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As-received and pre-treated sepiolite/epoxy systems, characterised by an inorganic content from 2 to
10 wt.%, were investigated in order to assess induced-filler effect on degradation and fire behaviour.

Thermogravimetrical results show that the thermal stability of the hosting epoxy, is slightly affected by
the presence of sepiolite for both typologies; whereas, changes induced in char morphology by the pre-
treated clay will significantly affect the fire behaviour of the final nanocomposite.

Modelling of thermo-gravimetrical results in air atmosphere, by means of Kissinger procedure, shows a
noteworthy reduction of activation energies associated with each degradation steps, especially at highest
sepiolite content either by using as-received and pre-treated inorganic filler. This substantially indicates
that the presence of sepiolite shorten the whole degradation process on the temperature scale. On the
other hand, the different morphology of the char layer during the burning process can have relevant
flame retardant effects acting on both condensate and vapour phase. Analysing the cone calorimetric
data, a reduction of about 27% of the peak of heat release rate for the highest sepiolite percentage is mea-
sured and the burning total period is increased thus confirming that sepiolite when pre-treated repre-
sents a valid fire retardant inorganic filler for such a system.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction promoting, ad example, the intumescences or the formation of a
Epoxy resins have many advantages, as low specific weight
compared to metals, high mechanical properties and high corro-
sion resistance and they are the most commercially successful
thermosetting materials, especially as structural adhesives,
high-performance protective coatings and matrices of composite
materials [1,2]. However epoxy resins have low fire resistance
and produce toxic smokes during combustion. Moreover these
materials are brittle, having limited utility in applications that
require high fracture toughness. The extensive applications of
epoxy resins motivate intense studies aiming to prepare organic–
inorganic nanocomposites with novel and improved performances,
like fire and smoke retardancy. Two distinct stages, respectively,
condensed and vapour phase processes, interact synergistically to
draw the complex phenomenon of combustion. In order to
enhance the fire resistance of a material, flame retardants take
actions on vapour phase by diluting the oxidising elements or
the pyrolysis products, and/or on the condensed phase by
compact char. In particular, a compact char on the material surface
acts as protective barrier, which reduces the volatiles flow and heat
exchange between flame and bulk degrading material [3]. Addition
of inert inorganic filler is a simple and cost-effective solution to
promote the flame retardancy potentially suitable to dilute the
combustible in the solid and vapour phases, and promote the
formation of a compact char.

As polymers are characterised by a low cost, also the approach
to enhance the mechanical and fire resistance of the system must
be affordable: it has been found that the clays are good candidate
to improve the property of polymers, as they are inexpensive and
easily processable with polymers. For this reason, during last years,
polymer/clay nanocomposites have obtained a great attention
either as research topic and for industrial outcome [4,5]. In fact,
low quantity of clay, as polymer filler, can significantly improve
the mechanical and thermal properties of the neat material. How-
ever the level of property enhancement can strongly depends upon
different factors such as particle content, dimensions, geometrical
shape and degree of dispersion. For instance, composites filled with
micrometric size particles show reduced mechanical and thermal
properties if compared to composites filled with nanometric size
particles [5]. The geometrical configuration, their dimensional ratio
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and the dispersion achieved surely affect the final property of the
hosting system even if a similar loading content is considered [6]

Clays have been often used as filler to improve the fire behav-
iour of polymer. Duquesne et al. obtained a reduction by 25% and
50% of PHRR, respectively adding Cloisite Na+ and Cloisite 30B in
an Ethylene–vinyl acetate matrix [7]. A similar trend has been
observed by Samyn et al. that analysed the fire behaviour of a poly-
amide modified with montmorillonite: moreover, they demon-
strated that if nanodispersion is achieved, polymer/clay
nanocomposites should exhibit fire retardant properties, indepen-
dently by clay nano-morphology in the matrix [8].

Surely, among the different clay, candidate for nanocomposite
production, sepiolite can be valuable nanofiller. Sepiolite is a
fibrous magnesium phyllosilicate, whose ideal formula is [Si12Mg8-

O30(OH)4](H2O)4�8H2O. Its structure is formed by two layers of sil-
ica tetrahedrons linked by a layer of magnesium ions in octahedral
coordination. The octahedral sheets are not continuous like in the
other phyllosilicates: this structure provides infinite channels
along the fibre axis with a cross section of about 1 � 0.4 nm2

[9,10]. The presence of these channels strongly increases the spe-
cific surface area of these particles, up to 200–300 m2/g. By using
this large specific surface area, sepiolite clay is used in rheological,
sorptive and catalytic applications [9].

In this work, sepiolite nanopowder was used as a reinforcement
filler of a bisphenol A-based epoxy system to investigate the
induced difference on thermal and fire behaviour compared to
the neat materials. Hosting polymer and its sepiolite filled nano-
composite were examined by performing mainly thermogravimet-
ric analysis (TGA) and cone calorimeter. The dispersion of the clay
in the epoxy matrix has been analysed by optical and SEM micros-
copy, to assess the level of dispersion achieved and its
homogeneity.

2. Experimental section

2.1. Materials

In this work, the matrix used is a bisphenol-A/epichlorohydrin
derived liquid epoxy resin (EPON™ Resin 828) supplied by Hexion.
The system is characterised by an equivalent weight (EEW) of
188 g/mol and a room temperature (25 �C) viscosity of about 10–
15 Pa s [11]. The used curing agent was a Triethylene Tetramine
(TETA), commercially known as EPIKURE3234, which is a poly-
amine with an amine hydrogen equivalent weight (AHEW) of
1.41–1.46 mg/g [12]. This curing agent provides low viscosity with
high performance properties after a relatively low temperature
cure. Sepiolite was gently provided by Mi.Mac. (Capua, Italy) and
it was used in different concentrations as inorganic filler in two dif-
ferent forms: hydrated (as-received or IDRA) and dehydrated (i.e.
pre-treated or ANIDRA). Pre-treatment of the received sepiolite
was carried out in order to remove all traces of moisture absorbed
by the clay during micronisation and handling operations. The
dehydration pre-stage was carried out by holding the powder filler
at isothermal temperature (100 �C) in oven for 3 h under vacuum;
after this stage, the inorganic filler was stored in a desiccator.

The mixing of epoxy resin and sepiolite was performed by tip
sonication using a Misonix S3000 sonicator set at 30 W power
for 1 h. An oil bath was employed to hold the mixture at 50 �C.
The mixture was degassed in a planetary mixer (Thinky Mixer
ARV-310) at the velocity of 2000 rpm under vacuum for 5 min.
The curing agent (EPIKURE3234) was then added to the degassed
mixture, with a ratio of 100:13 phr. Mixing of sepiolite/epoxy mix-
ture and hardener (EPIKURE 3234) was performed by planetary
mixer at the velocity of 2000 rpm under vacuum for 1 min and
then poured into a steel mould, which was coated previously with
a release agent (FREKOTE 70).
The same curing cycle was assumed for all the manufactured
sample plates, i.e. 1 h @ 70 �C followed by a post-curing stage of
2 h @ 120 �C. The cured plates were cooled down slowly, in the cur-
ing oven, over the night to room temperature, removed from the
mould and cut to prescribed sample dimensions for the pro-
grammed fire tests.

2.2. Experimental methods

2.2.1. SEM and optical microscopy
SEM and optical micrographs of nanocomposites were taken

respectively by an 1450VP LEO SEM microscopy and an optical
Olimpus BX51 Instruments equipped with different magnitude
oculars. Cured samples for SEM analysis were obtained by cryo-
genic rupture to prepare fracture surface. Samples observed by
optical microscopy were prepared by operating a precise sawing
machine at high speed rotation and constant thickness.

2.2.2. Thermogravimetrical analysis
Thermogravimetrical analysis (TGA) was performed using a

TGA Q500 by TA Instruments under nitrogen atmosphere (50 mL/
min) and a heating ramp of 10 �C/min. Sample weight of around
5 ± 0.5 mg were considered for each run test from ambient temper-
ature to 800 �C. The precision on the temperature measurements
during each scan, according to the calibration procedure
was ± 0.5 �C in the range 30–400 �C and ±1 �C in the range 400–
800 �C. The precision on the weight is ±0.01%.

2.2.3. Cone calorimeter analysis
The fire behaviour of the neat system and its filled mixture with

sepiolite clay was investigated by cone calorimeter. All tests were
performed using a Fire Testing Technology Ltd. equipment follow-
ing the indication of the ASTM E1354-04 standard. The Conical
Heater is wound in the form of a truncated cone, rated 5000 W
at 230 V with a heat output of 100 kW/m2. The mass measure-
ments are conducted via a strain gauge load cell with an accuracy
of 0.01 g. Heat release calculations were based on the oxygen con-
sumption principle [13] implemented directly within the equip-
ment software. The samples were square plates of
3 � 100 � 100 mm in size.

From the cone calorimeter, some interesting parameters to
evaluate the flammability behaviour and the smoke emission could
be drawn out, in particular:

� The rate of released heat during the sample combustion per unit
area, reported as HRR (heat release rate).
� The maximum value of the HRR, indicated as PHRR (peak heat

release rate).
� The time integral of the HRR curve during the whole combus-

tion, which correspond to the THR parameter (total heat
released).

Analysing and comparing the experimentally obtained values
and also computing indirect parameter such as the FIGRA index
for the manufactured samples, the effect of sepiolite over the fire
property of the neat epoxy system could be evaluated and
discussed.
3. Results and discussion

3.1. Microscopy

The general morphology generated by tip-sonication mixing
method in the sepiolite–epoxy network is reported and analysed
in this paragraph. Samples were taken from prepared specimens
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in different locations and analysed by SEM and optical micros-
copy. In particular, optical analysis was used to evaluate the
sepiolite dispersion level and its local distribution at all filler
contents, whereas SEM microscopy was employed to verify the
Fig. 1. SEM micrographics of

Fig. 2. Sepiolite round-shapes aggregate

Fig. 3. Optical microscopy (20� an
nominal dimensions of the sepiolite aggregates within the epoxy
matrix.

Sepiolite clay is typically characterised by a needle-shaped
geometry having nominal dimensions of about ten nanometers in
2 and 10 wt.% samples.

: zoom-in sequence of SEM image.

d 50�) of neat and filled [14].



Fig. 4. TGA curves (inert atmosphere) of epoxy with 2, 5 and 10 wt.% of sepiolite hydrated (left) and dehydrated (right).

Table 1
TGA test results for the Epon828/sepiolite systems in inert atmosphere.

Sample Tonset (�C) Tend set (�C) Tmax (�C) Char yield (%)

Neat 344.8 ± 2.6 420.6 ± 4.5 366.2 ± 3.2 7.7 ± 0.1
2% sep anidra 337.6 ± 3.5 412.9 ± 3.7 358.9 ± 3.6 10.0 ± 0.2
2% sep idra 336.5 ± 3.2 416.1 ± 3.4 359.5 ± 3.1 10.1 ± 0.1
5% sep anidra 339.2 ± 3.6 409.9 ± 3.1 358.0 ± 2.2 12.7 ± 0.3
5% sep idra 341.7 ± 2.8 408.9 ± 3.1 362.8 ± 2.1 12.3 ± 0.5
10% sep anidra 339.4 ± 2.6 399.7 ± 3.8 361.8 ± 2.3 17.7 ± 0.1
10% sep idra 341.9 ± 2.7 405.4 ± 2.6 362.5 ± 1.7 17.2 ± 0.6
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diameter and few microns in length [9]. Fig. 1 reports the sepiolite
aggregates of few micrometres with a round-shaped geometry.
Zooming in the formed micro-cluster, the typical needle-like
geometry of singular sepiolite structure is observable (Fig. 2).

The optical micrographics for the samples with different
amount of sepiolite are shown in Fig. 3 by using two different mag-
nitudes, 20� and 50�. In all cases, the microscopy revealed an
appreciable homogeneity of the filler within the hosting matrix
and a submicron level of dispersion, even for the highest sepiolite
content. The very few sepiolite bundles that remain within the
matrix are likely due to the existing aggregates which were not
broken up by the sonication mixing.
Fig. 5. Thermogravimetric analysis of pristine sepiolit
3.2. Thermal degradation: experimental results and Kissinger model

The effect of sepiolite content on the thermal stability and fire
performance of epoxy system was investigated by thermo-gravi-
metric analysis and by cone calorimetry tests.

Fig. 4 shows TGA curves, in inert atmosphere, for the Epon828/
sepiolite system in its both forms, hydrated and dehydrated. All
systems exhibit thermal degradation and significant weight loss
(higher than 80%) with temperature, following a single step degra-
dation mechanism. With the exception of residues, which obvi-
ously change due to the content of inorganic filler (and water
percentage) loaded within the hosting epoxy system, the presence
of sepiolite negligibly influence the thermal stability of the system.
Table 1 reports a summary of the main temperature values as mea-
sured by TGA tests. The onset and the end set of thermal degrada-
tion temperature were determined from the intersection of the
two tangents; the peak degradation temperature was determined
from the first derivative of the TGA curves (DTGA profiles).

It is clear that the char yield increases with the addition of the
sepiolite. The found variation among the different samples is sub-
stantially depended over the filler percentage. Fig. 5 shows the
thermo-gravimetrical profile of idra and anidra sepiolite powder.
e hydrated (left) and dehydrated (right) samples.
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It can be noted that the residual weight is very high in both cases,
respectively 80% for idra and 89% for the dehydrated filler. The
apparent difference of the residual weight finds a logical explana-
tion if the mass loss related to the intake water of the as-received
sepiolite is taken into account. In fact, slope variation of the idra
curve around T = 100 �C, can be surely related to out-taken water
weight which results equal to 9.2% of the initial sample mass.
The corresponding curve for the pre-treated sepiolite, shows a
negligible weight mass loss up to 100 �C (only 0.6%) due to the
minimum amount of water still into the sample after the pre-
treatment, along with a stable residual char at T > 800 �C. Two
main evidences are brought out by the experimental results, (a)
the pre-treatment (i.e. dehydration) act successfully in e direction
of out-taken the absorbed water content from the sepiolite as
received; (b) the weight residue of both typology of sepiolite is
the same and stable for T > 800�.

Frost et al. work [15] reported thermal stability data of sepiolite
clay, describing all the degradation reaction occurring during a
dynamic heating which are very well in agreement with our
findings.

Fig. 6 shows the degradation curves of the loaded epoxy com-
puted on the effective weight of epoxy without sepiolite residue.
Appreciable overlapping of the curves is achieved with a final
Fig. 6. Degradation curves of the samples filled with hydrated (lef

Fig. 7. TGA (left) and DTGA (right) curves of th
almost constant level of residual char (about 8%). The increased
char residue is surely due to the presence of the inert compound
within the hosting system, which, not chemically interacting with
the resin, does not influence the loss mass process.

By analysing the characteristic onset and end set temperature, it
could be concluded that the sepiolite will eventually shift the deg-
radation process at slightly lower temperature compared to the
neat system. In fact, the degradation onset temperature is to some
extent reduced in the presence of sepiolite (varying from 344.8 �C
to 341.9 �C in the case of 10% filler content); a more remarkable
reduction is found for the end-set temperatures which results
almost 20 �C lower than neat epoxy in the case of highest sepiolite
content (i.e. from 426.6 �C to 405.4 �C). These results find reason-
able literature support as reported by Paterson-Jones et al. [16].
The usage of inorganic fillers could accelerate thermal decomposi-
tion of epoxies, probably due to catalyst effect of the filler or due
the induced filler discontinuity into the final bulk system.

TGA tests were also performed in air. Fig. 7 shows TGA curves
performed on the neat sample at 3 different heating rates (15 �C/
min, 10 �C/min and 5 �C/min). The expected typical degradation
behaviour of the epoxy resins, characterised by two main changes
in slopes of the curve, is recorded. The first step (around 400 �C)
mainly involves dehydration of the material and formation of a
t) and dehydrated (right) sepiolite, without sepiolite residue.

e neat epoxy system versus heating rates.



Fig. 8. TGA curves (air atmosphere) of epoxy with 2, 5 and 10 wt.% of sepiolite hydrated (left) and dehydrated (right).

Fig. 9. Kissinger method applied to the neat sample.

Table 3
Kissinger activation energies for each degradation steps for the Epon828/sepiolite
systems in air.

Sample Ea
I (kJ/mol) Ea

II (kJ/mol)

Neat 178.2 158.2
2% sep anidra 190.4 114.7
2% sep idra 166.3 133.4
5% sep anidra 184.9 117.5
5% sep idra 185.6 109.3
10% sep anidra 155.1 143.7
10% sep idra 112.4 130.4
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polyaromatic structure. The second step corresponds to a thermo-
oxidative reaction which leads to the complete degradation of the
carbonaceous materials and char forming [17].

Fig. 8 shows TGA curves (heating rate 10 �C/min) relative to
nanocomposites with different amount of hydrated (left) and
dehydrated (right) sepiolite. As it is shown, the addition of sepio-
lite, in its both forms (hydrated and dehydrated), does not induce
any changes of the degradation curve pattern confirming that sepi-
olite act as an inert filler without any chemical interaction with the
hosting system.

Table 2 summarises the TGA results for the nanocomposite
samples tested, in oxidative atmosphere, with a heating rate of
10 �C/min. The parameters, TPeak I and TPeak II correspond to the
temperature of maximum weight loss in each degradation step,
and they were calculated using DTGA curves.

Results of dynamic TGA tests could be suitably used to deter-
mine the activation energies of the oxidation process by using
the Kissinger Method which can be employed to analyse the TGA
data regardless any pre-assumption on thermal degradation
mechanism.

For dynamic TGA measurements, mass loss is monitored as
function of temperature at different heating rates and kinetics deg-
radation in its general form can be modelled as:

da
dt
¼ f ða; TÞ ð1Þ

where T and a represents respectively, temperature and mass loos.
Considering an nth order reaction mechanism and the degradation
rate following Arrhenius temperature dependence, it can be
written:

da
dt
¼ KðTÞf ðaÞ ð2Þ

with
Table 2
Results of TGA tests (in air) for the Epon828/sepiolite systems.

Sample Tend set I (�C) Tend set II (�C)

Neat 438.5 ± 3.1 592.8 ± 4.2
2% sep anidra 410.4 ± 1.5 576.1 ± 3.6
2% sep idra 391.8 ± 3.6 574.0 ± 4.2
5% sep anidra 426.2 ± 2.7 565.7 ± 3.4
5% sep idra 404.0 ± 3.1 569.9 ± 2.7
10% sep anidra 421.7 ± 4.5 553.4 ± 3.3
10% sep idra 416.8 ± 1.7 573.2 ± 2.4
k ¼ A exp
�E
RT

� �
ð3Þ

The combination of (2) and (3) gives
TPeak I (�C) TPeak II (�C) Char yield (%)

364.9 ± 2.1 547.0 ± 2.6 0.3 ± 0.1
370.5 ± 5.4 547.5 ± 3.8 2.3 ± 0.3
363.9 ± 3.9 548.8 ± 2.3 2.36 ± 0.2
366.8 ± 2.4 542.2 ± 4.1 4.65 ± 0.5
364.6 ± 3.8 548.5 ± 3.4 4.36 ± 0.6
370.6 ± 2.7 532.0 ± 2.1 8.95 ± 0.3
366.0 ± 1.6 551.2 ± 3.1 8.38 ± 0.2
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da
dt
¼ Af ðaÞ exp

�E
RT

� �
ð4Þ

If heating rate b = dT/dt is constant, the variation in degree of
conversion can be analysed as a function of temperature and this
temperature being dependent on the time of heating:
Fig. 10. HRR curves of the sample with 5% of dehydrated sepiolite and its average
curve.

Fig. 11. Average HRR curves of the samples with hydrate
da
dT
¼ A

b
f ðaÞ exp

�E
RT

� �
ð5Þ

The integrated form of this equation generally is expressed as:

gðaÞ ¼
Z a

0

da
f ðaÞ ¼

A
b

Z T

0
exp � E

RT

� �
dT ð6Þ

where g(a) is the integrated form of the conversion dependence
function.

Kissinger’s method analyzes the variations in the thermo-gravi-
metric data through the changes of run heating rate, b, as function
of the maximum peak temperatures, Tmax (in DTG curves) accord-
ing to the following equation:

ln
b

T2
max

 !
¼ ln

AR
E
þ ln n 1� amaxð Þn�1

h i� �
� E

RTmax
ð7Þ

where Tmax is the temperature of inflection point of thermal degra-
dation curves which corresponds to the maximum reaction rate;
amax is the conversion at Tmax, and n is the reaction order. Assuming
that f 0(amax) = n(1 � amax)n�1 � const the activation energy E can
be determined from a plot of ln(b/T2

max) against 1/Tmax.
Therefore, the activation energy for each degradation step was

calculated from straight line fitting of ln(b/Tpeak
2 ) vs. 1/Tpeak

2 (see
Fig. 9 for the neat system) according to the following equation
[18]:
d sepiolite (top) and dehydrated sepiolite (bottom).



Fig. 12. Zoom-in of the HRR curves for samples loaded with hydrated sepiolite to
identify TTI parameter.
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ln
b

T2
peak

 !
¼ ln

AR
Ea
� Ea

RTpeak
ð8Þ

where Tpeak is the temperature associated to the maximum degra-
dation rates relative to the heating rate b, A is a pre-exponential fac-
tor, and Ea is the activation energy of the degradation step. Table 3
shows the results of Kissinger method for he examined samples.

Kissinger model reveals that the activation energies reduce with
sepiolite percentage for both degradation steps; in the case of
10 wt.% filler, this variation, compared to the corresponding value
for the neat resin, attain to 37% and 20%, respectively, for the
two degradation steps. This effect was already shown by Liu
et al. [19] studying the flame retardant mechanism of polycarbon-
ate, containing sulphonate-silsesquioxane-fluoro. According to this
work, the reduction of the activation energies results in a faster
thermal degradation which promotes the formation of an insulat-
ing char layer, which could act in the direction of slowing down
the whole combustion process.

3.3. Cone calorimetric results

The effect of sepiolite on fire behaviour of the hosting matrix
was assessed by analysing the main parameters extracted from
the cone calorimeter test results. Although the fire performance
of material could not be directly related with fundamental consti-
tutive properties such as mechanical characteristics (modulus,
fracture toughness, etc.), the cone calorimeter allows the determi-
nation of indicative parameters which are generally employed to
appreciate and to classify performance of material within a fire
scenario.

The most important value extracted by standard cone fire tests
is the HRR (heat release rate), expressed in kW/m2. According to
the ASTM E1354-04 standard test method for each specimen they
must be performed three tests. Fig. 10 shows the three curves
obtained for the sample with 5 wt.% of dehydrated sepiolite and
its average curve.

From this curve, it can be seen that there is an initial delay per-
iod before the system releases heat, and this is because the temper-
ature of the material is below the degradation temperature of the
epoxy matrix. After that, the system releases heat as the volatiles
produced during the pyrolysis start burning. The heat release
reaches a maximum, identified as the peak of heat release rate
(PHRR) and gradually is flattened down, due to the formation
and thickening of a surface char layer. Two fundamental effects
drive the evolution of HRR during the last stage of burning process,
(a) separation of the flame zone from the degrading material sur-
face, (heat transfer), and (b) the reduction of combustible products
which feeds the fire reaction (mass transfer).

Fig. 11 shows the comparison between the average curves of
the sample with IDRA and ANIDRA sepiolite filler. PHRR values
reduce with the addition of sepiolite although the value found
for 2% idra sepiolite loaded sample is slightly higher than neat
epoxy. This was likely due to the averaging computation and some
discrepancy of the original test results.
Table 4
Fire behaviour of the Epon828/sepiolite samples.

Sample PHRR (kW/m2) THR (MJ/m2)

Neat 1298 ± 32 97.6 ± 1.2
2% sep anidra 1129 ± 27 97 ± 1.9
2% sep idra 1370 ± 25 100.9 ± 0.3
5% sep anidra 1114 ± 14 106.5 ± 2.4
5% sep idra 1157 ± 20 99.5 ± 0.1
10% sep anidra 958 ± 15 107.7 ± 3.7
10% sep idra 1072 ± 19 95.7 ± 1.6
Comparing HRR curves in Fig. 11, it could be noticed that the
samples with highest content of sepiolite (both hydrated and
dehydrated) start to burn later than the other composites and
hence reporting a larger flashover zone. In fact, it can be noted that
the HRR of the neat sample reduces to zero after about 350 s, while
for the sample with 10 wt.% of dehydrated sepiolite the curve is
flattened after about 450–500 s. Fig. 12 shows the time interval
within the range [40, 120] seconds in order to highlight the differ-
ent TTI (time to ignition) values for the samples with different con-
tents of sepiolite.

The residual char of a polymer can prevent the burning of com-
bustible materials derived from the degradation and the transfer of
oxygen into underlying materials; hence, char plays an important
role in the flame retarding performance. Samples with the highest
content of anidra sepiolite show a more coherent and dense
charred residual surface which inherently act on both condensate
and vapour phase to achieve a flame retardant effect. In fact, the
formed compact char, especially at highest filler content, can
reduce the heat flux between the flame zone and burning sub-
strate. This will give rise to an overall delay which protects the
underlying material layers from further burning and thus retarding
the pyrolysis of the polymer. The HRR curves reported in Fig. 11
show a substantial reduction of the heat released rate mainly in
the last part of the test, therefore extending the overall combustion
period.

These effects are almost negligible for the samples filled by as-
received sepiolite clay which seems to behave more similarly to
the neat resin. The lasting time range of the tests, in fact, does
not change substantially compared to the hosting matrix. The dif-
ferent effect between idra and anidra sepiolite filler, on the time
period of combustion, could be reasonably related only to the pres-
ence of water which could induce morphological variation of the
final charred layer during the burning process.

A further effect due to the presence of clay filler could be suit-
ably associated to the barrier effect induced on the vapour phase.
Flow of pyrolysed formed gas is reduced and prevented to reach
high temperature combustion zone by the decreased permeability
of the compact char. This phenomenon is related to the reduction
TTI (s) FIGRA (kW/m2 s) Char yield (%)

55 10.8 8.0
55 9.8 8.5
55 11.9 8.0
65 9.7 13.0
65 10.5 13.6
65 7.1 16.2
65 8.9 14.9
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of PHRR value respectively from 1298 kW/m2 to the 958 kW/m2

(�26%) and 1072 kW/m2 (�17%), respectively in the case of anidra
and idra filler. It is interesting to notice that the extended time per-
iod of the combustion process does not lead to a variation of the
total heat released. As showed in Fig. 13, the THR values, which
correspond to the area under the HRR curves, are negligibly
changed.

In principle, all char or residue formed during a fire process con-
tribute to reduce heat and mass transfer to the flame zone by act-
ing as a barrier layer. However, the effectiveness of the charred
layer depends not only by the amount of residue but also by its
morphology. In fact, permeability of the char plays a fundamental
rule (a) by regulating the mass flow of combustible volatiles from
the material surface to the firing zone, and (b) by varying the heat
Fig. 13. THR for IDRA and ANIDRA based sepiolite samples.

Fig. 14. Picture of the samples
transfer either due to its thermal conductivity and its thickness. It
could be concluded that the main effects of sepiolite loadings is
mainly represented by a significant reduction of the PHRR level
and an overall lengthen of the burning process. The testing results
on the specimen with both hydrated and dehydrated sepiolite are
reported in Table 4.

From cone calorimeter tests, some interesting derived parame-
ters could be computed. Among the others, the Fire Growth Rate
Index (FIGRA) values, namely the ratio between the immediate
HRR value and the time during which this value is recorded, is used
to classify the fire performance of a material system. In general,
this parameter is related to the burning propensity of a material
[20] and it is computed according to the following relationship:

FIGRA ¼ max
HRRðtÞ

t

� �
ð9Þ

Table 4 reports the computed FIGRA values for the performed
cone calorimeter tests. The addition of sepiolite into the neat epoxy
matrix, strongly reduces this parameter according to the amount
by weight since the lowering of PHRR level is not coupled to a com-
parable increase of the occurring time (i.e. PHRRs are lower but the
time in correspondence of which it occurs does not change
significantly).

The visual inspection of the sample tested by cone calorimetry
can give insight regarding the effect of sepiolite on consistency of
the final char. Fig. 14 shows pictures of samples, both hydrated
and dehydrated, before and after the cone calorimeter test. The
char residue of idra sepiolite loaded samples appear more open
and fractured than corresponding anidra filled system, and in par-
ticular analysing the 10 wt.% filled sample, it results that the
formed char layer is characterised by a more dense and compact
surface.
before and after the test.
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Cone calorimetry supplies the three main parameters (THR,
PHRR and TTI) to classify congruently the fire risk of different sys-
tems. In particular, fire risk could be obtained by plotting the total
heat evolved against the peak of the heat release rate divided by
time to ignition [21]. In such case, the y and x axis indicate respec-
tively the propensity of the system to cause a fire of long duration
and a quickly growing fire.

The results of fire risking for the experimental data obtained by
cone calorimeter test performed on sepiolite loaded epoxy samples
is reported in Fig. 15.

Analysis of the fire risk leads to the conclusion that high amount
of dehydrated sepiolite cause a long duration but slow growing
fire. On the contrary, samples containing high amount of hydrated
sepiolite (10% ANIDRA) are characterised by short fire duration and
a slightly reduced growing fire rate.
4. Conclusions

In this work, the influence of sepiolite clay (both hydrated and
dehydrated) on the fire behaviour of an epoxy resin has been inves-
tigated. Dispersion of clay into the hosting matrix was analysed by
optical and SEM microscopy. A good level of dispersion and homo-
geneity was found up to 10 wt.%.

Experimental results of TGA testing revealed that the effect of
sepiolite, in its both used form, on the degradation behaviour of
the final nanocomposite, is substantially negligible. Sepiolite acts
only as inert phase during degradation of a hosting system, with-
out any chemical interaction with the hosting matrix. Thus, effec-
tive percentage of char yield is not affected by the filler content.
Analysing the peak temperatures, obtained by TGA test performed
in oxidative atmosphere, the activation energies for each degrada-
tion steps were computed by using the Kissinger method. It was
found a significant reduction of the first activation step energy
for the samples with 10 wt.% of hydrated and dehydrated sepiolite
and a lower reduction of the second step energy.

Interesting results were acquired by cone calorimetry. In fact,
the addition of 10 wt.% of dehydrated sepiolite promotes a reduc-
tion of the PHRR of about 27%, from 1298 kW/m2 to 958 kW/m2;
whereas, in the case of specimens with 10 wt.% of hydrated sepio-
lite the PHRR reduction is only about 17%, (i.e. 1072 kW/m2). As the
clay filler operates as an inert within the hosting system, the THR
does not change significantly compared to the neat sample.

The extending of burning period and the reduction of the PHRR,
in the case of idra sepiolite nanocomposite, determines a reduction
of the fire risk for highest loaded samples due to the morphology of
final char. Images of the specimens, before and after cone
calorimetry tests, show a more and less fractured char surface,
according to the sepiolite percentage compared to the neat system,
especially for the anidra sepiolite based material.

In conclusion, pre-treatment of the sepiolite clay surely
enhance fire behaviour of the nanocomposite compared to the
as-received filler loading.
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