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Abstract

The aim of this study was to examine the effect of the polypropylene based resin on the properties of organoclay—PP nanocomposites

prepared by melt compounding using a twin screw extruder.

The characterization of the obtained materials was performed by X-ray diffraction (XRD), transmission electron microscopy (TEM),
thermogravimetric analysis (TGA), melt flow rate (MFR) and mechanical tests.

The study has shown the effect of the polymer matrix molecular weight on the possibility of producing by melt compounding
nanocomposites based on PP homopolymers or heterophasic PP-PE copolymers and an organically modified montmorillonite, in presence of

maleic anhydride-modified polypropylene (PP-g-MAH).

An increase of mechanical properties was achieved both for homopolymers and heterophasic copolymers. However the reinforcing effect
of clay dispersed in heterophasic copolymers was not as high as found for the homopolymers.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In order to extend the standard polyolefins (PO)
properties and to compete with other materials, the most
important polyolefin producers are strongly interested in
evaluating and exploring nanofillers as an alternative to
conventional reinforcing agents like talc, wollastonite,
calcium carbonate, etc. This quite recent nanotechnology
is appealing as it seems to be able to overcome certain
application limits of existing PO grades. Properties
enhancement is a consequence of both higher specific
surface area and higher aspect ratio, in comparison with
conventional fillers [1-3].

Direct dispersion of a phyllosilicate in the molten
polymer with an extruder or a discontinuous batch mixer
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allows to prepare intercalated or exfoliated lamellar
nanocomposites [3]. In the first case polymer chains are
intercalated in the galleries, in the second case the
delaminated silicate is homogeneously dispersed in the
matrix [3-7].

The dispersion of clay layers in the molten polymer
depends on thermal diffusion of polymer molecules in the
interlayer space galleries and on mechanical action due to
mixing devices [8]. Thermal diffusion is favoured by
making the galleries chemically compatible with the
polymer, for example by exchanging interlayers inorganic
clay cations with organic cations such as the alkylammo-
nium cations used in commercial ‘organoclays’ [9,10]. In
the case of non polar polymers (e.g. polyolefins) an
additional compatibiliser is used to obtain the nanocompo-
site [11-14].

The mechanical dispersing action depends on processing
parameters such as compounding equipment, geometry of
mixing elements and rheological characteristics of the
polymer [15].

Either intercalated or exfoliated structures were observed
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when PP, both homopolymers and heterophasic PP-PE
copolymers, were compounded with a relatively small
amount of organophilic montmorillonite in presence of PP-
g-MAH which promotes clay exfoliation and adequate
interfacial adhesion between filler and polymer [16,17].

The goal of this work is to investigate the effect of
polymer structures on nanocomposite properties. In par-
ticular, the effect of polymer molecular weight in materials
prepared via melt compounding of either homopolymers or
heterophasic copolymers in presence of PP-g-MAH as a
compatibilizer was studied.

2. Experimental

2.1. Materials

Commercially available grades of homo and hetero-
phasic PP produced by Basell Polyolefins S.p.A. were used
in this work. The principal features of the virgin polymers
are reported in Table 1. All of them are currently
manufactured with the same catalytic system and the same
technology.

The homopolymers have a different MFR ranging from
0.5 to 25 g/10 min at 230 °C. In the heterophasic copoly-
mers an ethylene propylene rubbery phase is finely
dispersed into the homopolymer matrix. The relative
amount of rubber (XS, Table 1) is comparable in the three
samples (15-17%) whereas MFR is varied from 0.4 to 12
g/10 min at 230 °C.

The selected compatibilizing agent was a PP-g-MAH
containing 1 wt.-% of grafted maleic anhydride with a MFR
of 110 g/10 min at 230 °C (Polybond 3200, Crompton
Corp.).

A natural montmorillonite exchanged with dimethyl
dihydrogenated tallow quaternary ammonium chloride
(Cloisite 20A, Southern Clay Products) was used as

Table 1

Principal properties of neat polymers

Sample Commercial MFR XS* (%)
name (g/10 min)

Homo 1° Hostalen PP 0.5 -
YD50G

Homo 2 Moplen 6 -
HP501L

Homo 3 Moplen 25 -
HP400R

Hetero 1° Hostalen 0.4 15
PP861

Hetero 2 Moplen 1.5 17
EP440G

Hetero 3 Moplen 12 15
EP540N

2 X8, relative amount of rubber, wt%.
® Homo, homopolymer.
¢ Hetero, heterophasic copolymer PP-PE.

nanofiller. It has an average particles diameter of 8 pum
and and a cation exchange capacity of 95 mequiv./100 g.

2.2. Melt processing

The composites were prepared in a corotating intermesh-
ing twin screw extruder (Leistritz ZSE18HP-40D, d=
27 mm, 1/d=40) with a screw speed of 400 rpm and a
residence time in the range 30-45 s. The processing con-
ditions were optimized for each nanocomposite and they
were in any case in the following range of values: molten
temperature = 190-218 °C, torque =23-48%, die pres-
sure=13-39 bar. The proportions of the composites
constituents were chosen as follows: PP=88 wt.-%,
nanofiller =5 wt.-%, PP-g-MAH =7 wt.-%. The composites
were obtained mixing the neat polymers with a premixed
master (PP-g-MAH and nanofiller), previously prepared in
the same extruder. The set thermal profiles of the extruder
are reported in Table 2. In order to produce reference
materials the neat polymers, PP and PP-g-MAH, were under-
gone the same treatment in the extruder as the composites.

2.3. Characterization

2.3.1. X-ray diffraction (XRD)

XRD analyses were performed at room temperature
using a Philips X’Pert X-ray diffractometer, from 26 2° to
260 9°, with a step scan of 0.02°. The X-ray source was a
tungsten filament tube with a Cu-target (K, =1.542 A).

2.3.2. Transmission electron microscopy (TEM)

TEM measurements were performed with a high
resolution transmission electron microscope Philips TEC-
NATI 100. Ultrathin sections of about 100 nm were cut with a
Reichert FCS microtome equipped with a diamond knife.

2.3.3. Mechanical properties
The specimens for the mechanical testing were prepared
in accordance with ISO 294 and conditioned for 40 h at
2342 °C and 50 5% relative humidity following ISO 291.
The flexural and elongational properties were determined

Table 2

Extruder thermal profiles for master and composites
Zone Setting temperatures (°C)

Master Composites

1 190 195
2 195 195
3 195 195
4 200 200
5 195 200
6 195 200
7 200 210
8 200 210
9 185 220
Die 180 220
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in accordance with ISO 178 using an Instron 4301
instrument on injection-moulded specimens, prepared
following ISO 294-1 (length=80+2 mm, width=10%+
0.2 mm and thickness=4.0+0.2 mm).

Impact strength was measured with a Ceast 6545
pendulum-type hammer striking a notched specimen with
a 0.05 mm notch (ISO 180). Heat deflection temperature
was evaluated with a Ceast HDT 6 placing the specimen in
an oil bath under a load of 460 kPa (ISO 75).

Finally, the dimensional stability of the samples was
estimated as shrinkage effects during the cooling phase on
both the length and the width of the specimens and
coefficient of linear thermal expansion (CLTE) in accord-
ance with ASTM D-696.

2.3.4. Thermogravimetric analyses (TGA)

Thermogravimetries were carried out in nitrogen or air
(60 cm3/min) in a Q500 TA Instruments thermobalance,
heating from 50 to 800 °C at 10 °C/min.

3. Results and discussion

3.1. Morphology

The resulting morphologies were monitored by means of
XRD and TEM for characterizing the nanoscale dispersion
of the layered silicate [18]. The X-ray diffraction results of

the composites based on homopolymers and the clay used
for their preparation are reported in Fig. 1. They show in the
case of samples Homo 1 and Homo 2 the formation of a
mainly intercalated nanocomposite morphology. In fact the
lower 20 values diffraction peak of the composite materials
indicates a bit larger clay interlayer spacing (d=2.60 and
2.52 nm respectively) in comparison with Cloisite 20A (d=
2.32 nm).

For the sample at high MFR (Homo 3) the diffraction
signal decreases in height as compared to those of the
organoclay and of samples Homo 1 and Homo 2 in Fig. 1
and it indicates that extensive delamination should be
obtained in this case.

TEM micrographies of samples Homo 1 and Homo 3 are
shown in Figs. 2 and 3, respectively. These pictures confirm
that delamination of the clay was achieved in both cases
with a somewhat better dispersion of the nano-sized
particles within the matrix in the case of sample Homo 3.

The X-ray diffraction results of the composites based on
heterophasic copolymers and the clay used for their
preparation are reported in Fig. 4. For sample Hetero 2 a
microcomposite morphology should result because the low
20 values diffraction peak indicates the same interlayer
spacing of Cloisite 20A (d=2.32nm). In the case of
heterophasic copolymers only the sample Hetero 1 has a
mainly intercalated morphology indeed its diffraction peak
value indicates a bit larger interlayer spacing (d=2.55 nm)
in comparison with Cloisite 20A (d=2.32 nm).

8000
Cloisite 20A d=2.32nm
7000 -—-—-—Homo 1 d =2.60 nm
s HOMO 2 d=2.52 nm

6000

5000

4000

counts/s (a.u.)
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2000 |

1000
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Fig. 1. X-ray diffraction patterns of composites based on homopolymers and the clay used for their preparation (Cloisite 20A).
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200 nm

Fig. 2. TEM image for nanocomposite based on sample Homo 1.

Fig. 3. TEM image for nanocomposite based on sample Homo 3.
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Fig. 4. X-ray diffraction patterns of composites based on heterophasic copolymers and the clay used for their preparation (Cloisite 20A).

Even for heterophasic copolymers extensive delamina-
tion seems to be obtained for the sample at high MFR
(Hetero 3) as in the case of homopolymers.

3.2. Mechanical properties

In Tables 3 and 4 the results of physical-mechanical
testing for both the base polymers (PP homopolymers, or
PP-PE, +PP-g-MAH) and the composites are reported.

In the top of the tables the responses of the strain—stress
behaviour are summarized. The chord modulus represents
the ratio of stress to strain at a specified level of strain
(3.5%). The impact test results, the heat deflection
temperatures, the shrinkage and the coefficient of linear
thermal expansion are reported too.

By comparing these results some general considerations
can be extracted; for all the composites a remarkable
increase of modulus, larger for homopolymers (28—-49%) as
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Fig. 5. Modulus enhancement vs. MFR.

compared to heteropolymers (24-33%), was observed. The
reinforcing effect increases with increasing delamination
of the organoclay as shown in Fig. 5 where modulus
improvement increases with increasing MFR. Indeed, XRD
shows that with increasing MFR, morphology tends to
evolve from intercalation to delamination (Figs. 1 and 4).

A trend similar to modulus is shown in Fig. 6 by the
increase of yield strength in composites which is related to
the quality of the crystals in the crystalline regions [19].

An improvement of the dimensional stability was
achieved for composites till to a maximum reduction of
25% for the homopolymer with the highest MFR (CLTE
0-30 °C, Table 3). Furthermore a less evident increase of
yield stress and HDT occurred for the composites together
with a lower shrinkage.

The decrease of the MFR found in composites can be
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Fig. 6. Yield stress enhancement vs. MFR.
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Table 3
Physical-mechanical features of base polymers (PP homopolymers + PP-g-MAH) and composites

Standard Homo 1 Homo 2 Homo 3

deviation

Base polymer  Composite Base polymer  Composite Base polymer  Composite

Chord mod. (MPa) 10 1497 1909 1512 2112 1375 2051
Stress at 3.5% (MPa) 0.1 333 36.9 339 40.5 31.6 39.4
Yield strength (MPa) 0.1 34.5 36.5 34.4 36.7 32.7 35.1
Elong. at yield (%) 0.1 10.0 8.7 9.7 7.7 10.1 7.7
Elong. at break (%) 10 150 8 170 90 150 50
Impact str.-Izod 0.1 35 3.0 3.7 3.7 2.6 2.6
(at 23 °C) (kKJ/m?)
HDT at 1.8 Mpa (°C) 2 55 58 54 58 52 59
4" Length shr.* (in/in) 10° 0.05 1.7 1.7 1.3 1.0 1.4 1.0
6" Width shr.” (in/in) 10 0.05 1.9 1.7 1.3 1.0 14 1.0
CLTE 0-30°C (107°°C™ )¢ 0.1 9.9 7.7 10.1 7.0 9.2 6.8
CLTE 30-60 °C 0.1 12.0 10.5 12.5 9.5 114 9.0
(10—5 °Cc™ l)c
CLTE 60-90°C (107°°C~")° 0.1 15.3 13.4 15.9 13.1 14.9 12.4
MEFR (g/10 min) 0.1,1,2 0.5 0.4 6 4 25 18

Homo 1-2-3

* Length shr.=length shrinkage.
® Width shr.=width shrinkage.
¢ CLTE=coefficient of linear thermal expansion.

associated to the nanodispersion of the Cloisite 20A: indeed
the value of Hetero 2 which is a microcomposite is the only
one that is unaffected by addition of the organoclay (MFR:
1.5 and 1.6, respectively).

Impact strength was not affected by the clay in
homopolymers whereas it tends to increase in heterophasic
materials apart in the case of Hetero 3 in which a strong
decrease was observed. Elongation at break strongly
decreases only in the case of Homo 1, whilst it is much
less affected in Homo 2 and Homo 3 and unaffected in the
case of Hetero 1 and Hetero 2 showing even a strong
increase in Hetero 3.

These data show that in rigid materials the nanofiller
tends to act as a stress concentrator, constituting weak points
that oppose plastic deformation, as in usual composites,
whereas in rubbery phases the nanodispersed clays can
follow the deformation of the macromolecules to which they
are molecularly associated [20].

3.3. Thermal degradation

PP on heating at 10 °C/min thermally degrades to volatile
products above 350 °C (Fig. 7) through a radical chain
process propagated by carbon centred radicals (I and II,
Scheme 1 [11]) originated by carbon—carbon bond scission
[21]. Tts weight loss begins at a much lower temperature in
air than in nitrogen (above 200 °C, Fig. 7) and is completed
before the temperature is reached for the process of Scheme
1 to take place. Indeed it is well known [21] that in presence
of oxygen, PP undergoes the radical peroxidation chain
process of Scheme 2 [11] starting at relatively low
temperature (e.g.> 50 °C). With increasing the temperature,

the carbon in chain radical that propagates peroxidation (III,
Scheme 2) can undergo beta scission as shown by reaction 1
in Scheme 2. The resulting chain end radical (I) propagates
volatilization of PP as in Scheme 1 with the additional
possibility of partial further oxidation.

On increasing the temperature, also the allylic bond of
fragments IV (indicated in Scheme 2) which are much
weaker than original PP C—C bonds, can undergo thermal
scission, further initiating the thermal volatilization of PP as
in Scheme 1 by radicals L.

Above about 250 °C, peroxidation is overwhelmed by the
radical chain oxidative dehydrogenation process of Scheme
2 [22]. Now, in chain C—C double bonds are created which,
by thermal scission of the corresponding allylic C—C bond,
provide radicals type V and II through reaction 2a that
propagate PP volatilization as in Scheme 1. Also in this case
the reaction of oxygen with the radicals can lead to partially
oxidised volatiles.

Reaction 2 of Scheme 2 competes with volatilization of
PP because further dehydrogenation of unsatured structures
takes preferably place on allylic hydrogen leading to
conjugated polyenes which are well known to be precursors
of charred structures by rearrangement to aromatics or
polyaromatics and crosslinking.

On programmed heating, in the presence of air,
competition between reactions of Scheme 2 is largely in
favour of volatilization as shown by the negligible residue
left in Fig. 7 at the end of weight loss. In other words,
oxygen catalyses the thermal degradation of PP increasing
the rate of initiation that is of radicals formation.

Fig. 8 shows that the thermal degradation of the
homopolymer nanocomposite in nitrogen is slightly delayed
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Table 4
Physical-mechanical features of base polymers (heterophasic PP-PE +PP-g-MAH) and composites

Standard Hetero 1 Hetero 2 Hetero 3

deviation

Base polymer Composite Base polymer Composite Base polymer Composite

Chord mod. 10 1345 1666 1409 1746 1308 1745
(MPa)
Stress at 3.5% 0.1 29.2 30.3 29.9 30.9 29.1 32.2
(MPa)
Yield strength 0.1 28.6 29.2 28 27.9 26.4 27.9
(Mpa)
Elong. at yield 0.1 7.7 9.6 7.7 8.9 5.6 8.9
(%)
Elong. at break 10 400 360 400 380 200 380
(%)
Impact str.-izod 0.1 72.5 75.8 47.7 50.3 8.2 5.0
(at 23 °C) (kJ/m?)
HDT at 1.8 Mpa 2 53 53 53 55 53 54
(C)
4" Length shr.* 0.05 1.6 1.6 1.1 1.1 1.4 14
(in/in) 10°
6" Width shr. 0.05 1.8 1.7 1.2 1.1 14 1.1
(in/in) 10*
CLTE 0-30°C 0.1 8.9 7.5 7.6 6.8 11.6 8.1
(1075 °Cc™ l)c
CLTE 30—60°C 0.1 11.5 9.0 8.5 8.3 13.6 10.5
(1075 °C~1ye
CLTE 60-90°C 0.1 14.2 11.2 10.4 10.1 15.6 13.2
(10-5 °Cc~ l)c
MEFR (g/10 min) 0.1,0.1, 1 04 0.3 1.5 1.6 12 9.2

Hetero 1-2-3

* Length shr.=length shrinkage.
® Width shr.=width shrinkage.
¢ CLTE=coefficient of linear thermal expansion.

in the early stage of weight loss (7', Table 5), whereas it
is slightly accelerated during the main volatilization step
(Tpeax> Table 5).

The degradation of the homopolymer nanocomposite in
air begins at about 220 °C as in the case of the pure
homopolymer but, as the weight loss progresses, the
material becomes apparently more stable than the matrix
as it is shown by temperature of 10% weight loss (312 vs.
271 °C, Table 5) and temperature maximum rate of weight
loss (431 vs. 314 °C, Table 5). Indeed about 40% of the
composite volatilises above 400 °C that is the temperature

range at which C—C bond of the PP chain undergo thermal
scission. Thus, access of oxygen to the polymer matrix is
progressively limited as the decomposition of the nano-
composite proceeds. The competition between charring and
volatilization is not affected by the presence of the nanofiller
since a negligible residue is obtained at the end of the
volatilization process of the nanocomposites (Fig. 8) as in
the case of the pure matrix (Fig. 7). On the other hand it was
previously shown [9] that charring catalysis by the clay is
detectable when heating is carried out in isothermal
conditions at a relatively low temperature (230 °C). In

Table 5
TGA of base polymers (PP homopolymers+PP-g-MAH) and composites

Standard Homo 1 Homo 2 Homo 3

deviation

Base polymer Composite Base polymer Composite Base polymer Composite

Tion CC)inair 3 283 312 271 312 267 323
Tio% (°C) in 2 426 433 425 433 421 423
nitrogen
Tpeak (°C) in air 4 332 429 314 431 309 422
Tpeax (°C) in 4 455 446 458 447 455 448
nitrogen
Residue in air at 0.1 1.5 4.4 1.0 3.9 1.4 52

450 °C (%)
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Fig. 7. TGA (air and nitrogen) of pure Homo 2.

these conditions volatilization is reduced and oxygen has
time to diffuse and react with the polymer matrix and
nanodispersed clay layers activated by the strong protonic
acidic site left behind by thermal decomposition of the
alkylammonium organic modifier ion [11].

The heterophasic copolymer nanocomposites show the
same behaviour of the homopolymer nanocomposites in fact
their thermal degradation is slightly delayed in the early
stage of weight loss (T'os, Table 6), whereas it is slightly
accelerated during the main volatilization step (Tpeak.
Table 6). In air the materials are more stable than the
matrices as it is shown by temperature of 10% weight loss
and temperature maximum rate of weight loss (Table 6).

4. Conclusions

The delamination of organoclays by melt blending is
favoured at high MFR for both homopolymers and

0

heterophasic copolymers. This is in contrast with literature
data on polyamide 6 where a better delamination was
obtained by increasing the molecular weight of the polymer
[23]. The authors have attributed this result to the mechanical
assistance to delamination of the clay by the larger shear stress
in the extrusion process due to the larger melt viscosity of the
polymer with larger molecular weight. In our case it seems that
the organophilic environment, created in the layers interspace
by combination of the organic cation and maleic anhydride
grafted polypropylene, drives the delamination process
through thermal diffusion control, making mechanical
contribution negligible.

The expected increase in elastic modulus, typical of
polymer—clay nanocomposites, is shown to be larger when
delamination improves that is with increasing of melt flow rate
of the polymer matrix. Increase of rigidity does not affect
impact properties even for a 50% modulus increase (Homo 3,
Table 3) which is also a behaviour typical of nanocomposites.
Elongation at break is strongly reduced in homopolymers as

L3
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CHa RADICAL CHAIN DEPROPAGATION "‘m;':n';f ;:tr:tr:jed
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Scheme 1. Thermal degradation of PP.
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expected in composites, whereas it is unaffected in hetero-
phasic materials or even increased when delamination is
improved (Hetero 3, Table 4). A lower detrimental effect is also
observed when delamination increases in homopolymers. This
behaviour is to be attributed to the peculiar reinforcing
mechanism of flexible clay layers intimately adhereing to the
polymer chains which increase elastic modulus by hindering
chain segmental rotation, but can follow chain unfolding when
the mechanical stress overcomes bonds rotation constraint [20].

The presence of organoclay modifies the thermal
oxidative volatilization behaviour of the polymer in all the
composites, increasing the temperature at which volatilis-
ation occurs. This should be due to a barrier labyrinth effect
slowing down the diffusion rate of degradation products
from the bulk of the polymer to the gas phase and also of
oxygen from the gas phase into the polymer matrix.
Volatilisation of the polymer leads to reassembling of the
clay layers into the phyllosilicate structure, which creates a

Table 6
TGA of base polymers (heterophasic PP-PE +PP-g-MAH) and composites

Standard devi- Hetero 1 Hetero 2 Hetero 3

ation

Base polymer Composite Base polymer Composite Base polymer Composite

Tion CC)inair 3 282 331 271 320 206 306
Tio% (°C) in 2 423 430 421 434 415 432
nitrogen
Tpeak (°C) in air 4 314 443 301 428 276 413
Tpeax (°C) in 4 452 446 454 448 453 446
nitrogen
Residue in air at 0.1 1.5 6.2 1.4 5.6 1.2 4.8

450 °C (%)
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Fig. 8. TGA (air and nitrogen) of nanocomposite based on Homo 2.

surface ceramised skin that maximizes the protective barrier
effect towards the underlying material. The fact that a
similar behaviour is found for all the nanocomposites
independently of their morphology indicates that effective-
ness of the ablative reassembling process in providing the
high temperature protective ceramised surface is apparently
not affected by the type of clay delaminated morphology
whether exfoliated or intercalated when heating occurs in
dynamic conditions.
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