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Introduction

In recent years great attention has been
devoted from the polymer materials
research community to the study of the
characteristics of nanocomposites, especially
for what concerns the understanding of the
factors leading to the desired dispersion
(nanodispersion)  influencing the final
material properties.

In particular, researchers have focused
their attention on layered silicates (nano-
clays) addressing all the possible issues
related to the preparation of nano-
composites.'™ The addition of nanoclays
to a polymer matrix was proven to bring
unambiguous advantages in terms of
improved mechanical properties, thermal
stability, fire resistance, gas barrier, ete.1?]

Along the past decades, other kinds of
fillers, differing one from the other from
chemical and structural point of view, have
raised researchers’ attention. Reports can
be found in the literature concerning for
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Summary: In this paper we investigate the influence of various nanofilllers’ aspect
ratio, chemical nature and organic modification on some selected polypropylene
properties, such as crystallinity, thermal and mechanical resistance and fire beha-
viour. Materials were prepared by twin-screw extrusion and characterized by means
of scanning electron microscopy, X-ray diffraction, thermogravimetric analysis,
tensile and cone calorimeter tests. Fillers characteristics were found to influence
at different extents, and for different reasons, the material final properties.
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example carbon nanotubes,”®! polyhedral
oligomeric silsesquioxanes,w boehmites, !
layered double hydroxides,[gl all concerning
the dispersion of such fillers in a given
polymer and/or evaluating their influence on
the material final properties.

Nanofillers can be in general grouped
based on their aspect ratio, which is related
to their shape factor, as lamellar, tubular
or sphere-like; moreover, a key factor
characterizing these materials is the possi-
bility to modify them with organic tails in
order to make them more compatible with
the polymer matrices. Both these aspects
can strongly influence the polymer/filler
interactions and consequently the material
final properties.

As far as polypropylene based materials
are concerned, extensive work has been
done quite recently evaluating the influence
of the compatibiliser (typically polypropy-
lene-grafted maleic anhydride, PPgMA)/
clay ratio on the structure and properties
of the final materials."”! The clay aspect
ratio was also taken in to account by other
authors considering its influence on the
melt extensional properties.'!! Dong et al.
evaluated the effects of clay type, compa-
tibiliser/clay content and matrix viscosity
on the mechanical properties of polypro-
pylene/organoclay nanocomposites.m] Itis
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anyway worth noticing that the great
majority of the literature reports are deal-
ing, as far as layered silicate are concerned,
with the variation of the interlayer cation
chemical nature.[!)

When considering natural fillers other
than layered silicates only one report can
be found in the literature concerning the
influence of filler/polymer interaction on
the material final properties: recently
Bilotti et al. have indeed evaluated the
influence of the addition of different
functionalized polymers on the dispersion
of sepiolites in PP and on the final material
crystallinity and mechanical properties.m]

Up to now no reports are present in the
literature which address a comprehensive
study of the influence of the filler aspect
ratio and chemical nature on PP nanocom-
posites properties.

In this paper we want to evaluate the
influence of different nanofillers, character-
ized by various aspect ratios as well as
organic modification, on polypropylene
mechanical, thermal and fire properties
also establishing a relationship with the
obtained nanomaterial structure. The
comparative studies were exploited keep-
ing the same inorganic load for all fillers
(5 wt.%) in order to better evaluate the
possible influence of the different chemical
natures.

Materials and Methods

Polypropylene (PP) was a Basell Moplen
HPS500N. As far as layered materials are

Table 1.
Nanofillers characteristics.

concerned, we addressed two kinds of
system: a natural constituted by organically
modified Al/Mg phyllosilicates (montmor-
illonite — characterised by negative charged
lamellae) and a synthetic one composed by
amodified layered double hydroxide (hydro-
talcite — characterised by positive charged
lamellac). The montmorillonite was
exchanged with a dimethyl dihydro-
genated tallow ammonium, whereas the
hydrotalcite with a C16-C18 fatty acid.
We also took into account needle-like
(magnesium  hydrosilicate,  sepiolite,
needle size: 100-500nm length and 8-
20nm width) and cubic fillers (aluminum
oxide hydroxide, boehmite, primary
particle size 500-700nm) both in their
pristine forms. Nanofillers characteristics
and suppliers are listed in Table 1.

The material containing montmorillo-
nite was prepared with the addition of a
polypropylene-grafted-maleic ~ anhydride
(PPgMA, Polybond 3200 from Chemtura,
USA) as compatibiliser at 5wt.%.

Before processing nanofillers were dried
4 hours at 100 °C under vacuum.

PP nanocomposites were prepared by
using a Leistritz ZSE 27mm L/D 40 co-
rotating intermeshing twin screw extruder
(Figure 1). The screw speed was 230 rpm
and the temperature of the extruder was
maintained at 220 and 200 °C from hopper
to dye, respectively. Nanofillers were fed
from side-feeder and neat PP was sub-
mitted to identical processing to ensure the
same thermomechanical history.

The composition, which correspond to a
5 wt.% inorganic content (as determined by

Nanofiller Nanofiller type Organic modifier Supplier Filler shape
code factor
C20A Montmorillonite HT Southern Clay, USA Layer

| +

HBC—I?j— HT

CH,

Fl00 Hydrotalcite C16-C18 Fatty acid Akzo Nobel, Layer
The Netherlands

CD Sepiolite None Tolsa, Spain Needle
Disperal Boehmite None Sasol, Germany Cubic

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Screw profile used for the preparation of nancomposites.

TGA analyses, not reported here), of the
prepared materials is reported in Table 2.

The extrudates were injection moulded
to standard dog-bone shaped tensile speci-
mens for tensile tests according to ISO527-2
(1A) and further characterizations and to
100 x 100 x 6mm? plaques for fire perfor-
mance testing.

X-Ray (WAXRD) diffraction patterns
were obtained on a ARL XTRAA4S8 diffracto-
meter using Cu Ka radiation (A=1,54062
A). Radial scans were recorded in the
reflection scanning mode from 26 =5-25°
for PP, step-size 0.02° at 2°/min scanning
rate.

Scanning Electron Microscopy (SEM)
imaging was performed on a LEO 1450 VP
instrument on gold sputtered cryogenic
fracture surfaces.

Transmission electron microscopy (TEM)
were performed with a FEI TECNAI 100
instrument (accelerated voltage: 100kV);
the samples were cut using a Leica ultra-
cryomicrotome apparatus, obtaining sections
of 100-200nm thickness.

Differential Scanning Calorimetry (DSC)
analyses were run using a TA Q1000
instrument in hermetic aluminium pans,
under nitrogen flow (50 ml/min). Heating
rate was 10°C/min from 25 to 300°C
performing three successive runs (heating-
cooling-heating), on ca. 4 mg samples. The

Table 2.
Sample composition.

Samples Composition (Wt%)
PP 100
PP/F100 90/10
PP/CD1 95/5
PP/Disperal 95/5
PP/PPgMA 95/5

PP/ PPgMA /C20A 87.3/5/7.7

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crystallisation (T.) and melting (Ty,)
temperatures were evaluated as the
maximum of the crystallisation and melting
peaks, respectively, with a £0.5 °C tolerance
and the degree of crystallization was calcu-
lated from the peak enthalpy area normal-
ized to the actual polymer weight fraction
according to:

B AH,,
AH,(,,)/l X anlymer

where AH,, is the melting enthalpy (calcu-
lated as the area under the melting peak),
AH°®, is the theoretical melting enthalpy for
PP (equal to 165 J/g!"*!) and W poiymer is the
polymer mass fraction. Values were derived
from single DSC analyses for each sample.
Thermogravimetry (TGA) was performed
on a TA Q 500 instrument, on ca. 10mg
samples (from extruded material), in
Platinum pans, with gas fluxes of 60 ml/min
for sample gas (nitrogen or air), and
40ml/min for balance protection gas
(nitrogen) heating at 10 °C/min between
50 and 800°C. Tso, was defined as the
temperature at 5% of weight loss
and T as the maximum weight loss
rate temperature (i.e. derivative TGA,
peak temperature). Tse, and T, were
measured within a +3°C tolerance on
single runs.

Combustion tests were performed on
a Fire Testing Technology Cone Calori-
meter according to ISO 5660, on
100 x 100 x 6 mm?> specimens, prepared by
injection moulding. Tests were performed
at S0kW/m? external heat flux, in order to
evaluate the fire properties of the compo-
sites in conditions comparable to a
developing fire scenario; ™! specimens were
wrapped in an aluminium foil leaving the
upper surface exposed to the radiator and

Xc x 100
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placed on ceramic backing board at a
distance of 25mm from the heating cone
base. Three tests for each sample were
performed and in the following section the
average values will be discussed.

Tensile tests were performed according
to the UNI EN ISO 527 on a Zwick Roell
Z010 testing machine with crosshead speed
of 50 mm/min. The data reported represent
the average of at least 10 successful tests.
The experimental error was £3% for E,
and +25% for g,. Samples were put under
vacuum after injection moulding and kept
in the same conditions until testing.

Results and Discussion

Morphology
Structural characteristics of the prepared
samples were assessed through SEM and
XRD analysis.

Figure 2 shows SEM micrographs
obtained for each sample.

Both layered materials display a quite
good compatibility with the polymer
matrix, as we can observe on the fracture

surface the presence of well distributed
small residual aggregates (Figure 2a
and 2b).

It is also worth noticing that sepiolite
CD1, despite being completely inorganic,
shows a good level of interaction with PP
with a good distribution of small aggre-
gates, even though some large residual
aggregates can be identified (Figure 2c) in
the micrograph.

Disperal, on the other hand, presents a
very poor compatibility with the matrix
with very large (ca. 40 pm) residual aggre-
gates on the fracture surface (Figure 2d)
whereas Disperal primary particle size is
500-700 nm.

The dispersion of the fillers in the matrix
was determined by XRD, with the excep-
tion of CD1 and Disperal whose XRD
pattern, being these non swelling materials,
is not influenced by their dispersion in
polymers.

Despite the good level of distribution, a
very poor degree of dispersion is observed
through XRD analysis for C20A. Indeed
the main diffraction peak of the pristine
material, centred at 26 3.7 (corresponding

Figure 2.

SEM micrographs nanocomposites: PP + C20A (a), PP + F100 (b), PP+ CD1 (c), PP + Disperal (d).

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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XRD spectra of organoclay nanocomposites based on C20A (a) and Fi00 (b).

to an interlayer distance of 2.4nm) is not
shifted after processing with PP.

To further investigate C20A dispersion
and to understand better the important
properties improvements observed upon
the addition of this clay (vide infra), TEM
analyses were performed, which reveal a
complex morphology ranging from micro-
composite (due to the presence of large
residual aggregates) to a partially exfo-
liated structure with small tactoids distrib-
uted in the polymer matrix (Figure 4b).

The difference with the morphology
derived from XRD analysis (microcompo-
site) may be attributed to a variation of clay
dispersion from nano to microcomposite
going from the inner core (TEM/SEM) to
the outer layer (XRD) of the injection
moulded specimen, as already pointed out
by Lee et al for a thermoplastic polyolefin
based material.['%]

Figure 4.
TEM micrographs of the system containing cloisite at different magnifications: 12500X (a) and 60000X (b).

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

F100 based system shows an intercalated
structure as the main diffraction peak,
located at 26 3.7 for the pristine material, is
shifted to 26 2.2 after processing, with an
increase of the interlayer distance of
1.7nm (from 2.4 to 4.1nm). This result
gains even more prominence considering
that the material containing F100 was
prepared without any compatibiliser. It is
therefore likely that the negatively
charged organic modifier of F100 creates
a chemical environment more suitable to
the insertion of PP chains in between the
layers. It is worth noticing that the initial
interlayer distance of both clays is the
same and therefore the reason of a higher
interaction has to be found in the chemical
nature of the clay galleries. Indeed

organically modified hydrotalcites are
known to exfoliate in polyolefins, such as
polyethylene.

[17]
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Effect on PP Crystallization

The influence of the addition of the
nanofillers on PP crystallization was
evaluated by means of XRD and DSC
analysis.

In Figure 5 and 6 we report the XRD
diffraction patterns of the spectrum portion
related to PP crystalline phase.

Blank PP and PP+ PPgMA show the
typical XRD diffractogram of the mono-
clinic a phase of iPP. Occurrence of (3-
modification (26 16) is also observed which
is common for commercial grades of
meltcompounded iPP.*®!

Filled PP crystallizes with the same
phase of the pristine polymer with however

%//\\Mx@
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Figure 5.
XRD spectra, PP crystalline phase region, of PP (a),
PP + F100 (b), PP+ CD1 (c), PP + Disperal.
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Figure 6.
XRD spectra, PP crystalline phase
PP -+ PPgMA (a), PP + PPgMA + C20A (b).

region, of

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a significant variation of the intensity ratio
between two XRD peaks (110 diffraction,
peak T and 040 diffraction, peak II) in all
composites. This can be attributed to a
preferential growth of PP crystallites well
ordered along the b direction.

These results are even more prominent
if we consider the system containing C20A
(Figure 6), for which the (040) orientation is
such that all the other diffraction signals
have almost the intensity of the background
noise. Therefore this material is crystal-
lizing almost only along the (040) direction,
thus evidencing a very high degree of
interaction with the filler.

The same effect on the o phase of PP was
already reported in literature for PP
composites filled with nanoparticles such
as calcium phosphate, talc, pyrophyllite and
organophilic clays (montmorillonite and
attapulgite)!'*23),

Furthermore, the induction in PP of very
ordered structures around the sepiolite
(called mesophase or interphase), different
from those in the unfilled matrix, was
already observed®*®! and a preferential
PP orientation was found by our research
group.?¢!

We can therefore conclude that a strong
interaction is established between the PP
macromolecules and the fillers as they can
strongly influence the crystallisation beha-
viour of the matrix. In particular we can
observe that the ratio Peakl/PeakIl
decreases from F100 to Disperal/CD1 to
C20A.

The crystallisation behaviour of the
materials was further studied through
DSC analysis in particular taking in to
consideration the crystallisation tempera-
ture from the cooling scan and the degree of
crystallinity calculated from the melting
enthalpy of the first and second heating
scan (Table 3).

For all the studied systems, with the
exception of F100, we can identify an
increase in the crystallisation temperature
indicating a nucleation promotion played
by the nanofillers; this being particularly
evident in the case of C20A (+ 12°C) and
Disperal (4 7°C).

www.ms-journal.de
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Table 3.
DSC Crystallinity data and crystallisation values.
SAMPLE T(°Q)  X(%) X(%)
I scan Il scan
PP 115 53 64
PP + PPEMA 10 49 54
PP -+ PPgMA + C20A 122 52 62
PP + F100 14 54 65
PP+ CD1 18 57 60
PP + Disperal 122 53 59

When we consider the matrix crystal-
linity we can evidence that the addition of
the fillers has a scarce influence on the as-
prepared specimens (first scan) whereas we
can underline an increase of the degree of
crystallisation upon addition of C20A
(AX.=6%) as calculated from the DSC
second scan. All the other systems have
almost no influence.

Thermal Behaviour

The influence of nanofillers on the thermal
degradation behaviour of PP was explored
by means of TGA performed in inert and
oxidising atmospheres; results are shown in
Figure 7.

During heating under nitrogen, PP
thermally degrades in a single step to
volatile products above 350°C (Tso,
416°C, Tpax 462°C, Figure 7a) through
a radical chain process propagated by
carbon-centred radicals that arise from
carbon—carbon bond scission.””l A very

—_ ——PP+Pol
E, 604 —8— PP+POHC20A
= —e&—PP+F100
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g 1—o—rr+0kpenal
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o

similar ~behaviour is observed for
PP+ PPgMA (Table 4). In general the
addition of nanofillers has a scarce influ-
ence on PP thermal degradation, with the
exception of C20A and CD1; indeed upon
the addition of these fillers, PP weight loss
is anticipated, especially as far as Tyax 1S
concerned (Table 4).

This behaviour was already observed
by Marcilla et al.?®! and by Tartaglione
et al.** for sepiolites and attributed to a
catalytic action, likely to happen with a
mechanism similar to the catalytic thermal
cracking of alkanes that occurs using
zeolites.

An analogous catalytic effect was also
reported by other authors for PP nano-
composites filled with lamellar layered
organoclays in which, very similarly to
what happens in the systems treated here,
despite a slightly delayed thermal degrada-
tion in the early stage of weight loss, the
main volatilization step was accelerated.*”!
We must also underline that the material
containing C20A degrades much faster
than all the other systems, as can be
recognised analysing the derivative weigh
loss peak which is much sharper and higher
in intensity than the others. The catalytic
action of layered silicates on PP thermal
degradation is confirmed by the fact
that PP-fluorohectorite nanocomposites,
in which acid silanols are absent being

replaced by fluorine atoms, show a
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TGA and differential thermogravimetric analysis (DTG) curves in nitrogen (a) and in air (b).
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Table 4.
Degradation temperatures in nitrogen and in air.

Samples Tsoo N, (°C) Tmax N2 (°C) Tso, air (°C) Tmax air (°C)
PP 416 462 266 323
PP + PPgMA 416 466 268 327
PP + PPgMA + C20A 427 454 300 436
PP+ CD1 420 454 260 362
PP + F100 389 469 291 393
PP + Disperal 417 467 262 327

stabilisation effect towards PP thermal
degradation."!

In air, above 200 °C the radical chain
thermal volatilization is initiated by H
abstraction from PP by oxygen.[27] Volati-
lization begins in TGA below 270 °C (Tse, ),
with Tpax at 324°C (solid line, Figure 7b
and Table 4), and is completed before the
temperature of the initiation of the pure
thermal degradation process (400°C) is
reached (dotted line, Figure 7b). A very
similar  behaviour is observed for
PP + PPgMA (Figure 7b and Table 4).

From Figure 7b we can clearly see that
layered fillers play an important role in
protecting PP from degradation by retard-
ing both the weight loss onset and max-
imum degradation temperature, yet with
noticeable differences between montmor-
illonites and hydrotalcites. Indeed F100
increases PP Tso, of about 25 °C and T}, of
70°C whereas a much higher effect is
noticed with C20A which shifts PP Tse,
of from 266 to 300 °C and T, from 323 to
436 °C (Table 4). It is worth noticing that by
increasing PP Ty, of more than 110°C,
C20A makes the polymer degrade at
temperatures very close to those in nitro-
gen; in particular we can observe that at a
temperature coincident with that of PP
onset degradation in nitrogen (Tso,, 416 °C)
there is still a considerable amount of
material to be degraded for the system
containing C20A (ca. 50%) whereas the
pure polymer concludes its degradation
process at temperatures far below this one
(ca. 375°C).

Layered fillers are well known to protect
polymeric materials from thermoxidative
degradation by behaving as superior
insulator and mass transport barrier to

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the volatile products generated during
decomposition and to the oxygen from
the gas phase to the polymer.!"! The higher
efficiency of montmorillonite if compared
to hydrotalcite can be associated to the
former higher aspect ratio which promotes
the formation of a more efficient superficial
barrier layer.[31]

Another significant feature to be con-
sidered is the shape of the two derivative
curves, which is in both cases extremely
asymmetrical with respect to that of the
pure polymer with very low rates at the
beginning of the degradation and ending
with a very high weight loss rate at higher
temperatures. This is due to the fact that in
the low temperature side of the derivative
curves PP ablation gradually leads to
formation of a surface ceramic barrier layer
which partially screens oxygen, thus limit-
ing the weight loss rate increase with
temperature as compared to clay-free PP.
The protecting action of the inorganic skin
makes part of PP to survive until tempera-
tures are reached (above 400°C) at which
thermally initiated carbon-carbon bonds
scission becomes possible, thus contribut-
ing to volatilisation in addition to oxygen
initiated degradation in the high tempera-
ture side of TGA derivative curves. This
behaviour was already observed for PP
systems containing carbon nanotubes.%?!

Also sepiolites partially protect PP from
degradation by increasing T, of about
40°C; this was already observed in a
previous work of ours and attributed both
to the formation of a protective layer, as
in the case of layered fillers, and to the
sorptive properties of sepiolites towards
volatiles and oxygen itself.”®! The lower
stabilization effect brought by sepiolites

www.ms-journal.de
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may be attributed to their shape factor
(needle-like) which, by cumulation of the
clay on the surface of degrading nanocom-
posite, leads to a less effective barrier than
in the case of layered inorganics.

Disperal has almost no influence on the
degradation pattern, this could be due to
either the low level of dispersion/distribu-
tion or to the low aspect ratio.

Mechanical Properties

The mechanical properties of the prepared
materials were addressed by means of
tensile tests. The results are reported in
Figure 8 and Table 5.

From a general point of view, the tensile
modulus of a polymeric material has been
shown to be remarkably improved when
nanocomposites are formed with layered
silicates.[?!

From Table 5 and Figure 8§ it is clear
that the fillers play different roles in
influencing the mechanical properties of
PP. Montmorillonite C20A increases to a
large extent PP Young’s modulus (ca. 76%)
thereby significantly decreasing elongation
at break and generating a fragile material.
The same trend, even though at minor
extent, can be observed for sepiolite CD1
with an increase of the Young’s modulus of

about 46% and a similar decrease in the
elongation at break.

The increment in modulus is attributed
to the reinforcing effect of dispersed
nanofillers with high aspect ratio which
act as efficient stress transfer agents, on the
other hand the fragile behaviour is attrib-
uted to the fraction of poorly dispersed
nanoparticles as determined by SEM and
TEM observations.

Hydrotalcite F100 and Disperal have a
negligible influence on Young’s modulus
values, in the first case this may be
attributed to the lower strength and aspect
ratio®"! and higher flexibility of the
layers®®! with respect to montmorillonite
and in the second case to the low aspect
ratio and poor dispersion. Special attention
must indeed be dedicated to the elongation
at break as F100 limits its decrease with
respect to the other fillers; this could be due
to a limited plasticizing effect is provided by
the Cy6-C;g modifier present in F100.54

The differences encountered comparing
the same filler typologies (silicates:
montmorillonite C20A and sepiolite CD1)
can be ascribed to the different aspect ratio
that makes layered ones more suitable to
provide a reinforcing effect, also taking
into consideration the lower degree of
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Figure 8.
relative Young’s modulus (a) and elongation at break (b).
Table 5.
Mechanical performances.
Samples PP PP + PPgMA PP + PPgMA + C20A PP+ CD1 PP+ F100 PA6 + Disperal
E (MPa) 1570 1520 2680 2290 1680 1850
& (%) 151.5 221.1 3.6 9.4 60.9 20.8

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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distribution of C20A evidenced by SEM
analysis (Figure 2). It is worth noticing that
the role plaid by C20A cannot be attributed
to an increased PP crystallinity (Table 3, first
scan data), which may account for an
increased Young’s modulus, but has to be
strictly related to the reinforcing effect
provided by the clay platelets.

It is therefore clear that, as far as
mechanical properties are concerned, both
dispersion and chemical nature of the filler
play a fundamental role.

Combustion Behaviour
Combustion tests were performed by
means of a cone calorimeter apparatus.
Layered silicates and hydrotalcites are well-
known to reduce the rate of combustion
of polymeric materials.'*>3¢! In the case
of montmorillonites, the nanocomposites’
flame retardant mechanism involves a high-
performance carbonaceous-silicate char,
which builds up on the surface during
burning. This insulates the underlying
material and slows the mass loss rate of
decomposition products.[37]

On the other hand, the flame retardant
performances of hydrotalcite in micro-
composites in the mass loss calorimeter
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N'E‘ —a— PP+CD1

E 900+ —o— PP+Disperal
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T
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[ T T T
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Figure 9.

Cone calorimeter curves. Heat Release Rate vs. time

Table 6.
Cone Calorimeter results (percentage reduction with

were explained by the heat absorption
related to the water loss over a wide
temperature range.BS] The authors, in
particular, compared by cone calorimeter
the performances of hydrotalcites and
boehmites microcomposites in  poly-
(ethylene-co-vynil acetate), the former
being much more effective as flame a
retardant, because of boehmite’s lower
water production and heat absorbed by
the decomposition reaction.

For the systems studied in this paper, the
heat release and mass curves as a function
of time are reported in Figure 9 and some
significant combustion values are reported
in Table 6.

It is clear also in this case that the fillers
act differently in protecting PP from
combustion, the best performances in terms
of HRR being obtained with montmorillo-
nite C20A with a 60% reduction of pkHRR
although no significant differences were
encountered as far as total heat released
is concerned (THR, Table 6). Good
performances are also observed with
hydrotalcite F100 with a pkHRR decrease
of about 45%, CD1 and Disperal displaying
a limited influence on pkHRR reductions
(Figure 9a). The results showed for

B) 100 ——PP
—*— PP+Pol
—=— PP+Pol+C20A
80 —e— PP+F100
< —a— PP+CD1
2 60+ —o— PP+Disperal
2
= 40
20
0 -
0 200 400 600 800
Time [s]

(a) and mass (normalized on initial weight) (b).

respect to matrix).

Samples PP PP+ PPgMA PP+ PPgMA+ C20A PP+ CD1 PP + F100 PP + Disperal

pkHRR (kW/m?) 1470 (—) 1365 ()
THR (M)/m?) 222 (—) 219 (—)

545 (60) 1290 (12) 840 (42) 1440 (2)

198 (9) 213 (4) 209 (6) 212 (4)

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hydrotalcite 100 are well in line with what
reported by Manzi-Nshuti et. al for PP
systems without compatibiliser.*®!

The shape of the curve is also of major
importance, developing from the one
typical of non charring materials in which
a steady HRR is only marked by a shoulder
in the early stages of the burning process
with a subsequent increase of HRR, to the
one typical of thermally thick charring
(residue forming) samples which shows an
initial increase in HRR until an efficient
char layer is formed and, as the char layer
thickens, HRR decreases.["! The former
being observed in pristine PP and in the
materials containing Dsiperal and sepiolite
CD1 and the latter partially in that contain-
ing hydrotalcite F100 and in a more evident
way in that containing montmorillonite
C20A, in the latter case also accounting
for an increase in the burning time from ca
300 sec to more than 700 sec.

The lower combustion rate for the system
containing C20A resulted in an overall slower
weight loss as compared to neat polymer
(Figure 9b). On the other hand, the other
systems do not present significant differences
as far as the weight loss is concerned.

The mass loss rate, not shown here,
follows the same trend of the heat release

PP+F100

Figure 10.
Combustion tests residues.

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rate shown in Figure 9 with lower values for
the systems containing F100 and C20A.

We believe that C20A and CD1 act in
the same manner in protecting a polymeric
material form combustion, i.e. through the
formation of a superficial ceramic layer
which prevents material from burning. It is
therefore clear that layered fillers are in this
case more effective in creating such layer.

As far as hydrotalcite F100 and Disperal
are concerned, we have reported above that
the water formation upon degradation is
one of the key factors for their role as flame
retardants;*>! apparently this feature does
not allow F100 to influence PP combustion
behaviour in the same manner as C20A,
nevertheless its good dispersion, if com-
pared to Disperal, makes it more efficient,
dispersion being recognised as one of the
key factors to allow a good flame retardant
action of hydrotalcites.*”!

These statements are confirmed by
analyzing the combustion residues
(Figure 10) especially considering that PP
and PP + PPgMA, not shown here, leave no
residue at the end of the test.

The ability of a fire retardant to promote
char formation upon combustion is one of
the possible mechanisms of action of this
class of materials. From Figure 10 it is

PP+CD1

PP+Disperal

www.ms-journal.de
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therefore clear the reason why the best
performing materials are, in this respect,
layered silicates, due to the partial carbo-
nization of the residue, as evident from
the black spots present on the otherwise
white ceramic structure. This feature is not
present in the other systems, accounting for
their lower efficiency. In particular for F100
the white residue left belongs only to the
de-hydrated structure of the filler and
therefore its flame retardant action can
be ascribed to a combination of barrier
provided by the ceramic layer and flame
quenching due to water emission, without
any char formation.

In a previous work of ours*”! we draw
the same conclusions for PA6 based
systems but in that case montmorillonite
and organic hydrotalcite performances
were very similar under cone calorimeter
analysis. We can hypothesize that this can
be due to the higher effect that water flame
quenching has on PAG6 rather than on PP
combustion process. It is again clear that
the possible mechanisms of action of the
various fillers not only depend on the filler
itself physical or chemical nature but
also on the polymer base taken in to
consideration.

The combustion residues of the materials
containing F100 and Disperal are very
similar, this confirming the fundamental
role played by low-temperature dispersion
on flame retardancy performances.

Conclusion

In this paper we evaluated the influence of
nanofillers chemical nature, shape factor
and organic modification on some selected
PP characteristics, ranging from crystal-
linity (through XRD and DSC) to mechan-
ical properties, to thermal resistance and,
finally, combustion behaviour. The choice
was to keep the same inorganic content in
order to better evaluate the real influence
of the above factors on the final material
properties.

We evidenced that all aspects are
important in determining the material

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

performances. In particular, the low tem-
perature properties, such as crystallinity
and mechanical properties are strongly
influenced by the inorganic nature and
dispersion of the filler and by the chemical
nature of the compatibiliser. Among
natural fillers, montmorillonite C20A
promotes PP chains orientation along the
b direction and tends to increase material
stiffness (higher Young’s modulus). On the
other hand, although scarcely influencing
PP stiffness, probably because of the poor
mechanical properties of the layers, and
despite a good compatibility with the
matrix, organically modified hydrotalcite
F100 was found not to decrease to large
extents its ductility due to the plasticizing
effect of the C4-Cig anion present in the
interlayer.

The poor dispersion of Disperal in PP
may account for its overall negligible
influence on PP mechanical properties.

Both the chemical nature of the filler,
its shape factor and the original (low
temperature) dispersion were all found to
play a key role as far as high temperature
properties are concerned. In particular we
observed that natural clays catalyze PP
thermal degradation due to the catalytic
action of acidic sites on the filler surface.
The same is not observed for hydroxides,
which have very poor influence, if any, on
PP degradation mechanisms.

The addition of all fillers, with the exception
of Disperal, was found to be beneficial in
increasing the thermoxidative resistance
of the polymer; the scarce influence of
Disperal being ascribed, as for all other
properties, to its poor dispersion in PP. On
the other hand, among natural fillers, the
best performances of C20A are attributed
to its higher aspect ratio as compared to
CD1; conversely, despite its higher aspect
ratio and compatibility with PP, F100 has
a lower protecting action as compared
to C20A most probably because its lower
mechanical resistance that makes the
barrier protection less effective.

A combination of charring promotion
and flame quenching makes F100 behave as
an efficient flame retardant. The pkHRR

www.ms-journal.de
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values obtained with this filler are never-
theless higher than those obtained with
C20A, which is a more efficient char
promoter (as determined by analyzing the
residues after cone calorimeter tests) due to
the well-known barrier mechanisms played
by layered silicates during combustion.
Layered silicates are also more efficient
as flame retardants than needle-like ones
due to their higher tendency to promote
charring again probably because of the
easiness to build up a homogeneous
protective ceramic layer.

On the other hand, despite being able of
flame quenching, due to water elimination
during degradation, Disperal has almost no
role as flame retardants because of the poor
efficiency, which is a consequence of poor
dispersion.
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