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Abstract

This work aims to investigate the fire performance of novel polyethylene-based single polymer composites. Fumed silica
nanoparticles and magnesium hydroxide microfiller were added at an optimized concentration to a linear low-density
polyethylene matrix, which was then reinforced with ultra-high molecular weight polyethylene fibers. Through the
optimization of the production process, it was possible to limit the porosity inside the single polymer composites,
thus retaining the pristine mechanical properties of the fibers. The addition of SiO, and magnesium hydroxide deter-
mined an increase in the elastic modulus in both the longitudinal and transversal direction, but it concurrently led to a
reduction in ductility, especially in the transversal direction. The fillers were proved to bring interesting improvements of
the thermal degradation resistance and of the flame behaviour. Thermogravimetric analysis tests highlighted an increase
in the onset degradation temperature and in the temperature associated to the maximum degradation rate. Moreover,
both the oxidation onset temperature and limiting oxygen index were considerably improved. Cone calorimetry tests
evidenced that filled single polymer composites were characterized by lower peak heat release rate and total heat
released with respect to neat single polymer composites.
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Introduction retardants (FRs). These fillers, acting physically and/

Thanks to their peculiar combination of low density, or chemically in the solid, liquid or gas phase, are able

high processability and interesting physical properties,
polymers and polymer-matrix composites have found a
massive application in several fields, such as automotive
and aerospace components.’? In particular, polyethyl-
ene (PE) is one of the most widely used thermoplastics
because of its combination of high chemical resistance,
good mechanical properties and cheapness. Among the
PE types, linear low-density polyethylene (LLDPE) is
widely used in film and packaging industry for its high
impact and tear strength and easy drawability."** As a
drawback, polymers are generally characterized by ele-
vated flammability, with the consequent production of
toxic gases and smoke during combustion. Therefore,
the improvement of their flame resistance is a key
point to further extend their applicability and to meet
the current safety requirements.>>¢

In order to improve the fire resistance of polyolefins,
the most widely adopted approach is to add flame

to hinder combustion through different mechanisms
which act on different aspects of fire generation and
propagation (heat source, ignition, thermal decompo-
sition, smoke production and composition, flame
spread).” The most common FRs are represented by
metal hydroxides, boron-based FRs, halogen-based
FRs, phosphorous-based FRs, silicon-based FRs,
nitrogen-based FRs, intumescent fillers and nanometric
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particles.® Even though halogenated FRs based on Cl
or Br are able to impart good fire performance even at
very low concentrations, their application has been
restricted in various regions because of their tendency
to form toxic components (i.e. dioxins and furans) and
to form corrosive gases that can damage metal parts
and electronic components.® ' Therefore, one of the
most diffused classes of halogen-free FRs is represented
by the metal hydroxides, such as aluminum tri-
hydroxide (Al(OH);) and magnesium hydroxide (Mg
(OH),).'"!? These fillers are available on the market
mainly as micrometric particles to be additivated to
polymer matrices at elevated concentrations. Through
an endothermic decomposition, in a certain tempera-
ture interval (possibly close to the polymer decomposi-
tion temperature), they are able to produce a
temperature decrease, thereby slowing the thermal deg-
radation process.'* The produced metal oxides and
water dilute the combustible gas mixture, limiting the
reagents concentration in the gas phase and the ignition
probability. The protective barrier layer created by this
metal oxide physically separates the oxygen from
the combustible gases and limits the smoke genera-
tion.”'* 15 As a drawback, a high FRs loading (in cer-
tain cases more than 40 wt%) is required to appreciably
increase the flame resistance of the resulting materials,
with negative effects on the processability and the duc-
tility of the polymer.'*'3'2% In order to overcome this
heavy limitation, it is possible to partially replace metal
hydroxides with another filler with FR properties (i.e.
nanoclay,"?? zinc borate? and fullerene (Cg0)*"). If the
selected fillers act synergistically, the same flame resis-
tance can be achieved with a lower FR amount.®
Among the nanofillers used as FRs, fumed silica has
been investigated either alone or in combination with
other FRs.?*?® Due to its fractal structure and its high
specific surface area, fumed silica is prone to self-
aggregation and can consequently form a network of
connected or interacting particles in polymer matri-
ces.” In a recent paper of our group,’® various
amounts of surface-treated fumed silica nanoparticles
were melt compounded with a high-density PE matrix,
in order to study the thermal resistance and flammabil-
ity properties of the resulting nanocomposites.
The results of thermogravimetric analysis (TGA)
highlighted the capability of the selected nanoparticles
in increasing the decomposition temperature and in
decreasing the mass loss rate, while limiting oxygen
values were noticeably improved with respect to the
unfilled matrix. Moreover, functionalized nanoparticles
revealed extremely effective in delaying the time to igni-
tion and in suppressing the heat release rate (HRR)
values, while the presence of an evident matrix charring
for nanofilled sample only slightly increased the quan-
tity of smoke produced.

Even though the synergistic effect of nanoparticles
and other FRs has been investigated in many research
works, only few papers are available in the open scien-
tific literature on the flame-retardancy enhancement
due to the combination of metal hydroxides and iso-
dimensional fillers, such as fumed silica nanopar-
ticles.>3* 2 In a recent paper of our group,*
LLDPE-based micro/nano-composites were prepared
by using surface-functionalized fumed silica nanopar-
ticles and two kinds of metal hydroxides (aluminum tri-
hydroxide and Mg(OH),) at different relative amounts,
with the aim to investigate the FR capability to
improve the fire resistance, the thermal degradation
performance and the mechanical properties of the
matrix, and to evaluate possible synergistic effects
between the selected micro- and nanofillers. Limiting
oxygen index (LOI) and cone calorimetry tests on the
samples with optimized compositions demonstrated
that the synergistic effect between Mg(OH), and
fumed silica at a proper relative ratio could lead to a
strong enhancement of both the LOI values and of the
cone calorimetry performance. The scientific outcomes
of this work constitute the basis for the subject of the
present work in which a LLDPE nanocomposite with
optimized composition was used as matrix for fire-
resistant PE-based single polymer composites (SPCs).

SPCs, also known as one-polymer composites,
homocomposites, all polymer composites, self-
reinforced or homogeneous composites, are character-
ized by the fact that both the matrix and the
reinforcement have the same chemical composition.**
If there is a significant difference between the melting
temperature of the matrix and of the fibers (i.e. a proc-
essing window), it is possible to produce SPCs that can
be entirely re-melted (and thus thermally recycled) at
the end of their service life.>> Moreover, the interfacial
bonding can be considerably improved when the matrix
and the reinforcement have the same chemical
nature.’*?” Starting from the first example of all-PE
composites developed by Capiati and Porter,*® in
1975, many efforts were devoted to explore new mate-
rials combinations and processing techniques. The lit-
erature  reports many examples of PE*
polypropylene,*® poly(ethylene terephthalate),*’ poly
(methyl methacrylate),*> poly(ethylene naphthalate)*’
and liquid crystalline copolyesters** SPCs. However,
only few works can be found on the study and the
improvement of the thermal degradation resistance
and fire performance of SPCs. Bocz et al.*>*
developed and characterized a flame-resistant all-poly-
propylene composite with self-extinguishing properties,
where the FR was ammonium polyphosphate.
Seyhoglu and Dogan*’ introduced two kinds of
organophosphorous-based FR additive to improve
the fire performance of a polyamide-based SPC.
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The aim of this work is to develop novel PE-based
SPCs with improved FR properties. To the best of our
knowledge, this is the first example of flame-resistant
SPC based on PE. Two different polymer matrices (i.e.
neat LLDPE and a nanofilled LLDPE with optimized
composition) were reinforced with ultra-high molecular
weight PE (UHMWPE) fibers. The nanocomposite for-
mulation based on Mg(OH), and fumed silica was
properly selected for its interesting combination of
mechanical properties, ductility, processability, thermal
resistance and fire performance.®* After a detailed char-
acterization of the constituents, the most important
thermo-mechanical and flame-resistance properties of
the prepared SPCs will be investigated.

Materials and methods

Materials

Polymer granules of LLDPE Flexirene® CL10
(density =0.918 g/cm’, melting temperature = 121°C)
were provided by Versalis SpA (Milan, Italy).
Micrometric particles of Mg(OH), Hydrofy® G1.5
were purchased by Nuova Sima Srl (Ancona, Italy).
This filler has a nominal decomposition temperature
of 350°C, a specific gravity of 2.36 g/cm® and a BET
surface area of 9 m?/g. Fumed silica nanoparticles
Aerosil® 1974, surface treated with dimethyldichlorosi-
lane, were supplied by Evonik GmbH (Essen,
Germany). Aerosil® 1974 has a surface area of
170 m?/g, a bulk density of 1.99 g/cm® and a tap density
of 60 g/l. This nanofiller is constituted by equiaxed pri-
mary nanoparticles with an average size of 12 nm (SiO,
content 99.8%), organized in an aggregated structure.
The UHMWPE fibers used to produce the SPCs
were provided by the company DSM (TE Heerlen,
the Netherlands) under the trade name of Dyneema®
SK99 (density 0.980 g/cm?®, filament diameter 12—
21 um). They are high-performance fibers with high
strength, low elongation at break, low density and a
good chemical resistance. All materials were used as
received, without further purification.

Sample preparation

Two types of matrices were considered. The first matrix
was made only of neat LLDPE, and the second was
composed of LLDPE, Mg(OH), (20 wt%) and fumed
nanosilica (4.8 wt%). This composition was chosen
because it was selected as the optimal formulation on
the basis of the results of our previous work on the
synergistic effects of metal hydroxides and fumed
nanosilica fire retardants for PE.*® For the preparation
of the matrices, polymer granules (and the fillers in one
case) were melt compounded in a Thermo Haake

Polylab Rheomix internal mixer at 190°C for 10 min
at 90 r/min. To avoid agglomeration, the fillers were
slowly added after the complete melting of LLDPE.
The resulting composites were then hot-pressed in a
Carver laboratory press at 170°C for 10 min, under a
pressure of 2.5MPa, to obtain square sheets of
200 x 200 x 1.5 mm”.

SPCs were prepared with the use of a mandrel
around which the Dyneema® SK99 fibers (hereafter
they will be named DSK99) were unidirectionally
wrapped for 80 and 50 times, depending on the dimen-
sions of the specimens required by the tests (i.c.
S0times for cone calorimeter test, which required
smaller specimens, and 80 times for all the other anal-
yses). SPCs were made by alternating sheets of matrix
with layers of fibers. Each SPC specimen was made by
three sheets of polymer matrix and two layers of fibers.
SPC specimens wrapped 50 times had dimensions of
170 x 100 x 1.5 mm?, while SPC specimens wrapped
80 times had dimensions of 100 x 100 x 3.5 mm®. The
hot compaction process was performed with the same
hot-plate press used to produce the matrices. Non-
consolidated SPCs were inserted in the press at room
temperature. The initial pressure of 1.5 MPa was main-
tained constant until the machine reached the temper-
ature of 140°C. Once at 140°C, the pressure was
increased at 3 MPa for 30 s (total heating time
15min). Previous works demonstrated that the appli-
cation of a higher pressure for a limited time does not
damage the fibers and promotes a good consolidation
of the SPC.** Then, the system was switched off and
cooled down at room temperature, under a pressure of
1.5 MPa (total cooling time 15 min). In order to select
the pressing temperature (i.e. 140°C), preliminary
mechanical tests on single fibers treated at different
temperatures (i.e. 135°C and 140°C) for the same
time interval utilized in the hot compaction process
were performed. In the following sections, the two
matrices, the neat LLDPE and that with the FRs
with the optimized formulation, will be named as PE
and PE composite with optlimized composition (OPT),
respectively. Neat UHMWPE fibers will be named
DSK99, while the SPCs will be denoted as SPC-PE
and SPC-OPT, depending on whether the matrix was
made by PE or OPT.

Experimental techniques

Characterization of the constituents. X-ray diffraction
(XRD) analysis was performed on the PE matrix and
on the DSK99 fibers, in order to investigate their crys-
talline behaviour. The measurements were performed
by using two different instruments, i.e. a texture dif-
fractometer prototype based on a Huber goniometer
and an Ital structures IPD3000 powder diffractometer.



Dorigato et al.

65

The first machine, used to characterize the DSK99
fibers, was equipped with a microfocus 50 W Cu
source coupled with a two-dimensional elliptic mirror
monochromator, a Dectris Eiger 1M 2D hybrid pixel
detector and a four-circle goniometer to allow sample
rotation around 7 and y circles. The sample was loaded
in transmission geometry with the fiber parallel to the
20 goniometer axis. Diffraction images were collected
over the 10°-70° 20 equivalent range and (0°, 15°, 30°,
45°) 7 axis orientations, assuming axial symmetry of
crystallites orientation. The IPD3000 diffractometer
was used to acquire XRD spectra on a neat LLDPE
sheet. It was equipped with a 1200 W Co source, a
multilayer monochromator and 100 um slits on the
incident beam. The sample was positioned in reflection
geometry with a fixed omega angle with respect to the
incident beam (5°). Diffraction data were collected by
means of an Inel CPS120 detector over 5°-120° 20
range (0.03° per channel).

Differential scanning calorimetry (DSC) tests were
performed on the PE matrix and on the DSK99 fibers
(as received and thermally treated at 135°C and 140°C),
in order to evaluate the effect of the processing temper-
ature on the crystalline behaviour of the reinforcing
phase. DSC measurements were performed with a
Mettler DSC 30 machine. Specimens of approximately
10 mg were tested in the temperature range 0-200°C,
with a heating/cooling rate of 10°C/min, under a N,
flux of 100 ml/min. A heating scan, a cooling scan and
a second heating scan were performed. In this way, the
melting temperature (T,,) and the melting enthalpy
(AH,,) of the samples were determined. The crystallin-
ity degree (X.) was calculated with the expression
reported in equation (1) as

AH,,
X, ==2".100 1
Ao (1

where AH, is the theoretical heat of fusion of the 100%
crystalline PE (i.e. 293 J/g).*

The mechanical properties of the constituents were
investigated through quasi-static uniaxial tensile tests.
For the characterization of the matrices, dumbbell 1BA
specimens (standard UNI EN ISO 527-2) were die-cut
from the prepared sheets and tested with an Instron
5969 universal testing machine, equipped with a
50 kN load cell. For the measurement of the elastic
modulus, five specimens were tested for each composi-
tion at 0.25 mm/min, with a resistance extensometer
Instron 2620-601, having a gauge length of 12.5 mm.
The tests were stopped at a strain of 1%, and the elastic
modulus was evaluated with the secant method
between the strain levels 0.05 and 0.25%. Tensile prop-
erties at break were performed at a crosshead speed

of 100mm/min on 1BA specimens. The resulting
stress—strain curves were employed to obtain the
values of the elastic modulus (E), of the stress at yield
(ay), of the stress at break (o},) and of the strain at
break (gp). Tensile tests on single fibers were performed
following the ASTM C 1557 standard by using an
Instron 4502 machine, equipped with a load cell of
10N, at a crosshead speed of 1 mm/min. Strain
values were recorded without any extensometer. The
fibers were glued on paper frames with a gauge length
of 20 mm. At least five specimens were tested for
each sample.

Characterization of the SPCs. The experimental density of
the SPCs laminates was measured with the technique of
the Archimedes balance in ethanol* through a
Gibertini E42 analytical balance. Thus, a theoretical
(pm) and an experimental density (pex,) could be
obtained, and the volume fractions of fibers (¢y),
matrix (¢,,) and voids (¢,) were subsequently calculat-
ed. The density of the constituents (matrix and fibers)
was previously determined with a Micromeritics
AccuPyc 1330 helium pycnometer at 23°C.

TGA was performed with a TA Instrument
Q5000IR, at a heating rate of 10°C/min from room
temperature to 700°C. Specimens of approximately
10 mg were die-cut from the prepared samples tested
under an air flux of 15 ml/min. TGA tests were per-
formed in air because the degradation in an oxidizing
environment is closer to the real-life conditions in
which a flame-retardant agent may operate. From
these tests, it was possible to evaluate the temperatures
corresponding to onset of the degradation (T,
determined with the tangent method on the first
change in slope of the curve mass-versus-temperature,
while the temperature of the maximum degradation
rate (Tpea) was identified as the maximum of the
mass loss derivative as a function of temperature.

Mettler DSC 30 instrument was employed to carry
out oxidation onset temperature (OOT) tests. These
tests aim to measure the temperature at which the
material starts to degrade, under a constant heating
rate. Specimens of approximately 10 mg were tested
following the ASTM E 2009 standard, under an air
flux of 100 ml/min and a heating rate of 10°C/min
from room temperature to 300°C, and the OOT was
determined by the tangent method between the baseline
and the degradation peak.

Quasi-static tensile tests on SPCs were performed by
using an Instron 5969 tensile testing machine.
Rectangular specimens of 90 x 10 x 1.5 mm® were
tested at a crosshead speed of 5 mm/min. According
to the ISO 527 standard, the Young modulus (E) was
evaluated with the secant method between the point 1
and 1.5% of the strain, and also the stress at break (ay,)
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and the strain at break (g,) were determined.
The tensile energy to break value (TEB) was deter-
mined as integral under the stress—strain curve. Due
to the unidirectionality of the fibers, the tensile prop-
erties were determined both in longitudinal (L) and in
transversal (T) direction.

LOI tests were performed to measure the minimum
oxygen concentration that sustains the combustion
process. According to ASTM D 2683 standard, rectan-
gular specimens of 100 x 10 x 3 mm?® were placed ver-
tically inside a CEAST Oxygen Index apparatus.
A blowtorch igniter was used to start the combustion
process from the top of the specimen. The material is
considered able to burn with a given oxygen concen-
tration if the flame is able to top—down burn the speci-
men for a length of at least 50 mm in 3 min. The flame
propagation rate in air (O, concentration around
20.8%) was also evaluated by measuring the time
needed to burn 50 mm of the specimen.

Cone calorimetry is generally considered as the anal-
ysis that provides an all-round characterization of the
flame behavior of a material. The technique is based on
the measurement of the decreasing oxygen concentra-
tion in the combustion gases of a sample subjected to a
constant heat flux, which is then used to calculate the
heat released per unit time and surface area, the HRR,
measured in kW/m?.® Cone calorimetry tests were per-
formed with a Fire Testing Technology cone calorime-
ter following the ISO 5660-1 standard. Square
specimens of 100 x 100 x 3 mm® were tested under a
heat flux of 35 kW/m?. Besides the HRR value, it
was also possible to determine the time-to-ignition,
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the total heat released (THR), the peak of the HRR
(pHRR) and the mass of the specimens after the tests.
The test also allowed the calculation of other parame-
ters, such as the fire performance index (FP;) as the
ratio between TTI and pHRR, the fire growth rate
(FIGRA) as the maximum in HRR(time)/time and
the maximum of average heat release emission
(mAHRE) as a function of time.

Results and discussion

Characterization of the constituents

In order to understand the properties of the prepared
SPCs, it is important to characterize the constituents
(i.e. the LLDPE matrix and the fibers). Rietveld model-
ing was performed on collected diffraction data of both
samples by means of the Maud software™ taking into
account crystalline and amorphous fraction quantifica-
tion, average crystallite size of the crystalline fraction as
well as orientation distribution quantification for the
fiber sample. In Figure 1(a) and (b), the results of
XRD analysis on the UHMWPE fibers are reported.
In particular, in Figure 1(a), a 2D contour map repre-
sentation of the diffraction spectra collected on the fibers
as received is reported, while in Figure 1(b), the (200)
pole figure is shown, representing the probability distri-
bution of (h00) planes with respect to the sample coor-
dinate frame. The latter clearly shows a strong preferred
orientation of the main cell axis along the fiber direction.

From the quantitative Rietveld analysis, it is possi-
ble to obtain the crystallinity degree (X,) and average
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Figure 1. XRD results on UHMWPE fiber: (a) contour map representation of the diffraction spectra (x axis: 20, y-axis: phi; bottom:
experimental intensities; top: reconstructed intensities) and (b) (200) pole figure.
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Table 1. Results of the XRD analysis (crystallinity degree (X.)
and average crystallite size) on neat PE matrix and
UHMWPE fibers.

Average crystallite

Sample X. (%) size (A)
PE 48.85 265
DSK99 97.85 350

PE: polyethylene; UHMWPE: ultra-high molecular weight polyethylene;
XRD: X-ray diffraction.

crystallite size both of neat PE matrix and of the fibers.
As reported in Table 1, the UHMWPE fibers are char-
acterized by elevated crystallinity degree (almost 98%),
with crystallites having higher size (about 350 A). This
is not surprising, since during the production process,
the fibers are strongly aligned. Together with the higher
molecular weight with respect to LLDPE, these fea-
tures explain the elevated mechanical properties of
these fibers.”'

In order to select the most suitable SPCs processing
parameters and to determine the influence of the hot-
pressing temperature on the physical properties of the
reinforcing fibers, it is also important to perform DSC
tests. In Table 2, the results of the DSC test on the neat
PE matrix and on UHMWPE fibers as received and
treated at two different temperatures (135°C and at
140°C) are summarized. As expected, both the melting
temperature and the melting enthalpy of the DSK fibers
are considerably higher with respect to those of the PE
sample. The discrepancy in the crystallinity values with
respect to the results reported for XRD tests (see Table
1) is probably due to the difference in the experimental
configuration of the tests, but both tests highlight the
strong difference in the crystallinity degree. It is also
interesting to note that after the first heating process,
both the T,, and AH,, values of the fibers are consider-
ably lowered. The melting temperature of the fibers in the
second heating scan is 134°C, while the crystallinity
degree is around 49% (i.e. 12% points higher than that
detected for LLDPE). From the T, difference in the first
heating scan between LLDPE and DSK99 fibers, it is
evident that there is a good temperature window
(about 25°C) in which the SPCs could be produced. It
is thus clear that an evaluation of the loss of performance
of DSK after the thermal processing is of utmost impor-
tance. Therefore, DSK fibers were thermally treated at
two different temperatures (135 and 140°C). From Table
2, it can be seen that the thermal processing of the fibers
determines a slight decrease in the melting temperature
(between 5 and 7°C) and of the crystallinity degree
(between 5 and 10°C), and the loss of thermal properties
is proportional to the temperature of the treatment.
However, it can be concluded that both the T,, and
AH,,, drop induced by the temperature is not dramatic,

Table 2. Results of the DSC test on the neat PE matrix and on
UHMWVPE fibers as received, treated at 135°C and at 140°C.

First scan Second scan

T AH, X, T AH, X
Sample S Uy & €O Uy (%)
PE 1212 1130 390 121.0 1072 370
DSK99 147.7 2646 912 1340 1426 492
DSK99_135°C  142.1 249.0 858 1229 1346 464
DSK99_140°C 1403 2346 809 1225 1258 434

DSC: differential scanning calorimetry; PE: polyethylene; UHMWPE:
ultra-high molecular weight polyethylene.
T melting temperature, AH,,,: melting enthalpy, X.: crystallinity degree.

Table 3. Results of the tensile tests on the matrix samples (PE,
OPT) and on UHMWVPE fibers as received, treated at 135°C and
at 140°C.

Sample E (GPa) 0, (MPa) oy (GPa) &b (%)

PE 0.19+£0.04 98+0.2 0.017+£0.002 1446+ 198
OPT 0.43+£0.02 1.1 0.1 0.010+£0.002 822+ 133
DSK99 138+3 - 37+£02 3.6£06
DSK99_135°C 132+£23 - 32+03 34+03
DSK99_140°C 130+24 - 32+06 34+08

OPT: PE composite with optlimized composition; PE: polyethylene.

and the fibers are able to retain the greatest part of their
pristine thermal properties.

It was widely demonstrated that a loss in the thermal
properties of polymeric fibers upon a temperature
increase is generally accompanied by a worsening of
their mechanical performance. Therefore, to investigate
the mechanical behaviour of the produced SPCs, it is
important to determine the mechanical properties of
the constituents. Table 3 reports the results of the ten-
sile tests on the matrix samples (PE, OPT) and on
UHMWPE fibers (both as received and thermally
treated). As already reported in our previous paper,*’
the simultaneous introduction of both fumed silica and
Mg(OH), particles in the proper relative amount deter-
mines an important increase in the elastic modulus and
of the stress at yield (oy), without a dramatic deterio-
ration of the failure properties. In fact, both the ¢}, and
&, values of the OPT sample remain at an acceptable
level with respect to the PE matrix. These results are in
good agreement with those reported in literature for
similar systems'>>* and can be attributed to the restric-
tion of the motion of polymer chains due to the pres-
ence of the inorganic particles.>® On the other hand, it
has also to be considered that in SPCs, the tensile prop-
erties are mainly determined by the mechanical perfor-
mance of the reinforcement. In this view, the observed
decrease in the failure properties of the polymer matrix
can be considered acceptable. It has also to be observed
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that the thermal treatment of the fibers does not deter-
mine a substantial reduction of the mechanical perfor-
mance of the fibers. Considering the standard deviation
values, it can be concluded that both the elastic (E) and
the failure properties (oy,, &) of the thermally treated
fibers are not significantly different from those of the
untreated DSK99 fibers. Therefore, the T, and X, drop
experienced in DSC tests for the DSK99 135°C and
DSK99 140°C samples does not determine a detectable
deterioration in the reinforcing capability of the fibers.
After this characterization activity, it was decided to
prepare the SPCs samples applying a hot-pressing tem-
perature of 140°C. In fact, this temperature does not
correspond exactly to a given decrease of mechanical
properties but allows an improvement in the process-
ability of the material, by lowering the viscosity of the
matrix. This was also proved by the low volume frac-
tion of pores detected in the composites (see
‘Characterization of the SPCs’; Table 4).

Characterization of the SPCs

To assess the mechanical behaviour of the produced
SPCs, it is important to determine the real concentra-
tion of the constituents within the composites,

Table 4. Fiber volume fraction (¢y), theoretical density (o),
experimental density (pexp) and porosity of the SPC-PE and SPC-

OPT composite laminates.

Ps Pth Pexp Porosity
Sample (vol %) (glem®)  (glem®) (vol %)
SPC-PE 16.8 0.939 0.919 £0.021 2.1
SPC-OPT 15.4 1.049 1.035+0.028 1.3

SPC-OPT: Single polymer composites-OPT; SPC-PE: Single polymer
composites-polyethylene.

mass (%)

—--—- SPC-OPT

T T T T
300 400 500 600

temperature (°C)

T T
100 200 700

which was achieved through density measurements.
In Table 4, the fiber volume fraction, the density
(both theoretical and experimental) and porosity
values of the SPC-PE and SPC-OPT laminates are
compared. It is important to underline that the exper-
imental density values of the prepared composites are
very close to the theoretical ones, meaning that the
pores concentration is very limited. From Table 4, it
is evident that in both laminates, the porosity is very
low (2.1 and 1.3% for the SPC-PE and SPC-OPT com-
posites, respectively), meaning that the adopted hot
compaction process was efficient. It is also important
to notice that the prepared laminates show similar fiber
concentration (16.8% and 15.4% for the SPC-PE and
SPC-OPT composites, respectively). On the basis of
these results, it can be concluded that the mechanical
properties of the two SPCs can be directly compared.

It is now important to evaluate the thermal degra-
dation resistance of the prepared SPCs and to compare
it with that shown by the corresponding matrices. In
Figure 2(a) and (b), representative TGA thermograms
of the PE, OPT, SPC-PE and SPC-OPT samples are
expressed in terms of residual mass and derivative of
the mass loss, respectively, while Table 5 summarizes

Table 5. Results of the OOT and TGA tests on the pre-
pared samples.

Sample OOT (°C) Tonser (°C) Tpeak (°C)
PE 214.5 346.2 395.3
OPT 2382 393.7 4833
SPC-PE 192.7 360.6 399.2
SPC-OPT 2247 390.8 484.6

SPC-OPT: Single polymer composites-OPT; SPC-PE: Single polymer
composites-polyethylene; OOT: oxidation onset temperature; TGA:
thermogravimetric analysis.

(b)
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Figure 2. TGA thermograms of the PE, OPT, SPC-PE and SPC-OPT samples. (a) Residual mass and (b) derivative of the mass loss.
OPT: PE composite with optlimized composition; SPC-PE: single polymer composite with neat PE matrix; SPE-OPT: single polymer

composite with OPT matrix.
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the most important results of these tests. From the
mass loss curves (Figure 2(a)), it is immediately evident
that both SPCs behave like their corresponding
matrices, even though from the mass loss rate plots
(Figure 2(b)), it can be seen that the peak of the mass
loss derivative at about 400°C is strongly reduced in
SPCs samples. This behaviour can be explained consid-
ering that DSK99 fibers, due to their higher crystallin-
ity degree, have a higher thermal degradation resistance
with respect to LLDPE. This evidence is confirmed by
the fact that both SPCs in mass loss rate curves show
two distinct degradation steps, at about 400 and 500°C.
As already observed in our previous work,*? the intro-
duction of both fumed silica and metal hydroxides at
the optimal concentration determines a strong increase
both in the onset degradation temperature (+47°C) and
in the Tpeax (+90°C). The increased thermal stability of
polymer matrices due to the addition of nanofillers is
generally ascribed to the fact that the nanofiller accu-
mulates and agglomerates on the surface of the degrad-
ing polymer, creating a protective barrier that delays
the volatilization of the low molecular weight degrada-
tion products.’®>* The beneficial effect provided by the
combination of the two fillers is also transferred in
SPCs. In fact, SPC-OPT sample shows a T, increase
of 30°C and a T,k enhancement of 85°C with respect

The improvement in thermal stability provided by
fumed silica and metal hydroxide particles is confirmed
by OOT measurements. As reported in Table 5, OOT
values measured for the two SPCs produced are lower
than those obtained for the corresponding matrices.
This result can be explained by considering the way
in which the samples are prepared. By cutting the
small portions of material to be introduced in the alu-
minum crucible, the SPCs were subjected to delamina-
tion under the high shear stress applied. Therefore, the
surface in contact with the oxidative atmosphere
increased, thereby leading to a decrease in the OOT
value. However, it can be therefore noted that the
SPC-OPT shows a higher OOT value than SPC-PE,
with a relative increase of about 32°C. This enhance-
ment is even higher than that shown by the comparison
between OPT and PE matrices.

The introduction of fillers able to improve thermal
degradation resistance and simultaneously preserve or
even improve the mechanical performance of the SPCs
could be very attractive from an applicative point of
view. Figure 3(a) and (b) reports representative stress—
strain curves obtained in the tensile tests on the SPC-
PE and SPC-OPT samples in longitudinal and trans-
versal direction, respectively, while Table 6 shows the
most important tensile properties. The plots evidence

to the SPC-PE composite. the anisotropy of the prepared laminates. In
(a) (b)
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Figure 3. Representative stress-strain curves obtained in the tensile tests on the SPC-PE and SPC-OPT samples. (a) Longitudinal

(fiber) direction; (b) transversal direction.

SPC-OPT: single polymer composites-OPT; SPC-PE: single polymer composites-polyethylene.

Table 6. Results of quasi-static tensile test on the prepared SPCs.

Sample E. (MPa) Er (MPa) oy (MPa) oyt (MPa) ep,L (%) &1 (%) TEB, (J/mm?) TEBr (J/mm?)
SPC-PE 4498 £+ 62 191 +6 168 £ 31 8.1£0.2 127+ 18 320+ 10 0.95+0.14 0.66 £0.17
SPC-OPT 4844 +28 234+29 180 & 14 9.8+0.3 86 +4 30+5 0.87 +0.08 0.08 £0.01

SPC-OPT: Single polymer composites-OPT; SPC-PE: Single polymer composites-polyethylene.
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longitudinal direction, the SPCs are stiffer and stron-
ger, at the expenses of a reduction of the strain at break
(i.e. of the ductility). It has been already observed that
the additivation of both nanosilica and metal hydrox-
ides particles on the matrices leads to an important
increase in stiffness, with an acceptable reduction of
the failure properties (see Table 3).** These effects are
still present in the SPCs. It can be noticed that SPC-
OPT sample shows an increase in the elastic modulus
with respect to the SPC-PE laminate, both in longitu-
dinal (+7.7%) and in transversal direction (+22.5%).
Considering that the prepared composites were unidi-
rectional, it is clear that the increase in stiffness due to
the fillers addition, evaluated in transversal direction, is
more intense than that measured longitudinally.
Knowing the fiber volume fraction in the composites
and the mechanical properties of the constituents, a
theoretical value for the elastic modulus in L-direction
was calculated by using the mixture rule. For both
SPCs, theoretical elastic modulus would result approx-
imately 20 GPa, considerably higher than the measured
modulus. The discrepancy between this theoretical pre-
diction and the experimental values can be party
explained by the fact that the fibers are not perfectly
parallel and oriented in the loading direction: during
the hot compaction of SPCs, the matrix flows towards
the outside of the mold and moves the fibers from their
original position.

Also, the stress at yield is positively improved upon
filler additivation, with a relative increase of 7.1% in
L-direction and of the 21.0% in the T-direction.
Similarly to what happens in matrix samples,
SPC-OPT composites show a reduction of the strain
at break. Even though this reduction can be acceptable
in longitudinal direction (—32.2%); in transversal direc-
tion, a harsher drop can be detected. Consequently,
longitudinal ductility (i.e. TEB value) of the
SPC-OPT sample is very near to that of the SPC-PE
laminate, while in transversal direction, TEB values are
strongly reduced. Once again, a better preservation of
the fiber alignment during the hot compaction process
could partially solve this problem.

It is now important to investigate the flame behav-
iour of the produced SPCs. Therefore, LOI tests were
performed. In Table 7, the results of LOI tests are
presented, together with the values of the flame prop-
agation rate in air. It has been already reported that
LOI value for the OPT sample is much higher with
respect of the neat PE, being 35.2% and 18.5%, respec-
tively.>® It is interesting to note that SPC-PE shows a
slight increase in the LOI value with respect to the
corresponding matrix, because of the higher thermal
stability of the DSK99 fibers, while the opposite hap-
pens for the SPC-OPT laminate. In fact, LOI registered
for the SPC-OPT sample is about 10% points lower

Table 7. LOI and propagation rate in air of the pre-
pared samples.

Propagation rate

Sample LOI (%) in air (mm/s)
PE 18.5 0.43
OPT 352 n.d.?
SPC-PE 20.9 0.37
SPC-OPT 25.6 nd?

*Not detectable.

SPC-OPT: Single polymer composites-OPT; SPC-PE: Single polymer
composites-polyethylene; OPT: PE composite with optlimized
composition.

than that of the OPT matrix. This result can be
explained by considering that during the cutting oper-
ations of the testing samples, the layers of the reinforce-
ment resulted to be deprived by the protection given by
the OPT matrix. This aspect influences the LOI exper-
iment, since the propagation of the fire in the SPC-OPT
specimens is quicker along the sample edges, where the
fibers are exposed. Moreover, the poor interfacial cohe-
sion between the fibres and the matrix allows the
decomposition products and oxygen to diffuse along
the interface during the combustion. However, what
is important is that SPC-OPT shows an LOI value
that is almost 5% points higher than of the SPC-PE,
which indicates that, even in this testing conditions, the
amount of fire retardants is sufficient for this material
not to self-sustaining the flame in air. Moreover, in a
possible application of these composite for engineering
materials, it has to be considered that the reinforcement
will be completely protected and surrounded by the
matrix, which limits the problem of the lateral propa-
gation of the flame. The beneficial effect provided by
fillers addition both in the matrices and in the SPCs is
confirmed by the fact that both for OPT and SPC-OPT
samples, it was not possible to measure the values of
the propagation rate in air, because they were too small
to be detected.

One of the most important experimental techniques
to evaluate the flame behaviour of polymer composites
is the cone calorimetry. Figure 4(a) reports the HRR
as a function of time of all the samples, while in
Figure 4(b), the trends of the THR are summarized.
Table 8 lists the most important results of the cone
calorimeter experiments. The role played by fumed
silica and metal hydroxides in decreasing the peak
HRR has been already observed in our previous
paper.® It is interesting to observe that SPC-PE has
a better flame behaviour with respect to the corre-
sponding PE sample. In fact, a strong reduction of
the pHRR and of the THR can be detected. Once
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Figure 4. Cone calorimetry curves of PE, OPT, SPC-PE and SPC-OPT samples. (a) HRR as a function of time and (b) total heat

released as a function of time.
HRR: heat release rate.

Table 8. Results of the cone calorimetry test on the pre-
pared samples.

TTI pHRR  THR FIGRA  mAHRE
Sample  (s) (kW/m?) (MJ/m?) FP, (kW/s m?) (kW/m?)
PE 129 712 188 0.18 22 311
OPT 115 246 18l 047 1.6 147
SPC-PE 59 491 126 0.12 22 28|
SPC-OPT 51 336 105 0.15 2.0 227

FIGRA: fire growth rate; FP;: fire performance index (FP;,=TTI/pHRR);
mAHRE: maximum of average heat release emission; pHRR: peak of heat-
release rate; THR: total heat released; TTI: time-to-ignition.

again, this effect is due to the higher crystallinity degree
of the DSK99 fibers. Also, the restriction of molecular
mobility due to the presence of the UHMWPE could
account for these results. The slight lowering of the TTI
values observed in SCP-OPT with respect to the SPC-
PE sample can be due to the poor quality of interface,
which creates shortcuts of diffusion of volatiles and
oxygen. It is important to underline that the pHRR
value of the SPC-OPT laminate is higher than that of
the corresponding OPT matrix, because in these lami-
nates, the fibers represent the weak point, as already
observed in the LOI tests. The SPC-OPT composite has
a lower pHRR (336 kW/m?) and THR (105 MJ/m?)
with respect to the SPC-PE, and thus its FP; is
higher. Moreover, the FIGRA and the mAHRE
values of the SPC-OPT laminate are also lower than
those detected for SPC-PE. These results confirm that
the synergistic effect played by the addition of nano-
silica and Mg(OH), in LLDPE can also be transferred
in SPCs, with important implications on the fire safety
of composite structures.

Conclusions

For the first time, PE-based single polymer composites
with improved flame-resistance properties were devel-
oped. The synergistic effect of fumed nanosilica and
metal hydroxides was exploited to produce a LLDPE
flame-resistant matrix, which was then reinforced with
UHMWPE fibers. Thanks to the selection of the
proper processing parameters, it was possible to pre-
pare SPCs with a limited porosity, in which the rein-
forcement retained the pristine mechanical properties.
SPC-OPT sample showed an increase in the elastic
modulus with respect to the SPC-OPT laminate, both
in longitudinal (+7.7%) and in transversal direction
(+22.5%) associated to a reduction of the strain
at break, especially in transversal direction. The elastic
modulus in the L-direction was lower than those
expected by considering the fiber volume fraction
and the stiffness of the constituents, which was partly
due to the fiber misalignment during the hot-
pressing phase.

The beneficial effect provided by the combination of
the two fillers on the thermal resistance and flame
behaviour of LLDPE matrix was also transferred in
SPCs, with positive outcomes on the fire safety of com-
posite structures. In fact, from TGA tests, it was dem-
onstrated that SPC-OPT sample showed a Ty
increase of 30°C and a Tyex enhancement of 85°C
with respect to the SPC-PE composite, coupled with
a higher OOT value (about 32°C). Moreover, the
LOI value of SPC-OPT was almost 5% points higher
than of the SPC-PE. Cone calorimetry tests highlighted
that SPC-OPT composite had a lower pHRR and THR
(and thus a higher FP;) with respect to the SPC-
PE laminate.
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