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ABSTRACT 

This study explores the development of nanostructured flame-retardant systems using ethylene-butyl acrylate (EBA) copolymer 
and nanoclays. This was achieved following two strategies: namely, the incorporation of the nanofiller into the bulk material or 
its confinement to the surface through the utilization of coatings. First, the effectiveness of the bulk approach was evaluated. To 
this aim, 4 wt.% nanoclays were embedded within EBA, resulting in a 50% reduction in peak heat release rate and a significant 
delay in flame-out time when compared to the unfilled copolymer. Then, films containing 4 wt.% nanoclay with a thickness of 
300 µm produced via compression molding or cast extrusion, were applied as surface coatings to unfilled EBA substrates, yielding 
an overall clay content of 0.36 wt.% of the total sample. Despite the reduced nanoclay content, the surface confinement proved 
to be more effective than the bulk incorporation in delaying ignition time (an increase of 20% and 50% compared to the bulk 
nanocomposite and neat copolymer, respectively), suggesting more efficient initial protective action. Overall, the obtained results 
indicate that the nanoclay surface localization leads to slower fire propagation and improved fire safety while preserving polymer 
bulk properties. 
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 Introduction 

n many application fields, such as construction, transportation,
nd electrical/electronics, the use of flame-retardant materials
s essential to meet safety standards and reduce risks associated
ith highly combustible materials. Polymer materials are among
he most widely used in these sectors, but also highly flammable.
or this reason, significant efforts have been devoted to improving
heir flame resistance. The most common approach involves the
ncorporation of flame-retardant additives into the polymeric
atrix. Halogenated compounds (e.g., bromine and chlorine-
ased) have long been the most commonly exploited due to their
ffectiveness and low cost. However, environmental and toxicity
oncerns have driven research toward non-halogenated alterna-
ives, such as phosphorus compounds, inorganic hydroxides, and
ntumescent systems [ 1 ]. While these are effective, they often
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
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require high loadings (20–60 wt.%), which can negatively affect
the mechanical properties and processability of the material.
On the other hand, the use of nanofillers is more advantageous
from this perspective, as amounts ranging from 0.5 to 5 wt.% are
already sufficient to provide good fire performances. In fact, the
flame-retardant action provided by organo-modified nanoclays is
a well-established phenomenon, extensively documented in the
literature [ 2–4 ]. This effect can be attributed to both physical
and chemical mechanisms. The physical mechanism involves the
formation of a protective layer through the migration of the clay
lamellae to the surface and the ablation of the polymer. The
chemical mechanism, on the other hand, consists of a catalytic
effect, which promotes charring and the formation of a protective,
coat-like char. This char acts as both a thermal shield and a barrier
to the mass transport of degradation products, thereby reducing
the polymer’s further exposure to heat and oxygen. 
its use, distribution and reproduction in any medium, provided the original work is properly 
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ince polymer flammability is primarily a surface-related prop-
rty, and the surface of the substrate plays a central role in
oth degradation and ignition, the surface-confinement of the
lame-retardant action through the use of coatings can be an
nteresting and effective strategy [ 5–9 ]. In fact, this approach
llows reducing even more the filler loadings, while maintaining
nchanged the bulk properties of the substrate. Particularly, this
ast is especially helpful in applications where it is crucial to
reserve the properties of the polymer matrix, such as in the
extile industry (e.g., safety garments or furniture) or the electrical
ield (e.g., cables and wires). In this context, Gallo et al. [ 10 ]
repared a double-component laminate structure by coupling a
uperficial flame retardant layer (containing a combination of a
hosphorus-based flame retardant and nanometric metal oxide)
ith a fiber-reinforced core. The results of cone calorimeter tests
howed that, compared to the bulk formulation, the laminate
tructures exhibited similar or better resistance to fire, with a
rastic reduction in the peak heat release rate and in the fire
pread indices. Recently, Tabaka et al. [ 11 ] formulated a laminate
tructure in which different types of flame retardants were con-
entrated in the surface layer of a two-layer glass fibre-reinforced
olybutylene terephthalate. It was demonstrated that increasing
he flame retardant concentration in the top layer significantly
educed both the peak heat release rate and the maximum average
ate of heat emission, thus confirming the effectiveness of the
roposed approach. Furthermore, from a general point of view,
arious strategies for applying flame retardant coatings have been
xplored in the literature, including the deposition of silica-based
hin films via layer-by-layer assembly onto synthetic or natural
extile fabrics [ 12 ], and the use of intumescent coatings [ 13 ]. 

s previously mentioned, one of the fields where it is crucial to
nsure good flame-retardant properties, specifically by delaying
he ignition of the material while simultaneously maintaining the
roperties of the initial polymer matrix, is the electrical sector,
articularly for the production of wire and cable jackets. In this
ield, the use of ethylene copolymers, such as polyethylene-vinyl
cetate (EVA) and ethylene-butyl acrylate (EBA), is very common
ue to their great flexibility and rubber-like behavior. While the
ombustion behavior of EVA and the improvement of its flame-
etardant properties through various additive systems have been
xtensively studied [ 14–19 ], EBA remains much less well-known,
nd the literature on this polymer is very limited. EBA differs from
VA due to the presence of butyl acrylate instead of vinyl acetate,
esulting in a longer side chain. The butyl group makes EBA
ess polar and, consequently, less hygroscopic than EVA, which
ould actually offer a significant advantage in applications such
s electrical wire and cable coatings. Existing literature on EBA
rimarily focuses on its thermal degradation [ 20, 21 ], while stud-
es on its combustion behavior are almost absent. Karlsson et al.
 22 ] studied halogen-free flame-retardant materials consisting of
thylene copolymers, calcium carbonate, and silicone elastomer.
esides, the synergistic effect of an intumescent formulation
ith organophilic clays or a silicone-containing macromolecular
harring agent were studied by Ribeiro et al. [ 23 ] and Huo et al.
 24 ], respectively. However, no studies have been conducted on
he combustion behavior of EBA-based systems containing only
anoclay. 

onsidering this aspect, along with the advantages of using
lame-retardant coatings, this study evaluated the effectiveness of
of 10
nanostructured films for developing EBA-based flame-retardant
systems. First, the influence of nanoclay on the fire-retardant
properties of the polymer matrix was assessed by producing an
EBA-based nanocomposite containing 4 wt.% nanofillers. Then,
a surface approach was explored, by applying EBA/nanoclay films
(produced through either compression molding (CM) and cast
extrusion (CE)) onto unfilled EBA specimens. 

Pristine EBA and EBA-based nanocomposites (both bulk and
films) were preliminary characterized through thermal, rheologi-
cal and morphological analyses. Additionally, the flame-retardant
properties of all the formulated systems were evaluated using
cone calorimeter tests. The results showed that the application
of the nanoclay-rich surface layer was effective in enhancing the
fire performance of the material, leading to an increase of the time
to ignition and a reduction of the peak of heat release rate, as
compared to uncoated EBA. Overall, the obtained results allowed
highlighting the potential of the coating approach to improve
fire safety, while minimizing the required amount of nanoclays,
thereby preserving the bulk properties of the polymer matrix. 

2 Materials and Methods 

2.1 Materials 

The polymer used as a matrix is Ethylene Butyl Acrylate (EBA)
Lucofin 1400MN (supplied by Lucobit, Wesseling, Germany). It
is a polyethylene (PE)—butyl acrylate (BA) copolymer charac-
terized by a BA content of 17% and having a melt flow index of
7.0 g/10 min (190◦C, 2.16 kg). In addition, the commercially avail-
able masterbatch Lucofin 7500 (supplied by Lucobit, Wesseling,
Germany) was used to produce the nanocomposites. 

2.2 Processing and Preparation of Specimens 

The EBA/nanoclay nanocomposite containing 4 wt.% of
nanoclay was prepared using a Leistritz (Nürnberg, Germany)
ZSE18/40D twin-screw extruder. The screw speed was
maintained at 150 rpm, while the feed rate was 1 kg/h.
The temperature profile (from the hopper to the die) was
160◦C/165◦C/170◦C/175◦C/180◦C/180◦C/180◦C/, and 180◦C. At
the die exit, the extrudate was cooled to room temperature in a
water bath and pelletized. 

A Wittmann-Battenfeld (Kottingbrunn, Austria) Smart Power 50
injection molding machine was used to produce the 100 × 100 ×
3 mm ISO5660 cone calorimeter specimens. The same processing
conditions (namely, barrel temperature profile: 200–190–180◦C
from hopper to die and mold temperature: 30◦C) were used to
produce both pristine EBA and EBA/nanoclay specimens. 

In addition, the EBA/nanoclay nanocomposite was used to
produce films through two approaches. First, 100 × 100 mm films
were prepared by compression molding (CM) using a Collins
(Maitenbeth, Germany) P200T hot plate press. The process was
performed at 130◦C and 50 bar with a 2 min maintenance time.
Furthermore, the EBA/nanoclay material was also processed
by cast extrusion (CE) in an EUR.EX.MA Srl (Varese, Italy)
single-screw extruder (D = 25 mm, L/D = 32) equipped with
Macromolecular Materials and Engineering, 2026
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TABLE 1 Nomenclature of the produced specimens. 

Code Description Schematic representation 

EBA Pristine EBA specimens processed by injection 
molding 

EBA/nanoclay_bulk EBA + 4 wt.% nanoclay nanocomposite processed by 
injection molding 

EBA/nanoclay_coating_CM Pristine EBA specimen coated with the compression 
molded film of EBA + 4 wt.% nanoclay 

nanocomposite 
EBA/nanoclay_coating_CE Pristine EBA specimen coated with cast extruded 

film of EBA + 4 wt.% nanoclay nanocomposite 
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 conventional three-compression zones screw with a general-
urpose design and a flat die. The screw speed was maintained
t 60 rpm and the temperature at 185◦C along the barrel. The film
as obtained using to an EUR.EX.MA Srl (Varese, Italy) calender
ith a three-roll sheet stack arrangement (roll temperature =
0◦C). 

oth CM and CE films are characterized by a thickness of 300 µm.

inally, the films obtained with CM or CE were applied to the
njection molded specimens of pristine EBA through a compres-
ion molding process, using a Collins (Maitenbeth, Germany)
200T hot plate press performed at 90◦C and 20 bar for 30 s. 

he codes hereinafter used to name the different produced
amples are summarized in Table 1 . 

.3 Characterization Techniques 

hermal analyses were performed using a DSC TA Q20 (TA
nstruments, New Castle, DE, USA) having the chamber purged
y nitrogen. Samples of 8 ± 1 mg were used. The materials were
ubjected to the following thermal cycle: a first heating ramp
rom − 30◦C to 220◦C, a cooling ramp from 220◦C to − 30◦C and a
econd heating ramp from − 30◦C to 220◦C. During all the steps,
he heating/cooling rate was maintained at 10◦C/min. 

he crystallization temperature (Tc) was evaluated as the maxi-
um of the exothermic peak recorded during the cooling ramp,
hile the melting temperature (Tm) was obtained from the
aximum of the endothermic peak in the second heating ramp.
urthermore, the integral of the area under this endothermic
eak corresponded to the melting enthalpy ( ΔHm). In order
o evaluate the crystallinity content, it has to be taken into
ccount that EBA is a polyethylene-butyl acrylate copolymer
nd only polyethylene is semi-crystalline while butyl acrylate is
morphous. Therefore, the ΔHm refers to the PE content [ 25 ]. The
rystallinity content was calculated according to Equation ( 1 ): 

𝜒𝑐 =
Δ𝐻𝑚 

0 . 83 ⋅ Δ𝐻0 
𝑚 ⋅ ( 1 − 𝑥 ) 

⋅ 100 (1)

here: χc is the crystallinity content, ΔHm is the melting enthalpy,
.83 is the coefficient related to the PE content over EBA, Δ𝐻0 

𝑚 is
acromolecular Materials and Engineering, 2026
the melting enthalpy of the 100% crystalline polyethylene (277 J/g
[ 26 ]), x represents the nanoclay content. 

Thermogravimetric analyses were performed on samples of 10 ±
1 mg using a Perkin Elmer (Shelton, CT, USA) TGA 4000 coupled
with a Perkin Elmer (Shelton, CT, USA) Fourier Transform
Infrared (FTIR) Spectrometer Spectrum Two. The tests were
performed in either inert (nitrogen flow of 35 mL/min) or
oxidative (air flow of 30 mL/min) atmospheres. A heating rate
of 10◦C/min was used for the heating ramp between 50◦C and
700◦C. Besides, the evolved gases were transferred to the gas cell,
maintained at a temperature of 280◦C, and the FTIR spectra were
collected in continuous time-resolved scans at a resolution of 4
cm− 1 . 

The rheological behavior of EBA and EBA/nanoclay nanocom-
posite was evaluated using an ARES (TA Instruments, New
Castle, DE, USA) strain-controlled rheometer in a parallel plate
geometry (plate diameter = 25 mm, gap = 1 mm). Frequency
sweep tests were performed in nitrogen at 180◦C with a frequency
ranging from 100 to 0.1 rad/s. For both materials, the strain
amplitude was selected to be within the linear viscoelastic
region (preliminary assessed through strain sweep measurements
carried out at 180◦C and a frequency of 10 rad/s). 

Combustion behavior was evaluated with a Noselab Ats (Monza,
Italy) cone calorimeter, according to the ISO5660 standard.
Samples of 100 × 100 × 3 mm were tested under a radiant heat flux
of 35 kW/m2 at a distance of 25 mm. To ensure reliability, three
replicates were performed for each system, allowing to estimate
the time to ignition (TTI), the heat release rate (HRR), the peak
of the heat release rate (pkHRR), the time of the pkHRR (tpeak),
the total heat release (THR), the total smoke release (TSR) and
the time to flame out (TTFO). Besides, to evaluate the fire hazard,
the fire growth rate index (FIGRA) was calculated according to
Equation ( 2 ), while for the fire protection index (FPI) Equation ( 3 )
was used [ 27 ]: 

𝐹 𝐼 𝐺 𝑅 𝐴 =
𝑝 𝑘𝐻𝑅 𝑅 

𝑡𝑝 𝑒 𝑎 𝑘 
(2)

𝐹𝑃 𝐼 =
𝑝 𝑘𝐻𝑅 𝑅 

𝑇 𝑇 𝐼 
(3)

A Zeiss (Oberkochen Germany) EVO 15 Scanning Electron
Microscope (SEM) (20 kV beam voltage and 8.5 mm working
3 of 10
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TABLE 2 Main thermal properties of EBA and EBA/nanoclay 
nanocomposite. 

Material Tc (◦C) Tm (◦C) ΔHm (J/g) χc (%) 

EBA 74 94 57 25 
EBA/nanoclay 76 95 49 22 

FIGURE 1 Complex viscosity (full symbols) and storage modulus 
(empty symbols) as a function of frequency for unfilled EBA and 
EBA/nanoclay nanocomposite. 
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istance) was used for morphological analysis. The sections to
e observed were obtained by fracturing the specimens in liquid
itrogen. It is important to note that the CE film was fractured
arallel to the machine direction. In addition, the residues of
he cone calorimeter test were collected, and the surface was
xamined. In all cases, the samples were gold sputtered prior to
orphological analysis. 

 Results and Discussion 

.1 Preliminary Characterization of 
BA/Nanoclay Nanocomposite 

he thermal behavior of both EBA and EBA/nanoclay nanocom-
osite was characterized by DSC analysis and the main thermal
roperties are reported in Table 2 . The comparison between the
wo materials clearly demonstrates that the presence of 4 wt.%
anofiller does not significantly affect the crystallization behavior
f the polymeric matrix, in agreement with the literature on
imilar systems [ 28–31 ]. 

he complex viscosity curve of EBA, obtained through dynamic
requency sweep tests and reported in Figure 1 , testifies for the
ristine polymer a slight non-Newtonian behavior. In fact, in the
ow frequency region, a not fully developed Newtonian plateau
an be observed, followed by a mild shear thinning behavior at
igher frequencies. On the other hand, the introduction of the
anoclays induces an increase of the complex viscosity in the
hole investigated frequency interval. In particular, this phe-
omenon is more pronounced in the low frequency range, leading
of 10
to an amplification of the non-Newtonian features as compared to
the unfilled matrix. Furthermore, the embedded nanofillers also
affect the storage modulus trend as a function of the frequency.
Once again, the differences between the nanocomposite and
the pristine EBA are more remarkable in the terminal region
(i.e., at low frequencies), where a significant modification of the
frequency dependence of the modulus curve can be observed. The
rheological response of EBA/nanoclay nanocomposite suggests
that the nanofillers are able to interfere with the dynamics of the
matrix macromolecules, hampering their complete re-laxation.
Usually, the noticed behavior is attributed to the occurrence
of strong interactions at the interface, leading to the formation
of interconnected polymer/nanofiller and nanofiller/nanofiller
networks, strongly affecting the macromolecules dynamics [ 32 ].
Additionally, in the case of nanocomposites containing layered
nanofillers, the incomplete relaxation of the polymer chains
can be associated with the formation of intercalated structures
and/or intercalated/exfoliate hybrids, causing a restriction of the
dynamic response of the matrix macromolecules [ 33 ]. 

The thermal and thermo-oxidative degradation of both EBA
and EBA/nanoclay was evaluated through TGA-FTIR analyses,
and the obtained results are depicted in Figure 2 . As can be
appreciated in Figure 2A , when the analysis is performed on
the pristine matrix in nitrogen, a single degradation step is
present. The TONSET (i.e., the onset of degradation evaluated as the
temperature at which a loss of 2 wt.% occurs) is 385◦C, while the
temperature corresponding to the maximum rate of weight loss
(TMAX ) is 451◦C; besides, in accordance with the literature [ 21 ], no
residue is observed after 500◦C. 

The evolution of volatile degradation products was also mon-
itored by infrared analysis and the spectra collected at three
different, significant temperatures are reported in Figure 2B .
Sampling temperatures are highlighted with dots on the corre-
sponding TGA curve (Figure 2A ). As known from the literature,
the thermal degradation of EBA occurs with the mechanism of
ester pyrolysis, resulting in the formation of butene and volatile
hydrocarbon species containing carboxyl groups [ 20, 21, 34, 35 ]. 

The formation of butene after the onset of the thermal degra-
dation is mainly confirmed by the presence, in the spectrum
collected at 431◦C, of the peaks in the range 3000–2750 cm− 1 ,
attributed to the CH2 symmetric and asymmetric stretching [ 21 ].
Furthermore, the peaks at 3081 cm− 1 ( ═ C ─H stretching), 1639
cm− 1 (C ═ C stretching) and 910 cm− 1 (C ═ CH2 bending), typical
of alkenes [ 21 ] are also detected. On the other hand, focusing
on the wavelength range around 1700 cm− 1 , the peaks associated
with methylene and methyl species have also been attributed to
low molecular weight alkanes containing carbonyl groups [ 36 ].
In fact, as can be seen from Figure 2B , the peak centered at 1739
cm− 1 can indicate the presence of ester or aldehyde groups on the
volatile products [ 35, 37 ]. 

When the temperature is increased to 451◦C (corresponding to
TMAX ) a substantial growth of the intensity of the peaks related
to the CH2 symmetric and asymmetric stretching is observed.
Furthermore, it can be noticed a shift of the peaks attributed
to carbonyl-containing species. In particular, two peaks at 1756
and 1714 cm− 1 are recognized. The former denotes the presence
of ketones or lactones, whereas the latter a distinctive feature
Macromolecular Materials and Engineering, 2026
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FIGURE 2 (A) TGA curves and corresponding derivatives for EBA and EBA/nanoclay in inert and oxidative atmospheres. (B) FTIR spectra 
recorded at different temperatures during TGA measurements. 

FIGURE 3 SEM micrographs of (A) compression-molded film, (B) cast-extruded film, (C) EBA/nanoclay_coating CE sample. 
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f carboxylic acids, which is characteristic of the pyrolysis
echanism occurring on EBA [ 20, 21, 34, 36 ]. Finally, at 477◦C,
he signals associated with carbonyl groups are almost negligible,
o the volatile products are mostly alkane/alkene species [ 21 ]. 

 different degradation behavior is observed for EBA in oxidative
tmosphere (Figure 2A ). First, the TONSET decreases to 305◦C.
esides, three degradation steps can be distinguished, with the
ain weight loss of about 71% occurring in the first one. Finally,
he temperature at which no residue is detected increased to
85◦C when compared to the inert atmosphere analysis. In
ddition, the thermal oxidation of EBA also leads to the formation
f volatile products that further oxidize in the gas phase. This is
acromolecular Materials and Engineering, 2026
confirmed by the presence in the infrared spectra (Figure 3B ) of
signals related to the carboxylic group at 1714 cm− 1 and to esters
or aldehydes at 1744 cm− 1 [ 20, 21, 34, 36 , 37 ]. Furthermore, peaks
associated with carbon dioxide (CO2 ) and carbon monoxide (CO)
are clearly observed between 2400 and 2000 cm− 1 (Figure 3B ). In
particular, the signal at 2382 cm− 1 is related to the antisymmetric
stretching in CO2 , while those at 2177 and 2114 cm− 1 are due to
CO [ 21, 38–40 ]. Therefore, according to the infrared spectra of
the volatiles formed at 385◦C (Figure 3B ) and considering the
variation of the intensity of the peaks relative to the different
species with temperature, it can be concluded that in the first
phase of thermal degradation in oxidative atmosphere butene,
oxidized low molecular weight chains of hydrocarbons, CO
5 of 10
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re
nd CO2 are released. Subsequently, the examination of the
egradation products obtained at 480◦C reveals a decrease in
he quantity of all the species produced, particularly carbon
onoxide and dioxide. However, with the subsequent increase of
he temperature to 537◦C, the amount of hydrocarbon volatiles
etected becomes negligible, while the CO remains relatively
onstant, and a substantial increase is observed for the CO2 .
his spectrum reflects the complete degradation of the polymer,
nvolving the entire conversion to carbon monoxide and carbon
ioxide, with a clear predominance of the latter. 

ocusing on the nanocomposite, the remarkable effect of the
anoclay is clearly evident from the comparison with the thermo-
ravimetric curves of the pristine EBA (Figure 3A ). In fact, when
he analysis is performed in an inert atmosphere, the TONSET of
BA/nanoclay is 379◦C, quite similar to that of the matrix. On the
ther hand, three weight loss steps are distinguished, and TMAX
hifts at 473◦C, involving an improvement of 22◦C compared to
ristine EBA. The noticed delay can be attributed to the presence
f the nanoclays, that create a barrier to the volatile degrada-
ion products, acting at the same time as a thermal insulator
 41, 42 ]. 

ooking at the behavior of the nanocomposite in oxidative
tmosphere (Figure 3A ), it can be noticed that the TONSET is
o 327◦C (i.e., 22◦C higher than that of unfilled EBA tested in
he same conditions). Besides, the temperature at which the
egradation occurs with the maximum rate is 482◦C, which is
ractically comparable to that of the nanocomposite analyzed
n inert atmosphere. As a matter of fact, the obtained results
ighlighted that the introduction of the nanofillers is able
o provide a complete protective action against the oxidative
tmosphere, as the nanocomposite shows the same behavior as
n inert environment. Consequently, it can be concluded that
he incorporation of the nanoclays has effectively improved the
hermal resistance in both inert and oxidative atmospheres when
ompared to unfilled EBA. 

.2 Morphological Characterization of 
BA/Nanoclay Films and Coated Samples 

EM analyses were performed to inspect the morphology of
he produced samples and to evaluate the degree of disper-
ion and distribution of the nanoclay in the films obtained
y the two different processing methods. In Figure 3A , the
ilm formulated through compression molding shows well dis-
ersed and evenly distributed nanoclay. The same result is
bserved for the cast-extruded sample (Figure 3B ). However, in
his case, a preferential orientation of the lamellae along the
xtrusion direction of the film can be undoubtedly recognized
 43, 44 ]. 

dditionally, the section of the EBA/nanoclay_coating_CE spec-
men is presented in Figure 3C . The film applied to the surface
f the blank EBA sample is easily distinguishable, and in
articular, a very good adhesion between the coating and the
nderlying EBA substrate is clearly appreciable, with no voids or
iscontinuities at the interface. 
of 10
3.3 Combustion Behavior 

The combustion behavior of all formulated EBA-based systems
was evaluated through cone calorimeter tests with a heat flux of
35 kW/m2 . The curves of HRR and THR as a function of time of
all investigated EBA-based systems are shown in Figure 4 , while
Table 3 lists the main evaluated parameters. 

The EBA sample is characterized by a time to ignition of 53 ± 1
s, a flame out time of 267 ± 11 s and reaches a maximum value of
HRR of 873 ± 59 kW/m2 after 189 ± 10 s. The bulk incorporation
of 4 wt.% nanoclay results in the disappearance of the sharp HRR
peak and consequently leads to a broader and flatter HRR curve.
This is indicative of a slower, more controlled combustion and,
therefore, enhanced flame-retardant properties. Specifically, the
EBA/nanoclay_bulk sample exhibited a significant reduction of
the peak heat release rate by approximately 50% (471 ± 27 kW/m2 ),
a modest increase of the time to ignition to 66 ± 7 s, and a
substantial extension of the flame-out time to 472 ± 16 s. The
flame retardant effect of the nanoclay is also evident in the THR
graph (Figure 4B ), where, due to the presence of the nanoclay,
the slower growth of the total heat released can be appreciated
from the lower slope of the curve. These results confirm what
has already been widely reported in the literature regarding the
mechanism and effectiveness of organoclays in improving the
fire retardancy properties of polymers. In particular, as briefly
anticipated in the introduction, it has been shown that the acidic
sites present on the silicate layers (generated from the thermal
degradation of the organo-modifiers) are able to catalyze the
formation of a char-like layer on the material surface. This layer
has a double effect. On one hand, it acts as a barrier to the
mass transport of the volatile degradation products; besides, as
a thermal shield, the char limits the further exposure of the
polymer to heat and oxidative atmosphere. In addition, the acidic
sites also catalyze dehydrogenation and crosslinking reactions
of the polymer chains, thereby enhancing the material thermo-
oxidative stability (as previously demonstrated by TGA analyses).
Finally, a further contribution to flame retardancy arises from the
physical barrier formed by the ablative reassembly of the silicate
layers on the polymer surface [ 45–47 ]. 

For the EBA/nanoclay_bulk sample, because of pkHRR decrease,
also FPI is lowered (Table 3 ), indicating an improvement in fire
retardancy performance owing to the presence of the nanoclay.
Regarding the FIGRA parameter, a slight increase of its value is
actually observed in the presence of nanoclay, due to the earlier
occurrence of the HRR peak. 

The results obtained are similar to those reported in several
studies on EVA [ 3, 48, 49 ]. For instance, Entezam et al. [ 17 ], upon
adding 5 phr of nanoclay to an EVA matrix, observed a pkHRR
reduction of about 50% and longer flame out time. Observing the
values of total smoke release (Table 3 ), it can be seen that in the
presence of nanoclay, this value is higher than the unfilled EBA.
This can be correlated with the fact that nanoclay may disrupt
the combustion process by forming a barrier to oxygen or slowing
down the combustion rate, leading to incomplete combustion.
As a consequence, soot and volatile organic compounds are
produced, thus causing an increase of TSR. The larger smoke
Macromolecular Materials and Engineering, 2026
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FIGURE 4 (A) HRR and (B) THR as a function of time for EBA, EBA/nanoclay_bulk, EBA/nanoclay_coating_CM and EBA/nanoclay_coating_CE 
samples. 

TABLE 3 Cone calorimetry data and parameters of all investigated EBA-based systems. 

Specimen 

TTI 
(s) 

Flameout 
Time (s) 

pkHHR 

(kW/m2 ) 
t peak 
(s) 

THR 

(kW/m2 ) 
TSR 

(m2 /m2 ) 
FPI 

(kW/m2 s) 
FIGRA 

(kW/m2 s) 

EBA 53 ± 1 267 ± 11 873 ± 59 189 ± 10 104 ± 6 1304 ± 76 16.4 4.6 
EBA/nanoclay_bulk 66 ± 7 472 ± 16 471 ± 27 97 ± 4 101 ± 1 2084 ± 135 7.1 4.9 
EBA/nanoclay_coating_CM 79 ± 2 320 ± 21 738 ± 62 205 ± 3 119 ± 1 1651 ± 38 9.3 3.6 
EBA/nanoclay_coating_CE 79 ± 5 290 ± 16 880 ± 52 221 ± 12 118 1555 ± 54 11.2 4 
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re
roduction upon the introduction of nanoclay was also observed
y Zhang et al. [ 50 ]. 

aving demonstrated the effectiveness of the bulk approach, the
urface approach was then investigated using both the CM and CE
ilms. It is important to note that the nanocomposite film applied
s a surface layer was loaded with 4 wt.% nanoclay, but relative
o the total weight of the sample, the actual nanofiller content
as only 0.36 wt.%, approximately one-tenth of that used in the
BA/nanoclay_bulk samples. As shown in Figure 5A , compared
o pristine EBA, the presence of the coatings results primarily in a
6 s delay of the TTI (50% increase), an extension of the flame-out
ime and a decrease of pkHRR of about 30%, along with a shift of
he peak at higher times. These observations suggest that, despite
he lower overall nanofiller content, localizing the nanoclay at
he surface through the application of the film enables a more
ffective and rapid formation of the protective char layer, leading
o a more pronounced TTI delay compared to the bulk approach
nd therefore to a slower propagation of the fire and improved
ire safety. This assumption is further evidenced by the initial char
ormation times recorded for all the investigated samples prior to
gnition. Specifically, while the unfilled EBA does not show char
ormation, in the case of the EBA/nanoclay_coating_CE sample,
he time at which char formation starts (i.e., 35 s) is significantly
ower than for the material obtained through bulk incorporation
i.e., 58 s), confirming the greater effectiveness of the coating
trategy in promoting char formation. 

he influence of the nanoclay arrangement and spatial distri-
ution on the combustion behavior was also demonstrated by
acromolecular Materials and Engineering, 2026
Colonna et al. [ 8 ]. In particular, it was shown that the annealing
of an EVA/Cloisite20A nanocomposite at a temperature near
its melting point led to lamellae exfoliation and promoted the
early migration of clay toward the surface during combustion.
This facilitated the formation of a thin lamellar film, which
contributed to a delay of the ignition, resembling the effect
observed in the coated samples object of this study. Specifically, in
our case, combustion is effectively slowed until around 100 s and
then, beyond this point, the HRR curve begins to resemble that of
neat EBA, as the volatiles trapped inside reach a pressure high
enough to rupture the thin surface char layer, thus ending the
barrier effect and allowing the underlying polymer to continue
burning. The delay in TTI achieved with the coatings confirms
observations from a previous study [ 25 ], in which the use of an
EVA-based coating containing 3 wt.% biochar led to a significant
delay in ignition compared to the unfilled material, while the
incorporation of 20 or 40 wt.% biochar even resulted in an
advancement of ignition by 30 s. Furthermore, similarities can
also be observed in terms of the reduction of pkHRR and the delay
in time to peak upon the use of the coating. 

The observed delay of TTI is an interesting result when consider-
ing the fact that many studies [ 51–54 ] show how the incorporation
of nanoclay often leads to a reduction of the TTI and a more rapid
increase of HRR due to accelerated decomposition of the polymer
matrix promoted by the acidic sites on the layered silicates created
by the decomposition of the organomodifier. As a result, the
release of volatile combustibles occurs, advancing and initially
accelerating the growth of HRR. However, by localizing the nan-
oclays at the sample surface, the effect of the organomodifiers is
7 of 10
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FIGURE 5 Pictures and SEM micrograph of EBA/nanoclay_coating_CM (A,B,C) EBA/nanoclay_coating_CE (D,E,F) char residues after cone 
calorimeter test. 
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re
inimized owing to the faster and more efficient char formation,
hich mitigates the initial release of volatile compounds and
rovides a more controlled ignition process. The ability of the
oating to delay the ignition is also evident in the THR curves
Figure 4B ), where a shift to longer times can be observed. In this
ase, the final THR value is higher than that of pure EBA, as the
resence of the coating results in a larger polymer content in the
oated samples, specifically amounting to a 9.2% increase. 

esides, the surface approach results in the lowest FIGRA
Table 3 ), even when compared to the bulk nanocomposite,
ndicating a slower flame spread potential and improved fire
afety [ 55 ]. Moreover, the lower FPI compared to unfilled EBA
amples, provides further evidence of the effectiveness of the
roposed approach. Regarding the values of total smoke release
Table 3 ), it can be observed that in the presence of the
oating, these are intermediate between those of unfilled EBA
nd EBA/nanoclay_bulk. This is consistent, as the amount of
anoclay is lower than that present in the bulk samples, and the
esults confirm the fact that the higher the percentage of nanoclay
n the sample, the higher the TSR and the lower the pkHRR
alues. 

inally, confirmation of the effective action of the nanoclay
ithin the surface layer was also provided by the visual observa-
ion of the carbonaceous residues of the EBA/nanoclay samples
btained through the coating approach (Figure 5A,D ). The SEM
icrographs of the inner side of the char (Figure 5B,E ) reveal
rom both residues a porous structure, which, as explained in the
iterature [ 56 ], originates from the rising bubbles of degradation
of 10

a

products moving from the sample interior toward its surface
through convective motion in the melt. As a result, the nanoclay
lamellae migrate to the surface, where they act as a barrier.
The occurrence of this phenomenon is demonstrated by the
high magnification SEM micrographs depicted in Figure 5C,F , in
which the presence of the nanoclay layers is clearly observable.
In the case of the coating, this mechanism is facilitated by the
localization of the nanoclay on the surface, allowing for a more
rapid barrier effect and, consequently, a more effective delay in
ignition time. 

4 Conclusion 

This study has demonstrated the effectiveness of nanostructured
films applied as surface layers in developing flame-retardant
EBA-based systems. Initially, an EBA-based nanocomposite con-
taining 4 wt.% nanoclay was produced through melt compound-
ing, and the main thermal and rheological properties, as well as
its morphology and thermal and thermo-oxidative behavior, were
preliminarily assessed. Furthermore, through cone calorimetry
tests, the effectiveness of the nanoclay in reducing the peak heat
release rate and slowing polymer combustion was confirmed.
Subsequently, a surface approach was investigated, and pre-
prepared EBA + 4 wt.% nanoclay films (both compression molded
and cast extruded) were hot-pressed onto the surface of unfilled
EBA specimens, resulting in an overall nanofiller content of
0.36 wt.%. Cone calorimeter tests demonstrated that, regardless
of the film-forming method, the surface confinement of the nan-
oclay, obtained through the coating approach, promoted a faster
Macromolecular Materials and Engineering, 2026
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re
nd more efficient formation of a protective char layer, leading
o an even greater delay in the time to ignition, compared to the
ulk incorporation. Overall, the obtained results highlighted that
he exploitation of a nanoclay-rich surface layer offers additional
dvantages: (i) the total amount of nanoclay in the specimen is
nly 0.36 wt.%, making it a highly efficient solution in terms
f material usage; (ii) by localizing the nanoclay at the surface,
he mechanical properties of the polymer matrix are expected to
emain unaltered, preserving as an example its flexibility; (iii)
ue to the very low nanoclay content, the material recyclability
s improved, as the coated material can be recycled in the same
tream of the unfilled polymer, avoiding the concerns typically
ssociated with high filler concentrations. 
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