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1. Introduction

1.1 Nanotechnology in polymer science

Nanotechnology is continuously expanded area of science, which contains the
engineering of nanosized particles of different materials. It is the understanding and
control of matter at the nanoscale, at dimensions between approximately 1 and 100
nanometers, where unique phenomena enable novel applications. Matter can exhibit
unusual physical, chemical, and biological properties at the nanoscale, differing in
important ways from the properties of bulk materials or individual single atoms and
molecules. Some nanostructured materials are much stronger or have different
magnetic, electric or insulating properties compared to other forms or sizes of the same
material. They may become more chemically reactive, reflect light better, or change
color as their size or structure is altered. Although modern nanoscience and
nanotechnology are relatively new, nanoscaled materials have been already used for
centuries. Gold and silver nanoparticles created colors in the stained-glass windows of
churches hundreds of years ago (Figure 1). Nanotechnology comprises nanoscale
science, engineering and technology in fields such as chemistry, biology, physics,
materials science, and engineering. Nanotechnology research and development
involves imaging, measuring, modeling, and manipulating matter in particular using

special effects on surfaces and interfaces. [1]

Figure 1: stained-glass window [1]




In the polymer science and technology nanotechnology covers a broad range of topics.
This includes microelectronics (which could now be referred to as nanoelectronics) as
the critical dimension scale for modern devices is now below 100 nm. Other areas
include polymer-based biomaterials, nanopatrticle drug delivery, miniemulsion particles,
fuel cell electrode polymer bound catalysts, layer-by-layer self-assembled polymer films,

electrospun nanofibers, imprint lithography, polymer blends and nanocomposites. [2]

Polymer nanocomposite research covers a wide range of nanofillers such as layered
silicates (clays), carbon nanotubes/nanofibers, colloidal oxides, double-layered
hydroxides, quantum dots, nanocrystalline metals, etc. [3] The majority of the research
conducted to date has been performed with layered silicates as this area emerged with
the recognition that exfoliated clays could yield significant mechanical property
advantages as a modification of macromolecular systems. The achieved results were at
least initially viewed as unexpected (“nano-effect”) offering improved properties over
that expected from continuum mechanics predictions. More recent results have,
however, indicated that while the property profile is interesting, the clay-based
nanocomposites often obey continuum mechanics predictions. However, there are
situations where nanocomposites can exhibit properties not expected with larger scale
particulate reinforcements. Especially for polymer-clay nanocomposites, the surface
effects are responsible for significant improvement of barrier, mechanical and
rheological properties, dimensional stability, heat, flame and oxidative resistance. In
comparison with traditional fillers (20-40 wt. % loading), 2-5 wt. % filling of layered clays
is sufficient to achieve analogous or even higher material improvement [2]. Typically,
organoclays can replace talc or glass fillers at a 3:1 ratio. For example, 5% of an
organoclay can replace 15-50 wt. % of a filler like calcium carbonate reducing material
costs and improving mechanical properties. Due to relatively low price, as compared to
other nanoparticles, organoclays are the most dominant commercial nanomaterial to
prepare polymer nanocomposites, accounting for nearly 70% of the volume used.
Applications include adsorbents, rheological control agents, paints, grease, cosmetics,
personal care products, oil well drilling fluids, etc. Among the clay minerals, smectites,
especially montmorillonite, have been extensively used to prepare organoclays because
of its excellent properties, such as high cation exchange capacity, swelling behavior,

adsorption properties and large surface area. [2]

6



1.2 Polymer-clay nanocomposites
In the broad field of nanotechnology, polymer matrix based nanocomposites have
become an outstanding area of research and development in last decades.

Nanocomposites are filled polymers with particles, where at least one dimension is in
the order of nanometers. The shape of particles used in nanocomposites can be
spherical, cylindrical or laminar. Maximal reinforcement is achieved using laminar or
cylindrical particles because the reinforcing efficiency is highly dependent on the aspect
ratio (the largest dimension divided by the smallest dimension of the particle).

Conventional polymer composites are based on reinforcement of the polymer matrix by
micrometer scaled particles. For example, isotactic polypropylene filled with talc, micro-
ground calcium carbonate, wood powder, possibly with other suitable filler, or epoxy and
polyester resins filled with mineral particles offer an advantageous combination of
mechanical properties and price. However, polymeric materials reinforced by
nanoscaled particles exhibit significantly higher performance (improvement in
processing and application properties) already at low level of filler loading. This
advantage comes from immobilisation of polymer chains in close contact with inorganic
filler possessing a large surface area [2]. Using this development strategy, polymers can
be improved keeping their lightweight and ductile feature. Addition of nanoscaled
particles to a broad range of polymers results in significant improvement in their
biodegradability. On the other hand, performance of biodegradable and bio-based

polymers can be improved in order to increase their application potential [4—30].

Generally, polymer nanocomposites with high dispersion grade reveal significant
enhancement of matrix properties: higher elastic modulus, tensile strength, lower gas
and liquid permeability, reduced flammability, heat and impact resistance, flame
retardancy, electrical conductivity and enhanced rheological properties (higher melt
strength and viscosity, which are required for example in foams processing). Metal and
ceramic nanoparticles open possibilities to develop unique magnetic, electronic, optical

or catalytic properties [2, 31-150].




For example, uniaxial arrangement of inorganic platelets remarkably reduces gas and

liquid permeability in perpendicular direction (Figure 2).

et

Figure 2. Scheme of liquid and gas permeability decrease [31]

Especially improvements in mechanical properties of hanocomposites can be used in
automotive and general industrial applications. There is potential for utilization as mirror
housing on different types of cars, door handles, engine covers, or belt covers. General
applications include e.g. packaging, fuel cell, solar cell, fuel tank, plastic containers,
impellers and blades for vacuum cleaners, power tool housing, or cover for portable

electronic equipment like mobile phones and pagers [156].

1.2.1 Montmorillonite

For preparation of polymer nanocomposites, layered silicate clays (especially
montmorillonite, MMT) have been the most used nanofillers hitherto due to the financial
acceptability and opportunity to achieve aspect ratios ideally up to 1000 (by clay platelet
thickness of 1 nm). High reinforcement by addition of the layered silicate clays results

from their large active surface area (in the case of montmorillonite 700-800 m?/g) [157].

The structure of MMT agglomerates (tactoids) as well of one primary plate is shown in

figure 3.
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Figure 3: Structure of montmorillonite tactoid and single platelet [32]

MMT primary plate consists of two silica tetrahedral sheets and one aluminium
octahedral sheet (Fig. 3, 4), forming one basic platelet. The binding force between the
stacked platelets is based on Van Der Waals interactions, which relate to change in the
interlayer distance depending on the humidity and the type of possible intercalating
agent encountered within the interlayer distance of the clay. Its permanent negative
charge is located mainly on the basal plane and the pH-dependent charge is located on
the edge surfaces. At pH<p.z.c. (the point of zero charge): (a) the positively charged
edge surface of MMT may interact attractively with negatively charged basal planes of
other particles; and (b) anions may be simultaneously adsorbed by the positively
charged edge surface and excluded by the negatively charged basal plane. Therefore,
in the mechanisms of anion reactions with clay minerals, surface charge neutralization,
guasicrystal formation, and the special heterogeneity of anion exclusion and adsorption
should be taken into account. MMT has to be purified and separated from a low-grade
natural bentonite. Bentonite is an important impure clay, aluminium phyllosilicate
adsorbent, usually contains montmorillonite with structure a gibbsite layer placed
between silica layers to produce the structural unit (Fig. 4). The replacements are
specially within the octahedral layer (Mg?*, Fe?*) and to a much lesser degree between

the silicate layer (AI**/Si**). The constitution of the clay is mainly related to the hydroxyl-
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aluminosilicate structure. The alliance between tetrahedral layers of silica and alumino
octahedral sheets makes the crystal framework of clays. In their structure, Mg?* or Fe?*
partly exchange AI** cations, and this replacement is followed by the inclusion of
metals, such as Na, K, Mg, or Ca that give charge balance. The studied organoclays
are different in the level of cation exchange capacity exchanged using organic counter
ions [155].

.o ~—=7—1><:.

® §;4 \f ‘4\:\ M}\V

Figure 4. Bentonite mineral [154]

The XRD pattern of natural Na-bentonite is plotted in Fig. 5. It can be seen that the clay
is composed primarily of montmorillonite, with the characteristic peaks at doox = 14.29 A
and dozo = 4.49 A. The basal spacing, dooz = 14.29 A, indicates a predominance of
sodium which determines the sample mainly as sodium bentonite (Na-bentonite). The

other peaks are impurities related to quartz and feldspar. [153]
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Figure 5. XRD pattern of natural Na-bentonite [153]

1.2.2 Intercalation by ion-exchange method

To achieve high dispersion level and good adhesion with a non-polar polymer, chemical
modification (intercalation) of MMT is required. Intercalation of natural Na* type of MMT
by organophilic molecules (organophilisation) is usually based on the ion-exchange
method (Figure 6), where the natrium cation is generally replaced by organic compound
having long alkyl chain. Such organically modified MMT is usually referred to as

organoclay.
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Figure 6: lon-exchange method for organoclays [33]

Cloisite Na' Cloisite 30B

Figure 7: TEM picture of natural clay (Cloisite Na+) and organoclay (Cloisite 30B) [152]

The main advantage of intercalation is increase in interlayer distance (basal spacing,
doo1) of the clay (Fig. 6, 7). For this purpose, quaternary alkylammonium salts are the
most used organic compounds to prepare organoclays. They are synthesized by
complete alkylation of ammonia or amines. For practical and industrial uses, quaternary
alkylammonium ions are preferred to primary alkylammonium ions because hydrolysis
(alkylammonium/alkylamine equilibrium) is absent, and desorption of free alkylamine is
strongly reduced. A further advantage is that the large amount of organic material (30—

40%) reduces the density of the dispersed particles. Currently, there is a significant
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amount of research on modification of clay minerals with several kinds of quaternary
alkylammonium salts (bromides or chlorides) in laboratory scale. In the case of the
organoclays for polymer nanocomposites the kind of quaternary alkylammonium salt
influences the affinity between the clay mineral and the polymer. For apolar polymers as
polypropylene and polyethylene the clay minerals are modified with dialkyl
dimethylammonium halides, while for polar polymers as polyamide the clay minerals are
modified with alkyl benzyl dimethylammonium halides or alkyl hydroxyethylammonium
halides. [3] The most used commercial organoclays are listed in Tab 1. [172] Today, the
producer of these organo-modified clays is BYK-Chemie Ltd, Wesel, Germany /
POLYchem Ltd, Markt Allhau, Austria, respectively. There are sometimes other
commercial names or numbering, coming from previous suppliers, US Southern Clay
Products, Inc., Gonzales, TX (Cloisite series) or Sud-Chemie AG, Moosburg, Germany
(Nandfil series), which have, however, identical chemistry variations as mentioned in
Tab. 1.

Table 1. Characteristics of commercial organoclay fillers a

Modifier

concentration
Organoclay Organic  [mequiv/100 g Moisture Weight loss

modifier ® clay] [%0] on ignition [%]

Cloisite 6A  2M2HT 140 <2 45
Cloisite 15A 2M2HT 125 <2 43
Cloisite 20A 2M2HT 95 <2 38
Cloisite 10A 2MBHT 125 <2 39
Cloisite 25A 2MHTL8 95 <2 34
Cloisite 30B MT2EtOH 90 <2 30

a according to the manufacturer
b quaternary ammonium chlorides: dialkyldimethyl- (2M2HT), alkyl(benzyl)dimethyl-

(2MBHT), alkyl(2-ethylhexyl)dimethyl- (2MHTLS8), alkylbis(2-hydroxyethyl)methyl-
(MT2EtOH). Alkyls are a mixture of 65 % C18, 30 % C16 and 5 % C14, derived from
hydrogenated tallow.

Results presented in this thesis confirmed improvement of processing properties by
addition of commercial organoclays to recycled PET. Nevertheless, a problem occurred
with the thermal stability of commercial organic modifiers (quaternary ammonium salts)

leading to the matrix degradation during melt mixing. The low thermal stability of
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commercial organoclays resulted in chemical decomposition by a, B elimination (Fig. 8)
[172].

Silicate layer

Olefin Tertiary amine
!
= H =[§
+
H,C—N il i |
| H H i
i H H

Intermediate ylide

Quaternary ammonium cation

Figure 8: Chemical decomposition by a, B elimination

With a view to reduce degradation processes and to enhance delamination in the
system, selected commercial organoclays were modified by silanization with [3-
(glycidyloxy)propyl]trimethoxysilane, hexadecyltrimethoxysilane and (3-

aminopropyl)trimethoxysilane (Fig. 9). [174]
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Figure 9: Silanization of commercial organoclays

The epoxy functional groups attached to the silicate surface facilitated interactions
between the filler and polymer matrix and reduced the adverse effect of the silicate
hydroxyl groups. Moreover, the epoxy-silanized organoclay could be directly bound to

polymer chains resulting in higher delamination of silicate platelets (Fig. 10).
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Figure 10: Epoxy-silanization vs. polymer chains
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With the view of complete suppression of degradation reactions during compounding,
the sodium montmorillonite was modified with spacers based on an imidazolium salt

(Fig. 11). The “imidazolium organoclay” was further modified by silanization.

cl +/(CH2)17CH3

Si| Na+ [Si l Si [ T)\ Si

Y

Figure 11: imidazolium organoclay

1.2.3 Exfoliation methods
According to the dispersion of MMT platelets in the polymer matrix, three composite

structures can be formed:

a) conventional composites,
b) intercalated nanocomposites,

c) exfoliated nanocomposites.

In the first case, the MMT tactoids are dispersed in the polymer matrix in micrometer
scale with the tactoids acting as a micro-filler. On the other hand, intercalated (partially
delaminated) systems show penetration of polymer chains into interlayer gallery of
silicate platelets. Exfoliated (entirely delaminated) nanocomposite is characterized by

homogeneous and uniform dispersion of silicate layers in the polymer (Figure 12).
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Figure 12: Scheme of composite structures [34]

Polymer/clay nanocomposites can generally be prepared by three methods (Figure 13):

a) mixing during polymerisation (,in situ®),
b) melt mixing,
C) mixing in solvent.

_ SWELLING ———————y POLYMERIZATION
% @ hi, s A i, 4
S A = R e
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e e
b) % . @ﬁ nemorrigon
Tl >
inorganic filler (tactoid)  melten polymer
platelets delamination
—
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@ + SOLUBILZATION __ 2 o
o T
polymer solvent intercalated platelets

Figure 13: Difference in methods of nanocomposites preparation [32]
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Additionally, possibilities of nanoparticle dispersion by application of electric field, by
ultrasonic mixing or direct chemical bonding of polymer chains onto the surface of

silicate platelets have been studied [158].

Melt mixing (compounding) is the industrially most attractive method due to its
technological simplicity (usage of common polymer processing machines in contrast to
special equipment and procedures in chemical laboratories). Moreover, it is possible to
use various polymers as a matrix (different molecular weight, branching degree,
copolymers, etc.). The production efficiency of this method is considerably higher than
that of the others (“melt mixing” proceeds in the order of minutes, as compared to

several hours characteristic for “in-situ” and “solution” methods) [159, 160].

The principle of the melt mixing method consists in delamination of silicate platelets in
the polymer melt by shear forces (in extruder or kneader) and thermodynamical
interactions between polymer chains and organoclay (the affinity between clay and
polymer is usually increased by modification of silicate with organic compounds, in the
case of polypropylene matrix also a compatibilizer is admixed). During compounding,
penetration of polymer chains into the silicate gallery (intercalation) facilitates
delamination of individual platelets, resulting in better dispersion of silicate layers in the
polymer matrix [157]. This procedure is also shown in Figure 13b. The whole process
has to be controlled in order to prevent degradation of the polymer or the organic part of
organoclay (by high shear forces, temperature, etc.). Knowledge of possible
degradation mechanisms is crucial to assess their impact on processing and application
properties [161-171]. Therefore, research in this thesis is devoted also to this issue,
especially for nanocomposites using polymers with high melt temperature (above
250°C) [172-174]. An example for complexity of melt mixing process using technical
polymers is given with recycled PET matrix. On one hand, organoclays with nonpolar
surface treatment (Fig. 14) lead to low level of dispersion (delamination) and,

consequently, to low improvement of material (typically mechanical) properties.
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Figure 14: WAXS patterns of the nanocomposites with nonpolar organophilization

On other hand, organoclays with polar surface treatment (Fig. 15) revealed high
dispersion grade (which would normally cause improvement in mechanical properties),

but due to side reactions the mechanical properties were deteriorated. [172].
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Figure 15: WAXS patterns of the nanocomposites with polar organophilization

19



Exact data on delamination grade is given in Tab. 2.

Table 2: WAXS analysis of organoclays in PET nanocomposites*

Organoclay ~ XRD peak position (°) Basal Spacing (A) A doo1 (A)
Cloisite 6A 2.8 (2.64) 31.5 (33.4) 1.9
Cloisite 15A 2.9 (2.8) 30.4 (31.5) 11
Cloisite 20A 3 (3.65) 29.4 (24.2) 5.2
Cloisite 10A 3 (4.6) 29.4 (19.2) 10.2
Cloisite 25A 3.1 (4.75) 28.5 (18.6) 9.9
Cloisite 30B 2.9 (4.77) 30.4 (18.5) 11.9

* manufacturer’s data for neat organoclays are given in parentheses

Using the co-rotating twin-screw extruder as the continuous processing way is
industrially preferred to melt mixing in a kneader (discontinuous process). It is obvious
that for the successful dispersion of silicate plates in polymer melt by continuous
processing the following two requirements have to be fulfilled: sufficient shear energy
and enough residence time. However, these two effects are opposite in the extrusion
process. With higher shear forces (e.g. usage of kneading blocks generating higher
shear rate or increase in screw speed) the residence time is shortened. In this thesis is
presented that both high shear rate as well as longer residence time can be matched by
implementing a melt pump in front of an twin-screw extruder. The melt pump in
extrusion technology is usually applied in order to control the pressure and throughput
instability (melt pulsation) in extruder. In this thesis, the melt pump acts as an effective
tool to control the residence time during compounding — example on polypropylene
nanocomposites. Three different melt pump adjustments have been examined: 1) Ap
negative, where the negative pressure difference between the outlet and inlet pressure
of the melt pump has been set (pout - pin = -100 bar). In this way, a back pressure of
polymer melt up to 9™ extruder segment (approximately 30-40 cm before the melt
pump) has been achieved. 2) Ap neutral, where the inlet and outlet pressure have been
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kept at the same level (pout - pin = 0 bar) and 3) Ap positive with a positive pressure
difference (pout - pin = 5 bar) has been set. For a comparison, all the tested compounds
have been processed without the melt pump as well. The minimal residence time has
been measured using a colour masterbatch as the time between granulat insertion into
the hopper and colouring of the outgoing molten string. For characterization of material
reinforcement by tensile force value (s. also chapter 1.3), Rheotens 71.97 equipment
(Gottfert Ltd., Buchen, Germany) in combination with a capillary rheometer has been
used. As extruder torque is important processing parameter (giving information about
compounding efficiency), it was involved into analysis of material reinforcement. As can
be seen on Fig. 16, the highest effect of the melt pump on increase in residence time
and extruder torque occurs by adjustment of melt pump to maximal pressure difference;
on the other hand, no significant differences between processing characteristics at

neutral and positive melt pump operating modes have been observed.
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Figure 16: Processing characteristics vs. tensile force
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Values of residence time and average torque revealed the same trend, which has an
important impact on the processing efficiency. The level of torque in extruder gives
information about level of shear forces applied during compounding. It can be clearly
seen that both residence time as well as shear forces can be increased at the same
time using the melt pump. The applied shear energy can be controlled by the screw
speed and the residence time by adjustment of the melt pump. In this way, efficiency of
dispersive as well as distributive mixing in continuous compounding can be substantially
increased, depending on construction of twin-screw extruder and the melt pump. The
main benefit of the melt pump consists in approximately two-times higher residence
time achievable. In this way, diffusion process of intercalation and subsequent
delamination of silicate platelets in the polymer matrix is substantially prolonged. The
residence time is a dominant factor in production of satisfactory nanocomposites in
extruders so the implementation of melt pump into compounding process introduces an
interesting and technologically accessible method of continuous compounding
enhancement employable in the field of polymer composites and blends. It should be
mentioned that maximal residence time achieved in this study was limited by melt pump
construction and torque limitation in extruder. By the usage of industry-scale processing
equipment (allowing higher pressure in the melt pump and higher extruder torque) a
further significant increase in residence time can be expected. Concerning the
measurement of tensile force (level of melt strength) the same trends have been found
as compared with measurements of processing parameters and more detailed
description (also regarding effect of different screw geometries and screw speeds) can
be seen in relevant paper included in this thesis. [175]

1.3 Characterization of polymer nanocomposites

Characterization of the nanocomposite materials is performed with aim to describe
different aspects of polymer nanocomposites:

a) dispersion grade of filler in the polymer matrix and filler orientation

in relation to used processing parameters,

b) effect of filler surface treatment on filler dispersion and nhanocomposite

properties,
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c) physical and chemical interactions between modified filler and polymer chains,

d) application potential of the nanocomposites.

With the introduction of first commercial applications of polymer nanocomposites [176],
relevant characterization techniques can be divided to analysis of material performance
(mechanical & thermal analysis, barrier properties, flame retardancy, electrical &
thermal conductivity, rheological properties, barrier properties, thermal stability, flame
retardancy, biodegradation, drug delivery systems) and analysis of material structure.
To the structural methods belongs X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), infrared spectroscopy (IR)
or atomic force microscopy (AFM) [31-155]. Melt rheology describes mechanical
response of the material in shear or elongational flow field and, therefore, can be used
for structural as well as performance characterization. In order to use rheology for
structural characterization, typical structural methods have to be used for establishment
of relevant correlations (off-line measuring methods) or calibrations (on-line / in-line

measuring methods), respectively.

1.3.1 Off-line structural characterization

The most used method for structural characterization of polymer nanocomposites is X-
ray diffraction (XRD), using scattering at different angles: small angle X-ray scattering
(SAXS) and wide angle X-ray scattering (WAXS). Classical XRD is used to determine
the degree of crystallinity in semi-crystalline polymers, phase composition and
crystallographic texture of materials. These method utilities the fact that X-Rays are
scattered by regularly arranged atoms to discrete scattering angles according to their

average distances [177, 178].

SAXS is a tool for studying structural features of rather large objects in the dimensions
between some 100 nm and few nm — where measurable dimensions are strongly
depending on the used instrument. “Any scattering or diffraction processes are
characterized by a reciprocal law, which gives an inverse relationship between particle
size and scattering angle” [179] — that means that large (in relation to used wavelength)
objects, generally described as electron density fluctuation scatter to relatively small

scattering angles. In condensed mater polymer science important parameters like the
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long period, thickness of crystalline and amorphous domains, volume of pores and
preferred orientation [180, 181] are determined by SAXS. In polymer nanocomposites
the structure of physical network can be determined by using the SAXS method.

SAXS in principle is analysing structural dimensions in the range between a few 100
and 0.5 nm. The range is strongly depending on the equipment used. With laboratory
instruments, dimensions between 70 and 0.4 nm are accessible. In semi crystalline
polymers and polymer nanoclay composites many structural features are in the size
between 10 to 20 nm (long period) and 2 to 5 nm (clay gap), perfectly matching the
accessible range of small angle X-Ray scattering equipment. Regular arrangement of
the clay platelets in dimensions between 2 and 5 nm leads to a diffraction peak at
scattering angles between 1 and 3°. This is the most important feature in
nanocomposite characterisation. The position of the peak is shifted from the initial state
of the filler to lower scattering angles (= larger spacing) when intercalation occurs. The
scattered intensity concentrated in the peak is directly proportional to the amount of
scattering planes. When the concentration of clay in the polymer is known, the degree
of exfoliation can therefore also be determined. The width of the reflexion is proportional
to the “stacking height” of the clay tactoids, i.e. to the number of silicate platelets in one

particle.

For data analysis typically the 2D scattering patterns are averaged and corrected for
background scatter. The scattering curves can be analysed applying a one-dimensional
correlation function method Fehler! Verweisquelle konnte nicht gefunden werden. to
calculate the interlayer distance doo1 and thickness of the clay platelets (t) of the filler
prior to compounding. The position and magnitude (I) of the clay period (cp) peak in the
composite material are determined by peak fitting with a pseudo-Voight function. The
clay period is then the sum of plate thickness and interlayer distance (cp =t + doo1).
Because t does not change during composite formation changes in cp are directly
caused by changes in interlayer distance. Therefore cp can be used as a measure for

intercalation. For comparison purposes a value A doo: is calculated and defined as:

A doo1 = cps - cpn
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where cps is the clay period in nanocomposite sample and cpn is the clay period in the

native state.

The magnitude of the peak arising from the regular arrangement of clay platelets is
directly proportional to the amount of scattering planes and therefore to the overall
amount of clay stacks, when the distribution of stacks within the probed volume is
random (as in powder). When exfoliation occurs, clay platelets are no longer arranged
in stacks and do not contribute to the scattered intensity any more. The degree of
exfoliation (Xrs) is a relative measure to compare series of different compounding
procedures. The factor Xrs becomes zero when no intercalated material or
agglomerates are in the material. Values >1 indicate the existence of additional

agglomerates and/or intercalated clay material.

From the peak width the so-called “Scherer size” (ds) can be calculated, which is a
measure for the size of crystalline domains. Although it is only a rough approximation at
small scattering angles, it is very useful for comparison of samples. It must be noted
that it is a mean value, meaning that the smaller dimensions are favored by this
evaluation. The staking number ns = ds/cps is a measure for the average number of

clay platelets stacked in the material.

Whereas the average interlayer distance doo1 has been widely applied as standard
structural measurement concerning polymer nanocomposites at all, degree of
exfoliation Xrs and staking number ns have been established in the frame of project
work within Austrian nanoinitiative. On example with 2 different screw geometries is is
visible that changing the screw speed can lead to the same level of average interlayer
dstance and staking number (in the case using Geometry 2, Fig. 17, 19) but different
exfoliation degree (Fig. 18). [151]
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Figure 19: Staking number in dependency on screw geometry and speed

Due to instrumental development during the last few years it is now possible to perform
all types of characterizations also in-situ at elevated temperatures and under
mechanical load. The in-situ techniques allow for characterization of structural details
during melting and recrystallization process in native polymer as well as in composites.
Relations between structural and mechanical properties can be determined by in-situ
tensile testing. However, these approaches are difficult and expensive to apply in

industrial scale manufacturing processes.

1.3.2 On-line & in-line structural characterization

Different spectroscopic techniques have already been tested for real-time monitoring of
the extrusion process, such as ultrasound, Raman, UV-VIS (ultra-violet-visible) and NIR
(near-infrared) spectroscopy, demonstrating possibility of process control without time
consumption for off-line analyses and samples preparation. They works on principle of

inserting optical probes in the main (in-line) or by-pass (on-line) polymer stream in
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production line [183—191]. For the research in this thesis, in-line NIR spectroscopy in a

combination with on-line extensional rheometry was used [192].

1.3.2.1 In-line NIR spectroscopy & chemometrical modelling

Near-infrared (NIR) spectroscopy is a non-destructive, optical method to determine
information on the composition of samples. Like mid-infrared (MIR) spectroscopy, the
NIR method measures the absorbance of light due to excitation of molecular vibrations
of the substance under investigation. However, MIR, which exploits radiation in the
wavelength range of 2500 to 25000 nm, measures the fundamental molecular
vibrations, whereas NIR, operating in the spectral range between 780 and 2500 nm,

detects the overtones and combinations of these vibrations (Figure 20).
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Infrared (IR): fundamental molecular vibrations
Near Infrared (NIR): overtones and combinations from IR

Figure 20: Spectral ranges of spectroscopic techniques [193]

By placing the sample in the light path, the substances present in the sample absorb
NIR radiation at specific frequencies according to their molecular structure, resulting in

NIR sample spectra (Figure 21).
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Figure 21: Measurement principle of NIR spectroscopy [193]

As the frequencies, at which the absorbances take place are depending on the energy a

molecular structure requires to be stimulated, the position of the absorbance bands in

the NIR spectrum provides the information for identification of substances and for the

existence of specific chemical functionalities present in the sample. By evaluating the

intensity of the features identifying a substance or chemical functionality (Figure 22), the

amount/concentration of the respective analyte can be determined [194].
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Figure 22: Information content of NIR spectra [193]
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Regarding polymer materials, NIR spectroscopy has been tested for detection of
different physical-chemical changes like examination of polymerisation or
copolymerisation, moisture content, crystallinity, molecular weight, intermolecular
interactions, tacticity, orientation, dispersion and alteration of particle size of fillers and
density of polyethylenes. As described above, NIR spectroscopy in principle determines
the chemical composition of samples. However, it is also capable of providing
information on mechanical properties as these properties are generally linked to the
chemical state of the sample. For example the strength of coatings often depends on
the degree of polymerisation of polymers, which again can be monitored by determining
the remaining amount of monomer functionalities which have not been converted by the
polymerisation reaction. Furthermore, some parameters can be determined by NIR
spectroscopy although neither a chemical conversion is the basis for the phenomenon
nor does the analyte show any activity in the NIR. For example, ions dissolved in water
can be determined to a certain degree although they are not IR active and do not cause
any specific chemical reaction. The reason for this is the fact that the charged ions
interact with the water molecules, influencing the strength of the O-H-bond and thereby

shifting the water’s O-H absorbance peak.

In polymer nanocomposites, the silicate platelets form different levels of 3D physical
network. Generally, in the real nanocomposite systems both the intercalated as well as
exfoliated structure persists. During the dispersion process, the both structures are
formed by the physical bounds between the hydrophilic clay, hydrophobic polymer
matrix and possibly compatibilizer. The number and type of interactions between
polymer chains and organoclay depend on the experimental conditions and can be

monitored with NIR spectroscopy [187-191].

Chemometrical modelling / multivariate data analysis

For NIR spectroscopic applications it is very important to extract process relevant
information from the measured NIR spectra. In the MIR range often methods like peak
integration are used to evaluate the absorption strength of one specific species and thus
to quantify the amount of this species in an unknown mixture. In practice the approach
of evaluating single spectral lines can only be applied to MIR spectra where spectral

lines of different species are well separated. In the NIR region typically the spectral
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features of different species show strong overlapping. This results in the need for more

sophisticated evaluation methods [195].

In this thesis, partial least squares (PLS) method is used to extract quantitative
information from NIR spectra and to evaluate the data if the desired parameter can be

measured using this technology.

For example, NIR spectra are often used to estimate the amount of different compounds
in a chemical sample. In this case, the so called “factors” are the wavelength specific
measurements that comprise the spectrum. They can number in the hundreds but are
likely to be highly collinear. The parameters of interest, the so called “responses” are
typically component amounts that the researcher wants to predict in future samples.
Such responses of interest can be the mechanical properties of the nanocomposite in

dependency on material composition and processing conditions.

PLS is a method for constructing predictive models when the factors are many and
highly collinear. The emphasis is on predicting the responses and not necessarily on
trying to understand the underlying relationship between the variables. For example,
PLS is not usually appropriate for screening out factors that have a negligible effect on
the response. However, when prediction is the goal and there is no practical need to

limit the number of measured factors, PLS is a very useful tool.

Usually, each spectrum is comprised of measurements at a 1,000 different frequencies;
these are the factor levels, and the responses are the sample parameters of interest.
Typically the parameters are related to chemical composition of the samples. Indirect
effects can lead to models evaluating mechanical or physical parameters like hardness,

stiffness or density.

The PLS factors (the NIR spectra) are computed as certain linear combinations of the
spectral amplitudes (eigenvectors or loadings), and the responses are predicted linearly
based on these extracted factors. Thus, the final predictive function for each response is
also a linear combination of the spectral amplitudes. PLS prediction is a function of all of
the input factors and can be interpreted as contrasts between broad bands of

frequencies [196].

31



In research concluded in this thesis for evaluating the method of NIR spectroscopy for
being able to measure a certain sample attribute (responses: e.g. E-modulus or tensile
force) a straight forward approach was applied. NIR spectra of samples with varying but
known responses were used. Then PLS was applied to generate a linear predictive
model for calculating the responses from the measured NIR data (factors). By looking at
special correlation parameters (like R? and RMSECV — see below) of the resulting
model it was possible to evaluate whether the model shows sufficient predictive ability
or not. If the developed model shows sufficient correlation the method can be used to
deliver measurement data about correlated properties of the material. Since the NIR
method can be easily implemented to the extruder and the measurement time is in the
region of seconds this enables a non-destructive real time monitoring of structural and

application properties of the produced material.

The correlation coefficient R? shows the correlation of the NIR data with the investigated
response parameter. Values of R? are between 0 and 100. Typically models with R?
values above 90 enable quantitative calculation of the response parameter of interest.
Correlation coefficients above 60 allow qualitative evaluations. If R? lies below 60 the
response is not well pronounced in the factors (the spectral data) and thus cannot be

evaluated with reasonable practical relevance.

The root mean square error of cross validation (RMSECV) is estimated by calculating a
predictive model by using all samples expected one. This model is applied to the left out
sample for predicting the desired response parameter. RMSECV is calculated by doing
this procedure for every sample and by summing up the root mean square errors of the
deviations of the calculation results from the real values. This value is a measure for the

measurement error of the developed NIR measurement method.

In general the quality of the “real” response values is very important for the quality of the
generated models. Outliers are strongly influencing the model generation and,

consequently, the model describing parameters like R?> and RMSECV [195, 196].
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1.3.2.2 On-line extensional rheometry

Generally, two methods of reinforcement assessment in polymer nanocomposites in the
molten state can be used: analysis of melt elasticity using rotational rheometry or melt
strength evaluation by extensional rheometry. In this thesis, commercial extensional
rheometer Rheotens 71.97 was used. The advantage of Rheotens measurements
consists in their simplicity without need of expensive scientific equipment and additional
time for sample preparation. The principle of Rheotens measurement can be seen in
Figure 23 and Figure 24. It is based on elongation of an extruded string by two or four
rotating wheels connected with force transducer. The rotation speed is linearly
increased up to when the molten string breaks. The tensile force applied to the wheels
and the draw speed at break allow the calculation of the melt strength (stress at break):

Ob = Fb-vb / Ao-Vo
Ob ... stress at break [Pa]
Fb ... draw force at break [N]
Vb ... draw speed at break [mm-s]

Ao ... initial cross section of molten string (at the die outlet) [m?]

Vo ... extrusion speed of molten string (piston speed) [mm-s!]

Figure 23: Measurement performed by Rheotens equipment [197]
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Figure 24: Principle of Rheotens measurement [197]

In order to compare the melt strength level of different nanocomposite systems
(revealing different magnitudes of vb), the tensile force at specific draw speed has been
chosen as a comparative value (e.qg. figure 25).
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Figure 25: Melt strength level comparison [197]

The silicate platelets form different levels of 3D physical network in the polymer matrix
depending on their structure (intercalated or exfoliated, figure 12). The different physical
crosslinking and bonding between polymer chains and organoclay results in diversity of
viscoelastic response. Individual nanoparticles act as entanglement- or crosslinking-
sites and raise the extensional stiffness of the composite, measured by the melt
strength level. Depending on the degree of dispersion, this change is more or less

pronounced compared to the unfilled polymer. Research in this thesis shows how the
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extensional rheometry can be used for fast determination of material reinforcement for

both off-line as well as on-line measuring principles [175, 192, 194, 197-203].

1.4 Viscoelasticity of polymer nanocomposites
Comparing to typical characterization of individual polymer nanocomposite properties

(like mechanical & thermal analysis, microscopy, X-ray diffractometry, barrier properties,
electrical & thermal conductivity) [31-155], melt rheology has been established as a
powerful tool to analyse dispersion of nanofiller in polymer matrix and to correlate it with
processing and application properties [160, 173, 200, 201, 204-255]. Especially usage
of rotational rheometry is very interesting, because knowledge of viscoelasticity enables

assessment of nanocomposite structure, which is responsible for material performance.

In the case of highly dispersed systems, a 3D physical network formed by nanofiller and
polymer chains is achieved. This phenomenon can be investigated by the analysis of
the melt elasticity in the system using rotational rheometry [160, 173, 200, 201, 204—
255].

The magnitude of storage modulus (real part of complex modulus, G”) reflects level of
elasticity (entanglement of polymer chains) in material during oscillating flow and is
directly related to imaginary part of complex viscosity. The G modulus is increasing
with the filler loading. The G secondary plateau, which occurs at low frequencies and
high concentration of the filler, reflects structures with much longer relaxation times than
those of neat matrix. The curve of this plateau is dependent on filler concentration,
particles size and rheological history of material. The G” secondary plateau seems to be
in relation to yield stress because both phenomena reflect level of physical network

stability in the system [253].

The loss (viscous) modulus G™ (imaginary part of complex modulus) reflects energy
dissipation to heat (the level of viscous properties resulting from slippage of polymer
chains) and is directly related to real part of complex viscosity. The ratio of the loss
modulus to the storage modulus tan 6 (loss factor, tan 6 = G™" / G”) provides information
about damping ability of the material. The complex viscosity n* gives information about
overall material resistance (complex modulus) to flow as a function of frequency in

terms of n*=G*/ w.
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Using rotational rheometry, the physical network in polymer nanocomposites has been
characterized by dynamic measurements in oscillatory shear flow concomitant with G
and G secondary plateau formation (pseudo-solid-like behavior) with the silicate
loading in the range of 3 - 5 wt. % [160, 173, 200, 201, 204-255], (Figure 26).
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Figure 26: Comparison of viscoelastic properties of the matrix and the nanocomposite with
Cloisite 6A [172]

Rheological properties of polymer nanocomposites (poly-e-caprolactone, PA-6)
prepared by “in situ” method (polymer chains were chemically bonded on the surface of
silicate) were firstly described by Krishnamoorti and Giannelis [211]. “Solid-like”
response has been observed also in conventional polymer composites, where the
“yielding” phenomenon reflected very strong interactions between the polymer and filler
[239]. In this thesis, “rubber-like” behavior typical for well dispersed polymer
nanocomposites was also detected for complex polymer composites, where synergic
effect of different fillers on formation of 3D physical network was revealed [213, 249]

(Figure 27).
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Figure 27: Storage modulus of the PET matrix and composites [213]
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Figure 28: The viscosity curves of the PET matrix and nanocomposites [172]

The melt viscosity trend of nanocomposites is similar to other filled polymer systems: a
significant increase (comparing to neat matrix) in the range of low shear rates and a
subsequent decrease with shear rate rise (Figure 28). This “shear thinning” (yielding)
phenomenon is attributed to destruction of physical network and re-arrangement of

silicate platelets in flow direction with raising shear rate.
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One of unconventional rheological approaches presented in this thesis is usage of the
van Gurp-Palmen (vGP) plot (dependency of loss angle & on complex modulus |G*|) for
analysis of spatial structures in polymer nanocomposites [200, 201, 250, 256]. In
original work [225, 230], polymer samples with rather linear chain structure exhibited a
continuous shaped curve. On the contrary, long chain branched (LCB) polymers

showed a developed bump between the |G*| minimum and the 90° plateau.

For example, in polyethylene nanocomposite blend, systems prepared with Cloisite20
organoclay and Cloisite20/nanoscaled ZnO showed spatial structure similar to
mentioned LCB polymers with even two bumps or peaks (in the case of mixture with
Cloisite20), indicating complex 3D structure made of filler and polymer chains. On the
other hand, the polyethylene (CA9150) matrix and nanocomposite blend with only
nanoscaled ZnO exhibited behaviour similar to linear chain structure (Figure 29).
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Figure 29: The van Gurp-Palmen plot of PE nanocomposite blends [256]

Another approach for description of viscoelastic damping behaviour is so called “Cole-
Cole” figure, in which imaginary part of complex viscosity over the real part is plotted.
This figure has been widely used to assess miscibility/homogeneity of polymer blends
and composites in the way that a smooth, semi-circular shape can be interpreted by
better compatibility and homogeneity, respectively [229, 235]. Usage of this analysis for

a polyethylene nanocomposite blend is shown in figure 30.
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Figure 30: The Cole-Cole plot of PE nhanocomposite blends [256]

The polyethylene CA9150 matrix and nanocomposite with ZnO showed semi-circle
shapes, reflecting rather high homogeneity of the system. However, for the analysis of
polymer nanocomposites performance, not only homogeneity but also reinforcement
effect should be addressed. Using Cole-Cole plot, it can be said, that systems prepared
with Cloisite20 and Cloisite 20/ZnO revealed deviation from semi-circle shape and,
therefore, are rather not homogeneous. Nevertheless, no information about
reinforcement level can be obtained from this figure and this problem is actually
concomitant with each previously described rheological analysis based on damping
behaviour. Therefore, new rheological approach based on rigidity behaviour is
presented in this thesis. This approach uses evaluation of new rheological parameter
(cotg ), which was called as storage factor (analogically to loss factor tan ). In order to
reduce the values of storage factor to one representative magnitude (cumulative
storage factor, CSF) for one nanocomposite sample, G” as well as G"” values of each
sample were integrated over the measured frequency range according following

equation:

628rad /s 628rad /s
CsF= [G/ |6

O0.lrad/s  0O.lrad/s
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It was proved that cumulative storage factor reflects reinforcement in polymer
nanocomposites in the shear flow, similarly to melt strength parameter in the
elongational flow. Moreover, calculation of further cumulative rheological parameters (in
the same principle as calculation of CSF) enables new opportunities of using rheological
data from shear flow for structural analysis of complex multiphase polymer systems
[200, 250, 256].

An example of using CSF value is given concerning nanocomposites with recycled PET.
According to typicall rheological evaluation (viscosity and storage modulus curves,
respectively) it would be difficult to recognize what organoclays led to the real

reinforcement of the polymer matrix (Fig. 31, 32).
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Figure 31: Complex viscosity of PET-R nanocomposites
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Figure 32: Storage modulus of PET-R nanocomposites

However, the CSF plotted over CCV in Fig. 33 shows clearly differences in material
reinforcement between various CPNs. It can be seen that CSF values can be divided
into three groups: CSF of the neat polymer matrix, CPNs with lower CSF values (10A,
30B) and CPNs with higher CSF values (6A, Na+). It means that effective material

reinforcement was reached only in CPN systems using 6A and Na+.
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Figure 33: CSF plotted over CCV

This is result of complex physical and chemical reactions, which occur during the
processing. On one side, physical interactions based on electrostatic forces between
polymer and clay mineral result into formation of differently organized structures
(combination of agglomerated, delaminated and exfoliated structure) depending on
achieved 3D network. On the other side, processing of PET CPNSs is concomitant with
different chemical reactions (e.g. chain scission, Hofmann elimination) that lower CPN
mechanical performance. Using cumulative storage factor, it can be clearly said which
organoclays leads to effective material reinforcement (effect of 3D physical network is
higher than effect of chemical degradation) and vice versa.

Résumeé
Research in this thesis shows contribution to preparation, processing and

characterization of polymer nanocomposites. Concerning preparation, organoclays with
increased temperature stability and interlayer distance (modification by silanization and
imidazole salt) have been developed. In the field of processing, advanced compounding

was established, using specific adjustment of melt pump in combination with twin-screw
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extruder. Addressing characterization of polymer nanocomposites, in-line NIR
spectroscopy as well as novel rheological parameter (cumulative storage factor) have
been successfully tested in combination with advanced evaluation of small angle X-ray
scattering (additional parameters for description of clay delamination). Incorporation of
new results into broad research in the field of polymer nanocomposites can be found

more in detail in the following scientific papers, being the part of this thesis.
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2. Objectives of the conducted research

Research concluded in this thesis is divided into 3 chapters:

2.1 Preparation of polymer nanocomposites

In this chapter (manuscripts 1 — 5), conventional analysis approaches based on
rotational rheometry have been used for correlations with structural and application
properties of nanocomposites. The main effort was focused on evaluation of melt
viscosity and melt elasticity (rubber-like behaviour) for better understanding of thermal
and structural changes during the processing and consequent application of polymer
nanocomposites. For this reason, new approaches for increase of thermal stability of

organoclays, fillers combinations and structural parameters were developed.

2.1.1 Manuscript 1

“Effect of 3D structures on recycled PET/organoclay nanocomposites”

Kradalik, Milan; MikeSova, Jana; Puffr, Rudolf; Baldrian, Josef; Thomann, Ralf;
Friedrich, Christian (2007): In: Polym. Bull. 58 (1), S. 313-319. DOI: 10.1007/s00289-
006-0592-5.

In this manuscript, evaluation of melt viscosity and elasticity revealed reinforcing effect
of different commercial organoclays on recycled polyethyleneterephthalate, which was
concomitant with degradation reactions during the processing. Relevant degradation
mechanisms and their association with nanofiller dispersion were discussed. Structural
evaluation has been done using wide-angle X-ray scattering and transmission electron
microscopy. According to structural analysis, the highest level of dispersion revealed
system filled with Cloisite 30B. However, this nanocomposite showed the lowest level of
melt elasticity as compared with mixtures filled with other commercial organoclays. With
this discovery, a broad discussion in relevant scientific community has been started with
the view to develop new kinds of organoclays with enhanced thermal stability, which
could be used not only for obtaining high dispersion grade, but also for improvement of
material performance, especially for technical thermoplastic polymers with high melt
temperature (above 250°C).
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Summary

Formation of physical network in PET/organoclay nanocomposites leads to significant
improvement of processing and utility properties. The state of dispersion of silicate
platelets in PET by melt mixing depends on shear forces as well on surface chemical
treatment of the filler. The level of dispersion was determined by X-ray diffraction
analysis and transmission electron microscopy. Melt rheology was used to examine
the presence of network particles. It was shown that the addition of 5 wt. % of organo-
modified montmorillonite into recyclate leads to a 3D network structure with
secondary plateau of G~ at lowest frequencies. XRD and TEM experiments supported
the conclusion.

Introduction

Investigation of relationship between the structure and processing properties has an
important impact on various branches of materials science. Understanding the
influence of processing parameters on final properties is the key to preparation of new
materials for specific purposes.

Polymer/clay nanocomposites with a relatively low loading of the filler are interesting
in terms of improvement of barrier, mechanical and rheological properties,
dimensional stability, heat, flame and oxidative resistance [1]. Melt mixing as the
most industrially attractive method for nanocomposite production requires study of
rheological properties during compounding and their effect on the state of dispersion
(delamination level) in the resulting polymer system. Up to now, a few papers have
dealt with this topic for some polymer matrices [2, 3, 4, 5], but no mention for
recycled PET (which is interesting particularly from the environmental point of view)
was found in available literature. The difficulties that accompany processing of PET

Presented at 44™ P.M.M. Microsymposium “Polymer Gels and Networks”,
Prague, 10—-14 July 2005
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with commercial organoclays arise from thermally limited stability of the quaternary
ammonium salts used for modification of montmorillonite (MMT). Davis et al. [6]
reported black, brittle and tarlike nanocomposites prepared from PET and ammonium-
salt-based organoclay. In our work, transparent nanocomposites with improved
processing, mechanical and barrier properties from recycled PET and commercially
modified MMT were prepared, although moderate degradation of the matrix was
observed in rheological measurements. Thus prepared nanocomposites could find
applications in industry on account of continuously decreasing price of commercial
organoclays. Description of physical as well as chemical phenomena which occur
during compounding and their effect on the material structure are investigated by
rheological and morphological testing.

Experimental

Materials

Organo-modified clays were supplied by Southern Clay Products, Inc., Gonzales, TX,
U.S.A.

Table 1. Characteristics of organoclay fillers *

Modifier
Organoclay  Organic concentration Moisture Weight loss
modifier ° [mequiv/100 g clay] [%] on ignition [%]
Cloisite 6A  2M2HT 140 <2 45
Cloisite 15A  2M2HT 125 <2 43
Cloisite 20A  2M2HT 95 <2 38
Cloisite I0A  2MBHT 125 <2 39
Cloisite 25A 2MHTLS 95 <2 34
Cloisite 30B  MT2EtOH 90 <2 30

*according to the manufacturer

b guaternary ammonium chlorides: dialkyldimethyl- (2M2HT), alkyl(benzyl)dimethyl-
(2MBHT), alkyl(2-ethylhexyl)dimethyl- (2MHTLS), alkylbis(2-hydroxyethyl)methyl-
(MT2E(OH). Alkyls are a mixture of 65 % C18, 30 % C16 and 5 % C14, derived from
hydrogenated tallow.

Recycled poly(ethylene terephthalate) from colour-selected beverage bottles (PET-R),
with the intrinsic viscosity 0.73 dl/g was delivered by Polymer Institute Brno, Ltd.,
Czech Republic.

Preparation of nanocomposites

Organoclays were dried at 80 °C and PET regranulate at 110 °C in an oven at least for
12 h. PET-R was compounded with 5 wt. % of organoclay in a co-rotating twin-screw
micro-extruder (DSM Research, Netherlands) under nitrogen environment. The
mixing temperature 255 °C was set in order to exert maximal shear stress and minimal
thermal degradation on the modified MMT during processing. The blending time was
10 min at the speed 200 rpm.
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Structure of nanocomposites

WAXS (wide-angle xray scattering) analysis was performed with a HZG 4/4A
diffractometer (Praezisionsmechanik Freiburg, Ltd., Germany) at room temperature at
a scanning rate of 1.5°/min. The Ni-filtered Cu Ka radiation generator was operated at
30 kV accelerating voltage and 30 mA current. The TEM measurements were carried
out with a Zeiss LEO 912 Omega transmission electron microscope using an
acceleration voltage of 120 keV. The samples were prepared using a Leica Ultracut
UCT ultramicrotome equipped with a cryo-chamber. Thin sections of about 50 nm
were cut with a Diatome diamond knife at -120 °C.

Melt rheology

An ARES 3 Rheometer (Advanced Rheometric Expanded System, Rheometric
Scientific, Inc., U.S.A.) with 25 mm parallel plate geometry was employed for
rheological characterization. Dynamic frequency sweep measurements (at the strain
level 2 % for the nanocomposites and 30 % for the matrix) as well as time sweep tests
were performed at 270 °C under nitrogen.

Results and discussion

As seen in Table 1. the difference between various types of the Cloisite nanofillers
comes from the ammonium cations located in the gallery of silicate layers. With two
long alkyl groups, the ammonium cations in Cloisite 6A, 15A and 20A are non-polar,
while those in Cloisite 30B (two 2-hydroxyethyl groups), 10 A (one hydrogenated
alkyl replaced by benzyl group) and 25 A (one hydrogenated alkyl group replaced by
a short 2-ethylhexyl group) are more polar. To obtain well-intercalated and exfoliated
structure, the surface polarities of polymer matrix and organoclay must be matched
[7]. Polar interactions are also crucial for the formation of well-dispersed systems via
polymer melt intercalation [8]. These assumptions are confirmed by the results
obtained.

Nanofillers Cloisite 6A, 15A and 20 A show a large initial gallery spacing, allowing
an easier penetration of polymer chains, but they are exceedingly hydrophobic and do
not match the polarity of PET. Subsequently, the weak interactions between the
ammonium cations of fillers Cloisite 6A, 15A, 20 A and chains of PET resulted in
inferior PET intercalation (Figure 1a, Table 2). On the other hand, due to the moderate
surface polarity of Cloisite 30B and 10A, highly delaminated structures of recycled
PET nanocomposites were obtained (Figure 1b, Table 2).

The WAXS diffractograms of nanocomposites (Figure la, 1b) showed that the first
peaks of the pure fillers Cloisite 6A and Cloisite 15A as well as of composites PET-
R/Cloisite 6A and PET-R/Cloisite 15A occur in similar positions (Table 2), indicating
only very low interactions of the matrix with these organoclays. For PET-R/Cloisite
30B, PET-R/Cloisite 10A, PET-R/Cloisite 25A and PET-R/Cloisite 20A systems, the
peaks of fillers were shifted to lower angular values. The increased basal spacing dy,
showed that the polymer chains were intercalated in the gallery of silicate layers
(Table 2). The obviously larger interlayer distance of Cloisite 30B, 10A and 25A in
recycled PET nanocomposites demonstrates the efficiency of filling. The highest
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decrease in the first peak in WAXS patterns (Figure 1b) corresponds with partial
exfoliation (exfoliation of a certain number of tactoids) in the systems mixed with
Cloisite 30B and 10A. Cloisite 25A exhibits also a high level of intercalation, which is
attributed to the hydrophobicity decrease resulting from the loss of one hydrogenated
alkyl group (Figure 1a, Table 2).

Table 2. WAXS analysis of organoclays in nanocomposites*

Organoclay XRD peak position (°) Basal Spacing (/D\) A dyy (f\)

Cloisite 6A 2.8(2.64) 31.5 (33.4) 1.9
Cloisite 15A 2.9(2.8) 30.4 (31.5) 1.1
Cloisite 20A 3(3.65) 29.4 (24.2) 5.2
Cloisite 10A 3 (4.6) 29.4(19.2) 10.2
Cloisite 25A 3.1(4.75) 28.5 (18.6) 9.9
Cloisite 30B 2.9 (4.77) 30.4 (18.5) 11.9

* manufacturer’s data for neat organoclays are given in parentheses
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Figure 1a, 1b. WAXS patterns of the matrix and nanocomposites.

According to TEM micrographs, the highest level of homogeneity and delamination
was found in the system filled with Cloisite 25A (Figure 2A). The nanocomposites
with Cloisite 30B and 10A showed heterogeneous structure, which manifested itself
by both exfoliated platelets and their stacks (Figure 2B, C). On the other hand,
materials containing Cloisite 6A, 15A and 20A exhibited poor dispersion due to
highly hydrophobic nature of these organoclays (Figure 2D, Table 2).

Processing properties of nanocomposites are characterized by rheological
measurements. The flow curves (Figure 3) indicate the efficiency of the organoclay
filling which manifests itself as a significant increase in melt viscosity in the range of
low shear rates. At higher frequencies, the complex viscosity of nanocomposites
decreased below the value of the unfilled matrix with the same processing history as
the nanocomposites. The wall slip of filled melts between the parallel plates and
matrix degradation during the rheological measurements were disproved by the time
sweep tests, performed at various frequencies and plotted in Figure 4. The reason for
the observed phenomenon could then be a slip between the polymer matrix and filler
particles or a decrease in the complex viscosity of PET-R matrix in nanocomposites.
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Figure 2. TEM photomicrographs of PET-R/organoclay nanocomposites; (A) Cloisite 25A,
(B) Cloisite 30B, (C) Cloisite 10A, (D) Cloisite 6A.

Monitoring the melt compounding process, it was found that the most significant
degradation during the processing of recycled PET and organoclay is attributed to
chemical reactions between the functional groups of organic modifiers, free water of
silicate and the polymer chains. These reactions lead to a decrease in molecular weight,
which is indicated by decreasing values of load force (F) during mixing in
microextruder (Figure 5). For a constant volume of the compounded material and the
same processing speed, the F; magnitude is proportional to the viscosity of the material.
The sharpest decrease in F with time was observed for the system containing Cloisite
30B, which is attributed to the presence of hydroxyl groups in the nanofiller. The clays
treated with organic compounds, which show a higher reactivity to PET (Cloisite 30B,
10A) manifesting itself by a decrease in Fy. (Figure 5), support a much higher level of
delamination (changes in the intensity and shape of basal reflections) than the other
nanocomposites (Figure la, b). This phenomenon could be explained by easier
penetration of shorter, degraded polymer chains into the gallery of silicate layers.

The melt viscosity decrease of nanocomposites at higher frequencies compared with
PET-R matrix is caused by inert low-molecular-weight compounds formed by thermal

63



318

degradation of alkylammonium tethers as well as by chain scission due to water and
hydroxyl groups of silicate and especially due to the hydroxyalkyl groups of Cloisite
30B. Thermal decomposition of quaternary ammonium tethers proceeds by Hofmann
elimination. The silicate anion abstracts hydrogen from the B-carbon of an alkyl,
yielding an olefin, tertiary amine and acid, a protonated site of silicate. An excess
surfactant chloride over the montmorillonite cation exchange capacity which is in
Cloisite 6A, 15A and 10A, decomposes also by Sy2 nucleophilic substitution yielding
alkyl chloride and tertiary amine [9].

Although organoclays are conventionally considered hydrophobic, water absorption
still proceeds on the outer surface of particles, along the hydrophilic layer edges and
on polar groups of alkylammonium tethers. The water content in dried, mostly
hydrophobic Cloisites 6A, 15A and 20A is up to 0.6-0.7 wt. % [9]. Hydrolytic
degradation of PET proceeds under the catalysis with Bronsted and Lewis acid sites of
silicate. The nanocomposite with 5 wt. % of Cloisite 30B contains an amount of 2-
hydroxyethyl groups comparable with that of PET, whose M,, is ca. 10000. This means
that every PET molecule can be split once on average due to transacylation during the
melt mixing process. This is the main cause of significant viscosity and storage
modulus decrease in the nanocomposite mentioned.

Except the composites containing Cloisite 30B and 10A (due to the degradation
mentioned above), a relationship between rheological properties and structure of
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Figure 4. Time sweep test of the
nanocomposite with Cloisite 10A.

Figure 3. The dynamic flow curves of
the matrix and nanocomposites.
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Figure 5. Time dependence of the load force
during melt mixing of the matrix and
nanocomposites.
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prepared nanocomposites was revealed. The higher increase in interlayer distance
Ady, (level of intercalation of the silicate platelets, Figure 1a, b; Table 2) resulted in
an enhancement of the complex viscosity and storage modulus (dispersion of clay
particles forms stronger physical network in the polymer matrix, Figure 3, 6).
Compared with the unfilled polymer, all nanocomposites show rubber-like behaviour
which is indicated as G~ secondary plateau in the range of low frequencies. This
phenomenon is especially distinct in Figure 7, where the viscoelastic liquid of
recycled PET (G">G") is transformed into rubber-like nanocomposite (G>G™).
These properties are attributed to physical network structures in nanocomposites.

Conclusions

Morphological investigations (WAXS and TEM) revealed partial exfoliation in
nanocomposites prepared from recycled PET and commercial organoclays Cloisite
25A, 30B and 10A. The dynamic flow properties of the prepared composites related to
structural changes associated both with the reinforcing effect (formation of physical
network with organoclay loading) and degrading aspect (chain scission of PET and
organoclay decomposition tendency). Moderate matrix degradation caused by some
organoclays did not affect visual properties (transparency) of composites.
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2.1.2 Manuscript 2

“Recycled PET nanocomposites improved by silanization of organoclays”

Kracalik, Milan; Studenovsky, Martin; MikeSova, Jana; Sikora, Antonin; Thomann, Ralf;
Friedrich, Christian et al. (2007): In: J. Appl. Polym. Sci. 106 (2), S. 926-937. DOI:
10.1002/app.26690.

This is the first manuscript describing new approach for thermal stability improvement of
commercial organoclays for application in polymers with high melt temperature (above
250°C). Based on the knowledge from manuscript 1, the most suitable commercial
organoclays were modified with different functional groups ([3-
(glycidyloxy)propyljtrimethoxysilane, hexadecyltrimethoxysilane and (3-
aminopropyl)trimethoxysilane). This modification was based on silanization of hydroxyl
groups on the edge of silicate platelets. Thermogravimetrical measurements confirmed
significant enhancement of thermal stability of silanized organoclays compared to their
commercial versions. Using rotational rheometry, it was possible to compare the effect
of organoclay stability improvement on degradation mechanisms during the processing
and on final structure & application properties, which were analysed by X-ray diffraction,
TEM, DSC and mechanical testing. According to rheological measurements, usage of
Cloisite 25A modified with ([3-(glycidyloxy)propyl]trimethoxysilane led to high thermal
stability during processing with recycled PET, as the values of melt viscosity were
higher than those of pure PET matrix in the whole range of measured frequencies. For
all other nanocomposites, starting at specific frequency, values of melt viscosity were
lower than those of pure PET matrix, indicating presence of degradation mechanisms
(e.g. hydrolytic degradation of PET, thermal decomposition of quaternary ammonium

tethers by Hofmann elimination) during the processing.
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ABSTRACT: Recycled PET/organo-modified montmoril-
lonite nanocomposites were prepared via melt compound-
ing as a promising possibility of the used beverage bottles
recovery. According to our previous work, the three suita-
ble commercial organoclays Cloisite 25A, 10A, and 30B
were additionally modified with [3-(glycidyloxy)propyl]tri-
methoxysilane, hexadecyltrimethoxysilane and (3-amino-
propyl)trimethoxysilane. The selected organoclays were
compounded in the concentration 5 wt % and their degree
of intercalation/delamination was determined by wide-
angle X-ray scattering and transmission electron micros-
copy. Modification of Cloisite 25A with [3-(glycidyloxy)-
propyl]trimethoxysilane increased homogeneity of silicate
layers in recycled PET. Additional modification of Cloisite
10A and Cloisite 30B led to lower level of delamination
concomitant with melt viscosity reduction. However, flow
characteristics of all studied organoclay nanocomposites

showed solid-like behavior at low frequencies. Silanization
of commercial organoclays had remarkable impact on crys-
tallinity and melt temperature decrease accompanied by
faster formation of crystalline nuclei during injection mold-
ing. Thermogravimetric analysis showed enhancement of
thermal stability of modified organoclays. The tensile tests
confirmed significant increase of PET-R stiffness with orga-
noclays loading and the system containing Cloisite 25A
treated with [3-(glycidyloxy)propyl]trimethoxysilane re-
vealed combination of high stiffness and extensibility,
which could be utilized for production of high-perform-
ance materials by spinning, extrusion, and blow molding
technologies. © 2007 Wiley Periodicals, Inc. | Appl Polym Sci
106: 926-937, 2007

Key words: recycled PET; organoclay; silanization

INTRODUCTION

Poly(ethylene)terephthalate (PET) is a semicrystalline
polymer with high chemical resistance, thermal sta-
bility, melt mobility, spinnability, and low perme-
ability to gases. Applications of PET are directed to
different industrial branches, such as packaging, tex-
tile, automotive, electro-technical, construction, and
other industries."™ Industrial production of PET bot-
tles started in the USA in the 80s, using advanta-
geous properties of PET, such as low weight, high
impact resistance, nontoxic nature, and high trans-
parency.* Due to the growing amount of PET used
in plastics industry (especially for beverage bottles),
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finding various proper methods of recycling is an
emergent challenge from the ecological and economi-
cal points of view.” The amount of recycled PET bot-
tles in PET-reprocessing countries is usually only
20-30 wt %. The rest of the used bottles ends in
energy recovery or in deposits.’®

At present, two PET recovery methods are used:
chemical and physical recycling. Chemical depoly-
merization” is economical only for high amounts of
waste. On the other hand, physical (mechanical, ma-
terial) recycling is a convenient way for economical
and environmental purposes.”®® Some high-tech
pilot projects with recycled PET bottles have been
tested*>1911: nevertheless, PET staple fibers with
limited application still occupy the market. In partic-
ular, no study of PET recovery for the purpose of
nanocomposite materials with improved processing
and utility properties has been found in available lit-
erature.

In our previous work, the viscosity decrease of
recycled PET during processing was investigated.'?
The study showed that reprocessing of PET waste
with the intrinsic viscosity value below 0.7 dL/g is
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not possible.” However, viscosity of the recycled
polymer can be increased by filler addition. In the
effort not to deteriorate mechanical properties of the
material, nanofillers seem interesting.

Nanotechnology was introduced as a new method
of improvement of polymer properties in 1995. The
technology involves not only incorporation of nano-
sized particles into the polymer but, more impor-
tantly, investigation of interactions between the poly-
mer matrix and the enormously large nanofiller sur-
face."® Especially for polymer/clay nanocomposites,
the surface effects are responsible for improvement
of barrier, mechanical and rheological properties,
dimensional stability, heat, flame, and oxidative re-
sistance. In comparison with traditional fillers
(20—40 wt % loading), 2—5 wt % filling of layered
clays is sufficient to achieve analogous material
improvement.'*'® Generally, three methods of the
polymer/clay nanocomposites preparation are used:
in situ polymerization, solution mixing, and melt
mixing.m'" In the case of PET/clay systems, the first
two techniques were successfully tested."® The
melt mixing process is technologically much more
interesting; nevertheless, satisfactory results with
PET have not been achieved.?"?!

Despite sensitivity of melt rheology to changes in
structure of the dispersed nanoparticles in the ma-
trix, rheological experiments have been so far rarely
used in investigation and characterization of poly-
mer nanocomposites. A few rheological studies of
polymer/clay systems, usually concerning nanocom-
posites with polyamides, confirm the enormous vis-
cosity increase associated with clay loading in the
region of low shear rates. The connection between
the level of delamination of silicate platelets and for-
mation of a physical network, indicated by second-
ary G’ and G” plateaus,'>*™* was also published.
For the PET/clay systems, Sanchez-Solis et al.**'
reported the reduction of the shear viscosity and
storage modulus explained by a decrease in particle-
matrix interactions.

According to our work, addition of organoclays to
recycled PET led to transparent nanocomposites
with enhanced rheological, thermal, and mechanical
properties. For the extrusion technology, the loss of
melt strength causes an incohesion of material after
leaving the extrusion die and, consequently, makes
impossible the production of sheets or precise pro-
files. On the other hand, injection molding requires
sufficient flow of polymer melts, which is carried
out by alignment of silicate platelets in the flow
direction at a high shear rates. Therefore, both pro-
cessing technologies can be applied to recycled PET
nanocomposites production. Possible applications of
the recycled polymer/clay systems could be found
in various industry fields, which would utilize
enhancement of strength, thermal, barrier, and other
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material properties, such as in car components (com-
bination of barrier and strength characteristics),
building industry, etc.

Our previous results confirmed improvement of
processing properties by addition of commercial
organoclays to recycled PET. Nevertheless, moderate
degrading reactions were detected during the mixing
in micro-extruder.** With a view to reduce the men-
tioned degradation and to increase delamination in
the system, the selected commercial organoclays
were additionally modified. The principle of the
treatment consists in silanization of clay hydroxy
groups by the selected silanes in aqueous-methanolic
environment. The bonded functional groups can
facilitate chemical or physical interaction of the filler
with the polymer matrix and eliminate the degrad-
ing nature of the silicate hydroxyl groups (hydroly-
sis of PET).

The aim of the study was to investigate effects of
additionally modified organoclays on rheological
properties of recycled PET with the goal to enhance
PET bottles recovery and to test utility properties of
the prepared nanocomposites.

EXPERIMENTAL
Materials

The commercial organoclays were produced by
Southern Clay Products, Gonzales, TX. The specifica-
tions of the organoclays are summarized in Table 1.
Nine new organoclays were prepared by additional
modification (Fig. 1, Table II).

Color-sorted recycled poly(ethylene)terephthalate
(PET-R), with the intrinsic viscosity 0.73 dL/g (dilu-
tion in phenol/tetrachloroethane 1 : 3), supplied by
Polymer Institute Brno, was used as matrix. As can
be seen in Figure 2, PET-R exhibits usual thermal
behavior (similar to virgin bottle grade PET) because
no remarkable decrease in T, (T,) magnitude
occurred.

TABLE 1
Specification of Commercial Organoclays®
Modifier Weight
concentration loss on
Organic (mequiv/ Moisture ignition
Organoclay  modifier” 100 g clay) (%) (%)
Cloisite 25A  2MHTL8 95 <2 34
Cloisite 10A  2MBHT 125 <2 39
Cloisite 30B  MT2EtOH 90 <2 30

? According to the manufacturer.

b Quaternary ammonium chlorides: alkyl(2-ethylhexyl)-
dimethyl (2MHTLS), alkyl(benzyl)dimethyl (2MBHT),
alkylbis(2-hydroxyethyl)methyl (MT2EtOH). Alkyls are a
mixture of 65% C18, 30% C16, and 5% C14, derived from
hydrogenated tallow.
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Figure 1 Chemical modification of commercial organo-
clays.

Preparation of silanized organoclays

The commercial organoclay (1 g) was suspended in
50 mL of methanol-water mixture (10 : 1) with sub-
sequent addition of silane (0.3 g). The mixture was
stirred for 2 days at room temperature and the pre-
cipitate was filtered off and rigorously washed with
methanol. The solid was dried under vacuum at
50°C for 4 h.

Preparation of recycled PET/organoclay
nanocomposites

Organically modified clays (om-MMT) were dried at
80°C and PET regranulated at 110°C in oven at least
for 12 h. The recycled polymer was mixed with 5 wt
% (relative to the anorganic part of organoclays) of

TABLE II
Indication of Silanized Organoclays

Modifier /prepared organoclay

Commercial organoclay E? HP A€
Cloisite 25A C 25AE C 25AH C 25AA
Cloisite 10A C 10AE C 10AH C 10AA
Cloisite 30B C 30BE C 30BH C 30BA

* [3-(glycidyloxy)propyl]trimethoxysilane.
Hexadecyltrimethoxysilane.
€ (3-Aminopropyl)trimethoxysilane.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 DSC thermograph of the recycled PET matrix.

om-MMT in a corotating twin-screw micro-extruder
(DSM Research, Netherlands) under nitrogen atmos-
phere. The compounding temperature was 255°C to
exert maximal shear stress and minimal thermal
degradation on the modified montmorillonite during
processing. The mixing time of PET granules and orga-
noclay powder was 10 min at the speed 200 rpm.
The time dependences of load force were measured
in the micro-extruder during mixing. Recycled PET
nanocomposites were injection-molded (micro-injec-
tion system; DSM Research) to specimens for me-
chanical, rheological, thermal, and wide-angle X-ray
scattering (WAXS) testing at 260-265°C. The dura-
tion of injection cycle was ca. 10 s. The samples for
TEM measurements were vacuum-compression
molded at 260°C for 5 min (hydraulic laboratory
plate press machine Collin 200P) due to higher iso-
tropy of silicate platelets in polymer matrix.

Melt rheology

Rheological properties were studied using an ARES
3 Rheometer (Advanced Rheometric Expanded Sys-
tem; Rheometric Scientific, Piscataway, NJ) with a
parallel-plate geometry of 25-mm-diameter plates.
All measurements were performed with two auto-
matically switched force transducers with a torque
range of 0.02—2000 g cm. The samples thickness
ranged from 0.9 to 1.1 mm. Experiments were per-
formed at 270°C under nitrogen (liquid N, source) to
prevent degradation of samples. The following types
of rheological measurements were carried out: (1)
dynamic strain sweep test (at 6.28 rad/s) to confirm
the linearity of viscoelastic region, (2) dynamic fre-
quency sweep test over a frequency range of
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Figure 3 Load force of PET-R melt and nanocomposites
filled with Cloisite 25A and additionally modified organo-
clays (the ““zero” time is presented as the moment shortly
after the start of mixing, when the values of load force can
be measured).

0.01-100 rad/s, at the strains 2% for the nanocom-
posites, 30% for the matrix.

For an estimative investigation of viscosity during
compounding, a load force generated by melt inside
the mixing barrel was monitored.

Wide-angle X-ray scattering

The intensities of WAXS reflections were recorded at
room temperature with a HZG 4/4A diffractometer
(Praezisionsmechanik Freiburg, Germany). The Ni-
filtered Cu Ka radiation generator was operated at
30 kV accelerating voltage and 30 mA current (wave-
length & = 1.54 A). Patterns were recorded by moni-
toring those diffractions that appeared during angu-
lar scan from 1.4 to 10° (20) at a scanning rate of
1.57/min.

Transmission electron microscopy

The TEM experiments were performed with a Zeiss
LEO 912 Omega transmission electron microscope
using an acceleration voltage of 120 keV. The sam-
ples were prepared using a Leica Ultracut UCT
ultramicrotome equipped with a cryochamber. Thin
sections of about 50 nm were cut with a Diatome di-
amond knife at —120°C.

Thermal characteristics

Thermal characterization of the polymer matrix and
nanocomposites was carried out by differential scan-
ning calorimetry (Pyris 1 DSC; Perkin Elmer, Waltham,
MA) using a standard mode: (1) holding at 30°C
for 3 min, (2) heating from 30 to 280°C at 10°C/min,
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(3) holding at 280°C for 2 min. The thermal parame-
ters, glass transition temperature (T,), cold crystalli-
zation temperature (T.), melting temperature (T,,),
enthalpy of cold crystallization (AH.), and enthalpy
of melting (AH,,) were calculated. The relative crys-
talline content (X.) in nanocomposites was evaluated
by assuming the AH,, for a h;/pothetical 100% crys-
talline PET to be 117.6 J/ g.4 Thermal stability of
organoclays was tested using Perkin Elmer TGA 7
instrument equipped with a software Pyris 1. The
samples were heated from 40 to 750°C at 10°C/min
with a nitrogen purge of 20 mL/min.

Mechanical properties

For tensile tests an Instron 5800 R was employed.
Experiments were measured according to ISO 527
and ISO 1873-2 standards. The crosshead speeds for
tensile modulus measurements at 1 mm/min and
for all other characteristics at 50 mm/min were
adjusted.

RESULTS AND DISCUSSION
Melt rheology
Monitoring of viscosity during compounding

The load sensor of micro-extruder enables to moni-
tor the downward force Fy that is generated by the
pressure of transported melt. For a constant volume
of the mixed material and constant processing speed,
the F; magnitude is proportional to the viscosity of
the material. It is evident that all nanocomposite
systems exhibit a decrease in F; during mixing (Figs. 3—
5) caused by degradation reactions.*® However, the
systems filled with organoclay modified with [3-(gly-
cidyloxy)propyl]trimethoxysilane or hexadecyltrime-
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Figure 4 Load force of PET-R melt and nanocomposites
filled with Cloisite 10A and additionally modified organo-
clays.

Journal of Applied Polymer Science DOI 10.1002/app

70



930

3300 d T T T T T T T T T T |q
L] <
30001 & -
2700 S __ o]
x’ - - (o] -
2400 " -
— ‘ 1
£, 21004 - -
- ' -«
“ 1800 a . d
*-30B 2
15004 —=m— 30BE ¥r 1

& 30BH i 2
12004 —A- 30BA A %]
o- PET-R Al

900 T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
t [min]

Figure 5 Load force of PET-R melt and nanocomposites
filled with Cloisite 30B and additionally modified organo-
clays.

thoxysilane show a significantly lower degradation
tendency than the corresponding materials contain-
ing unmodified commercial nanofillers. Using the
fillers C25AE, 10AE, and 30BE led to the lowest deg-
radation (Figs. 3-5). Therefore, the effects of these
modified organoclays on processing and utility prop-
erties of nanocomposites were compared with those
of the best dispersed commercial nanofillers Cloisite
25A, 10A, and 30B.*°

Complex rheological behavior

Dynamic shear flow properties of PET-R/organoclay
nanocomposites were investigated in the region of
linear viscoelasticity. The dynamic strain sweep test
(G'(y)) confirmed the linearity region in the range
1-100% strain for the matrix and 1—5% strain for
the nanocomposites. According to our previous
results, the color-selected recycled PET matrices and
their blends exhibited a Newtonian behavior in the
dependences n*(®) up to 100 rad/s and their com-
plex viscosity decreased with increasing number of
processing steps.'?

In comparison with the matrix, complex viscosity
of nanocomposites significantly increased in the
range of low frequencies (more than 2 orders), as is
shown in Figure 6. All the prepared nanocomposites
show a shear thinning phenomenon, which is caused
first by disruption of network structures and later on
by orientation of filler particles in flow.

The results in Figure 6 demonstrate the highest
filling effect of organoclay C 25AE. Moreover, the
magnitude of complex viscosity of appropriate nano-
composite exceeded the value of matrix in the whole
range of shear rates. That means significant reduc-
tion of degradation during the processing (visible

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 The complex viscosity versus frequency of the
recycled PET matrix and nanocomposites.

also in Fig. 3). On the other hand, filling with C
10AE and 30BE exhibited adverse effect on viscosity
(degradation tendency, described in Ref. 46). In this
case, the complex viscosity decreased (comparing to
systems with Cloisite 10A and 30B) together with
very fast destruction of physical network (mani-
fested itself by sharp viscosity decrease in the range
of low shear rates). Generally, thermal stability of
quaternary ammonium salts containing benzyl
group® and resulting nanocomposites*® is lower
than that of systems with alkyl-based components.
The several percentual decade mass loss of quater-
nary ammonium chlorides containing benzyl and
long alkyl groups during the heating up to 200°C
has been observed from TGA measurements due to
cleavage of benzyl group.”’ The details dealing with
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Figure 7 The storage modulus versus frequency of the
recycled PET matrix and nanocomposites.
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Figure 8 XRD patterns of pure fillers.

adverse effect of Cloisite 30B on PET melt have been
published in our previous work.*

The internal structural changes in nanocomposites
during shear flow can be analyzed from frequency
dependences of the storage (G') and loss (G”) mod-
uli. Addition of clay to the PET-R melt causes an
increase in the dynamic moduli, particularly in G’
(Fig. 7). The pure matrix behaves as a viscoelastic
liquid (G” > G'). The higher value of G’ than G” for
nanocomposites shows a change in viscoelastic
behavior, ie. a liquid-solid transformation. More-
over, the power-law dependence of the dynamic
moduli at low frequencies, which is characteristic of
the neat PET, is absent in the nanocomposites. The
dependence of G'(w) becomes nearly invariable. This
“secondary” plateau indicates the formation of a
network structure (exfoliation) of silicate layers in
nanocomposites.*!'

An increase of G’ in the mixture with C 25AE
(comparing to system filled with Cloisite 25A and
pure matrix) exhibits an enhancement of melt
strength (Fig. 7). Nevertheless, an opposite effect of
C 10AE and C 30BE fillers on elasticity in the melt
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Figure 9 XRD patterns of matrix and nanocomposites.

state was observed as compared to Cloisite 10A and
30B. Therefore, the most remarkable G’ ““secondary”’
plateau was obtained in nanocomposites containing
Cloisite 25A and C 25AE.

Morphology of organoclays in recycled PET

The prepared nanocomposites were analyzed by X-
ray diffraction in the solid state to determine
changes in the om-MMT interlayer distance caused
by the insertion of PET between silicate layers. The
effects of variations of their hydrophobicity and po-
lar interactions on the structure in recycled PET
were investigated and the results are shown in Fig-
ures 8 and 9. The influence of polymer intercalation
on the arrangement of silicate layers is indicated by
changes in the intensity, shape and peak positions of
basal reflections. The basal spacings, doy, were cal-
culated from the observed peaks of the angular posi-
tion 20 according to Bragg’s formula, A = 2d sin 6.
The level of intercalation is evaluated as Ad,
which refer to the difference between the initial
and final values of interlayer distance of organoclay
(Table III).

TABLE III
XRD Analysis of Pure Organoclays and PET-R/Organoclay Nanocomposites

XRD peak Basal

position (°) spacing (A)
Organoclay Pure Nanocomposite Pure Nanocomposite Adoor (A)
Cloisite 25A 4.75° 3.1 18.6" 28.5 9.9
Cloisite 10A 4.6 3 19.2° 29.4 10.2
Cloisite 30B 4.77° 29 18.5" 30.4 11.9
C 25AE 4.3 2.9 20.5 30.4 9.9
C 10AE 4.6 3.3 19.2 26.8 7.6
C 30BE 4.1 3.4 21.5 26 45

* Manufacturer’s specification.
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Figure 10 PET-R/Cloisite 25A (500 nm).

The first peak of pure silanized organoclays C
25AE and C 30BE (Fig. 8, Table III) showed an
increase of interlayer distance compared to Cloisite
25A and Cloisite 30B. Modification of Cloisite 10A
resulted to equal intercalation (first peak at 4.6°). For
the neat PET-R matrix the typical absence of peaks
was found (Fig. 9). Concerning nanocomposite sys-
tems, silanization of Cloisite 25A led to similar
increase of interlayer distance after melt mixing. The

Figure 12 PET-R/Cloisite 25AE (500 nm).

negative effect of C 30BE and C 10AE fillers (mani-
fested itself by melt viscosity reduction, Fig. 6)
exhibited also on significant decrease of Adgy in
appropriate nanocomposites (Table III).

The level of delamination/homogeneity is observ-
able in TEM micrographs (Figs. 10-21) and is in
good agreement with WAXS measurements. The
systems filled with Cloisite 25A and C 25AE
revealed similar partial exfoliation of silicate layers

Figure 11 PET-R/Cloisite 25A (200 nm).

Journal of Applied Polymer Science DOI 10.1002/app

Figure 13 PET-R/Cloisite 25AE (200 nm).
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Figure 14 PET-R/Cloisite 10A (500 nm).

(Figs. 10 and 12). From the 200-nm scale pictures
(Figs. 11 and 13), a slightly higher homogeneity of
nanocomposite containing C 25AE can be found.
On the other hand, dispersion of C 30BE and C
10AE platelets in PET-R had a deteriorative impact
on both exfoliation as well as homogeneity (Figs. 14—
21). Pictures with resolution of 200 nm clearly show
exfoliated structures as well as tactoids with lateral
dimensions between 100 and 300 nm. Micrographs

Figure 16 PET-R/Cloisite 10AE (500 nm).

at the 500-nm scale show rather overall level of dis-
persion.

It is assumed that delamination decrease of C
30BE and C 10AE fillers in PET-R matrix arise from
chemical reactions between the quaternary ammo-
nium cations of commercial organoclays and [3-(gly-
cidyloxy)propyl]trimethoxysilane. In the case of Cloi-
site 30B and Cloisite 10A, the organic modifiers are
enabled to react directly with polymer chains and

Figure 15 PET-R/Cloisite 10A (200 nm).

Figure 17 PET-R/Cloisite 10AE (200 nm).
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Figure 18 PET-R/Cloisite 30B (500 nm).

thereby to facilitate increase of interlayer distance.
This possibility of delamination in C 30BE and C
10AE silicates is considerably reduced by mechanism
described.

Thermal characteristics

Thermal properties of nanocomposites were studied
by DSC and TGA methods (Table IV). The systems
filled with silanized organoclays (compared to com-

Figure 20 PET-R/Cloisite 30BE (500 nm).

posites containing commercial fillers) revealed
decrease in total crystallinity and melting tempera-
ture together with faster formation of crystalline
nuclei (decline in enthalpy of cold crystallization
AH.) during cooling in injection mould. In compari-
son with commercial organoclays, an effect on
decrease in T, and T. temperature with C 25AE
loading and opposite tendency with C 10AE and C
30BE usage was observed. This phenomenon can be
explained as an increase of free volume (decrease of

Figure 19 PET-R/Cloisite 30B (200 nm).

Journal of Applied Polymer Science DOI 10.1002/app

Figure 21 PET-R/Cloisite 30BE (200 nm).
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Figure 22 Thermogravimetric decomposition curves of
Cloisite 25A and additionally modified organoclay.

T,) with a higher delamination of silicate layers
(Figs. 11 and 13). On the contrary, smaller surface
area of tactoids causes weak interactions with poly-
mer matrix resulting in decrease in free volume and
increase in T, (Figs. 15 vs. 17, 19 vs. 21). This rela-
tion is in accordance with WAXS and TEM analysis
(Table III, Figs. 10-21). It is assumed that delami-
nated silicate platelets reduce mobility and conse-
quently crystallization ability of polymer chains.
This phenomenon is possible to observe as a crystal-
linity decline of nanocomposites compared to neat
matrix, except the system with Cloisite 30B. The
crystallinity growth in this composite implies that
hydroxyl groups of Cloisite 30B modifier and the
presence of undispersed silicate tactoids facilitate
formation of crystalline nuclei.

The thermal stability of modified organoclays was
increased, as evaluated in Figures 22-24 and Table
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Figure 23 Thermogravimetric decomposition curves of
Cloisite 10A and additionally modified organoclay.
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Figure 24 Thermogravimetric decomposition curves of

Cloisite 30B and additionally modified organoclay.

V. Compared with commercial silicates, the signifi-
cant enhancement was achieved in organoclays C
10AE and C 30BE, where the first decomposition
peak was shifted from 242 to 319°C (Fig. 23) and
from 290 to 366°C, respectively (Fig. 24). However,
the strong effect of these organoclays on free water
retention (evaporation peaks shifted approximately
from 60 to 80°C) was observed. TGA patterns of
Cloisite 25A and its silanized version were nearly
unchanged.

The mass loss at 500°C was considerably
decreased by silanization of Cloisite 10A and Cloisite
25A, while organoclay C 30BE exhibited opposite
tendency. Nevertheless, all the modified versions of
commercial clays manifested significant growth of
temperature at both 5% as well as 10% mass loss
(Table V).

TABLE 1V

Thermal Properties of Nanocomposites and Neat Matrix

f

TS TP TS AHT AH,S X,

Sample Q) (o (O (/g d/g) (%)

PET-R/Cloisite  72.6 1223 254 25.3 41.4 35.2
25A

PET-R/C 25AE 653 1164 2518 5.9 37.2 31.6

PET-R/Cloisite 674 1145 2544 237 424 361
10A

PET-R/C 10AE 756 1188 2508 135 383 326

PET-R/Cloisite  72.8 118.1 254.6 25.5 46 39.1
30B

PET-R/C 30BE 78.2 1219 2519 17.3 40.6 34.5

PET-R 756 1232 2522 24.9 43.2 36.7

* Glass transition temperature.

® Cold crystallization temperature.
© Melting point.

4 Enthalpy of cold crystallization.
 Enthalpy of melting.

f Relative crystalline content,
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Tensile characteristics

The mechanical properties of PET-R and appropriate
nanocomposites are listed in Table VI. The systems
containing fillers C 10AE and C 30BE were not
measured due to their deteriorative effect on rheo-
logical properties (Figs. 6 and 7). In comparison to
recycled polymer, the stiffness of all the composite
systems was substantially increased. On the con-
trary, the tensile strength and extensibility were
decreased. However, nanocomposite filled with C
25AE revealed interesting combination of high stiff-
ness and satisfactory level of extensibility. The large
elongation of PET-R/25AE nanocomposite results
from high interfacial adhesion (increased polarity of
Cloisite 25A by modification with [3-(glycidyloxy)-
propyl]trimethoxysilane match more the polar fea-
ture of PET) and from the lowest degradation (com-
pared to other systems filled with silanized organo-
clays) during the processing (proved in Fig. 6).

CONCLUSIONS

Recycled PET/organoclay nanocomposites were pre-
pared by a melt intercalation method. According
morphological analysis, C 25AE (from the group of
modified organoclays) and Cloisite 25A (from the
group of commercial fillers) were shown to be the
most dispersed organoclays in the recycled PET ma-
trix. The highest level of intercalation Adyy was
obtained using the filler Cloisite 30B. However, some
bigger stacks of these clay platelets were found in
TEM micrographs. Rheological study showed the
complex flow behavior of the nanocomposites and
melt behavior during compounding. The significant
increase in the complex viscosity and storage modu-
lus with organoclay loading was observed at low
frequencies, where the viscoelastic liquid of recycled
PET changed into nanocomposites with a solid-like
behavior. The filling with C 25AE exhibited enhanc-
ing effect on rheological properties of nanocompo-
site. On the other hand, silanization of Cloisite 10A
and 30B led to significant loss of melt strength,
which is attributed to higher water retention of sili-
cates together with chemical reactions between the

TABLE V
Thermogravimetric Decomposition
Characteristics of Organoclays

5% Mass 10% Mass 500°C
Organoclay loss (°C) loss (°C) mass loss (%)

Cloisite 30B 279.1 324.2 17.7
Cloisite 30BE 327.2 366.1 25
Cloisite 25A 298.5 321.0 30.6
Cloisite 25AE 304.6 331.3 27
Cloisite 10A 2246 2441 34.3
Cloisite 10AE 303.6 343.6 23.3

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VI
Mechanical Properties of the Neat
Matrix and Nanocomposites

Tensile Tensile
modulus  strength Elongation at
Sample (MPa) (MPa) break (%)
PET-R 2170 57.1 316.5
PET-R/Cloisite 30B 2905 42.3 5.1
PET-R /Cloisite 10A 2523 33.7 19.2
PET-R/Cloisite 25A 2984 26.6 30.6
PET-R/C 25AE 2810 22 244.6

organic groups of organoclays and [3-(glycidyloxy)-
propyl]trimethoxysilane modifier. The moderate
“secondary” plateau on the G’ frequency depend-
ence confirmed the network formation in the nano-
composites, qualitatively explained by polymer-filler
and particle-particle interactions. A correlation
between commercial and silanized organoclays effect
on linear viscoelastic flow characteristics and disper-
sion level (TEM and WAXS) of the prepared nano-
composites was found. Thermal characterization of
nanocomposites filled with additionally modified
organoclays compared with that of containing com-
mercial organoclays revealed reduction of crystalline
content and melt temperature together with higher
crystallization rate during injection molding. The
change of glass transition and cold crystallization
temperature depending on delamination level was
observed. Thermal stability of commercial organo-
clays was enhanced by silanization. The mechanical
testing confirmed growth of stiffness up to 38% with
organoclay loading and for system containing C
25AE also sufficient extensibility was reached. This
property can be interesting for applications in fiber
and film industry (combination of high stiffness with
extensibility).

The authors gratefully appreciate the work of Dr. Jana
Kovarova (TGA measurements) and Dr. Josef Baldrian
(WAXS measurements) from Institute of Macromolecular
Chemistry.
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2.1.3 Manuscript 3
“Recycled PET-organoclay nanocomposites with enhanced processing

properties and thermal stability”

Kracalik, Milan; Studenovsky, Martin; MikeSova, Jana; Kovarova, Jana; Sikora, Antonin;
Thomann, Ralf; Friedrich, Christian (2007): In: J. Appl. Polym. Sci. 106 (3), S. 2092—
2100. DOI: 10.1002/app.26858.

This is the first manuscript describing new approach for surface modification of natural
clays for application in polymers with high melt temperature (above 250°C). For this
purpose, recycled as well as virging PET matrix was used. New thermally stable
modifier based on imidazole was synthetized and used for surface treatment of sodium
montmorillonite. This thermally stable organoclay was then additionally modified by
silanization using knowledge from manuscript 2. Using rotational rheometry it was
proved that nanocomposites with novel organoclays revealed no degradation
mechanisms during the processing. This was confirmed as the viscosity values of
nanocomposites using recycled as well as virgin PET matrix were higher than the pure
matrix in the whole measured frequency range. The silanized version of imidazole
organoclay revealed further improvement of processing stability for recycled PET.
Rheological investigation was supported by structural (X-ray diffraction, TEM) as well as
mechanical and thermal (DSC) testing. Especially mechanical testing revealed
interesting stiffness/toughness combination, which was not possible to achieve in PET

nanocomposites using commercial organoclays.
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ABSTRACT: Preparation of thermally stable recycled
PET-organoclay nanocomposites with improved process-
ing and mechanical properties is a challenging task from
the environmental as well as industrial and commercial
point of view. In this work, both modification of sodium-
type montmorillonite with 1,2-dimethyl-3-octadecyl-1H-
imidazol-3-ium chloride and additional treatment with
[3-(glycidyloxy)propyl]trimethoxysilane was performed.
Thermal stability of the organoclays and nanocomposites
prepared by melt compounding was tested by thermogra-
vimetric analysis, differential scanning calorimetry, and
melt rheology. In comparison with the organoclays modi-
fied with quaternary ammonium compounds, the pre-
pared clays showed substantial suppression of matrix
degradation during melt mixing. The increase in inter-

layer distance of silicate platelets and homogeneity of dis-
persions in the recycled and virgin PET matrices have
been evaluated by transmission electron microscopy and
wide-angle X-ray scattering. The higher degree of delami-
nation in the nanocomposites filled with imidazole orga-
noclays was in a good agreement with improved rheolog-
ical characteristics and led to significant enhancement in
mechanical properties and thermal stability. A difference
in structure (besides the level of delamination and homo-
geneity of silicate platelets) of recycled versus virgin PET
nanocomposites was detected by X-ray diffraction
patterns. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106:
2092-2100, 2007

Key words: recycled PET; organoclay; melt compounding

INTRODUCTION

Recycling of poly(ethylene terephthalate) (PET), in
particular beverage bottles, is not yet satisfactorily
solved. The European average of PET recovery is
approximately 30% and in the United States 20%
only."? During the recycling procedure and each
processing step of thermoplastic materials, the melt
viscosity decreases as a result of chain scission. As a
key parameter in processing of recycled materials,
their melt strength has to be held at a sufficient
level. The low viscosity of recycled PET causes prob-
lems in the employment of some technologies (e.g.
flat-die extrusion, blow molding) for reprocessing.
Hence, only limited applications of this high-tech
material (mostly staple fibers, packaging, films, and
strips) have appeared on the market.> The addition
of highly dispersed silicate particles to recycled PET
increases melt consistence, leading to more opportu-

Correspondence to: M. Kracalik (milankracalik@mu-leoben.
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nities of further processing. Nanocomposites pre-
pared by melt mixing introduce an interesting
method of polymer recycling especially with regard
to the properties enhancement via intercalation/exfo-
liation of silicate platelets. To our knowledge, only
few papers dealing with recycled PET-organoclay
nanocomposites have been published so far. The pre-
sented materials exhibited poor processing as well as
utility characteristics (deterioration of mechanical
properties, melt viscosity decrease, etc.).'i_6

In our previous work, we studied the nanocompo-
sites of recycled PET with commercial organoclays
and we obtained an increase in melt viscosity due to
the formation of a physical network between poly-
mer and organoclay.” However, a problem occurred
with the thermal stability of commercial organic
modifiers (quaternary ammonium salts), leading to
the matrix degradation during melt mixing. The low
thermal stability of commercial organoclays resulted
in chemical decomposition by o, B elimination
(Fig. 1).5"* To reduce degradation processes and to
enhance delamination in the system, we modified
the selected commercial organoclays by silanization
with [3-(glycidyloxy)propyl]trimethoxysilane, hexa-
decyltrimethoxysilane and (3-aminopropyl)trimetho-
xysilane.” The epoxy functional groups attached to
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Figure 1 Scheme of «, B elimination. Where T is a hydrogenated tallow (mixture of 65% C18, 30% C16, and 5% C14).

the silicate surface facilitated interactions between
the filler and polymer matrix and reduced the
adverse effect of the silicate hydroxyl groups. More-
over, the epoxy-silanized organoclay could be
directly bound to polymer chains, resulting in higher
delamination of silicate platelets (Fig. 2). With the
view of complete suppression of degradation reac-
tions during compounding, the sodium montmoril-
lonite was modified with spacers based on an imida-
zolium salt (Fig. 3). The “imidazolium organoclay”
was further modified by silanization. The effect of
various organoclay surface modifications on the
processing and utility properties of recycled and vir-
gin PET was the main object of interest in this work.

EXPERIMENTAL
Materials and methods

All chemical compounds were purchased from Fluka
or Aldrich in sufficient purity. The synthesized com-
pounds were characterized by elemental analysis,
and melting point, if possible. The MMT-IM and
MMT-IME organoclays have been synthesized using
the molar excess of modifiers in order to achieve
maximal modification efficiency.

Recycled poly(ethylene terephthalate) from color-
sorted beverage bottles (PET-R), with the intrinsic
viscosity 0.73 dL/g, was supplied by Polymer Insti-
tute Brno, Czech Republic. Virgin bottle grade PET
Elixir (PET-V) with the intrinsic viscosity 0.8 dL/g
was delivered by EKO PET, Czech Republic.

p

} L& 43

o

OH ) o\ } }
lmo'.s) HO HO=S HO-PET- HO HO>S|
_— . Sl 2= %

0 le}

-PET-O.

Figure 2 The scheme of epoxy-silanization and subse-
quent bonding of polymer chain to the silicate layer.

Synthesis of 1,2-dimeth){1—3-octadecyl-lH-
imidazol-3-ium chloride'*

1,2-Dimethyl-1H-imidazole (18 g, 0.188 mol) was sus-
pended in 1-chloroctadecane (65 g, 0.225 mol) and the
mixture was homogenized by stirring at 100°C for
12 h. The reaction mixture was cooled to 50°C and
shaken with 200 mL of benzene. Precipitated crystals
were filtered off, washed with a small amount of ben-
zene and dried under vacuum [Fig. 4(a)].

The yield was 49.3 g (68%) and the melting point
93-95°C.

Preparation of organoclay with 1,2-dimethyl-3-
octadecyl-1H-imidazol-3-ium (MMT-IM)

Cloisite Na* (20.6 g of dry matter) was stirred in 1000 mL
of deionized water and the suspension was kept at
room temperature for 12 h. The suspension was
heated at 80°C under vigorous stirring and the warm
(60°C) solution of 1,2-dimethyl-3-octadecyl-1H-imida-
zol-3-ium chloride (7.85 g, 20.38 mmol) in 200 mL
water was slowly added. The thick suspension was
stirred for 90 min at 80°C, filtered off while hot, and
washed with a high amount of boiling water. The fil-
tration cake was suspended in 1000 mL of hot water
(80°C) and vigorously stirred for 1 h. The final sus-
pension was filtered off, washed, and the described
procedure was repeated. The properly washed orga-
noclay was air-dried and then dried under vacuum at
110°C [Fig. 4(b)]. The yield of the product was 25.6 g.
Elemental analysis (Perkin Elmer CHNSO Ana-
lyzer Series II 2400): Found C 20.70%, H 3.83%, N

CI™ , (CHy),CH,

5
T + ACH) CH,
A B si
Na (; A )
-NaCl | /

Figure 3 The scheme of ion exchange.
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Figure 4 MMT-IM organoclay preparation.

1.60%, ash 68.39%. The 23% fraction of organic phase
was calculated from TGA measurement.

Epoxy-silanization of 1,2-dimethyl-3-octadecyl-1H-
imidazol-3-ium organoclay (MMT-IME)

The MMT-IM organoclay (1 g) was suspended in
50 mL of a methanol-water mixture (10:1) and
[3-(glycidyloxy)propyl]trimethoxysilane (0.3 g) was
added. The mixture was stirred at room temperature
for 2 days and the precipitate was filtered off and
thoroughly washed with methanol. The solid was
dried under vacuum at 50°C for 4 h. This procedure
has been performed according to scheme in Figure 2.

Preparation of nanocomposites

Organoclay powder was dried at 80°C and PET pel-
lets at 110°C in an oven overnight. Polymer was
compounded with 5 wt % of organoclay in a co-
rotating twin-screw microextruder (DSM Research,
Netherlands) at 255°C under nitrogen. The mixing
time was 10 min at a speed of 200 rpm. Immediately
after blending cycle, the nanocomposite melt was
injected into a form at 260°C using DSM micro-injec-
tion equipment.

Structure of nanocomposites

Wide-angle X-ray scattering (WAXS) was measured
with a HZG 4/4A diffractometer (Praezisionsme-
chanik Freiburg, Germany) at room temperature at
the scanning rate 1.5°/min. The Ni-filtered Cu Ka
radiation generator operated on the accelerating
voltage 30 kV and 30 mA current. Morphological
analysis was made with a Zeiss LEO 912 Omega
transmission electron microscope using an accelera-
tion voltage of 120 keV. The samples were prepared
using a Leica Ultracut UCT ultramicrotome equipped
with a cryo-chamber. Thin sections of about 50 nm
were cut with a Diatome diamond knife at —120°C.

Melt rheology

An ARES 3 Rheometer (Advanced Rheometric
Expanded System, from Rheometric Scientific, USA)
with the 25-mm parallel-plate geometry was

Journal of Applied Polymer Science DOI 10.1002/app
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employed for rheological characterization. Dynamic
frequency sweep measurements were performed at
270°C under nitrogen at the strain level of 2% (nano-
composites) or 30% (neat matrices), respectively.

Thermal properties

Thermal characterization of the polymer matrices
and nanocomposites was carried out by a different-
ial scanning calorimetry (Perkin Elmer, Pyris 1 DSC)
using a common mode: (1) holding at 30°C for
3 min; (2) heating from 30 to 280°C at 10°C/min; (3)
holding at 280°C for 2 min.

The glass transition temperature (T,), cold crystal-
lization temperature (T.), melting temperature (T,,),
enthalpy of cold crystallization (AH.), and enthalpy
of melting (AH,,) were recorded. The relative crystal-
line content (X,) in nanocomposites was calculated
by taking the value 117.6 J/g as AH,, of a hypotheti-
cal 100% crystalline poly(ethylene terephthalate).'®

Thermal stability of organoclays was evaluated
using Perkin Elmer TGA 7 instrument equipped
with the software Pyris 1. The samples were heated
from 40°C up to 750°C at 10°C/min under a nitrogen
flow of 20 mL/min.

Mechanical testing

Mechanical properties of the prepared materials
were measured on an Instron 5800 R test instrument.
The experiments were carried out according to ISO
527 and ISO 1873-2 standards. The crosshead speed
was set to 1 mm/min (tensile modulus) or to
50 mm/min (other characteristics).

RESULTS AND DISCUSSION
Dispersibility of organo-clays in recycled PET

The morphological analysis revealed a similar level
of dispersion and homogeneity of silicate platelets in
PET/MMT-IM and PET/MMT-IME nanocomposites.
According to Table I and Figure 5(A,B), a slight
increase in intercalation, expressed by the difference
in basal spacing Adyy, was achieved in the systems
containing the filler treated with [3-(glycidyloxy)pro-

TABLE I
WAXS Analysis of Organoclays in PET Nanocomposites®
XRD peak Basal )
Nanocomposite position (7) spacing (A) Adoor (A)
PET-R/IM 3.1 (4.3) 28.5 (20.5) 8
PET-R/IME 3 (4.6) 29.4 (19.3) 10.1
PET-V/IM 3 (4.3) 29.4 (20.5) 8.9
PET-V/IME 3.1 (4.6) 28.5 (19.3) 9.2

# Data of neat organoclays are given in parentheses.
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Figure 5 WAXS patterns of the neat organoclays (A) and nanocomposites (B).

pylltrimethoxysilane. However, TEM micrographs
(Figs. 6 and 7) showed a moderate delamination
decrease in the MMT-IME-filled nanocomposites
observable both on 500 and on 1000 nm scale (Figs.
6 and 7: A, C). At the 100 nm scale (Figs. 6 and 7: B,
D), individual sheets of silicate and a slightly higher
delamination level in the systems containing MMT-

IME organoclay can be seen. Concerning the neat
organoclays, a higher interlayer distance was
achieved in MMT-IM silicate (20.5 A) than in
MMT-IME, whose intercalation reached 19.3 A.
Nevertheless, the MMT-IM organoclay resulted in a

higher final interlayer distance only in the virgin
PET.

Figure 6 TEM micrographs of PET-R/organoclay nanocomposites: (A, B) MMT-IM; (C, D) MMT-IME.
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Figure 7 TEM photomicrographs of PET-V/organoclay nanocomposites: (A, B) MMT-IM; (C, D) MMT-IME.

Results of XRD measurements [Fig. 5(B)] indicate
an organized structure of silicate platelets in nano-
composites based on the virgin PET matrix (mani-
fested by the regularity of XRD patterns). On the
other hand, the same organoclays mixed with
recycled PET exhibited a rather disordered structure
of clay layers, manifesting itself by specific XRD
peaks [Fig. 5(B)]. This observation is in a good agree-
ment with transmission microscopy measurements
(Figs. 6 and 7). In our previous work," a rather low
level of delamination was observed using commer-
cial fillers silanized with [3-(glycidyloxy)propyl]tri-
methoxysilane. A similar adverse effect of epoxy-
silanization on the overall dispersion of silicate pla-
telets was observed in this study (Figs. 6 and 7; A,
C), although the average interlayer distance was
slightly increased with MMT-IME loading (Table I,
Figs. 6 and 7; B, D).

Melt rheology

Dynamic rheological behavior of the prepared nano-
composites was investigated in the region of linear

Journal of Applied Polymer Science DOI 10.1002/app

viscoelasticity. The dynamic strain sweep test (G'())
revealed the linearity region of 1—100% strain (the
matrices) or 1-15% strain (the composites), respec-
tively. The processing properties of the prepared
materials are characterized by flow curves (Figs. 8
and 9). In comparison with neat matrices (showing a
Newtonian behavior within the frequency depend-
ence n*(®) nearly in the whole range of tested shear
rates), filling with imidazole organoclays led to an
increase of an order of magnitude in complex viscos-
ity at low shear rates. A typical shear thinning effect
can be observed as a result of physical network
destruction and particle orientation in flow direction.

In the case of systems based on recycled PET ma-
trix, the epoxy-silanization of MMT-IM silicate had a
remarkable impact on the melt viscosity increase of
resultant nanocomposite (Fig. 8). On the other hand,
the virgin PET filled with MMT-IME organoclay
showed a lower melt viscosity than the system con-
taining the MMT-IM silicate in the range of low
shear rates (Fig. 9).

The G’ secondary plateau at low frequencies (Figs.
10 and 11), observable for all nanocomposites,
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Figure 8 The dynamic flow curves of the PET-R matrix
and nanocomposites.

reflects highly delaminated structure of clay platelets
in the folymer matrix. According to previous stud-
ies,'®'® the structural changes in nanocomposites in
the molten state can be evaluated from frequency
dependences of the storage (G) and loss (G”) mod-
uli. Addition of silicate platelets to the polymer melt
causes an increase in the dynamic moduli, particu-
larly in G (Figs. 10 and 11). The unfilled PET
behaves as a viscoelastic liquid (G” > G'). The higher
value of G’ than that of G” in nanocomposites indi-
cates a different viscoelastic behavior, i.e. a liquid—
solid transformation through filling with clay.” This
pseudo-rubber response in the range of low shear
rates (up to 10° s~ ') reflects a strong rigidity of a 3D
structure, where the action of moderate shear forces
on delaminated silicate platelets results in entirely
elastic response (without viscous factor) of the whole
physical network. Furthermore, the power-law de-
pendence of dynamic moduli at low shear rates
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Figure 9 The dynamic flow curves of the PET-V matrix
and nanocomposites.
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Figure 10 The storage modulus of the PET-R matrix and
nanocomposites.

(characteristic of neat PET) was not observed in the
nanocomposite systems. The G’ becomes nearly fre-
quency-independent. In comparison with other phys-
ical methods, the evaluation of dynamic moduli
gives information about network structure associated
with the level of delamination in the molten state.
Moreover, the substantial storage modulus increase
of the filled systems in comparison with neat matri-
ces proves an enhancement of melt strength that
plays an important role in processing of recycled
materials.

In our previous work,”'® incorporation of com-
mercial or silanized commercial organoclays into
recycled PET led to certain degradation during com-
pounding process. This degradation was indicated
by a decrease in the complex viscosity and the stor-
age modulus in the region of higher shear rates.
Overall rheological characteristics in this work con-
firmed the nondegrading effect of imidazole organo-
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Figure 11 The storage modulus of the PET-V matrix and
nanocomposites.
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Figure 12 DSC thermograms of the recycled and virgin
PET matrix.

clays on recycled and virgin PET matrix, manifesting
itself by higher m* and G’ values compared with
unfilled matrices in the whole range of applied shear
rates. The obtained frequency dependences of the
measured rheological characteristics indicate that the
enhanced melt viscosity and elasticity of the recycled
PET nanocomposites should persist also at higher
shear rates applied in processing technologies (extru-
sion, injection molding, blow molding).

Thermal characterization

Judging from differential scanning calorimetry
experiments, PET-R exhibits usual thermal behavior
(similar to PET-V) because no remarkable decrease
in T; and T, values was observed (Fig. 12).

The DSC spectra of nanocomposites (Table II)
based on recycled and virgin PET matrix show no
fundamental differences. Nanocomposites prepared
from recycled PET revealed a decrease in total crys-
tallinity and melt temperature, a faster formation of
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Figure 13 Thermogravimetrical decomposition curves of
organoclays.

crystalline nuclei, an increase in glass transition and
cold crystallization temperature compared with the
neat matrix. The systems containing virgin PET
showed similar level of total crystallinity, a higher
crystallization rate, and a lower glass transition tem-
perature compared with the unfilled matrix. The
recycled PET exhibited lower values of T, and T,
temperatures, a higher crystallization rate, and a
higher total crystallinity than virgin PET. The faster
formation of crystalline nuclei in recycled PET in
relation to virgin polymer could be attributed to the
lower value of melt viscosity (Figs. 8 and 9) associ-
ated with a faster translation of polymer chains and
easier arrangement into lamellar structure. The
higher crystallization rate of nanocomposites when
compared with neat matrices is explained by the
nucleating effect of silicate particles on heterogene-
ous crystallization of PET chains.

Results of thermogravimetrical measurements (Fig.
13, Table III) revealed the first decomposition peak
of MMT-IM at 430°C and MMT-IME at 416°C. Sur-
prisingly, the second decomposition peak at 500°C is

TABLE I1
Thermal Properties of the Matrices and Nanocomposites
Nanocomposite/matrix T," (°C) T2 (°C) T, (°C) AHS (/g) AH,*° (/8) Xt (%)
PET-R/IM 75.8 124.7 250.3 20.7 40.2 34.2
PET-R/IME 75.4 122.9 253.9 17.4 429 36.5
ET-V/IM 76.3 124.7 250.9 17.8 375 31.9
PET-V/IME 75.6 131.5 252.1 21.9 36.5 31.1
PET-R 72.8 118.1 254.6 25.5 46 39.1
PET-V 79.3 126.4 252.3 27.9 371 31.6

* Glass transition temperature.

® Cold crystallization temperature.

¢ Melting point.

4 Enthalpy of cold crystallization.
¢ Enthalpy of melting.
f Relative crystalline content.
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absent in the MMT-IME organoclay. This evidence
suggests that more rigid structure of silanized
groups leads to a higher clustering tendency of par-
ticles and, consequently, to the uniform main decom-
position peak. A higher level of clustering of nano-
composites containing MMT-IME silicate than that
filled with MMT-IM clay is also obvious in TEM
micrographs (Figs. 6 and 7: A, C). The different
shape of MMT-IME main decomposition peak will
be further investigated. Comparing to commercially
available organoclays, the thermal stability of pre-
pared immidazole organoclays has been substan-
tially enhanced (Table TIT)."*

Mechanical properties

According to tensile tests (Table 1V), a higher stiff-
ness and extensibility of the PET-V matrix than that
of recycled PET was revealed. Filling of MMT-IM
and MMT-IME organoclays into the recycled as well
virgin matrix led to a substantial increase in the
Young modulus and to satisfactory values of extensi-
bility, which could be used in the spinning technol-
ogy (e.g. preparation of fibers with quite a high stiff-
ness). The nanocomposite with the best mechanical
properties was prepared by the addition of MMT-
IME organosilicate to the virgin PET. On the other
hand, the highest stiffness combined with an accept-
able level of tensile strength and extensibility was
achieved in the PET-V/MMT-IM system. Therefore,
various materials for specific purposes could be pre-
pared using different organoclays. The higher tensile
strength of nanocomposites containing the MMT-
IME filler than those filled with MMT-IM organoclay
could result from the presence of polar epoxy func-
tional groups, leading to lower interfacial stress
accumulation in a hydrophilic PET matrix. This ex-
planation is in a good accordance with rheological
measurements, where the PET-R/MMT-IME system
revealed higher melt viscosity and storage modulus
than that filled with MMT-IM organoclay. The
higher level of melt strength in PET-R/MMT-IME
nanocomposite resulted in high interfacial shear
strength also in solid state.

TABLE III
Thermogravimetric Decomposition Characteristics
of Organoclays

5% mass 10% mass 500°C mass
Organoclay loss ("C) loss ("C) loss (%)
Cloisite 10A 2246 2441 343
Cloisite 30B 279.1 3242 17.7
Cloisite 25A 298.5 321.0 30.6
MMT-IME 379.4 412.4 18.8
MMT-IM 381.5 416.6 23.7

2099
TABLE IV
Mechanical Properties of the Matrices
and Nanocomposites
Tensile Tensile Elongation
Nanocomposite/ modulus strength at break
matrix (MPa) (MPa) (%)
PET-R/IM 2628 20.6 2104
PET-R/IME 2743 37.7 192.3
PET-V/IM 2898 30.4 227
PET-V/IME 2460 51.9 253.1
PET-R 2170 54.7 316.5
PET-V 2286 57.1 327.2
CONCLUSIONS

Nanocomposites using both recycled and virgin bot-
tle-grade PET with improved thermal stability and
processability were prepared. Rheological investiga-
tions revealed a typical shear thinning behavior with
organoclay addition and a higher melt viscosity of
nanosystems in the whole measured range of shear
rates compared with unfilled matrices. These nonde-
grading organoclays could be used for the prepara-
tion of multilayer beverage bottles without admixture
of polyamide and, consequently, the recycling of mul-
tilayer bottles would be simplified. In comparison
with the unfilled matrix, the melt strength of all the
nanocomposite systems was significantly enhanced
by the formation of 3D physical network made of sili-
cate platelets. Therefore, more processing technolo-
gies for the recycled PET can be employed. Differen-
tial scanning calorimetry and thermogravimetrical
analysis supported the evaluation of thermal behav-
ior from rheological experiments. According to trans-
mission electron microscopy, addition of MMT-IM
organoclay to recycled or virgin PET led to a better
dispersion of silicate platelets than in the MMT-IME
filled systems. However, the average increase in inter-
layer distance determined by WAXS showed a
slightly higher level of intercalation in PET/MMT-
IME systems. The results of tensile testing showed
that specific materials can be prepared by organoclay
variation, which leads to different values of tensile
strength, Young modulus, and extensibility.

References

1. The Container Recycling Institute; http:/ /www.container-recycling.
org.

2. PETCORE association (PET containers recycling Europe);
http / /www .petcore.org.

3. PET recycling association; http:/ /www.petrecycling.cz.

4. Pegoretti, A.; Kolarik, J.; Peroni, C.; Migliaresi, C. Polymer
2004, 45, 2751.

5. Sanchez-Solis, A.; Romero-Ibarra, 1.; Estrada, M. R.; Calderas,
F.; Manero, O. Polym Eng Sci 2004, 44, 1094.

6. Sanchez-Solis, A.; Garcia-Rejon, A.; Manero, O. Macromol
Symp 2003, 192, 281.

Journal of Applied Polymer Science DOI 10.1002/app

87



2100

10.
11.
12.
13.

. Kracalik, M.; Mikesov4, ].; Puffr, R.; Baldrian, J.; Thomann, R.;

Friedrich, C. Polym Bull 2007, 58, 313.

. Weygand, F.; Daniel, H.; Simon, H. Chemische Berichte 1958,

91, 1691.

. Bach, R. D.; Andrzejewski, D.; Bair, K. W. ] Chem Soc: Chem

Commun 1974, 20, 820.

Bach, R. D.; Knight, J. W. Tetrahedron Lett 1979, 40, 3815.
Wittig, G.; Polster, R. Ann 1957, 612, 102.

Wittig, G.; Burger, T. F. Ann 1960, 632, 85.

Kracalik, M.; Studenovsky, M.; Mikesova, ].; Sikora, A.; Tho-
mann, R.; Friedrich, C.; Fortelny, I.; Simonik, J. Recycled PET

Journal of Applied Polymer Science DOI 10.1002/app

14.

15.

16.

17.

18.

KRACALIK ET AL.

nanocomposites improved by silanization of organoclays.
] Appl Polym Sci, to appear.

Webb, P. B.; Sellin, M. F.; Kunene, T. E.; Williamson, S.; Slawin,
A. M. Z.; Cole-Hamilton, D. J. ] Am Chem Soc 2003, 125, 15577.
Metha, A.; Wunderlich, B. | Polym Sci Polym Phys Ed 1978,
16, 289.

Krishnamoorti, R.; Giannelis, E. P. Macromolecules 1997, 30,
4097.

Krishnamoorti, R.; Vaia, R. A.; Giannelis, E. P. Chem Mater
1996, 8, 1728.

Khan, S. A; Pru'homme, R. K. Rev Chem Eng 1987, 4, 205.

88



2.1.6 Manuscript 4
“Effect of glass fibers on rheology, thermal and mechanical properties of
recycled PET”

Kragalik, Milan; Pospisil, Ladislav; Slouf, Miroslav; Mike$ova, Jana; Sikora, Antonin;
Simonik, Josef; Fortelny, lvan (2008): In: Polym. Compos. 29 (8), S. 915-921. DOI:
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In this paper, synergic effects of two fillers in recycled PET matrix were investigated. It
was revealed that interface interactions between glass fibers, talc and PET matrix lead
to strong physical 3D network demonstrated by rheological measurements (existence of
rubber-like behaviour as in the case of well dispersed polymer nanocomposites). The
highest level of fiber-matrix interfacial adhesion was obtained with the fiber filling 20 %.
According to rheological study, the highest melt strength was achieved at the 30 %
loading of fibers. A significant increase in the complex viscosity and storage modulus
with glass fibers and talc loading was observed at low frequencies, where the
viscoelastic liquid of recycled PET changed into a solid-like behaviour. In all the
mixtures, filling with fibers and talc exhibited an enhancing effect on rheological
properties of the composites. On the contrary, processing under production-scale
conditions led to formation of air bubbles together with the moderate loss of melt
strength and viscosity, compared with analogous system processed on the pilot-plant
scale. A correlation between the fiber content on linear viscoelastic flow characteristics
and dispersion level (SEM) of the prepared composites was found. Mechanical
characterization of composites filled with 20 % of glass fibers revealed the highest
toughness, while the 30 % fiber loading resulted in the highest level of stiffness, tensile
strength and flexural modulus. Thermal characterization of composites revealed an
increase in glass transition temperature and decrease in total crystallinity with fibers
loading. Unusual thermal behaviour of composites prepared under lab-scale conditions

was attributed to crystallization of PET chains on the surface of glass fibers.
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PET-glass fiber composites were prepared by melt mix-
ing of recycled PET with chopped glass fibers (15, 20,
and 30 wt%) and their degree of dispersion was
assessed by scanning electron microscopy. Rotational
rheometry was employed to analyze the interfacial
shear strength between the fibers and polymer matrix
in the molten state. The composite containing 30 wt%
of glass fibers revealed a moderate G’ secondary pla-
teau; hence strong fiber-matrix interactions were con-
firmed. Results of mechanical testing were in a good
accordance with structural and rheological measure-
ments. The higher rate of mixing under production-
scale conditions resulted in lower fiber-matrix adhe-
sion and in a similar level of fiber dispersion as com-
pared to the same mixture compounded on pilot-plant
scale. Thermal characterization of the composites was
performed by differential scanning calorimetry and total
crystalline fraction was analyzed. POLYM. COMPOS.,
29:915-921, 2008. © 2008 Society of Plastics Engineers

INTRODUCTION

Preparation of composites using recycled polymers is
an important issue both from the technological and envi-
ronmental points of view. The amount of poly(ethylene
terephthalate) (PET) used in plastics industry (especially
for beverage bottles) has been significantly increasing [1],
hence the problem of sufficient recycling is more and
more challenging. The volume of recycled PET bottles in
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PET-reprocessing countries varies usually around 20 wt%.
The rest of the used bottles are incinerated or dumped [2,
3]. A further problem consists in limited applications of
recycled PET (mostly staple fibers, packaging, films, and
strips) [2]. The limitation is due to processing properties
of the recyclate (viscosity, melt strength), which are deter-
iorated during recycling process. This problem can be
solved by incorporation of proper particles into recycled
polymer by melt compounding. Consequently, melt vis-
cosity increases in the range of low shear rates and
enhanced melt strength makes reprocessing possible. The
use of glass fibers involves interesting combination of
high reinforcement with a rather low price. However,
enhancement of processing and utility properties of
recycled polymers requires high interfacial adhesion
between glass fiber and polymer matrix. Sufficient fiber-
matrix interactions are essential to transfer the stresses
from the matrix to the reinforcing fibers. Therefore, analy-
sis of interfacial shear strength from rheological measure-
ments in the linear viscoelasticity region gives necessary
information on the effect of reinforcing particles on pro-
cessing behavior. Moreover, material characteristics in the
melt state reflect structural changes, which have a strong
impact on the final performance of dispersive polymeric
system. The recycled PET-glass fiber composites have
been studied so far; however, no study dealing with pro-
cessing properties (exact analysis of elastic and viscous
part of melt viscosity) and their correlation with structure
and utility performance has been found in literature. The
current papers focus mostly on thermal and mechanical
(possibly flammability) characterization [4—10] and rarely
on degradation analysis or processing/structural changes
in recycled PET-glass fiber systems [11, 12]. Neverthe-
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less, understanding rheological properties and structural
changes and, consequently, material end-properties
belongs to the needs of applied polymeric engineering.

EXPERIMENTAL

Materials

Color-sorted recycled poly(ethylene terephthalate)
(PET-R), with the intrinsic viscosity 0.93 dl/g (phenol/tet-
rachloroethane 1:3) as well as ECTA ES2001EF chopped
glass fibers (original fiber length 4 mm, diameter 10 pm)
were supplied by Polymer Institute Brno. According to
characteristics in Table 2, PET-R exhibits usual thermal
behavior (similar to virgin bottle grade PET) because no re-
markable decrease in T, (T,,) magnitude occurred indicating
quite a low level of impurity. To improve processing and
utility properties (higher interfacial adhesion, dispersion,
stability of the mixture), 10% of Naintsch A-3 talc, 1% of
Licowax OP flow modifier, and 0.2% of Ultranox 626 sta-
bilizer were admixed before compounding (Table 1).

Preparation of Composites

The recycled PET flakes were dried at 120°C in an
oven for 6 h. The polymer was mixed with glass fibers,
talc, flow agent, and stabilizer in a corotating twin-screw
extruder (Werner & Pfleiderer ZSK 25, d =25 mm, pilot-
scale output 10 kg/h: for comparison, production-scale
output conditions at 250-400 kg/h were tested). The com-
pounding temperature was 260-275°C and the screw
speed 200 rpm. For characterization, recycled PET com-
posites were injection-molded (Battenfeld BA750/200) to
specimens at 260-275"C, (mould temperature 40-120°C).

Melt Rheology

Rheological properties were studied using an ARES 3
Rheometer (Advanced Rheometric Expanded System, Rheo-
metric Scientific) with parallel-plate geometry and 25-mm
diameter plates. All measurements were performed with
two automatically switched force transducers with a torque
range of 0.02-2,000 g cm. The sample thickness ranged
from 0.9 to 1.1 mm. Experiments were performed at 270°C
under nitrogen to prevent degradation of samples. The fol-
lowing types of rheological measurements were carried out:
(1) dynamic strain sweep test (at 6.28 rad/s) to confirm the
linearity of viscoelastic region, (2) dynamic frequency
sweep test over a frequency range of 0.1-100 rad/s, at the
strain 2% for the composites, 30% for the matrix.

TABLE 1. Specification of mixtures.
Composition (wt%) W 5167 W 6187 W 5455 GF20T10
PET-R 73.8 68.8 58.8 68.8
ECTA ES2001EF 15 20 30 20
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Scanning Electron Microscopy

The scanning electron microscopy (SEM) micrographs
were obtained with JSM 6400 (Jeol). The specimens for
SEM observations were prepared in two ways. The first
series of specimens was cut with microtome at room tem-
perature and the other series was fractured in liquid nitro-
gen. The cut and fracture surfaces of the specimens from
the first and second series were examined by SEM mi-
croscopy. Before microscopic investigations, all speci-
mens were sputtered with thin platinum layer (ca. 4 nm)
in a vacuum sputter coater SCD 050 (Balzers) to prevent
charging and decrease the sample damage by the electron
beam. All micrographs were secondary electron images
taken at an acceleration voltage 30 V.

Thermal Characteristics

Thermal characterization of the polymer matrix and
nanocomposites was carried out by differential scanning
calorimetry (Perkin Elmer, Pyris 1 DSC) using the stand-
ard mode: 1, 30°C for 3 min; 2, heating from 30°C to
280°C at 10°C/min; 3, 280°C for 2 min. The thermal pa-
rameters, glass transition temperature (T,), cold crystalliza-
tion temperature (7.), melting temperature (7T},,), enthalpy
of cold crystallization (AH.), and enthalpy of melting
(AH,,) were calculated for the matrix and polymer fraction
in the composites. The crystalline content (X.) was eval-
uated by assuming the AH,, of hypothetical 100% crystal-
line poly(ethylene terephthalate) to be 117.6 J/g [13].

Mechanical Properties

For tensile tests an Instron 5800 R was employed.
Experiments were performed according to the ISO 527-2
standard. The crosshead speeds were 1 mm/min for tensile
modulus measurements and for all other characteristics
50 mm/min. The toughness characterized as Charpy impact
strength was measured according to the CSN EN ISO 179-1
standard at room temperature.

RESULTS AND DISCUSSION

Morphology of Glass Fibers in Recycled PET

The prepared composites were analyzed by scanning
electron microscopy in the solid state to determine
changes in the structure caused by the introduction of
glass fibers into recycled PET. The effects of variations in
fiber concentration and compounding conditions on the
structure of polymer matrix were investigated and the
results are shown in Figs. 1-3.

The influence of the fiber content and processing con-
ditions on the structural changes is indicated in Figs. 1
and 2. With increasing fiber concentration, the homogene-
ity of fiber distribution in polymer matrix remains almost
constant. The remarkable change in structure was detected
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in the GF20T10 system, where air bubbles were observed
in both fracture (Fig. 1) and cut surfaces (Fig. 2). The av-
erage diameter of the bubbles varies around 30 pum so
that confusion of air bubbles with fiber cavities can be
excluded. This structural inhomogeneity (remarkable in
Fig. 2) is attributed to higher processing speed under pro-
duction-scale conditions.

According to Fig. 3, a similar level of fiber-matrix
interfacial adhesion in all composite systems was
achieved. It is obvious from our previous work [14] that
talc particles in PET/glass fibers composite systems act as
a coupling agent and, consequently, facilitates interfacial
interactions resulting in high interfacial shear strength.

Melt Rheology

Dynamic rheological properties of PET-R/glass fiber
composites were investigated in the region of linear vis-
coelasticity. The dynamic strain sweep test [G'(})]
revealed the linearity region ranging at 1-100% strain for
the matrix and 1-15% strain for the composites. As can
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SEM micrographs of fracture surfaces of composites.

be seen in Fig. 4, the recycled PET matrix showed New-
tonian behavior in the frequency dependence n*(w) within
the investigated range of shear rates.

Compared with the unfilled matrix, a significant growth
of the complex viscosity of composites in the range of
low frequencies (more than one order) occurred. All the
prepared composites show a shear thinning phenomenon,
which is caused by orientation of fibers in the flow direc-
tion.

The highest filling effect was achieved with 30% load-
ing of glass fibers. A lower content of the filler in the
polymer matrix manifested itself by lower melt viscosity
in the whole range of shear rates. The flow curves of the
W 6187 and GF20T10 systems revealed similar tendency,
whereas the composite prepared under production-scale
conditions showed slightly lower melt viscosity.

The internal structural changes in composite systems
under shear flow can be analyzed using frequency
dependences of the storage (G') and loss (G”) moduli.
Addition of a filler to the PET-R melt causes an increase
in the dynamic moduli, particularly in G’ (Fig. 5). The
unfilled matrix behaves like viscoelastic liquid (G” > G).
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FIG. 2.

The higher value of G’ than G” for the composites shows
a change in rheological behavior, the “liquid-solid” trans-
formation. Furthermore, the power-law dependence of the
dynamic moduli at low frequencies, which is typical of
neat PET, is absent in the composites. The dependence of
G'(w) at low shear rates is nearly invariable. This indica-
tion of a G'(w) secondary plateau can be associated with
similar behavior of well-dispersed structures in polymer
nanocomposites, where high interfacial shear strength is
parallel with the formation of network structure (exfolia-
tion) of silicate layers [15-18].

Usually, fiber-filled polymer dispersions exhibit a fre-
quency dependence of storage modulus similar to matrix
increasing with the filler content [19]. The composites
prepared in our study showed a moderate G’ secondary
plateau and, thereby, confirmed high fiber-matrix adhe-
sion in the molten state, whereas number of surface
interactions rise with glass fiber loading. This increase in
melt strength facilitates further processing of material in
such cases, where the loss of melt cohesion causes pro-
cess difficulties (e.g. during flat-die extrusion or blow
moulding).
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SEM micrographs of cut surfaces of composites.

Moreover, the flow and melt strength curves are in
good agreement with structure determined by scanning
electron microscopy (a higher fiber content in polymer
matrix results in higher melt strength and viscosity of
composites, while a lower fiber-matrix interfacial adhe-
sion together with porosity of GF20T10 system manifests
itself by worse rheological properties compared with the
corresponding W 6187 composite).

Thermal Characteristics

Thermal properties of composites were studied by dif-
ferential scanning calorimetry. The values of thermal pa-
rameters are listed in Table 2. A moderate increase in
glass transition temperature with glass fibers loading was
observed. This phenomenon can be explained by strong
polymer-fiber interactions, which cause higher fixation of
polymer chains surrounded by glass fibers. This explana-
tion of high interfacial adhesion is in a good agreement
with results of other testing methods.

In comparison to the GF20T10 system (Fig. 6), all the
composites from the W series exhibited unusual thermal
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GF20T10

FIG. 3. SEM micrographs of fracture surfaces of composites at higher magnification.

behavior characterized by first endothermic melting peak
Tir at 183—192°C and by the absence of exothermic peak
of cold crystallization. This difference reflects variation in
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FIG. 4. The complex viscosity vs. frequency for the recycled PET ma-
trix and composites.
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processing history where crystallization on the fiber sur-
face occurred during lab-scale extrusion. The amount of
first crystalline fraction decreased with fiber loading,
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FIG. 5. The storage modulus vs. frequency for the recycled PET matrix

and composites.
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TABLE 2. Thermal properties of composites and neat matrix. TABLE 3. Mechanical properties of the composites.
T Tot” AH ¢ 7,9 AH,® x.t Properties W 5167 W 6187 W 5455 GF20T10

Composite  ('C)  (C) /g) “C) g ()
Tensile strength (MPa) 110 113 121.7 111
W 5167 74.0 183.4 31 2529 36.9 31.4 Sx 1.2 1.3 1.5 1.1
W 6187 75.2 187.8 2.69 253.7 294 25 Elongation at break (%) 2.6 22 22 2.4
W 5455 76.8 191.9 1.7 247.5 253 21.5 Sx 0.1 0.1 0.1 0.1
GF20T10 75.6 - - 253.2 323 275 Tensile modulus (MPa) 8.200 10,290 13,900 10,111
PET-R 75.6 - - 252.2 43.2 36.7 Sx 52 162 170 138
Flexural modulus (MPa) 7.900 9,377 12,650 9,204
* Glass transition temperature. Sy 47 57 151 48
" First endothermic melting peak. Impact strength (kJ/m?) 32 43.3 36.6 37.0
“ Enthalpy of first melting (first crystalline fraction). Sx 3.1 4.2 3.7 35
¢ Melting point. Notch impact strength (kJ/m?) 4.6 6.6 6.6 4.8
¢ Enthalpy of melting. Sx 2.1 33 33 324

T Crystalline fraction content.

which can be associated with increase in melt shear rate
resulting in higher degradation of macromolecular chains;
consequently, the number of spherolites during heteroge-
neous crystallization is restricted. This explanation is sup-
ported by the lowest melt temperature and total crystallin-
ity of W 5455 composite containing the highest loading
of glass fibers. The relative crystalline content of all the
composites was lower compared with that of the neat
PET-R matrix.

Mechanical Characteristics

Mechanical properties of composites are listed in Table 3.
The values of tensile strength, stiffness, flexural modulus,
and toughness increased with fiber loading. The process-
ing under production-scale conditions (employed for
GF20T10 composite preparation) led to slight deteriora-
tion of mechanical properties in comparison to analogous
system W 6187. However, W 6187 and GF20T10 systems
revealed the highest toughness, probably due to optimal
concentration of glass fibers (see chapter Morphology)
and coupling effect of talc particles. The extensibility was
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FIG, 6. DSC thermogram of composites filled with 20 wt% of glass
fibers.
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not significantly influenced by different content of added
fibers. The highest stiffness, tensile strength, and flexural
modulus exhibited the system filled with 30% of glass
fibers.

CONCLUSIONS

Recycled PET-glass fiber composites were prepared by
melt compounding. According to analysis of SEM micro-
graphs, all the composite systems revealed a high level of
fiber dispersion and homogeneity in the recycled PET ma-
trix. The highest level of fiber-matrix interfacial adhesion
was obtained with the fiber filling 20%. According to
rheological study, the highest melt strength was achieved
at the 30% loading of fibers. A significant increase in the
complex viscosity and storage modulus with glass fibers
and talc loading was observed at low frequencies, where
the viscoelastic liquid of recycled PET changed into a
solid-like behaviour. In all the mixtures, filling with fibers
and talc exhibited an enhancing effect on rheological
properties of the composites. On the contrary, processing
under production-scale conditions led to formation of air
bubbles together with the moderate loss of melt strength
and viscosity, compared with analogous system processed
on the pilot-plant scale. A correlation between the fiber
content on linear viscoelastic flow characteristics and dis-
persion level (SEM) of the prepared composites was
found. Mechanical characterization of composites filled
with 20% of glass fibers revealed the highest toughness,
while the 30% fiber loading resulted in the highest level
of stiffness, tensile strength and flexural modulus. Ther-
mal characterization of composites revealed an increase in
glass transition temperature and decrease in total crystal-
linity with fibers loading. Unusual thermal behaviour of
composites prepared under lab-scale conditions was attrib-
uted to crystallization of PET chains on the surface of
glass fibers.
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2.1.7 Manuscript 5
“Recycled poly(ethylene terephthalate) reinforced with basalt fibres. Rheology,

structure, and utility properties”

Kragalik, Milan; Pospisil, Ladislav; Slouf, Miroslav; Mike$ova, Jana; Sikora, Antonin;
Simonik, Josef; Fortelny, lvan (2008): In: Polym. Compos. 29 (4), S. 437—-442. DOI:
10.1002/pc.20425.

Using know-how from manuscript 4, synergic effect of talc on performance of recycled
PET/basalt fibers composite was tested. It was proved that multiphase systems with talc
addition revealed enhanced melt viscosity and melt elasticity (existence of rubber-like
behaviour as in the case of well dispersed polymer nanocomposites) comparing to
typical composites. In the systems containing talc, the recycled PET matrix adhered
significantly more to the surface of the reinforcing fibers. Their linear viscoelastic
properties reflected structural changes (variations of basalt concentration and talc
addition) in composites. Higher values of the complex viscosity a storage modulus
confirmed an increase in interfacial filler-matrix adhesion. Addition of talc and higher
concentration of basalt fibers in composites resulted in better mechanical performance,
manifesting itself mostly by tensile strength, stiffness, flexural modulus and toughness.
The values of extensibility were independent of talc and fiber loading. The system filled
with talc and 30 % of fibers showed the highest reinforcement. Concerning thermal
properties, the results of differential scanning calorimetry revealed interesting
thermodynamical behaviour unusual for recycled PET-glass fiber composites or
recycled PET-organoclay nanocomposites. The composites without talc addition
showed a decrease in the first crystalline fraction (AHmf) with higher fiber content. This
behaviour can be associated with steric hindrance of fiber excess to the growth of

crystalline nuclei during heterogeneous crystallization.
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Utilization of recycled poly(ethylene terephthalate) (PET)
as a matrix for composite materials prepared by contin-
uous compounding is challenging from the environmen-
tal as well as industrial point of view. In our work, cut ba-
salt fibers and talc powder of various compositions
were used and their reinforcing effect on recycled PET
was tested by rheology (Advanced Rheometric Expan-
sion System), differential scanning calorimetry, and ten-
sile experiments. The quality of filler dispersion in
recycled PET matrix was investigated by scanning elec-
tron microscopy (SEM) and melt rheology. Processing
and utility properties of composites were enhanced as
compared with those of unfilled matrix. Higher melt elas-
ticity, interfacial adhesion, and better mechanical per-
formance of the composites were in a good agreement
with the structure observed from SEM micrographs.
POLYM. COMPOS., 29:437-442, 2008. © 2008 Society of Plastics
Engineers

INTRODUCTION

The use of polymer materials has been increasing world-
wide every year. Replacement of classical (metals, glass,
ceramics) materials by plastics requires a good recycling
strategy. Poly(ethylene terephthalate) (PET) as the leading
synthetic polymer for beverage bottles production is
recycled of 30% on average in the European Union and
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20% in the United States only [1, 2]. Problems with PET
recycling arise also from limited applications of recyclate
(mostly staple fibers, packaging, films, and strapping bands)
[3]. Up to now, glass fibers as a reinforcement of recycled
PET have been studied [4-10]. However, some disadvan-
tages associated with glass fibers limit their applications.
For example, skin irritation avoids applications, in which
released fibers might have contact with the human skin
[11]. Moreover, basalt fibers form a better surface as com-
pared to glass fibers [12]. Concerning technological and ec-
onomical evaluation, filling of basalt fibers affords rein-
forcement within the range of glass and carbon filaments.
High heat resistance, high stability in aggressive media,
substantial sound absorption, and enormous physical dura-
bility of basalt fibers results in glass fiber replacement in
various industrial applications and hereby opens new fields
of application [13, 14]. Basalt fibers spun from melted ba-
salt stone possess a higher tensile modulus (at least 16%),
equivalent strength, and higher alkaline resistance [15]
compared with glass fibers [16], enhanced interfacial adhe-
sion [15] and are available commercially [17]. It is also use-
ful to mention, that basalt is the most current igneous rock
on the Earth. According to Czigany [18] the cheap basalt
fibers can be efficiently applied in hybrid composite sys-
tems. He found out that basalt fiber hybridization of poly-
propylene-hemp fiber composites increased mechanical
properties only moderately while significant enhancement
of PP-carbon fiber and PP-glass fiber systems with basalt
fibers loading was reached. So far, no mention about
recycled PET-basalt fibres systems appeared in available
literature. In this work, also relationship between melt rhe-
ology, structure, thermal, and mechanical characteristics of
composites containing recycled PET matrix is discussed.
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TABLE 1. Specification of composites.
Composition (%) WPL 6938  WPL 6939  WPL 6941  WPL 6940
PET-R 78.8 68.8 68.8 58.8
Basalt fibers 20 30 20 30
Talc 0 0 10 10

The effect of talc admixture on basalt fibers-PET interfacial
adhesion is investigated. From the industrial point of view,
the recycling of PET by continuous melt compounding
using good performance and low cost basalt fibers can be
interesting.

EXPERIMENTAL PROCEDURES

Materials

Color-sorted recycled poly(ethylene terephthalate) (PET-
R), with the intrinsic viscosity 0.95 dl/g (phenol/tetrachloro-
ethane 1:3) as well as cut basalt fibers (average length 4 mm,

diameter 15 pm) were supplied by the Polymer Institute Brno,
Ltd. To improve processing and utility properties (higher inter-
facial adhesion, dispersion, stability), Naintsch A-3 talc, Lico-
wax OP flow modifier (1%), and Ultranox 626 antioxidant
(0.2%) were added before compounding (Table 1).

Preparation of Composites

The recycled PET flakes were dried at 120°C in oven for
6 h. The polymer was compounded with basalt fibers, talc,
flow modifier, and antioxidant in a corotating twin-screw
extruder (Werner & Pfleiderer ZSK 25, d = 25 mm). The
compounding process proceeded at 260-275°C and the
screw speed about 200 rpm. Recycled PET composites
were injection-molded (injection moulding machine Batten-
feld BA750/200) to specimens at 260-275°C, the mould
temperature ranged from 40 to 120°C.

Structure of Composites

The scanning electron microscopy (SEM) measurements
were performed with a JEOL JSM 6400 scanning electron

WPL 6941 (20 % basalt fibers, 10 % talc)

FIG. 1.
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WPL 6940 (30 % basalt fibers, 10 % talc)

SEM micrographs of composites (dispersion).
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WPL 6941 (20 % basalt fibers, 10 % talc)

FIG. 2.

microscope. The samples were fractured in liquid nitrogen
and SEM microphotographs of surface area were obtained.
Before experiments, the samples were sputtered with plati-
num using a vacuum sputter coater (SCD, Balzers). All
SEM pictures were secondary electron images taken at an
acceleration voltage of 30 kV.

Melt Rheology

Rheological properties were studied using an ARES 3
Rheometer (Advanced Rheometric Expanded System, Rheo-
metric Scientific, USA) with parallel-plate geometry of 25-
mm diameter plates. All measurements were performed with
two automatically switched force transducers with a torque
range of 0.02 (2,000 gecm). The samples thickness ranged
from 0.9 to 1.1 mm. Experiments were performed at 270°C
under nitrogen to prevent degradation of samples. The fol-
lowing types of rheological measurements were carried out:
(1) dynamic strain sweep test (at 6.28 rad/s) to confirm the
linearity of viscoelastic region, (2) dynamic frequency sweep
test over a frequency range of 0.1 (100 rad/s, at the strain 2%
for the composites and 30% for the matrix.

DOI 10.1002/pc

WPL 6940 (30 % basalt fibers, 10 % talc)

SEM micrographs of composites (interfacial adhesion).

Thermal Properties

Thermal characterization of the polymer matrix and
composites was carried out by differential scanning calo-
rimetry (Perkin Elmer, Pyris 1 DSC) using a standard
mode: 30°C for 3 min, heating from 30°C to 280°C at 10°C/
min, 280°C for 2 min. The thermal parameters, glass transi-
tion temperature (7), cold crystallization temperature (7.),
melting temperature (7,,), enthalpy of cold crystallization
(AH.), and enthalpy of melting (AH,,) were calculated. The
crystalline content (X.) in composites was evaluated by
assuming the AH,, for hypothetical 100% crystalline PET
tobe 117.6 J/g [19].

Mechanical Testing

Tensile properties were tested using an Instron 5800 R
instrument. Experiments were performed according to ISO
527-2 standard. The crosshead speeds were for tensile mod-
ulus measurements | mm/min and for all other characteris-
tics 50 mm/min. The toughness was measured according to
CSN EN ISO 179-1 standard.
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FIG. 3. Dynamic flow curves of the matrix and composites.

RESULTS AND DISCUSSION

Two different concentrations of cut basalt fibers (20 and
30%) and variations with and without talc as a coupling
agent have been chosen for this study. As the importance of
processing parameters has been increasing in plastics indus-
try, rheological properties of composite melts were dis-
cussed with the structure (analyzed from high magnification
SEM micrographs) and utility (thermal and mechanical)
characteristics.

Morphological analysis examined the level of dispersion
and interfacial adhesion of basalt fibers in recycled PET
(Figs. 1 and 2). According to Fig. 1, all the composite sys-
tems exhibited a high level of dispersion and homogeneity
of fiber distribution in polymer matrix. The difference in fil-
ler concentration is also remarkable. Addition of talc into
the composites did not result in lower separation and clus-
tering of fibers. Furthermore, the presence of talc particles
in composite system substantially facilitates fiber-matrix
adhesion, as shown in Fig. 2. The growth of filler content in
composite did not cause clustering of fibers and highly dis-
persed structure was maintained.

In Fig. 2, interfacial adhesion of the filler to the matrix
can be observed. The composites containing only basalt
fibers and PET matrix revealed poor fiber-matrix adhesion.
Addition of talc to the mixtures resulted in remarkable
higher interfacial interactions, as indicated by cover of
fibers with the polymer. This structural change is reflected
in rheological, thermal, and mechanical properties
described later. The gap between the matrix and fiber in
WPL 6938 composite can be caused by displacement of
some fibers applying impact forces during fracturing. How-
ever, Fig. 1 shows most of the fibers tightly held by the ma-
trix.

Dynamic rheological characteristics of the composites
are in a good accordance with the observed structures.
From the flow curves (Fig. 3), the 20 and 30% additions of
reinforcing fibers led to a considerable increase in complex
viscosity. Filling the systems with talc particles resulted in
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FIG. 4. Storage modulus of the matrix and composites.

further growth of melt viscosity, where the 30% addition
was concomitant with a high viscosity increase. The nearly
Newtonian behavior of all the composites and the matrix
would suggest that fillers particles are well incorporated in
polymer structure. Usually, addition of a filler to polymer
melt shows the “yielding” phenomenon, described as vis-
cosity increase in the range of low shear rates with subse-
quent viscosity decline during a shear rate increase. The ab-
sence of this behavior can be associated with high filler-ma-
trix interactions and high level of dispergation. This
conclusion is supported by Fig. 4, where the storage modu-
lus (elastic part of the complex viscosity) is plotted as a
function of the shear rate. The G’ secondary plateau,
observable for composites at low shear rates, is the indica-
tion of strong filler-matrix interactions. Formation of this
plateau is also associated with physical network between
filler particles and polymer chains in a composite system
[20]. However, the composites described in this article did
not show the “yielding” effect; therefore, the mentioned G’
plateau is reflecting rather high interfacial fiber-matrix ad-
hesion.

Concerning thermal properties (Table 2), the results of
differential scanning calorimetry revealed interesting ther-

TABLE 2. Thermal properties of matrix and composites.

Tgu Tmfb AH, mfc de AH, mc Xc"
Composite  (°C) (°C) A (°C) /g (%)

WPL 6938 74.3 171.7 29 252.0 35.0 29.8
WPL 6939 76.6 174.5 23 256.0 345 29.3
WPL 6941 75.9 168.7 22 252.9 32,6 27.7
WPL 6940 76.2 - - 252.5 253 21.5
PET-R 75.6 - - 2522 432 36.7

“ Glass transition temperature.

° First melting point.

¢ Enthalpy of first melting (first crystalline fraction).
¢ Melting point.

¢ Enthalpy of melting.

! Relative crystalline content.
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FIG. 5. DSC characterization of composites filled with basalt fibers.

modynamical behavior unusual for recycled PET-glass fiber
composites or recycled PET-organoclay nanocomposites
[6, 20]. Composites WPL 6938, WPL 6939, and WPL 6941
showed the first endothermic melting peak T, at about
170°C related to crystalline fraction on the surface of fibers
(Figs. 5 and 6). The composites without talc addition show
a decrease in the first crystalline fraction (AH,y) with
higher fiber content. This behavior can be associated with
steric hindrance of fiber excess to the growth of crystalline
nuclei during heterogeneous crystallization. Can be also
observed in talc-containing systems, where the higher
amount of fibers resulted in disappearance of the first melt-
ing peak (Fig. 6). Addition of talc to the 20% composite led
to a remarkable decrease in the first crystalline fraction. The
values of glass transition temperature and melt temperature
were similar compared with the neat matrix. The level of
total crystallinity of composites was lower than that of the
unfilled matrix. Similarly to the first crystalline fraction, a
higher content of fibers resulted in a lower total crystallin-
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FIG. 6. DSC characterization of composites filled with basalt fibers and
talc.
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TABLE 3. Mechanical properties of composites.

Properties WPL 6938 WPL 6939 WPL 6941  WPL 6940

Tensile 95 112.9 100.7 122.8
strength (MPa)

Elongation at 2.9 29 2.1 2.2
break (%)

Tensile modulus 6,418 8,655 9.693 12,770
(MPa)

Flexural modulus 5,639 7,739 8,817 11,750
(MPa)

Impact strength 322 43.5 40.9 41.7
(KJ/m?)

Notch impact 5.7 8.1 54 5.7
strength (kJ/m2]

ity, while a remarkable difference in talc-enriched mixtures
was observed.

Mechanical properties of the composites are listed in
Table 3. The results of tensile, flexural, and impact tests are
in good agreement with structural changes, as well as rheo-
logical and thermal behavior. Addition of talc and higher
concentration of basalt fibers in composites resulted in bet-
ter mechanical performance, manifesting itself mostly by
tensile strength, stiffness, flexural modulus, and toughness.
The values of extensibility were independent of talc and
fiber loading. The system filled with talc and 30% of fibers
showed the highest reinforcement.

CONCLUSIONS

Highly dispersed uniform structures of short basalt fibers
in recycled PET were achieved by continuous compounding
in a co-rotating twin-screw extruder. In the systems contain-
ing talc, the recycled PET matrix adhered significantly more
to the surface of the reinforcing fibers. Their linear visco-
elastic properties reflected structural changes (variations of
basalt concentration and talc addition) in composites. Higher
values of the complex viscosity and storage modulus con-
firmed an increase in interfacial filler-matrix adhesion. Util-
ity properties of recycled PET were significantly enhanced
by the 20% and 30% filling with basalt fibers.
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2.2 Processing of polymer nanocomposites
In this chapter (manuscripts 6 — 10), the research is focused mainly on investigation of

processing of polymer nanocomposites and usage of in-line characterization methods
for structural and performance assessment directly during the processing. New
technological approaches for processing and new evaluation methods for

characterization of polymer nanocomposites are introduced.

2.2.1 Manuscript 6
“Advanced compounding. Extrusion of polypropylene nanocomposites using the
melt pump”

Kracalik, Milan; Laske, Stephan; Gschweitl, Michael; Friesenbichler, Walter; Langecker,
Gunter Rudiger (2009): In: J. Appl. Polym. Sci. 113 (3), S. 1422-1428. DOI:
10.1002/app.29888.

This is the first manuscript describing possibility to increase the shear rate as well as
residence time simultaneously in continuous processing of polymer nanocomposites.
This was reached by specific arrangement of the melt pump in compounding process,
so that the in-line pressure of the melt pump was higher than the outlet pressure. It was
shown that assembling the melt pump in front of an open compounder the residence
time was prolonged nearly two-times applying a negative pressure difference of -100
bar in the melt pump. This additional melt shearing led to significant increase in material
reinforcement, investigated by extensional rheology. Higher shear screw geometry and
screw speed led to higher melt reinforcement as compared to lower shear screw
configuration and screw speed, respectively. This novel technological approach opened
new research field to study effects of shear force and residence time on processing and
application properties of polymer nanocomposites. Different processing parameters
(screw geometry, screw speed, melt pump adjustment, extruder torque, extruder
pressure profile) were analysed and correlated with melt strength level. The level of melt
strength was compared by magnitudes of tensile force measured by extensional

rheometer.
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ABSTRACT: A melt pump was assembled into the com-
pounding line to ensure both sufficient time for diffusion
process of polymer chains into the silicate gallery and suf-
ficient mechanical shear energy for exfoliation of clay
layers. The melt pump in front of the open co-rotating
twin-screw extruder controls the throughput rate and the
residence time, whereas the screw speed and screw geom-
etry in the extruder determine the mechanical shear
energy applied on the compound. Due to melt pump
employment, the melt in metering zone can be accumu-
lated, which results in higher mixing efficiency. It was

found that using the melt pump leads to up to two times
higher residence time and, consequently, higher level of
material reinforcement as investigated by extensional rhe-
ology. Different melt pump adjustments, screw geometries,
and screw speeds were tested and their effect on process-
ing characteristics and material reinforcement was investi-
gated. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 113: 1422
1428, 2009

Key words: polypropylene; organoclay; melt compound-
ing; gear pump

INTRODUCTION

“Melt mixing” (compounding) is industrially the
most attractive method for polymer nanocomposites
preparation due to its technological simplicity (usage
of common polymer processing machines in contrast
to special equipment and procedures in chemical
laboratories, which are required for “in situ” or “so-
lution” method). Moreover, it is possible to use vari-
ous matrix polymers (different molecular weights,
grafting grades, copolymers, etc.) or even recycled
polymer materials." The production efficiency of
this method is considerably higher than other techni-
ques employed for nanocomposites preparation
(“melt mixing” proceeds in order of minutes, as
compared to several hours for “in situ” and “solu-
tion” methods).®”

From the economical point of view, using the co-
rotating twin-screw extruder as a continuous proc-
essing technology is industrially preferred to melt
mixing in a discontinuous kneader. It is obvious that
for the successful dispersion of silicate plates in
polymer melt by continuous processing, the follow-
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Austrian NANO Luitiative).

M. Kracalik (milan.kracalik@mu-

Journal of Applied Polymer Science, Vol. 113,1422-1428 (2009)
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ing two requirements have to be fulfilled: sufficient
high shear energy and enough long residence time.®
However, these two effects are opposite in the extru-
sion process. With higher shear forces (e.g., usage of
kneading blocks generating higher shear rate or
increase in screw speed), the residence time is short-
ened. To our knowledge, we presented for the first
time” both high shear rate and longer residence time
that can be matched by implementing a melt pump
in front of an open twin-screw extruder. The melt
pump in extrusion technology is usually applied to
reduce the pressure and throughput instability (melt
pulsation) in the extruder. In the present study, the
melt pump acts as an effective tool to control the
residence time during compounding of polypropyl-
ene nanocomposites.

Only a few articles dealing with processing analy-
sis of nanocomposites preparation in a twin-screw
extruder have been published hitherto.'"""” The
main goal was usually focused on variation in screw
geometry, screw speed, or throughput rate. Wang
et al.*’ studied dependency of compounding quality
on feeding sequence and grafting grade of compati-
bilizer (MA grafting degree of 0.5 up to 4 wt %).
Variation in feeding sequence (i.e., feeding of the
premixed PP-¢g-MA and clay by a hopper and usage
of side feeder for PP matrix) led only to a moderate
increase in residence time. Drawbacks of this con-
cept are reduced throughput rate and the necessity
of premixing PP-¢g-MA with clay. In this article, a
substantial prolongation of residence time is
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reported by wusing standard industrial feeding
sequence without additional premixing. It is obvious
that two-step compounding gives superior results as
compared with that of one-step mixing."" Hence, suc-
cessful preparation of nanocomposite masterbatch is
essential to reach a delaminated system in the second
processing step (dilution of masterbatch to final clay
concentration). As the residence time is the dominant
factor in production of nanocomposites in extruders,'!
the interest of this work is focused on the possibilities
of melt pump application for polymer nanocompo-
sites masterbatch preparation along with deeper anal-
ysis of processing conditions.

MATERIALS AND METHODS
Materials

The isotactic polypropylene (PP) homopolymer
HC600TF (MFI 2.8 g/10 min; 230°C/2.16 kg) used
for the preparation of nanocomposite masterbatches
was supplied by Borealis (Linz, Austria). The used
nanofiller (montmorillonite intercalated with di-
methyl distearyl ammonium chloride) with commer-
cial name Nanofil 5 was supplied by Stid-Chemie
(Munich, Germany). The compatibilizer Scona TPPP
2112 FA (PP grafted with 1 wt % of maleic acid an-
hydride, PP-g-MA, MFI 14.8 g/10 min) was supplied
by Kometra (Schkopau, Germany).

Compounding process

For the compounding process, an intermeshing, co-
rotating twin-screw extruder Theysohn TSK30/40D
(Theysohn Extrusionstechnik, Korneuburg, Austria)
using 10 barrel segments and a string die was
employed. The PP and compatibilizer were fed
upstream through the main hopper and the organo-
clay downstream at the 4th extruder barrel. All the

TABLE I
Indication of the Prepared Nanocomposites

Melt pump adjustment Screw speed (rpm) Geometry

Without melt pump 100 1
Ap negative
Ap neutral
Ap positive
Without melt pump 75 1
Ap negative
Ap neutral
Ap positive
Without melt pump
Ap negative
Ap neutral
Ap positive
Without melt pump 75 2
Ap negative
Ap neutral
Ap positive

100 2

1423

corotating twin screw

gear pump

Figure 1 Scheme of setup for the compounding process.

components were fed by separately controlled gravi-
metric dosage units at an overall throughput rate of
10 kg/h. The screw geometry and speed were varied
according to Table I to observe the influence of melt
pump on compounding quality at different process-
ing conditions. The Extrex SP gear pump was pur-
chased from Maag Pump Systems Textron
(Oberglatt, Switzerland). Three different melt pump
adjustments were examined: (1) Ap negative, where
the negative pressure difference between the outlet
and inlet pressure of the melt pump has been set
(Pout — Pin = —100 bar). In this way, a back pressure
of polymer melt up to 9th extruder segment
(approximately 3040 cm before the melt pump) has
been achieved. (2) Ap neutral, where the inlet and
outlet pressure have been kept at the same level
(Pout — pin = 0 bar) and (3) Ap positive, with a posi-
tive pressure difference (Pout — pin = 5 bar) was set.
For a comparison, all the tested compounds were
processed without the melt pump as well. The setup
for the compounding process is schematically illus-
trated in Figure 1. Specifications of screw geometries
(low and high shear configuration, indicated as G1
and G2, respectively) are described in Figures 2 and
3. The high shear configuration (G2) was assembled
by insertion of kneading blocks with 90° discs
arrangement in the 7th cylinder element and mixing
screw elements into 9th cylinder element, as com-
pared with G1 configuration. Extruder temperature
profile has been set at 160-200°C from hopper up to
die. The melt pump temperature was kept at 200°C.
The values of residence time and extruder torque for
different adjustments of the melt pump are plotted
in Figures 4-7; the radial pressure profile in the ex-
truder was monitored from 5th up to 10th segment
(Figs. 8-11). The minimal residence time was meas-
ured by using a color masterbatch as the time
between granulate insertion into the hopper and col-
oring of the outgoing molten string. The compatibil-
izer admixture related to organoclay content (20 wt
%) was chosen in a ratio (Clay : Compatibilizer) of
1: 1 according to our previous investigations.21"25

Extensional melt rheology

We have already presented the advantages of
polymer nanocomposites reinforcement assessment
by melt strength evaluation using Rheotens

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 G1 screw configuration.

equipment” The main benefit of the Rheotens
measurement consists in its simplicity without need
of expensive scientific equipment and additional
time for specimens preparation (primary granulate
obtained from the extrusion process can be used).
The principle of this measurement is ilustrated in
Figure 12. It is based on elongation of an extruded
string by two or four rotating wheels connected with
a force transducer. The rotation speed is linearly
increased up to when the molten string breaks. The
tensile force applied to the wheels along with the
draw rate at break allows calculation of the melt
strength (stress at break) according to

Op = Fb X Ub/A() X Uy (1)

where o}, is the stress at break [Pa], F; is the tensile
force at break [N], v, is the draw rate at break (mm/
s), Ap is the initial cross-section of molten string (at
the die outlet) (m?), vy is the extrusion speed of mol-
ten string (piston speed) (mm/s).

In our work, the Rheotens 71.97 equipment (Gott-
fert, Buchen, Germany) in combination with a capil-
lary rheometer was used. The following measuring
conditions for capillary rheometer were set: cylinder
diameter, 12 mm; die (length/diameter), 30/2 mm;
temperature, 210°C; piston speed, 1.9 mm/s; shear
rate, 273.6 s~'. The Rheotens equipment was set by
applying wheel acceleration of 60 mm/s* and gap
between wheels of 0.6 mm.

To compare the melt strength level of different
nanocomposites (revealing different magnitudes of
v,), the tensile force at a draw rate of 300 mm/s was
chosen as a comparative value. The data were eval-
uated from at least three measurements for each
sample with a measurement error of 2%.

RESULTS AND DISCUSSION
Advanced compounding using the melt pump

The effect of melt pump on processing characteris-
tics during compounding at different screw geome-
tries and speeds is plotted in Figures 4-11. It is
obvious that the pressure profile as well as torque
and residence time in the extruder are strongly
affected by melt pump adjustments. According to
the expectations, the highest effect of the melt pump
on increase in residence time and extruder torque
occurs by adjustment of melt pump to negative pres-
sure difference; on the other hand, no significant dif-
ferences between processing characteristics at
neutral and positive melt pump operating modes
were observed. As can be seen from Figures 4-7,
values of residence time and average torque
revealed the same trend, which has an important
impact on the processing efficiency. The level of tor-
que in the extruder gives information about level of
shear forces applied during compounding. It can be
clearly seen that both residence time as well as shear
forces can be increased at the same time by use of
the melt pump. The applied shear energy can be
controlled by the screw speed and the residence
time by adjustment of the melt pump. In this way,
efficiency of dispersive as well as distributive mixing
in continuous compounding can be substantially
increased, depending on construction of twin-screw
extruder and the melt pump. The main benefit of
the melt pump consists in approximately two times
higher residence time achievable. In this way, the
diffusion process of intercalation and subsequent
delamination of silicate platelets in the polymer ma-
trix are substantially prolonged. The residence time

Dosage clay

<
X
=
a
a
+
a
a

Dosage
Kneading section

Kneading section
Mixing section

Figure 3 G2 screw configuration.
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Figure 4 Residence time and extruder torque vs. tensile
force (G1, 100 rpm).

is a dominant factor in production of satisfactory
nanocomposites in extruders'' so the implementa-
tion of melt pump into compounding process intro-
duces an interesting and technologically accessible
method of continuous compounding enhancement
employable in the field of polymer composites and
blends. It should be mentioned that maximal resi-
dence time achieved in this study was limited by
melt pump construction and torque limitation in ex-
truder. By the usage of larger processing equipment
(allowing higher pressure in the melt pump and
higher extruder torque), a further significant increase
in residence time can be expected.

Evaluation of melt pump effect using extensional
rheology

According to our previous investigations,”*' ™ the
level of reinforcement in PP nanocomposites can be
estimated by using extensional rheology with analy-
sis of the melt strength. The silicate platelets form
different levels of 3D physical network in the poly-
mer matrix depending on their level of delamina-
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Figure 5 Residence time and extruder torque vs. tensile
force (G1, 75 rpm).
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Figure 6 Residence time and extruder torque vs. tensile
force (G2, 100 rpm).

tion.'™ Higher delamination results in higher extent
of physical network (higher material reinforcement)
and therefore in an increase in melt strength. Differ-
ent particle-particle and polymer-particle physical
interactions result in variations in viscoelastic
response. It is possible to use extensional rheometry
to identify changes in the melt elongational behav-
ior. Individual silicate platelets form a nanoscale net-
work (cardhouse structure)” and raise the melt
strength of the composite.

The level of melt strength, manifested itself by
magnitude of tensile force detected at a draw rate of
300 mm/s, is plotted in Figure 13. Nanocomposite
systems prepared with the usage of melt pump pos-
sess considerably higher levels of melt strength
(higher value of tensile force) as those processed
without the melt pump. However, at the Ap neutral
melt pump operating mode a deterioration in elon-
gational properties occurred. This phenomenon can
be assigned to differences in residence time and
shear rate applied by the melt pump. At the Ap
maximal mode, the residence time was substantially
prolonged (Figs. 4-7) and, consequently, diffusion of
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Figure 7 Residence time and extruder torque vs. tensile
force (G2, 75 rpm).
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Figure 8 Pressure profile during compounding (G1, 100
rpm, 11 = melt pump inlet).

polymer chains into the silicate interlayer gallery
was favored. At the Ap positive mode, the increase
in residence time was not so high as in Ap maximal
mode, but the outlet pressure in the melt pump was
approximately two times higher than the inlet pres-
sure, resulting in additional “melt stretching” inside
the melt pump. This additional melt elongation
could support higher material reinforcement due to
higher orientation of silicate platelets in the flow
direction. Subsequently, higher magnitude of melt
strength as in the system applying Ap neutral melt
pump mode could be reached.

Processing at higher screw speed resulted in the
higher reinforcement of polymer matrix. The higher
screw speed generates higher shear rate and, subse-
quently, facilitates clay dispersion during com-
pounding. The high shear screw geometry possesses
significantly higher radial pressure along the screws,

Figure 10 Pressure profile during compounding (G2, 100
rpm, 11 = melt pump inlet).

considerably higher average torque and residence
time, as compared to the low-shear configuration
(Figs. 4-11). The significant increase in radial pres-
sure in the 9th cylinder element at G2 configuration
was caused by the insertion of mixing screw ele-
ments into appropriate screw position. Similarly,
employment of kneading blocks with 90° discs
arrangement resulted in substantial pressure
increase in the 7th cylinder element (Figs. 2, 3, and
8-11) as compared with G1 configuration. Generally,
kneading blocks with 90° discs arrangement (as
compared to other angles) enable the highest effi-
ciency of dispersive mixing and facilitate delamina-
tion of silicate layers during compounding.

It can be clearly seen that the level of attainable
material reinforcement is generally proportional to
the residence time and torque in the extruder (Figs.
4-7). Therefore, the extent of reinforcement in the
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Figure 9 Pressure profile during compounding (Gl1,
rpm, 11 = melt pump inlet).

Figure 11 Pressure profile during compounding (G2, 75

75
rpm, 11 = melt pump inlet).

Journal of Applied Polymer Science DOI 10.1002/app

109



Figure 12 Principle of Rheotens measurement (ES =
extruded string, RW = rotating wheels, E = engine, FT =
force transducer).2®

nanocomposites investigated is dependent on both
residence time as well as shear energy simultane-
ously within all melt pump operating modes. The
described method to increase both shear rate as well
as residence time simultaneously can be applied for
different-scale processing machines and in this way
transfer current know-how in the field of polymer
nanocomposites from basic to applied research.
Comparing the relevance of screw speed and geome-
try with regard to material enhancement, the higher
screw speed using the low-shear configuration is
preferable to lower screw speed with high-shear ge-
ometry (Fig. 13). That means, within the screw
speeds and configurations tested, that higher screw
speed is more important than increasing amount of
kneading blocks to achieve higher shear rate and,
consequently, maximal improvement in material
properties. This relation will be further investigated
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Figure 13 Melt strength level comparison of nanocompo-
site masterbatches.

to be confirmed applying broader range of screw
speeds and geometries.

CONCLUSION

Advanced compounding by using a co-rotating
twin-screw extruder in a combination with the melt
pump has been presented. This configuration makes
it possible to apply high shear forces and long resi-
dence time simultaneously within a continuous
processing technique. It was shown that assembling
the melt pump in front of an open compounder pro-
longed the residence time nearly two times, apply-
ing a negative pressure difference of —100 bar in the
melt pump. This additional melt shearing led to a
significant increase in material reinforcement, inves-
tigated by extensional rheology. Higher shear screw
geometry and screw speed led to higher melt rein-
forcement as compared to lower shear screw config-
uration and screw speed, respectively. By use of a
larger scale melt pump allowing higher pressure dif-
ference, a further increase in the residence time can
be assumed. Generally, the mentioned technique of
advanced compounding can be employed in the
field of polymer composites and blends, where suffi-
cient shear energy together with long enough resi-
dence time is required.

The authors thank Dr. Tung Pham, Borealis, Linz, for cooper-
ation within the Nanocomp cluster.
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This is the first manuscript describing possibility to use FT-NIR method for prediction of
polymer nanocomposites properties. It was proved that using chemometrical evaluation
of FT-NIR data enables prediction of rheological properties (melt strength level) in
dependency on processing parameters (typical compounding process vs. inclusion of
the melt pump, variations in screw speed and screw geometry). NIR spectroscopy was
shown to be a qualitative and predominantly quantitative method for monitoring
nanocomposite quality of all sample groups investigated, although the extruded sample
material had to be cooled down, granulated and processed to plates for measurements
with the off-line NIR system. As the unknown changes in the samples caused by these
postprocessing procedures negatively affect the calculated chemometric models, it was
decided to measure the quality of the nanocomposites in-line without any additional
processing, to prevent any negative effect on the material structure or reinforcement
level. Extensional rheometry and NIR measurements were intended to be done
simultaneously on the extruder to collect spectral and mechanical data in samples with
the same processing history.
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ABSTRACT: Layered silicates as nanoscale fillers have a
great potential in improving polymer material properties.
Depending on the composite structure (agglomerated, inter-
calated, or exfoliated) a significantly higher level of rein-
forcement of the virgin polymer can be achieved with a
very small amount of filler. The morphology of the compo-
sites is usually characterized by XRD and microscopic meth-
ods (e.g., transmission electron microscopy). But the level of
reinforcement of nanocomposites is not always proportional
to morphology (delamination level of the silicate layers). A
new approach for characterizing the material reinforcement
level as a consequence of melt quality is to correlate the
results of extensional rheometry (level of melt strength)
with those of near infrared (NIR) spectroscopy. The advant-

age of the NIR technique is the suitability for in-line imple-
mentation by using quartz based optics and optical fibers
for the signal transfer from the measuring probe to the NIR
spectrometer. The presented results show a direct correla-
tion between the reinforcement level determined by rheo-
tens measurements and the data analyzed from off-line NIR
measurements. The results of the chemometric analysis of
the NIR data shows that this in-line capable optical method
provides quantitative information on the quality of the
nanocomposite. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci
114: 2488-2496, 2009

Key words: nanoparticles; polymer composite materials;
FT-NIR spectroscopy

INTRODUCTION

Nanocomposites are modified polymers with par-
ticles, where at least one dimension is in the order of
nanometers. Polymer material reinforced by nano-
scale particles exhibit significantly higher perform-
ance, for example, higher elastic modulus, tensile
strength, thermal resistance, lower gas and liquid per-
meability, reduced flammability, and enhanced rheo-
logical properties already for small amounts of the
filler.'"* For preparation of polymer nanocomposites,
layered silicates (clay, especially montmorillonite,
MMT) have been the most commonly used nanofillers
due to the possibility to achieve aspect ratios ideally
up to 1000. On the basis of MMT, nanocomposites
containing polyamide, polyethers, polyesters, epox-
ides, polzfst!rene, and polypropylene have been
prepared.”'® Polymer/clay nanocomposites can gen-
erally be prepared by mixing during polymerization

Correspondence to: S. Laske (stephan.laske@unileoben.ac.
at).

Journal of Applied Polymer Science, Vol. 114, 2488-2496 (2009)
© 2009 Wiley Periodicals, Inc.

(“in situ”), mixing in solvent and melt mixing.” Addi-
tionally, possibilities of nanoparticle dispersion by
application of electric fields,® by ultrasonic mixing,'®
or direct chemical bonding of polymer chains onto the
surface of silicate platelets'”*’have been studied.
Melt mixing (compounding) is the industrially most
attractive method due to its technological simplicity
(usage of common polymer processing machines in
contrast to special equipment and procedures in
chemical laboratories). According to the dispersion of
MMT platelets in the polymer matrix, three composite
structures (conventional composites, intercalated, and
exfoliated nanocomposites) can be formed. In the first
case, the MMT particles (tactoids) are dispersed in the
polymer matrix in micrometer scale with the tactoids
acting as a micro-filler. Intercalated (partially delami-
nated) systems show penetration of polymer chains
into the interlayer gallery of silicate platelets whereas
exfoliated (entirely delaminated) nanocomposites are
characterized by homogeneous and uniform disper-
sion of silicate layers in the polymer. During the pro-
cess, the structures, which are responsible for the
reinforcement level, are formed by physical bonding
between the hydrophilic clay, hydrophobic polymer
matrix, and compatibilizer. The number and type of
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interactions depend on the processing conditions and
can be monitored by NIR spectroscopy.

Near infrared (NIR) spectroscopy is a non-destruc-
tive, optical method to determine information on the
composition of samples. Like mid infrared (MIR)
spectroscopy, the NIR method measures the absorb-
ance of light due to excitation of molecular vibra-
tions of the substance under investigation. However,
MIR, which exploits radiation in the wavelength
range of 2500 to 25000 nm, measures the fundamen-
tal molecular vibrations, whereas NIR, operating in
the spectral range between 780 and 2500 nm, detects
the overtones and combinations of these vibrations.
By placing the sample in the light path, the substan-
ces present in the sample absorb NIR radiation at
specific frequencies according to their molecular
structure, resulting in NIR sample spectra. As the
frequencies, at which the absorbances take place, are
depending on the energy, a molecular structure
requires to be stimulated, the position of the absorb-
ance bands in the NIR spectrum provides the infor-
mation for identification of substances and for the
existence of specific chemical functionalities present
in the sample. By evaluating the intensity of the
features identifying a substance or chemical func-
tionality, the amount/concentration of the respective
analyte can be determined. In polymer industry,
NIR spectroscopy is used for example for examina-
tion of polymerization or copolymerization, moisture
content, cristallinity, molecular weight, intermolecu-
lar interactions, tacticity, orientation, dispersion and
alteration of the particle size of fillers, and density of
polyethylenes. As described earlier, NIR spectros-
copy in principle determines the chemical composi-
tion of samples. However, it is also capable of
providing information on mechanical properties as
these properties are generally linked to the chemical
state of the sample. For example, the strength of
coatings often depends on the degree of polymeriza-
tion of polymers, which again can be monitored by
determining the remaining amount of monomer
functionalities which have not been converted by the
polymerization reaction. Furthermore, some parame-
ters can be determined by NIR spectroscopy
although neither a chemical conversion is the basis
for the phenomenon nor does the analyte show any
activity in the NIR. For example, ions dissolved in
water can be determined to a certain degree
although they are not IR active and do not cause
any specific chemical reaction. The reason for this is
the fact that the charged ions interact with the water
molecules, influencing the strength of the O—H-
bond and thereby shifting the water’s O—H absorb-
ance peak. In polymer nanocomposites, the silicate
platelets form different levels of 3D physical net-
work. Generally, in the real nanocomposite systems,
both the intercalated as well as exfoliated structure
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exist. During the compounding process, both struc-
tures are formed by the physical bounds between
the hydrophilic clay, hydrophobic polymer matrix,
and compatibilizer. The number and type of interac-
tions between polypropylene chains, organic modi-
fier based on organoclay (quaternary ammonium
salt presented in Nanofil 5), polypropylene grafted
with maleic anhydride (compatibilizer), and free
maleic anhydride molecules (up to 0.1% in compati-
bilizer) depend on the processing conditions and can
be monitored with NIR spectroscopy. A few studies
studying the usage of vibrational (FTIR or Raman)
spectroscopy to detect the changes in physical
characteristics of polymers have been published
up to now.”>" Some of these studies proposed
an approach to analyze the deformation behavior
in polymer-clay nanocomposites.***> However, no
study dealing with NIR spectroscopy for the deter-
mination of the reinforcement in polymer nanocom-
posites have been found in available literature.

EXPERIMENTAL
Preparation of polymer nanocomposites

The used polymer matrix was an isotactic polypro-
pylene homopolymer (HC600TF; MFI 2.8 g/10 min,
230°C/2.16 kg; Borealis/A, Linz, Austria). As a
nanofiller, a layered silicate intercalated with di-
methyl distearyl ammonium chloride (Nanofill5, Sud
Chemie/D, Munich, Germany) and as a compatibil-
izer a PP grafted with maleic acid anhydride (PP-
MA, Scona TPPP 2112 FA, Kometra/D, Schkopan,
Germany) was used. For the compounding process,
a co-rotating twin screw extruder Theysohn TSK30/
40D, Korneuburg, Austria with a string die has been
used. The feed rate was set at 10 kg/h with a screw
speed variation, between 75 and 400 rpm. The ex-
truder temperature profile has been set to 160-200°C
from the hopper up to the die. The melt pump tem-
perature has been kept at 200°C. As listed in Table I,
different nanocomposite systems have been pre-
pared. In the first sample group (No. 1-16), master-
batches containing 20 wt % of compatibilizer with
the same amount of organoclay have been prepared
under different processing conditions (with or with-
out melt pump, varying screw speed and screw ge-
ometry). In this sample group, a variation in melt
pump adjustment has been performed: For
APmaximal, @ maximal negative difference (up to —100
bar) between the input and outlet pressure of the
melt pump has been set. In this way, melt accumula-
tion up to the 9th extruder section (~ 40 cm before
the melt pump) has been achieved. In the Apneytral
mode, the input and outlet pressure were kept con-
stant (around 10 bar), while in Appesitive mode, a pos-
itive pressure difference (around 5 bar) was set. The

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1
Description of Samples
Clay/PP-MA Screw speed
No. Indication Note content (wt %) (rpm) Geometry
1 Osp65 Without melt pump 20/20 75 1
2 MB4-65rpm Ap_maximal
3 MB5-65rpm Ap_neutral
4 MB6-65rpm Ap_positive
5 Osp100 Without melt pump 20/20 100 1
6 MB1-100rpm Ap_maximal
7 MB2-100rpm Ap_neutral
8 MB3-100rpm Ap_positive
9 Osp2_75 Without melt pump 20/20 75 2
10 MB10-75rpm Ap_maximal
11 MB11-75rpm Ap_neutral
12 MB12-75rpm Ap_positive
13 Osp2_100 Without melt pump 20/20 100 2
14 MB7-100rpm Ap_maximal
15 MB8-100rpm Ap_neutral
16 MB9-100rpm Ap_positive
17 MB16-75rpm Ap_maximal 20/20 75 3
18 MBI13-100rpm 100
19 MB19-150rpm 150
20  MB20-200rpm 200
21 MB21-300rpm 300
22 G3-75 Ap_maximal 5/5 75 3
23 G3-100 100
24 G3-150 150
25 G3-200 200
26 G3-300 300
27 G4-75 Ap_maximal 5/5 75 4
28 G4-100 100
29 G4-150 150
30 G4-200 200
31 G4-300 300
32 G4-400 400

second sample group (No. 17-21) consists of master-
batches prepared at different screw speed and the
APmaximal mode. The third sample group (No. 22-32)
contains nanocomposites prepared by dilution of
appropriate masterbatches to 5 wt % organoclay
concentration under the same processing conditions
used for masterbatches.

For the Rheotens measurements, the primary gran-
ulate obtained from the extrusion process has been
used. The samples for near infrared have been pre-
pared using a hydraulic vacuum press.

Evaluation of testing methods for NIR calibration

As we have already presented elsewhere,® the level
of real reinforcement in polypropylene nanocompo-
sites is not only based on the delamination level
(increase in interlayer distance) determined by the
XRD method. The simple rule “a higher delami-
nation leads to higher improvement in mechanical
material properties” does not apply to all cases. The
only way to find the ideal clay structure (e.g., type

Journal of Applied Polymer Science DOI 10.1002/app

and grade of mixture elements, degree of intercala-
tion/exfoliation) in the polymer matrix for the best
achievable material reinforcement is to combine the
XRD and TEM technique with the characterization
of mechanical properties. These methods require
rather expensive scientific equipment and additional
experimental time for the preparation of samples.
Nevertheless, XRD, TEM, and tensile testing are the
most approved methods for characterizing nanocom-
posites and can not be disclaimed when it comes to
solid parts and their properties. But for monitoring
the nanocomposite production and quality (e.g.,
melt homogeneity), it is necessary to examine the
melt directly. We proved that the investigation of
the melt strength level in compatibilized polypropyl-
ene nanocomposites using the Rheotens equipment
enables to detect the material reinforcement level as
a consequence of melt quality. A correlation between
mechanical properties in the melt and solid state has
been confirmed.** Concerning the suitability of the
described methods for the polypropylene-nanocom-
posites characterization and the possibility for
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Rheotens test being performed off- and on-line, we
decided to correlate the results of Rheotens measure-
ments (level of melt strength) with those of off-line
near infrared spectroscopy to gain chemometric NIR
calibration models.

Rheotens measurements

The advantage of Rheotens measurements consists
in their simplicity without the need of expensive sci-
entific equipment and additional time for sample
preparation. The principle of the Rheotens measure-
ment is shown in Figure 1. It is based on the elonga-
tion of the extruded string by two or four rotating
wheels connected with a force transducer. The rota-
tion speed is linearly increased up to the point when
the molten string breaks. The tensile force applied to
the wheels at a specific draw rate is the reference
value for the melt strength level (stress at break). In
our work, the Rheotens 71.97 equipment (Gottfert,
Buchen, Germany) in combination with a capillary
rheometer has been used. To compare the tensile
force level of different nanocomposite systems
(revealing different magnitudes of draw rate at
break), the tensile force at a draw rate of 350 mm/s
has been chosen as a comparative value. The data of
at least three measurements for each sample with a
measurement error of 2% was evaluated.

The silicate platelets form different levels of 3D
physical network in the polymer matrix depending
on their structure (intercalated or exfoliated). The
different physical crosslinking and bonding between
polymer chains and organoclay results in a diversity
of viscoelastic response. Therefore, Rheotens mea-
surements are used to identify changes of the elon-

Figure 1 Principle of Rheotens measurements.*
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gational viscosity. Individual nanoparticles act as
entanglement or crosslinking sites and raise the
extensional stiffness of the composite. Depending on
the degree of dispersion, this change is more or
less pronounced compared to the polymer without
filler.

Experimental setup for NIR measurements

The NIR spectra of the different samples were
collected with the laboratory FT-NIR spectrometer
Vertex 70 from Bruker Optics/D (Ettlingen, Ger-
many). The samples were prepared as plates with a
thickness of 0.8 mm and were measured in transmis-
sion by placing the plates in the optical path of the
spectrometer in the sample chamber. All samples
were measured three times at different lateral posi-
tions on the plate. The quantitative chemometric
evaluation of the measured spectra was done with
the software package OPUS from Bruker Optics/D.
The measurement parameters for the acquisition of
all spectra were:

¢ Detector: Extended InGaAs.
* Wavenumber range: 4000-10,000 cm™ L
« Resolution: 8 cm ™.

¢ Number of scans: 64.

Evaluation of NIR data

For the realization of efficient NIR spectroscopic pro-
cess control applications, the extraction of process
relevant information from the measured NIR spectra
is essential. In the NIR region, typically, the spectral
features of different species strongly overlap. This
results in the need for more sophisticated evaluation
methods.? In this case, the partial least squares (PLS
1) method was applied to extract quantitative infor-
mation from NIR spectra and to evaluate the data
for a desired parameter measured by NIR.

For example, NIR spectra are often used to esti-
mate the amount of different chemical components
in a sample. In this case, the so called “factors” are
the wavelength specific measurements that comprise
the spectrum. The parameters of interest, the so
called “responses” are typically component amounts
that the researcher wants to determine in future
samples. In our case, the main response of interest is
the level of reinforcement in the nanostructured
materials produced by filling a polymer matrix with
nanoparticles in different processing ways.

For evaluating NIR spectroscopy as a method
capable of measuring a certain sample attribute
(responses: e.g., reinforcement level) a straight for-
ward approach was applied. Experimentally NIR
spectra of samples with varying but known

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Melt strength of nanocomposite masterbatches
prepared by different processing conditions.

responses were measured. Then PLS 1 was used
to generate a linear calibration model for calculating
the responses from the measured NIR data (factors).

By looking at correlation parameters [like correla-
tion coefficient R* and root mean square error of cross
validation (RMSECV)] of the resulting model, it
is possible to evaluate whether the model shows
sufficient predictive ability or not. R* and RMSECV
are determined as follows with Y} as the reference pa-
rameter value and Y, as the predicted parameter
value:

RESULTS AND DISCUSSION
Rheotens testing

As can be seen in Figure 2, nanocomposite master-
batches processed with screw geometry 2 (applying
higher shear energy) as compared to those processed
with screw geometry 1 (lower shear configuration)
revealed a higher level of melt strength. The differ-
ence in screw speed shows a clear trend: a higher
screw speed (generating higher shear rate) for a cer-
tain screw geometry results in a higher magnitude
of tensile force (level of melt strength). Comparing

Journal of Applied Polymer Science DOI 10.1002/app
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the tensile force level of masterbatches prepared
using geometry 2 and 3, respectively, no significant
difference occurred. This is attributed to the moder-
ate diversity between both geometries, which dif-
fered only in the sequence of the identical screw
elements.

The tensile force level of nanocomposites prepared
by dilution of appropriate masterbatches using differ-
ent screw geometries can be observed in Figure 3. It is
obvious that for a certain screw geometry, a critical
screw speed with optimal shear energy as well as resi-
dence time occurs. For geometry 4, this critical screw
speed is shifted from 100 rpm (geometry 3) up to 150
rpm, because no kneading blocks in geometry 4 have
been assembled and the shear rate acts proportionally
to the screw speed. That means, with higher screw
speed, higher shear energy is applied to the melt and
a lower amount of kneading blocks is required.

The presented results show a direct relation
between the melt strength level (reinforcement level)
and the processing conditions (screw speed, geome-
try, etc.). This means that Rheotens equipment can
be used for characterization of polymer nanocom-
posites in the molten state due to reflection of struc-
tural changes caused by different processing
conditions. Furthermore, this technique can be
applied on-line using a by-pass flow channel.

Near infrared spectroscopy
Sample group 1 (No. 1-16)
The samples discussed in this section were gener-

ated by running the extruder with different melt
pump operation modes. Running the melt pump in
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Figure 3 Melt strength of nanocomposites prepared by
different processing conditions.

117



FT-NIR NANOCOMPOSITES

different operation modes enables a variation of resi-
dence time of the polymer and the nanomaterial in
the extruder, and thus, results in a variation of the
mechanical treatment of the material. The different
degrees of mechanical treatment again result in dif-
ferent mechanical sample properties.

In the following figures (Figs. 4-7), the steps from
the raw measurement to a calibration model are
demonstrated. In Figure 4, raw measurement data is
shown. As can be seen, the spectra are shifted by
varying offset values. The differences are mainly
caused by variations in transparency and light scat-
tering properties from sample to sample.

Basically, a chemometric algorithm works in two
steps:

Pretreatment: The spectra are pretreated to get rid
of parasitic measurement effects like light straying,
positioning variations or granularity, and to exclude
spectral regions with irrelevant spectral informa-
tion regarding the specific parameter of interest
(response).

Evaluation: A scalar product of the pretreated
spectrum vector with the regression coefficient (or
loading) results in the numerical value of the param-
eter of interest (response).

Thus, the task of finding the best chemometric
model for a specific measurement problem is the
task of finding the best pretreatment method and
regression coefficient. This can be done by testing
different pretreatment methods applied to different
wavenumber ranges and by searching for a model
which gives the best correlation properties with the
desired response.

For the first series of measurements, the response
of interest is the tensile force value normally deter-

07
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Figure 4 Absorbance data of samples 1-16. Spectra are
shown as measured without any data treatment.
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Figure 5 Selected regions of NIR absorbance spectra after
subtraction of constant offset values.

mined by Rheotens measurement. In the following
pictures, the final result of an iterative model optimi-
zation procedure is shown. The gained chemometric
model should be near to the best model for the
evaluation of the tensile force value from NIR
measurements.

In Figure 5, the resulting spectral vectors after pre-
treatment are given. Optimization in terms of best
correlation parameters led to the elimination of
selected wavelength ranges and to the pretreatment
method “subtraction of constant offset.”” This means
that the pretreatment method subtracts a constant
value from each spectrum.

In Figure 6, the wavenumber dependent coeffi-
cients of regression are shown. The PLS 1 algorithm

300
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-100
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-200 T T T T
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Figure 6 Wavelength dependent coefficient of regression
calculated by PLS 1 algorithm.
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TABLE 11
Comparison of Drawing Force Values Evaluated by Rheotens Method and Calculated Values from the NIR Spectra for
Sample Group 1 (Samples 1, 5, 9, and 13 Excluded Due to Different Processing Procedure as Explained in the Text)

No. Indication Note Rheotens (cN) NIR 1 (e¢N) NIR 2 (cN) NIR 3 (cN) Average NIR (cN)
2 MB4-65rpm Ap_maximal 16.54 16.52 16.41 16.46 16.46
3 MB5-65rpm Ap_neutral 16.03 15.97 16.09 16.11 16.06
4 MB6-65rpm Ap_positive 16.30 16.20 16.27 16.06 16.18
6 MB1-100rpm Ap_maximal 14.90 14.92 15.14 14.63 14.90
7 MB2-100rpm Ap_neutral 13.70 13.75 13.95 13.74 13.81
8 MB3-100rpm Ap_positive 14.29 14.22 14.08 14.04 14.11

10 MB10-75rpm Ap_maximal 17.18 16.98 16.92 17.19 17.03

11 MB11-75rpm Ap_neutral 16.68 17.00 16.68 16.82 16.83

12 MB12-75rpm Ap_positive 16.87 16.92 16.81 16.62 16.78
14 MB7-100rpm Ap_maximal 15.92 15.90 15.40 15.72 15.67
15 MB8-100rpm Ap_neutral 15.25 15.23 15.78 15.32 15.44
16 MB9-100rpm Ap_positive 15.53 15.58 15.50 15.90 15.66

searches for linear correlations between spectral data
(factors) and reference values (responses). The dia-
gram shows the wavelength regions which are
changing with the effect of interest as well as how
these regions are changing. Positive values mean
that the spectral value is increasing with increasing
response value. Negative values mean that the spec-
tral value is decreasing with increasing response
value. The response value in this case is the tensile
force.

Table II and Figure 7 give an overview of the
resulting chemometric model. In Table II, the single
measurement values and the corresponding average
value of the NIR method are shown and can be com-
pared with the Rheotens values. In Figure 7, the ten-
sile force values evaluated by Rheotens method
(horizontal axis) are plotted versus the calculated
values from the NIR spectra (vertical axis). The qual-
ity of the chemometric model and thus the ability of
the NIR spectroscopic method to measure the tensile
force value can be quantified by the values R* and
RMSECV. The correlation coefficient R* shows the
correlation of the NIR data with the reference values
of the investigated response parameter. Values of R*
are between 0 and 100. Typically, models with R*
values above 90 enable quantitative calculation of
the response parameter of interest. Correlation coef-
ficients above 70 allow qualitative evaluations. If R*
lies below 70, the response is not well pronounced
in the factors (the spectral data) and thus can not be
evaluated with reasonable practical relevance.

The root mean square error of cross validation
(RMSECYV) is determined by calculating a predictive
model by using all samples except for one. This
model is applied to the sample left out for prediction
of the desired response parameter. RMSECV is cal-
culated by doing this procedure for every sample
and by summing up the root mean square errors of
the deviations of the calculation results from the
assumed true reference values. This value is a mea-

Journal of Applied Polymer Science DOI 10.1002/app

sure for the error of the developed NIR measure-
ment method.

The chemometric model given in Figure 7 shows a
very good correlation with the Rheotens method and
allows absolute quantification of tensile force values
by the NIR method. It was necessary to exclude
samples 1, 5, 9, and 13 due to their different process-
ing procedure. Including these samples in the che-
mometric model design led to a chemometric model
with R? value of 83. With this model, semi-quantita-
tive evaluation of the tensile force parameter would
still be possible. Samples 1, 5, 9, and 13 were pro-
duced without melt pump. In the experimental pro-
cedure, all other samples were produced first, then
the melt pump was detached and samples 1, 5, 9,
and 13 were extruded. It is assumed that the change
in the experimental setup has caused not only
changes in the mechanical treatment in the extruder

e Subtraction of constant Offset
R*=96,16

RMSECV =0,20

Rank =8

Leave out: 1, 5, 9, 13 (Osp)
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Figure 7 Drawing force values calculated versus meas-
ured for samples 1 to 16.
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TABLE III
Drawing Force Values Calculated Versus Measured for Samples 17-21
No. Indication Note Rheotens (cN) NIR 1 (cN) NIR 2 (cN) NIR 3 (cN) Average NIR (cN)
17 MB16-75rpm Ap_maximal 17.40 17.37 17.44 17.07 17.29
18 MB13-100rpm 15.81 15.74 16.00 16.06 15.93
19 MB19-150rpm 17.14 16.56 17.33 16.76 16.88
20 MB20-200rpm 17.12 17.12 17.02 16.59 16.91
21 MB21-300rpm 12.90 13.63 13.28 13.74 13.55

but eventually also led to slight differences in chemi-
cal composition, transparency, or light stray proper-
ties of the samples.

The procedure shown in detail for samples 1 to 16
was also done with the other sample groups which
are identical in chemical composition. For the other
groups, only the final result, the comparison of the
reference values and the values determined by NIR
spectroscopy is shown.

Sample group 2 (No. 17-21)

In this sample group, the extruder was operated
with the melt pump at maximal pressure difference.
The PP-MA and organoclay content was constant at
20 wt % for all samples. Differences were achieved
by changing the screw speed in the range from 75 to
300 rpm.

In Table III and Figure 8, the detailed results of
the chemometric evaluation of this sample group are
given. Very good correlation of Rheotens and NIR
tensile force values can be achieved by designing an
optimized chemometric model. The chosen spectral
pretreatment method was “subtraction of constant

18,0
1751 Subtraction of constant Offset
" IR =0433
17,0/ RMSECV = 0,40
16,5{ Rank =5 °

16,0
15,51
15,0
145
14,0
1351
13,01
125

Tensile Force Calculated from NIR (cN)

125 130 135 14,0 145 150 155 160 165 17,0 175
Tensile Force (cN)

Figure 8 Drawing force values calculated versus meas-
ured for samples 17 to 21.

offset” as in sample group 1. Even though the coeffi-
cient of correlation R* is in the same region as in
group 1, the results can not be judged with the same
relevance, because of the low number of samples
and because of the non-uniform distribution of the
sample parameter values over the parameter interval
(effectively only three really different tensile force
values in sample set 2).

Sample group 3 (No. 22-32)

For the sample group 3, the extruder was operated
with the melt pump at maximal pressure difference.
The PP-MA and organoclay content was constant at
5 wt % for all samples. Differences were achieved by
changing the screw speed in the range from 75 to
400 rpm and by changing the geometry of the ex-
truder screw.

The results of the chemometric evaluation are
shown in Table IV and Figure 9. The best spectral
pretreatment method for this chemometric model for
the determination of the tensile force values from
NIR spectra, is “first derivative and multiplicative
scatter correction (MSC).” The coefficient of correla-
tion R* of 82 for this model is lower than for the
models of the other sample groups but still enables
qualitative evaluation. The chemometric model ena-
bles an evaluation of the mechanical properties of
the samples generated with three different extruder

TABLE 1V
Drawing Force Values Calculated Versus
Measured for Samples 22-32

Screw speed Rheotens Average

No. Indication (rpm) (cN) NIR (cN)
22 G3-75 75 8.30 8.84
23 G3-100 100 9.11 8.68
24 G3-150 150 9.01 9.15
25 G3-200 200 8.34 8.42
26 G3-300 300 7.02 6.84
27 G4-75 75 8.43 8.86
28 G4-100 100 9.05 8.67
29 G4-150 150 9.65 9.59
30 G4-200 200 9.15 9.31
31 G4-300 300 8.64 8.65
32 G4-400 400 7.66 7.66

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Drawing force values calculated versus meas-
ured for samples 22 to 32.

screw geometries. The chemometric model itself will
improve significantly, when measurements are taken
in-line at the extruder, without any postprocessing
of the material.

CONCLUSION

It can be seen that the material reinforcement (level
of melt strength) exhibits good correlation with NIR
data analyzed by the partial least squares method.
NIR spectroscopy was shown to be a qualitative and
predominantly quantitative method for monitoring
nanocomposite quality of all sample groups investi-
gated, although the extruded sample material had to
be cooled down, granulated, and processed to plates
for measurements with the off-line NIR system.
Therefore, it is crucial to measure the quality of the
nanocomposites in-line without any additional proc-
essing, to prevent any negative effect on the material
structure or reinforcement level. Unknown changes
in the samples caused by these postprocessing pro-
cedures are negatively affecting the shown chemo-
metric models. In-line-measurement of NIR data is
technically possible for the extruder and would lead
to a higher quality of the chemometric models due
to omission of postprocessing steps. Rheotens and
NIR measurements could be done simultaneously
on the extruder if the NIR system is implemented
in-line and the Rheotens measurements are done
on-line through a bypass die system.

This work was done within the project Nano-
comp—0901 PlaCompl funded by the Austrian
Nano Initiative. Parts of the FT-NIR research work
were done within the FH Plus—Project AMIESP
(Advanced  Methods in  Embedded  Signal
Processing).
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“In-line characterization of polypropylene nanocomposites using FT-NIR”
Witschnigg, Andreas; Laske, Stephan; Kracalik, Milan; Feuchter, Michael; Pinter,
Gerald; Maier, Gunther et al. (2010): In: J. Appl. Polym. Sci. 8, n/a-n/a. DOI:
10.1002/app.32024.

Using the know-how from manuscript 7, chemometrical modelling was applied for
prediction of rheological (melt strength level), structural (interlayer distance) and
application (Young’s modulus) properties. For the first time, in-line FT-NIR mit on-line
rheometry was combined simultaneously for material characterization during
compounding of polymer nanocomposites. The Young’'s Modulus, the interlayer
distance and the tensile force exhibited good correlation with NIR data analyzed by PLS
algorithm. It was proved that near infrared spectroscopy is a quantitative method for
monitoring nanocomposite quality although the measurements were partially done at
different aggregate states and samples with different processing history caused by
sample preparation. Therefore important parameters like crystallization could not be
considered by the NIR measurements. It was evident that the different aggregate states
(melt state vs. semicrystalline solid state) and the postprocessing procedures (cooling
down, heating up, molding and cooling down again) cause for example preferential
orientations, affecting the chemometric models negatively. Nevertheless this work
showed that it is possible to determine the Young’s modulus, the interlayer distance and
the tensile force with sufficient precision for quantitative evaluation with near infrared
spectroscopy. Therefore NIR spectroscopy was found to be suitable for inline quality
control and characterization of nanocomposites in real time and directly in the melt state
during production, leading to a faster composite optimization process with reduced
rejections and costs. This approach opened new opportunity to speed up development

of tailor-made materials based on polymer nanocomposites.
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ABSTRACT: The morphology of polymer nanocomposites
is usually characterized by various methods like X-ray dif-
fraction (XRD) or transmission electron microscopy (TEM).
In this work, a new approach for characterizing nanocompo-
sites is developed: the results of small angle x-ray scattering,
on-line extensional rheometry (level of melt strength) and
Young’s modulus out of tensile test are correlated with those
of near infrared (NIR) spectroscopy. The disadvantages of
the common characterization methods are high costs and
very time consuming sample preparation and testing. In con-
trast, NIR spectroscopy has the advantage to be measured in-
line and in real time directly in the melt. The results were
obtained for different aggregate states (NIR spectroscopy and

on-line rheotens test in melt state, tensile test, and XRD in
solid state). Therefore, important factors like crystallization
could not be considered. Nevertheless, this work demon-
strates that the NIR-technology is perfectly suitable for quan-
titative in-line characterization. The results show that, by the
installation of a NIR spectrometer on a nanocomposite-proc-
essing compounder, a powerful instrument for quality con-
trol and optimization of compounding process, in terms of
increased and constant quality, is available. © 2010 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 117: 3047-3053, 2010

Key words: nanoparticles; polymer composite materials;
FTNIR spectroscopy

INTRODUCTION

The use of nanocomposites has developed rapidly
over the last years. One reason is their great poten-
tial for improving material properties with only a
small amount of filler. Nanocomposites are polymers
filled with particles where at least one dimension is
in the order of nanometers. There are several types
of nanofillers, which are classified in three structures
(spherical, laminar, or fibrous particles). Because of
the high aspect ratio, which is linked with the ability
to improve polymers, fibrous, and laminar particles
are commonly used.

There are two reasons for the improvement of ma-
terial properties by the application of nanofillers.
The first reason is the enforcement of the polymer
matrix by means of the particles (like it is the case

Correspondence to: S. Laske (stephan.laske@unileoben.ac.
at).

Contract grant sponsor: Austrian Nano Initiative (project
Nanocomp - 0901 PlaComp1).

Journal of Applied Polymer Science, Vol. 117, 3047-3053 (2010)
© 2010 Wiley Periodicals, Inc.

for other fillers). The second effect is the movement-
restrictive effect on the polymer chains caused by
the layered anorganic nanofillers. Therefore mainly
layered silicates (most common montmorillonite)
with an aspect ratio up to 1000 are used.

To reach best interactions between polymer matrix
and nanofiller (especially layered silicates) a homo-
geneous dispersion is essential. Because of the tech-
nological simplicity, nanocomposites are preferably
produced by using a twin screw extruder operating
at high temperatures and pressures."” Shearing
forces, induced by the rotation of the screw and
thermodynamical interactions between polymer
chain and layered silicate clay are delaminating the
layered silicate. During the process, the structures
which are responsible for the level of reinforcement
are formed by physical bonding between the hydro-
philic clay, the hydrophobic polymer matrix and a
compatibilizer.®

According to the dispersion and the homogeneity
of the nanofiller conventional composites, interca-
lated nanocomposites and exfoliated nanocomposites
can be formed. To determine the homogeneity of the
material a variety of methods are commonly used.
These include optical [scanning (SEM) and transmis-
sion (TEM) electron microscopy], mechanical (tensile
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strength, extensional rheology) and light scattering
methods (small angle (SAXS) and wide angle
(WAXS) X-ray scattering). A new way to determine
material homogeneity is the use of near infrared
(NIR) spectroscopy. NIR spectroscopy is a nondes-
tructive, optical method to obtain information about
the composition of samples and interactions within
the sample. Near- and mid-infrared methods (NIR,
MIR) measure the absorbance of light due to excita-
tion of molecular vibrations of the substance under
investigation. Mid-infrared measurements (often
referred to only as IR) are exploiting radiation in a
spectral range between 2500 and 25,000 nm, detect-
ing fundamental molecular vibrations, while NIR is
operating in the spectral range between 780 and
2500 nm. Therefore NIR detects the overtones and
combinations of the molecular vibrations. Although
NIR signals are 100-1000 times weaker than IR sig-
nals, only the NIR technique is suitable for in-line
implementation due to the use of quartz based
optics and optical fibers for signal transfer from the
measuring probe to the NIR spectrometer.

If light is transmitted through a sample, vibrations
of the molecular bondings are excited, resulting in
an energy absorbance at specific wavelengths
depending on the type of molecule and molecular
bondings, which can be detected by NIR spectros-
copy. The wavelength position of the absorbance
bands in the NIR spectrum provides the information
for identification of substances and chemical func-
tionalities. The prevailing conditions in the sample
(chemical state, number, and type of interactions)
are narrowly linked with the mechanical properties,
which can therefore be determined by NIR
spectroscopy.4

NIR measurements have a variety of successful
applications in polymer science, such as the analysis
of polymerization or copolymerization (mostly done
by detecting the characteristically absorption caused
by chemical groups as e.g., OH groups or vinyl ace-
tate groups in ethylene vinyl acetate), crystallinity,
molecular weight, anisotropy, intermolecular interac-
tions, molar mass, porosity, specific surface area, tac-
ticity, orientation, concentrations of flame retardants
(e.g., melamine cyanurate), density measurements,
and other chemical processes that appear during
polymer processing.”°

In other studies, nanocomposites are ana-
lyzed regarding crystallization properties and parti-
cle size'® using NIR measurements.

The near infrared technique combined with stress—
strain curves to evaluate filled rubbers (using SiO,,
TiO,, layered silicate, and Nanotubes) with regard to
changes in crystallization and degree of exfoliation
under strain has also been investigated. A coherence
between crystallization under strain and a shift in
NIR spectra has been found."”

6,15-17
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In addition, NIR spectroscopy has successfully
been used to monitor the processing of pharmaceuti-
cal nanoparticles and to classify them by their parti-
cle size in a high solids dispersion."®

The analysis of the melt strength of a polypropyl-
ene (PP) nanocomposite with off-line NIR spectros-
copy (correlated with off-line rheotens measurement)
has already been achieved.*

EXPERIMENTAL
Materials

The isotactic PP homopolymer HC600TF (melt flow
index (MFI) 2.8 g/10 min; 230°C/2.16 kg) was sup-
plied by Borealis, Linz, Austria. The used nanofiller
(montmorillonite intercalated with dimethyl dis-
tearyl ammonium chloride) with commercial indica-
tion Nanofil 5 was supplied by Sud-Chemie, Mu-
nich, Germany. The compatibilizer (Scona TPPP 2112
FA, MFI 14.8 g/10 min) was supplied by Kometra,
Schkopau, Germany.

Preparation of polypropylene nanocomposites

For the compounding process, an intermeshing,
corotating twin screw extruder Theysohn TSK30/40D
(Theysohn Holding, Vienna, Austria) with a string
die was used. The feed rate was set at 10 kg/h, with
a screw speed from 100 to 300 rpm. The formulation
of the nanocomposite was constant at 5 wt % organo-
clay, 5 wt % compatibilizer and 90 wt % polypropyl-
ene. A melt pump was used (Ap~—100 bar) to
increase the residence time and shear rate and there-
fore improve the dispersion of the nanofiller. A
bypass system was used to create a melt string for
on-line rheotens measurement. Two different screw
geometries, in the following referred to as geometry
1 and geometry 2, were used to produce nanocom-
posites with varying layer distance and mechanical
properties. The main difference between these
screw geometries is the number and position of
kneading elements resulting in different values of
induced shear energy and residence time. As can be
seen in Figure 1, both geometries are identical until
the side feeder. From this point, geometry 1 consists
of a kneading block right after the side feeder fol-
lowed by a short kneading block at the end of the
screw for additional induced shear energy in the
backpressure zone caused by the melt pump. In op-
posite to that, geometry 2 consists only of convey-
ing blocks.

For structural and mechanical characterization,
plates with a thickness of 2 mm and standard dog
bone shaped specimens (150 mm length, 20 mm
width, 4 mm thickness), respectively, were prepared
using the hydraulic vacuum press machine (Collin
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side feeder

Figure 1 Schematically illustration of screw geometry 1 and 2.

200 PV, Dr. Collin, Ebersberg, Germany) and the
injection molding machine (Engel ES330/80H, 800
KN closing force, Schwertberg, Austria).

Small angle x-ray scattering

X-ray measurements were performed using Bruker
NanoSTAR (Bruker AXS, Karlsruhe, Germany) small
angle X-ray scattering (SAXS) equipment. This sys-
tem was equipped with a two dimensional X-ray de-
tector. A wavelength of 0.154 nm (Cu-Ka) was used.
The samples were measured in transmission at a
temperature of 23°C. To avoid the influence of tex-
ture, all scattering measurements were performed on
plate samples. The gallery period 1 of the nanofiller
was determined on a powder sample. To avoid sta-
tistical effects, the scattering curves recorded at three
different positions on the samples were averaged. To
determine the gallery period, scattering curves were
corrected for background scatter and a Lorenz cor-
rection was applied. The Lorenz correction was per-
formed by multiplying the scattered intensity (I1(q))
by q°, q being the magnitude of the scattering vec-
tor. For the determination of the peak position the
data were fitted with a Pseudo-Voigt function.'” The
interlayer distance is then calculated with the
Bragg’s law. The modulus of scattering vector g is
defined as g = (4nsinf)/A where X is the wavelength
of the used radiation and 0 is the half of the scatter-
ing angle 20. The SAXS data evaluation was basi-
cally performed by applying a correlation function
method according to Strobl and Schneider.*

Mechanical properties - tensile test

A universal tensile testing machine (Type: Z010,
Zwick and Co. KG, Ulm, Germany) was used to
carry out the tensile tests according to [SO 527-1. All
tests were carried out under standardized conditions
(23 + 2°C/50 *= 5% r.H.). The data was evaluated
using the testXpert II software (ZWICK, Ulm,
Germany).

Rheotens measurements

The different physical crosslinking and bonding
between polymer chains and organoclay results in a

diversity of viscoelastic response. Therefore rheotens
measurements are used to identify changes of the
elongational viscosity. Individual nanoparticles act
as entanglement or crosslinking sites and raise the
extensional stiffness of the composite.21

The Rheotens 71.97 equipment (Géttfert, Buchen,
Germany) was used. The melt string was applied
through a bypass system directly from the extruder
to achieve on-line measurement. Two or four rotat-
ing wheels (linearly accelerated) are connected to a
force transducer while drawing off the extruded
string until it breaks. The drawing force applied to
the wheels at a specific draw rate is the reference
value for the melt strength level. To compare the
draw force level of different nanocomposite systems,
the drawing force at a draw rate of 150 mm/s has
been chosen as a comparative value. The data of at
least three measurements for each sample were
evaluated.

In-line FTNIR measurements

For in-line measurement a Fourier transform near
infrared (FTNIR) spectrometer of i-Red Infrared Sys-
tems (Linz, Austria) with a probe installed right
before the die was used. The spectrometer is work-
ing at a spectral range of 12,000 — 3800 cm™' (900
2600 nm) with a spectral resolution of 1.5 cm™'. The
probe was connected to the spectrometer using fiber
optics. The spectral data was collected with near
infrared process spectrometer software (NIPS). The
chemometric evaluation of the measured spectra
was done with the software package Thermo
GRAMS/ALI from Thermo Fisher Scientific.

For a single spectrum 50 scans (10 scans per sec-
ond) were averaged. For each setting 100 spectra
were used to create a chemometrical model. To
avoid drift effects caused by environmental or other
parasitic effects, the measurement settings were cho-
sen randomly.

Evaluation of NIR data

For the realization of an adequate process monitor-
ing it is essential to find relations between composi-
tion of the sample, particle size or mechanical prop-
erties. This procedure is extensive, because NIR
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measurements detect combinations of vibrations and
overlapping bands. Therefore statistics provides var-
ious algorithms that establish a relationship between
spectral data and a chemometric model. The intri-
cacy for building a chemometric model is the prob-
lem of finding the right algorithm, the right prepro-
cessing method and the right wavelength range. NIR
measurements are in need of reference investigations
(for linking them with mechanical properties), which
are providing the values used for correlation with
the spectral data. It is of immense importance for
the accurateness of the chemometric model that
these values are as precise as possible.

The multivariate data applied by NIR spectra are
more dimensional (n-dimensional space). Therefore it
is necessary to project the data on a two dimensional
plane. The emerging picture is changing if the data
points are rotated in the n-dimensional space. The pos-
sibilities of such projections are infinitive so it is essen-
tial to find the direction where the scatter along the
axis reaches its maximum (maximum of information).
If such a direction is found an axis orthogonal on the
first axis is rotated until the scattering of data is reach-
ing the maximum again. This approach is continued as
all n-dimensions are considered. This procedure is
defined mathematically as eigenvalue problem.

All performable evaluation methods, such as prin-
cipal component analysis (PCA), principal compo-
nent regression (PCR) or partial least squares (PLS 1
and PLS 2) are working basically on this approach.

It is of great advantage to exclude some regions
with irrelevant spectral information. This can be
done by calculating an absorption spectra out of two
different spectra. This absorption spectra shows
those wavelength regions with the highest difference
and preferably low signal noise. This region can
then be chosen to achieve good correlating chemo-
metrical models.

Before the spectra are used for further calculation
a preprocessing is often beneficial to get rid of para-
sitic effects like light straying caused by irregular-
ities in the melt. One of the methods used is mean
centering, which is calculating an average spectrum
out of all used spectra and subtracts it from every
single spectrum to get rid of offset effects. A way to
achieve path length correction is to normalize the
spectra to correct simple nonlinearities or to use
algorithms such as standard normal variate transfor-
mation (SNV) or multiplicative scatter correction
(MSC).

Experimentally NIR spectra of samples with vary-
ing but known responses were measured, pretreated
and then the PLS 1 algorithm was used to generate a
linear calibration model for calculating the responses
from the measured NIR data using reference values.
Then a cross validation was performed on the calcu-
lated chemometrical model. The principle of a cross
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validation is always the same. The model data are
separated in two excluding sets (one experimental
adjustment is sequentially left out). The bigger set is
called training set and is used to calculate the model.
The second set (test-set) is used to affirm the model.
This procedure is repeated for all experimental
adjustments. The bigger the training set gets the bet-
ter cross validation works, especially when extrapola-
tion is needed. The quality and the predictive ability
of the model is rated basically with the coefficient of
determination R* and the root mean square error of
cross validation RMSECV. R? (values between 0 and
100%) shows the correlation of the NIR data with the
reference values of the response parameter. The coef-
ficient of determination R* should lie above 90 for
quantitative calculation and above 70 for qualitative
calculation. All models with values below 70 can not
be used reasonably. Additionally, a precise model
has a RMSECV as low as possible. A good and stable
model should also not consist of many eigenvectors
(referred to as “factors”), because the more factors are
used the more unsteady the chemometric model
becomes. So it is clear that the number of factors
used should always stay in relation to the problem
investigated. In the case of the investigation of nano-
composites the number of factors should preferably
not be higher than 8.
RMSECV and R? are calculated the following:

S (Ve = Yp)?
n
E?:l(ypf - )2
S (Y = Yy

RMSECV =

=<l

RP=1-

Y. . .actual measurement value
Y,.. predicted value

Y,Y... mean value

RESULTS AND DISCUSSION

Near infrared spectroscopy with Young's modulus
as reference value

For this measurement, the response of interest is the
Young's Modulus. The gained chemometric model
should be close to the best model for the evaluation of
the Young's Modulus values from NIR measurements.
Very good correlation of tensile test and NIR measure-
ments can be achieved by designing an optimized che-
mometric model. The chosen spectral pretreatment
methods were mean centering and SNV. A coefficient
of determination R®> = 97.70% (factors = 5) with
an RMSECV of 30 MPa for screw geomefry 1 and
R* = 90.55% (factors = 4) with an RMSECV of 94 MPa
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TABLE 1
Sample Description, Actual Values and Values Predicted
by NIR for the Young’s Modulus

TABLE II
Sample Description, Actual Values, and Values
Predicted by NIR for the Layer Distance

Clay/PP-MA Screw Young's Clay/PP-MA Screw Layer
content speed modulus NIR content speed distance NIR
Geometry (wt %) (rpm) (MPa) (MPa) Geometry (wt %) (rpm) (mN) (nm)
Gl 5/5 100 2220 2230 G1 5/5 100 42.35 2.708
150 2190 2195 150 37.42 2.637
200 2220 2214 200 31.56 2.599
250 2200 2197 250 23.77 2.621
300 2010 2074 300 17.23 2.716
G2 5/5 100 2340 2199 G2 5/5 100 50.35 2.765
150 2280 2275 150 45.32 2.677
200 2260 2295 200 40.88 2.658
250 2280 2237 250 36.53 2.602
300 2210 2356 300 28.66 2.554
2.80
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Figure 2 Young's modulus values calculated versus
measured for geometry 1.
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Figure 3 Young’s modulus values calculated versus
measured for geometry 2.

for screw geometry 2 could be achieved. Table I,
Figures 2 and 3 show the results for both geometries.

The calculated Young’s Moduli for geometry 1 are
very close to the real values regarding that the per-
formed tensile test has a mean standard deviation of
67 MPa.

Layer distance (nm)

Figure 4 Layer distance calculated versus measured for
geometry 1.
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Figure 5 Layer distance calculated versus measured for
geometry 2.

The values for geometry 2 at screw speed 100
and 300 show greater deviations, which can be
explained with the fact that cross validation is not
always that efficient with extrapolation. Neverthe-
less, the values are quite precise regarding that the
tensile test has a mean standard deviation of 166
MPa for geometry 2.
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TABLE III
Sample Description, Actual Values, and Values
Predicted by NIR for the Drawing Force

Clay/PP-MA Screw Drawing
content speed force NIR
Geometry (wt %) (rpm) (mN) (mN)
Gl 5/5 100 42.35 40.30
150 37.42 36.93
200 31.56 29.39
250 23.77 26.04
300 17.23 12.83
G2 5/5 100 50.35 49.66
150 45.32 43.39
200 40.88 41.94
250 36.53 37.68
300 28.66 32.13
45
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Figure 6 Drawing force calculated versus measured for
geometry 1.
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Figure 7 Drawing force calculated versus measured for
geometry 2.

Near infrared spectroscopy with layer distance
as reference value

The second response of interest is the interlayer dis-
tance gained by SAXS measurements. The interlayer
distance is the spacing of one particle including the
distance to the next particle. A very good correlation

Journal of Applied Polymer Science DOI 10.1002/app
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is achieved when the chemometric model is opti-
mized with mean centering and normalization (Fig.
5). The coefficient of determination R? calculated for
screw geometry 1 was 93.44% (factors = 1) with an
RMSECV of 0.013 and R*> = 93.51% (factors = 2)
with an RMSECV of 0.019 nm for screw geometry 2.
Table II, Figures 4 and 5 show the values for the
layer distance calculated with the chemometrical
model.

Near infrared spectroscopy with drawing force as
reference value

The third response of interest is the on-line meas-
ured drawing force. To gain good correlation the
chemometric model is optimized with mean center-
ing and Multiplicative Scatter Correction (MSC).
A coefficient of determination R*> = 94.59% (factors
= 5) with an RMSECV of 2.64 mN for screw geome-
try 1 and R*> = 9750% (factors = 5) with an
RMSECYV of 1.98 mN for screw geometry 2 could be
achieved. Table III, Figures 6 and 7 show the results
measured and calculated for both geometries.

CONCLUSIONS

As shown in this work the Young’s Modulus, the
layer distance and the drawing force exhibit good
correlation with NIR data analyzed by PLS 1 algo-
rithm. It can bee seen that near infrared spectros-
copy is a quantitative method for monitoring nano-
composite quality although the measurements were
done at different aggregate states and samples with
different processing history caused by sample prep-
aration. Therefore important parameters like crystal-
lization could not be considered by the NIR meas-
urements. It is evident that the different aggregate
states (melt state vs. semicrystalline solid state) and
the postprocessing procedures (cooling down, heat-
ing up, molding, and cooling down again) causing
for example preferential orientations, are affecting
the chemometric models negatively. Nevertheless
this work shows that it is possible to determine the
Young’s modulus, the layer distance and the draw-
ing force with sufficient precision for quantitative
evaluation with near infrared spectroscopy. There-
fore NIR spectroscopy is perfectly suitable for in-
line quality control and characterization of nano-
composites in real time and directly in the melt
during production, leading to a faster composite
optimization process with reduced rejections and
costs.

Parts of the FTNIR research work were done within the FH
Plus - Project AMIiESP (Advanced Methods in Embedded
Signal Processing).
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“Influence of induced shear work on the properties of polyolefine nanocomposite
pipes”

Witschnigg, Andreas; Laske, Stephan; Kracalik, Milan; Holzer, Clemens (2012): In:
Polym. Eng. Sci. 52 (5), S. 1155-1160. DOI: 10.1002/pen.22146.

In this work, a closer look to calculation of shear energy generated by different
processing routes (single- vs. double-pass compounding, pipe extrusion) of polymer
nanocomposites was done. An attempt was taken to calculate the shear energy for
different processing techniques and make them comparable. It was shown that the
shear energy generated during injection molding cannot be separated from the strain
energy in the die and in the tool and, therefore, is present in the calculated energy
values in high extent, which is compensating the effect of the extrusion processes. This
was responsible for the incomparableness of the combined shear and strain energy
from injection molding with the normalized shear energy values of single and twin screw
extrusion. Nevertheless, the shear energy comparison between the two extrusion
processes showed good compliance with the measured properties. This calculation
supplemented previous rheological results, in which effect of shear energy and
residence time on processing and application properties of nanocomposites was

estimated using extensional rheometry.
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Influence of Induced Shear Work on the Properties of
Polyolefine Nanocomposite Pipes

Andreas Witschnigg, Stephan Laske, Milan Kracalik, Clemens Holzer
Chair of Polymer Processing, Department Polymer Engineering and Science, Montanuniversitaet Leoben,

Otto Gloeckel-Strasse 2, 8700 Leoben, Austria

The use of layered silicates is steadily growing in poly-
mer processing due to their great potential of enhancing
material properties. Depending on the particle structure
(agglomerated, intercalated, or exfoliated), a signifi-
cantly higher level of improvement of the material prop-
erties can be achieved. The degree of exfoliation is
exceedingly linked with the residence time and shear
energy induced during processing. These processing
parameters themselves are depending on the type of
processing technique and conditions. The influence on
exfoliation rate and the needed values for processing
nanocomposites are not known precisely, but would be
of major interest according to an optimization of
mechanical and physical properties. In this work, the
effect of different processing techniques (compounding,
extrusion, and injection molding) on the dispersion of
the nanofiller is investigated. A specific shear energy is
calculated by the induced shear energy and the resi-
dence time regarding the mass throughput for better
comparison. The differences in the degree of exfoliation
according to dissimilarity of the chosen processing
techniques are compared via various methods such as
internal pressure creep rupture test, longitudinal shrink-
age, and tensile test. It is shown that the calculated
values are correlating with good precision, especially for
the extrusion process. POLYM. ENG. SCI., 52:1155-1160,
2012. © 2012 Society of Plastics Engineers

INTRODUCTION

Layered silicates as nanoclays are the most common
nanofiller used in polymer processing due to their great
potential of enhancing material properties and the fact
that they are less expensive compared to other nanofillers,
like carbon nanotubes or fullerene.

There are two reasons for the improvement of material
properties by the application of nanofillers. The first
reason is the enforcement of the polymer matrix by means
of the particles (like it is the case for other fillers). The
second effect is the movement-restrictive effect on
the polymer chains caused by the layered inorganic nano-
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DOI 10.1002/pen.22146
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fillers. Therefore, mainly layered silicates (most common
montmorillonite) with an aspect ratio up to 1000 are used.

To achieve best interactions between the polymer matrix
and the filler, a homogeneous dispersion is essential.
Because of the technological simplicity, nanocomposites
are preferably produced by using a twin screw extruder
operating at high temperatures and pressures [1, 2].

If processed adequate, layered silicate is able to
enhance Young’s modulus, elongation at break, barrier,
and other mechanical or physical properties. Beside this,
the size of the interface is also of great importance due to
the fact that it is increasing with increasing exfoliation
rate of the silicate layers in the polymer matrix leading to
a good degree of dispersion. From the processing point of
view, there are two main influencing factors: the induced
shear energy and the residence time. Both should be pref-
erably high to make sure the polymer chains penetrate
between the silicate layers but always low enough to be
sure that there is no thermal degradation of the material.
These influences have to be concerned for all processing
steps starting from the polymer pellets to the test speci-
men to make statements for the whole polymer-layered
silicate system.

A lot of different experiments have been carried out to
examine the influence of induced energy in various prop-
erties of polymer nanocomposites like (i) the effect of
screw speed, which is linked with the induced shear
energy, on the Young’s modulus as well as oxygen per-
meation rate [3, 4], (ii) the effect of duration and the
speed of mixing on a nanocomposites solute in glycerol
on mechanical properties (Young’s modulus) [5, 6], (iii)
the influence of processing conditions on mechanical
properties of polypropylene nanocomposites justified
to different amounts of shear energy induced, though a
calculation has not been achieved [7], (iv) the effect of
processing technique on viscosity and photo-oxidative
degradation of polyethylene nanocomposites [8], (v) the
influence of different processing routes and therefore
shear rate on the crystallization and crystallization
kinetics of PPNC [9], (vi) the influence of shear rate,
due to different injection molding processing techniques,
on the impacts strength of PP-nanocomposites [10], and
(vii) the effect of different processing parameters such as
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FIG. 1. Processing route for both nanocomposites.

temperature, residence time, and shear rate on mechanical,
structural, and rheological as well as thermal properties
on PPNC [11]. Nevertheless, the approach to calculate the
induced shear energy, normalized with the mass and
residence time and related with the achieved material
properties for polymer nanocomposites is unique.

EXPERIMENTAL

Materials

Two polyolefins have been used for the investigations.
On one hand, a polypropylene with a melt flow rate (MFR)
of 0.3 g/10 min (230°C/2.16 kg) from Borealis has been
used in combination with a specific compatibilizer.

On the other hand, a polyethylene with a MFR of 0.22 g/
10 min (190°C/5 kg) has been used in combination with
another compatibilizer to achieve a better dispersion. For
homogenous dispersion, a modificated nanofiller (montmo-
rillonite intercalated with dimethyl distearyl ammonium
chloride) was used in combination with a compatibilizer.

Production of Polyolefin Nanocomposites

For the compounding process, an intermeshing, co-rotating
twin-screw extruder Theysohn TSK30/40D (Theysohn
Holding, Vienna, Austria) was used. The two processing
route can be seen in Fig. 1. One route is the one-step
compounding (PP-single pass or PE-single pass). The other
route is the two-step compounding (PE-double pass or
PP-double pass). The difference between them is a second

TABLE 1. Residence time for twin screw extrusion.
Material Residence time (s)
PP-masterbatch 385
PP-C 260
PE-masterbatch 365
PE-C 330
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TABLE 2. Temperature profile for twin extrusion

(cylinderzonelength = 120 mm).

SCIrew

Cylinderzones Temperature ("C)

1 Cooling
2 160
3 180
4 190
5 200
6 200
7 200
8 200
9 200
10 200
Nozzle 200

compounding step to achieve the final composite and only
one compounding step (PP-single pass und PE-double
pass) with dilution directly in the form giving process. The
residence time for the compounding steps can be seen in
Table 1.

The feed rate was set at 6 kg/h for the masterbatch and
5 kg/h for both polyolefins nanocomposites with a screw
speed of 100 rpm. The masterbatch formulation was
50 wt% compatibilizer and 50 wt% layered silicate. For
the finally produced composite (referred to as PE-double
pass and PE-single pass, respectively, PP-double pass
and PP-single pass), the formulation was 90 wt% polyole-
fin, 5 wt% compatibilizer, and 5 wt% layered silicate. A
melt pump, which induced a backpressure of 100 bar, was
used to increase the residence time and shear rate and
therefore improve the dispersion of the nanofiller. The
temperature profile for the two compounding steps can be
seen in Table 2.

As can be seen in Fig. 2, the screw geometry can be
divided into three kneading and four conveying blocks.
The first kneading block is positioned right before the
side feeder. A short kneading block is arranged right
before the screw tip for additional induced shear energy
in the backpressure zone.

Side Feeding

Conveying Blocks

Conveying Blocks

FIG. 2. Screw configuration for both compounding steps.
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TABLE 3. Temperature profile for pipe production.

Cylinderzones Temperature ("C)

1 175
2 200
3 205
4 220
5 225
Toolzone 1 225
Toolzone 2 225
Toolzone 3 230

Production of the Pipes

For the production of pipes, a single screw extruder
Proton A 45-28G (Cincinnati Extrusion, Vienna, Austria)
with a melt temperature of 230°C at the screw tip, and a
screw speed of 40 rpm was used. A barrier screw with
additional shear part to increase induced shear energy was
applied. The pipes were produced with 1 m in length, a
diameter of 50 mm, and a wall thickness of 3 mm. The
residence time for the pipe production was measured with
200 s using a specific color-masterbatch. The temperature
profile for pipe extrusion can be seen in Table 3.

Production of Tensile Specimen

For tensile tests, standard dog bone shaped specimens
(150 mm length, 20 mm width, and 4 mm thickness) were
prepared using an injection-molding machine (Engel
ES330/80H, 800 KN closing force, Schwertberg, Austria).
The melt temperature was set to 230°C with a tool tem-
perature of 50°C. The temperature profile for the injection
molding machine can be seen in Table 4.

Tensile Test

An universal tensile testing machine (Type: Z010,
Zwick Co. KG, Ulm, Germany) was used to carry out the
tensile tests according to ISO 527-1. All tests were carried
out under standardized conditions (23°C + 2°C 50% =+
5% r.H.). The data was evaluated using the testXpert II
software (ZWICK, Ulm, Germany).

Internal Pressure Creep Rupture Test

The long-term stability tests were carried out with a pipe
facility of IPT (Todtenweis, Germany). The test conditions
have been set with 80°C and 5.3 MPa for PE and 4.2 MPa
for PP test tension according to ONORM EN ISO 1167.

TABLE 4. Temperature profile for injection molding.

Cylinderzones Temperature ("C)

1 215
2 220
3 225
4 230
Mold 50

DOI 10.1002/pen

Longitudinal Shrinkage

For measuring the longitudinal shrinkage pipe, pieces
were given in a hot-air oven with a temperature of 150°C
for 60 min. The differences between the length of the
pipe pieces before and after the residence in the kiln are
used to calculate the longitudinal shrinkage according to
EN 743.

Transmission Electron Microscopy

The TEM experiments were performed using a Zeiss
LEO 912 Omega transmission electron microscope (Carl
Zeiss, Jena, Germany) using an acceleration voltage of
120 kV. The samples were prepared using a Leica Ultra-
cut UCT ultramicrotome (Leica Microsystems, Wetzlar,
Germany) equipped with a cryo chamber. Thin sections
of about 50 nm were cut with a Diatome diamond knife
at —120°C.

Calculation of the Shearing Force for Extrusion and
Compounding

The energy balance for an extruder, following the first
law of thermodynamics, is given with [12]:

dv
PxtH=—:Ah+p-

— 1
dt dt M

where P is driving power, H the heating/cooling power,
%-Ah the enthalpy change, and p-% the compression
work.

Because of the fact that the heating power is very
low and has for itself no influence on the shearing
processes, it must not be considered. With the negligence
of the heating power, the energy introduced into the
system must be equal to the driving power minus the
compression work and has to be transferred into shear
energy (S).

dm dv
—  Ah=P—-p - —= 2
dt I P dt 2 @

With this equation, the shear energy introduced into the
system for the twin-screw extruder and the single screw
extruder can be calculated.

Because of the fact that a comparison between single
and twin screw extruder is very difficult, the shear energy
was normalized with the mass throughput and the resi-
dence time.

S
Snorm — (3)
m-t

Calculation of the Shearing Force for Injection Molding

The major part of shear exposure is composed of yield-
ing in the injection die and in the tool. The shear energy

POLYMER ENGINEERING AND SCIENCE—2012 1157
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evolving while plastification has also been calculated, but
compared to the shearing while injection it can be
neglected (only 0.5%). The injection work that comprises
the shear exposure in the injection tool can be calculated
by integrating the injection pressure along the injection
distance [13].

51

Winj = As - /Ps(s) ~ds “)

So

where Ag is the screw area and pg the injection pressure.
The injection energy is then calculated with

Winj
tinj

Sinj = (®)

wher f#,; is the injection time.

The injection energy comprises shear energy, compres-
sion energy, and strain energy. The compression energy
can be calculated with Eq. 6:

Scompress =T — — . —.V (6)

The combined shear and strain energy can than be calcu-
lated with

Scomb = Sinj - Scompress @)

This combined shear and strain energy cannot be directly
compared with the shear energy of extruding processes,
due to the fact that the strain energy part is very high and
not neglectable as far as injection molding is considered.
So, the calculated values appear higher than those for
extrusion and compounding. Nevertheless, an attempt was
started by normalizing the combined energy by consider-
ing the mass of the specimen ().

o Scomb (8)

PP-single-pass - pipe

PP-double-pass - pipe

FIG. 3. TEM pictures of both PP-pipe samples.
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PP-single-pass —
tensile specimen

PP-double-pass —
tensile specimen

FIG. 4. TEM pictures of both PP-tensile specimen

RESULTS AND DISCUSSION

Results of Transmission Electron Microscopy

Figures 3 and 4 are showing transmission electron
microscopy pictures for polypropylene. It can be seen
(Fig. 3) that the silicate layers are separated from each other
and very well dispersed for PP-double-pass pipe sample
compared to the PP-single-pass pipe sample were the layers
are still lying in stacks and are not well dispersed.

Figure 4 shows TEM pictures for PP-tensile specimen.
It can be seen that the PP-double-pass samples are
slightly better dispersed and exfoliated than the PP-single-
pass samples.

TEM pictures for the PE samples were disclaimed due
to the carbon black particles in the polymer.

Influence on Young's modulus and breaking strain

The shear energy generated in the compounding
process and the combined shear and strain energy caused
by injection molding during the production of a tensile
test specimen can be seen in Figure 5 and Table 5. The
Young’s modulus and the breaking strain measured with
tensile test for both materials are shown in Table 5.

= 0 Dinjection molding

x 60 m compounding step 2

E = compounding step 1

= 50

>

2 40

& 30

L

g 20

<

. 10 ‘

E o .

o

c PP PP PE PE

single-  double-  single- double-

pass pass pass pass

FIG. 5. Shear energy for compounding as well as combined shear and
strain energy form injection molding.
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TABLE 5.
combined shear and strain energy for injection molding.

Values for Young’s modulus and breaking strain for the different materials as well as normalized shear energy for compounding and

Material PP-single pass PP-double pass PE-single pass PE-double pass
Young’s modulus (MPa) 1780 1740 854 837
Breaking strain (%) 23 52 25 30
Norm. shear energy—compounding (kW /kg) 22 6.8 3.1 7.7
Norm. shear energy—injection molding (kW /kg) 5.7 10.7 62.4 62.6

It can be seen that compared to the single step com-
pounding, the Young’s modulus for PE-double-pass
compounding as well as PP-double-pass compounding is
slightly lower although the shear energy introduced during
compounding is nearly twice as high. The reason for that
is possibly the very high combined shear and strain energy
generated during injection molding, which potentially
flattens the effect of the second compounding step.
Although the layered silicates should be better exfoliated,
this does not lead to a material enhancement in the case of
these two investigated polymers. On the other hand, a
control measurement showed that if one of the unfilled
polymers (PP or PE) is processed in the twin-screw
extruder without any fillers, a small decrease in Young’s
modulus can be observed. This decrease is the same as
observed between the single and double pass compound-
ing nanocomposites.

Nevertheless, the second compounding step for the PP
is leading to a significant increase for the breaking strain.
This can be explained by the fact that a higher level of
exfoliation and therefore smaller particles are better dis-
persed in the polymer matrix and are leading to, due to
their high aspect ratio and therefore bigger surface, more
points for physical bondings between the nanoscale filler
and the polymer itself. The formed bondings are increas-
ing the elongation at break.

Although this effect is not as strong for the PE—double-
pass compounding, the same trend can be seen from the
results in Table 5. A reason for that might be the fact that
the used PE type is a carbon black-filled PE leaving a
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FIG. 6. Shear energy for compounding and pipe extrusion.
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possibility for other interactions. For example, it is possi-
ble that the carbon black particles due to their lower
aspect ratio are influencing the crack initiation negatively.
It is also possible that there are interactions between these
two types of fillers that are influencing breaking strain
negatively. Another reason might be the very high com-
bined shear and strain energy during injection molding
exposing the material more than the PP.

Influence on Internal Pressure Creep Time and
Longitudinal Shrinkage

The shear energy generated in the compounding
process and the extrusion process during the production
of the pipe specimen is shown in Fig. 6. The internal
pressure creep longitudinal shrinkage
measured on pipes for both materials can be seen in
Table 6.

It is shown that the internal pressure creep time is
increasing for the PP and the PE if the overall shear
energy induced into the polymer system is increased. For
the PP, the time is increasing from 77 to 92 h. As far as
the PE is concerned, the time is increasing from 1117 to
over 1500 h. The reason for this behavior lies in the fact
that with more shear energy, the silicate layers are more
exfoliated, and therefore the surface area becomes higher
leading to more space for forming out a three-dimensional
network between the filler and the polymer matrix. This
result correlates well with the breaking strain out of the
tensile test investigations.

As far as longitudinal shrinkage is considered, the
increase of induced shear energy with the use of a second
compounding step is decreasing the longitudinal shrinkage
significantly for the PP and slightly for the PE. The

time and the

TABLE 6. Values for internal pressure creep time and longitudinal
shrinkage for the different materials as well as norm shear energy.

PP-single PP-double  PE-single PE-double
Material pass pass pass pass
Internal pressure 77 92 1117 >1500
creep time (h)
Longitudinal 0.84 0.67 1.63 1.57
shrinkage (%)
Norm. shear 5.0 9.4 6.0 10.5

energy (kW/kg)
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results are showing that a higher level of exfoliation has a
positive effect on the shrinkage of pipes, because the
bonding strength of the formed 3D network between the
nanofiller and the polymer matrix is lowering shrinkage
affinity with only 5 wt% of filler. The explanation for the
lower values for the PE materials is simply explained in
the fact that the PE material is carbon black filled. The
carbon black itself is lowering the longitudinal shrinkage
itself; therefore, the effect of the layered silicate is not
that high. On the other hand, undefined interactions
between the silicate and the carbon black may also influ-
ence the properties negatively.

CONCLUSIONS

All investigations are showing indications that the
amount of shear energy generated during processing is
influencing mechanical properties. An attempt was taken to
calculate the shear energy for different processing techni-
ques and make them comparable. It is shown that the shear
energy generated during injection molding cannot be sepa-
rated from the strain energy in the die and in the tool and
therefore is present in the calculated energy values in big
extent, which is evening out the effect of the extrusion
processes. This is responsible for the incomparableness of
the combined shear and strain energy from injection mold-
ing with the normalized shear energy values of single and
twin screw extrusion. Nevertheless, the shear energy com-
parison between the two extrusion processes shows good
compliance with the measured properties.

It can also be seen that an increase of shear energy is
leading to better results as far as longitudinal shrinkage,
breaking strain and internal pressure creep time are con-
cerned. For the Young’s modulus, the values could not be
increased with the use of a second compounding step in
fact there was a slight decrease measurable.

Further investigations will lay emphasis on a step-by-
step rising of the shear energy generated during production
to find an energy plateau on which the property of interest
is no longer improving. This is very important for the mas-
terbatch processing industry, because then the amount of
shear energy that has to be introduced into the masterbatch
will be known exactly. Because of the fact that the whole
production line is considered, it will be possible for the part
producing industry (e.g., pipe industry) to determine the
amount of normalized shear energy introduced into
the nanocomposite during part production. Based on this in-

1160 POLYMER ENGINEERING AND SCIENCE—2012

formation, the masterbatch producing industry can then
determine the amount of normalized shear energy needed
to achieve the mechanical or physical properties desired
regarding nanocomposites. Therefore, a characteristic
ratio would be calculated for a polymer—compatibilizer—
nanofiller system to achieve good homogeneity and best
mechanical and physical properties.

As far as injection molding is concerned, a new
method of separating the shear energy from the strain
energy should be used to make an addition of the shear
energy directly with those of the extrusion processes.
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2.2.5 Manuscript 10
“Determining the ageing of polpropylene nanocomposites using rheological
measurements”

Laske, Stephan; Witschnigg, Andreas; Mattausch, Hannelore; Kracalik, Milan; Pinter,
Gerald; Feuchter, Michael et al. (2012): In: Applied Rheology 22 (2), 24590-1 - 24590-9.
DOI: 10.3933/AppIRheol-22-24590.

In this manuscript, results of shear as well as extensional rheometry were used to
describe the effect of ageing on polymer nanocomposites properties. It was shown that
36 months after production, melt viscosity, melt elasticity and melt strength were
significantly reduced, due to photo-oxidative degradation of polypropylene matrix and
due to re-agglomeration of the nanofiller. The deterioration in material properties was
more pronounced in highly-filled systems (15 wt.% and 20 wt.% of organoclay,
respectively) comparing to typical (5 wt.% of organoclay) nanocomposite. Generally, the
long-term stability was massively influenced by the size of the reactive filler surface
(interface) monitored by the clay content and the degree of exfoliation. With increasing
clay content as well as a higher degree of exfoliation the possible interface to the
polymer matrix is increasing, leading to a faster and higher material degradation.
Additionally, the results of the rheological experiments revealed two degradation
mechanisms. Firstly, the chain splitting caused by photo-oxidative degradation resulted
to a loss in molecular weight shown by the decreased zero shear viscosity (Newtonian
plateau). This chemical factor is mainly influenced by the interface between polymer
and the particles. When using nanofillers, this effect is intensified because of the
nanoscale particles and the resulting significantly increased interface.

The second factor was the weakened 3D network displayed in the range of higher
angular frequencies by a decrease of the complex viscosity (shear thinning range) as
well as a higher loss in tensile force respectively melt strength. This physical factor

can be explained by the reverse diffusion of the polymer chains out of the clay gallery
and/or reagglomeration of the nanoparticles, when the distance between the layers is
too small to overcome the interparticular forces. This can happen in intercalated as

well as high-filled systems.
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ABSTRACT:

The principle of silicate layer reinforcement in a polymer matrix is known as the formation of a 3D network of
single layers. Nevertheless there is still a lack of knowledge about the physical ageing of nanocomposites respec-
tively the stability of this network over time. As most of the nanocomposite applications have a more or less
long-term shelf life respectively storage time, the investigation of the storage-time dependent behavior of the
layered 3D structure in a polymer matrix is of major interest. In this study, the rheological (shear and elonga-
tional) properties of different polypropylene nanocomposites were measured using a cone-plate rheometerand
a Rheotens apparatus. To evaluate the structural stability over time, the samples were measured immediately
after processing and after defined periods (18 and 36 months) stored under constant conditions. Furthermore
the network structure was determined using XRD and TEM measurements. The results show, that, depending
on the clay rate and especially the degree of exfoliation, the rheological properties are changing significantly.
Thereby chain-splitting caused by photo-oxidative degradation, leading to a loss in molecular weight, as well as
a weakened 3D network by reverse diffusion of the polymer chains out of the clay gallery and/or reagglomera-
tion of the nanoparticles are the two main factors.

ZUSAMMENFASSUNG:

Das Prinzip der Aufbereitung von Polymeren mit Schichtsilikaten wird generell durch die Bildung eines 3D Netz-
werkes der einzelnen Schichten erklart. Diesbezlglich gibt es noch immer wenig Wissen lber das physikalische
Alternvon Nanocomposites beziehungsweise iiber die Stabilitat dieses Netzwerkes in Abhangigkeit vonder Zeit.
Da die meisten Nanocomposite-Anwendungen eine mehr oder minder lange Lebensdauer bzw. Lagerungszeit
haben, ist das zeitabhangige Verhalten dieser 3D Schichtstruktur von groBem Interesse. In dieser Studie wur-
den die (scher- und dehn-) rheologischen Eigenschaften von unterschiedlichen Polypropylen-Nanocomposites
unter Verwendung eines Kegel-Platte-Rheometers und einer Rheotensapparatur gemessen. Um die Struktur-
stabilitdt in Abhdnghigkeit von der Zeit zu bestimmen, wurden Probekérper unmittelbar nach der Herstellung
und nach definierten Zeitraumen (18 beziehungsweise 36 Monate unter definierten Bedingungen) untersucht.
Des Weiteren wurde die Struktur mittels XRD und TEM untersucht. Die Ergebnisse zeigen, dass abhangig von
der Menge an Schichtsilikat und im Speziellen des Exfolierungsgrades die rheologischen Eigenschaften sich stark
unterscheiden. Dabei sind sowohl Kettenspaltung durch photo-oxidativen Abbau, der zu einer Reduktion der
Molmasse fiihrt, als auch ein durch umgekehrte Diffusion der Ketten aus den Zwischenschichten beziehungs-
weise Reagglomeration geschwachtes 3D-Netzwerk die beiden wesentlichen Faktoren.

REsumE:

Le principe du renforcement d'une matrice polymére par de la silice est connu comme la formation d’un réseau
tridimensionnel de couches simples de silice. Néanmoins, il n’existe pas d’explication pour le vieillissement phy-
sique des nanocomposites, c-a-d pour la stabilité dans le temps du réseau. Comme la plupart des applications
des nanocomposites contemple des durées de vie plus ou moins longues, I'étude du comportement de la struc-
ture tridimensionnelle au cours du temps de stockage est d'un intérét majeur. Dans cette étude, les propriétés
rhéologiques (en cisaillement et en élongation) de différents nanocomposites de polypropyléne ont été mesu-
rées en utilisant un rhéomeétre cone-plan et un appareil Rheotens. Afin d'évaluer la stabilité structurelle au cours
du temps, les échantillons ont été mesurés immédiatement aprés la mise en ceuvre et aprés des périodes de
stockage définies (18 et 38 mois) dans des conditions constantes. De plus, la structure du réseau a été détermi-
née a I'aide de la diffraction de RX et des mesures de TEM. Les résultats montrent que, en fonction de la vitesse
et spécialement le degré d’exfoliation de I'argile, les propriétés rhéologiques changent de maniére significati-
ve. Ainsi, la scission de chaine causée par la dégradation photo-oxydative, qui conduit a une perte de la masse
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moléculaire, ainsi que I'affaiblissement du réseau tridimensionnel par la diffusion réversive des chaines de poly-
meére hors de |a galerie d’argile et/ou la ré agglomération des nanoparticules sont les deux facteurs prépondé-

rants.

Key worbps: nanocomposites, ageing, rheology, polypropylen, layered silicates, degradation

1 INTRODUCTION

Nanocomposites are modified polymers with
particles, where at least one dimension is in the
order of nanometers. Polymers reinforced by
nanoscale particles exhibit significantly higher
performance, for example higher elastic modu-
lus, tensile strength, thermal resistance, lower
gas and liquid permeability, reduced flammabili-
ty and enhanced rheological properties (e.g.
increased melt stiffness) already for small a-
mounts of filler [1, 2]. There are two reasons for
the improvement of material properties by the
application of nanofillers. The first reason is the
enforcement of the polymer matrix by means of
the particles (like it is the case for other fillers)
caused by the movement-restrictive effect on the
polymer chains. The second reason are the nano-
scale particlesduetothesubstantially highersur-
face, the special particle shape as well asthe high
aspectratio. Therefore mainly chemical modified,
layeredsilicates (most common montmorillonite,
MMT) with an aspect ratio up to 1000 are used.
To reach best interactions between polymer
matrixand nanofiller (especially layered silicates)
a homogeneous dispersion is essential.

To disperse the hydrophilic clay in hydropho-
bic polypropylene (PP), a compatibilizer (mostly
PP grafted with maleic acid anhydride, PP-g-MA)
must be admixed to close the polarity gap.
Nanocomposites are preferably produced by
using a twin-screw extruder operating at high
temperatures and pressures because of the tech-
nological simplicity [1,2]. Shearing forces,induced
by the rotation of the screw and thermodynami-
cal interactions between polymer chain and lay-
eredsilicate clay are delaminating the layered sil-
icate depending on the residence time. During
this process the structures, which are responsible
for the reinforcement level, are formed by physi-
cal bonding between the hydrophilic clay, the
hydrophobic polymer matrix and the compatibi-
lizer. According to the dispersion of MMT plate-
lets in the polymer matrix, three composite struc-
tures can be formed: conventional composites,

intercalated and exfoliated nanocomposites. In
the case of highly dispersed systems, a 3D physi-
cal network is achieved, formed by the silicate
platelets and the polymer chains.

Rheological properties of polymer nano-
composites have been intensively studied over
theyearsidentifyingthis3D network of single lay-
ersin the polymer matrix as the principle of rein-
forcement [3, 4]. Accordingly this phenomenon
can be investigated by analyzing the composite
using rotational rheometry [5—8]. In the range of
small angular frequencies the complex viscosity
isincreasing because of a virtual chain extension
caused by the single layers acting as physical net-
points as well as the apparent viscosity increases
caused by the additional shearing of the polymer
chains in between thefiller. In the range of high-
er frequencies, the physical 3D network is dis-
played by an increase of the complex viscosity
with an unchanged slope. Another fast way to
evaluate this network effect is using elongation-
al rheometry [9, 10], which provides information
about variations in melt strength caused by dif-
ferent extension of the physical network.

Although the processing and characterizing
of polymer composites have been deeply inves-
tigated, there is still a lack of knowledge about
the stability of this 3D network respectively the
influence of the filler on the material ageing. As
already published [11], common fillers like calci-
um carbonate or talc have a major influence on
the rheological properties of polymer compos-
ites. Thereby the interactions between filler and
polymer matrix are influenced by (i) particle sur-
face area, (ii) particle surface functionality, (iii)
hydrophilicity, (iv) thermal- and photosensitiza-
tion properties, (v) transition metal ion content
and (vi) the particle aspect ratio. In the case of
nanofillers, the (photo-)oxidative degradation of
polymers is accelerated, because of (i) a larger
surface for interaction, (ii) more or less perfect
distribution in exfoliated state, (iii) transition
metals as impurities, (iv) degradation of the
organic clay modification (Hofmann elimina-
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Figure 1 (above):
G1screw configuration.

Figure 2 (middle):
G2 screw configuration.

Figure 3 (below):
G3 screw configuration.

Table 1 (left above):

Temperature profile in dif-

ferent extruder sections.

Table 2 (left below):
Nanocomposite formula-
tion and process settings.
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tion) and (v) the compatibilizer [12, 13]. Addition-
ally a loss of the 3D network (which means loss
of reinforcement) can occur, caused by a reverse
diffusion of the polymer chains out of the layer
gallery in the case of intercalated structures as
well as reagglomeration of the silicates layers if
the exfoliation is not homogeneous and the
space in between is to small to overcome the
interparticle forces [14, 15]. Therefore, the stabil-
ity of the 3D network and a possible faster mate-
rial degradation is of major interest, as most of
the nanocomposite applications are supposed to

Table 3 (right): 8
Press profile. have more or less a long-term shelf life.

Section | Feeding 2 3 4 5 6 7 8 9 Die

Temperature (°C) | cool 160 180 190 200 200 200 200 200 200

Nr. | Notation  Clayset Clayactual Compatibi- Screw Geometry  Ageing time Variation of

(wt%) (wt%) lizer (wt%) speed (month)

1 Comps 5 6.28 5 200 1 36 Compatibilizer
new/aged content

2 Comp1 5 5.75 15 200 1 36 Compatibilizer
new/aged content

3 Screw1oo 5 5.5 5 100 3 18 Screw speed
new/aged

4 Scre3oo 5 5.22 5 300 3 18 Screw speed
new/aged

5 G 20 19.82 20 100 1 36 Geometry
new/aged

6 Gz 20 20.78 20 100 2 36 Geometry
new/aged

7 MMT20 20 19.82 20 100 1 36 Clay content
new/aged

8 MMT5 5 614 5 100 1 36 Clay content
new/aged

Applied Rheology
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2 EXPERIMENTAL

2.1 MATERIALS

The isotactic PP homopolymer HC600TF (MFR
2.8 g/10 min; 230°C/2.16 kg) was supplied by Bore-
alis, Inc,, Linz, Austria. The used nanofiller (mont-
morillonite intercalated with dimethyl distearyl
ammonium chloride) with commercial indication
Nanofil 5 was supplied by Sud-Chemie Inc.,
Munich, Germany. The compatibilizer (Scona TPPP
212, MFR 14.8 g/10 min, 230°C/2.16 kg) was sup-
plied by Kometra, Ltd., Schkopau, Germany.

2.2 PREPARATION OF POLYPROPYLENE
NANOCOMPOSITES

For the compounding process, an intermeshing,
co-rotating twin-screw extruder Theysohn
TSK30/40D (Theysohn Holding Ltd, Vienna, Aus-
tria) with a string die was used. The feed rate was
10 kg/h and the temperature profile can be seen
in Table 1. For processing different nanocompos-
ites the clay and compatibilizer content as well
as the screw speed and geometry were varied.
The different formulations and process settings
can be seen in Table 2. The main difference
between the screw geometries, in the following
referred to as geometry 1 to geometry 3, is the
number and position of kneading elements
resulting in different values of induced shear
energy andresidence time and can be seenin Fig-
ures 1to 3. For the Rheotens measurements, the
primary granulate obtained from the extrusion
process was used. For rotational rheometry,
round-shaped plates with a thickness of 2 mm
and a diameter of 25 mm were prepared using
the hydraulic vacuum press (Collin 200 PV, Dr.
Collin Ltd., Ebersberg, Germany). The press pro-
file with a total press time of 44 minutes is giv-
enin Table 3.

2.3 TRANSMISSION ELECTRON MICROSCOPY

The TEM experiments were performed using a
Zeiss LEO 912 Omega transmission electron

Temperature (°C) | 200 200 200 200 50
Pressure (bar) 1 20 1 100 150
Time (min) 20 % 5 7 7
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microscope (Carl Zeiss Inc., Jena, Germany) using
an acceleration voltage of 120 kV. The samples
were prepared using a Leica Ultracut UCT ultra-
microtome (Leica Microsystems Ltd, Wetzlar,
Germany) equipped with a cryo chamber. Thin
sections of about 50 nm were cut with a Diatome
diamond knife at - 120°C.

2.4 SMALL ANGLE X-RAY SCATTERING

X-ray measurements were performed using Bru-
ker NanoSTAR (Bruker AXS, Karlsruhe, Germany)
small angle X-ray scattering (SAXS) equipment.
This system was equipped with a two-dimen-
sional X-ray detector. A wavelength of 0.154 nm
(CuKa) was used. The samples were measured in
transmission. To avoid the influence of texture,
all scattering measurements were performed on
plate samples. The gallery period of the nanofiller
was determined on a powder sample. To avoid
statistical effects, the scattering curves recorded
at three different positions on the samples were
averaged. To determine the gallery period, scat-
tering curves were corrected for background
scatter and the Lorenz correction was applied.
The Lorenz correction was performed by multi-
plying the scattered intensity /(q) by g2, q being
the magnitude of the scattering vector. The posi-
tion of the gallery peak was then determined by
fitting with a Lorenz function.

2.5 EXTENSIONAL AND ROTATIONAL MELT
RHEOLOGY

The silicate platelets form different levels of 3D
physical network in the polymer matrix depend-
ing on their level of delamination. Higher delam-
ination resultsin a higher extent of physical net-
work (correlating higher material reinforcement)
and therefore in different particle - particle and
polymer — particle physical interactions respec-
tively in variations in viscoelastic response.
Depending onthe degree of delamination andin
this case the ageing occurrence, this transfor-
mation is obvious compared with the unfilled
polymer [3, 4].

As stated in the introduction, two methods
of reinforcement assessment can be used in the
molten state in polymer nanocomposites: analy-
sis of the melt elasticity using rotational rheom-
etryand meltstrength evaluation (e.g. using Gét-
tfert equipment). The principle of Rheotens
measurements can be seenin Figure 4. Itis based

displacement
transducer

rotating wheels

on the elongation of an extruded string by two
or four rotating wheels connected with a dis-
placement transducer. The rotation speed is lin-
early increased until the molten string breaks.
The drawing force applied tothe wheels at a spe-
cific draw rate is the reference value for the melt
strength level. We used the Rheotens 71.97 (Goet-
tfert Ltd., Buchen, Germany) in combination with
a capillary rheometer. The measuring conditions
for capillary rheometer are listed in Table 4. The
Rheotens equipment has been set to a wheel
acceleration of 60 mm/s? and gap between
wheels of 0.6 mm. To compare the melt strength
level of different nanocomposite systems, the
tensile force at a draw rate of 150 mm/s was cho-
senfor comparison.The dataof atleast nine mea-
surements for each sample were evaluated.

Rheological properties in the shear flow
were studied using a Physica MCR 501rheometer
(Anton Paar Ltd., Graz, Austria) with the cone-
plate geometry of 25 mm diameter and auto-
matically controlled gap of 50 um. The samples
thickness was 0.7 mm. Experiments were per-
formed at210°Cunder nitrogento preventdegra-
dation of samples. The following types of rheo-
logical measurements were carried out: 1)
dynamic strain sweep test (at angular frequency
of 6.28 rad/s) to confirm the linearity of vis-
coelasticregion and 2) dynamicfrequency sweep
test over a frequency range of o.1-100 rad/s, at
the strain of 12 %. The data have been evaluated
from at least 3 measurements for each sample
and then average data have been plotted.

2.6 TEST PROCEDURE

The different materials were examined right
after production as well as after 18 respectively

Cylinder diameter 12mm
Die (length/diameter) 30/2mm
Temperature 210°C
Piston speed 1.9 mm/s
Shear rate 273.61/s
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Figure 4:

Principle of Rheotens mea-
surement using the Géttfert
equipment.

Table 4:
Capillary rheometer testing
specification.



Figure 5 (left):
XRD results of the
nanocomposites.

Figure 6:

TEM images of the materi-
als with different compati-

bilizer content.

Interiayer distance (nm)

Table 5: 1 , . . . . ,
Numerical results of the A N N A R
rotational rheometry (P“Q SHEF & \ﬁ\ ‘g«\“
mesurements. o & o A
36 months. During shelf life, all the materials
were light protected stored under the same con-
ditions (20°C, 60 rel% humidity) avoiding UV
radiation.
3 RESULTS AND DISCUSSION
As reference material neat polypropylene was
stored under the same conditions (light protect-
ed) as the nanocomposites. The measurements
showed that, because of the storage conditions
(no UV-light influence) and the polymer stabi-
lization, there is no change in rheological prop-
ertiesand theresultsbefore and afterstorage are
congruent. Therefore, degradation of pure poly-
propylene can be eliminated. The results of the
XRD (all samples) and TEM (compatibilizer con-
tentsamples as example) measurements, shown
in Figures 5 and 6, illustrate the structure of the
silicate layers in the polymer matrix and there-
fore the degree of exfoliation right after produc-
tionand after storing for18 and 36 months. It can
easily be seen, that the structures are changing
significantly over time resulting in a decreased
degree of exfoliation. Regarding the silicate lay-
MT20 (Pa:s) MTs (Pa-s)
rad/s new aged -% new aged -%
0.1 139000 62400 55.1 10730 10714 0.1
100 2350 1260 46.4 984 753 23.5
Compis (Pa-s) Comps (Pa-s)
new aged -% new aged -%
0.1 10600 10600 0.0 10600 8870 16.3
100 934 m 17.5 968 769 20.6
Comprs (Pa:s) Screw100 (Pa-s)
new aged -% new aged -%
0.1 8710 7220 171 15300 12700 17.0
100 958 697 27.2 1058 816 22.9
Geometry 2 (Pa-s) Geometry 1(Pa-s)
new aged -% new aged -%
o.1 187000 79300 57.6 139000 62700 54.9
100 2661 1300 511 2374 1260 46.9
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ers, (i) a larger surface area for interaction, (i) a
higher aspect ratio, (iii) a higher degree of exfo-
liation and (iv) the chemical modification leads
to a faster and higher polymer degradation and
therefore loss in material properties.

3.1 ROTATIONAL RHEOMETRY

Generally, the ageing of polypropylene nano-
composites is displayed by two factors. At first a
chemical ageing caused by photo-oxidative de-
gradation leading to a loss in molecular weight
and therefore complex viscosity in the range of
low angular frequencies respectively the New-
tonian plateau and changes of the moduli in the
polymer dominated high frequency region (e.g.
chain scission [17-19]). Secondly, a physical age-
ing (weakened 3D network) occurs due to reag-
glomeration of the silicate layers as well as
migration of the polymer chains out of the clay
gallery (abolished 3D percolation network). This
can be seen by a decrease in complex viscosity in
the range of higher angular frequencies respec-
tively the shear thinning region with an un-
changed slope of the curve respectively parallel
shift as already mentioned by Fordiani et al. [15]
and changes of the moduli in the low frequency
region (e.g. increase of G’ caused by the pseudo
solid-like behavior [16—18]). Table 5 shows the
numerical results of the rotational rheometry
results of all samples.

Figure 7 A and B show the results of the
materials with different MMT content evaluated
right after respectively 36 months after produc-
tion. First of all, the results show clearly the effect
of different clay content on the rheological
behavior of polypropylene nanocomposites by
an increased complex viscosity over the whole
frequency as well as a major shift of the New-
tonian plateau to lower angular frequencies and
therefore an expanded shear thinning region.
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Furthermore the content of MMT has a major
influence on the ageing effect. The decrease of
the viscosity of the 20 wt% clay nanocomposite
(MMT20) is significantly higher then the 5 wt%
nanocomposite (MMTg). Additionally the large
difference in the shear thinning region may
expect also a large decrease in zero shear viscos-
ity resulting from polymer chain splitting. This
can be seen at MMT20-aged in the beginning of
the transition zone between Newtonian plateau
and shear thinning at ca. 1.0 rad/s. Additionally,
the earlier starting transition zone of MMT2o0-
aged in contrast to MMT20-new shows the
weakened 3D network of the aged sample.
Regarding the moduli, there is a constant in-
crease in moduli values at all frequencies with a
frequency independent behavior which is char-
acteristicfor pseudo-solidlike behavior [16]. 1t can
be observed, that the magnitude of G’ and G”is
affected significantly but not the material charc-
teristics [17].

In opposite, the MMT5 nanocomposite com-
plex viscosity only differs in the range of higher
frequencies (shear thinning region) which can be
interpreted as abolished 3D network (reduced
virtual chain enhancement, caused by the lay-
ers). For the moduli the low frequency region is
anindication for aggregates or percolation struc-
tures whereas at the high frequency region the
polymer matrixis the dominatingfactor [18]. The
results for G’and G” as well show a reduced per-
colation network (low frequencies) and slightly
changes within the polymer matrix (high fre-
quencies) which promotes chain scission. As
polymers are generally sensitive to material
degradation (e.g. oxidation), especially when
they are filled with minerals, the enhanced sur-
face of the nanoscale particles of the MMT are

00000

b3
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additional enforcing degradation. As the deteri-
oration is acceptable with MMTs, nanocompos-
ites containing higher amounts of MMT (e.g.
masterbatches containing > 20 wt% clay) are not
suitable of being stored for longer time. As most
of the nanocomposites are stored and delivered
in form of a high-filled masterbatch (better han-
dling and cost effectiveness) this must be con-
sidered.

In Figure 8 the results of the materials with
different compatibilizer content evaluated right
after respectively 36 months after production
can be seen. It is obvious, that the amount of
compatiblizer has no significantinfluence on the
complex viscosity or moduli of the aged nano-
composites. Asthe compatibilizerisa maleicacid
anhydride (MAH) grafted polypropylene with a
graft-grade of only 0.001 wt% it can be expect-
ed, that this small amount of MAH has no effect.
Generally spoken, there is a straight coherence
between material properties respectively degree
of exfoliation and clay/compatibilizer ratio. A
higher compatibilizer content leads to a higher
degree of exfoliation and therefore a faster and
higher degradation. Neverthelessthe moreinflu-
encing factoris the clay content which is very low
in that case and leads to only minor changes in
the rheological properties und furthermore has
no influence on the storing capability. This con-
firms, that nanocomposites can be long-term
stored or utilized below a certain clay content (in
this case 5 wt%) independent of the compatibi-
lizer content.

Figure g and table 5 show the results of the
aged nanocomposites, processed at different
screwspeeds. Astheinduced shearenergyaswell
as residence time differs with varying screw
speeds, the rate of exfoliation is diverse. As

Applied Rheology
Volume 22 - Issue 2

143

Figure 7 A and B (left):
Results of the materials
with different MMT con-
tent.

Figure 8 A and B:

Results of the materials

(5 wt% MMT) with different
compatibilizer content

(s and 15 wt%).



Figure 9 A and B (left):
Results of the materials
processed at different screw
speeds.

Figure 10 Aand B

(right above):

Results of the materials
with different geometries.

Figure 11 (left below):
Results of the elongation
measurements.

Table 6:

Numeric results of the elon-
gation measurements.
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already said, a higher exfoliation rate ensures
higher surface area, aspect ratio and therefore
more interaction prospects. Following this, the
better the clay is exfoliated (screw speed 300
rpm) the more sensitive the nanocomposite is to
chemical as well as physical degradation, which
is displayed by higher changes in complex vis-
cosity, G’and G” at all frequencies. Another inter-
esting fact is that the degradation runs very fast,
as there is almost no change between 18 month
and 36 month of ageing (Compg in Figure 8a ver-
sus Screw100 in Figure ga). Figure 10 and table 5
show the results of the nanocomposites pro-
cessed with two different screw geometries.

As already mentioned the influence of the
clay on the physical and chemical ageing of the

Screw Speed

swt% New 4.28cN
swt% Aged 4.27cN

20wt% New 1.25¢cN
20wt¥%Aged 9.99 cN

10orpmNew 5.47¢cN
100rpmAged 5.9 cN

300rpmNew 4.46 cN
300rpmAged 3.82 cN

0.20% 1n.20% 5.10% 14.30%
Compatibilizer Content Geometry
swit% New 4.92¢cN wswi%New 4.76 cN 1 New .25 cN 2 New 14.70cN
swit% Aged 4.54cN 1swi%Aged 3.89cN 1Aged 9.99 cN 2 Aged 12.05cN
7.70% 1830% 1n.20% 18.00%

Applied Rheology
Volume 22 - Issue 2

-}
-

; .-
0 10

0 1
Angular frequency (rad/s)

100000 {—

Zero shear viscosity (Pa.s)

0

1000000

==}

G'(Pa) . G"(Pa).In"| (Pa.s)

Angular frequency (rad/s)

polymer matrix is increasing with increasing
degree of exfoliation. This is obvious as the sur-
face is growing likewise. Inducing more shear
energy with a sharper geometry leads to a more
exfoliated structure and therefore a higher
chemical degradation. Overall, the results of the
materials processed with different screw speeds
are corresponding with the results of different
screw geometries, as the mechanism and there-
fore the degradation incidents are similar.

3.2 ELONGATIONAL RHEOMETRY

The evaluation of polymer matrices with rheo-
tens equipment has already been published by
Bachelli [20], Burghelea et al. [21] or White et al.
[22]. According to our previousinvestigations 3,
4, 9] the level of reinforcement in PP nanocom-
posites can be estimated with analysis of the
melt strength as well. The silicate platelets form
different levels of 3D physical network in the
polymer matrix depending on their level of
delamination. Higher delamination results in
higher extent of physical network (higher mate-
rial reinforcement) and therefore in anincrease
of melt strength. Different particle — particle
and polymer — particle physical interactions
result in variations in viscoelastic response. It is
possible to use extensional rheometry to iden-
tify changes in the melt elongational behavior.
Individual silicate platelets form a nanoscale
network (cardhouse structure) and raise the
melt strength of the composite. In return, a
weakened 3D structure, caused by for example
reagglomeration or reverse diffusion of the
polymer chains out of the clay gallery, leads to
a decrease of the melt strength displayed by a
lower drawing force.
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Figure 11 and table 6 show the results of the
elongation tests right after and 18 and 36 month
after production. The results of the elongation
measurements reflect the same trend as the
results from the rotational rheometer. Depend-
ing onthe degree of exfoliation and the clay con-
tentthe drawing force isdecreasing more or less.
The most exfoliated structures (e.g. 300 rpm or
15 wt% compatibilizer or geometry 2) show the
highest level of 3D physical network and after
storage the largest decrease in drawing force.
The same can be seen with the clay content, as
the sample with 20 wt% clay has a larger loss in
drawing force, than that with 5 wt%. Generally
spoken, the more the 3D network is established,
the more sensitive it reacts on ageing respec-
tively the easier it is damaged.

4 CONCLUSIONS

Inthis work the rheological (shearaswellas elon-
gational) properties of different nanocomposites
(varying formulation and process conditions)
where measured right after respectively 18 and
36 months after production. The results show
clearly, that the long-term stability is massively
influenced bythe size of the reactivefiller surface
(interface) monitored by the clay content and the
degree of exfoliation. With increasing clay con-
tent as well as a higher degree of exfoliation the
possible interface to the polymer matrix is in-
creasing, leading to a faster and higher material
degradation. Additionally, the results of the rhe-
ological experiments show clearly the twofactor
degradation mechanism. Firstly, the chain split-
ting caused by photo-oxidative degradation
leading to a loss in molecular weight shown by
the decreased zero shear viscosity (Newtonian
plateau). This well known chemical factor is
mainlyinfluenced bythe interface between poly-
mer and the particles. When using nanofillers,
this effect is multiplicated because of the nano -
scale particles and the resulting massively in-
creased interface.

The second factor is the weakened 3D net-
workdisplayedintherange of higherangularfre-
quencies by a decrease of the complex viscosity
(shear thinning range) as well as a higher loss in
drawing force respectively melt strength. This
physical factor can be explained by the reverse
diffusion of the polymer chains out of the clay
gallery and/or reagglomeration of the nanopar-

ticles, when the distance between the layers is
too small to overcome the interparticular forces.
This can happen in intercalated as well as high-
filled systems. The grafted compatibilizer with
very low graft grades has only minor influence
itself but is a major factor to achieve a high exfo-
liated nanocomposite. The degradation inci-
dents are occurring very fast, as no difference
could be seen in the 18 months respectively 36
months samples. Therefore also a short-term
storage or shelf-life is affected.
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2.3 Characterization of polymer nanocomposites
In this chapter (manuscripts 11 — 17), new structural and rheological analysis

approaches for characterization of typical as well as complex polymer nanocomposites
are presented. It was proved that shear as well as extensional rheometry can be used
for fast assessment of reinforcement in polymer-clay nanocomposites. Concerning the
fact that rheological experiments can be performed on-line in the compounding process,
an interesting way to gain first information about material performance in dependency
on mixture composition and processing protocol was introduced. Furthermore,
establishment of new rheological parameter (cumulative storage factor) enabled
characterization of reinforcement in polymer matrix taking into account possible
chemical and physical interactions during the processing. Regarding structural analysis,
average agglomerate size was introduced as new parameter gained from SAXS

measurement.

2.3.1 Manuscript 11

,» Effect of organoclay chemistry and morphology on properties of poly(lactic
acid) nanocomposites “

Kracalik, Milan (2017): In: Plastics, Rubber and Composites, 2017, 46 (9), 389-395,
https://doi.org/10.1080/14658011.2017.1373489.

In this paper, new parameter, average agglomerate size, could be gained from SAXS
measurement. This structural parameter complementary to the interlayer distance,
provides with quantitative information about dispersion state. In this way, the
nanocomposite structure is completely characterized and some other usually used
techniques like transmission electron microscopy (TEM) or scanning electron
miscroscopy (SEM) do not have to be applied as they generate only qualitative

information not allowing reliable comparison of dispersion state.
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ABSTRACT

Poly(lactic acid) (PLA) nanocomposites with different layered organoclays (variation in the
surface treatment of silicate) and one special nancfiller (mixed mineral thixctrope) were
melt-compounded using a semi-industrial co-rotating twin-screw extruder. Effects of the
silicate surface treatment and shape on the structure as well on processing and utility
properties in PLA matrix were investigated. The structural changes in polymer matrix were
evaluated from dynamic experiments In the shear flow using low-amplitude oscillatory
measurements. Moreover, new approach for morphological investigation of nanocomposites
using small-angle X-ray scattering was presented. Concerning utility properties, tests of
mechanical and barrier properties were performed to compare enhancement of PLA matrix
due to incorporation of different nanoparticles. Surprisingly, filling the PLA matrix with mixed
mineral thixotrope resulted into very high material performance (in particular, significant
improvement in barrler properties) compared to filling with commercial layered silicates. In
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this way, new type of nanofiller for PLA applications has been successfully tested.

Introduction

Recently, both increasing price of petrochemical pro-
ducts as well as responsibility for sustainable pro-
duction facilitated industrial applications of bio-based
polymers. Actual developments focus on bio-based
technical polymers possessing similar property profile
as their fossil equivalents. Using different additives
and fillers enables optimisation of application proper-
ties (e.g. life-time, temperature stability) of bio-based
polymers. Nano-scaled fillers have high potential to
optimise processing as well as utility properties due
to high specific surface area and low interfacial tension
as compared to conventional fillers like glass or basalt
fibers [1-7].

The primary particle shape of different nanofillers
can be sphere, needle or a plate. High aspect ratio (par-
ticle length/thickness) of filler facilitates high reinforce-
ment of polymer. Therefore, layered and needle-
formed fillers have been widely used for enhancement
of polymer property profile. Montmorillonite belongs
to the group of layered silicates and theoretically it is
possible to reach aspect ratio of 1000 by proper dis-
persion of this mineral in polymer matrix. Mentmoril-
lonite is a three-layer-silicate where the primary layer
consists of one octahedral sheet surrounded by two tet-
rahedral sheets. Na' or Ca®' ions in the interlayer area
have been usually replaced by long alkylammonium
ions to increase interlayer space and, consequently, to
facilitate dispersion in polymer melt during the melt-
compounding process. Nanocomposites using different

polymer matrices and layered silicates have been inten-
sively investigated because of the improvements in
their processing and use properties. Consequently, it
is possible lo prepare new, lailored, materials or to
use nanofillers in polymer recycling [1-3,6-11].

Concerning PLA nanocomposites, different types of
nanoparticles have been tested [1,2,8,12-14]. However,
no mention of effect of mixed mineral thixotrope on
PLA structure, processing and utility properties, has
been found in the relevant literature. In this work,
both Na* (Cloisite)- and Ca®* (Nanofil)-based mon-
tmorillonite with different surface modifications were
used. Furthermore, special nanofiller (mixed mineral
thixotrope) with commercial name Garamite has
been compounded with PLA matrix and analysed
using  structural as  well as  thermo-mechanical
methods.

Experimental
Materials

PLA with commercial indication Ingeo 2003D used for
the preparation of nanocomposites has been supplied
by NatureWorks LLC, Minnetonka, MN, U.S.A. The
used nanofillers (Table 1) have been supplied by
Rockwood Clay Additives Ltd,, Moosburg, Germany.
Na"-based (commercially indicated as Cloisite) and
Ca’*-based (commercially indicated as Nanofil) orga-
noclays have been denoted as C and N following by
characteristic number and letter, respectively, to keep

CONTACT Milan Km:alnk@ rnilan_l:m:alit@i:u.at@ Institute of Palymer Sclence, Johannes Kepler University Linz, Altenberger Str. 69, Linz 4040, Austria
© 2007 Institute of Materials, Minerals and Mining Published by Taylor & Francis on behall of the Institute
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Table 1. Characteristics of organoclays.

Organoclay Crganic modifier” Wodifier concentration [mequinv/ 100 g day] Muoisture [%] ‘Weight loss on ignition [32] dyey [A]
Nanafil 3010 2MEHT 1na <2 4 36
Clodsite 154 2MZHT 125 <l 43 35
Clodsite 204 2MEHT 95 <2 38 4.2
Clodsite 104 2MBHT 125 < 39 19.2
Clodsite 308 MT2EROH 90 < 30 185

*Quaternary ammaonium chlorides: dialkyldimethyd-(2M2HT), alkylibenzydldimethyd-(2MBHT), allkod (2-ethylhexylldimethyl-2MHTLEL, alkylbis|2-hydroxyethyl)-
mvethyl-(MT2EROH). Alkyls are a mixture of 65% C18, 30% (16 and 5% C14, derived from hydrogenated tallow.

transparency in the plotted figures. In addition to
layered silicates, special nanofiller (mixed mineral
thixotrope, in this case mixture of organically modified
layered and needle-formed silicates) commercially
named Garamite was tested.

Compounding process and samples preparation

For the compounding process, a co-rotating inter-
meshing twin screw extruder Werner & Pfleiderer
ZSK-25 (Coperion GmbH, Stuttgart, Deutschland)
using six heating zones and a string die has been
employed. The feed rate was set at 6 kg/h with a
screw speed of 100 rev min~', The temperature profile
is described in Table 2. For subsequent characteris-
ation, plates and films, respectively, with different
thicknesses were prepared using the hydraulic vacuum
press machine (Collin 200 PV, Dr. Collin Ltd, Ebers-
berg, Germany).

Rotational rheometry

Rheological properties in the shear flow were studied
using a Physica MCR 501 rheometer (Anton Paar
Ltd., Graz, Austria} with the cone-plate geometry of
25 mm diameter and automatically controlled gap of
50 pm. The samples thickness was 1 mm. Experiments
were performed at 180°C under nitrogen to prevent
degradation of samples. The following types of rheolo-
gical measurements were carried out: (1} dynamic
strain  sweep test (at angular frequency of
628 rad 5"} to confirm the linearity of viscoelastic
region, (2) dynamic frequency sweep test over a fre-
quency range of 0.1-500 rad ™', at the strain 0.01%.
The data were evaluated from at least three measure-
ments for each sample and then average data was
plotted.

Mechanical testing

A universal tensile testing machine (Type: Z010, Zwick
Ltd & Co. KG, Ulm, Germany) was used to carry out
the tensile tests according to IS0 527-1. All tests were

Table 2. Compounding temperature profile.
Section 1 ] 3 4 5 &

Temperature {°C) 160 170 180 190 200 200

carried out under standard conditions (23 + 2°C/50 +
5% RH). The data were evaluated using the lestXpert
11 software (ZWICK, Ulm, Germany).

Small-angle X-ray scattering (SAXS)

Scattering patterns were recorded in a Bruker NanoStar
small-angle X-ray scattering (SAXS) device {Bruker
AXS, Karlsruhe, Germany). This system was equipped
with X-ray Microsource and Montel optics (both from
Incoatec, Geesthacht, Germany) providing monochro-
matic X-rays with a wavelengths of 0.154 nm (Cu Ka).
A Vantec 2000 2D Detector system (Bruker AXS,
Karlsruhe, Germany) was used to record the scattering
patterns. For the measurements two sheets of the poly-
mer and polymer composites were fixed together and
measured on five individual points with 1 mm distance
in-between them according to Figure 1 in transmission.
The footprint of the circular shaped X-ray beam on the
sample was approximately 550 pm in diameter.
Sample transmission was determined for each indi-
vidual measuring point using glassy carbon (GC) as
secondary standard. For the determination of morpho-
logical parameters, isotropic SAXS patterns I{q, )
were radially averaged with respect to vy, yielding the
I{q) scattering curves, q being the magnitude of the
scattering vector, The individual scattering curves
were corrected for background scatter and averaged
resulting in one scattering curve per sample. To per-
form deeper structural analysis, the PLA nanocompo-
sites were analysed using the SCATTER software
[15,16]. For all samples a linear background was

|1mml

|1mm|

Figure 1. Measurement strategy for SAXS analysis.
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chosen. Using SCATTER evaluation, the data were
analysed assuming lamellar structure factor and cylind-
rical, coin like form factor. The domain sizes are calcu-
lated wusing paracrystalline interaction {(damping)
model as described in references [15,16]. Morphologi-
cal parameters like bending of crystals, interlayers from
organic compounds on crystals and filler and other side
effects were neglected.

Measurement of barrier properties

For the permeability tests, MOCON"OX-TRANS MH
2/20 equipment was used. Measurements on thin
films were performed according to ASTM F 1927-07
standard at 23 +0.5°C/1% RH. Nitrogen throughput
of 10 mL min~" through the sample with an area of
50 cm* was set. The time of ca. § =4 h for the samples
conditioning as well for getting stable diffusion con-
ditions after oxygen treatment was chosen.

Transmission electron microscopy

The transmission electron microscopy (TEM) exper-
iments were performed with a Zeiss LEO 912 Omega
transmission electron microscope using an acceleration
voltage of 120 keV. The samples were prepared using a
Leica Ultracut UCT ultramicrotome equipped with a
cryo-chamber. Thin sections of about 50 nm were cut
with a Diatome diamond knife at —120°C.

Results and discussion
Rheological properties

The nanocomposites structure can be assessed by analy-
sis of viscosity curve (shear-thinning behaviour) in com-
bination with evaluation of the storage modulus curve
(G secondary plateau) [1-4,6-11]. In comparison
with the unfilled matrix, complex viscosity of nanocom-
posites significantly increased in the range of low fre-
quencies, as shown in Figure 2. The power-law

Complex viscosily (Pa.s)

Garamite

J T
10 100

Angular frequency (radis)

Figure 2. Complex viscosity of PLA nanocomposites.
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dependence at low frequencies, which is characteristic
of neat PLA, is absent in the nanocomposites. The sys-
tems filled with Cloisite 10A and Cloisite 20A revealed
pronounced shear thinning phenomenon, which is
caused first by disruption of network structures and
later on by orientation of filler particles in flow direction.

The internal structural changes in nanocomposites
during shear flow can be also analysed in frequency
dependency of the storage (G') modulus (Figure 3).
The dependence of G (w) in nanocompesites filled
with Cloisite 10A and Cloisite 20A becomes nearly
invariable (‘rubber-like behavior’). This ‘secondary’
plateau indicates the formation of a 3D-network struc-
ture {card-house structure) of silicate layers in nano-
composites [17-35].

The strong physical network formed in nanocompo-
sites containing Cloisite 10A can be explained by high
maodifier concentration of Cloisite 104, where the
benzyl group on each surface modifier molecule will
give a degree of polarisability due to the delocalised
pi-electrons in the phenyl ring of the benzyl group.
The highest magnitude of shear viscosity and storage
modulus in the range of higher [requencies revealed
system filled with Cloisite 30B. This could be explained
that higher shear rates and residence time, respectively,
result to strong interactions between hydroxyl groups
(presented on basic sheets as well as surface modifier)
of Cloisite 30B and carbonyl groups of PLA chains
based on hydrogen bonding [1.2,8,36,37]. The mixture
filled with Garamite revealed enhanced viscosity with
rather lower shear-thinning phenomenon and ten-
dency to ‘rubber-like behavior’ at low frequencies,
which is a sign of stable dispersion, homogeneous par-
ticles distribution and high interfacial adhesion
between filler and polymer matrix.

Generally, it can be clearly seen that in all prepared
nanocompaosites (except of mixture filled with Nanofil
116) magnitude of storage modulus (level of melt elas-
ticity) has been significantly increased, as compared to
unfilled matrix in the range of lower frequencies, which

T
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E T e
= P ey
2 _..,"r..',,."' e — PLA
E 0 e L = 1
s Bt T o —%—N116 ]
§‘ e > A 208
2 o —»—N3010 | -
B 0 i 4 C10A 4
o »C 308 i
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10 T T T
1 19 100

Angular frequency (radis)

Figure 3. Storage modulus of PLA nanocomposites.
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reflects formation of physical network between filler
particles and PLA matrix. The highest melt elasticity
revealed systems filled with Cloisite 10A and Cloisite
204 at lower frequencies and PLA/Cloisite 30B at
higher frequencies. Filling with Nanofil 116 led to
increased melt elasticity only in the range of higher fre-
quencies indicating rather weak incorporation of filler
into polymer matrix.

Mechanical properties

The highest magnitudes of tensile strength revealed sys-
tems filled with Nanofil 116 (Ca®" natural montmorillo-
nite without surface modification) and Garamite (Figure
4). In these nanocomposites, high level of 3D network
structure between silicate layers and polymer chains
has been achieved. In PLA-Garamite, this effect can be
explained by formation of stronger network between
PLA, platelets and needles of the silicate, respectively,
coming from high spatial mobility of mixed mineral
thixotrope. In the case of Nanofil 116 filled compound,
calcium-based montmorillonite seems to match spatial
configuration of the used PLA by given processing con-
ditions as well and, consequently, homogeneous dis-
persion of clay in polymer can be reached,

Concerning the stiffness of prepared nanocompo-
sites, all the systems revealed increase in tensile mod-
ulus (Figure 5) comparing to the unfilled PLA
matrix. The highest magnitude of tensile modulus
was observed in nanocomposites filled with Cloisite
104, Cloisite 30B and Garamite, which can be associ-
ated with polarisability of erganic modifiers used in
Cloisite 10A/Cloisite 30B and with high spatial mobi-
lity of Garamite, respectively, resulting into strong
reinforcement of PLA.

Morphological analysis

The measured dy,, distance as typical SAXS result is
plotted in Figure 6. It is obvious that similar magnitude
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Figure 4, Tensile strength of PLA nanocomposites.,
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Figure 5. Young's modulus of PLA nanocomposites,
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Figure 6. Delamination parameters of PLA nanocomposites.

of the interlayer distance was achieved in all the pre-
pared nanocompaosites. However, using deeper analysis
of results as described in section ‘Small-angle X-ray
scaltering (SAXS), a closer look into nanocomposite
structure could be achieved and new parameter, aver-
age tactoid thickness, could be gained from SAXS
measurement. This structural parameter complemen-
tary to the interlayer distance, provide us with quanti-
tative information about dispersion state. In this way,
the nanocomposite structure is completely character-
ised and some other usually used technigques like
TEM or scanning electron miscroscopy do not have
to be applied as they generate only qualitative infor-
mation not allowing reliable comparison of dispersion
state. As can be seen from Figure 6, different values of
average tactoid thickness were observed comparing all
the prepared systems. The lowest average tactoid thick-
ness revealed mixtures filled with Garamite, Cloisite
30B and Cloisite 10A, which is in a good agreement
with previously described measurements. In the case
of PLA-Garamite nanocompaosite, this result can be
explained by inherence of needle-formed particles,
which facilitates dispersion level in PLA matrix and
acts against re-agglomeration. The tendency towards
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Figure 7. Transmission electron micrograph of PLA/Cloisite
20A {1000 nm).

re-agglomeration of layered silicates during melt mix-
ing has been described previously [8]. In this work,
TEM micrographs of nanocomposites with highest
and lowest average tactoid thickness have been per-
formed. The re-agglomeration tendency can be seen
in nanocomposite with Cloisite 20A (Figure 7), which
is not the case in nanocomposite with Garamite (Figure
8) revealing rather homogeneous dispersion state.

Barrier properties

In Figure 9, oxygen permeability (cm’/m*/day) of
different PLA nanocomposites is plotted. The lowest
value of oxygen permeability (33% lower permeability

Figure 8. Transmission electron micrograph of PLA/Garamite
(1000 nm).
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Figure 9. Barrier properties of PLA nanocomposites.

as compared to pure PLA) has been achieved in com-
pound filled with Garamite, which can be again
explained by very homogeneous spatial distribution
of dispersed clay platelets and needles in PLA matrix.
Furthermore, nanocomposites filled with Cloisite 30B
and Cloisite 10A revealed also significant reduction
(15 and 12% reduction, respectively) in oxygen per-
meability, which can be assigned to polarisability of
the mentioned clays matching the polarisability of PLA.

Conclusions

PLA nanocomposites were prepared using the melt
mixing method. Different sodium as well as calcium
type organophilic montmorillonites and special mix-
ture of layered and needle formed clay (Garamite)
were tested. Their effect on morphology, processing,
mechanical and barrier properties was investigated.
Surprisingly, nanocomposite filled with Garamite
revealed very interesting property profile with low per-
meability, high mechanical performance as well as
enhanced rheological properties associated with the
lowest average tactoid thickness as compared to other
nanocomposites. In this way, new type of clay filler
was successfully tested for polymer applications and
new morphological parameter for quantitative descrip-
tion of dispersion grade in polymer nanocomposites
has been introduced.
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»Estimation of reinforcement in compatibilized polypropylene nanocomposites by
extensional rheology*“

Laske, Stephan; Kracalik, Milan; Gschweitl, Michael; Feuchter, Michael; Maier, Glnther;
Pinter, Gerald et al. (2009): In: J. Appl. Polym. Sci. 111 (5), S. 2253-2259. DOI:
10.1002/app.29163.

This is the first manuscript describing material reinforcement of complex polymer
nanocomposites by elongational rheology. For polypropylene-clay nanocomposites it
was shown that higher admixture of compatibilizer results in higher dispersion grade
(interlayer distance measured by SAXS, optical comparison by TEM), but this trend was
not valid for rheological and mechanical properties, where too high compatibilizer
admixture led to lowering the rheological/mechanical performance. The reason was in
molecular weight of the compatibilizer (maleic acid grafted PP), which was significantly
lower than that of PP matrix — therefore, with too high compatibilizer admixture, the
effect of reinforcement coming from higher dispersion grade was lower than effect of
average molecular weight decrease coming from compatibilizer. In this way, extensional
rheometry was proved to be fast method for analysis of effective material reinforcement
taking into account both the dispersion grade of nanofiller as well as possible changes

in average molecular weight of polymer matrix.
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ABSTRACT: Structural characterization in polymer nano-
composites is usually performed using X-ray scattering and
microscopic techniques, whereas the improvements in proc-
essing and mechanical properties are commonly investi-
gated by rotational rheometry and tensile testing. However,
all of these techniques are time consuming and require quite
expensive scientific equipment. It has been shown that a fast
and efficient way of estimating the level of reinforcement in
polymer nanocomposites can be performed by melt exten-
sional rheology, because it is possible to correlate the level of
melt strength with mechanical properties, which reflect both

the 3D network formed by the clay platelets/polymer chains
as well as final molecular structure in the filled system. The
physical network made of silicate filler and polymer matrix
has been evaluated by X-ray diffraction and transmission
electron microscopy. Extensional rheometry and tensile test-
ing have been used to measure efficiency of the compatibil-
izer amount in a polypropylene-nanoclay system. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 111: 2253-2259, 2009

Key words: nanocomposites; melt compounding; melt
strength

INTRODUCTION

Nanocomposites using different polymer matrices
and layered silicates have been intensively investi-
gated because of the improvements in their process-
ing and use properties. Consequently, it is possible
to prepare new, tailored, materials' or to use nanofil-
lers in polymer recycling”™* The improvement in
material properties due to nanoclay addition has
usually been evaluated using a combination of trans-
mission electron microscopy (TEM) and morphologi-
cal (X-ray diffraction (XRD), mechanical (tensile
testing), and sometimes also rheological (rotational
rheometry) analyses. However, these conventional
methods require quite expensive scientific equip-
ment and long sample preparation and characteriza-
tion times. Generally, intercalated and delaminated
(partially exfoliated) polymer nanocomposites reveal
significant enhancements in their properties: higher
elastic modulus, tensile strength, thermal resistivity,

Correspondence  fo: M. Kracalik  (Milan.Kracalik@
mu-leoben.at).

Contract grant sponsor: PlaCompl Project (NanoComp
research project cluster founded by the Austrian

Nanoinitiative).

Journal of Applied Polymer Science, Vol. 111,2253-2259 (2009)
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lower gas and liquid permeability, reduced flamma-
bility,”> and improved rheological properties (e.g.,
higher melt strength) compared with the unfilled
polymer matrix." The high level of possible rein-
forcement due to the addition of the layered silicates
results from their large active surface area (in the
case of montmorillonite 700-800 m*/g).° In the case
of highly dispersed systems, a 3D physical network
is achieved, formed by the silicate platelets and the
polymer chains. This phenomenon can be investi-
gated by analyzing the melt elasticity using rota-
tional rheometry.'*2* A fast way to evaluate this
network effect is using elongational rheometry,™>°
which provides information about the melt strength.

To disperse the clay in hydrophobic polypropyl-
ene (PP), a compatibilizer (mostly PP grafted with
maleic acid anhydride (MA)) must be admixed.
However, the molecular weight of the compatibilizer
is usually lower than that of the PP matrix due to
the graftln% reaction and the presence of free MA
molecules.”

We have already presented”?*! that the effective
level of reinforcement in PP nanocomposites cannot
be based solely on an evaluation of the delamination
level (increase in interlayer distance) determined by
X-ray scattering. In the PP-PPMA-nanoclay system,
the simple rule “higher delamination leads to an
improvement in material properties” is not always
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TABLE 1
Temperature profile in different extruder sections
Section 1 2 3 + 5 6 7 8 9 10
Temperature (°C) cool 160 180 190 200 200 200 200 200 200

valid because of the influences of the grafted PP on
the material properties. With a higher compatibilizer
addition, the final delamination increases but the av-
erage molecular weight decreases. This means that
there is an optimal compatibilizer admixture at
which physical reinforcement caused by silicate
delamination is still higher than the deterioration in
mechanical properties due to decreasing molecular
weight and combination of the interfacial area able
to be generated.

A fast and accurate method to find this optimal
compatibilizer admixture in different PP nanocom-
posites is to compare the material reinforcement in
the systems using extensional rheometry. A further
advantage of elongational experiments is the use of
primary granulates: no preparation of samples is
necessary. To date, a few articles have dealt with the
possibility of using extensional rheometry for the
characterization of elongational viscosity in polymer
nanocomposites.”®?*  However, no correlation
between the melt strength and the mechanical prop-
erties with respect to nano-structural details has yet
been published. The goal of this article is to present
a fast, qualitative method of reinforcement evalua-
tion based on extensional rheology in polymer nano-
composites with a view to speed up the industrial
application of the systems investigated.

EXPERIMENTAL
Materials

The isotactic PP homopolymer HC600TF (MFI 2.8 g/
10 min; 230°C/2.16 kg) was supplied by Borealis,
Inc., Linz, Austria. Used nanofiller (montmorillonite
intercalated with dimethyl distearyl ammonium
chloride) with commercial indication Nanofil 5 was
supplied by Siid-Chemie Inc., Munich, Germany.
The compatibilizer (Scona TPPP 2112 FA, MFI 14.8
g/10 min) was supplied by Kometra, Ltd., Schko-
pau, Germany.

TABLE 11
Press profile
Temperature (°C) 200 200 200 200 50
Pressure (bar) 1 20 1 100 150
Time (min) 20 5 5 7 7

Journal of Applied Polymer Science DOI 10.1002/app

Preparation of nanocomposites

For the compounding process, an intermeshing,
corotating twin screw extruder Theysohn TSK30/
40D (Theysohn Holding Ltd, Vienna, Austria) with a
string die was used. The feed rate was set at 20 and
7 kg/h, with a screw speed of 200 rpm. The temper-
ature profile is described in Table I. The compatibil-
izer admixture content relative to the organoclay
content (5 wt %) was chosen at ratios (clay : compa-
tibilizer) from 1:0to 1 : 3.

For the Rheotens measurements, the primary gran-
ulate obtained from the extrusion process was used.
For structural (X-ray diffraction, transmission elec-
tron microscopy) and mechanical characterization,
plates with a thickness of 2 mm and standard dog-
bone shaped specimens (150 mm length, 20 mm
width, 4 mm thickness), respectively, were prepared
using the hydraulic vacuum press machine (Collin
200 PV, Dr. Collin Ltd., Ebersberg, Germany). The
press profile is given in Table II.

Extensional melt rheology

As stated in the introduction, two methods of rein-
forcement assessment can be used in the molten
state in polymer nanocomposites: analysis of the
melt elasticity using rotational rheometry or melt
strength evaluation, e.g., using Rheotens equipment.
The advantage of Rheotens measurements consists
in their simplicity without the need for expensive
scientific equipment and additional time for sample
preparation. The principle of Rheotens measure-
ments can be seen in Figure 1. It is based on the

30

Figure 1 Principle of Rheotens measurement.
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TABLE III
Capillary rheometer testing specification
Cylinder diameter 12 mm
Die (length/diameter) 30/2 mm
Temperature 210°C
Piston speed 1.9 mm/s
Shear rate 2736 s

elongation of an extruded string by two or four
rotating wheels connected with a force transducer.
The rotation speed is linearly increased until the
molten string breaks. The tensile force applied to the
wheels and the draw rate at break allows the calcu-
lation of the melt strength (stress at break)":

oy = Fyup/Agvy,

o,—stress at break (Pa),

F,—tensile force at break (N),

vy—draw rate at break (mm s 1),

Ap—initial cross section of molten string (at the
die outlet) (m?),

vo—extrusion speed of molten string (piston
speed) (mm s ').

We wused the Rheotens 71.97 (Gottfert Ltd.,
Buchen, Germany) in a combination with a capillary
rheometer. The measuring conditions for capillary
rheometer are listed in Table III. The rheotens equip-
ment has been set applying wheel acceleration of
60 mm/s” and gap between wheels of 0.6 mm. To
compare the melt strength level of different nano-
composite systems (revealing different magnitudes
of ©vp), the tensile force at a draw rate of 320 mm/s
was chosen for comparison (Fig. 2).

The silicate platelets form different levels of 3D
physical network in the polymer matrix depending
on their level of delamination."™ Higher delamina-
tion results in a higher extent of physical network
(higher material reinforcement) and, therefore, in an
increase in melt strength. Different particle—particle
and polymer—particle physical interactions result in
variations in viscoelastic response. Therefore, Rheo-
tens measurements are used to identify changes in
the melt elongational behavior. Individual silicate
platelets form nanoscale network (cardhouse struc-
ture)*' and raise the melt strength of the composite.
Depending on the degree of delamination, this trans-
formation is obvious compared with the unfilled
polymer.

Small angle X-ray scattering

X-ray measurements were performed using Bruker
NanoSTAR (Bruker AXS, Karlsruhe, Germany) small
angle X-ray scattering (SAXS) equipment. This sys-

tem was equipped with a two-dimensional X-ray de-
tector. A wavelength of 0.154 nm (CuKa) was used.
The samples were measured in transmission.

To avoid the influence of texture, all scattering
measurements were performed on plate samples.
The gallery period' of the nanofiller was determined
on a powder sample. To avoid statistical effects, the
scattering curves recorded at three different posi-
tions on the samples were averaged. To determine
the gallery period, scattering curves were corrected
for background scatter and the Lorenz correction
was applied.*> The Lorenz correction was performed
by multiplying the scattered intensity (I(9)) by 4%, ¢
being the magnitude of the scattering vector. The
position of the gallery peak was then determined by
fitting with a Lorenz function.

Transmission electron microscopy

The TEM experiments were performed using a Zeiss
LEO 912 Omega transmission electron microscope
(Carl Zeiss Inc., Jena, Germany) using an accelera-
tion voltage of 120 kV. The samples were prepared
using a Leica Ultracut UCT ultramicrotome (Leica
Microsystems Ltd, Wetzlar, Germany) equipped
with a cryo chamber. Thin sections of about 50 nm
were cut with a Diatome diamond knife at —120°C.

Mechanical properties

A universal tensile testing machine (Type: Z010,
Zwick Ltd and Co. KG, Ulm, Germany) was used to
carry out the tensile tests according to ISO 527-1. All
tests were carried out under standardized conditions
(23 + 2°C/50 + 5% r.H.). The data was evaluated
using the testXpert II software (ZWICK, Ulm,
Germany).

Tensile force [cN]
£

100 150 200 250 300 350 400
Draw rate [mnys]

0 %0

Figure 2 Melt strength level comparison.
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RESULTS AND DISCUSSION
Extensional melt rheology

The elongational behavior of nanocomposite master-
batches prepared using different compatibilizer
admixtures at two throughput rates is shown in Fig-
ure 3. It is obvious that the compatibilizer content as
well as the effect of the feed rate on material proper-
ties can be analyzed by evaluating the melt strength.
As stated in the Introduction section, determination
of the optimum compatibilizer admixture in polyole-
fine nanocomposites is essential to reach the maxi-
mal reinforcement using layered silicates. We have
shown®?* that the MFI difference in PP matrices
results in different optimum compatibilizer admix-
tures. The lower the MFI, the lower the compatibil-
izer content needed. The high molecular weight of
the HC600TF matrix leads to high shear forces in the
compounder and, therefore, facilitates delamination
of silicate platelets. A lower quantity of compatibil-
izer is, therefore, required. Using the HC600TF ma-
trix led to higher level of material reinforcement due
to requiring two to four times less compatibilizer
compared with other lower molecular weight PP
matrices.”>** It is obvious that the exact determina-
tion of the optimum compatibilizer admixture is a
key factor in both maximizing the level of polymer
reinforcement and minimizing compatibilizer costs.
For the effect of the feed rate (at a constant screw
speed) on the optimum compatibilizer content, an
opposite trend was found to that for MFI. A lower
throughput rate leads to a higher need for compati-
bilizer, which is explained by the lower fill factor in
the screw segments. A higher feed rate leads to a
higher fill factor and, subsequently, to higher shear
forces applied on silicate tactoids to be delaminated.
Therefore, it is necessary to evaluate the optimum
compatibilizer admixture for PP matrices with differ-
ent molecular structures or by varying the process-
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Figure 3 Melt strength level of nanocomposites.
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Figure 4 Tensile modulus in nanocomposites with differ-
ent compatibilizer admixture.

ing conditions such as throughput rate. To our
knowledge, this important aspect in the preparation
of PP-organoclay nanocomposites has not been dis-
cussed in depth so far.

Mechanical properties

The results of mechanical testing in the solid state
reflect those in the melt state. In Figure 4, the
Young’s modulus is plotted for the nanocomposites
with differing compatibilizer admixtures. The same
trend can be observed as for the extensional behav-
ior. The highest increase in stiffness was found in
the system filled with 2.5 wt % of compatibilizer. A
further increase in the compatibilizer admixture
leads to a decline in the tensile modulus. At 15 wt %
compatibilizer the mean value of modulus reaches
approximately the same value as for the mixture
without compatibilizer. This result is in agreement
with that published by Paul et al.*® where the me-
chanical properties of PP nanocomposites with dif-
ferent compatibilizer admixtures (1 : 0 to 1 : 2 PP-g-
MA to organoclay ratio) were investigated. How-
ever, supposedly due to the high melt flow index of
the matrix used (37 g/10 min, 230°C), an increase in

3 T T T ™ T 2 ™

1o B |

w
i

¥

Tensile strength (MPa)
3 8

3

T T T T T T
o 0s 1 15 2 25 3

Mixture proportion (Clay : PP-g-MA) [1:x]

Figure 5 Tensile strength in nanocomposites with differ-
ent compatibilizer admixture.
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Figure 6 X-ray diffraction patterns of nanocomposites.

the compatibilizer content (1 : 0.5 up to 1 : 2 PP-g-
MA to organoclay ratio) reported by Paul et al. did
not result in a significant decrease in tensile modu-
lus. As we already reported,23'24 molecular structure
(in particular molecular weight) of PP matrix has
significant influence on the optimum compatibilizer
admixture and compatibilizing efficiency. The poly-
mer matrix with the highest molecular weight possi-
ble to process with other composite components is
favored to ensure maximal shear forces during com-
pounding. Results for tensile strength (Fig. 5) reveal
a similar trend as for melt strength and tensile mod-
ulus. The highest mean value of tensile strength was
reached at a compatibilizer admixture of 2.5 wt %,
while higher amounts resulted in a decline in tensile
strength. The highest level of polymer-filler interfa-
cial shear strength in the system, using 2.5 wt % of
compatibilizer, is reflected in the high magnitudes of
both melt and tensile strength. Therefore, it is possi-
ble to correlate the reinforcement level in the melt
state with that in the solid state. In this way, exten-
sional rheology can be used in terms of estimating
the prior routes in the development of nanocompo-

00

05 10 15 20

Ratio Clay-Compatibilizer (1:x)

25 30

Figure 7 Gallery periodicity as a function of compatibil-
izer content.

2257

Figure 8 TEM of nanocomposite with 1 : 0 compatibilizer
ratio.

sites and, presumably, any other filled systems
based on polymer matrix.

Delamination of organoclay in polypropylene

The morphological analysis revealed a clear trend in
delamination and homogeneity of silicate platelets in
PP nanocomposites. In Figure 6, X-ray diffraction
patterns of all investigated systems can be observed.
The highest intensity peak was revealed in the sys-
tem filled with 10 wt % of compatibilizer. On the
other hand, the lowest peak can be seen in nanocom-
posite without compatibilizer. Calculated interlayer
distance of organoclay is plotted in Figure 7 (relative
to pure organoclay). It is obvious that the increase in

Figure 9 TEM of nanocomposite with 1 : 0.5 compatibil-
izer ratio.
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Figure 10 TEM of nanocomposite with 1 : 1 compatibil-
izer ratio.

compatibilizer admixture leads to a higher interlayer
distance of montmorillonite in the nanocomposite
system. The same trend was observed concerning
the homogeneity of the prepared systems, as can be
seen in Figure 8-12. The nanocomposite without
compatibilizer revealed a stacking of silicate platelets
rather than delamination behavior. On the other
hand, a significantly higher level of homogeneity
occurs in the 2.5 wt % compatibilizer admixture
(Fig. 9), with a maximum at 15 wt % compatibilizer
(Fig. 12). It can be clearly seen that results of struc-
tural measurements revealed completely other trend
when compared with the mechanical and rheological
testing. Therefore, grade of delamination in compati-
bilized PP nanocomposites cannot possess informa-

Figure 11 TEM of nanocomposite with 1 : 2.5 compatibil-
izer ratio.

Journal of Applied Polymer Science DOI 10.1002/app

Figure 12 TEM of nanocomposite with 1 : 3 compatibil-
izer ratio.

tion on the level of polymer reinforcement, as in the
case of systems without compatibilizers.>™ Never-
theless, extensional rheology cannot replace conven-
tional measuring techniques and is introduced in
this paper only as a possibility of fast reinforcement
estimation in the filled polymer systems.

CONCLUSIONS

The PP-PPMA-nanoclay system was investigated to
find the omptimum amount of compatibilizer.
Although X-ray scattering and TEM revealed an
increase in silicate dispersion with an increase in
compatibilizer content, the mechanical and rheologi-
cal properties of the material reached an optimum at
significantly lower amounts of compatibilizer. There-
fore, the effective reinforcement in PP-layered sili-
cate nanocomposites cannot be  evaluated
successfully using only structural characterization
methods. It was shown that the results of melt
extensional rheometry can be correlated with those
of tensile tests in a solid state. In this context, the
method could be used as a fast, accurate, and cheap
way to estimate the reinforcement in polymer nano-
composites. From industrial point of view, exten-
sional rheometry could be employed on-line in the
processing line and, subsequently, control and dose
composite components in the adequate proportion
directly during compounding. In the case of PP
nanocomposites, an optimum compatibilizer content
can also be assessed by this technique. However, it
is necessary to measure this optimum each time by
variation in PP, compatibilizer or filler type.

The authors thank Dr. Tung Pham, Borealis, Inc., Linz, for
cooperation within the Nanocomp cluster.
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2.3.3 Manuscript 13
“Effect of the Mixture Composition on Shear and Extensional Rheology of
Recycled PET and ABS Nanocomposites”

Kracalik, Milan; Laske, Stephan; Witschnigg, Andreas; Holzer, Clemens (2012): In:
Macromol. Symp. 311 (1), S. 33-40. DOI: 10.1002/masy.201000122.

Using knowledge from manuscript 12 (correlation between extensional rheometry and
mechanical testing), different analyses of data from rotational rheometry were presented
and compared with data obtained from extensional rheometry for ABS and PET
nanocomposites. Evaluation of viscoelastic damping behaviour revealed that the 3D
silicate network in polymer melt is very sensitive to shear deformation and after
reaching the angular frequency of about 1 rad/s, the original polymer-clay structure in
the ABS-R nanocomposite melt persist no more. In the PET-R nanocomposites both,
the delamination effect (formation of 3D structure) as well as degradation phenomenon
(chain scission, generation of low-molecular products) have been detected by dynamic
rheological experiments. Using extensional rheometry, effect of organoclay surface
treatment on the melt strength level of different ABS-R as well as PET-R
nanocomposites has been investigated. It was shown for ABS nanocomposites that
despite very small differencies visible in data from rotational rheometry, it was possible
to make clear comparison between different samples using data from extensional
rheometry. In addition to PP nanocomposites (manuscript 13), suitability of extensional
rheometry for reinforcement characterization was further proved for ABS and PET

nanocomposites.
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Effect of the Mixture Composition on Shear and
Extensional Rheology of Recycled PET and ABS
Nanocomposites

Milan Kracalik,™ Stephan Laske, Andreas Witschnigg, Clemens Holzer

Summary: Recycled PET as well as ABS - organomodified montmorillonite nano-
composites were prepared via melt compounding in a counter-rotating twin screw
extruder. The topological changes in polymer matrices as dependency on clay
modification have been evaluated from dynamic experiments in the shear flow
using low amplitude oscillatory measurements. Flow characteristics of all studied
organoclay nanocomposites showed shear-thinning behavior at low frequencies.
Filling of PET with some organoclays led to degradation reactions, which were
reflected by lower magnitudes of viscosity and storage modulus in the range of
higher frequencies as compared to unfilled polymer matrix. On the contrary, no
degradation during the processing of different organoclays with recycled ABS has

been observed.

Introduction

Nanotechnology was introduced as a new
method of improvement of polymer prop-
erties in 1995. The technology involves not
only incorporation of nanosized particles
into the polymer but, more importantly,
investigation of interactions between the
polymer matrix and the enormously large
nanofiller surface.!'l Especially for poly-
mer/clay nanocomposites, the surface
effects are responsible for improvement
of barrier, mechanical and rheological
properties, dimensional stability, heat,
flame and oxidative resistance. In compar-
ison with traditional fillers (20-40wt. %
loading), 2-5 wt. % filling of layered clays is
sufficient to achieve analogous material
improvement.!>? Addition of nanoscaled
fillers to recycled polymers represents a
promising  possibility of  properties
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Fax: +43 3842 402 3502;
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enhancement.[*®) Generally, three meth-

ods of polymer/clay nanocomposites pre-
paration are used: in situ polymerization,
solution mixing and melt mixing.*! The
melt mixing process is technologically much
more interesting; nevertheless, satisfactory
results  with  polyethylenterephthalate
matrix have not been achieved. Despite
sensitivity of melt rheology to changes in
structure of the dispersed nanoparticles in
the matrix, rheological experiments have
been so far rarely used in investigation and
characterization of polymer nanocompo-
sites as compared e.g. to morphological,
thermal and mechanical testing. The pub-
lished rheological studies of polymer/clay
systems, concerning mostly nanocompo-
sites with polyamides, confirm the pro-
nounced shear thinning behavior associated
with clay loading in the region of low shear
rates. The relation between the level of
delamination of silicate platelets and for-
mation of a physical network, indicated by
secondary G' and G” plateaus''?! was also
published. In our previous work, we
established extensional rheology as a fast
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method for reinforcement characterization
in polymer nanocomposites.”!) We also
published that it is possible to correlate data
of extensional rheometry with those of
shear rheometry.[llJ In this contribution,
recycled polyethylenterephthalate (PET-
R) and acrylonitrile-butadiene-styrene
(ABS-R) have been chosen from the group
of polar polymers in order to study effect of
differently modified commercial organo-
clays on rheological properties of PET-R
and ABS-R, respectively. Further motiva-
tion for this study was to investigate
topological changes (in dependency on
filler modification) and their impact on
material properties (e.g. melt elasticity,
melt strength) of the recycled polymer
matrices.

Experimental Part

Preparation of Nanocomposites
Colour-sorted recycled PET (PET-R) as
well as recycled ABS (ABS-R) has been
used as matrix. Organically modified
layered silicates with 6 different surface
treatments have been indicated as OST_1-
OST_6. For the compounding process, a
counter-rotating twin screw extruder Bra-
bender Plasticorder PL2000 using a string
die with consequent granulation using a
water bath has been employed. The pre-
pared nanocomposites containing 5 wt. % of
organoclay were indicated in the same way
as the organoclay used.

Preparation of Samples

For the extensional rheometry, the primary
granulate obtained from the compounding
process has been used. The samples for
rotational rheometry have been prepared
using the hydraulic vacuum press Collin
200 PV.

Rotational Rheometry

Rheological properties in the shear flow
were studied using a Rheometrics RMS-800
rheometer with the cone-plate geometry of
25mm diameter and controlled gap of
50 um. Experiments were performed at

Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

180°C (ABS-R nanocomposites) and
260°C (PET-R nanocomposites), respec-
tively, under nitrogen (liquid N, source) to
prevent degradation of samples. The fol-
lowing types of rheological measurements
were carried out: (1) dynamic strain sweep
test (at angular frequency of 6.28 rad/s) to
confirm the linearity of viscoelastic region,
(2) dynamic frequency sweep test over a
frequency range of 0.1-100rad/s at the
strain 0.01%.

Extensional Rheometry

We have already presented the advantages
of polymer nanocomposites reinforcement
assessment by melt strength evaluation
using Rheotens equipment.[*!”) The main
benefit of Rheotens measurement consists
in its simplicity without need of expensive
scientific equipment and additional time for
specimens preparation (primary granulate
obtained from the extrusion process can be
used). The principle of this measurement is
based on elongation of an extruded string
by two or four rotating wheels connected
with a displacement sensor. The rotation
speed is linearly increased up to when the
molten string breaks. In our work, the
Gottfert Rheotens 71.97 equipment in a
combination with a capillary rheometer has
been used.

Results and Discussion

The nanocomposites structure can be
assessed by analysis of viscosity curve
(shear-thinning effect) in combination with
evaluation of the storage modulus curve (G’
secondary plateau).*® In Figure 1-2,
complex viscosity magnitudes of ABS-R
as well as PET-R nanocomposites in
dependency on angular frequency have
been plotted. The efficiency of the organo-
clay filling manifests itself as a significant
increase in melt viscosity in the range of low
shear rates. At higher frequencies, the
complex viscosity of some PET-R nano-
composites decreased below the value of
the unfilled matrix with the same processing
history as the nanocomposites. It was
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Figure 1.
Complex viscosity of ABS-R nanocomposites.

already found that the most significant
degradation during the processing of
recycled PET and organoclay is attributed
to chemical reactions between the func-
tional groups of organic modifiers, free
water of silicate and the polymer chains.*!
These reactions lead to a decrease in
molecular weight, which explains lower
viscosity values in nanocomposites at
higher shear rates. The level of the men-
tioned degradation reactions can be

o (rad/s)

assessed by viscosity decrease of the
processed PET-R as compared to original
PET-R before processing. On the contrary,
no degradation during the processing of
ABS-R  nanocomposites was detected
because of identical viscosity curves of
primary ABS-R and processed ABS-R,
respectively.

The melt elasticity is reflected by storage
modulus curves (Figure 3, 4). Compared to
the unfilled polymer matrices, all nano-

[n*| (Pa.s)
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Figure 2.
Complex viscosity of PET-R nanocomposites.
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Figure 3.
Storage modulus of ABS-R nanocomposites.

composites show significant increase in
melt elasticity at lower frequencies. In the
range of higher shear rates, the melt
elasticity of some PET-R nanocomposites
decreased below the value of the unfilled
PET-R matrix due to degradation mechan-
ism described hereinbefore. The OST_1
nanocomposite with ABS-R matrix as well
as all PET-R nanocomposites revealed a
moderate rubber-like behavior which is
indicated as (' secondary plateau in the

10' 10°

o (rad/s)

range of low frequencies. This secondary
plateau indicates the formation of a net-
work structure (delamination) of silicate
layers in nanocomposites.">"#l The van
Gurp-Palmen (vGP) plot as a typical
dependency of loss angle & on complex
modulus |G*| has been used in order to
evaluate the topological structures of poly-
mers (Figure 5, 6). The vGP plot is
temperature invariant and provides a
method to check for the time temperature

G’ (Pa)

—O— PET-R processed
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—¥—0ST.2
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40575
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Figure 4.
Storage modulus of PET-R nanocomposites.

Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

w (rad/s)

www.ms-journal.de

167



Macromol. Symp. 2012, 311, 33-40

(o p— . ———r .
{ "o
Q*C
60 4 S0 .
> \\9\
50 o
T ]-w—assr
© 40 4 —©— ABS-R processed i
—A—0ST_1
1 v os72
50 40813 |
—P»—0ST_4
l—e—o0s15
®*—0ST 6
20 —y—r—y T
10! 10°

Figure 5.
Van Gurp-Palmen plot of ABS-R nanocomposites.

superposition principle.">"'7 In Figure 5-6,
this type of dependency is plotted for
nanocomposites prepared using ABS-R
and PET-R, respectively. All the prepared
nanocomposites show significant topologi-
cal deviation from “‘ideal behavior” repre-
sented by unfilled polymer matrices. The
ABS-R/OST_1 and PET-R/OST_4 nano-
composites showed the highest structural
deviations from those of unfilled matrices,

|G*| (Pa)

which can be attributed to highest level of
silicate delamination as compared to mix-
tures using other surface treatments.

In order to describe the viscoelastic
damping behaviour of the prepared nano-
composites, phase shift 8 in dependency on
angular frequency has been plotted
(Figure 7, 8). The curves of ABS-R
nanocomposites are similar to those of
vGP and confirm formation of differently
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organized structures (specific combination
of agglomerated, delaminated and exfo-
liated structure) depending on surface
modification of organoclay. It can be clearly
seen that the 3D silicate network is very
sensitive to shear deformation and after
reaching the angular frequency of about
1 rad/s, the original spatial structure in the
ABS-R nanocomposite melt persist no
more. In the range of higher frequencies,
the 3D disordered structure is going to
disrupt and alignment of silicate layers in
the flow direction occurs. Considering

o (rad/s)

damping characteristics of the PET-R
nanocomposites, a complex behavior in
the whole range of applied {requencies was
revealed because both delamination effect
(formation of 3D structure) as well as
degradation phenomenon (chain scission,
generation of low-molecular products) is
reflected by the values of phase angle.

In Figures 9, 10, the melt strength level of
different nanocomposites in dependency on
surface treatment is plotted. The 3D physical
network made of silicate platelets and
polymer matrix depends on the level of clay
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delamination.">""* High delamination level

together with rigid 3D-physical network
results in high material reinforcement
reflected by an increase in melt strength. It
is obvious that all the prepared nanocompo-
sites revealed significant increase in the melt
strength as compared to unfilled polymer

0.014 4——

matrices. The highest reinforcement in ABS-
R as well as PET-R nanocomposites has
been achieved with the OST_2 and OST_3
organoclays, respectively. On the other hand,
no significant differences in melt strength
level between original and processed poly-
mer matrices have been found.
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Figure 10.
Melt strength level of PET-R nanocomposites.
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Conclusion

ABS-R as well PET-R nanocomposites
have been prepared using different organic
surface modifications of layered silicate and
tested by shear as well as extensional
rheometry. Evaluation of viscoelastic
damping behaviour revealed that the 3D
silicate network in polymer melt is very
sensitive to shear deformation and after
reaching the angular frequency of about
1rad/s, the original polymer-clay structure
in the ABS-R nanocomposite melt persist
no more. In the PET-R nanocomposites
both, the delamination effect (formation of
3D structure) as well as degradation
phenomenon (chain scission, generation
of low-molecular products) have been
detected by dynamic rheological experi-
ments. Using Rheotens equipment, effect
of organoclay surface treatment on the melt
strength level of different ABS-R as well as
PET-R nanocomposites has been investi-
gated. In order to verify the formation of
specific spatial structures in dependency on
different organoclay surface treatment
conventional morphological methods (e.g.
X-ray diffraction, electron microscopy) will
be employed in the future work.
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Using knowledge from manuscripts 12 and 13, different attempts for correlation
between data of shear and extensional rheometry were tested. It was found out that
inverse parameter to loss factor (tan &) measured by rotational rheometry can be
effectively used for description of reinforcement in polymer nanocomposites, similarly to
melt strength level measured by extensional rheometry. In order to reduce the values of
cot & to one representative magnitude for one nanocomposite sample (cumulative
storage factor, CSF), G” as well as G™” values of each sample were integrated over the

specific frequency range as follows:

628rad /s 628rad /s
CsF= [G/ |G~
O.lrad/s  0O.drad/s
Plotting the CSF values together with melt strength level of nanocomposites in
dependency on screw speed, the same trends for results of extensional as well as
shear rheometry have been found. In this way, it was shown that CSF can be correlated
with values of melt strength level, i.e. that 3D physical network in polymer

nanocomposites is reflected in the same way in both shear as well as elongational flow.
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Abstract Rheological behaviour of polymer nanocom-
posites has been usually characterized by rotational
as well as capillary rheometry, which are both time
and cost consuming. We have already published that
reinforcement in polymer-clay nanocomposites can be
estimated very fast using extensional rheometer in com-
bination with a capillary rheometer. It has been proven
that the magnitude of melt strength can be correlated
with that of tensile strength, i.e. 3D physical network
made of layered silicate and polymer matrix, which is
responsible for material reinforcement, can be moni-
tored directly using extensional rheometry. Therefore,
additional time for samples preparation by press or
injection moulding as well for long measurements by
tensile testing is not required any more. In this con-
tribution, results of extensional rheometry measured
directly during compounding process are presented. In
this manner, further reduction in time required for ma-
terial characterization has been achieved. The samples
have been prepared by advanced compounding using a
melt pump and special screw geometries. With the use
of on-line extensional rheometry and off-line rotational
rheometry, different nanocomposites have been tested
and the effect of processing conditions (screw speed
and geometry in the twin-screw extruder) on elonga-
tional and viscoelastic properties has been investigated.
It has been found that the level of melt strength mea-

This paper was presented at the Annual European Rheology
Conference, April 7-9 2010, in Géteborg, Sweden.

M. Kracalik (&) - S. Laske - A. Witschnigg - C. Holzer
Institute of Polymer Processing, Montanuniversitaet
Leoben, Otto Gloeckel-Str. 2, 8700 Leoben, Austria
e-mail: Milan.Kracalik@unileoben.ac.at

sured by extensional rheometry correlates with a high
accuracy with dynamic rheological data measured by
rotational rheometry. It was hereby confirmed that the
network structure made of silicate platelets in polymer
melt is reflected in both elongational and shear flow in
the same way.

Keywords Nanocomposites - Compounding -
Elongation flow - Shear flow + Polymer - Clay

Introduction

Polymer-clay nanocomposites have been intensively in-
vestigated because of the improvements in processing
as well as use properties. Consequently, tailored mate-
rials (Ray and Okamoto 2003; Ray et al. 2003) based
on virgin as well as recycled polymers can be prepared
(Kracalik et al. 2007a, b, ¢, d). The improvement in
material properties due to nanoclay addition has usu-
ally been evaluated using a combination of morpho-
logical (X-ray diffraction [XRD], transmission electron
microscopy), mechanical (tensile testing) and some-
times also rheological (rotational rheometry) analyses.
However, these conventional methods require expen-
sive scientific instruments as well as additional sample
preparation and characterization times. Generally, in-
tercalated and delaminated (partially exfoliated) poly-
mer nanocomposites reveal significant enhancements
in their properties—higher elastic modulus, tensile
strength, thermal resistivity, lower gas and liquid per-
meability, reduced flammability (Gilman et al. 1997)
and improved rheological properties (e.g. higher melt
strength)—compared to the unfilled polymer matrix
(Ray et al. 2003). High level of reinforcement due to
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the addition of the layered silicates results from their
large active surface area (in the case of montmorillonite
700-800 m?/g) (Lee and Han 2003a, b). In the case
of highly dispersed systems, a 3D physical network
is achieved, formed by the silicate platelets and the
polymer chains. This phenomenon can be investigated
by analyzing the melt elasticity using rotational rheom-
etry (Ray et al. 2003; Kracalik et al. 2007a, b, c, d;
Hoffmann et al. 2000a, b; Sanchez-Solis et al. 2003,
2004; Solomon et al. 2001; Hyun et al. 2001; Incarnato
et al. 2004; Lee and Han 2003a, b; Kotsilkova 2002;
Krishnamoorti and Giannelis 1997; Kim et al. 2002;
Gelfer et al. 2002; Wagener and Reisinger 2003). A
fast way to evaluate this network effect is using elon-
gational rheometry (Laske et al. 2009; Kracalik et al.
2007a, b, c, d; 2009; Gottfert Ltd., Buchen, Germany,
http://www.goettfert.com), which provides information
about the melt strength.

As we have already presented (Laske et al. 2009;
Kracalik et al. 2007a, b, c, d), the effective level of re-
inforcement in polypropylene nanocomposites cannot
be based solely on an evaluation of the delamination
level (increase in interlayer distance) determined by
XRD. The simple rule “higher delamination leads to an
improvement in material properties” is not always valid
because of different influence of dispersion grade on
different material properties. For example, to improve
barrier and flame properties a high delamination level
is favoured. On the other hand, rather intercalated
structure is preferred to achieve the highest improve-
ment in mechanical properties. In the real polymer-clay
system, intercalated as well as delaminated structure is
present. The final combination of these structures is re-
sponsible for the material reinforcement in the polymer
matrix and can be monitored by extensional rheome-
try (Laske et al. 2009). Further advantage of elonga-
tional experiments is usage of primary granulate: no
preparation of additional samples is necessary. In this
paper, we extended elongational rheology on polymer
nanocomposites to be performed on-line during the
compounding process using a by-pass die. Therefore,
this fast method of reinforcement evaluation can now
be applied industrially. In order to investigate com-
plex rheological behaviour in polymer nanocomposites,
extensional as well as rotational rheometry has been
applied and results of different evaluation approaches
have been discussed.

Materials

The isotactic polypropylene homopolymer HC600TF
(MFR 2.8 ¢/10 min; 230°C/2.16 kg) used for the prepa-

@ Springer

ration of nanocomposites was supplied by Borealis Inc.,
Linz, Austria. The used nanofiller (montmorillonite in-
tercalated with dimethyl distearyl ammonium chloride)
with the commercial name of Nanofil 5 was supplied by
Rockwood Clay Additives Ltd., Moosburg, Germany.
The compatibilizer Scona TPPP 2112 FA (polypropy-
lene grafted with 1 wt.% of maleic acid anhydride,
MFR 14.8 ¢/10 min; 230°C/2.16 kg) was supplied by
Kometra Ltd., Schkopau, Germany.

Experimental
Preparation of nanocomposites

For the compounding process, a co-rotating twin screw
extruder Theysohn TSK30/40D (Theysohn Extrusion-
stechnik Ltd., Korneuburg, Austria) using 10 barrel
segments and a string die has been employed. The feed
rate was set at 10 kg/h with the screw speed variation
between 75 and 300 rpm. The temperature profile is
described in Table 1.

As listed in Table 2, different nanocomposite sys-
tems have been prepared by advanced compounding
(Kracalik et al. 2009) using the Extrex SP gear pump
(Pump Systems Textron Inc., Oberglatt, Switzerland).
The melt pump has been adjusted to negative pressure
gradient (Ap negative, poutlet — Pinlet = —100 bar). In
this way, a back pressure of polymer melt up to the
ninth extruder segment (approximately 30-40 cm be-
fore the melt pump) has been achieved. The organoclay
as well as compatibilizer content has been fixed to
5 wt.% according to our previous investigation (Laske
et al. 2009). High as well as low shear screw geome-
tries (indicated as G1 and G2, respectively) have been
applied.

Preparation of samples

For the extensional rheometry, the primary granulate
obtained from the compounding process has been used.
The samples for rotational rheometry have been pre-
pared using the hydraulic vacuum press Collin 200
PV (Dr. Collin Ltd., Ebersberg, Germany). The opti-
mal press profile (Table 3) has been chosen accord-
ing to light microscope analysis of samples pressed at

Table 1 Temperature profile in different extruder sections

Section 1 2 3 4 5 6 7 8 O 10

Temperature Cool 160 180 190 200 200 200 200 200 200
O
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Table 2 Samples’ description

Melt pump
adjustment

Screw speed
(rpm)
Ap negative 75
100
150
200
300
75 G2 (low shear)
100
150
200
300

Screw geometry:
D =30 mm, L/D =40

G1 (high shear)

different temperature, pressure and time conditions.
This procedure has been performed in order to en-
sure homogeneous melting of granulate in the press
mould.

Extensional rheometry

We have already presented the advantages of poly-
mer nanocomposite reinforcement assessment by melt
strength evaluation using Rheotens equipment (Laske
et al. 2009; Gottfert Ltd., Buchen, Germany, http:/
www.goettfert.com). The main benefit of Rheotens
measurement consists in its simplicity without the
need for expensive scientific equipment and additional
time for specimens’ preparation (primary granulate ob-
tained from the extrusion process can be used). The
principle of this measurement is shown in Fig. 1. It
is based on elongation of an extruded string by two
or four rotating wheels connected to a displacement
sensor. The rotation speed is linearly increased up to
the time when the molten string breaks. In our work,
the Rheotens 71.97 equipment (Gottfert Ltd., Buchen,
Germany) in has been used. The Rheotens equipment
has been set by applying wheel acceleration of 60 mm/s?
and gap between wheels of 0.6 mm. In order to compare
the melt strength level of different nanocomposites
(revealing different magnitudes of vy,), the tensile force
at a draw rate of 300 mm/s has been chosen as a
comparative value. The data have been evaluated from
at least three measurements for each sample and then
average data have been plotted.

Table 3 Press profile

Temperature (°C) 200 200 200 200 50

Pressure (bar) 1 20 1 100 150
Time (min) 20 5 5 7 7

Fig. 1 Principle of Rheotens measurement. ES extruded string,
RW rotating wheels, E engine, A attenuator, DS displace-
ment sensor. (Adapted from Gottfert Ltd., Buchen, Germany,
http://www.goettfert.com)

Rotational rheometry

Rheological properties in the shear flow were studied
using a Physica MCR 501 rheometer (Anton Paar Ltd.,
Graz, Austria) with a cone—plate geometry of 25 mm
in diameter and automatically controlled gap of 50 pum.
The samples’ thickness was 0.7 mm. Experiments were
performed at 210°C under nitrogen to prevent degra-
dation of the samples. The following types of rheo-
logical measurements were carried out: (1) dynamic
strain sweep test (at angular frequency of 6.28 rad/s) to
confirm the linearity of the viscoelastic region, and (2)
dynamic frequency sweep test over a frequency range
of 0.1-500 rad/s, at a strain of 0.01%. The data have
been evaluated from at least three measurements for
each sample and then average data have been plotted.

Results and discussion

The silicate platelets form different levels of 3D phys-
ical network in the polymer matrix depending on their
structure (intercalated or exfoliated). The different
physical crosslinking and bonding between polymer
chains and organoclay result in a diversity of viscoelas-
tic response. In the case of PP-g-MA compatibilized
nanocomposites, chemical reactions between quater-
nary ammonium cations and maleic acid anhydride take
place and facilitate silicate delamination (Dintcheva
et al. 2009). Therefore, individual nanoparticles act as
entanglement or crosslinking sites and raise the exten-
sional stiffness of the composite. Depending on the
degree of dispersion, this change is more or less pro-
nounced compared to the unfilled polymer and can be
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monitored by elongational rheology (Laske et al. 2009).
In Fig. 2, the melt strength level of different nanocom-
posites in dependence on screw speed and screw geom-
etry is plotted. It is obvious that, for a specific screw
geometry, a critical screw speed with optimal shear rate
as well as residence time occurs. For G2 geometry, this
critical screw speed is shifted from 100 rpm (G1) up to
150 rpm, because no kneading blocks in G2 geometry
have been assembled and the shear rate acts propor-
tionally to the screw speed. That means, with higher
screw speed higher shear energy is applied to the melt
and a lower amount of kneading blocks is required. As
a consequence of increased screw speed, the residence
time is shortened. This explains generally reduction in
melt strength when applying screw speed higher than
100 rpm (G1) and 150 rpm (G2), respectively, because
silicate dispersion in polymer melt is a diffusion process
as well and appropriate residence time is required.
Comparison of the shear energy applied during com-
pounding showed that nanocomposites prepared using
low-shear screw geometry had higher level of the melt
strength than those prepared with high-shear screw
geometry.

With the aim to correlate extensional rheology with
the results of shear rheometry, crossover moduli (G.:
G’ = G”) of different nanocomposites have been com-
pared. As Zeichner et al. (Zeichner and Patel 1981;
Zeichner and Macosko 1982) published for polypropy-
lene melt, the weight average molecular weight (M)
as well as molecular weight distribution (MWD) and
polydispersity index (M/M,) can be evaluated from
the shift of crossover modulus G.. However, no similar
empirical correlations could be found in rheological
analysis of the prepared nanocomposites.

10,0

9,5 4

9,0 H

8,5

8,0 4

Tensile force (cN)

7.5

—a—G1
7.0 --0--G2 .

65

T T T T T
50 100 150 200 250 300
Screw speed (rpm)

Fig. 2 Melt strength level of nanocomposites prepared by
different processing conditions
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The nanocomposite structure can be assessed by
analysis of the viscosity curve (shear-thinning effect)
in combination with evaluation of the storage modulus
curve (G’ secondary plateau; Kracalik et al. 2007a, b,
¢, d). In Figs. 3, 4, 5 and 6, magnitudes of complex
viscosity as well as storage modulus in dependence on
angular frequency have been plotted. As can be seen
from Fig. 3, the systems prepared with high-shear screw
geometry revealed pronounced shear-thinning behav-
iour except for nanocomposites prepared using a screw
speed of 300 rpm. This nanocomposite revealed the
lowest level of melt strength (Fig. 2) as well. However,
the G1-100 system exhibiting the highest melt strength
level in the G1 sample group did not show the highest
values of complex viscosity. The remaining samples in
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Fig. 5 Storage modulus of nanocomposites prepared using high-
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the G1 group show no correlation between elonga-
tional and shear data either. Analogically, the values
of storage moduli (Fig. 5) of the G1 samples revealed
indication of a G’ secondary plateau except for the G1-
300 sample. This can be assumed to be a delaminated
(partially exfoliated) structure in the G1-75 to G1-200
samples and rather low level of silicate delamination in
the G1-300 sample (Kracalik et al. 2007a, b, c, d). In the
G2 sample group, the highest values of melt strength
level, complex viscosity and storage modulus were ex-
hibited in the G2-150 system, while the lowest values
have been found in the G2-300 sample. However, the
differences in complex viscosity and storage modulus
values within the G2 sample group are not pronounced
enough to ensure reliable interpretation. Furthermore,
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Fig. 6 Storage modulus of nanocomposites prepared using low-
shear screw geometry
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Fig.7 Van Gurp-Palmen plot of nanocomposites prepared using
high-shear screw geometry

it is not possible to correlate elongational data with
shear data for the G2-75, G2-100 and G2-200 samples.

The Van Gurp-Palmen (vGP) plot as a typical de-
pendency of loss angle § on complex modulus |G*|
has been used in order to evaluate the topological
structures of polymers. The vGP plot is temperature
invariant and provides a method to check for the
time temperature superposition principle (Lohse et al.
2002; Schulze et al. 2003; Trinkle and Friedrich 2001;
Trinkle et al. 2002; Van Gurp and Palmen 1998). In
Fig. 7 and Fig. 8, this type of dependency is plotted
for nanocomposites prepared with high and low shear
screw geometry, respectively. For the polymer sam-
ples with linear chain structure, a typical “V”-shaped
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Fig.8 Van Gurp-Palmen plot of nanocomposites prepared using
low-shear screw geometry
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curve has been published. With decreasing complex
modulus, the values of phase angle reached the min-
imum followed by further increase until reaching a
plateau at 90°. On the contrary, long-chain branched
(LCB) polymers exhibited a more or less developed
bump between the |G*| minimum and the 90° plateau
(Trinkle et al. 2002). As can be seen in Figs. 7 and 8,
all the prepared nanocomposites show a topological
structure similar to mentioned LCB polymers with even
two or three bumps or peaks, indicating a complex 3D
structure made of silicate layers and polymer chains.
The curves of systems revealing the highest values of
melt strength level (G1-100, G2-150) are highlighted.
However, it is difficult to find any direct correlation
between elongational data and vGP curves.

In order to describe the viscoelastic damping be-
haviour of the prepared nanocomposites, phase shift &
in dependence on angular frequency has been plotted
(Figs. 9 and 10). The curves are similar to those of
vGP and confirm the formation of differently orga-
nized structures (specific combination of agglomerated,
delaminated and exfoliated structure) depending on
variation of screw speed as well as screw geometry. It
can be clearly seen that the 3D silicate network is very
sensitive to shear deformation and after reaching the
angular frequency of about 10 rad/s, the original spatial
structure in the nanocomposite melt persists no more.

As the conventional approaches have not resulted in
a successful correlation between data of shear and ex-
tensional rheology, we have tried a new way to analyse
the data of the shear flow. The storage modulus G’
reflects the elastic part, while the loss modulus gives
information about the viscous part of the dynamic shear
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screw geometry

flow. The relation of G”/G’ is defined as tan § and de-
scribes the damping behaviour of the polymer system.
On the contrary, to our knowledge, the G'/G” ratio
(cot 8) has not been used for rheological evaluation
of nanocomposites up to now. Compared to tan 8, cot
8 reflects melt rigidity, which can be associated with
reinforcement effect of nanostructured filler (combina-
tion of chain elasticity with silicate layers’ rigidity in
the polymer melt). Therefore, it should be possible to
correlate the melt strength level (tensile force from ex-
tensional rheometry) with melt rigidity (cot ). In order
to reduce the values of cot § to one representative mag-
nitude for one nanocomposite sample, G’ as well as G”
curves have been integrated over the frequency range
of 10-100 rad/s (Eq. 1) in order to use only reliable
results with a minimal scattering for the evaluation and
to neglect the structural changes that occur during the
samples’ preparation by press moulding. These changes
affect rheological results particularly in the range of
lower frequencies.

100 rad/s 100 rad/s

G / f G’ 1)

10rad/s

cot § =

10rad/s

As can be seen from Fig. 11, the same trends for tensile
force and cot 8 have been found within the G1 as well
as the G2 sample group in the whole range of screw
speeds tested. Even the slight differences between the
G1-100 and G2-100 samples are reflected by magni-
tudes of tensile force and cot 8§ in the same way. This
is a proof of possibility to correlate tensile strength
level measured by extensional rheometry with melt
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rigidity measured by shear rheometry. Because of the
opportunity to measure extensional rheometry on-line,
this method could be extended to provide information
about melt strength in elongational flow as well as
about melt rigidity in the shear flow directly during the
compounding process. This evaluation approach will be
tested on higher sample amount (difference in polymer
morphology, filler type, processing conditions, etc.) in a
future work.

Conclusion

Polypropylene—clay nanocomposites have been pre-
pared using different processing conditions (screw
speed and screw geometry) and tested by extensional
as well as shear rheometry. Evaluation of viscoelas-
tic damping behaviour revealed that the 3D silicate
network in polymer melt is very sensitive to shear
deformation and after reaching the angular frequency
of about 10 rad/s, the original polymer-clay structure in
the nanocomposite melt persists no more. With the use
of conventional rheological analysis, no direct correla-
tion between the shear and elongational data has been
found. However, the G'/G" ratio (cot §) has been cal-
culated for each nanocomposite sample by integration
of storage and loss moduli over the specific frequency
range. A plot of the cot & values together with the
melt strength level of nanocomposites in dependence
on screw speed shows the same trends for results of
extensional as well as shear rheometry. In this way,
fast assessment of the melt strength in the elongational
flow as well as melt rigidity in shear flow could be

Screw speed (rpm)

performed on-line during the compounding process. In
order to verify the new evaluation approach, measure-
ments on a broader sample range (different polymer
morphologies, filler type, processing conditions, etc.)
will be performed in a future work.
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“Rheology of multiphase polymer systems using novel “melt rigidity” evaluation
approach”

Kracalik, Milan (2015): In: AIP Conference Proceedings (1662). DOI:
10.1063/1.4918890.

Continuing the work from manuscript 14, complex LDPE nanocomposites with
nanoclay, nano-scaled TiO2 and compatibilizer were tested by novel rheological
analysis approach. The values of cot & were called as storage factor (analogically to
commonly used loss factor tan &) and the integrated values of cot & were called as
cumulative storage factor. Then, further cumulative parameters were calculated (e.qg.
cumulative complex viscosity, cumulative complex modulus) in order to test different
evaluation approaches. The cumulative storage factor plotted over cumulative complex
viscosity exhibited high linear dependency and could be directly correlated with trends
of storage modulus and complex viscosity curves in terms of dispersion grade
association. This was not the case for the plot of cumulative storage factor in
dependency on cumulative complex modulus, exhibiting rather lower coefficient of linear
regression together with some discrepancies concerning correlation with trends of
storage modulus and complex viscosity curves. The cumulative storage modulus in
dependency on cumulative complex viscosity revealed high coefficient of linear
regression but some discrepancies concerning correlation with trends of storage
modulus and complex viscosity curves. However, plot of cumulative storage modulus in
dependency on cumulative complex modulus exhibited both high coefficient of linear
regression as well as high correlation with trends of storage modulus and complex

viscosity curves in terms of dispersion grade association.
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Abstract. Multiphase polymer systems like blends, composites and nanocomposites exhibit complex rheological
behaviour due to physical and also possibly chemical interactions between individual phases. Up to now, rheology of
heterogeneous polymer systems has been usually described by evaluation of viscosity curve (shear thinning
phenomenon), storage modulus curve (formation of secondary plateau) or plotting information about damping behaviour
(e.g. Van Gurp-Palmen-plot). On the contrary to evaluation of damping behaviour, “melt rigidity* approach has been
introduced for description of physical network of rigid particles in polymer matrix as relation of [G°/[G” over specific
frequency range. This approach has been experimentally proved for polymer nanocomposites in order to compare shear
flow characteristics with elongational flow field. In this contribution, LDPE-clay nanocomposites with different
dispersion grades (physical networks) have been prepared and characterized by both conventional as well as novel “melt
rigidity* approach.

INTRODUCTION

Polymer-clay nanocomposites have been intensively investigated because of the improvements in processing as
well as application properties. Consequently, tailored materials [1] based on virgin as well as recycled polymers can
be prepared [2-4]. The improvement in material properties due to nanoclay addition has usually been evaluated
using a combination of morphological (X-ray diffraction (XRD), transmission electron microscopy (TEM)),
mechanical (tensile testing) and sometimes also rheological (rotational rheometry) analyses. For the industrial
applications, in-line near infrared spectroscopy has been introduced as one of interesting methods for assessment of
dispersion grade directly during the mixing process [5, 6]. Generally, intercalated and delaminated (partially
exfoliated) polymer nanocomposites reveal significant enhancements in their properties: higher elastic modulus,
tensile strength, thermal resistivity, lower gas and liquid permeability, reduced flammability [7] and improved
rheological properties (c.g. higher melt strength) compared to the unfilled polymer matrix [8]. High level of
reinforcement due to the addition of the layered silicates results from their large active surface area (in the case of
montmorillonite 700-800 m”.g™) [9]. In the case of highly dispersed systems, a 3D physical network is achieved,
formed by the silicate platelets and the polymer chains. This phenomenon can be investigated by rotational or
elongational rheometry, according to analysis of melt elasticity or melt strength, respectively [10, 11].

In order to correlate the data between rotational and elongational rheometry, “melt rigidity* evaluation approach
has been introduced. This includes using of factor G’/G”, which could be assigned as “storage factor” (cot d)
associated with melt rigidity comparing to loss factor (tan ) describing damping behavior of the viscoelastic
system. For the comparison of this storage factor in shear flow with melt strength in elongational flow field, data of
(" and G” have been integrated over the specific frequency range and, consequently, cumulative storage factor
[G*/]G” has been calculated. It has been proved that this cumulative storage factor correlates with values of melt
strength measured for polymer-clay nanocomposites with different dispersion grades [11]. In this work, cumulative
storage factor for different multiphase polymer systems (LDPE-clay nanocomposites with compatibilizer and nano-
scaled TiO,, respectively) has been determined for the extended range of frequencies. Moreover, further cumulative
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parameter from dynamic rheological data have been calculated and their possibility for evaluation of multiphase
polymer systems comparing to conventional approaches has been discussed.

EXPERIMENTAL

CA9150 low-density polyethylene for extrusion coating has been used for the preparation of nanocomposites
(supplied by Borealis Inc., Linz, Austria). The used nanoclays (Cloisite Na*, Cloisite 20) as well as compatibilizer
(Scona TSPE 1112 GALL) and masterbatch with nano-scaled TiO, were supplied by BYK-Chemie Ltd, Wesel,
Germany / POLYchem Ltd, Markt Allhau, Austria, respectively. Samples have been prepared using laboratory
compounder MiniLab II Haake Rheomex CTWS5 (Thermo Fisher Scientific, Germany). Performance of six different
compositions (5wt.% of nanoclay and in some mixtures further addition of 5wt.% of compatibilizer or TiO,) have
been compared with the neat LDPE matrix. Rheological properties in the shear flow were studied using a Physica
MCR 502 rheometer (Anton Paar Ltd., Graz, Austria) with the cone-plate geometry of 25 mm diameter and
automatically controlled gap of 43 pum.

RESULTS AND DISCUSSION

The nanocomposites structure can be assessed by analysis of viscosity curve (shear-thinning effect) in
combination with evaluation of the storage modulus curve (G’ secondary plateau). In Figs. | and 2, magnitudes of
complex viscosity as well as storage modulus in dependency on angular frequency have been plotted. As can be seen
from both figures, the system prepared with Cloisite 20/TiO, revealed the most pronounced shear-thinning
behaviour and G’ secondary plateau, respectively. This effect can be associated with high dispersion grade of
nanoclay in the polymer matrix due to surface modification of the clay and interfacial interactions between nanoclay
and nano-scaled TiO,. Surprisingly, nano-scaled TiO, revealed higher compatibilization effect at the interface
polymer-clay as the Scona compatibilizer, which is obvious from the rheological data in the range of lower
frequencies. Nanocomposites filled with Cloisite 20 or Cloisite Na+/Scona revealed similar dispersion grade as the
system filled with Cloisite 20/Scona. On the other hand, nanocomposites with Cloisite Na* or Cloisite Na™/TiQ,,
respectively, revealed rather low level of clay dispersion in polymer matrix.

—=— CA9150
—e— CA9150_Na
+— CA9150_Na_Scona
10° E —w— CA9150_Na_Ti
- —+— CA9150_Cloisite20
© v —&— CA9150_Cloisite20_Scona
2 - —*— CA9150_Cloisite20_Ti
:'? e o _
2 "eu
Q
@2
> 3
w1077
2 ]
Q.
£
[=]
(&]
107
10" 10° 10' 10° 10°
Angular frequency (rad/s)

FIGURE 1. Complex viscosity in dependency on angular frequency.
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FIGURE 2. Storage modulus in dependency on angular frequency.

The van Gurp-Palmen (vGP) plot as a typical dependency of loss angle & on complex modulus |G| has been used
in order to evaluate the topological structures of polymers. The vGP plot is temperature invariant and provides a
method to check for the time temperature superposition principle [12]. In Fig. 3, this type of dependency is plotted
for all the nanocomposites as well for neat LDPE matrix, respectively. For the polymer samples with linear chain
structure, a typical “V” shaped curve has been published. With decreasing complex modulus, the values of phase
angle reached the minimum followed by further increase until reaching plateau at 90°. On the contrary, long chain
branched (LCB) polymers exhibited a more or less developed bump between the |G| minimum and the 90° plateau
[13]. As can be seen in Fig. 3, comparing to the unfilled LDPE matrix, all the prepared nanocomposites show
topological structure similar to mentioned LCB polymers indicating complex 3D structure made of silicate layers,
TiO, particles and polymer chains. However, it is difficult to find correlation between dispersion grade and vGP
curves.
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FIGURE 3. Van Gurp-Palmen plot.
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In Figs. 4 and 5, cumulative storage factor (calculated over the whole measured frequency range of 0,1-628 rad.s”
") for all the nanocomposites as well for neat LDPE matrix is plotted in dependency on cumulative complex
viscosity and cumulative complex modulus, respectively, calculated also over the frequency range of 0,1-628 rad.s™.
It can be seen that cumulative storage factor plotted over cumulative complex viscosity (Fig. 4) exhibits high linear
dependency and can be directly correlated with trends of storage modulus and complex viscosity curves (Figs. 1 and
2) in terms of dispersion grade association. This is not the case for the plot of cumulative storage factor in
dependency on cumulative complex modulus (Fig. 5), exhibiting rather lower coefficient of linear regression
together with some discrepancies concerning correlation with trends of storage modulus and complex viscosity
curves.
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FIGURE 4. Cumulative storage factor in dependency on cumulative complex viscosity (y =2.10%x + 0,8194, R* = 0,9409).
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Additionally to the mentioned cumulative rheological parameters, plots of cumulative storage modulus for the
nanocomposites and neat LDPE matrix in dependency on cumulative complex viscosity and cumulative complex
modulus, respectively (Figs. 6 and 7), have been analyzed. Figure 6 shows that cumulative storage modulus in
dependency on cumulative complex viscosity reveals high coefficient of linear regression but some discrepancies
concerning correlation with trends of storage modulus and complex viscosity curves. However, plot of cumulative
storage modulus in dependency on cumulative complex modulus exhibits both high coefficient of linear regression
as well as high correlation with trends of storage modulus and complex viscosity curves (Figs. 1 and 2) in terms of
dispersion grade association.
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FIGURE 6. Cumulative storage modulus in dependency on cumulative complex viscosity (y = 149,92x + 937584, R = 0,935).
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CONCLUSION

Using novel “melt rigidity” evaluation approach, specific cumulative rheological parameters have been analyzed

and compared with conventional approach like shear-thinning or G’ secondary plateau evaluation in order to
estimate dispersion grade in multiphase polymeric systems. It has been proved that cumulative storage factor plotted
over cumulative complex viscosity and cumulative storage modulus plotted over cumulative complex modulus,
respectively, exhibit high linear dependency and can be compared with trends of storage modulus and complex
viscosity curves in terms of dispersion grade estimation.

B —
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2.3.6 Manuscript 16

“Assessment of reinforcement in polymer nanocomposites using cumulative
rheological parameters”

Kracalik, Milan (2017): In: Epitoanyag — Journal of Silicate Based and Composite
Materials 69 (4), S. 116-120. DOI: 10.14382/epitoanyag-jshcm.2017.21.

In this manuscript, new analysis method based on cumulative rheological parameters
was tested for nanocomposites with LDPE, nanoclay and nano-scaled ZnO. The
cumulative storage factor (CSF) plotted over cumulative complex viscosity (CCV)
showed clearly other trend as trends obtained from conventional rheological analysis.
For CA9150 matrix it could be seen that viscosity value is high, but reinforcement level
represented by CSF (comparing to all nanocomposites) is low. Comparing to CA9150,
the nanocomposite with 5% of ZnO revealed lower value of viscosity, but higher value of
reinforcement, followed by nanocomposite with 2.5/2.5 wt.% of Cloisite20/ZnO and
finally followed by nanocomposite with 5wt.% of Cloisite20 showing the highest
reinforcement and approximately same level of viscosity. In this way, it was possible to
separate contribution of “internal reinforcement” coming from internal friction (high
molecular weight and viscosity values, respectively) — represented by viscosity values —
and “external reinforcement” coming from 3D physical network between polymer chains
and nandfiller particles — represented by CSF values. This separation was not possible
to analyze using conventional evaluation methods based on damping behaviour. If only
polymer nanocomposites were compared, there was high correlation between CSF and
CCV values, giving possibility to compare previously described “external reinforcement”
not only for cases of nanocomposites using one polymer matrix, but also for cases of

nanocomposites based on polymer blends.
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Abstract

Multiphase polymer systems, like polymer nanocomposites, exhibit complex rheological behaviour
due to physical and also possibly chemical interactions between individual phases. Up to now,
rheology of dispersive polymer systems has been usually described by evaluation of viscosity
curve (shear thinning phenomenon), storage modulus curve (formation of secondary plateau)
or plotting information about dumping behaviour (e.g. Van Gurp-Palmen-plot, comparison of
loss factor tan 6). On the contrary to evaluation of damping behaviour, values of cot & were
calculated and called as ,storage factor, analogically to loss factor. Then values of storage factor
were integrated over specific frequency range and called as “cumulative storage factor”. In this
contribution, LDPE-ZnO-clay nanocomposites with different dispersion grades (physical networks)
have been prepared and characterized by both conventional as well as novel analysis approach.
Next to cumulative storage factor, further cumulative rheological parameters like cumulative
complex viscosity, cumulative complex modulus or cumulative storage modulus have been

introduced.

Keywords: shear flow, oscillatory shear, polymer, clay, nanocomposites
Kulcsszavak: nyirasi folyas, oszcillalé nyiras, polimer, agyag, nanokompozit

1. Introduction

Polymer nanocomposites using organically modified clays
have been intensively investigated due to enhancement of
processing as well as utility properties. Using nanoparticles
is an interesting way for preparation of polymer tailored
materials. The enhancement of material properties because
of nanoparticles addition has usually been analysed using
a combination of morphological (X-ray diffraction (XRD),
transmission electron microscopy (TEM)), mechanical (tensile
testing) and possibly rheological (rotational rheometry)
measurements [1-17]. Using 2-5% of clay, significant
improvement of material properties can be reached: high elastic
modulus, tensile strength, thermal resistivity, low gas and
liquid permeability, reduced flammability [18] and improved
rheological properties compared to the unfilled polymer matrix
[1-17]. High reinforcement due to addition of the layered
silicates results from their large surface area (specific surface of
montmorillonite is about 700-800 m?/g) [19, 20]. In the case of
highly dispersed systems, a three dimensional physical network
is achieved, formed due to interactions between silicate platelets
and the polymer chains. This phenomenon can be investigated
by analysis of the melt elasticity using rotational rheometry [1-
40]. These studies are mainly based on evaluation of viscosity
curve shape (shear thinning phenomenon), storage modulus
curve at low frequencies (formation of secondary plateau),
phase homogeneity (Cole-Cole plot) or plotting information
about dumping behaviour (e.g. Van Gurp-Palmen-plot,
comparison of loss factor tan 8). In order to enable simple
comparison of nanocomposites reinforcement in the shear
flow, new way to analyze data of the shear flow has been tested
[31, 32]. The storage modulus G* describes the elastic part
while the loss modulus provides us with information about the
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viscous part of the shear flow. The relation G"'/G " is defined as
tan § and reflects damping behaviour in the polymer system.
According available literature, the G*/G "’ ratio (cot 8) has not
been used for rheological evaluation of nanocomposites up to
now. Compared to tan & (loss factor), cot § (called as storage
factor, SF) reflects melt rigidity, which can be associated
with reinforcement effect in polymer (combination of chain
elasticity with silicate layers rigidity in the polymer melt).
In order to reduce the magnitudes of storage factor to one
representative value for one sample, G” as well as G*” curves
have been integrated over the measured frequency range as

following:
628rad /s  628rad /s

CSF = _[G’/ jG" m
O.lrad /s 0.1rad /s

In this way, cumulative storage factor (CSF) and some further
cumulative rheological parameters (e.g. cumulative complex
viscosity CCV, cumulative complex modulus CCM, cumulative
storage modulus CSM) were introduced [31]. It was proven that
values of CSF can be correlated with values of melt strength, i.e.
the reinforcement in polymer nanocomposites can be assessed
and compared in both, shear as well in elongational flow [32].
In this paper, LDPE-ZnO-clay nanocomposites with different
dispersion grades (physical networks) are reported. It is shown
that nano-scaled ZnO can be used not only as UV stabilizer but
also as reinforcement and dispersion agent, respectively. The
obtained data is analysed in this paper using typical rheological
approaches as well as cumulative rheological parameters like
CSF or CCV.
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2. Materials and Method

CA9150 low-density polyethylene for extrusion coating has
been used for the preparation of nanocomposites (supplied
by Borealis Inc., Linz, Austria). The used nanoclay Cloisite
20 (CI20) as well as LDPE masterbatch with 30% nano-scaled
ZnO (Nanobyk) were supplied by BYK-Chemie Ltd, Wesel,
Germany / POLYchem Ltd, Markt Allhau, Austria, respectively.

Mixtures have been prepared using laboratory compounder
MiniLab IT Haake Rheomex CTWS5 (Thermo Fisher Scientific,
Germany). Performance of four different compositions (pure
PE matrix, 5wt.% of C120, 5wt.% of ZnO, 2.5/2.5 wt.% of C120/
Zn0) have been compared. Rheological properties in the shear
flow were studied using a Physica MCR 502 rheometer (Anton
Paar Ltd., Graz, Austria) with the cone-plate geometry of 25
mm diameter and measuring gap of 43 pm.

3. Results & Discussion

The nanocomposites dispersion grade and effect of matrix
molecular weight on final morphology can be evaluated
using analysis of viscosity curve (shear-thinning effect) in
combination with information obtained from the storage
modulus curve (G’ secondary plateau; [33]). In Figs. 1 and 2,
magnitudes of complex viscosity as well as storage modulus
in dependency on angular frequency were plotted. As can be
seen from Fig. I, the systems prepared with CI20 and CI20/
ZnO revealed pronounced shear-thinning behavior, as result
of disruption of network structures and, consequently, by
orientation of filler particles in flow. On the other hand,
CA9150 matrix as well as nanocomposite only with ZnO
showed typical liquid viscoelastic behaviour. The lower
viscosity values of nanocomposite only with ZnO comparing
with pure CA9150 matrix can be explained by significantly
lower viscosity of LDPE matrix used for preparation of ZnO
masterbatch. Therefore, higher admixture of ZnO masterbatch
to CA9150 matrix results to higher “dilution” of CA9150
matrix, i.e. the average molecular weight in such polymer
blend will be lowered.
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Fig. 1. Complex viscosity of nanocomposites
1. dbra Nanokompozitok komplex viszkozitdsa

For systems with high dispersion grade, the dependence
of G'(w) becomes almost invariable at low frequencies. Such
“secondary” plateau indicates the formation of a network
structure (“rubber-like” behavior) reflecting the exfoliation
of silicate layers in nanocomposites [34, 47, 48]. As can be
seen in Fig. 2, systems prepared with CI20 and CI20/ZnO
showed “rubber-like” behaviour i.e. high dispersion grade,
while pure CA9150 matrix as well as nanocomposite with
ZnO exhibited typical viscoelastic behaviour. It means, in 2.5
CI20/2.5 ZnO nanocomposite, two physical interactions are
acting simultaneously: on one hand, melt elasticity is increased
by formation of 3D-physical nework between polymer chains
and silicate platelets, and, on the other hand melt elasticity
is decreased due to decrease in polymer average molecular
weight. As can be seen from Figs. I and 2, the decrease in
polymer average molecular weight is dominating in 5% ZnO
nanocomposite system comparing to pure CA9150 matrix.
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Fig. 2. Storage modulus of nanocomposites

2. dbra N itok tdroldsi modul

1p

The van Gurp-Palmen (vGP) plot as a dependency of loss
angle § on complex modulus |G*| can be used to analyze the
spatial structures of polymers [41-45]. In Fig. 3, vGP plot is
shown for prepared samples. For the polymer samples with
rather linear chain structure, a continuous shaped curve
has been published. On the contrary, long chain branched
(LCB) polymers showed a developed bump between the |G*|
minimum and the 90° plateau [44]. As can be seen in Fig.
3, systems prepared with CI20 and Cl20/ZnO show spatial
structure similar to mentioned LCB polymers with even two
bumps or peaks (CI20), indicating complex 3D structure made
of filler and polymer chains [49]. The CA9150 matrix and
nanocomposite with ZnO exhibit behaviour connected with
linear chain structure. In order to get additional information
about viscoelastic damping behaviour of the prepared samples,
phase shift & in dependency on angular frequency has
been plotted (Fig. 4). The curves are similar to those of vGP
and confirm formation of differently organized structures
(combination of agglomerated, delaminated and exfoliated
structure) depending on achieved 3D network.
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3. dbra  Nanokompozitok Van Gurp-Palmen diagramja
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Fig. 4. Phase shift in dependency on angular frequency
4. dbra  Fiziseltolodds a szogfrekvencia fiiggvényében

Another approach for description of viscoelastic damping
behaviour is so called “Cole-Cole” figure, in which imaginary
part of complex viscosity over the real part is plotted. This
figure has been widely used to assess miscibility/homogeneity
of polymer blends and compuosites in the way that a smooth,
semi-circular shape can be interpreted by better compatibility
and homogeneity, respectively [23,46]. As shown in Fig. 5
the CA9150 matrix and nanocomposite with ZnO showed
semi-circle shapes, reflecting high homogeneity of the
system. However, for the analysis of polymer nanocomposites
performance, not only homogeneity but also reinforcement
should be addressed. Using Cole-Cole plot, it can be said,
that systems prepared with Cl20 and Cl20/ZnO revealed
deviation from semi-circle shape and, therefore, are rather
not homogeneous. Nevertheless, no information about
reinforcement level can be obtained from this figure and this
problem is actually concomitant with each previously described
rheological analysis based on damping behaviour.

118 . = 2017/4 = Vol. 69, No. 4

6,0¢10° E
D 4,0x10° -
©
e
:I__

2,0x10° e .

L ——Ca 9150
2,5% CI20 2,5% ZnO
o— 5% CI20
—o— 5% Zn0
T
5,0x10°
n' (Pa's)
Fig. 5. Cole-Cole plot
5.dbra  Cole-Cole diagram

Using previously introduced analysis based on “rigidity”
behaviour [31, 32], there is possibility to analyze reinforcement
level as result of 3D physical network between polymer
chains and filler particles and, consequently, to obtain some
information hidden in analysis based on damping behaviour.

The CSF plotted over CCV in Fig. 6 shows clearly other
trend as trends obtained from figures analyzed previously in
this paper. For CA9150 matrix it can be seen that viscosity
value is high, but reinforcement level represented by CSE
(comparing to all nanocomposites) is low. Comparing to
CA9150, the nanocomposite with 5% of ZnO revealed lower
value of viscosity, but higher value of reinforcement, followed
by nanocomposite with 2.5/2.5 wt.% of CI20/Zn0O and finally
followed by nanocomposite with 5wt.% of CI20 showing
the highest reinforcement and approximately same level of
viscosity. In this way, it was possible to divide contribution
of “internal reinforcement” coming from internal friction
(high molecular weight and viscosity values, respectively) —
represented by viscosity values - and “external reinforcement”
coming from 3D physical network between polymer chains
and nanofiller particles - represented by CSF values. This
division was not possible to analyze using evaluation methods
based on damping behaviour.
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6. dbra  Kumulativ tdroldsi tényezd
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Comparing to Fig. 6, coefficient of linear regression in Fig.
7 is very high. It means, if only polymer nanocomposites are
compared, there is high correlation between CSF and CCV
values, giving possibility to compare previously described
“external reinforcement” not only in cases of nanocomposites
using one polymer matrix, but also in cases of nanocomposites
based on polymer blends. This result will be proved in further
work using not only polymer matrices with difterent molecular
weight but also with different chemical compositions.

112 # 5020

111
3 o2 . / v =9ED7x+ 0,9588
3 / /% =0,0089
80 ,
g
H yd
é 108 / —— Linear (Cumulative storage factor)
3
H 2,5¢120_2,5 2n0
3107 /

106 e

108

¥ 520
104
80.000 100000 120000 140000 160000  180.000

Cumulative complex viscosity

Fig. 7. Cumulative storage factor of nanocomposites without neat matrix
7. dbra  Nanokompozitok kumulativ tdroldsi tényezdje dgyazéanyag nélkiil

4, Conclusions

Complex polymer nanocomposites with different molecular
weight polyethylenes and clay/ZnO nanoparticles were
prepared and analyzed by conventional as well by new
rheological approach. Using novel approach based on melt
rigidity analysis the reinforcement caused by 3D physical
network between polymer chains and nanofiller particles
could be divided from that coming from internal friction
(polymer molecular weight). In this way, new inside into
performance characterization of polymer nanocomposites has
been introduced and will be tested on nanocomposites based
on different polymer blends in future work.
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2.3.7 Manuscript 17

“Recycled clay/PET nanocomposites evaluated by novel rheological analysis
approach”

Kracalik, Milan (2017): In: Applied Clay Science, 2018, 166, 181-184,
https://doi.org/10.1016/j.clay.2018.09.007.

This manuscript proved the application of cumulative storage factor for reinforcement
characterization in complex polymer nanocomposites (e.g. with PET), where the
material improvement is dependent on both, clay dispersion grade as well as extent of
degradation reactions during the processing. The CSF plotted over cumulative complex
viscosity (CCV) shows clearly differencies in material reinforcement using various
organoclays. It can be seen that CSF values can be divided into three groups: CSF of
the neat polymer matrix, CPNs with lower CSF values (10A, 30B) and CPNs with higher
CSF values (6A, Na+t). It means that effective material reinforcement was reached only
in systems using 6A and Na+. This is result of complex physical and chemical reactions,

which occur during the processing.
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Clay-palymer nanocemposites exhibit complex rheolagical behavior due to physical and also possibly chemical
interactions berween individual phases. Up to now, rheology of clay-polymer nanocomposites has been usually
described by evaluation of complex viscosity curve (shear thinning phenomenon), storage modulus curve (G°
secondary plateau) or plotting parameters characterizing damping behavior (e.g, Van Gurp-Palmen-plot, Cole-
Cole plat). On the contrary to evaluation of damping bebavior, new approach = based on evaluation of rgidity
behavior - was tested, where the values of cot & were calculated and called as storage factor”, analogically to
broadly used loss factor. Afterwards, values of storage factor were integrated over measured frequency range and

called as “cumulative storage factor”, In this contribution, clay-PET nanocompasites with different arganoclays
have been prepared and characterized by both conventional as well as novel analysis approach, Bhealogical
results have been supported by AFM micrographs.

1. Introduction

Nanotechnology was already introduced as a new method of im-
provement of polymer properties in 1995, The technology involves not
only incorporation of nanosized particles into the polymer but, more
importantly, investigation of interactions between the polymer matrix
and the enormously large nanofiller surface. Fspecially for clays
polymer nanocompaosites (CPMs), the surface effects are responsible for
improwement of barrier, mechanical and rheological properties, di-
mensional stability, heat, flame and oxidative resistance, In comparison
with traditional fillers (20-40 wt% loading), 2-5wi1% filling of clay
minerals is sufficient to achieve analogous material improvement.
Generally, the primary particle shape of different nanofillers can be
sphere, needle or a plate. High aspect ratio (particle length/thickness)
of filler facilitates high reinforcement of polymer. Therefore, lavered
and needle-formed fillers have been widely used for enhancement of
polymer property profile. Montmorillonite belongs to the group of
phyllosilicates and theoretically it is possible to reach aspect ratio of
100} by proper dispersion of this mineral in polvmer matrix.
Montmorillonite is a three-sheet-silicate where the primary layer con-
sists of one octahedral sheet surrounded by two tetrahedral sheets, Na ™
or Ca** jons in the interlayer space have been usually replaced by long
alkylammonium ions in order to increase interlayer space and, conse-
quently, to facilitate dispersion in polymer melt during melt-com-
pounding process. Nanocomposites using different polymer matrices

E-muail address: Milan Kracalik jku.ac.
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and clay minerals have been intensively investigated because of the
improvements in their processing and use properties, Consequently, it is
possible to prepare new, tailored, materials or to use nanefillers in
pelymer recyeling (Ghanbari et al,, 2013; Cassagnau, 2008; Laske et al,,
2012; Paul and Robeson, 2008; Ray et al., 2002; Szazdi et al., 2006),
Especially using nanoparticles for enhancement of recyeled PET
(Banda-Cruz et al., 2017; Gao, 2012; Liang et al., 2015; Majdzadeh-
Ardakani et al kpour and Javadpour, 2016; Rosnan and
Arsad, 201: : al., 2005) is of great interest due to broad
potential applications.

The enhancement of material properties because of nanoparticles
addition has usually been analyzed using a combination of morpholo-

gical (X-ray diffraction (X¥RD), transmission electron microscopy
(TEM)), mechanical (tensile testing) and rheological (rotational rheo-
metry) measurements. In the case of highly dispersed systems, a thres
dimensional physical network is achieved, formed due to interactions
between clay mineral layers and the polymer chains, This phenomenon
can be investigated by analysis of the melt elasticity using rotational
rheometry. Such studies are mainly based on evaluation of viscosity
curve shape (shear thinning phenomenan), storage modulus curve at
low frequencies (formation of secondary plateau), phase homogeneity
(Cole-Cole plot) or plotting information about damping behavior (e.g.
Van Gurp-Palmen-plot, comparison of loss factor tan 8). In order to
enable simple comparison of nanocomposites reinforcement in the
shear flow, new way to analyze data of the shear flow has been tested

in revised form 10 August 2018; Accepted 5 September 2018
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Fig. 5. AFM micrograph of PET/Cloisite Na+.

CSM) were introduced (Kracalik, 2015). It was proven that values of
CSF can be correlated with values of melt strength, i.e. the reinforce-
ment in polymer nanocomposites can be assessed and compared in
Both, shear as well in elongational flow (Kracalik ev al., 20110 In this
paper, recyeled clay-PET nanccomposites with different dispersion
grades (physical networks) are reported. The obtained data is analyzed
in this paper using typical rheological approaches as well as cumulative
rheclogical parameters like CSF or CCW.

2. Experimental
2.1, Materials

The used clay minerals Cloisite Na' (Ma'), Cloisite 6A (6A),
Cloisite 104 (10A) and Cloisite 30B (30B) were supplied by BYK-
Chemie Ltd., Wesel, Germany / POLYchem Lrd., Markt Allhau, Austria,
respectively,  Colour-sorted  reeyeled  polylethylenelierephthalate
(PET_R), with the intrinsic viscosity 0.73 dl/g (dilution in phenol /tet-
rachloroethane 1:3), supplied by Polymer Institute Brno, Ltd. was used
as matrix,

2.2, Methods

Mixtures & samples have been prepared using laboratory com-
pounder MiniLab I Haake Bheomex CTWS in combination with Haake
MiniJet Pro (Thermo Fisher Scientific, Germany). Performance of five
different compositions (pure PET_R matrix, 5wt% of different clay
minerals in PET_R) have been compared, Rheological properties in the
shear flow were studied using a Physica MCR 502 rheometer (Anton
Paar Ltd., Graz. Austria) with the cone-plate geometry of 25 mm dia-
meter and measuring gap of 43 pm. Morphology of nanocomposites has
been checked wsing atomic force microscope MFP-3D AFM (Oxford
Instruments Asylum Research, Inc., Santa Barbara, CA).

3. Results and discussion

The nanocomposites dispersion grade and effect of matrix molar
mass on final morphology can be evaluated using analysis of viscosity
curve (shear-thinning effect) in combination with information obtained
from the storage modulus curve (G secondary plateau; (Kracalik e al.,
2005). In Fig. 1-2, magnitudes of complex viscosity as well as storage
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modulus in dependency on angular frequency are plotted. As can be
seen from Fig. 1, the CPN systems prepared with 6A and 10A revealed
pronounced shear-thinning behavior, as result of disruption of network
structures and, consequently, by oricntation of filler particles in flow,
On the other hand, PET R matrix as well as nanocomposite with Na*
showed typical liguid viscoelastic behavior. CPN with 308 showed
shear-thinning behavior enly in a very short range of low frequencies,
Concerning the range of high frequencies, the complex viscosity of CPN
systems using 308 and 10A was lower than that of pure PET K matrix,
which reflects strong degradation reactions occurring during the pro-
cessing, deseribed more in detail in previeus work (Kracalik et
2005).

For CPN systems with high dispersion grade, the dependence of
G (w) becomes almost invariable at low frequencies. Such “secondary™
plateau indicates the formation of a network structure (“rubber-like”
behavior) reflecting the exfoliation of clay layers in CPN (Cassagnau,
2008; Kracalik et al., 2011; Krishnamoorti et al,, 2010; Pitschke et al,,
2002; Ray et al, 2002; Szizdi et al., 2006; Thomas et al., 2016;
Vermant et al_, 2007; Wagener and Reisinger, 2003; Wang et al., 2014;
Wood-Adams et al., 2000). As can be seen in Fig. 2, CPN systems pre-
pared with 6A, 104 and 30B showed “rubber-like” behavior ie. high
dispersion grade, while pure PET B matrix as well as CPN nano-
composite with Na ' exhibited typical viscoelastic behavior.

Using previcusly introduced analysis based on “rigidity™ behavior
(Kracalik, 2015; Kracalik et al., 2011}, there is possibility to analyze
reinforcement level as result of 30 physical network between polymer
chains and filler particles and, consequently, to obtain some informa-
tion hidden in analysis based on damping behavior,

The CSF plotted over CCV in Fig, 3 shows clearly differencies in
material reinforcement between various CPNs. It can be seen that CSF
values can be divided into three groups: CSF of the neat polymer ma-
trix, CPNs with lower CSF values (104, 30B) and CPNs with higher CSF
values (6A, Nat). It means that effective material reinforcement was
reached only in CPN systems wsing 6A and Na®. This is result of
complex physical and chemical reactions, which occur during the
processing. On one side, physical interactions based on clectrostatic
forces between polymer and clay mineral result into formation of dif-
ferently organized structures (combination of agglomerated, delami-
nated and exfoliated structure) depending on achieved 3D network. On
the other side, processing of PET CPNs is concomitant with different
chemical reactions {e.g. chain seission, Hofmann elimination (Kracalik
et al, 2005)) that lower CPN mechanical performance, Using cumula-
tive storage factor, it can be clearly said which organoclays leads to
effective material reinforcement (effect of 30 physical network is
higher than effect of chemical degradation) and vice versa.

In order to get morphological information, atomic force microscopy
has been employed and micrographs of CPNs with highest (30B) and
lowest (Na™) dispersion grade have been compared. As expected, or-
ganoclay with highest polar surface modification (30B) led to highest
dispersion level (only a few small agglomerates visible in Fig. 4) com-
paring to very low dispersion level using clay without surface mod-
ification (Na™ ) in Fig. 5.

al,,

4. Conelusions

PET CPNs with natural and organically modified clays were pre-
pared and analvzed by conventional as well by new rheologieal ap-
proach. Using novel approach based on melt rigidity analysis the ef-
fective material reinforcement (caused by 2D physical network between
polymer chains and nanofiller particles) could be analyzed taking in
aceount material deterioration (caused by chemiecal reactions during
the processing). In this way, new insight inte performance character-
ization of CPNs has been introduced and will be tested on CPNs based
on different polymers and polymer blends in future work.
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3. Summary
Research in this thesis concludes three aspects: polymer nanocomposites preparation,

processing and characterization, where rotational as well as extensional rheometry is

used for comparison with other measuring techniques.

The first aspect is focused on usage of conventional approaches in rheology for
description of 3D physical network generated in polymer nanocomposites and for
investigation of physical and chemical interactions during the processing. For this
reason, new approaches for thermal stability increase of nanofillers as well as methods
for structural investigation and filler/additives combinations were tested. The most
important results in this part are development of new thermally stable organoclays for
applications in polymers with melt temperature above 250°C, establishment of new
structural parameter (average tactoid size) from SAXS data and detection of synergic
effects of fillers and nanofillers combination on formation of 3D physical network on

composites/nanocomposites.

The second aspect is devoted to relationships between rheology and processing
parameters in compounding of polymer nanocomposites. Therefore, new technological
approaches for compounding and on-line as well as in-line process characterization
methods in combination with melt rheology were investigated. The main results in this
part are establishment of new compounding technology for nanocomposites production
(possibility to increase shear rate and residence time simultaneously), establishment of
extensional rheometry (on-line) and FR-NIR spectroscopy (in-line) for real-time
monitoring of dispersion grade and material properties during compounding process of
nanocomposites and contributions to analyses of shear rate/residence time and material

ageing on nanocomposite performance.

The third aspect describes the development of novel rheological analysis approach for
separation of different physically-chemical interactions, which can take place
simultaneously in processing of complex polymer nanocomposites, where more nano-
scaled fillers or/and more polymer matrices are presented. The most important results in
this part are establishment of extensional rheometry for fast characterization of
reinforcement in polymer nanocomposites, creation of correlations between rheological

parameters in shear and elongational flow, which were consequently used for
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development of new rheological parameter (cumulative storage factor) for description of

reinforcement in complex polymer nanocomposites.

Combination of all presented research aspects can be generally used for better
understanding of dispersion process in multiphase polymer systems and, consequently,
for faster development of new functional materials based on polymer composites and
blends. Especially the research part dealing with development of thermally stable
organoclays and real-time monitoring of dispersion process will be used for future work,
because the kinetics of dispersion process in polymer-clay nanocomposites including all
relevant thermo-mechanical aspects and physical/chemical interactions has not still

been completely understood.
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