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Summary: The use of various copolymers as dispersants/intercalants/exfoliants in
polypropylene (PP)-clay nanocomposites based on unmodified montmorillonite clays
(NaMMT) has been explored. The primary objective of this research has been to find
dispersants that allow PP nanocomposites to be formed by direct melt mixing, that
are effective with unmodified clays and that comprise only a minor component of the
overall composition both with respect to both clay and PP. Two classes of dispersants
were investigated: PEO-based nonionic surfactants and amphiphilic copolymers
based on a long chain (meth)acrylate (e.g. octadecyl acrylate) and a more polar
comonomer (e.g. maleic anhydride, N-vinylpyrrolidone, methyl methacrylate). The
state of dispersion achieved and the properties of the derived nanocomposites were
found to depend strongly on both on the level of dispersant and its overall
composition but interestingly properties are not particularly dependent on the
dispersant architecture (i.e. whether statistical, gradient or block copolymer). The
nanocomposites possess a tensile modulus up to 40% greater that the precursor PP
while elongation at break and impact strength are significantly improved over “clay
alone” composites and reference organoclay-based nanocomposites. Also notable are
significantly better thermal and thermo-oxidative stability as compared to both PP
and “clay alone” composites. For optimal properties, it is both necessary and
desirable that the surfactant should only be a minor constituent (20-50 wt-%) of
the composition with respect to clay.

Introduction

The first reports of explicitly designed
polymer-clay nanocomposites appeared in
the early 90’s.I'?! Since that time the nano-
composite literature has expanded rapidly.
The attractions of nanocomposites from an
applications viewpoint are that they can
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possess better tensile properties (higher
elastic modulus and tensile strength),
improved barrier properties (lower liquid
and gas permeability), higher heat distor-
tion temperature, and display greater flame
retardancy. There is now a substantial
literature on clay-based nanocomposites
and most reviews cover, in part, polyolefin
nanocomposites.[3"5]

Clay particles consist of agglomerated
tactoids (see Figure 1). It is generally beli-
eved that these particles must be broken
down to individual tactoids and ideally
further exfoliated to individual clay layers
which are dispersed within the polyolefin
matrix to achieve optimal property enhan-
cement. Factors such as the aspect ratio of
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Figure 1.

Schematic representation of four clay composite structures which consist of: a) agglomerated tactoids,
b) individual tactoids, c) intercalated tactoids, d) exfoliated clay layers.

the clay and degree of orientation of the
clay particles in the final structure are also
thought to be important in determining
properties.m

Although there are reports that exfo-
liated nanocomposites may be prepared
directly from polyolefins and unmodified
clays by high shear mixing, most work on
polyolefin nanocomposites has made use of
organophilic clays.”! These organophilic
clays are typically derived from purified
sodium montmorillonite by cation ex-
change with a long chain amine or a
quaternary ammonium salt which may then
comprise up to 40 wt-% of the clay. Some
problems with these systems have been
identified. Particularly pertinent is the
instability of ammonium salts at tempera-
tures encountered in melt processing of PP.
PP nanocomposites also typically contain
an additional ‘compatibilizing agent’; most
often this is a maleic anhydride grafted PP
(MAH-graft-PP). Thus, PP nanocompo-
sites described in the literature typically
contain between 5-25% of MAH-graft-PP.
In some cases, so-called PP nanocomposites
comprise entirely modified PP.

Our efforts have been directed to finding
a solution to these issues by designing
intercalants/dispersants that are effective
with unmodified clays at low levels (<20%
with respect to clay), can be combined with
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commercial polypropylene and clay in a
conventional melt mixing process, and do
not require the use of additional compati-
bilizers."” In recent publications!!"'? we
have reported on the use of poly(ethylene
oxide) (PEO)-based nonionic surfactants
as dispersants/intercalants/exfoliants in this
context. In this paper, we summarize this
work and report on the use of amphiphilic
copolymers based on long chain acrylates in
a similar context.

Experimental Part

Gel permeation chromatography (GPC)
was performed on a Waters Associates
liquid chromatograph equipped with differ-
ential refractometer and 3 x Mixed C and
1 mixed E PLgel column (each 7.5 mm x
30 mm) from Polymer Laboratories. Tetra-
hydrofuran (flow rate of 1.0 mL/min) was
used as eluent at 22 £2 °C and the columns
were calibrated with narrow polydispersity
polystyrene standards (Polymer Labora-
tories).

The PP used was Moplen®™ HP400N
(Basell, Australia) [MFR (230°C/2.16 kg,
ISO 1133) 11 g/10 min]. The montmorillo-
nite clay used was Cloisite Na+® (Southern
Clay Products, Inc.). Stabilizer Irganox™
B225 (Ciba Specialty Chemicals) was
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added during melt compounding to all
compositions (0.2 wt-% of PP). Nanocom-
posites were prepared by melt mixing in a
twin screw extruder by first forming a
masterbatch comprising 10-70 wt-% clay
plus other components which was then
melt-blended with further PP to form a
nanocomposite of the required clay con-
tent. A reference nanocomposite was pre-
pared by a similar process using 5 wt-% of
organophilic clay, Cloisite™ 20A (modified
with dimethyl, di(hydrogenatedtallow)am-
monium chloride) obtained from Southern
Clay Products, Inc., USA and with 7.5 wt-%
Polybond™ 3200, a MAH-graft-PP [from
datasheet: MAH level 1 wt.-%, density
091 g/mL, MFR (190°C/2.16 kg) 115 g/
10 min, ASTM D1238] supplied by Cromp-
ton, Australia.

The linear PEO-based surfactants 1la—d
were obtained from Aldrich Chemical Co.
The low molecular weight PE-block-PEO
(1e), the branched polymer (2), the sorbitan
derivative (3) and the gemini surfactants
(4 and 5) were supplied by Ciba Specialty
Chemicals. Block lengths were determined
by NMR analysis as described else-
where.[12:13]

Monomers, octadecyl acrylate (ODA),
N-vinyl pyrrolidone (NVP), and maleic
anhydride (MAH), were obtained from
Aldrich. Copolymers [poly(ODA-grad-
MAH) 6 and poly(ODA-grad-NVP) 7]
were synthesized by RAFT polymeriza-
tion."4

Poly(octadecyl acrylate-grad-N-vinyl
pyrrolidone) (7)

A solution of ODA (200.0 g, 616 mmol),
NVP (17.1 g, 154 mmol), S-butyl S-(1-
phenylethyl)  trithiocarbonate  (3.0g,
10.9 mmol), AIBN (178 mg, 1.09 mmol)
in 200 mL of dry toluene was degassed by
purging with argon for 3 h. Polymerization
was carried out at 60 °C with stirring under
argon for 21 h. The solution was then
poured into 2.5 L of vigorously stirred
acetone. The polymer was collected by
filtration and vacuum-dried to leave a
yellow solid: conversion: 94%; [ODA]:
[NVP] 3:1, M,(NMR) 19300, M,(GPC,
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polystyrene equivalents) 16200, M, /M,
1.23.

Poly(octadecyl acrylate-grad-maleic
anhydride) (6)

A solution of ODA (450.0 g, 1387 mmol),
MAH (45.3 g, 462 mmol), S-dodecyl S-(1-
phenylethyl)  trithiocarbonate  (9.5g,
24.8 mmol), AIBN (0.81 g, 4.9 mmol) in 1
L of dry tetrahydrofuran was degassed by
purging with argon for 3 h. Polymerization
was carried out at 60 °C with stirring under
argon for 49 h. The solution was concen-
trated to ~550 mL then poured into 2.5 L of
vigorously stirred acetone. The polymer
was collected by filtration and vacuum-
dried to leave a yellow solid: conversion:
93%; [ODA]:[MAH] 3:1 and M,(NMR)
19300, M,(GPC, polystyrene equivalents)
6300, M,,/M, 1.3.

Processing was carried out with a Japan
Steel Works 30 mm diameter twin screw
extruder of L/D 42 (JSW TEX 30) that
comprised ten temperature controlled bar-
rel sections each with L/D of 3.5 (set at
170°C for masterbatch preparation and
200°C for the final extrusion step) three
unheated sampling zones with L/D 1.167,
and a cooled feed block with L/D 3.5.
Materials were fed into the extruder via a
JSW TTF20 gravimetric feeder (Feed 1) or
a K-Tron KQX gravimetric feeder
(Feed 2). The JSW TEX 30 was operated
in corotating (intermeshing, self wiping)
mode with a throughput of 10 kg/hr and a
screw speed of 200 rpm. Vacuum venting
was applied to the final barrel section. The
extrudate was cooled in a water filled strand
bath and pelletized.

Injection molding of the extruded sam-
ples into standard dumbbells was per-
formed with a Cincinnati Milacron Sentry
Vista injection molder (Model VS55-2.27)
with a 28 mm diameter feed screw of
compression ratio 2.0. The extruder was
operated at 220 rpm. The barrel tempera-
tures for the three heated zones were set at
215, 225, and 220 °C, the nozzle tempera-
ture at 235 °C and the mold temperature at
36 °C. The pack time was set at 7 s (pressure
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35 bar), the hold time at 10s (pressure 50
bar, 55 bar, 45 bar) and the cool time at 30s.

Wide Angle X-Ray Scattering analysis
was conducted using a Rigaku-Geigerflex
X-ray diffractometer scanning with Ni
filtered CuKea radiation. Scans were taken
from 1-30° at a speed of 1°/min and a step
size of 0.05°.

For scanning electron microscopy
(SEM), cryofracture surfaces taken from
central section of tensile bars perpendicular
to the flow direction were studied using a
FEI QUANTA 200 environmental scan-
ning electron microscope (ESEM ™) oper-
ated in a Low Vacuum mode at an
accelerating voltage of 10 or 20 kV. The
pressure in the specimen chamber was set at
0.5 Torr; water vapor was used as an
environment.

For transmission electron microscopy
(TEM) ultra-thin sections (50-90 nm) were
prepared at —140°C with a Reichert FSC
ultracut S ultramicrotome using a diamond
knife. Samples were taken from central
section of tensile bars perpendicular to the
flow direction. The sections were pressed
onto 300 mesh copper grids and the TEM
measurements of these sections were car-
ried out on a Phillips CM20 transmission
electron microscope operating at 120 kV.

Tensile testing was performed according
to ISO 527 using an Instron 5500R material
tensile tester equipped with a 5 kN load cell
and Instron Merlin software Version 22055
(2001). Tensile bars (HP400N) had dimen-
sions 150 mm x 9.86 mm x 3.35 mm with a
gauge length of 50 mm. The testing
temperature was 23+2°C. The samples
were conditioned in this environment for a
minimum 88 h prior to testing. Modulus and
tensile strength measurements were deter-
mined with a crosshead speed of 1 mm
min~!. A 50 mm static extensometer
(model 2630-111) was employed and the
modulus was measured between 0.05 and
0.25% strain. Values of elongation at break
were determined without the extensometer
and a crosshead speed of 50 mm min . The
results were averaged over 6-10 samples.

Differential scanning calorimetry (DSC)
was carried out with at Mettler DSC821
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equipped with a T50 801 sample robot.
DSC was conducted on samples (~5 mg)
taken from tensile bars in sealed aluminium
sample pans. Samples were heated from 25—
225°C at 10°/min, cooled 225-25°C at 10°/
min, then heated again from 25-225°C at
10°/min.

Thermogravimetric analysis (TGA) was
carried out with a Mettler thermobalance
T6A/SDTAS851 equipped with a T50
801 sample robot. Cryoground samples
(~10 mg) were heated from 50 to 500 °C
at 10 °C/min in alumina crucibles in an air
or nitrogen atmosphere as indicated.

Copolymer Dispersants

PEO-based nonionic surfactants studied
included linear polyethylene-block-PEO
(1a—e) (PE-block-PEO), branched struc-
tures (2) sorbitan derivatives (3) and gemini
surfactants (4, 5). The values for chain
lengths indicated are average values. De-
tails of the characterization of these
compounds are reported elsewhere.[']
Amongst the linear surfactants 1, the
compound was 1d with a relatively short
PEO-block and a ~Cy alkyl chain proved
most effective. 12!

A series of copolymers all based on long
chain acrylates or methacrylates but of
differing composition, molecular weight
and architecture (homopolymers, statistical
copolymers, gradient copolymers, block
copolymers and) were prepared.['! Copol-
ymers based on dodecyl acrylate (DA) and
octadecyl acrylate (ODA) were similarly
effective. Copolymers based on BA were
poorer dispersants. ODA copolymers,
being solids (mp ~60°C), were easier to
handle and were more readily purified than
DA copolymers. The choice of polar
monomer did not appear crucial to the
properties of the copolymer as a dispersant
in the present application. While most of
the polymers examined offered beneficial
properties, some preferred copolymers
contained octadecyl acrylate (ODA) or
methacrylate (ODMA) as the long chain
acrylate and MMA, NVP or MAH as a
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polar monomer. With the relatively non-
polar poly(MMA-co-ODMA) it was found
necessary to pre-blend the clay and additive
to achieve optimal properties.

Gradient copolymers, e.g. poly(ODA-
grad-MAH) 6 or poly(ODA-grad-NVP) 7,
were prepared by RAFT polymerization!”!
with S-dodecyl S’-phenylethyl trithiocarbo-
nate or S-butyl S'-phenylethyl trithio-
carbonate). These copolymers provided
slightly better properties than statistical
copolymers of similar overall composition
prepared by conventional radical polymer-
ization. The difference is attributed to a
greater uniformity of composition for the
copolymer prepared by living radical poly-
merization. An additional factor is that
these copolymers had a narrow molecular
weight distribution (M, /M, <1.2) whereas
those prepared by conventional radical
copolymerization had (depending on the
comonomer) a relatively broad molecular
weights distribution (M,, /M, in range 2-8).
Attempts were made to control molecular
weight and dispersity using conventional
chain transfer agents or by controlled
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addition of initiator. For some systems A-
B diblocks of nominally similar overall
composition were also prepared either by
RAFT™! or in some cases by ATRP or
NMP. The block copolymer dispersants did
not offer any advantage over statistical or
gradient copolymers.

Characterization of
Nanocomposites

WAXS/SEM/TEM

The most used methods for characterizing
the state of the clay particles in nanocom-
posites are wide angle X-ray scattering
(WAXS) and transmission electron micro-
scopy (TEM). It should be noted that fully
exfoliated structures are not generally
observed for predominantly PP nanocom-
posites even with conventional organo-
clays. The WAXS patterns of PP
nanocomposites containing 5 wt.-% Cloi-
site Na* show that the peak (d-spacing
doo1 ~10 A, 26~8.9°) associated with the
unmodified Cloisite Na* is substantially
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Figure 2.

Wide angle X-ray scattering patterns for polypropy-
lene (HP400N) nanocomposites with 5 wt-% Cloisite
Na+ (a) without dispersant or with (b) 0.5 wt-% 1d;
(©) 1.5 wt-% 1d; (d) 2.5 wt-% 1d as dispersant. [

reduced in intensity by addition of 0.5%
PE-block-PEO surfactant 1d (Figure 2). A
peak at higher d-spacing (dgo ~ 14 A,
20~6.3") appears on addition of larger
amounts of the surfactant. Analogous be-
havior was seen with the other additives.
The branched surfactants and those with
longer PEO blocks provided slightly gre-
ater expansion of the clay.'”! However,
both the non-ionic surfactants and the
acrylic copolymers provide only a small
expansion of the clay (do <20 A,
20>4.5°). No correlation was observed
between the degree of expansion observed
and tensile or other properties of the
nanocomposite.

The position of the dgy peak does not
vary substantially with clay/additive con-
centration but appears disproportionately
weak with low additive (Figure 2) and low

Figure 3.

clay levels."?! The absence of peaks in the
WAXS patterns clearly should not be taken
as evidence for exfoliation.['®!7]

WAXS patterns show that the PP
(Moplen HP400N) as molded contains a
significant B-crystalline fraction. This frac-
tion is enhanced by addition of Cloisite
Na+ and increases with clay level.l'?! The
B-crystalline fraction remains significant
though slightly reduced in the nanocompo-
sites incorporating the PEO based (e.g.
Figure 2) or copolymer dispersants. By con-
trast, and consistent with reports in the
literature, for nanocomposites prepared
with the organoclay Cloisite 20A with
MAH-graft-PP  (Polybond 3200) the g-
crystallinity is largely suppressed.!'s!]
Optical microscopy show a dramatic reduc-
tion in crystallite size for all nanocompo-
sites vs PP.

Low resolution ESEM images (Figure 3)
show that Cloisite Na+ alone composites
contain occasional large clay particles
(>100 ). However, most of the particles
are ~10-100 w. There are very few parti-
cles <2 . For nanocomposites with 1 wt-%
1c or d, the occasional large clay particles
remain, there are fewer particles in the size
range 10-100 p and most of the particles are
<2 p. For nanocomposites with 1 wt-% 1la
or b there appear less small particles <2 .
For nanocomposites with 1 wt-% copoly-
mer most of the particles are <2 w. Note
that the scale of these images is such
that small particles like tactoids and
individual clay layers such as those seen
in the TEM images (e.g. Figure 4) will not
be visible.

c)

Lower resolution SEM images of fracture surfaces for polypropylene (HP400N) nanocomposites with (a) 5 wt-%
Cloisite Na-+ alone, (b) 5 wt-% Cloisite Na+ and 1% nonionic surfactant 1d, (c) 5 wt-% Cloisite Na+ and 1 wt-%

copolymer poly(ODA-grad-MAH) 6.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de

l175



176l

Macromol. Symp. 2006, 233, 170-179

Figure 4.

TEM images of polypropylene (HP400N) nanocompo-
site containing 5 wt-% Cloisite Na+ and 1 wt-%
copolymer 1 wt-% poly(ODA-grad-MAH) 6.

The TEM images (Figure 4) also indi-
cate that most agglomerates (other than the
very large ones) have been largely broken
down to tactoids consisting of a few clay
layers. There are also occasional single clay
layers. There is partial exfoliation.

The visual appearance of nanocompo-
sites containing 5 wt-% Cloisite Na+ and
1% acrylic copolymer is similar to those of
‘benchmark’ systems prepared with orga-
noclay (Cloisite 20A) with 15 wt-% poly-
(MAH)-graft-PP as compatibilizer. Very
similar results were obtained using a range
of copolymers.

Mechanical Properties
Conventional organoclay nanocomposites
show improvements in modulus and tensile

Table 1.

strength and a marked decrease in elonga-
tion at break with respect to PP. The
systems based on unmodified clay (Cloisite
Na™) and our dispersants also show sig-
nificant improvements in modulus, of 20-
30%, and a significantly more ductile than
reference nanocomposites based on an
organophilic clay (Cloisite 20A) with PP-
graft-MAH (Table 1).

It is of interest that the additives (1d, 6)
have the effect of simultaneously improving
both the modulus and the elongation at
break. The improvement in properties for
the Cloisite Na™ based nanocomposites is in
line with the extent of exfoliation is
observed by microscopy and improvements
thermal and thermooxidative stability fol-
low the same trend. Differences in crystal-
linity (vide infra) may in part account for the
greater ductility and slightly lower modulus
of the systems based on Cloisite Na™* vs the
organoclay based systems. The g-crystalline
form of PP is known to be more ductile.

Thermal Analysis
DSC analysis showed that the % crystal-
linity and melting temperature of samples
taken from the injection molded bars of PP,
PP with Cloisite Na* and PP with Cloisite
Na™ and copolymer are very similar. This
finding is consistent with the WAXS
spectra.

It has been reported that organoclay-
based PP nanocomposites with 15 wt-%
MAH-graft-PP with respect to PP have

Summary of Tensile Properties for Polypropylene Samples

Material Elongation at break Elastic modulus
actual% rel. PP % actual (MPa) rel. PP
PP (~1000) 100 1500 1
Cloisite Na® 20-40 2-4 ~1700 12
“41d” 30-120 3-12 1700-1800 1.2
“ 469 100-300 10-30 1800-2000 1.2-13
“+6+ppY 60 6 2000 13
Cloisite 20A -+ PB® 40 4 2200 1.4

3 5 wt-% Cloiste Na.
® 5 wt-% Cloiste Na and 1 wt-% PEO-block-PE (1d.).

9 5 wt-% Cloiste Na and 1 wt-% poly(ODA-grad-MAH) (6).
9 5 wt-% Cloiste Na, 1 wt-% poly(ODA-grad-MAH) (6) and 7.5 wt-% PP-graft-MAH (Polybond 3200).
9 5 wt-% Cloiste 20A and 7.5 Wt-% PP-graft-MAH (Polybond 3200).
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Table 2.
Differential Scanning Calorimetry Melting/Crystallization Data for Polypropylene Samples Heated/Cooled at
10°C min ™"

Material/Parameter 1st melting Crystallization 2nd melting

%Cr Ty onset °C T, °C %Cr T, onset °C T, °C %Cr T, onset°C T, °C
pp? 41.8 147.6 166.1  44.5 120.5 6.1 45.6 154.4 161.7
+clay? 40.5 151.8 165.4  45.4 122.4 120.4 46.0 155.8 162.5
+1d° 40.5 160.2 166.8  45.5 121.3 17.4 458 154.2 162.7
+79 42.8 154.8 166.5  45.1 120.2 15.2 458 153.9 161.3
+6° 41.4 156.4 167.7  46. 19.9 15.3 458 153.4 162.0

E)

with 5 wt-% Cloiste Na.

) Polypropylene (PP, Moplen HP400N) processed with 0.2 wt-% B225 stabilizer.

9 with 5 wt-% Cloiste Na and 1 wt-% PEO-block-PE (1d).
9 with 5 wt-% Cloisite Na* and 1 wt-% poly(ODA-grad-MAH) (6).
© with 5 wt-% Cloisite Na* and 1 wt-% poly(ODA-grad-NVP) (7).

improved thermal and thermooxidative
stability as measured by thermogravimetric
analysis (TGA).[?%!

TGA analysis shows that the thermo-
oxidative stability of nanocomposites pre-
pared with 5 wt-% unmodified clay and
1 wt-% copolymer is significantly improved
with respect to PP or PP with the clay alone
(Table 3, Figure 5a). The improvement is
most marked (~40 °C) for the samples with
1 wt-% of the acrylic copolymer additives 6
or 7. The thermooxidative stability of these
materials is not as great as that of a

reference organoclay-based nanocompo-
site prepared with 5 wt-% Cloiste 20A
and 7.5 wt-% PP-graft-MAH (Table 3). We
can note that PP-graft-MAH by itself acts
as a stabilizer for PP under air (Table 3) and
with Cloisiste Na™ appears as effective as
copolymers 6 or 7.[2°!

The thermal stability under nitrogen is
also improved over PP for the nanocom-
posite samples with copolymer 6 or 7
(Table 3, Figure 5b). The addition of
Cloisite Na or PP-graft-MAH by them-
selves have no substantial effect on the

Table 3.
Mass Loss Data for Polypropylene Samples Heated at 10 °C min ™"
Sample air nitrogen

To °C Tmax € Tgo C res.Wt-% Ty °C Thax 'C T 'C res. wt-%
pp? 308 373 381 15 428 458 473 1.0
+Cloisite Na® 300 373 384 6.2 434 458 477 5.6
+Cloisite Na+1d? 319 391 401 5.5 435 455 472 6.2
+Cloisite Na+6% 328 407 416 6.2 447 469 483 6.0
+Cloisite Na+79 330 402 41 5.8 444 470 485 5.5
+pg" 322 392 397 3.1 426 453 470 1.6
+Cloisite Na + PB® 337 413 418 6.1 436 456 474 5.9
+Cloisite 20A+PB" ) 338 436 437 5.4 434 443 447 4.3
+Cloisite 20A-+PB+6" 350 417 433 6.4 446 465 477 5.3

2 Polypropylene (PP, Moplen HP400N) processed with 0.2 wt-% B225 stabilizer.

o

) with 5 wt-% Cloisite Na™.

9 with 5 wt-% Cloisite Na™ and 1 wt-% PE-block-PEO 1d.

o

9 with 7.5 wt-% PP-graft-MAH (Polybond 3200).

) with 5 wt-% Cloisite Na™ and 1 wt-% poly(ODA-grad-MAH) (6).
9 withs wt-% Cloisite Na* and 1 wt-% poly(ODA-grad-NVP) (7)

8 with 5 wt-% Cloisite Na* and 7.5 wt-% Polybond 3200.

h)

with 5 wt-% Cloiste 20A and 7.5 wt-% Polybond 3200.

Y with 5 wt-% Cloiste 20A and 7.5 wt-% Polybond 3200 and 1 wt-% poly(ODA-grad-MAH) (6).
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Figure 5.

TGA mass loss curves for heating rate 10 °C min~" in
air and under nitrogen for (a) polypropylene (PP,
Moplen HP400N processed with 0.2 wt-% B225 sta-
bilizer) (=—); (b) PP with 5 wt-% Cloisite Na™ (----);
(c) PP with 5 wt-% Cloisite Na+ and 1wt-% 1d (- — -);
(d) PP with 5 wt-% Cloisite Na™ and 1 wt-% poly(ODA-
grad-MAH) 6 (- - - -); (e) PP with 5 wt-% Cloisite Na™
and 1 wt-% poly(ODA-grad-NVP) 7 (- -); (f) PP with 7.5
wt-% PP-graft-MAH (— —); (g) PP with 5 wt-%
Cloisite Na™ and 7.5 wt-% PP-graft-MAH (- - - -);(h)
PP with 5 wt-% Cloiste 20A and 7.5 wt-% PP-graft-
MAH (—); (i) PP with 5 wt-% Cloiste 20A and 7.5 wt-%
PP-graft-MAH and 1 wt-% poly(ODA-grad-MAH) 6
(=—-1)

stability. The reference nanocomposite
based on Cloisite 20A has comparatively
poor thermal stability with a more sudden
weight loss profile as reflected in a sig-
nificantly lower T, and lower Tq, (Table
3). The thermal stability of the Cloisite 20A
nanocomposite is also  significantly
enhanced by the addition of 1% copolymer
6. It has been suggested that the anhydride
functional copolymers (PP-graft-MAH )
may sequester the amine byproducts
derived from Hoffman elimination of the
quaternary ammonium salt modifiers pre-
sent in organoclays.
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The 0.2 wt-% Irganox B225 which was
added to all samples during processing
imparts improvement to the thermal and
thermooxidative stability of PP. The
greater stability of PP observed in this
study with reference to some literature
reports may be attributed to the presence of
this stabilizer.

The mechanism of stabilization by
nanoparticulate fillers has been attributed
in part’®® to the formation of a barrier
which impedes both ingress of oxygen and
evolution of volatiles. Consistent with this
hypothesis we see an improvement in
thermal stability according to the extent
of exfoliation of the clay (additives 6 and
7 > additive 1d > no additive).

Consistent with enhanced thermal sta-
bility, it was found that higher processing
temperatures could be used both for
producing the nanocomposite and in injec-
tion moulding with no adverse affect on PP
properties. While nanocomposites were
typically produced with extrusion tempera-
tures of 200°C and a throughput of 10 kg
h~!, several experiments showed that
processing temperatures of 260°C and
throughput of 20 kg h™' could be used
without detriment to the MFI, tensile
properties, color or state of clay dispersion
and without formation of odorous by-
products.

Conclusions

Polypropylene-clay nanocomposites can be
prepared by direct melt mixing using
unmodified montmorillonite clays and a
copolymer additive added at a level of only
1 wt-% with respect to PP for 5 wt-% clay.
The additives provide substantially
improved clay dispersion and cause partial
exfoliation. The nanocomposites have
improved elastic modulus with respect to
PP and are more ductile than conventional
nanocomposites that are based on organo-
clays with PP-graft--MAH as additive. Also
notable are better thermal and thermoox-
idative stability as compared to PP and
“clay alone” composites.
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