results in Table 3 confirm that formulation 3 pre-
sents the less efficient barrier effect. Concerning the shape of par-
ticles, a comparison between formulation 4 and formulation 5
shows that the presence of pseudo-spherical particles leads to a
higher pHRR1 and to an earlier and higher pHRR2. Moreover, the
ignition is slightly delayed, as the pHRRI1. It is well known that
particles with a high aspect ratio, such as platelets, impart a better
fire reaction and a better barrier effect [22,23]. Disparity of results
between sample 2 and sample 5, with particle of close median
diameters, may be explained by the difference of polydispersity
indexes. Further experiments are needed to clarify this assumption.
SEM images of compared particles are presented on Fig. 7.

Concerning the formulations containing particles of median
diameter of 10 and 2 um (formulations 6 to 8), the results confirm
that the presence of smaller particles in the composite improves
the flame retardancy (Fig. 8). Indeed, formulation 6, with the largest
amount of small particles (54 wt%), presents lower pHRR1 and
pHRR2, and this last peak appears later.

Even a small amount of particles of median diameter of 10 pm in
the mixture deteriorates the properties compared to formulation 2.
The results confirm that the use of one size distribution with a low
Dsg provides a better flame retardancy.

Formulations 9 to 14 contain between 5 and 45% of silica-based
synergistic agents. It has been shown that the presence of a small
quantity of silica particles [7] improves the fire retardancy in EVA
compositions. It seems that silica-particles act as a thermal stabi-
lizer, help the intumescence process but decrease the char cohe-
sion. The effect is more noticeable for silica particles of high specific



Table 3
Results of cone calorimeter tests.

Formulation

TTI(s) pHRR1 (kW/m?) tpHRR1 (s) pHRR2 (kW/m?) tpHRR2 (s) At (s)(tpHRR2-tpHRR1) THR (kJ/g) Mass loss (%) Calculated Mass loss (%)

1: 60A1 49 221.37 110 123.58 580
2: 60A2 43 207.96 102 137.81 540
3: 60A3 40 271.03 105 190.98 445
4: 60A4 57 212.32 125 104.82 657
5: 60A5 64 257.39 140 160.5 545
6: 54A2/6A3 45 251.12 117 151.62 530
7: 30A2/30A3 50 276.60 102 178.23 492
8: 12A2/48A3 46 282.04 97 183.13 467
9: 50A2/10S1 54 241.95 125 104.12 652
10: 50A2/10S3 56 221.39 100 91.72 701
11: 55A2/552 46 198.51 92 87.12 742
12: 50A2/10S2 54 151.78 112 66.74 832
13: 45A2/15S2 54 144.89 107 87.89 747
14: 4552 29 667.98 80 23743 355
15: EVA 37 810.23 230 - —

470 15.00 59.6 60.9
438 18.02 59.6 60.5
340 19.93 60.4 60.7
532 14.02 58.0 60.7
405 14.12 60.1 60.5
413 15.78 59.7 60.9
390 15.83 58.9 60.5
370 15.22 59.4 60.5
527 1434 58.4 57.6
601 12.99 57.8 57.7
650 15.06 57.7 59.0
720 11.33 50.6 57.8
640 12.18 47.6 56.0
275 23.40 53.5 54.7
- 23.62 100 100

surface area. Regarding its analogy with silica-based porous
structures, diatomite (or diatomaceous earth) was incorporated as
a potential synergistic agent. The calcinated version of the diato-
mite and silica particles were used for a comparison of the influ-
ence of the porous structure of fillers on fire properties of
composites. Indeed, as the fillers presented the same amorphous
structure of SiO,, differences on flame retardancy may be due to the
geometric structure, the roughness, the specific surface area and
the porosity or the size distribution of particles. Results are pre-
sented in Fig. 9.

Without ATH, formulation 14 (filled with 45% of crushed
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Fig. 6. HRR curves: Effect of different ATH (formulations 1 to 5) and comparison with
pure EVA (formulation 15). All curves (a) and zoom without pure EVA (b).

diatomite) is not efficiently flame retarded. It presents a high
PHRR1 of almost 670 kW/m? with an ignition at 30 s. The presence
of ATH seems to be essential for the efficiency of the flame
retardancy. However, the decrease of the heat release rate,
following by the apparition of a second pHRR, confirms the for-
mation of a relatively resistant barrier layer.

For this series, 2 pm ATH were chosen (A2). The action of this
filler reduces the pHRR1 in each case. Formulation 10 (with 50% of
ATH and 10% of calcinated diatomite) and formulation 11 (with 55%
of ATH and 5% of raw diatomite) present a pHRR1 equivalent to that
of the formulation containing only ATH A2 (formulation 2).
Nevertheless, both pHRR2 are lower than 100 kW/m?, evidencing a
more resistant barrier layer. Formulation 9 (with 50% of ATH and
10% of silica particles), presents also a cohesive barrier layer (about
100 kW/m? for pHRR2), but an increased pHRR1 (240 kW/m?)
compared to formulation 2. All these formulations form a complex
foamed residual structure (Fig. 10). This structure is less developed
for samples 9 (with 10% of silica particles) and 10 (with 10% of
calcinated diatomite), with a less intense swelling during cone
calorimeter tests.

With 10% of raw diatomite, the pHRR1 is reduced to 150 kW/m?
and to 145 kW/m? with 15% of this filler. However, the barrier effect
seems to be better for the formulation filled with 10% of raw diat-
omite (formulation 12) than the sample with 15% of raw diatomite
(formulation 13). pHRR2 of formulation 13 is equivalent to pHRR2
of formulation 11, even if pHRR1 of formulation 13 is lower by
50 kW/m?.

Visually, the swelling is more intense for formulation 13 during
the cone calorimeter test but the cracking of the protective layer
occurs earlier than the one for formulation 12, with less diatomite.
A hypothesis would be that pyrolysis gases are more retained un-
derneath the burning surface, due to a more resistant structure for
formulation 13, increasing the pressure. So, even if the barrier layer
seems to be more resistant for formulation 13 than for formulation
12, a higher pressure of gases may force the barrier to break,
leading to an earlier pHRR2.

It can be noticed that formulations presenting the more
important swelling (formulations with 5, 10 and 15% of raw diat-
omite), also present a larger gap between the mass loss measured
during the cone calorimeter test, and the calculated theoretical
mass loss (see Table 3). This gap increases with the amount of
diatomite in the formulation; it reaches 1.3% for the formulation
with 5% of diatomite, 7.2% for the formulation with 10% and 8.4% for
the formulation with 15% of raw diatomite. Regarding these ob-
servations, it can be suggested that the formation of an expanded
structure during fire testing could prevent the polymer from
degrading completely. It seems that a certain amount of residual



Fig. 7. Different shapes for ATH particles (left A4 — right A5).

polymer remains at the end of the cone calorimeter test.

During the cone calorimeter test, the appearance of a second
peak of HRR corresponds to the cracking of the layer, noticeable on
macroscopic scale. It was proposed that if the barrier is more
resistant, the cracking will occur later.

Another interesting point is the relation between the time to
PHRR2 (from the appearance of pHRR1) and its intensity. Later is
pHRR2 (i.e. the breakdown of the barrier layer), lower is pHRR2.
Fig. 11 illustrates this relation for all the formulations.

For a At between 300 and 500 s, the evolution of pHRR2 seems
to be quite linear (formulations containing only ATH: 1 to 8). pHRR2
is reduced by 60 kW/m? if the peak is retarded by 100 s. Except for
the formulation with only diatomite (formulation 14), composites
containing synergistic agents present a later and lower pHRR2. For
this category of samples, pHRR2 is reduced by 25 kW/m? if the peak
is retarded by 100 s.

It is proposed that the resistance of the mineral layer is related
to the packing of the particles. A SEM observation of the residue for
a formulation exhibiting a weakly resistant barrier layer (formu-
lation 3, containing ATH with median diameter of 10 pm) shows
space between particles, and a layer apparently poorly compact.
The residue of a formulation presenting a more resistant barrier
layer (formulation 11, with 55% of ATH with a median diameter of
2 um and 5% of raw diatomite), seems to be more compact, with
smaller particles filling spaces between bigger ones. Images are
presented on Fig. 12.
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Fig. 8. HRR curves: Effect of bimodal mixtures SH100/SH20. 10%/90% (formulation 6),
50%/50% (formulation 7) and 80%/20% (formulation 8).

3.2. Oedometric compression results

A method to estimate the packing of particles is to proceed to an
oedometric compression test, in order to measure the resistance of
a layer of particles to compression. If the sample presents a higher
resistance to the compression (i.e. the slope of the second part of
the curve shown in Fig. 4) the packing of the particles is more
efficient. For example, the compressed residue of A2 (ATH with Dsg
of 2 um) can be easily removed from the compression cell without
breaking it. Conversely, the compressed residue of A3 (ATH with
D5p of 10 um) collapses when removed. To analyze residues of cone
calorimeter tests, a block is carefully removed, in order to have a
representative sample. The slope of compressed residue of A2 is
132.14 daN and the one of A3 is 70.38 daN. Hence, the increase of
the resistance to the compression is ascribed to a higher compacity
of the particles in the powder bed. So, a high value of the slope may
be linked to a better organization of the particles, corresponding to
a supposed more cohesive barrier layer during cone calorimeter
test.

Moreover, a relation was found between the compression slope
of residues and the evaluation of the barrier layer resistance during
cone calorimeter tests (considered as the time between pHHR1 and
pHRR2), as shown in Fig. 13.

For the formulations containing only ATH (formulations 1 to 8),
a residue containing fillers leading to a higher compacity of the
layer of particles presents a more resistant barrier layer. The highest
compression slope was measured for the residue of the formulation
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Fig. 9. HRR curves: Presence of silica-based fillers.



Fig. 10. Residue of cone calorimeter tests of sample 9 (50A2/10S1), sample 10 (50A2/10S3) and sample 13 (45A2/15S2).

A4 (initially platelets of ATH with Ds5g of 3 um) (147.05 daN) and
corresponds to the most delayed pHRR2 (532 s between pHRR1 and
pHRR2). Similarly, the lowest slope obtained with the residue of the
formulation A3 (70.38 daN), corresponds to the pHRR2 with the
earliest appearance (340 s after pHRR1). All other residues, con-
taining only hydrated alumina, follow the same trend.

A different trend was noticed for the residues of formulations
with silica-based agents (formulations 9 to 14). Contrary to the first
ones, a lower compression slope corresponds to a more resistant
barrier layer during cone calorimeter tests. On the range of values
measured, the evolution seems to be linear and the barrier effect
decreases when the slope of compression curves increases. A
145.02 daN slope (residue of the formulation 14: with 45% of raw
diatomite) corresponds to a pHRR2 delayed by 275 s, and a
100.93 daN slope (residue of the formulation 12: with 50% of ATH
and 10% of raw diatomite) corresponds to a pHRR2 delayed by
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Fig. 11. Relation between the intensity of the second peak HRR and the duration be-
tween both pHRR.

720 s. Except formulation 14, the barrier layer is more resistant for
formulations containing initially not only ATH, but also a syner-
gistic agent (i.e. the breakdown of the barrier layer occurs later in
the presence of a synergistic agent). Regarding that formulation 14
is ATH-free, and that it presents a foamed structure without a sig-
nificant swelling, it confirms the synergistic effect of silica-based
agents used with the ATH. The silica-based agent provides the
structuration of the protective layer, while the water released by
the ATH seems to lead to the swelling, and so the increase of the fire
retardancy of the sample.

To explain the two different trends observed, it is important to
point out that residues appear slightly intumescent, like solid foam,
only for composites containing synergistic agents. When the res-
idue is not intumescent, the breakdown of the barrier layer de-
pends on its resistance to compression.

Therefore a higher resistance to compression allows the mineral
layer to maintain its integrity longer. On the contrary, when the
structure is able to foam, a low resistance to compression allows a
higher expansion without breaking.

Measurements of the resistance to compression for residues are
quite well correlated to the breakdown of the mineral layer. How-
ever, these measurements are carried out after cone calorimeter
tests and do not allow any prediction about the behaviour during
the fire test. In order to attempt to predict the fire performance of
EVA composites, the resistance to compression of the initial fillers
(ATH and silica-based fillers before their incorporation into EVA)
was measured and compared to the values obtained for the cor-
responding residues.

A systematic difference of 15 daN was found between the slopes
of residues and these of the corresponding fillers. But a linear
relation between both slopes was observed for all formulations (see
Fig. 14).

Therefore it becomes possible to predict the breakdown of the
barrier layer (i.e. the time and the intensity of pHRR2) from oedo-
metric compression tests carried out on fillers before their incor-
poration into the matrix.



Fig. 12. Surface of the residue of formulation 3 (magnification: x2000) and formulation 11 (magnification: x2000).
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Fig. 13. Relations between the time to barrier layer breakdown during cone calorim-
eter tests and the slope of the compression curve for residue.

4. Conclusion

The interest of the method presented in this study is to predict
and estimate the breakdown of the barrier mineral layer in EVA/
ATH composites during cone calorimeter tests. Considering that the
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Fig. 14. Relation between slopes measured by oedometric compression for fillers and
residues.

organization of particles can create a more or less compact layer,
mechanical properties may be an indicator related to the resistance
of this barrier.

Barrier effect was estimated by cone calorimeter, regarding the
appearance of a second pHRR, related to the cracking of the layer. A
relation was found between the intensity of the second pHRR and
its time to appearance. So, it was shown that the barrier layer
breakdown could be represented by the duration between the main
PHRR and the second one.

An adapted oedometric method was used to analyze filler
powders and residues of corresponding composites. The resistance
to the force applied, from O to 10 kN, is represented by a different
slope for each sample, related to the strain along the axis of
compression. The results obtained with residues present a linear
relation with those obtained with the corresponding fillers.

The role of the compactness of the protective layer was
confirmed for composites EVA/ATH, while the breakdown of the
barrier layer occurs later when the filler is more resistant to
compression.

With the presence of a silica-based synergistic agent, a different
trend is observed. A lower slope of compression curve corresponds
to a delayed breakdown, as the composite forms an expanded
structure during fire testing. The calcination of diatomite and the
use of other silica-based additives allow assuming that the porous
structure of the fillers influences the resistance of a structured
layer. Further experiments may be carried out to confirm this
observation.

Two trends were found, depending if the composite forms an
expanded structure or not during fire testing. The measurement of
the resistance to compression enables to estimate the appearance
of the second pHRR and its intensity by analyzing the initial fillers.

This method opens up perspectives for further studies, as the
influence of different shapes of particles or the optimization of
mixtures of fillers for the design of more resistant barrier layers. In
this article, only EVA/ATH composites were studied. Other com-
posites will be tested to extend the method developed in this study.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.polymdegradstab.2015.05.021.
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