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ABSTRACT

PhD thesis was focus on problematic of polyoletiteg/ nanocomposites — preparation of
(nano) composites and properties of prepared nampgsites. Two polymer matrixes
were used for study. Different types of (nanokefdl were used. (Nano) composites were
prepared at different conditions (time of compougdispeed of rotations). Changes of
mechanical and barrier properties were study. émite of conditions to properties was
study too.

First part of research is focus on barrier propsrof PE and PP nanocomposites. Second
part was focus on use of nanofiller in PP matre following research is focused on
study of influence of conditions of preparation rteechanical properties of (nano)

composites, and application of mathematic modegf@iuation of mechanical properties.

It was obtained that polypropylene/clay nanoconmtpssiad better barrier properties than
polyethylene/clay nanocomposites. The followingdgtishows that all prepared (nano)
composites have higher mechanical properties inpapison with unfilled polymer

matrix. The optimal condition of preparation wasetimined by using of 3D graph. New
mathematic model which was used for descriptioometthanical properties very good

describes measured data.

KEY WODRS

nanocomposite, mechanical properties, barrier pti@se mathematic model
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ABSTRAKT

Doktorské prace byla zattena na problematiku polyolefin/jil nanokompozityipravu
(nano) kompozit a vlastnosti ipravenych nanokompozit Dvé polymerni matrice byly
pouzity pro pipravu. Rizné typy (nano) plniva byly pouzity. (Nano) kompgzbyly
piipraveny @i rozdilnych podminkachifpravy (doba michani, rychlost michani). &m
mechanickych a bariérovych vlastnosti byly studgvaxiliv podminek pipravy na
vlastnosti (nano) kompozitoyl studovan taktéz.

Prvni ¢ast vyzkumu se zattuje na bariérové vlastnosti PE a PP nanokompoBituha
¢ast se zagtuje na pouziti rozdilnych driamanoplniva v PP matrici, nasledujici vyzkum
se zamifuje na studium vlivu podminekftipravy na mechanické vlastnosti (nano)

kompoziti a vyuziti matematického modelu pro hodnoceni maickgch viastnosti.

Bylo zjiSttno, Ze polypropylen/jil nanokompozity ¢ lepSi bariérové vlastnosti nez
polyetylen/jil nanokompozity. Nasledujici studieaakla, Ze vSechnyfipraveny (nano)

kompozity n¢ly vySSi mechanické vlastnosti nez neépla polymerni matrice. Optimalni
podminky pipravy byly ugeny pomoci 3D graf Novy matematicky model, ktery byl

pouzity pro hodnoceni mechanickych vlastnosti, velolie popisuje nagtiené hodnoty.

KLi COVA SLOVA

nanokompozity, mechanické vlastnosti, bariérovétmiasti, matematicky model
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1. INTRODUCTION

Nanocomposites are materials which study had bieeted in 98' years of last century. The
reasons of study of nanocomposites are their unggaperties in comparison with a pure

polymer matrix.

Nanocomposites are composed of polymer matrix aavbfiller. Polymer matrix can be
based on polypropylene, polyethylene, polyamidelygtgrene [1-8]. Montmorillonite,

saponite, bentonnite are clay minerals which aeel like nanofillers [7, 9-17].

Studies showed that the use of small concentratiomanofiller improved mechanical
properties, flammability or gas permeability [18}.24

The process of preparation is very complicated. ddmaplication of preparation is caused by
different properties of polymer matrix and nanefill This PhD work was focused to the
problematic of preparation of nanocomposites afildance of condition of preparation to the

final properties of nanocomposites.

Different types of nanofillers and fillers were dser preparation of (nano)composites. The
conditions of preparation were different too. Atepared (nano)composites were study from
morphological view and also from mechanical prapsrtoo. Mathematic model was used for

characterization of prepared nanocomposites.

Gas permeability was study due to of theory thattaio of nanofiller causes decrease of gas

permeability. Lower gas permeability is very neeegsn food packaging.
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2. POLYMER MATRIX

Polymer matrix is one of part of nanocompositesoun study both type of polymer matrixes
were used: polyethylene and polypropylene. Thisptdradescribes properties, use and

technology of use polymer materials.

Polyolefinic materials (polyethylene and polyprag) were used in our work. Polyolefinic
are materials which contained double bond in polyenehains. Homopolymers and

copolymer of polyethylene are the most importapesyof polyolefins.

2.1. POLYETHYLENE

Polyethylene (PE) is called homopolymer of ethyland their copolymers which contain less
than 10 wt. % of co-monomer. The properties of pthlylene are based on molecular weight,
spatial of monomer in chain of macromolecule andree of crystallinity. All initiate
properties are depended on preparation of PE.

The first polyethylene was prepared in 1935. Thiygibylene was prepared under pressure
100-400 MPa at the temperature 150-300°C. A snwmilcentration of oxide was used as

initiator.

The preparation of PE was modified. Today, PE igepared by suspension, emulsion
polymerization. The products have an average mtaegweight between 15 000 and 40 000,
melting temperature from 105°C to 120°C and thenshaf macromolecular are branched.
Classification of polymer can be from following ppectives: structure, density and

preparation. [25-26]

Polyethylene is classified from the structure to:

= linear polyethylene,

_,—'——_'_'_'_'_'_\_\_\-\_""‘-\-\_

"‘-—._\_\u_,—"”

= branched polyethylene.
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Classification of polyethylene based on density:
= |low density polyethylene (LD-PE),
= high density polyethylene (HD-PE),
= ultra high molecular weight (UHMW-PE),
» linear low density polyethylene (LLD-PE),
= medium density polyethylene (MD-PE).

The last classification is from the view of a pregteon. These types are high-pressure

polyethylene and low-pressure polyethylene.

The chemical resistance is based on degree ofatliggy (higher degree of crystallinity
causes higher resistance of PE). Polyethylenesistamt to water, non oxide chemicals at
normal temperature. However, the resistance to polar solvents is depended on

temperature. [25-26]

Polyethylene is white and transparent at normaptrature. The transparency increases in

degree of branch of macromolecules an theirs mi@eeeight.

Polyethylene is processed by injection moulding arttusion. Application of PE is very
various: PE materials are used for preparation awkaging, house wares. PE is used in

medical science too. [25-26]

2.2. POLYPROPYLENE

Polypropylene (PP) is prepared by radical or catipolymerization of propylene. This type
of polypropylene is low molecular ataxic producuili® Natta discovered that the presence

~10 ~
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of Ziegler catalyst caused the preparation of mgblecular polypropylene which is very

crystalline isotactic polypropylene. [27-29]

The structure of polypropylene is non polar. Thgrde of crystallinity of polypropylene is
from 60 % to 75 %. This fact causes that polyprepglis non transparent polymeric material
in comparison with polyethylene. Melting temperataf isotactic polypropylene is 176°C;
however, the commercial products have the meltemgperature from 160°C to 170°C.
Today, polypropylene is produce to low-pressurgmelrization. [27-29]

The properties of polypropylene are different imparison with polyethylene. The following
properties - density of polypropylene, cold-resistaxidation resistant, weather-resistant, are
lower than polyethylene. On the other hand, stigngardness and abrasionproof are higher

in comparison with PE. [27-29]

Polyethylene is processed by injection moulding amttusion. Low gas permeability and
moisture vapour transmission are the reason ofiagtn of polypropylene as packaging
materials. Components of machine, automotive, aoesundustry are the other areas of
application of polypropylene. The next applicatminpolypropylene is preparation of fibers.
The prerequisite is that the index of isotactibigher than 90 %. [27-29]

~11 ~
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3. CLAY MINERALS

Clay minerals are group of minerals which are umdpreparation of nanofiller. The
definition of clay is following:clays are mixed nature material which is primaryrgound
from fineness of grain minerals. Generally, clapliastic at adequate contain of water. Clays
indurate by dried or calcinationThis definition was defined by Guggenheima and tMar
from 1995. [30]

The definition of clay is connected to clay minerdClay minerals are distinguished by two

groups:

v' Clay minerals— all classes of phylosilicates, minerals of clad®phane, some
hydroxide, oxy-hydroxide and oxide which contribtlbe plasticity to clay minerals
and clay minerals can be dried or calcinated. Intrest of phylosilicates, the other
minerals are minority part of clay minerals.

v' Accompanying minerals are minerals which can contain clay mineralsyér,
these minerals are not in the previously clasdayf minerals. [30]

H: O

OH

O

Sior M{Al Fe, Mg, etc)
M (Al Fe, Mse, etc)

Fig. 1 The basic structure of clay minerals [31]
3.1. PHYLOSILICATES
Tetrahedrite [TGQ and octahedrite [M4 are classified as basic co-ordinate polyhedran fo

stablishment of structure of phylosilicate. The tcancation of tetrahedrite is usually

represented by i AlI**, F€* or GE are the other types of central cations of tetrated

~12 ~
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The central cations of octahedrite aré*AFe€* F&*, Mg?*, Mn?*, C&£" or Li*. The sign of
anion A is used due to of possibility of presentaroon of octahedrite O, OH, or F in sheet
silicates. [30]

Fig. 2 The chart of a) tetrahedrite and b) octaltedFhe black points represent central cation

and white points represent anion. [30]

3.2. MONTMORILLONITE

The name of montmorillonite is derived from the a&ip Montmorillon which is in France.

Montmorillonite is clay mineral which is classifiesh class of dioctahedral smectite.
Montmorillonite is hydrophilic clay mineral. Therstture of montmorillonite is 2:1 — two

silicon tetrahedral layers and one aluminum octediddyer. Fig. X shows the structure of
montmorillonite. [30]

Fig. 3 Structure of montmorillonite [32]

The tetrahedral position of montmorillonite havet rgot any or very low degree of
substitution of A" for Si** due to the charge of 2:1 layer is caused by odrahsubstitution.

[30]
~ 13 ~
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The chemical formula of montmorillonite is (Na,eafAl,MQ)2Si;O10(0OH),:n(H20). The
colour of montmorillonite is usually white or gréut sometimes is pink. The hardness of
montmorillonite is1 or 2 and the density of montitionite is 2350 kg.rii. The main

property of montmorillonite is possibility of acdapce or elimination of water depending on
surrounding condition. [30]

Fig. 4 Montmorillonite [34-35]

~ 14 ~



Tomas Bata University in Zlin, Faculty of Technglog

4. CALCIUM CARBONATE

Calcium carbonate is the next type of filler whishused for preparation of composite
materials. Low price and high number of depositalcium carbonate are the main reason

why calcium carbonate is used as filler.

The chemical formula of calcium carbonate is CagQCblour of calcium carbonate is very
variable: from white to black. The hardness of icaitcarbonate is 3 and the density is 2380

kg.m”>.
Calcium carbonate is commonly used as filler inypwric industry. The main reason is very
easy — the price of filler is lower in comparisonthvnanofiller. The next argument is

possibility to polypropylene or polyethylene maésx

In polymer industry, two types of calcium carbonai@n be used. Micronized calcium

carbonate is the first type, micro coagulate cahcaarbonate is the second type. [36-40]

~ 15 ~
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5. COMPOUNDING

Compounding is a technological process of nanocaitgpreparation. The compounding of
only pure polymer matrix and clay mineral is nosgible due to different polarity of polymer
matrix and a nature clay mineral. The finally prodwill be separated into two different

phases because the effect will be the same asiagakwater and oil.

Fig. 5 shows levels of dispergation of clay mindaralpolymer matrix. Fig 5 shows two
different phases’ clay mineral and polymeric materrig. 5 a) shows two different phases —
polymer and nanofiller. Polymer is not intercalabsdween layers of nanofiller. As it can be
seen from Fig. 5 b), polymeric material is inteatatl between layers of clay minerals in
second level. The layers are delayed the bonds are not cut. Exfoliation is the hgjHevel

of dispergation of clay mineral layers in polymedahis situation is represented by Fig 5 c).

The attractive forces are cut and layers of clayarals are dispersed in materials. [41-43]

[=———1
[—=r]
i
|=—"] .
Clay Polymeric
mineral material
— —_— —
_ £ Em=— i #._‘
a) b) c)

Fig. 5 Levels of dispergation of clay mineral inyoer matrix

Maleic anhydride polymer is used in order to inseeghe compatibility between polymeric

materials and clay mineral. The concentration cabedchigher than 5 wt. % due to a change

of mechanical properties. [44-48]

Type of compounding device, conditions of prepargtiused materials can influence final

level of distribution and dispergation of clay mialin polymer matrix.
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The Japanese scientists prepared nanocomposites isteps as first. The first step is based
on compounding of maleated polypropylene and claenal. This step is necessary for better
compatibility between polymer matrix and nanofill&@he second step is the compounding of

polymer matrix and blend.

The suitable compounding device is very importamtdreparation. Better distribution and
dispergation were reached when the nanocomposées pvepared by two screw extruder or
kneader. [49]

The conditions of preparation can influence finabperties of nanocomposites too. The
temperature of processing must be higher than mgetemperature; however, there is the
possibility of degradation of polymeric materials ranofiller modifier. This is the reason
why the preparation of blend or nanocomposite iy wemplicated. Time of compounding

and speed of rotation of kneaders can influencd properties of nanocomposites too. [41]

~17 ~
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6. AIMS OF WORK

The preparation of nanocomposites is difficult. yRodric materials, nanofillers,
compounding device and condition of preparation dafluence the properties of
nanocomposites. The type of nanofillers and themcentration can influence final properties

of nanocomposites.

PhD study was focused on the choose of optimalnpefic materials and new types of
nanofillers. Polyethylene and polypropylene wereduas two materials in the first phase of
work. The data from mechanical tests and morpholeggs to the polypropylene using in the
following study.

PhD study is focused on following aims:

= Preparation of packaging materials based on pdipdttay, study of morphology,

mechanical and barrier properties

= Usu of kneader Brabender for preparation of nan@usites at variable condition of

preparation and concentration of nanofiller

= Comparison of commercial nanofillers and compoditkesl with micronized calcium.

Composites prepared at the same conditions

= Application of mathematic model for descriptionmoéchanical properties of prepared

nanocomposites

= Determination of optimal concentration of nanofillecompounding device and

condition of preparation

~ 18 ~
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First publication,Polyolefin/Clay Nanocomposites. Comparing of Mechanical and Barrier
Properties, was concentrated on the matter of use of polynssr/clanocomposite in food
packaging industry. Packaging materials were pegpand following this tested to gas
permeability. The additional measurements were ystofl mechanical properties and
morphology structure of prepared nanocompositesioblamposites were prepared in two
steps. In the first step, blends (polyethylene polgpropylene nanofillers) were prepared by
KO kneader. The following step was the preparatbfilms which were used for study of
gas permeability. Prepared blends of nanocomposieze used for preparation of samples
used to testing of morphologic and mechanic proggeriMorphologic properties were studied
by X-ray diffraction, transmission and scanningcien microscopy. Mechanical properties
were focused to study of change of tensile strengtbld strength and E modulus.
Permeability of water vapour and gas were the mpaaperties which were studied. X-ray
patterns showed that the dispergation and dispersb nanofiller was better for
polypropylene nanocomposites which were filled esenf nanofiller Nanofil. Polypropylene
matrixes filled by nanofillers Cloisite containedgtomerate of add nanofiller. This theory
was supported by results of transmission and sogrelectron microscopy. It was obtained
that the thickness of nanofillers (Nanofil) was ab250 nm. Results from morphology were
worse for PE polymer matrixes. Mechanical tests gad permeability showed the same
situation we can observe for mechanical and baprigperties. Results from mechanical tests
of PE/Nanofil were lower than polyethylene matrixnda polypropylene/Nanofil
nanocomposites. Data from gas permeability werg weportant and interesting. Results of
gas permeability showed marked difference. Gas eabitity was lower only for
polypropylene matrix and used nanofiller but pdhyé¢ne matrix had permeability higher
than unfilled polymer matrix. The reason of markiffierence of results from morphology,

mechanical tests and gas permeability was unsliiyati nanofiller for polyethylene matrix.

The second publicationProcessing and Properties of Polyethylene/Montmorillonite

Nanocomposites, was focused on study of influence of compoundlagice to properties of
nanocomposites. Compounding device AVP twin-screivuder and KO kneader BUSS
were used. Prepared nanocomposites were basedlyethytene which was filled by two
different types of nanofiller — Cloisite and Narofihe concentration of nanofiller was 5 wt.
%. The concentration of maleic anhydride polyethglewas 5 wt. % too. Prepared

nanocomposites were studied and compared from rotogical, mechanical points of view.
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Barrier properties were studied too. Results fromrphology showed that prepared
nanocomposites by using of APV twin-screw extrubdad higher level of dispersion and
distribution than nanocomposites prepared by KCallee BUSS. The main difference was
observed at X-ray diffraction pattern and TEM pietuNanocomposites prepared by KO
kneader BUSS contained agglomerates of nanofillérs.distribution of nanofillers was poor
in comparison with samples of AVP device. Only Plgisite 30 B prepared in AVP device
had worse distribution and dispergation of nanefillThe same situation was observed when
prepared nanocomposites were taken to mechanist. tBynamical mechanical analysis
showed that all prepared nanocomposites had highmodulus but samples E modulus of
samples prepared by KO kneader was higher. Howawexchanical tests showed the
difference situation. AVP samples had higher tenstrength than KO samples. Only both
series of samples (AVP and KO) filled by Cloisit8 8 and Nanofil 5 improved tensile
strength of prepared nanocomposites. Barrier ptigseof prepared nanocomposites showed
that only samples prepared by AVP twin-screw exdruahd filled with Cloisite 25 A and PP
with Cloisite 30 B had the worst barrier properti€e sump up, AVP twin-screw extruder is
better for preparation of nanocomposites in conspari with KO kneader BUSS.
Nanocomposites prepared by AVP had higher leveldistribution and dispergation of
nanofillers, mechanical properties, and lower learppermeability than nanocomposites
prepared by KO kneader BUSS.

The third publication,PP/Clay Nanocomposite: Optimization of Mixing Condition with
Respect to Mechanical Properties, was focused on comparison of different types of
nanofillers and possibility to find the optimizatiof preparation of nanocomposites. Series of
nanofiller Dellite (Dellite 72 T and Dellite 67 Gyere used as nanofiller. Concentrations of
nanofiller were 2, 4, 6, and 10 wt. %. The concaiin of maleic-anhydride polypropylene,
which were added, was 5 wt. %. The conditions appration were variable. Time of
compounding (10, 20, 30, 40 min.) and speed ofimtg40, 60 and 80 rpm) were various.
Prepared nanocomposites were obtained from morgiwallopoint of view (X-ray diffraction
and electron microscopy) and changes of mechapicglerties (tensile strength). First, the
comparison of nanofillers is presented. X-ray diftron and pictures of electron microscopy
showed that better dispersions and distributionsrewebtained for polypropylene
nanocomposites filled by Dellite 72 T than nanocosigs contained Dellite 67 G. The same

situation was obtained for tensile strength. Theximam was obtained for PP/2 wt. % of
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Dellite 72T prepared which condition of preparatisas 80 rpm at 40 min. The dependence
of tensile strength on concentration of nanofisbiowed that nanocomposites (condition of
preparation was 10 min at 80 rpm) contained Delzel had almost the same level of tensile
strength to the contrary to polypropylene filledwbellite 67 G. However, all measured data
of mechanical tests were higher than value of keafipolymer matrix. The optimal conditions

of preparation were determined from 3D graph. 3@pgrwas constructed from data of tensile
strength, time of compounding and speed of rotat@ptimal condition was determined to 30

min. and 60 rpm.

Last publication, Polyolefin/Clay Nanocomposites. Comparison of Different Types of
Fillers and Using of Mathematic Model, studied the possibility of using of another tygfe
filler in polypropylene matrix and application ofathematic model. Polymer matrix was
based on polypropylene material. Two types of ndacs (Dellite 72 T and Dellite 67 G)
were completed micronized calcium carbonate Om@& 1Laboratory kneader Brabender PL
2000 was used for preparation. The conditions eparations were various (speed of rotation
was 40 and 60 rpm, time of compounding was 30 nmiihg concentrations of fillers were 2,
4, 6, 10, 20 and 40 wt. %. Maleic anhydride polygytene was used as compatibilizer and the
concentration was 5 wt. %. Prepared (nano) comgmsiere evaluated from morphological
and mechanical points of view. The morphology wasreésented by X-ray diffraction and
electron microscopy. Mechanical tests evaluatedhgbs of tensile and yield strength.
Nanocomposites contained 4 wt. % of Dellite 72 T Ip@or distribution and dispergation
which was shown in X-ray pattern. This theory wapported by TEM and SEM pictures.
Pictures showed agglomerates of fillers of naresfillComposites which were filled by
micronized calcium carbonate contained some aggiaie® which size was about pn.
However, worst dispergation or distribution ofdii did not influence mechanical properties
because all prepared (hano) composites had higilae of tensile or yield strength. It is
interesting that composite filled by 20 wt. % ofcnainized calcium carbonate had higher
mechanical properties than unfilled polymer matefide maximum of tensile strength was
measured for polypropylene filled with 6 wt. % ofcnonized calcium carbonate and Dellite
72 T. Both samples were compounded 30 min. anddspletation was 40 rpm. The second
chosen condition of mixing was 60 rpm at 30 mine Tasults were different than previously

condition. The maximum of tensile strength was oleteh for samples contained 10 wt. % of
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Dellite 67 G and micronized calcium carbonate. Timsaup, all prepared (hano) composites
had better mechanical properties than unfilled pelly materials in spite of poor distribution
of (nano) filler in polypropylene matrix. Mathenatmodel was used for the evaluation of
mechanical properties. Resulting stress was defroma total stress attached to matrix, stress
equal to initial particles and stress equal to leahparticles. Prepared mathematic model was
applied to measured data and the graph of depeeadehstiffness on content of filler

described very good measured data.
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POLYOLEFIN/CLAY NANOCOMPOSITES: COMPARING
MECHANICAL AND BARRIER PROPERTIES

H. Kubisova®, D. Merinska
Department of Polymer Engineering

Tomas Bata University in Zlin

ABSTRACT

Polyolefin/clay nanocomposites were filled by the series of commercial filler Nanofil. Maleated polyole-
fins were used for better compatibility between polymer matrix and filler. The morphology and properties
were evaluated. The properties of nanocomposites were tested by using mechanical tests and barrier
properties. The results of PE/clay nanocomposites showed that the mechanical and barrier properties
were not higher than the virgin polymer. However, polyethylene contained filler Nanofil 9 had better
mechanical properties in compare with the virgin polymer. PP/clay nanocomposites had higher me-
chanical properties for both used concentration and PP/Nancfil 9 and 3000 had better barrier properties
than the virgin PP.

1INTRODUCTION

Nanotechnology is a science which studies preparation, properties and applications of
nanocomposites. The nanotechnology has been started at 90 years of last century. Screw
extruder, twin screw extruder can be used for the preparation of nanocomposites. The me-
chanical properties, barrier properties were measured and compared with the pure polymer
matrix. The comparison of nanocomposites and the virgin polymer matrix (polyethylene,
polypropylene and so one) showed better properties of prepared nanocomposites [1-4]. The
application of nanocomposites is very variable: automotive, food packaging, aerospace and
SO one.

2 MATERIALS

Two different polymer matrixes were used. The first type of polymer matrix was polyethylene
DOWLEX 2035 E. Maleated polyethylene AMPLIFY GR 216 was used for a better compatibil-
ity between polymer matrix and filler. Both types of polyethylene were produced by Dow
Chemical Company, Belgium. The second type of polymer matrix was polypropylene
MOSTEN 52.412 from company Chemopetrol Litvinov, Czech Republic. Maleated polypro-
pylene EXXELOR PO 1015 was used as a compatibilizer for the polypropylene matrix. The
characteristic of both polymer matrixes shows Tab. 1. The series of nanofillers Nanofil (Nano-
fil 5, Nanofil 8, Nanofil 9 and Nanofil 3000) were produced by company Siidchemie, Ger-
many.

Melt Flow Index Density

[9/10 min] [g/lcm’]
Polyethylene DOWLEX 2035 E 6.0 0.919
Maleated polyethylene AMPLIFY GR 216 125 0.916
Polypropylene MOSTEN 52.412 3.2 0.907
Maleated polypropylene EXXELOR 1015 22.0 0.900

Table 1.Characteristic of used polymeric materials

*Hana Kubisova, Department of Polymer Engineering, Tomas Bata University in Zlin, nam. T.G. Masaryka 275, 762 72 Zlin, Czech Republic,
kubisava@ft.uth.cz

CP1042, 1 P International € onféerence on Times of Polymers (TOF) and Composites
edited by D. Aciemo, A, D"Amore, and L. Grassia
© 2008 American Institute of Physics 978-0-7354-0570-7/08/523.00
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3 PREPARATION OF POLYOLEFIN/CLAY NANOCOMPOSITES

All blends of nanocomposites were prepared by using a screw extruder KO BUSS. The link of
extrusion was comprised by screw extruder, which had as the first part the calender; water
bath and granulating device. The calender was heated by heating zones. The homogeniza-
tion and the transport of materials were caused by screw. The conditions of preparation of
PE/clay nanocomposites were following: temperatures of heating zones were 110, 150, 160,
170, 190 and 190 °C; the speed of screw was 67 rpm and speed of kneader was 280 rpm.
The conditions of PP/clay nanocomposites were following: 155, 1165, 170 and 180 °C; speed
of screw was 85 rpm and speed of kneader was 270 rpm.

The desks for study of morphology and mechanical properties were prepared by compression
moulding. The temperature of moulding of PE and PP samples were 180°C for 8 min.

The films for barrier properties were prepared on extrusion link. The link comprised from a
screw extruder Brabender, extrusion wide slotted head, cooling calender and retracing de-
vice. The conditions of extrusion for PE/clay film were following: the temperatures were 110,
150, 160, 170, 190 and 190°C; speed of screw was 40 rpm and speed of retract was 2.8 rpm.
The conditions of extrusion for PP/clay film were following: the temperatures were 150, 210,
230, 230, 230 and 230°C; speed of screw was 35 rpm and speed of retract was 3.2 rpm. The
thickness of both films was 0.05 mm.

4 CHARACTERIZATION OF POLYOLEFIN/CLAY NANOCOMPOSITES

The morphology was evaluated by X-ray diffraction and transmission electron microscopy
(TEM). The X-ray diffraction was measured by using diffractometer URD at Tomas Bata Uni-
versity in Zlin, Czech Republic. The reflection mode was 3-30 20 with steep 0.5 s and the
stamina was 5 s. TEM pictures were obtained Macromolecular Chemistry AS CR, v.v.i., Pra-
gue, Czech Republic. Samples were prepared on ultracryomicrotome LEICA ULTRACUT
UTC. Samples were measured by JEM (JOEL) at 100 kV. The mechanical properties were
measured on device T 200 Alpha Technologies. The moving clamp was 60 mm and speed of
displacement was 25 mm/min. Barrier properties were measured for O, and CO, according to
the norm CSN 64 0115-B at 25°C. The measurement was provided by Institute of Testing
and Certification, a.s. Zlin, Czech Republic. The conditions of measurement were following:
the temperature/ the relative humidity/ the time were 23°C/45 %/ 48 hours.

5 RESULTS AND DISCUSION

The X-ray diffraction and TEM pictures showed that the level of intercalation of filler was not
perfect because the agglomerates of filler are visible from X-ray pattern as a peak. Fig. 1
presented X-ray pattern of a) PE and b) PP nanocomposites.
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Fig. 1 X-ray pattern of prepared nanocomposites a) PE/3 wt.% of filler, b) PP/3 wt. % of filler
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As can be seen from TEM pictures both types of prepared nanocomposites contained ag-
glomerates of fillers (Fig. 2). The situation is the same for both types of polymer matrixes.

d »

100 nm

a) b)
Fig. 2 a) PE matrix contained 5 wt. % of Nanofil 5, b) PP matrix filled by 5 wt. % of Nanofil 5

The Tab. 2 presents results of mechanical and barrier properties of PE/ clay nanocomposites
containing 3 wt. % filler. As can be seen, the maximum of tensile strength was measured for
PE/ 3 wt. % of Nanofil 9. However, all prepared nanocomposites had lower tensile strength
than the virgin PE. The barrier properties of prepared films were better than the virgin poly-
ethylene. The results of barrier properties showed that the dispergation and the intercalation
of filler were not perfect.

PE/clay nanocomposites

Tensile strength (MPa) Qe (M“Pa’'s™") Qooz (m*.Pa’'s™)
The virgin PE 14725 297 107" 939107
Nanofil 5 14.196 512107 1.48107""
Nanofil 8 3393 511107 110107
Nanofil § 14.828 8.81 10" 1.71 107"
Nanofil 3000 12.459 772107 168107

Table 2 Properties of PE nanocomposites contained 3 wt. % of filler
6 CONCLUSIONS

This work studies and compares two prepared nanocomposites: PE/clay and PP/clay nano-
composites. The results from morphology supported the results of mechanical and barrier
properties. PE/clay nanocomposites had lower mechanical and barrier properties in compare
with the virgin PE matrix, however, only PE/Nanofil 9 had better mechanical properties than
the virgin PE. The different situation was obtained for polypropylene matrix. The mechanical
properties of PP/clay nanocomposites are better for both used concentration of filler, only PP
filled by Nanofil 8 had very lower mechanical properties in compare with the pure PP. The
barrier properties were different too, because some nanocomposites with Nanofil 8 and Nan-
ofil 3000 had lower permeability than the virgin PP.
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Processing and Properties of
Polyethylene/Montmorillonite
Nanocomposites

D. Merinska.®* H. Kubisova, A. Kalendova, and P. Svoboda

Faculty of Technology in Zlin, Tomas Bata University,
762 72 Zlin, Czech Republic

J. Hromadkova
Institute of Macromaolecular Chemistry, Prague, Heyrovského nam. 2

ABSTRACT: Polyethylene (PE) nanocomposite samples were prepared with
Closite 25 A, 30B, and 93 A and Nanofil 5§ and 3000 nanofillers. The amount of
modified Nat montmorillonite (MMT Na™) was fixed to 5wt%. For the
compounding of PE matrix and nanofillers. two different compounding equipments
were used. KO Kneader Buss and APV twin-screw extruder. In all samples, maleic
anhydride-modified PE (PEMa) was added as a compatibilizer. The content of
PEMa in mixtures was always Swt%. The level of MMT exfoliation in the
nanocomposite systems was studied by X-ray diffraction and by transmission
electron microscopy observations. The properties of samples were evaluated by
dynamical mechanical analysis (E* modulus at 30°C) and by the measurement of
tensile properties (stress and strain at break). Because of the possibility of usage of
prepared materials in packaging industry. barrier properties were measured with
focus on oxygen, carbon dioxide, and water vapor permeability. The influence of two
different used compounding equipments on the prepared nanocomposite samples of
PE nanocomposites was discussed.

KEY WORDS: polymer nanocompositemontmorillonitePEcompoundingCloisite-
Nanofil.
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INTRODUCTION

OWADAYS. IT IS very well known that nanocomposite material
Nrepresenls a material in a polymer area, where filler particles in nano-
sizes are homogenously dispersed in a polymer matrix. This type of fillers
has taken a considerable position in preparing filled materials in the last
decade either in polar polymer or in nonpolar, such as polyethylene (PE) or
polypropylene. A study of polymer nanocomposites involves either the own
preparation process or an observation of phenomena, which take place in
nanocomposite properties. What is very important for filled materials
generally is in the same way important for nanocomposites. Interactions
between polymer matrix and filler particles have a significant importance in
polymer/clay nanocomposites. Clay nanoparticles can have a function, for
example, as a novel flame retardant [1-4] or they can cause increased
dimensional stability. Later, also barrier properties are being studied [5-7].
Although some of these improvements can be achieved with conventional
fillers (mineral or glass), the content has to be quite high (20-40wt%)
compared to typical 3-5% charge in case of nanoclay.

Layered nanoparticles come especially from minerals of the group of
layered clays. Currently, one of the widely studied and used one is
montmorillonite (MMT). Montmorillonite belongs to the group of the
structure 2:1 minerals. Its structure is being described as one aluminium
oxide octahedral layer sandwiched by two layers of silicon oxide [8,9].

The natural montmorillonite disintegration into individual platelets in
nanoscale demands two main steps. The first one is a modification of MMT
by an intercalation (organofilization) of certain organic compounds.
Intercalation is an organic compound (i.e., octadecylamine [10,11] or
quaternary ammonium salts [12]) insertion between MMT layers. When the
distance of layers becomes higher, the molecular bonds become weaker and
another step — compounding with polymer — than the energy for a layer
separation is lower [13].

Two main modes of organofilization were published. The first one is
based on the ion-exchange reaction where the inter-layer cations (usually
sodium) are replaced with onium organocations. The most common onium
ions are quartenary ammonium salts or acid salts of amines [14,15]. Another
mode is based on the ion-dipole treatment, where organic molecules
containing a sufficiently strong dipole (or more dipoles) coordinate to the
sodium in the gallery space [16,17].

The mixing of modified montmorillonite with the polymer (compounding)
is usually performed in melt in a screw compounder. To evaluate the
nanocomposite morphology, two main expressions are used — intercalation
and delamination, exfoliation, respectively. The intercalated level is the state
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wherein the nanocomposite well-ordered multi-layered structures
are noticeable. The extended polymer chains are inserted into an
interlayer. The delaminated or exfoliated state represents the structure
with the individual silicate layers. They are homogenously dispersed in a
polymer. Actually, in a polymer matrix, both structures can co-exist
together [18].

Generally, the compounding equipment has a big influence on the
montmorillonite particles exfoliation in either polar polymer matrix (PA) or
nonpolar one (polyolefins). Unfortunately, the MMT exfoliation is not that
simple, as it was expected. And the connection of highly polar nanofiller
layers with nonpolar PE matrix brings extra problems. It is the reason,
why studies concerning this topic have been published during several
past year [7.19,20]. The better level of MMT exfoliation can be achieved
by higher amount of energy brought in a system. This can be achieved by
the starting of compounding in a single screw when one can study the
effect of increasing screw speed. The next step could be twin-screw
extruder or even special types of very high efficient extruders (with conic
screws, etc.) [21].

Preparation of PE nanocomposites because of their high hydrophobicity
also should be performed with a compatibilizer in order to improve the
affinity of the modified MMT and a polymer matrix. Currently, maleic
anhydride-modified polypropylene is being studied and widely used [20-23].

The aim of this study was to investigate the process of MMT exfoliation
by transmission electron microscopy (TEM) and X-ray diffraction (XRD) in
PE matrix when the two different types of compounding equipments were
being used. Then, the mechanical properties were evaluated with focus on
modulus by DMA, tensile strength, and barrier properties.

EXPERIMENTAL

Commercial modified MMT nanofiller, Cloisite 25A, 30B, and 93A, from
Southern Clay Products, Inc., and Nanofil 5 from Siidchemie Germany were
used as nanofillers. Differences among individual nanofillers lie in the
different types of intercalant agents (details can be found on the websites of
above-mentioned companies). All samples were prepared with Swt% of
MMT. The polymer/clay composites were compounded with KO Buss
kneader D=30mm, L/D=18, at the temperature of 180°C and in twin-
screw laboratory extruder APV MP19-25TC from APV Baker, D =19 mm,
L/D =25 at the same conditions. After pelletization of the strands, the
pellets of mixtures were pressed into the sheets. The achieved level of
exfoliation of the prepared sheets after a compounding process was
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Table 1. The data of DMA measurement.

E* modulus E modulus Loss Loss angle
Sample (MPa) KO (MPa) APV angle KO APV
Unfilled PE 286.4 0.1613
25A 459.9 4712 0.1224 01115
30B 469 478.2 0.1284 0.1156
93A 514.9 526.1 0.1324 0.1292
Nanofil 5 466.27 4701 0.1187 0.1056

measured by XRD. Compounded samples were analyzed by XRD
powder diffractometer (INEL) equipped with the curved position sensitive
detector CPS 120 (120" 26), reflection mode with a germanium mono-
chromator (Cu,, radiation). Samples were placed in a holder and exposed
for 2000 s.

From mechanical properties, £* modulus, loss angle, and tensile strength
were evaluated. The measurement of E* modulus was carried out by DMA
DX 04T (R.M.1., Czech Republic) at 30°C. The specimens were cut out from
the pressed sheets. The DMA values are summarized in Table 1.

Transmission Electron Microscopy

For the transmission electron microscopy (TEM; JEM 200CX), the
specimens were cut using Leica cryo-ultramicrotome at sample temperature
—100°C and knife temperature —50°C to obtain ultra-thin sections with the
thickness approximately 50 nm and an acceleration voltage of 100kV was
used.

Barrier Properties

PE/Cloisite nanocomposite-molded films with the thickness about 50 um
were used for the measurement carried using the device for gas permeability
with a pressure pickup LMP 150 (made in Tesla Roznov, Czech republic), at
the temperature 25°C and the hypertension 0.4-0.6 MPa. On this device,
oxygen and carbon dioxide permeability coefficient measurements were
carried out.

The water vapor permeability was measured in the agreement with the
ASTM E 95-96 — Standard Test Methods for Water Vapor Transmission of
Materials. Out measurement was carried out at 30°C and 50% relative
humidity.
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Figure 1. XAD patterns of PE/clay samples (5% of MMT loading) prepared in KO kneader
Buss.
DISCUSSION

In order to compare the influence of different compounding devices on
the level of exfoliation, the XRD technique was used. Figure 1 shows XRD
patterns of samples prepared by KO Buss kneader. In all cases, it is possible
to notice that the exfoliation of MMT particles did not happen completely.
In the comparison with the pattern of unfilled PE, all other curves exhibit
peaks with various heights and peak positions, which belong to the
nonexfoliated montmorillonite agglomerates. The patterns of samples filled
by Cloisite 93A and Nanofil 5 even exhibit the next broadening peak. Thus,
as it was said, already from this first observation, it can be concluded that
MMT here is not well exfoliated. Figure 2 shows the patterns of
nanocomposite samples prepared on APV twin-screw extruder. The shape
of patterns here is completely different from those in Figure 1. The
noticeable maxima are present only in two shown patterns. However, they
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Figure 2. XRD patterns of PE/clay samples (5% of MMT loading) prepared in APV twin-
screw extruder.

are not high and sharp. Moreover, in the area between 2.5” and 7°, the curve
is flat without any significant peaks. It indicates that the level of exfoliation
after the compounding in APV achieved much higher level. To show the
difference more clearly, two selected fillers are plotted in one graph
(Figure 3). The curves belonging to samples prepared in APV device are
almost without any peak — there are no measurable multilayer regularly
arranged structures. XRD analysis has indicated better mixing in twin-screw
extruder. To confirm these results, we had carried out also TEM
observations of the structures.

TEM allowed us to obtain the images of the sample morphology in
two different magnifications. These images are shown in Figures 4(a),
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Figure 3. XRD patterns of PE/clay samples (5% of MMT loading) prepared in KO kneader
Buss and APV twin-screw extruder - the comparison.
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Figure 4. TEM images of the sample PE/Cloisite 25A prepared in: (a) KO Buss and (b) APV

twin-screw extruder.
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Figure 5. TEM images of the sample PE/Cloisite 25A prepared in: (a) KO Buss and (b) APV
twin-screw extruder (higher magnification).

(0

Figure 6. TEM images of the sample PE/Cloisite 93A prepared in: (a) KO Buss and (b) APV
twin-screw extruder (higher magnification).

(b) and 5(a), and (b) for PE/Cloisite 25A composite. The first pair of TEM
images (Figures 4 and 5) belongs to the samples of nanocomposite PE/
Cloisite 25A, (a) shows the sample prepared by compounding in KO Buss,
(b) shows the images of sample prepared by APV extruder. It is possible to
see clearly the bigger MMT agglomerates in case of KO Buss kneader
preparation, The size of montmorillonite particles in figure b is noticeably
lower. The same trend confirms the second pair of TEM images with higher
magnification (Figure 5(a) and (b)). The thickness of MMT particle in figure
b (APV extruder) is significantly smaller; it is close to tens of nanometer.
The similar situation is possible to describe in the case of the next used
nanofillers, Cloisite 93 A and Nanofil 5 (Figures 6 and 7(a) and (b)).
In both cases, it is possible to recognize in the images the presence of
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Figure 7. TEM images of the sample PE/Nanofil 5 prepared in: (a) KO Buss and (b) APV
twin-screw extruder (higher magnification).

bigger and thicker (with more MMT layers together, only intercalated, not
exfoliated) particles of clay nanofiller for the samples prepared in KO
kneader Buss. In contrast, the particles in the samples compounded in APV
device, the particles are smaller with the thickness going to the particular
MMT layers dispersed in the PE matrix.

To sum up, the results of TEM observation support the results from XRD
measurement. The level of exfoliation was higher for the samples prepared
by APV twin-screw extruder.

For the practical applications of prepared nanocomposite materials,
mechanical properties are very important. Dynamical mechanical analysis
(DMA) is a powerful method for obtaining values of modulus and loss angle
tan §. The data from DMA are listed in the Table 1 and in two graphs
(Figures 8 and 9). Figure 6 represents the data of £* modulus. It is clear that
all prepared samples, prepared either by KO Buss or by APV extruder, show
about 50% increase in £* (the improvement of stiffness). Moreover, this
graph brings the information that there is no significant difference between
values obtained for both observed devices.

Next data obtained from DMA measurement focus on loss angle tan 8.
Values of tan § are calculated as the ratio of loss modulus E" and storage
modulus E” (tan § = E'/E"). This tan § value describes the level of material
elasticity. Many times higher elasticity is considered as a positive change
with exception to shock absorbing application when high tan § is required.
And the elasticity is influenced by the level of MMT exfoliation in a polymer
matrix, better exfoliation causes higher elasticity. So, it can be considered to
be one of the possible evaluations of MMT exfoliation. Figure 9 shows
values of tan & of observed samples. We can say, that the results are in good
agreement with the results of E*. All values of filled samples are lower
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Figure 8. Graph of DMA - E* modulus.
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Figure 9. Graph of DMA — loss angle (tan §).
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Figure 10. Graph of mechanical properties measurement — tensile strength.

(we have achieved better elasticity), than for unfilled PE and there is also the
same tendency, APV samples are better than KO Buss ones. To sum up, the
use of twin-screw extruder brings the better level of MMT particles
exfoliation.

The data from tensile stress measurement are plotted in graph in
Figure 10. The tendency here is quite different from the DMA results.
Values of tensile stress vary in higher scale and not all of them are better
then unfilled PE. The best results were achieved for the sample PE/Nanofil 5
and not significantly lower the value of sample PE filled with Cloisite 93A.
In addition, here the differences between values related to both used
compounding devices have better visibility. Samples prepared by APV
extruder show much higher improvement compared to the case of KO Buss.
The tensile test represents a mechanical behavior of samples during a
destruction process. The explanation of lower values of destruction
properties can be that bigger MMT agglomerates (compare Figures 4 and
5 — TEM images) cause stress concentration during the tensile measurement.
Better dispersion of the nanolayer causes increase in tensile strength such as
it was shown for example for PE/Nanofil 5 (compare Figures 7 and 10).
These results are in very good agreement with the TEM observation.

PE nanocomposites have been studied for longer period of time as
materials that would be possible used in a packaging industry [24]. That is
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Figure 11. Graph of permeability — oxygen permeability coefficient.

why also in our work, we were interested in the measurement of permeability
properties. Figures 11-13 represent three graphs showing permeability
coefficients for oxygen, carbon dioxide, and water vapor. Figure 11 exhibits
the observation of oxygen permeability. The values plotted here show that
the sample PE/Nanofil 5 is the worse one, which is exactly the opposite
result to the tensile strength measurement. All composites containing
Cloisites exhibit lower permeability coefficient in comparison with the
unfilled PE matrix. When we focus on the differences between samples
prepared by different compounding devices, the tendency is not the same,

but almost in all cases, the values are lower for samples prepared by APV
extruder.
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Figure 12. Graph of permeability — carbon dioxide permeability coefficient.

Similarly to the first-described graph (Figure 11), the next one deals with
CO, coefficient (Figure 12). However, here the values for Nanofil 5 are
better in comparison with unfilled PE; surprisingly, it is the lowest from all
observed samples. This result can be explained by different sizes
and polarities of O, and CO, molecules, which also influence the
transmission of these gases through the PE film. Nevertheless, the results
of APV samples exhibited here also have the lowest values of CO;
permeability coefficient.

The water vapor permeability was the last-studied property. The
measurement is not the same as in cases mentioned above (it was described
in ‘Experimental’ section). The data are presented in Figure 13. The results
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Water steam permeability after 288 hours
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Figure 13. Graph of permeability — water vapor permeability.

show that the permeability after 288 h of observation was lower for almost
all studied samples in comparison with a clean PE, except of PE/Cloisite
30B. It indicates that all other samples can be used for the decreasing of
water vapor permeability. The big influence of different preparation
methods was obtained in case of nanofiller Cloisite 25A and Nanofil 5.
Any product (in our case nanocomposite) has to be evaluated many
angles and not just from one point of view. This overall summary is shown
in Table 2. The best composite in our case was PE/Cloisite 93A, second
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Table 2. The summary evaluation of measured properties.

Nanofiller Cloisite 25 A  Cloisite 30 B Cloisite 93 A Nanofil 5

Modification
(www.pages)

APV KO APV KO APV KO APV KO

E* modulus + + + -+ + + + +
tan & + + K + + + + +
Tensile strength 0 - - - + + + +
Oxygen permeability + 4 + + ES 4 - 2
Carbon dioxide permeability + + e + + + + +
Water steam permeability + + - - + + + +
Total 0 1 2 2 0 0 1 1
+, positive effect; 0, almost no effect; and —, negative effect.

being PE/Cloisite 25 A prepared by twin-screw extruder. The worst in our
study was PE/Cloisite 30 B. This shows the importance of modification at
the clay manufacture and the selection for the particular polymer matrix.

CONCLUSIONS

In this study, the influence of different compounding devices on the PE/
nanofiller properties was observed. The samples with choice type of
commercial nanofiller were prepared either by the use of KO Buss kneader
or APV twin-screw extruder. The morphology, mechanical properties, and
permeability of three gases were studied.

Generally, almost in all cases, the results obtained for samples prepared
by twin-screw extruder were better than those obtained for KO Buss
samples. This phenomenon was different only in the case of E* modulus
measurement, where all values increased in the same level disregarding the
way of preparation or the type of nanofiller. A little bit different is the
situation in case of values tan §, where the improvement was observed also
for all samples, but it is possible to notice the influence of compounding
devices. By contrast, the tensile stress did not exhibit the improvement for all
samples; here PE with nanofillers Cloisite 93A and Nanofil 5 can be used for
the increasing tensile stress. To lower the permeability for observed
substances, oxygen, carbon dioxide, and water vapor samples with
Cloisite 25A and 93 A seem to be the most suitable.
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To sum up, the best results were obtained for the sample of PE/Cloisite
93A prepared by APV extruder.

The future work will follow presented work and it will be focused mainly
to the elaboration of influence of other modified conditions used for PE
nanocomposite preparation on its properties.
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Abstract Polypropylene/clay nanocomposites were studied with focus on opti-
mization of mixing conditions. Two different types of commercial nanofillers
Dellite® were used (Dellite® 72T and Dellite® 67G). Effect of various concentra-
tions of fillers on morphology and mechanical properties was investigated. Condi-
tions of preparation were varied with respect to mixing time and speed of rotation of
kneaders. Results of morphology study showed that nanocomposites contained
agglomerates of nanofillers. The comparison of the filler types revealed that better
dispersion and distribution was found for nanocomposites containing Dellite 72T
which had also better tensile strength. Optimum mixing time was 30 min. 3D
graphical analysis showed that the optimum speed of rotation was 60 rpm and with
increasing clay content (2-10 wt%) the lensile strength increased.

Keywords Polyolefine - Clay - Nanocomposites - Morphology -
Mechanical properties

Introduction

The nanotechnology is a science field which started during the 1990s. The
nanocomposite is a material composed from polymer matrix and a filler called
nanofiller because of its nano dimensions. Group of polymeric materials, e.g.
polypropylene, polyethylene, polyamide and polystyrene, represent materials used
as polymer matrix [1-8]. Montmorillonite, vermiculite or saponite are clay minerals
used as nanofiller [9-13]. The reason of preparation of nanocomposites was
expectation of achieving of unique properties that cannot be obtained by micro-size
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Fig. 1 Principles of modification of clay minerals

fillers. The presence of nanofiller improves mechanical and barrier properties and
flame resistance | 14].

However, the proper preparation of these unique materials is very difficult. This
is because polyolefins are hydrophobic and montmorillonite is hydrophilic [ 14]. The
preparation ol nanocomposites starts by modification of natural clay mineral, e.g.
montmorillonite. The name of modification is organofilization. Organofilization of
clay mineral, respective montmorillonite, can be performed by two different
methods. The first method is called ion dipole method that can be performed in melt.
and therefore it is called “dry” method.

The second method is 10n exchange reaction. lon exchange method is called wet
method due to washing of by-product Na™ [15]. Both principles of modification of
clay minerals are shown in Fig. 1.

The modification can influence the intercalation or exfoliation of clay minerals.
The degree of intercalation has three levels which are shown in Fig. 2 [16]. The first
level is called phase separated because one can find two phases, polymer and clay
(polymer does not enter between clay plates). The second level is intercalated.
Polymer enters between clay plates to a lower extent which causes increase in plates
distance. The highest level is exfoliated—plates of fillers have random orientation in
polymeric matrix. This structure is called nanostructure.

The preparation technique can influence the level of intercalation of filler. The
Toyota Corporation prepares nanocomposites i two steps. The mineral clay 1s
modified by organic compound in the first step; the compounding of polymer
matrix, maleic anhydride modified polymer with modified nanofiller is mixed in the
second step. The processing temperature is above the melting point of the polymers;
a compounding device can be single screw extruder or twin screw extruder [ 15].

Conditions of compounding can influence consequent degree of intercalation or
exfoliation that results in a change of mechanical properties. The first quantity is
time of compounding; the second is the speed of rotation of screw or kneaders [ 16].
Theoretically, higher speed ol rotation should cause better dispersion and
distribution of plates of the filler.

This research describes preparation of polypropylene—montmorillonite nano-
composite. Dellite™ (Dellite 72T and Dellite 67G) was used as filler. Various speeds
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Fig. 2 The level of intercalation/exfoliation of nanofiller in polymeric matrix

of rotation and times of compounding were used in our study; the concentration of
nanofiller varied too. Degree of intercalation or exfoliation of filler was obtained by
X-ray diffraction and supported by transmission electron microscopy (TEM). Also
tensile properties were evaluated.

Experimental
Materials

Three types of materials were used in this research: polypropylene (PP), maleic
anhydride modified polypropylene (Table 1) and filler. Polypropylene Mosten GB
003 produced by Chemopetrol Litvinov, Czech Republic was used as the polymer
matrix. Maleated polypropylene was supplied by ExxonMobil Chemical Europe,
Belgium. Two types of nanofiller Dellite were used (D 72T, D 67G): their
concentration was selected 2, 4, 6 and 10 wi%. The nanofillers were supplied by
Laviosa Chemical Mineraria S.p.A.. Italy.

Table 1 Specifics of polymeric materials

Polymeric materials Density (g/em ™) Melt Aow index (g/10 min)
Polypropylene Mosten GB 003 907.0 3.2°
Maleated polypropylene Exxelor PO 1015 900.0 220"

2 AL 230 °C
P At 190 °C
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Table 2 Composition

of nanocomposites Filler (g) Polypropylene (g) PP-MA (g)
2 wit% 1.0 46.5 2.5
4 wtb% 2.0 45.5 2.5
6 wi% 3.0 44.5 2.5
10 wt% 5.0 42.5 25

Preparation of the polymer-clay nanocomposites and samples

All nanocomposites in this work were prepared by melt mixing in a Brabender
Plasticorder compounder. There were two variables: speed of rotation and time of
compounding.

Conditions of preparation were the following: the speeds of rotations were 40, 60
and 80 rpm; the times were 10, 20, 30 and 40 min. The temperature of com-
pounding was the same for all samples, 220 °C. The charge was 50 g and it
contained the pure polymer. maleic anhydride modified polypropylene and filler
(Table 2).

Sample preparation and evaluation techniques

X-ray diffraction measurement (XRD) was performed on diffractometer URD 6, the
reflex mode, angle range was 3-30" with a step of 0.05" and the time interval was
5 s. Specimens were prepared by compression moulding. Conditions of preparation
were following: the temperature of moulding was 220 °C and time of moulding was
7 min, followed by 8 min cooling. Conditions were the same for all samples.

Transmission electronic microscopy (TEM) was obtamed by JEM 200CX
(JOEL). The ultra thin specimens were cut with an ultracryomicrotome LEICA
ULTRACUT UCT at —110 °C. TEM pictures were take on device JEM 200CX
(JOEL) at 100 kV. Pictures were digitalized by using digital camera DXM1200
Nikon. The digital camera was controlled by a computer.

Mechanical properties were tested on tensile test machine Instron 8871. All
specimens were tested at following conditions: moving clamp distance was 50 mm
and the rate was 50 mm/min for all specimens. The temperature was 23 °C. The test
was performed according to the standard CSN EN 1SO 527-3.

Results and discussion

XRD measurement of pure montmorillonite and PP/clay nanocomposites

Figure 3 shows X-ray pattern of PP filled with 4 wit% of both nanofillers. The
conditions of preparation were: 80 rpm, 10 min. As can be seen. both curves contain
peaks which show presence of agglomerate of nanofiller. However, the X-ray

pattern shows that PP/Dellite 72T has better level of dispergation of filler in
comparison with PP/D 67G which comes from the fact that peak has moved to lower
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Fig. 3 X-ray pattern of PP/clay nanocomposites mixed at 80 rpm for 10 min

angle (compare 5.55° with 5.4"). TEM pictures confirmed the results of intercalation
and/or exfoliation from XRD as follows.

TEM images of PP nanocomposites

TEM images were obtained for PP filled with 4 wt% of D 72T and D 67G mixed for
10 min at 80 rpm, see Fig. 4. Better dispersion and distribution of nanofiller were
obtained for samples containing Dellite 72T. The thicknesses of particles were
150 nm, as can be seen at Fig. 4a. Figure 4b shows agglomerate of nanofiller. The
dispersion and distribution of nanofiller were better in case of PP/Dellite72T.

Fig. 4 TEM pictures of PP/4 wt%: a Dellite 72T and b Dellite 67G (80 rpm/10 min)

@ Springer

~ 55 ~



Tomas Bata University in Zlin, Faculty of Technglog

538 Polym. Bull. (2010) 65:533-541

Table 3 Data of tensile strength of PP/clay nanocomposites

2 wi% 4 wi% 6 wit% 10 wi%

D 72T D 67G D 72T D 67G D 72T D 67G D 72T D 67G

Pure PP 12.7 12.7 12.7 12.7 12.7 12:3 12.7 12.7
40 rpm/10 min 26.2 252 319 21.6 329 25.8 320 30.6
40 rpm/20 min 32.1 27.8 31.9 27.6 33.0 26.9 32.0 31.7
40 rpm/30 min 30.7 24 .8 324 27.0 33.0 24.5 28.9 32.8
40 rpm/40 min 28.4 30.7 335 282 30.9 23.1 33.0 313
60 rpm/ 10 min 27.2 27.9 29.9 272 29.7 24.3 28.7 25.6
60 rpmy/20 min 33.7 30.5 204 274 324 26.8 30.2 323
60 rpm/30 min 34.3 28.2 333 29.1 32.5 25.8 30.5 33.1
60 rpmy/40 min 33.0 259 31.8 26.3 32.1 25.0 34.0 31.0
80 rpny/ 10 min 324 294 324 250 33.1 24.2 31.5 30.8
80 rpm/20 min 28.1 27.1 334 28.6 284 29.0 32.8 318
80 rpm/30 min 28.6 26.6 325 26.5 30.7 30.3 321 324
80 rpm/40 mn 34.5 28.7 32.8 249 28.0 27.5 224 3.5

Mechanical properties of PP/montmorillonite nanocomposites

Mechanical properties (tensile strength) were measured for all prepared nanocom-
posites and compared with the pure polymer matrix. Measured data are shown in
Table 3.

As can be seen from Table 3, all prepared nanocomposites had higher tensile
strength in contrast with pure polypropylene matrix. The maximum of tensile
strength was obtained for PP filled with 2 wit% of Dellite 72T (80 rpm/40 min) and
the minimum was found for PP/4 wi% of Dellite 67G (40 rpm/10 min).

Figure 5 shows dependence of tensile strength on the concentration of both types
of nanofillers.

Figure 5 shows dependence of tensile strength (TS) on concentration of
nanofiller. Specimens were prepared at 80 rpm for 10 min. As can be seen from
Fig. 5. the dependences had different shape of curves. The curve of TS of PP/Dellite
72T shows a dramatic increase in range 0-2 wi% and then the value is almost
constant. PP/Dellite 67G has the same rapid increase in range 0-2 wi%, but then it
decreases with the minimum at 6 wt% and then il increases again with the
maximum being at 10 wi%. The difference could cause by different types of fillers.
The following Fig. 6 represents dependence of TS on the mixing time.

As can be seen from Fig. 6. the maximum of TS was found to be at 30 min of
mixing for all three speeds of rotation of kneaders. The shape of curves had the
same tendency; however, the rapid increase of value of TS can be observed only for
60 rpm. The other speeds showed only gradual increase up to 30 min and then a
gradual decrease.

In order to observe the mfluence of speed of rotation and clay concentration on
TS in one figure we have created a 3D graph, see Fig. 7. TS is almost lincarly
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Fig. 5 Dependence of tensile strength on concentration of clay of nanocomposites (80 rpm/10 min)
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Iig. 6 The dependence of TS on time of mixing (PP/10 wt% of Dellite 67G)
increasing with clay content and the maximum values of TS were found at 60 rpm.
At low speed of rotation, the shear stress is not sufficient for good intercalation. At
high speed of rotation, there is a possibility of decrease of molecular weight of PP

and the temperature increases which causes decrease in viscosity. Decrease in
viscosity means less efficient mixing and eventually lower TS. There is an optimum

@ Springer

~57 ~



Tomas Bata University in Zlin, Faculty of Technglog

540 Polym. Bull. (2010) 65:533-541

Tensile strength [MPal]

Fig. 7 Tensile strength as a function of clay concentration and speed of rotation of kneaders for
PP/Dellite 67 after 30 min of mixing

in speed of rotation (60 rpm) when the mixing is the most efficient and the TS
reaches maximum values.

Conclusion

Two types of nanofillers, various concentrations and conditions of preparation were
used in this study. The morphology was studied by X-ray diffraction and
transmission electron microscopy, mechanical properties were tested with focus
on tensile strength.

X-ray diffraction and TEM pictures showed that the level of intercalation or
exfoliation was not perfect because the nanocomposites contained agglomerates of
filler. However, PP/4 wi% Dellite 72T (80 rpm/10 min) had the distribution,
dispersion and intercalation better than the rest of prepared nanocomposites.

Testing of mechanical properties revealed that all nanocomposites had higher
tensile strength in comparison with the pure polypropylene. The maximum of
tensile strength was obtained for PP filled by 10 wi% of Dellite 72T (34.0 MPa).
The minimum of tensile strength was obtained for PP filled by 4 wt% of Dellite 67G
(21.6 MPa).

Optimum mixing time was found to be 30 min. The 3D graphical evaluation
illustrated that the tensile strength increases with clay content, and there is an
optimum for speed of rotation (60 rpm) when the composites had the highest tensile
strength.

In future, we would like to study other types of fillers and compare mechanical
properties with Dellite 72T and 67G.
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POLYOLEFIN/CLAY NANOCOMPOSITES: COMPARISON OF DIFFERENT
TYPES OF FILLERS AND USING OF MATHEMATIC MODEL

Hana Kubisova and Dagmar Merinska, Tomas Bata University in Zlin, Department of Polymer
Engineering, Zlin, Czech Republic

Abstract

This work reported the comparative study on
polypropylene/clay nanocomposites. Commercial filler
Dellite and modified micronized calcium were used as a
nanocomposite filler for the PP-based composite. All
nanocomposites were prepared by using Brabender
kneader at different speeds of rotatiom: however, the
compounding time was the same. X-ray diffraction and
scanning electron microscopy (SEM) were used for
evaluation of morphology. The mechanical properties
were evaluated by results of tensile strength and the
results were presented in graph. The model was used to
predict of tensile strength.

Introduction

Nanocomposites are materials which studies and
preparation began during 90" of the last century. The
nanocomposites such as polypropylene/clay and so on
have better mechanical and barrier properties [1-5]. and
lower flammability [6, 7] compared to the matrix material.
The nanocomposites are widely used in food packaging
and automotive industry,

Nanocomposites based on the layered nanofiller
particles are composed of polymer matrix and clay
mineral.  Polyethylene,  polypropylene,  polyamide,
polystyrene and so on are used as polymer matrixes [8-
12]. The next component, which nanocomposites contain,
is maleated polymer.

Clay minerals, like montmorillonite, vermiculite are
used as fillers [13-13]. The most used clay mineral is
montmorillonite (MMT). MMT is mineral from smectite
class of aluminum silicate clays. The MMT is hydrophilic
but a lot of polymer materials are hydrophobic [16]. Due
to this fact, the preparation of nanocomposites is
composed of two steps. The first step of preparation of
nanocomposites is a modification of a nature clay mineral.
For this modification two methods are used: ion dipole
and ion exchange methods. Figure | shows the process of
modification. [on dipole method proceeds in melt or liquid
state. This method is also called dry method. Ion exchange
method proceeds in liquid state. The Na® is secondary
product which is washout after modification. This method
is named wet way and this method is more difficult than
the ion dipole method,

o Iom dipole method

NET ,_r"' NH} NH;
== = S
NH;

NE;

Ton exchange method

£ S
wn ®
== = i Lod
iC NH NH] NH] ®
NE [ ——
fonts of alloyl st Na

Figure 1. Method of modification of clay minerals

The second step of preparation of nanocomposites is
compounding. Toyota Company prepares nanocomposites
in two steps: in the first step maleated polymer containing
filler melted and in the second, the blending materials
mixed (compounded) with the virgin polymer. Used
compounding tool and/or the condition of preparation can
influence the intercalation and/or exfoliation of filler and
consequently  influence the properties of final
nanocomposites [17].

The modeling of physically-mechanical properties of
composite had been started during 50." of the 20"
century. However, it was found that these models have not
been suitable for nanocomposites. The reason is a higher
phase-to-phase area and very small distance between the
reinforcing particles. Models, which can be used for
nanocomposites, were developed from our previously
work [18].

In this study, we prepared nanocomposites containing
different concentration of commercial filler and modified
micronized calcium. The nanocomposites were prepared
at the same speed of rotation but different compounding
times. The model was used to predict the results.

Experimental

Materials

Three main components were used in this study.
Polymer matrix was formed polypropylene (PP) Mosten
GB 003 which was supply by Chemopetrol Litvinov,
Czech Republic. Maleated polypropylene (PP-Ma)
Exxelor 1015 was supply by ExxonMobile Chemical
Europe, Belgium. The concentration of PP-Ma was 5 wt.
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%. Table 1 shows the characterization of polymeric

materials.

Table 1. Characterization of polymeric materials

Density, g/em’ Melt flow
index, g/10 min
PP 0.907 3.2
PP-Ma 0.900 22.0

Commercial fillers Dellite (72T, 67G) and modified
micronized calcium (MMC) OMYA EXH 1 SP. Fillers
Dellite were supplied from company Laviosa Chemica,
Italy. OMYA EXH ISP was supplied by Fatra Napajedla,
s.r.0. as sponsoring present. The concentrations of both
groups fillers were 2, 4, 6, 10, 20 and 40 wt. %.

Preparation of nanocomposites

All samples were mixed by using kneader Brabender
PL 2000. The temperature was 220°C: speeds of rotation
were 40 and 60 rpm. Time of compounding was 30 min
for all samples.

Technique of measuring

The morphology of prepared nanocomposites was
obtained by X-ray diffraction supported by scanning
electron microscopy (SEM).

X-ray diffraction was measured. The measurement
device was diffractometer URD. The angle of measuring
was from 3 to 30 26 and the steep was 0.05.

Specimens for X-ray diffraction were prepared by
compression moulding. The temperature of heating was
220°C, time of moulding was 7 min and time of cooling
was 3 min.

Scanning electron microscopy (SEM) was used for
evaluation of distribution and dispersion of filler Dellite
and modified micronized calcium in matrix.

The mechanical tester was shredder Zwick Roell. The
conditions of measuring were following: the speed of
clamp displacement was 50 mm per min'; distance
between clamps was 25 mm. The temperature was 25°C.

The specimens were prepared by compression
moulding. The conditions of preparation were consequent:
the temperature of heating was 220°C; time of moulding
was 7 min: time of cooling was 5 min.

Results and Discussion

Morphology of nanocomposites

1097 S ANTEC 2009

~62 ~

The morphology of nanocomposites was evaluated
by using X-ray diffraction and SEM.

As can be seen, Fig. 2 shows X-ray of PP filled with
4 wt. %Dellite 72T and Dellite 67G. The nanocomposites
were prepared at 60 rpm for 30 min. The curves of X-ray
diffraction show peak which represent presence of filler.

Fig. 2 X-ray pattern of PP/4 wt. % of both types Dellite
prepared at 60 rpm for 30 min.

4wl % D72T
100000 - AWL% D6IG ——

= 80000 -
=2 |
60000 -
Z 40000
£ 20000

0 -

3,05 13,05 23,05

26 [deg]

The assumption of presence of agglomerates of fillers
in matrix was studied by scanning electron microscopy.

As can be seen from Figure 3, distribution and
dispersion of filler D 72T was not good because polymer
matrix contained some agglomerates of filler. The guess
from X-ray diffraction was confirmed.

Figure 3. SEM picture of PP/ 4 wt. %D 72T mixed at 60
pm for 30 min

Mechanical properties

Tensile strength (TS) and yield strength (YS) were
measured and compared with the virgin polymer matrix.
The value of TS of the virgin PP was 12.72 MPa and YS
was 30.77 MPa.

As the first, samples mixed at 40 rpm per 30 min
were assessed. Data are showed in Table 2. and Graph 1.
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Table 2. Mechanical properties of nanocomposites Table 3. Mechanical properties of nanocomposites
prepared at 40 rpm for 30 min prepared at 60 rpm per 30 min
TS, MPa TS, MPa
PP/D 72T | PP/D 67G | PP/MMC T Toon o T oo
2ot % L 2 L 2wi% 3427 28.18 3141
4% 32,38 27.05 EL s W% 33.31 29.12 3191
it 33.05 i 33.19 6 wi.% 32.46 2576 2177
10 wt.% 28.90 32.84 22.57 10 wt. % 30.52 33.09 36.36
20 wt.% 23,79 70 2135 20 wi.% 25.97 2397 25.35
40 wt. % 19.65 18.89 - 40 wit.% 18.51 17.08 -
YS, MPa YS. MPa
PP/D 72T | PP/D 67G | PP/IMMC PP/D72T | PP/D 67G | PP/MMC
4 vt% 241 2978 2337 Twi 3472 30.86 3225
6wt % 34.34 30:49 501 6 wi% 3481 30.85 27.93
10wt 34.49 33.85 286 10 wi.% 32.92 3477 36.45
2 wt 26.12 201 21.38 20 wi% 26.34 24.49 25.38
Mwth 19.85 14,05 = 40 Wil 13.66 17.23 .

Data showed that the maximum TS for conditions of
preparation was obtained for PP 6 wt. % MMC. The same
situation was for PP filled with D 72T. The last filler D
67G had the top of TS for 10 wt. %. The shapes of curves
of TS of nanocomposites are represented in Graph. 1.

Graph 1. TS of nanocomposites prepared at 40 rpm for 30
min.
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The maximum of YS was measured for PP filled with
6 wi. %. In contrast, different situation was obtained for
the remaining filler D 72T and D 67G. PP contained 2 and
10 wt. % of D 72T had the maximum of YS. Finally,
polypropylene filled with 10 wt. % D 67G had the
maximum as for TS.

As the second, nanocomposites compounded at 60
rpm per 30 min were evaluated. Table 3. shows data from
mechanical tests.

~ 63 ~

The maximum of TS was measured for PP filled with
10 wt. % MMC. PP filled with filler Dellite 72T (D 72T)
had the maximum for samples contained only 2 wt % .
The last filler Dellite 67G (D 67G) had the maximum of
TS for polypropylene filled with 10 wt. 9%. The shapes of
curves of TS of nanocomposites are showed in Graph 2.

As can be seen, the line of PP/D 72T was decreased
with higher concentration of filler. PP filled with D 67G
and MMC had the same shape of the curve but data of
PP/MMC were higher than PP/D 67G.

Graph 2. TS of nanocomposites prepared at 60 rpm for 30
min.

40 D 72T
= S —— —DeiG
530 —s - MMC
0

Tensile stre

2 4 [ 10 20 40
Concentration of filler [wt.%|

The same situation was for yield strength (YS). The
maximums measured for the same samples contained 10
wt. % of D 67G and MMC, resp. 2 wt. % D 72T.

In any case, all prepared samples of nanocomposites
had higher tensile strength in comparison with the virgin
polypropylene. Yield strength was higher for samples
contained max. 10 wt. % of D 72T and 67G. The
maximum of PP/6 wt. %, rasp. 10 wt. 9% MMC had higher
YS than the virgin PP.
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The model was derived from following equation.

The initial stress op caused applied deformation at
zero delamination:

oy = oy / (1-Ve(I+hA1+kVi))) (1)

Ratio non delaminated particles:

Vo=V * ooy (2)

Stress equal to free particles:

agy=oy*(I-Vg) (3)

The rest of fixedly bonded particles:

Vep = Ve— Ve 4)

Stress equal to bonded particles:

ap= o/ (1-Vep(1+h/(1+kV))) (5)

The resulting stress:

O = Op+ Oy — Oy (6)

where oy total stress attached to matrix, h, is relative
thickness of non-deformed layers matrix in the vicinity of
particles of fillers. The speed of increase degree
aggregation of particles considering V¢ is presented as k.

Deformation at measured unit and small enough (in
order to be responding to Hook’s principle):

GM:E__\,{ and EKZ Og (?]

Equation (6) was applied for measured date of three
fillers. The results are showed in Table 3 and Graph 1.

Table 3. E/E of nanocomposites prepared at 60 rpm for

30 min

V. PP/D 72T | PP/D67G | PP/MMC
0.000 1.000 1.000 1.000
0.008 1.610 1.499 1.838
0.016 1.614 1.439 2.012
0.024 1.630 1.377 2.053
0.040 1.754 1.666 2.026
0.080 2.112 1.748 2.278
0.160 2.198 1.643

V. M _DT72T | M_D67G M_MMC
0.000 1.000 1.000 1.000
0.008 1.446 1.395 1.581
0.016 1.646 1.546 1.846
0.024 1.763 1.624 1.999
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0.040 1.903 1.702 2.178

0.080 2.087 1.765 2.395

0.160 2.242 1.685 2.452
h, 120.000 95.000 95.000
k 180.000 160.000 160.000
T3 20.000 16.000 0.000

As can be seen from Graph 3, used model describes
very good measured date.

Graph 3. The dependent of stiffness on content of filler
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Conclusions

This study describes properties (morphology, tensile
strength and yield strength) of nanocomposites prepared at
different speed of rotation of kneader. The morphology of
PP/clay nanocomposites showed presence of agglomerates
all types fillers: Dellite 72T and 67G and MMC. SEM
pictures showed that polymer matrix contained some
agglomerates of fillers. Mechanical testing pointed that
the nanocomposites had higher tensile strength all
nanocomposites: however, samples filled with max. 10
wt. % had higher yield strength in comparison of the non
filler polypropylene. The mathematic model used E/Eq,
showed very good depicting of obtained data.
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CONCLUSIONS

v All nanocomposites were prepared at the differention of preparation.

v' X-ray diffraction showed that the dispersion anstrifbution of nanofillers and filler

was good.

v" TEM and SEM picture confirmed that the level oftdisition and dispergation of
filler was corresponded to the X-ray diffraction.

v" Mechanical properties of nanocomposites were b&itenanocomposites contained 2

and 4 wt%. nanofillers in polymer matrix.

v" Mechanical properties of nanocomposites were hitirar pure polymer materials.

v’ Barrier properties were higher for nanocompositescomparison with the pure

polymer matrix.

v' Mathematic model used for description of mechanicaperties showed that the data

almost identify to model.
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