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General introduction

The properties of thermoplastic polymers can be ifieoldby means of filling. A
type and a content of filler used, and also shaddgler grains and mutual interactions
between a filler and a polymer matrix affect thepmrties of filled polymers. Fillers can be
classified as powders, composed of spherical &y frains, or short cut fibers, and as
continuous unidirectional fillers, called also fibe A content of powders or continuous
fillers in composites ranges typically from 5 tow0 %. Commonly used fillers comprise
various chemical compounds (e.g. talc, chalk, vd&caninerals, metal powders and
others) [Rothon 1999], carbon fibers, glass fibmrgolymeric fibers (e.g. polypropylene
PP, polyethylene PE, polyamide PA, poly(ethylemepbthalate) PET, and poly(buthylene
terephthalete) PBT, and also natural fillers (eefjulose, wood flour etc.) [Klason 1984].

Polymer nanocomposites represent a new and atwachlternative to
conventionally filled polymers. A characteristicatare of polymeric nanocomposites is
that filler particles are of nanometer sizes (tgiyc 1100 nm thick in at least one
dimension). Nowadays, most often used are inorgaanofillers including silicates, clays,
carbon nanotubes and carbon nanofibers. Owing lBrge surface area of interactions
between filler nanoparticles and a polymer a dblarenodification of properties including
increased modulus and strength, toughness, ouistarmhrrier properties, improved
solvent and heat resistance, reduced weight andoiregd dimensional stability, induced
electrical conductivity, thermal conductivity, stia resistance and other properties, can be
achieved at low filler loadings (1+5 wt. %) [Frigzdr 2005].

The virtue of polymer nanocomposites is neitherelgolbbased on the mechanical
enhancement of the neat resin nor based on thet dd@acement of current filler or blend
technology. Rather, its importance comes from plog value-added properties not
present in the neat resin, without sacrificing thresin’s inherent processability and
mechanical properties or by adding excessive weigblymer nanocomposites contain
substantially less filler and thus enabling greagtention of the inherent processability
and toughness of the neat resin than conventioolgihyer composites [Usuki 1993a;
Usuki 1993b; Pinnavaia 2001; Ray 2003; Lee 2005ncBez 2005; Mai 2006;

Moniruzzaman 2006; Manias 2007; Morgan 2007; Lemzska 2007; Utracki 2007;

Darder 2007; Okada 2007; Vaia 2007; Schaefer 2007].

Polymer-polymer composites are rear and known evilgn ready-made nanofibers or
nanodroplets are dispersed in the matrix. Polymamofibers are now produced by



electrospinning only. “All-polymer” nanofiber comgites are only known from 3 papers
[lwatake 2008; Jenoobi 2010; Kowalczyk 2011], all them describing composites
containing cellulose nanofibers.

In mixing of immiscible polymers, drops of dispedgghase are extended but they
do not preserve the shape after deformation. Theurcence of capillary instabilities
phenomenon leading to the disintegration of ligendlended threads causes that polymer
inclusions finally appear in a form of dropletsteed of fibers. The idea is to find a way to
preserve the shape of polymer inclusions after rdedtion, i.e. act against capillary
instabilities. A range of means can be proposed thete are limits of achievable
deformation: (a) fast crosslinking while deformextlusions, (b) fast solidification of a
matrix, (c) fast solidification of inclusions, (d)se of crystalline but easy to deform
inclusions, (e) very viscous matrix and inclusicubjected to shear, (f) drastic change of
surface tension and (g) use of liquid crystal (IpB)ymers as a dispersed phase. (a-c) and
(f-g) are unrealistic, (e) could be considered HMifficult to perform on existing
equipments, while (d) seems to be a promising ¢asgenerate polymer nanofibers
through shearing the medium in which crystallinelusions are dispersed (a polymer
matrix). The higher the capillary number the mofficient is the stress transfer from
sheared polymer matrix to the crystal inclusiohghé shear stress overrules the interfacial
stress the inclusion can be deformed. In ordereforch polymer crystals embedded in a
viscous media a critical shear stress, resolveal ship plane of the respective slip systems
to be activated, must be reached and exceedede Tiheonly one paper published
describing a possibility of deformation of a sheagttal embedded in viscous matrix under
shearing flow [Harrowell 1990]. Shearing of the matvas found to lead to a mechanical
instability of a crystal which results in a contous decrease in the coherence length of
crystalline order in the sliding layers as the shage increases. The shear modulus and
shear yield stress of the sheet crystal was atlghel of 2 MPa which value is
characteristic for crystals of many polymer at temapures few tens of degrees below their
melting. The above estimation makes the idea tostoam polymer crystals into
nanofibers by shear deformation quite realistic.

The state of knowledge of the mixing of immiscibl@olymers,
polytetrafluoroethylene used in the thesis as &y daformable crystalline inclusions, and
the deformation of semicrystalline polymers, esalscimechanisms o polymer crystals
deformation, will be described for proper underdiag the subject of further studies
presented in this thesis.
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Chapter 1
State of knowledge

1.1 Mixing of polymers

Mixing is a key step in almost every polymer pgirg operation, affecting
material properties, processability and cost. Teeetbpment of new materials seems to
rely nowadays more on modification, blending andnpounding rather than on the
synthesis of chemically new polymers. Polymers l@ended with other polymers to
combine their properties and sometimes to even rgigtieally increase their physical
characteristics. Also various additives and reicifay agents are mixed with polymers to
improve mechanical performance and impart spgaifiperties to the mixture.

The words: mixing, blending and compounding anmeogsyyms and according to the
English dictionaries are defined as “an actiondmbine ingredients into one mass, so that
the constituent parts are indistinguishable”. Hoavein the plastic processing, these three
terms have different meanings. While mixing indésathe physical act of homogenization,
e.g., mixing of fractions, blending commonly spiesifpreparation of polymer blends or
alloys, while compounding means incorporation ofliaees into polymeric matrix, i.e.
antioxidants, lubricants, pigments, fillers, onfercements.

There are two basic mechanisms of mixing polymiérst involves the reduction
in size of a cohesive minor component such asdiglrops or agglomerates of solid
particles, and is called dispersive or intensiveximg. The second, referred to as
distributive, laminar or extensive mixing, is th@gpess of spreading the minor component
throughout the matrix in order to obtain a goodtigpdistribution. In any mixing device,
these two mechanisms may occur simultaneously. istrimitive mixing the second
component is usually a powder whose particles canadurther broken down.

The spherical liquid drops are usually the stgrimorphology of dispersed phase.
Their deformation in flow field is promoted by tBhear stress, and counteracted by the
interfacial stressg/R. The ratio between these two stresses is callec¢dbillary number,
Ca

ca=IR-/R (1.1)
ag ag
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whereR is the local radius of a drop,is the interfacial tension; is the viscosity of
matrix (or continuous phase), apdis the shear rate.

Taylor [Taylor 1932; Taylor 1934; Taylor 1954] anthers [Cerf 1951; Travelyan
1951; Bartok 1957; Bartok 1959; Rumscheidt 1961amBcheidt 1961b] extensively
studied the process of liquid drop deformationwo thasic flow fields: simple shear flow
(or rotational flow) and extensional flow (or iradibnal flow). Later, Grace [Grace 1982]
determined the critical conditions for the affinefarmation of drop and breakup

phenomena (Figure 1.1).
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Figure1.1. Critical capillary number, Cg; as a function of viscosity ratio, p [Grace 1982].

The critical value of capillary numbe€asit, strongly depends on the viscosity
ratio, p, defined as the ratio between viscosity of dispenshase and viscosity of matrix.
Figure 1.1 shows that when the capillary numbésviger than its critical value&Za < Cayit
interfacial stress competes with shear stresslantiquid drop is deformed only slightly in
the flow field, yielding a stable drop shape. HoeewhenCa >> Cagi: the shear stress
dominates and the liquid spherical drop is extenidéal a thread, which can disintegrate
into smaller droplets by capillary instability ahceakup mechanisms. Karahal. [Karam
1968] found that there are upper and lower limftshe viscosity ratio beyond which no
drop breakup can occurs. In simple shear flow, meéal drops will be stable when the
viscosity ratio will be 0.005 p > 4.

12



1.1.1 Capillary instabilities and breakup

The process of dispersing one liquid into anotlgerd can proceeds by two basic
mechanisms [Janssen 1993] as illustrated in FiyxeThe first is steady breakup, or drop
splitting, and the later is the disintegration gfemded thread into series of fine droplets,
also known as capillary instability phenomenon.

Since a sphere offers the minimum surface area fgiven volume, the interfacial
tension between two fluids causes that any nongmheshape of liquid suspended in
another to be unstable. The Lord Rayleigh [Raylei§79] suggested a model for the
growth of disturbance in a viscous jet in air. lkafBomotika [Tomotika 1935] extended
this theory to Newtonian fluids.

The instability of a liquid thread has been theecbjof a large number of
theoretical and experimental investigations [Egd®&&7; Lin 1998; Pozrikidis 1999].

- O 0 O

0'0 00|
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Figure1.2. Schematic representation of two dispersion medmasti (a) stepwise equilibrium
mechanism of repeated drop breakup at Ca wiCand (b) transient mechanism
of extended thread disintegration [Janssen 1993].

Since local radiusR, decreases during affine deformation of sphedoap, the interfacial
tension tends to minimize the interface betweergl@lament and liquid matrix. In a
consequence, the small disturbances so-called Blaydésturbances grow at the interface
of a liquid thread.

Figure 1.3 illustrates a sinusoidal Rayleigh dis&urce forming on the liquid filament.

Figure 1.3. Aliquid thread of radius, iwith a Rayleigh sinusoidal disturbance [Manas&ower 1994].



The radius of this small disturbané¥z) is expressed by:

R(2 = T?+asin(27ﬂzj :E Fg—%zj | +a sin(%j (1.2)

whereRy is the radius of undisturbed thread, is the average radius of disturbed thread
(R<R), a is the disturbance amplitude, aridis the disturbance wavelength. The

disturbance amplitude, grows exponentially with time:

a=age” (1.3)
whereqy is the original disturbance amplitude, ghd the growth rate given by
oQ(A, p
p=2Ap) 1.4
27 Ry

The dimensionless growth rate of the disturban@g,is a function of the
wavelength A and the viscosity ratiqy. Initially, the small amplitudes of all wavelength
exist, but for a given value @ only one disturbance with the particular wavetangy,
becomes dominant and grows the fastest, and finradlylts in disintegration of the liquid

flament into droplets. The dominant wave numbeét, (=27R,/A,)and the

corresponding dimensionless growth ra, as a function of viscosity ratiqp are
presented in Figure 1.4.
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Figurel.4. The dimensionless growth ratg, and the wave number,%f interfacial

disturbances as a function of viscosity ratioMahas-Zloczower 1994].

The time required for disintegration of thregl can be calculated from eq. (1.3):

14



_1.(a
£, _ﬁln(%j (1.5)

Tomotika [Tomotika 1935] estimated that the proaaisthread disintegration occurs when

the amplitude of disturbance approacte82R,. Hence, the equation for breakup time

takes form:

0.82R, (L6)

a,

tb:iln
B

Depending on the viscosity ratip,there are two different modes of drop breakup
[Bartok 1959; Rumscheidt 1961b; Grace 1982; Sm@B5). In the simple shear flow, for
p>1 the extended drop having rounded ends disintegmnatiee middle in two or three
almost equally sized droplets with a few tiny digetirops between them (Figure 1.5a).
The smaller viscosity ratiop, between extended thread and matrix, the mordlitgate
droplets are formed [Tjahjadi 1992].

O o .7

Figure 1.5. Breakup modes of deformed drop in the simple shear
(a) fracture and (b) tipstreaming [Bruijn 1993].

At low viscosity ratiosp <0.1 small droplets are released from the sharply pdint
ends (Figure 1.5b). This so-called tipstreamingcpss is potentially very important since
the shear rates required for this type of breakayen some circumstances been observed
to be two orders of magnitude lower than the fractaode. The tipstreaming may also be
useful for separation processes [Srinivasan 1986].

1.1.2 Dispersive mixing
During the initial stages of mixing, the local nasli of drop, R, is large
(Ca>> Ca,, ), the shear stress, dominates over the interfacial stre&®, and dispersed

drops are affinely deformed in a flow field of tmeatrix [Janssen 1992]. The affine
deformation of a spherical drop with diameter(=2R) into an ellipsoidal shape under
simple shear flow is illustrated in Figure 1.6.

15
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Figure1.6. The affine deformation of a sphere in the simpésas flow
[Grace 1982; Manas-Zloczower 1994].

Deformation of a liquid drod, is defined as:
_ L-B
L+B

whereL andB are length and width of ellipsoid, respectivelyappeared that the drop

1.7)

cannot be deform infinitely. The steady drop defation for Newtonian fluids [Taylor
1932; Taylor 1934] is finite and is expressed by:

D= Calgp—+16 (1.8)
16p+16

Cerf [Cerf 1951] investigated theoretically thetat@on phenomenon of affinely
deformed drop in simple shear flow and derivedftllewing formula for an orientation

angle, @ which is applicable only for small deformations:
T 2p
—+| 1+ 1.9
o= +(1422)o as

At high viscosity ratios, so high that the forcef surface tension counteracting
deformation are negligible compared with those tlueviscosity, the final deformation

becomes a function g@fonly:
D :Fj pt (1.10)

and the maximum of orientation angie, along the flow direction, reacheg 2.

Torzaet al. [Torza 1972] expanded the studies on the liquapditeformation for
Non-Newtonian fluids, e.g. molten polymers and dateed the formula foD:
5(19p + 16)

D = 0.5
a+ pY [(29p) +(20/ca° ]

(1.11)

and the corresponding value of the orientationergl

1€



1 _1(19pCaj (1.12)

=—+—tan
¢ 4 2 20

When the deformatio® > 05 the liquid drop becomes unstable and breaks wpsieties
of droplets, both for simple shear flow and extenal flow.

Quantitative studies on drop deformation in simgheear and pure extensional
flows [Taylor 1934; Rumscheidt 1961b; Grace 198Endndorp 1986; Bentley 1986a;
Bentley 1986b; Elemens 1993] have shown that aensxin is more effective than a
simple shear, especially in the case of high visgaatios and low interfacial tensions.
However, it is impossible to achieve pure exteralidiow in the confined flow geometries
encountered in mixing machines and during limitediquls of time. So, in practice, shear
flow is more important.

The changes of an efficiency parametgyr,defined as the scalar product of the
principal direction of strain and the transientmldeformation, are presented in Figure 1.7.
In extensional flowes reaches a value of 1, while in simple shear thation of extended
drop to the direction of flow causes that the @ficy (initially amounted to 1) ultimately

approacheg/ J2. However, application of the periodical reorieim@atof extended drops

in the simple shear flow enables to obtain the maxnes = 1 more than once.

1 1
0,71L

Extension T Simple shear

O —s 0O

—

Figure1.7. Efficiency, e as a function of a total strains(: gt) and a total sheary(= yt)
in an extensional flow and a simple shear flowpesgively [Manas-Zloczower 1994].

In blending of immiscible polymers, morphology betdispersed phase (i.e. origin
being in the form of liquid drops) depends on thentd composition, the rheological
characteristics of the components such as viscesity elasticity, the interfacial tension
between the phases, and the intensity and typéwfthat is applied. High shear, low
surface tension and similar viscosity of the congrda are required for achieving high
deformation of drops of the dispersed phase. THastrs also control the breakup
phenomena of extended threads. Hence, it is vdfigulli to select appropriate set of

17



parameters to act against capillary instabilitiesd goreserve the shape of extended

inclusions.
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1.2 Polytetrafluoroethylene, PTFE

Polytetrafluoroethylene is the best known fluorgmoér representing the extreme
of known polymers and since its discovery in th& ba20th century [Plunkett 1941] is
used as a common engineering material for many ddmg applications. PTFE possesses
a high thermal stability and chemical inertnesghtdielectric strength and extremely low
dielectric loss factor. It has also a unique nohemibn and antifrictional properties. Many
of other outstanding properties [Renfrew 1946; Speir961; Smith 1985; Narkis 1995],
such as high melting temperature, extremely higheowar weight and melt viscosity,
insolubility in all common solvents cause restminfor the processing of
polytetrafluoroethylene. Industrial processing ofFE, including paste extrusion of
lubricated fine powders [Lontz 1952b], compressiooulding, ram extrusion of granular
powders [Ebnesajjad 2005] and coating from aquedispersions [Lontz 1952a], is
hindered due to high melt viscosity of PTFE and aBquires long times and expense,
which limit the use of polytetrafluoroethylene forany applications. Cold compaction of
polytetrafluoroethylene followed by sintering ofetipreforms at elevated temperatures is
presently a common practice [Bigg 1977; Crawfor82tRadhakrishnan 1986; Jog 1993;
Jog 1994; Hambir 1994; Narkis 1995].

1.2.1 Synthesis of polytetrafluoroethylene

The first report on polytetrafluoroethylene wasRiynkett in 1941 [Plunkett 1941].
He obtained white, opague powder as a residue frammstorage of tetrafluoroethylene
monomer under superatmospheric pressure (two ee ttimes atmospheric pressure).
After this essential discovery various methods ofymerization were tried and now
preferred synthesizes of PTFE involve agueous naattiasuperatmospheric pressures.

Stable aqueous suspensions of colloidal polytewadlethylene particles can be
obtained via emulsion polymerization with minimalagtities of fluorinated surfactants
and free-radical initiators such as sodium, potassiammonium persulfates, hydrogen
peroxide, oxygen or organic peroxy compounds [Bkebd946; Hanford 1946; Joyce
1946a; Joyce 1946b; Renfrew 1950].

PTFE dispersions prepared by methods described ealmmntain colloidal,
negatively charged particles suspended in watentg d952a]. These dilute products can
be concentrated into dispersions containing fronta335 wt.% of PTFE using methods
described by Berry [Berry 1949]. The concentratioh dilute agueous dispersions
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comprises: (1) adding a surface-active agent i@ dispersion, (2) flocculating the
polymer by insolubilizing the surfactant, (3) segimg the flocculated polymer from the
bulk of agueous phase, and (4) forming a concesutrdispersion by peptization of the
polymer floc. Although, the surface-active agerniracprimarily as a stabilizing agent to
prevent coagulation can also influence the morpolaf PTFE particles [Luhmann 1989].
The absence of any surfactant results in margitebilsy of as-polymerized PTFE
dispersions and flocculation of the particles istggregates during high shear mixing
and/or addition of the electrolyte. Rinsing, drysgd screening of these aggregates lead to
the production of fine powder PTFE patrticles [Lohg52b].

1.2.2 Morphology of nascent PTFE patrticles

The morphology of nascent PTFE dispersions has lee¢ensively studied by
different authors. Rahét al. [Rahl 1972] examined emulsion-grade PTFE partieles
various stages of polymerization. In the early esagf polymerization the nonspherical,
ribbon-shaped objects are formed. Those ribbonglaae-extended single crystals with
the chain axis parallel to the long axis of ribbohle authors suggested that folding of
thin ribbons (approximately 60 A in thickness) ocas a consequence of hydrodynamic
forces acting on extremely thin chain-extended tatgsonce they exceed a certain aspect
ratio and presumably competes with further reactiod crystallization on the surface of
the growing particles. At polymerization with lovields the rod-like particles are formed
also as apparently single crystals with the chais arallel to the long axis of rod.

Seguchiet al. [Seguchi 1974] also suggested that the polymephadogy (shape
and molecular weight) strongly depends on the pelymtion conditions, especially the
concentration of emulsifier as is shown on Figu& When polymerization is carried out
without emulsifier, only nearly spherical to eliggl particles are formed with average
diameter of 1000 A and molecular weight abové D@. Increasing the concentration of
emulsifier, the type of polymer in the latex cham@®m rods with 300600 A in diameter
and molecular weight from 2x1Go 5x1G Da to fibrils with diameter of 200 A and
molecular weight below 2x{®a.

The influence of emulsifier concentration and podyimation time on the structure
of polytetrafluoroethylene was reexamined in theldi@ of the 1980s by Luhman and
Feiring [Luhmann 1989]. The authors observed thypes of the particles with different
morphology: rod-like, roughly spherical and, in tb@se of very low molecular weight,
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small hexagonal particles. Both hexagonally shapetishort rod-like particles are formed
in early stages of polymerization when the inigalfactant concentration is below its
critical micelle concentration. An increase in thefactant chain length and concentration
tends to promote the formation of hexagonal padiclAlso, at longer polymerization

times, roughly spherical particles form dominanpplation.

Figure 1.8. Electron micrographs of nascent radiation initidtBTFE dispersion particles.
The polymerization conditions were: (a) 0 % emidsiB®0 min; (b) 0.5 % emulsifier, 60 min;
(©) 1 % emulsifier, 60 min; (d) 2 % emulsifier, @i [Seguchi 1974]

Geil et al. [Gell 2005] examined the evolution of nascent PTpé&ticles
morphology in commercial PTFE nanoemulsions as rection of sintering time and
temperature. The initial stages of polymerizatidrstandard-size polytetrafluoroethylene
resins involve the formation of chain-extendedil8hrrods or ribbons that fold back on
themselves to form elliptical or short rod-like fides as the emulsifying agent is used up
by the increasing surface area.

It is known that melting of semicrystalline polyradike polytetrafluoroethylene
with very high molecular high weightM(, > 1) leads to the systems with high
concentration of entanglements persisting in theraimous phase and in consequence
drastically reduced deformability. Experimental ebvations and computer simulation
revealed that chain-folded crystals “explode” upmoelting [Barham 1991]. Figure 1.9
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shows a computer generated sketch illustratingctprajectories of a molecule with
molecular weight of 390,000 before and after meting

Figure1.9. Typical molecular trajectories before and afterting
of a polymer of molecular weight 390,000.

Once the constraints (lattice forces) are remowednielting, folded molecules expand
rapidly, driven by the need to increase its entrdplyain segments are then ejected with a
high kinetic energy into the already molten surmng and interlace with other chains
rapidly leading to significant increase of the nianbf entanglements.

However, utilizing low temperature polymerizatiori tetrafluoroethylene it is
possible to produce highly crystalline polytetrafloethylene powders (G 95 %)
showing rod-like whisker or folded ribbon-like miwgogies [Rahl 1972; Seguchi 1974,
Folda 1988], suggesting a low entangled state high deformability In chain-extended
crystals the basal planes consist mainly of chaalsenstead of folds. Such a crystal plane
does not require relaxing of its energy on meltiagd chains are not supposed to be
translocated to a large extent. Therefore, meltrfigsuch crystals does not increase
significantly the number of entanglements over thlatady resident in the amorphous
phase prior to melting.

1.2.3 Crystalline structure of PTFE

Polymerization of tetrafluoroethylene is carried éar below the polymer melting
temperature, so as-polymerized PTFE possesses delg of crystallinity [Starkweather
1982] and quite different crystalline morphologyafR 1972; Starkweather 1979] than the
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same polymer recrystallized from the melt. High stajlinity degree of nascent
polytetrafluoroethylene, which has been found tdbeveen 93 to 98 %, can be obtained
only when the chain structure is substantially anlched. Belief that PTFE is an entirely
linear polymer with fluorine atoms attached to ttegbon chain, was confirmed by the
absence of branched-chain compounds in the prodfittsspyrolysis [Benning 1946].

The temperature-pressure phase behavior of pdfiteiroethylene has been
extensively reported in the literature. Figure 1pt@sents four possible crystalline phases
of PTFE. Two first-order crystalline phase tramsis at 19 °C and 30 °C were first
discussed in a report on thermal expansion [Rig84QLand confirmed in subsequent

studies using dilatometry, calorimetry [Marx 19%&id thermal conductivity [Piorkowska
1986].
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Figure 1.10. Temperature-pressure phase behavior of crystapiolgtetrafluoroethylene [Brown 2007].

Phase Il [Weeks 1981] exists below 19 °C. The aelitis hexagonal with PTFE chains
arranged in a zig-zag twisted by 180° per 13 carbimms. Between 19 °C and 30 °C
transitions, phase IV [Bunn 1954] is observed W#t7 helical PTFE chains. Above 30 °C
and up to the melting point a pseudohexagonal #enjormationally disordered phase I is
the stable one [Bunn 1954; Sperati 1961; Greboh8&6].

Studies on the crystalline transitions in polyt#tigroethylene at high pressures
have been reported by Beecroft and Swenson [Baek969]. Compression measurements

made on PTFE samples at various temperatures asduypes up to 2 GPa showed that in
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addition to the three crystalline phases which separated by the 19 °C and 30 °C
transitions at atmospheric pressure, there isahet modification at high pressures. Phase
lll is present above ~0.65 GPa at room temperdiRae 2004; Rae 2005]. Browat al.

[Brown 2007] reported that the crystalline phasasitions of PTFE can also be activated

by tension and compression even at much lowersskegsls.

1.2.4 Properties of polytetrafluoroethylene

Polytetrafluoroethylene exhibits many unusual proge such as exceedingly high
molecular weight, high melting temperature and nasltosity, high thermal stability and
chemical inertness. Commercial homopolymer fine g@ns are linear but have molecular
weight, M,, exceeding 10Da. The melting point of melt-processed PTFE isual827 °C
[Suwa 1975] but that of the virgin polymer is calesably higher up to 345 °C [Weeks
1980]. The melting behavior of PTFE depends ommitdecular weight [Suwa 1975] and
rises with increasing molecular weight.

The melt viscosity of PTFE typically ranges from™@b 2x13* poise at 380 °C
[Renfrew 1946]. So high melt viscosity is consideessentially as a consequence of PTFE
structure and high chain length [Hanford 1946]. yRatafluoroethylene unlike other
thermoplastics does not undergo the Newtonian f#dwa measurable rate [Tuminello
1988], and is capable of only a very slow pladtevf The polymer remains in a semisolid
gel state, even at temperatures higher than 370dt@z 1952a].

Thermal stability of polytetrafluoroethylene is standing. Polymer can be held for
long period of time at the higher temperatures walatively little changes of its tensile
strength. After one month at 230 °C, the lossmsite strength of molded bars is negligible
and at 300 °C will drop only 10 to 20 % in compamisto that at room temperature
[Renfrew 1946].

PTFE reveals the almost universal chemical resstaih has been attributed to the
strength of the carbon-fluorine bond and the waywimch the fluorine atoms protect
carbon chains from attack by highly corrosive claisi [Renfrew 1946]. However,
difficulties in dissolving PTFE arise also from wsry high melting temperature which sets
a lower limit for the boiling point of solvent caiddtes. Only some perfluorokerosenes and
perfluorinated oils are reported to dissolve 1+24vbf polytetrafluoroethylene at 290 to
310 °C [Compton 1950]. It has been shown that PTRE also dissolve at ambient
pressure in its oligomers having a chain lengtRlofarbon atoms, or more [Smith 1985].



The dielectric loss factor of PTFE (<40 invariant over the frequency range 60 -
1P cycles and the temperature range 25 to 310 °Cffifri946; Gonon 2002], is one of
the lowest known for solid substances. It has alsmow dielectric constant(2) and a very
high resistivity (> 168 Q m).

1.2.5 PTFE processing and its applications

An extremely high melt viscosity and a lack of Nemian flow at processing
temperature cause that polytetrafluoroethylene asd4o-process polymer and shear
processing by either screw extrusion or injectiaridimg is impractical.

Fabrication of PTFE, known as fine or coagulatespélisions powder include
powder processing techniques such as compressiomdmg, preforming, sintering
[Sperati 1961; Bigg 1977; Crawford 1982; Radhakrah 1986; Jog 1993; Jog 1994;
Hambir 1994], ram extrusion [Ebnesajjad 2005] arebte extrusion [Lontz 1952b].
Blending PTFE powder with 18 to 20 wt.% of a lubnt facilitates the process of
extrusion below the melting temperature of polymer.

PTFE plays an important role in many industriad aconsumer applications.
Nonstick surfaces for home cookware is its bestakm@pplication. In combination with
heat endurance and chemical resistance, polytatrathylene is favorably used as an
electrical insulation in chemical plants [Joyce Gl¥4

The aqueous dispersions containing relatively haincentrations of PTFE
particles are especially suitable for fims formimjp coating, impregnating applications,
and to preparing the mixtures with a variety defg, i.e. carbon, silica, clay, and glass
fibers. Polytetrafluoroethylene films can be magechsting an agueous dispersion on a
supporting surface such as metal, glass, and cesadrying to remove the water, baking,
and cooling [Lontz 1952a]. Valves, flexible circbibards, conveyer belts, tubings are the
most common articles coated using polytetrafludrglene aqueous dispersions. The main
application of filed PTFE is the fabrication ofesjal bearings, and gaskets [Ebnesajjad
2005]. There are a number of other minor uses &iEdispersions in fuel cells, batteries,
de-dusting, and chloralkali processing.

Formulating dispersions or powders in form whicin dae spun through the
spinneret it is possible to produce PTFE fibersictvltan be applied as diaphragms for the
electrolysis of alkali chlorides, as well as porditers for fluids. High strength PTFE
fibers can be produced in a fluidized bed [KlatdP0or by drawing of monofilament of
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polytetrafluoroethylene polymer fabricated in pastdrusion process [Shimizu 1997;
Donckers 2009].

Utilizing solid-state extrusion [Starkweather 19R8¢ Gee 1986; Okayama 1994]
and two-stage draw [Uehara 1997; Endo 1998; En@d;28awai 2006] it has been shown
that some nascent polytetrafluoroethylene powdees udtradrawable. Morooka&t al.
[Morooka 2011]shown that modifying two-stage draw technique bpldpg so-called
PIN draw above melting temperature, it is possite achieve a superdrawing of
compacted films of nascent PTFE powder, to drawsatp to 500 and the tensile modulus
of 120 GPa. This technique seems to be promisingd@gelop high performance
polytetrafluoroethylene fibers.
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1.3 Mechanisms of plastic deformation in semicrystine polymers

The understanding of the basic mechanisms of deftion in semicrystalline
polymers has been a subject of intense interestesat least four decades. Plastic
deformation in semicrystalline materials is a cosmpphenomenon because of their
complicated structure and morphology. Presenthe #iructure of bulk-crystallized
polymer is described by two-phase model: where diystalline lamellae are separated
from each other by a layer of amorphous polymer haldl together by tie molecules
[Keller 1968].

In the past, three principal conceptions were wdrkut to explain the nature of
plastic deformation in semicrystalline polymerseTirist so-called “micronecking” model
proposed by Peterlin [Peterlin 1969; Peterlin 19&terlin 1977] assumes that at large
strains the initial chain-folded lamellar structuie discontinuously transformed into

microfibrils. These catastrophic process occurring during tedsdaing is schematically
presented in Figure 1.11.
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Figure 1.11. Schematic illustration of ‘micronecking’ model fedin 1969].
The second model assumes that the plastic defematiconnected with the melting of
polymer crystals and simultaneous recrystallizatihming tensile drawing [Flory 1978;
Popli 1987; Gent 1989; Wu 1992; Kennedy 1994; Arrii96; Peacock 1998]. The third
conception based on the idea that the deformafi@nystals proceeds by crystallographic
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mechanisms, was adopted to polymers by Young damet®fYoung 1974b; Bowden 1974;
Lin 1994] from the science of metals and other towlecular materials.

The nature of mechanisms accompanying deformatiamrystalline polymers and
the factors affecting them were intensively studiBdwden 1974; Escaig 1982; Galeski
1992; Lin 1994; Porter 1995; Oleinik 2003; Gale3®D3; Pawlak 2005]. The mechanical
behavior of semicrystalline polymers in tensionpfuenced by a number of factors such
as molecular weight [Capaccio 1975; Capaccio 18062003; Stern 2007; Pawlak 2008],
thermal history [Capaccio 1975; Capaccio 1976; B032 Davies 2004; Pawlak 2007;
Stern 2007], orientation of lamellar structure [ledda 2000], deformation rate [Hobeika
2000; Viana 2005; Stern 2007] and temperature @drdetion [Hartmann 1987; Hobeika
2000; Schneider 2010].
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Figure1.12. Hermans orientation parameters of the crystallyase, fand amorphous phase, f
for a series of isotactic polypropylene sampleswially deformed to a different degree of oriemati
The region surrounded by the dotted lines represtre course of deformation
starting from § and f equal O [Kryszewski 1978].

Deformation in semicrystalline polymers takes pldestly in the amorphous
phase, since the stress required to initiate tloggss constitutes from 2 to 10 % of the
value of stress needed to activate the deformatiodes in crystallites [Peterson 1966b].
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This predictions were confirmed experimentally bgyszewskiet al. [Kryszewski 1978]
and also by Bartczak [Bartczak 1992a; Bartczak h9B2artczak 1994].

Figure 1.12 presents the Hermans orientation pasm#or the crystalline and amorphous
phases of a series of tensile deformed samplesotddtic polypropylene. In the initial
stage of deformation, the amorphous phase beconerdenl while the crystalline phase
remains very slightly oriented or oriented in th@nsverse direction. Further increase in
the draw ratio results in almost entirely stretcloed amorphous phase and beginning of
orientation process of the crystalline phase. Kinat high draw ratio the macromolecular
chain fragments embedded in both phases becomly bigénted.

1.3.1 Deformation of amorphous phase

The structure of amorphous phase and mechanisnieiofplastic deformation in
polyethylene has been intensively studied by Fisiret others [Fisher 1988; Lin 1994;
Bartczak 1997]. The amorphous regions above gtassition temperaturdy, exhibit a
rubber-like behavior, hence their plastic deforovatitakes place according to the three
principal mechanisms: interlamellar slip (or indenlellar shear), interlamellar separation
and lamellae-stack rotation [Bowden 1974; Lin 19%artczak 1996] which are
schematically illustrated in Figure 1.13.
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Figure 1.3. Deformation mechanisms of the amorphous phasenmcsystalline polymers:
(@) interlamellar slip, (b) interlamellar separaticand (c) lamellae-stack rotation [Bowden 1974].

Interlamellar slip involves a simple shear of aptarus layers between crystalline
lamellae parallel to each other and causes rotatibwrystaline lamellae around the
direction of deformation. These deformation modendd observable below, of the
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amorphous phase [Keller 1971; Young 1973; Bowdem1®ope 1975]. Keller and Pope
[Keller 1971] showed that above 8G in the early stage of deformation, interlamedigy

is the dominant mode of deformation of oriented tewnsity polyethylene, LDPE and can
be completely reversible up to deformatier; 0.6 [Bartczak 2005].

The second deformation mode of amorphous phasetagdamellar separation
which involves a change of the distance betweeacadj lamellae parallel to each other,
when the direction of stress is perpendicular ®wirteurface [Quynn 1971; Keller 1971;
Kaufman 1973; Pope 1975; Petermann 1978]. The whefiion resistance to interlamellar
separation depends upon the detailed structudeeofnaterial, including the amount of an
active, taut tie molecules between the lamellastyidution of their chain lengths, and on
the lateral dimension of crystalline lamellae. Tin@lementation of this deformation mode
is possible by two processes: either a large deffisittuations (cavities) leading to the
formation of voids [Pawlak 2005; Pawlak 2007; P&2808] or a flow of the amorphous
material into structural traps, i.e. opening gagsveen lamellae [Pope 1975].

In contrast to interlamellar slip and interlameliseparation, a lamellae-stack
rotation requires the cooperative movement of amous phase and crystalline lamellae.
The crystallites are embedded in the amorphousepimathe form of stacks, and they are
free to rotate under the influence of stress [Cogki968; Groves 1969; Keller 1971].
Tagawa showed that the stack rotation involvesthoden crystallites [Tagawa 1980].

1.3.2 Deformation of polymer crystals

Plastic deformation of polymer crystals proceedstirge basic mechanisms, i.e.
crystallographic slip, twinning and stress-inducedrtensitic transformation, but slip
mode is predominant since it can generate largestiplstrains than two others.

Crystallographic slip is identified abk])[uvw] which is a combination of the slip
plane bkl and the slip directionupw] in these plane wher, k, I, u, v andw are the
Miller indices.

The crystallographic slip, schematically presenited-igure 1.14, takes place when the
actual shear stress acting on the slip plane reaahmitical value, known as the critical

resolved shear stregs or plastic resistance [Bowden 1971; Young 1973unvp 1974a]

and afterwards two parts of crystal separated by dlip plane undergo a relative

translation.
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Figure 1.14. Single slip under a uniaxial tensile stressN is the normal to the slip plane
and S.D is the slip direction. The resolved sh#@ss,r on the slip plane
in the slip direction is given by = g cosy cosl [Bowden 1974].
The values of critical resolved shear stregs,needed for the plastic deformation of
crystals, can be determined from the Coulomb yogigkrion [Keller 1966; Hinton 1968]
described as:
1.=7,—ko, (1.13)

where 7, is the critical resolved shear stress in the ateserf any normal stress on the slip

plane, g, is the resolved stress normal to the slip plandkas a constant demonstrating

the sensitivity of the shear to the normal str8$e critical resolved shear stresses for
possible slip systems are well known only for feslymers [Bowden 1971; Bowden 1974;
Lin 1992; Bartczak 1992b; Aboulfaraj 1995].

Yield stress is governed either by the generatimh rotion of crystal dislocations
or by the Peierls [Peierls 1940] stress requirethtive them[Hosemann 1963; Predecki
1966; Peterson 1966a; Predecki 1967; Shadrake 1®7é&clrake 1979; Lin 1994]. The
number of dislocations in crystal, in the rangé+10° cm’?, is usually sufficient to begin
the crystallographic slip, but these value is ® In comparison with the value necessary
for effectively acting slip. However, the actingestses are able to generate meaningful
number of dislocations, sufficient for a continualipping mechanism. In the case of thin
crystals, the dislocations are thermally generatddle in thick crystals a nucleation of
dislocation proceeds by so-called half-loop dislimeca mechanism [Kazmierczak 2005,
Argon 2005]. Plastic deformation by crystallographic slip is alyu governed by the



resistance to the motion of dislocations on thp planes [Bowden 1974; Reck 1985;
Galeski 1992; Lin 1994; Porter 1995].

The crystallographic slips in chain-folded crystahn proceed only along planes
containing axes of macromolecular chains and feldse the covalent bonds along chain
axes cannot be broken down during deformation.edstest slip occurs along a slip plane
which tend to be a close-packed plane in the stractin case of polyethylene the slip
plane must be of thehKQ) type and the slip direction parallel to the chaiis [001]
[Young 1973].Hence, there are only two possible crystallogragties: chain slip (or
parallel slip), i.e. slip along the chains, anch&nerse slip, i.e. slip perpendicular to the
chains. The chain slip and transverse slip can rostnultaneously on a common slip
plane [Lewis 1972; Young 1973], but the criticabotved shear stredsr chain slip is
lower thant for any transverse slip [Bowden 1974].

{b)

(a)

Figure 1.15. Schematic illustration of possible types of chdlip: (a) fine slip and (b) coarse slip [Lin
1994]; n are the normals to the crystal surface aratre the chain axes.

Chain slip is taken as the most important crysgadphic deformation mechanism.
In the same type of planes it can occur in twoed#ht ways: as fine or coarse slip [Bassett
1963; Shinozabi 1973; Bowden 1974; Lin 1994], whaie schematically illustrated in
Figure 1.15. Bowden and others [Bowden 1974; Pd#5;1Lin 1994] showed that the
chain slips in polyethylene are able to recovelatated deformation temperatures.

Fine slip consists in the slight multitude disglaent of parallel planes with
respect to others, which leads to a change of niigée etween the molecular chain axes
and the normal to the lamellar surface, i.e. gltof chains in the crystallite. This type of
chain slip is predominant mechanism of plastic defdion in polytetrafluoroethylene,
PTFE under uniaxial tension or compression at roemperature and moderate strains and
in oriented high density polyethylene, HDPE [Bowd&74; Lin 1994].
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In case of coarse slip the shear displacementgaappnly along the confined
number of crystalline planes, and no chain tilimgbserved during the deformation. The
role of coarse slip usually increases with thelttain of the material.

From the mechanical point of view, a single sjyistem leads to the development of
a simple shear along a single plane between twstadrgarts and rotation of a crystal with
respect to the stress axis [Bowden 1974], as shoviigure 1.16. The angle, through
which the crystal rotates is a simple function loé pplied strain. In the case of uniaxial
compression, the direction of crystal rotation wag from the compression axix (
increases), while in uniaxial tension, the rotatienn the direction of the tensile axis (

decreases).

\
(L0
\

.
(a) {b) (¢)

Figure1.16. Rotation of a crystal undergoing a single slipy gdeformed crystal,
(b) uniaxial tension and (c) uniaxial compressi@ojvden 1974].

Five independent slip systems are required to gnan shape of crystal [Kelly
1970]. Crystals in semicrystalline polymers usugtipssess insufficient number of
independent slip systems, but under appropriataeditons the deformation of bulk-
crystallized material proceeds without voiding caaking perhaps because the amorphous
regions between lamellae allow for certain amodrdpustment.

Twinning mode is allowed in polymer crystals wghbfficiently low symmetries
and oriented with a chain axis perpendicular to divection of stress. In orthorhombic
crystals of polyethylene twinning proceeds alont0jland (310) planes, which results in
lattice rotations about the chain axis of° #nd -67, respectively [Lewis 1972; Allan
1973], while twinning in polypropylene proceedsraq130) plane.

Martensitic transformation, i.e. stress-inducedansformation from one
crystallographic form to another, occurs only wiilea polymer crystal is oriented with a
chain axis perpendicular to the direction of stréBsese third deformation mode of
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crystals was found in several polymers such asranted polyethylene subjected to
uniaxial compression (transformation from orthortmento monoclinic form) [Tanaka
1962], polypropylene (transformation fromform to a-form), poly(L-lactic acid) with
transformation fronu-form to p-form [Eling 1982] and nylon 6 with-form transforming
to y-form [Galeski 1991].

In can be concluded that plastic deformation of isgrstalline polymers requires
both deformation of amorphous and crystalline phbheeause of their complicated
hierarchical structure [Lin 1994; Galeski 2003].f@enation of amorphous phase can be
activated relatively easy [Kryszewski 1978] butsitrapidly exhausted due to different
alignment of crystalline lamellae with respect toe tdeformation direction. Further
deformation of semicrystaline polymer could be bk by initiation of plastic
deformation of lamellar crystals. Plastic deformatiof a polymer is initiated by crystal
plasticity. Plastic yielding of semicrystalline golers based on dislocation mechanism
[Peterson 1966a; Peterson 1968; Shadrake 1974;grb988] was intensively studied in
the past [Lin 1994; Wilhelm 2004; Kazmierczak 208gguéla 2007]. It is known that the
yield stress of semicrystalline polymers depends ardy on crystal thickness [Brooks
2000; Séguéla 2002] but also on the degree of allpdly and entanglement of
macromolecules [O’Kane 1995; Ayoub 2011]. Bartcetlal. [Bartczak 2012] have shown
that the molecular network characterized by thesidgnof entanglements is the key
parameter controling deformability of the melt afltra high molecular weight
polyethylene, UHMWPE. Lower the entanglements dgrbie higher the ultimate strain

in the plain-strain compression of a molten makeria
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1.4 Scope of the thesis

Polymer nanocomposites are materials in which natiaon usually inorganic
particles are dispersed in an organic polymer matriorder to dramatically improve the
performance properties of the polymer. Polymer-pwy nanocomposites are rear and
known only when ready-made nanofibers or nanodteee dispersed in the matrix.
Previous attempts of formation of polymer nanocosigs with fibrillar inclusions by
compounding were unsuccessful, because it was isitjeso deform a solidified polymer
inclusions during compounding, while in a molteatstimpossible to preserve the shape of
extended threads because of capillary instabilading to their breakup into droplets. A
new idea is to use crystalline polymer inclusiond deform them into nanofibers during
compounding by shearing via second polymer beintfpgnmolten state. If the crystals of
polymer inclusions will be sufficiently large, maonolecules disentangled while the
deformation ratios and rates sufficiently large tngstals can be deformed to nanofibers
dispersed in the polymer matrix. In consequenc@aaocomposite with nanofibrillar
inclusions, containing only two polymers, can berfed after solidification of the material
by cooling.

Deformation of polymer crystals to large straing@ssible when the density of
entanglements persisting in the amorphous phadeagtically reduced. This state can be
achieved by crystallization under pressure (e.gpfdyethylene, PE, and poly(vinylidene
fluoride), PVDF), crystallization from dilute solohs and crystallization during
polymerization (e.g. polytetrafluoroethylene, PTF&nd ultra-high molecular weight
polyethylene, UHMWPE). Hence, selection of a polyirioe the studies was based on the
chain disentanglement abilty of the polymer forgurcrystals. Since, the slow
polymerization of tetrafluoroethylene, TFE, at ahle carefully selected conditions
(temperature, pressure), which result in much fastg/stallization compared to
polymerization, enables formation of separate el#drchain crystals of
polytetrafluoroethylene and/or their small aggloates. Because of reduced density of
entanglements and crystals with extended chaingrrdation process of PTFE by
shearing is possible. Such phenomenon was obsreea laboratory few years ago when
non-isothermal crystallization of thin iPP+PTFEmM# with free surface was studied.
During mixing isotactic polypropylene with aqueaeraulsion of polytetrafluoroethylene,
some PTFE grains were deformed into PTFE nanofibeith lateral dimensions



200+350 nm. These unexpected results inspired uselect polytetrafluoroethylene as
crystalline polymer inclusions for further studies.

The main objective of this thesis was to generatanofibers of
polytetrafluoroethylenein situ during compounding sold PTFE particles with
thermoplastic matrix being in a molten state. Thafluence of a type of
polytetrafluoroethylene, polymer matrix and itscasity, as well as processing parameters
including shear rate and compounding time on thecadled fibrillation process,
understood as a deformation of polymer crystats fiotm of nanofibers, has been studied.
Other objective of the thesis was to analyze aecefif generated PTFE nanofibers on the
thermal, mechanical, and rheological propertiestidied materials.

The results in this thesis will lead to a developmef new generation of ‘all
polymer’ nanocomposites reinforced by polymer ndwr§ with wide potential
applications. Simplicity of fabrication just by shreg the dispersion in another molten
polymers would play very important role in mininmgithe costs, hazardous exposure and
environmental impact, all being usually very higthem dealing with ready made

nanofillers.
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Chapter 2

Experimental Section

2.1 Materials

Studies presented in the paper have been condisctachumber of compositions
prepared by compounding thermoplastic polymers witgin polytetrafluoroethylene
powders. Four grades of isotactic polypropylene; ttensity polyethylene, high density
polyethylene and atactic polystyrene were usedodgneric matrices. Three grades of
polytetrafluoroethylene powders were utilized derf. Characteristics of thermoplastic
polymers and PTFE fillers according to their mantifeers and codes used in the studies
are presented below.

Polypropylene (1), i-PP (PP) having weight-averagdecular weightM,, of 220
kg mol*, melt flow index, MFI, of 13.8 g/10min (for 23, 2.16 kg according to ISO
1133 standard) and density,of 0.89 g crit, by Polysciences Inc., USA;

Polypropylene (2), Malen-P B200 (PPB) having méwf index, MFI, of 0.6
g/10min (for 230°C, 2.16 kg according to ISO 1133 standard), dengjtgf 0.91g cn,
by Basell Orlen Polyolefins, Poland;

Polypropylene (3), Hostalen H 2150 (PPH) havingtrflelv index, MFI, of 0.3
9/10min (for 230°C, 2.16 kg according to 1ISO 1133 standard) and igend; of 0.90
g cm®, by LyondellBasell, the Netherlands;

Polypropylene (4), Adstif HA840K (PPA) having mdébw index, MFI, of 3.5
9/10min (for 230°C, 2.16 kg according to 1ISO 1133 standard) and iend; of 0.90
g cm?®, by LyondellBasell, the Netherlands;

Low density polyethylene, Lupolen 1810D (LDPE) mavimelt flow index, MFI,
of 0.1-0.3 g/10min (for 198C, 2.16 kg according to ISO 1133 standard) andityemns of
0.92 g cn®®, by LyondellBasell, the Netherlands;

High density polyethylene, S-2203 (HDPE) havingtnflelv index, MFI, of 0.03
g/10min (for 19C°C, 5 kg according to 1ISO 1133 standard) and dertsityf 0.97 g cn;

Atactic polystyrene, a-PS (PS) having weight-averagplecular weightM,,, of
120-250 kg mot and densityd, of 1.05 g cri¥, by Polysciences, Inc., USA;

Polytetrafluoroethylene (1), Teflon PTFE 7C (7C)ihg average particle size of
28 um and melting peak temperatufe, of 346°C, by DuPont, USA,
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Polytetrafluoroethylene (2), PTFE Microdispers-20@-200) having average
particle size of 0.2+0.8m and melting peak temperatuilg, of 325°C, by Polysciences,

Inc., USA;
Polytetrafluoroethylene (3), PTFE Fluoroplast-4 &ern Bead (F4-RB) having

melting peak temperatur€y, of 345°C, by Kirowo-Chepieck, Russia.

In general, the materials studied further in tla@gr were prepared by compounding
thermoplastic polymers with 1, 3, 5 and 7 wt.% afypetrafluoroethylene powder at
temperature higher than the softening temperatiteeopolymeric matrix, and at various
processing protocols using Brabender internal mamad two various co-rotating twin-
screw extruders 20/40D: BTSK Buhler and EHP. Comjposand codes of the materials

studied further in the thesis are listed in Table 2

Table2.1. Codes and composition of materials studied.

Material Thermoplastic matrix PTFE powder Matr(i\inc.;)r)\tent PTF(E;;S'[GN
PP/m-200/3 i-PP PTFE Microdispers-200 97 3
PP/7C/3 i-PP Teflon PTFE 7C 97 3

PPH/m-200/3 PP Hostalen H 215( PTFE Microdispef$-20 97 3
PPH/7C/3 PP Hostalen H 2150 Teflon PTFE 7C 97 3
PPH/7C/5 PP Hostalen H 2150 Teflon PTFE 7C 95 5
PPB/7C/1 PP Hostalen H 2150 Teflon PTFE 7C 99 1
PPB/7C/3 PP Malen-P B200 Teflon PTFE 7C 97 3
PPB/7C/5 PP Malen-P B200 Teflon PTFE 7C 95 5
PPB/7C/7 PP Malen-P B200 Teflon PTFE 7C 93 7

PPB/F4-RB/3 PP Malen-P B200 PTFE Fluoroplast-4 RB 7 9 3

PPB/F4-RB/5 PP Malen-P B200 PTFE Fluoroplast-4 RB 59
PPA/7C/3 PP Adstif HA840K Teflon PTFE 7C 97 3
HDPE/7C/3 HDPE S-2203 Teflon PTFE 7C 97 3
LDPE/7C/3 LDPE Lupolen 1810D Teflon PTFE 7C 97 3
LDPE/7C/5 LDPE Lupolen 1810D Teflon PTFE 7C 95 5
LDPE/7C/7 LDPE Lupolen 1810D Teflon PTFE 7C 93 7

PS/7C/3 a-PS Teflon PTFE 7C 97 3
PS/7C/5 a-PS Teflon PTFE 7C 95 5
PS/7CI7 a-PS Teflon PTFE 7C 93 7

The detailed compounding procedures of materialslist further in the thesis are

described below.
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(a) Polypropylene (i-PP), high density polyethyle(ldDPE S-2203) with PTFE
powder (Teflon PTFE 7C and PTFE Microdispers-20Rylytetrafluoroethylene

powder was finely grounded in a homogenizer atéhgerature of liquid nitrogen,
then added to the polypropylene powder in the arhoti8 wt.%. The mixture of
powders was compounded in the Brabender internedmait 200°C and 120 rev.
min™® for 15 min. Neat polypropylene was processed @& dimilar conditions in
order to apply the same thermo-mechanical hist@yfoa the materials with
polytetrafluoroethylene. Compounding procedure dieed above was also utilized
for the preparation of high density polyethylensdsh materials with
polytetrafluoroethylene, however the compoundinmgerature of 170C was
applied in order to maintain high viscosity of thatrix during processing.

(b) Polypropylene (PP Hostalen H 2150; PP Malen-P20B) with
polytetrafluoroethylene powder (Teflon PTFE 7C; ETMicrodispers-200 and

PTFE Fluoroplast-4 RB):Polypropylene was melted in the Brabender internal

mixer. Then polytetrafluoroethylene powder was atitte the molten polymer in
the amount of 1, 3, 5 and 7 wt.%, respectively. pblgtetrafluoroethylene powder
was compounded with polypropylene at 2@ and 120 rev. mih for 10 or 15
min. Neat polypropylene was processed at the simdaditions in order to apply
the same thermo-mechanical history as for the magavith PTFE.

(c) Low density polyethylene (LDPE Lupolen 181G@actic polystyrene (a-PS) with

polytetrafluoroethylene powder (Teflon PTFE 7Cyw density polyethylene was

melted in the Brabender internal mixer. Then paitgfkioroethylene powder was
added to the molten polymer in the amount of 3n& @& wt.%, respectively. The
PTFE powder was compounded with low density polyletie at 170C and 120
rev. mir® for 15 min. Neat low density polyethylene was mssed at the similar
conditions in order to apply the same thermo-meicahrhistory as for the
materials with polytetrafluoroethylene. Compoundprgcedure described above
was also utilized for the preparation of atactidyptyrene-based materials with
polytetrafluoroethylene.

(d) Polypropylene (PP Hostalen H 2150) with polsgaéitioroethylene powder (Teflon
PTFE 7C): Polypropylene pellets were covered with polytdii@oethylene
powder in the amount of 5 wt.% and then compouna&dg co-rotating twin-

screw extruder, type BTSK 20/40D operating at 25@ miri*. The temperature
profile of 215, 230, 230, 230 and 208G was applied. Neat polypropylene was



(€)

processed at the similar conditions in order tolagipe same thermo-mechanical
history as for the materials with polytetrafluoimgene.
Polypropylene (PP Adstif HA840K) with polytdlmaroethylene powder (Teflon

PTFE 7C):Polypropylene pellets were transformed to a povidien by two-step
process: dissolution in hot toluene, and then pi@tion in methanol. Afterwards,
the dried polypropylene powder was used to produasterbatch containing 20
wt.% of polytetrafluoroethylene in the Brabendeeimal mixer at 200C and 100
rev. min® for 10 min. The final material containing 3 wt.%f o
polytetrafluoroethylene was prepared by dilutionfaimer masterbatch using co-
rotating twin-screw extruder, type EHP 20/40D ofiegpat 100 rev. mid. The
temperature profile of 175, 180, 185, 190, 190,,13®, 200 and 208C was
applied. Neat polypropylene was processed at timdasiconditions in order to
apply the thermo-mechanical history as for the nedteith PTFE.

Processing devices used to produce materials studigher in the thesis are described

below:

(a) Brabender internal mixer consists of a mixetkistgand with gear unit and a mixer

bowl. It is equipped with two counter-rotating rcgo(roller blades type W50 E).

Volume of the mixer bowl is approx. 55 &nThe special shape of the rotors as well as

the tight clearance between rotors and mixing cleangioiarantee an intensive, high

shear mixing.
(b) Co-rotating twin-screw extruder BTSK 20/40D (Ber, Germany). The screws are 20
mm in diameter and possess a length/diameteregtial to 40. The segmented screw

in

configuration of K3 consists of 30 segmentsjuding 8 starting segments and 6

final segments of the same size and shape. Segrfrents9 to 24 (double-winded

transporting segments and mixing shearing segmpet&)rm intensive plasticization

in

the Il zone and intensive mixing in lll zone. €llextruder contains five heating

Zones.

(c) Co-rotating twin-screw extruder EHP 20/40D (ZknPoland). The screws are 20 mm

in diameter and possessed a length/diameter rqtialéo 40. The segmented screw

consists of 17 segments, including 2 starting afidal segment of the same size and

shape. Segments from 3 to 16 (double-winded tratisgosegments and mixing

shearing segments) perform intensive plasticizatiaine Il zone and intensive mixing

in 1l zone. This extruder contains nine heatinges.
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Materials prepared in Brabender internal mixer weakected in the form of billets which
were further cut into smaller pieces using metéiitg machine, while materials produced
using co-rotating twin screw extruders, both BTSKI &HP, were extruded out from the
die in the form of continuous strand. The strartdradir cooling was cut into small pellets
(granules) using pelleting machine (PROMA).

2.2 Apparatus and experimental techniques

Results presented further in the paper were oldammethe basis of a number of
research methods and techniques. Measuring instrismesed to characterize materials
which are the subject of the paper included a sognelectron microscope (SEM), tensile,
compression and impact testing machines, rotatidreimeter (ARES), wide-angle X-ray
diffractometer (WAXS), differential scanning caloeter (DSC), polarized light
microscope (PLM) and dynamic mechanical thermalyaea (DMTA).

2.2.1 Scanning Electron Microscopy (SEM)

The bulk morphology of samples was studied by meainscanning electron
microscopy (SEM) using a microscope JEOL JSM 5500 1 mm thick films were
prepared by compression molding at 2@0for polypropylene-based materials and°C70
for both low density polyethylene, high density ymihylene, and atactic polystyrene-
based materials. Afterwards, all samples were ifietid between two metal blocks. In
order to display the internal structure of samptes) separate methods were applied:
etching of polymeric matrix and fracture of sampésemperature of liquid nitrogen. The
film for etching was first cut with an ultramicrotee (Power Tome XL, Boeckeler
Instruments, Inc.) equipped with a glass knifegiider to expose a flat and smooth cross-
section surface. The exposed surfaces of the ralateere then etched for 45 days at room
temperature in permanganic etchant according tgptbheedure proposed by Olley al.
[Olley, 1982]. It must be mention that PTFE is s&mnt to permanganic etching, only
polyolefins are susceptible to etching. The purpafsaich prolonged etching was to reveal
large fragments of PTFE nanofibers. The etchingit&nl was composed of potassium
permanganate, KMnf(0.7 wt.%) dissolved in a mixture of concentratedphuric acid,
H>SOy (95 %), orthophosphoric acid gPIOy (85 %) and distilled water in the volume ratio
5/4/1. To improve etching, the mixture was placed an ultrasonic bath running
periodically for short time periods during the emchprocess (for approximately 5 min

51



every 1 hour). After completion of etching, the gdenvas immersed into four tubes in the
following order: with diluted sulphuric acid (sulphc acid/water 2/7 vol), perhydrol,
distiled water and acetone. Washing was run in ghesence of ultrasounds, so as to
ensure more efficient transport from/to the surfaicenpurities/liquids.
The cryogenic fracture was also used to displayinbernal surface of samples. In this
method a piece of sample placed between pliersimaersed into a vessel containing a
liquid nitrogen (LN2). After 60 min, the sample wiactured inside vessel and left to dry
heat to room temperature.

Afterwards, exposed surfaces of samples were cadthda fine gold layer (about
20 nm) by ion sputtering (JEOL JFC-1200) and exachiwith SEM in a high vacuum
mode at the accelerating voltage of 10 kV. Micrgscoimages were created using
secondary electron detector (SEI).

2.2.2 Mechanical properties

Tensile TestingUniaxial tensile drawing of the selected materialss assessed

using a testing machine (Instron 5582) with loadgea of 0-100 kN. The oar-shaped
samples according to 1ISO 527-2 1BA standard weteoatifrom 1 mm thick films non-
isothermally crystallized in the conditions analogdo those used to prepare the materials
for morphology studies. The samples with the gaaeggth of 25 mm were applied. All
measurements were performed at the room temperdtu@der to characterize tensile
properties of materials, two tests with differembss-head speeds were performed. For
determination modulus of elasticitl¢, an extensometer with a gauge length of 25 mm and
an accuracy of 1 % was utilized. A cross-head spéddmm min' which corresponds to
strain rate of 4 % mih was applied. The tensile properties were measatétle cross-
head speed of 5 mm mincorresponding to strain rate of 20 % rhiThe modulus of
elasticity and selected tensile parameters of studiaterials were determined on the basis
of recorded stress-strain curves.

Compression TestingThe samples of polytetrafluoroethylene were unlgxia

compressed in order to determine their mechanehbtor. The 15 mnx 20 mmx 13
mm rectangular prisms were cut out from the samplepared by: (a) sintering of
polytetrafluoroethylene powder in dedicated brassilh at 290°C and %10’ Pa for 3 h,
and (b) melting at 360C for 3 h and subsequent non-isothermal crysttitima The

compression tests were carried out using testinghina (Instron 5582), sample stabilizing
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fixture and compression plates. The specimens waeiaxially compressed in a special
device with initial compression rate of 0.5 mm fthirat room temperature. The
compressive yield stress,, was determined at the intersection of measunma$sstrain
curve and a straight line parallel to initial slagfehe curve and offset by 2 % of strain.

Impact Testinglzod impact measurements of selected materiale werformed

using instrumented impact tester (Resil 5.5, CEAJXA.). The 80 mnmx 10 mmx 4 mm
bar-like specimens according to ISO 180/1A standatk injection molded by means of a
5 g laboratory injection molding machine (PROMA Jd&al) at 4.510° Pa and 200C for
polypropylene-based materials and @ for both atactic polystyrene and low density
polyethylene-based materials. Later, the notch #peith a base radius of 0.25 mm was
cut into the samples in order to achieve a stressantration as well as an increase in
crack propagation rate at the front of the crapk Motched samples were tested in Izod
configuration using pendulum hammer with nominapauot energy of 4 J and impact
velocity of 3.5 m 8. Izod impact strengthl);, was determined as an impact energy
absorbed in breaking a notched specimen, refeadtie original cross-sectional area of
the specimen at the notch.

2.2.3 Instruments for rheological tests

Linear viscoelasticityThe small-amplitude oscillatory measurements décsed

materials were executed using a strain-controttebmeter (ARES LS2, TA Instruments)
with both a torque transducer (0.02+2000 g cm) amdrmal force transducer (2—2000 g).
Parallel plates with diameter of 25 mm and the depance kept in the range of 0.8-0.9
mm were applied. The disk-shaped samples werewdutram 1 mm thick fims prepared
by compression molding at 200 °C. The boundarietheflinear regime over which the
storage modulus;’, and loss modulu%;”, are independent on the strain amplitude were
determined by running the strain amplitude sweesnf0.1 to 10 % at different
frequencies on each sample. The main oscillatorasmm@ments were performed by
running the frequency sweeps from 0.01 to 100 radt490°C and 0.5 % of strain.

Steady shearSimple shear measurements of selected materials pexformed
using the ARES rheometer described above. Papdditds in diameter of 25 mm with the
gap distance kept in the range of 0.8+0.9 mm wppied. Disk-shaped samples were cut
out from 1 mm thick films prepared by compressioolding at 200 °C and subjected to
shearing with the rate of 4'sat various temperatures ranging from 200 to Z3@intil the



requested deformation was achieved. The steady siseasity, s, was measured during
the rheometer runs and deformed samples were pigkdéar morphology investigation by
scanning electron microscopy.

Extensional viscosityJniaxial extension tests of selected samples werlspned

using extensional viscosity fixture (EVF, TA Ingtments) attached to the ARES rheometer
as shown in Figure 2.1.

Rotating drum X-ducer shaft

/

Pair of gears

) Fixed outer axis
Motor axis

Figure2.1. Scheme of extensional viscosity fixture (EVF)[fela2010].

The EVF consists of paired drums arranged in \@rgiosition and parallel to each
other. Between them a sample strip is positioneahidtlle height using two clamps. The
EVF is attached to the ARES rotational rheometeth wne cylinder connected to the
force transducer, and the other to the motor. ¢feoto wind up the sample equally on both
sides, the rotating cylinder moves on a circuldritaaround the force measuring cylinder
while rotating around its own axis at the same firtteereby stretching the sample
uniaxially and under a constant Hencky rate. Thegfaneasurement is decoupled from all
the moving parts and consequently friction andtiaerontributions are not affecting the
material response [Hodder 2005].

The 18 mmx 10 mmx 0.7 mm rectangular specimens were prepared by @ssipn
molding in dedicated mould at 20Q for polypropylene-based materials and at t7®or
both atactic polystyrene, low density polyethylaared high density polyethylene-based
materials. Molten samples were uniaxially stretched constant extensional rate (0.1, 1.0,
2.0, and 5.0%), and 170°C for both atactic polystyrene, low density polydéme and
high density polyethylene-based materials and & 20 for polypropylene-based
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materials. The transient extensional viscosify, as a function of extensional time at a

constant strain rate was determined.

Shear viscosityTransient shear measurements of selected samplesexecuted
using rheometer ARES described above. Cone-plamgey with diameter of 25 mm, the
cone angle of 0.1 rad and actual gap distance 46 thm was applied. Disk-shaped
samples were cut out from 1 mm thick films prepasgdcompression molding at 20C
for polypropylene-based materials and 170 for high density polyethylene-based

materials. Data of the transient shear viscosify, were collected during shearing of

molten samples at the strain rate of 0.&sd 170C for high density polyethylene-based
materials and 200C for polypropylene-based materials. Trouton rafig was estimated
as the ratio of the transient extensional viscomityhe transient shear viscosity at a total
strain achieved.

2.2.4 Wide-Angle X-ray Scattering (WAXS)

The crystalline structure of materials was probgdwide-angle X-ray scattering.
Computer controlled wide-angle goniometer couptea tPhilips PW3830 sealed-tube X-
ray generator operating at 30 kV and 50 mA was uBee X-ray beam consisted of Cy K
radiation Ni-filtered. The samples for WAXS measunents were prepared from 1 mm
thick films non-isothermally crystallized in the raditions analogous to those used to
produce the materials for morphological and med#rstudies. @ scans were collected

both in reflection and transmission mode with adience angle of 0.85

2.2.5 Differential Scanning Calorimetry (DSC)

Melting and non-isothermal crystallization of séést materials were performed by
means of differential scanning calorimetry (DSC)ingsan indium-calibrated TA
Instruments 2920 calorimeter. 1 mm thick films wprepared by compression molding in
the conditions analogous to those used to prodheentaterials for morphology and
mechanical studies. Samples of weight 6+10 mg \nested at the rate of 2 min™ to
220°C, annealed for 3 min and then cooled at the 1@ 8C min’ to room temperature.
The entire thermal treatment was performed undeygen flow.

The melting peak temperaturg,, and crystallization peak temperatufg, of the
samples were determined from recorded DSC thermogras a maximum value of



endothermic and exothermic peaks, respectively. dbgree of crystallinity,C, was
estimated from the heat of melting according toranula:

_AH,

C=
AH?

(2.1)

where AH_ is the measured heat of melting of the sample&id{] is the heat of melting

of 100 % crystalline material. In this stud@H° of 82 J @ for polytetrafluoroethylene

[Lau 1984], 293 J ¢ for polyethylene [Wunderlich 1977], and 177 3fgr polypropylene
[Li 1999] has been assumed.

Polytetrafluoroethylene powders were characterlagdSC during heating to 400
°C and cooling to room temperature, followed by sgent heating. Both the cooling and
heating rate of 16C min' was applied. The entire thermal treatment wasop@d under
nitrogen flow. The melting peak temperaturgé,: and Ty, crystallization peak
temperature], degree of crystallinityC,; andC,, were calculated on the basis of DSC
thermograms.

Differential scanning calorimetry was also usedstady isothermal crystallization
of neat isotactic polypropylene and isotactic pahygylene with polytetrafluoroethylene. 1
mm thick fiims were prepared by compression moldgonditions analogous to those
used to produce the materials for morphology andhaeical studies. Samples of 6-10 mg
were heated at the rate of 4D min* to 220°C, annealed for 3 min and then cooled at the
rate of 10°C min' to pre-selected crystallization temperature of 2@8or 145°C,
respectively. The entire thermal treatment wasgperéd under nitrogen flow. Afterwards,
10 um thin sections of selected isothermally crystdlizsamples were examined by
polarized light microscopy (PLM). Conversion degreg) was calculated based on DSC

thermograms recorded during isothermal crystaitipat

2.2.6 Polarized Light Microscopy (PLM)

Isothermal crystallization of selected materialsswstudied by polarized light
microscopy (PLM) in quiescent state using a Linkhat stage CSS450 mounted on a
Nikon Eclipse 80i light microscope. 3@n thick films were placed between microscope
glass slides, heated to 22D, annealed for 3 min and then cooled at the &80 &C min*
to pre-selected crystallization temperature of P8 and 138°C, respectively. The
isothermal crystallization was monitored and reedrtly a camera connected to a PC class
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computer with a frame grabber card. All isotherroglstallization measurements were
performed under nitrogen flow.

Additionally, thin fiims of selected materials wermn-isothermally crystallized
with free surface using a Linkam hot stage CSS#B6.70um thick samples were heated
at the rate of 36C min' to 220°C, annealed for 3 min and then cooled at the riat® &C
min™ to room temperature. Afterwards, the non-isothdymaystallized samples were
picked up for morphology investigation by SEM.

2.2.7 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal measurements of seleote@rials were conducted
using DMTA MKIII apparatus (Rheometric Scientificcl) in a double cantilever bending
mode at the frequency of 1 Hz and heating rate % 2nin, in the temperature range
from -100 to 100°C for polypropylene-based materials and -100to 140°C for atactic
polystyrene-based materials. The 30 im0 mm rectangular specimens were cut out
from 1 mm thick films non-isothermally crystallizén the conditions analogous to those
used to produce the materials for morphologicattal and mechanical studies. The
storage modulus;’, and loss modulu€”, as a function of temperature were recorded
during DMTA runs.
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Chapter 3
Results and Discussion

3.1 Nascent polytetrafluoroethylene powders

Some semicrystalline polymers like polyethylene, BEpoly(vinylidene fluoride),
PVDF, are able to crystallize in a chain-extendeghion under elevated pressure [Philips
1990]. Polytetrafluoroethylene, PTFE, can also pssseither chain-folded or chain-
extended crystals depending on the conditions gétallization process. Melting of
semicrystalline polymers with very high moleculaeight My>10%), like ultra high
molecular weight polyethylene, UHMWPE, and polydaétroroethylene leads to the
systems with high concentration of entanglementpeEmental observations revealed that
chain-folded crystals “explode” upon melting [Banmnd991]. Once the constraints (lattice
forces) are removed by melting, folded moleculegaex rapidly, driven by the need to
increase its entropy. Chain segments are thenedjegith a high kinetic energy into the
already molten surrounding and interlace with ottteains rapidly leading to significant
increase of the number of entanglements.

During crystallization entanglements are rejectedhte amorphous phase. In the
case of PTFE much less entangled system with efthllgr or nearly chain-extended
crystals can be obtain by the crystallization dyigolymerization. While decreasing the
polymerization temperature well below the crystation temperature, the polymerization
rate becomes lower than the crystallization rate s possible to reach the state when
growing chains are separated from each other witigstallzation proceeds
simultaneously with polymerization. This results ian independent growth of
monomolecular crystals - a single chain formingrale crystal. Polymer crystals grown
during polymerization are called nascent or as{pelyzed crystals [Wunderlich 1976].
Three different polytetrafluoroethylene powders avased in these studies. Two nascent
powders: Teflon PTFE 7C (7C) and PTFE FluoroplaReéctor Bead (F4-RB) and dried
aqueous dispersion of polytetrafluoroethylene: PTHErodispears-200 (m-200). The
morphology of polytetrafluoroethylene powders wasarmained by scanning electron
microscopy. SEM micrographs of PTFE powders witlprapriate diagrams of particle

58



size distribution are presented in Figure 3.1. Hi@grams were based on counting

particles in several SEM images.
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Figure3.1. SEM images of polytetrafluoroethylene powdersistudith diagrams of PTFE patrticle size
distribution: (a) Teflon PTFE 7C, (b) PTFE Fluor@st-4 RB, and (c) PTFE Microdispers-200.

Manufacturer of as-polymerized polytetrafluoroetimg 7C states that this powder
consists of spherical particles with an average eiz28um. However, the morphology
studies revealed that 7C, shown in Figure 3.1atamo® two populations of particles: a flat
ellipsoidal particles with length in the range beén 20 and 6@m and a flaky fibrillar



particles having length in the range from 90 to g6Q This difference in morphology of

polytetrafluoroethylene powder 7C arises from ga&tment of the producer (Dupont Co.)
of as-polymerized powder by rolling.

Second nascent PTFE powder F4-RB contains sphanchflaky particles with different

lengths ranging from 30 up to 60t as shown in Figure 3.1b.

The dominant population of polytetrafluoroethylgreeticles in m-200, prepared by drying
the aqueous dispersion of PTFE are particles viztbssof 0.2-0.3um and aggregates of

polytetrafluoroethylene smaller thanud. Aggregates larger than hfn are also observed

in Figure 3.1c.

The thermal properties of so-called virgin polggéioroethylene, i.e. the polymer
which has never been heated above the melting tettype after polymerization, were
studied by means of differential scanning calormefigure 3.2 shows exemplary DSC
thermograms of virgin, as-polymerized PTFE powded RRB with melting and

crystallization peaks recorded during heating, endling. The melting of as-polymerized

PTFE is at high temperature, above equilibrium imgltemperature T®, and is very

strong suggesting high degree of crystallinify, was determined by different authors
being in the range between 332 and 336[Lau 1984; Bassett 1974; Pucciariello 1999].
Crystallization peak during cooling is at much lewemperature, the subsequent melting
differs significantly from the first melting: the etting temperature is significantly lower
than T?°. Similar behavior is exhibited by PTFE 7C. PTFEpeirsion m-200 shows first
melting peak at lower temperature and the peatwei. The calorimetric data of all three
studied polytetrafluoroethylene powders are cadédn Table 3.1, wher&éy,, Tmz, and
AHm1, 4Hm2 denote the melting peak temperature and the rgedtithalpy during the first
and the second heating, respectively, wherégs denotes the crystallization peak
temperature. The degrees of crystallin@®¢,andC,, were calculated from the eq. 2.1, on
the basis of the heat required to melt the samitig,; and4Hnz, respectively, assuming
the heat of melting of 100 % crystalline polytdtrafoethylene of 82 J-g[Lau 1984].
Polytetrafluoroethylene powder m-200 shows the intelpeak temperatur@ms,

lower than bothT, and the equilibrium melting temperaturg? . It is known that the

polymer crystals with chain folding are not equilimn crystals.
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Figure3.2. DSC thermograms of virgin polytetrafluoroethylgroavder F4-RB: (1) the first heating,
(2) the first cooling, and (3) the second heatihlge thermograms were shifted for clarity.

Their
[Wunderlich 1980] expressed as

melting peak temperaturel, determined from Gibbs-Thomson equation

20,

- (3.1)

i

R=ﬂ@— |

m

where o,is the basal surface free enerdyis the lamellae thickness, amdH , is the

enthalpy of fusion per unit volume of crystdl, is lower than the equilibrium melting

0
m !

temperature of infinitely thick crystall,, by the magnitude inversely proportional to the

their thickness.

Table 3.1. Thermal properties of polytetrafluoroethylene pevaused in the studies.

PTFE Tmi[°C] | Tm2[°C] | Tc[°Cl [AHm [0 9 | AHm[J g | Ci[%] | C2[%]

m-200 325.1 325.9 313.1 73.0 69.7 89.1 850
7C 345.7 327.8 315.2 77.7 39.0 94.7 476

F4-RB 344.6 327.6 314.0 75.8 34.7 92.4 423

The melting peak temperatuiByi, of both virgin polytetrafluoroethylene powder€: @nd
F4-RB exceeds theifm,, and is abovel?. Such high melting peak temperatufgy, of
nascent polytetrafluoroethylene was measured byerstliBassett 1974; Toda 2002,
Pucciariello 2004] and interpreted as superheatinghain-extended crystal¥he most
stable state are crystals built from the extendagnper chains. Such thick crystals being
unable to melt sufficiently quickly during heatiaghigh heating rates, hence their interior
are heated above the equilibrium melting point.

In all cases,4Hmn1 exceeds4Hn indicating the high degree of crystallinity of

polytetrafluoroethylene powders developed durindymperization, being in the range
between 89 and 95 %.
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It can be concluded on the basis of above reshl$ polytetrafluoroethylene
powder m-200 obtained by drying the aqueous digpeisf PTFE particles is composed
of chain-folded crystals. While the conditions usegolymerize tetrafluoroethylene, TFE,
enabled the synthesis of polytetrafluoroethylensvgers (7C and F4-RB) with large
crystals in chain-extended fashion without sigaifit entanglements. It is expected that

such crystals will deform easily.
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3.2 Deformation of polytetrafluoroethylene crystals

Plastic deformation of semicrystalline polymergjuiees both deformation of
amorphous and crystalline phase [Lin 1994; Gal@§ld3] due to their complicated,
hierarchical structure develop during crystallaatifrom a molten state [Keller 1968].
Plastic deformation of a polymer is initiated bystal plasticity. Bartczakt al. [Bartczak
2012] have shown that the density of entanglementhe key parameter controlling
deformability of the melt of UHMWPE. Lower the enggements density the higher the
ultimate strain in the plain-strain compressioaofolten material.

The effect of topological structure on the defotiora behavior of
polytetrafluoroethylene was studied by means ofxial compression, which is more
fundamental deformation mode than tensile drawiagtaavoids such phenomena as
cavitation and voiding. Two methods were used teppre samples for uniaxial
compression measurements: (a) sintering of as-paiged polytetrafluoroethylene 7C
particles at 290°C, i.e. temperature below the onset of melting asaent PTFE 7C
crystals Tons> 333.8°C); and (b) melting of nascent polytetrafluoroetmd powder 7C at
360°C for 3h and subsequently crystallization. Ras&tgil. [Rastogi 1997; Lippits 2006]
have shown that a sufficiently long melting timenafscent UHMWPE larger than“$) is
necessary to increase the concentration of chaanglements.

The crystalline structure of polytetrafluoroethydeiC as-polymerized and after
sintering at 290C was studied by means of wide-angle X-ray scagefWwWAXS). X-ray
diffraction patterns of as-polymerized polytetrafloethylene 7C and after sintering at 290
°C are presented in Figure 3.3. Diffraction pattéan polytetrafluoroethylene 7C after
sintering at 290C is similar to that for as-polymerized polymersBies the reflex from
(100) crystallographic plane observed at 18dur small reflexes are visible in thé 2
range between 30 and °45which corresponds to (110), (200), (107) and Y108
crystallographic planes, respectively. The presari¢@07) and (108) peaks at temperature
of 25 °C is indicative of the crystalline phase IV of pelyafluoroethylene 7C [Bunn
1954]. Degree of crystallinity of nascent polytétraroethylene 7C is 94.7 % while after
sinteringC slightly increases to 95.1 %. Applied sinteringgedure enabled coalescence
of particles of nascent polytetrafluoroethylene W@hout changing its topological

structure.
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Figure 3.3. Diffractograms Zfor samples of polytetrafluoroethylene 7C as @3aent powder
and (2) after sintering at 29 and %10’ Pa for 3 h, recorded in reflection mode at%®5
The WAXS diffractograms were shifted verticallydarity.

Melt-crystallized polytetrafluoroethylene 7C shotte melting peak temperature (331.7
°C) lower thanTy, of nascent polymer which in consequence leadsastid decrease of the
degree of crystallinity by about 30 % from 94.7 8065.1 %. This suggests that applied
method of crystallization causes formation of petkafluoroethylene 7C chain-folded
crystals composed of many different chains and mgfitey of these chains in adjacent
amorphous layers.

Figure 3.4 presents the true stress-compressioo catves obtained for the
samples of polytetrafluoroethylene 7C after singgand melt-crystallization deformed by
uniaxial compression. Samples were deformed wighdbnstant compression rate of 0.5

mm min* at room temperature.
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Figure 3.4. True stress-compression ratio curves of PTFE 7i@as after sintering at 29 and melt-
recrystallization at 360C deformed at room temperature with the compressiteof 0.5 mm mih
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The compressive yield stress, for sintered nascent PTFE 7C is only about 12PlaMt
room temperature, while for melt-crystalized mmaderis 19.5 MPa. Sintered
polytetrafluoroethylene, deformed at room tempemtdractured early at compression
ratio of 0.18, due to poor connectivity betweenstays and/ or grains of the powder [see
Bartczak 2012, for similar phenomena in UHMWPE esiatl powder]. In contrast, melt-
crystallized sample deformed to 0.72 with a didtistrain hardening stage, leading to
ultimate stress of 137 MPa. The resolved sheasstie, acting under 45can be
calculated according to the following equation:

T =ocos@s’ )cos@5 Fo /12 (3.2)
Hence, to initiate plastic deformation of chainemded crystals of polytetrafluoroethylene
7C embedded in viscous media (a polymeric mathx)ugh shearing, the resolved shear
stress of only 6.05 MPa must be reached and exdetdeom temperature. Since crystal
plasticity is thermally activated process, the el resolved shear stress at elevated
temperature will be significantly lower. The highttre temperature the lower the shear

stress for crystal plasticity.



3.3  Structure of the nanocomposites with PTFE inakions

The materials studied further in the paper weregdly prepared by compounding
of polytetrafluoroethylene powders with thermoptaspolymers including isotactic
polypropylene, i-PP, high density polyethylene, HDRw density polyethylene, LDPE,
and atactic polystyrene, PS, at various processingitions, which are described in details
in Chapter 2.1. The effect of type of polytetrafloethylene powder and thermoplastic
matrix, viscosity of matrix, shear rate and compaing time on the final morphology of
the materials was intensively examined. The resflthose studies are presented in the

following subsections.

3.3.1 Type of polytetrafluoroethylene powder

Two nascent polytetrafluoroethylene powders (7C BA€RB) and dried aqueous
dispersion of PTFE particles (m-200) were compodnaih isotactic polypropylene. The
final morphology of prepared materials was examibgdscanning electron microscopy.
Figures 3.5a-c presents SEM images of cryogenmurad samples of polypropylene-
based materials containing 3 wt.% of PTFE m-200,and F4-RB, respectively. In the
case of m-200 used as a filler, aggregates of Pi&#cles having longitudinal sizes of
3+10 um dispersed in polypropylene matrix are visibleg(ffé 3.5a). In contrast, when
using nascent polytetrafluoroethylene 7C powdee, fihal morphology of PPB/7C/3
considerably differs from PP/m-200/3. During compding nascent 7C powder with
isotactic polypropylene, particles of polytetratdbylene are subjected to sufficient
shearing and can be readily deformed and transfbrmighout a melting step into
nanofibers with transverse sizes ranging from 3880 nm (Figure 3.5b). Similar fibrillar
inclusions with transverse sizes in the range fr@dnto 650 nm are observed in the
cryogenic fractured surface of PPB/F4-RB/3 nanooositp (Figure 3.5c¢).

Formation of nanofibers during shearing of grairfs polytetrafluoroethylene
emulsions was noticed in the past [Yang 2005]. Galy authors observed [Van der Meer
2005; Masirek 2007; Bernland 2009] that polytetrafbethylene powder added to
thermoplastic polymer including isotactic polyprdgne, poly(methylene oxide), POM,
and high density polyethylene can transform to tavak of fibers, in the form of bunches
and bundles. Those studies aimed at optimizingningeation of crystallization of PP,
POM and PE by PTFE. But untill now, no one has meiteed the critical conditions for
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fibrillation of polytetrafluoroethylene and the nemism responsible for deformation of

PTFE crystals into form of nanofibers.

N Yo !

Figure3.5. SEM micrographs of cryogenic
fractured samples of isotactic polypropylene-based
materials: (a) PP/m-200/3, (b) PPB/7C/3,

and (c) PPB/F4-RB/3.

In contrast to polytetrafluoroethylene m-200 withelimg peak temperature of
325.1°C, particles of nascent PTFE powders: 7C and F4ftbiting T, of 345.7°C and
344.6°C respectively, can undergo easy fibrillation bgsptc deformation of PTFE chain
extended crystals, directly during compounding wiiermoplastic polymers, leading to
polymer nanocomposites with fibrillar nanoinclusoaf PTFE. This phenomenon was
observed only for PTFE whose crystals are chataeteby high melting temperature, in
this case exceeding the equilibrium melting peakpterature of polytetrafluoroethylene
crystals T °=332+336°C).

The structure of polypropylene-based nanocompaesite polytetrafluoroethylene
nanofibers was also examined by X-ray diffractibigure 3.6 presents wide-angle X-ray
(WAXS) diffractograms of neat isotactic polypropyé&e PPB, and its nanocomposite with
5 wt.% of PTFE 7C nanofibers recorded in the réilcmode in 8 range from 10 to 30
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Figure 3.6. Diffractograms & of neat isotactic polypropylene, PPB, and its naoraposite
with 5 wt.% of PTFE 7C nanofibers recorded in teiaction mode at 2%C.
Curves have been shifted along the vertical axibédter visualization.

Neat isotactic polypropylene, PPB, crystallizedit® usuala monoclinic form
confirmed by five crystallographic peaks of (11@40), (130), (111) and (041) planes. In
case of PPB/7C/5 nanocomposite, beside crystafibgrgplanes correspondiregform of
PPB, additional shoulder on right side of the p@a0) which corresponds to (100) plane
of polytetrafluoroethylene at 18.1

Polytetrafluoroethylene 7C have been chosen fothéur studies since the
deformation of PTFE 7C particles via shearing insaous polymer matrix leads to obtain
the thinnest polytetrafluoroethylene nanofibers.

3.3.2 Thermoplastic matrix and its viscosity

Polytetrafluoroethylene nanofibers can be generditexttly during compounding
thermoplastic polymers including isotactic polypytgme, low density polyethylene, high
density polyethylene and atactic polystyrene witsaent PTFE powders havifg > T°.

However transverse sizes and aspect ratios of geuepolytetrafluoroethylene nanofibers
depend not only on the type of PTFE but also th@lastic matrix and its viscosity, shear
rate and compounding time. The last two parametdirse discussed in next subsection.

If thermoplastic matrix is a low viscosity polymide isotactic polypropylene, PP,
having MFI of 13.8 g/10min, only a part of PTFE {@rticles are fibrillated under
shearing and transform into nanofibers as illusttah Figure 3.7a, which presents SEM
images of cryogenic fractured samples of the nampasites containing 3 wt.% of nascent
PTFE 7C.
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Figure3.7. SEM microphotographs of cryogenic fractured sampliethe nanocomposites with nascent
polytetrafluoroethylene 7C:(a) PP/7C/3, (b) LDPE/7C(c) HDPE/7C/3 and (d) PS/7C/7.

Changing thermoplastic matrix to more viscous oreeg. from low viscosity
polypropylene, PP, to low density polyethylene, IEDRvith melt flow index of 0.1+0.3
g/10min or high density polyethylene, HDPE, havingrl of 0.03 g/10min enables
fibrillation practically of all particles of nasceRTFE 7C powder leading to formation of
polytetrafluoroethylene nanofibers (Figure 3.7bjhwtransverse sizes between 30 and 110
nm (Figure 3.7c) homogeneously dispersed in poyletie matrix. In the case of using
atactic polystyrene, PS, as matrix, generated P/ACBanofibers are thicker (50+230 nm)
than those for HDPE (Figure 3.7d).

Structure of the nanocomposites with PTFE 7C naeddiwas also studied by wide
angle X-ray diffraction. An exemplary WAXS difframgrams of neat LDPE and its
nanocomposite with 3 wt.% of PTFE 7C nanofiber®reed in the reflection mode in the
20 range between 10 and®4dre shown in Figure 3.8.
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Figure 3.8. Diffractograms & of low density polyethylene, LDPE, and its nanggosite with 3 wt.%
of PTFE 7C nanofibers recorded in the reflectiondmat 25°C. Curves have been shifted
along the vertical axis for better visualization.

Neat low density polyethylene crystallized in itsual orthorhombic form which is
confirmed by the presence of three crystallograplkeaks of (110), (200) and (020) planes.
In the case of LDPE/7C/3 nanocomposite, besideseplacorresponding to LDPE,
additional peak at 181corresponding to (100) plane of polytetrafluorgydthe is

observed.
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3.3.3 Shear rate and compounding time

The effect of shearing on the final morphology paflypropylene-based
nanocomposites with nascent polytetrafluoroethylpoeder was studied by means of
steady shear experiments. Molten samples of isotpotypropylene, PPB, containing 3
wt.% of PTFE 7C particles were subjected to sheauith the rate of 4 $and the range
of temperatures 200+23C until the requested deformation of the matrix wakieved.
The dependence of steady shear viscogifyagainst straing, is shown in Figure 3.9. The
samples after shear experiments were picked umdophology investigations by scanning
electron microscopy. SEM images of cryogenic freedlu samples of PPB/7C/3
nanocomposite, deformed to=10 and £ = 500Q are illustrated in Figure 3.10. The
continuous drop of steady shear viscosity for neatiactic polypropylene, PPB, under
shearing is observed. This is a consequence oPTiE nanofibers and polypropylene
chains orientation in the direction of shearing.the case of PPB/7C/3 nanocomposite,

after initial drop ofrs with increasing deformation, thrg curves are leveling off.
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Figure 3.9. Logarithm of steady shear viscosiy,as a function of strairz, for neat isotactic
polypropylene, PPB, and its nanocomposite with 3waf PTFE 7C. Shear rate of 4 was applied.

As it follows from morphology investigation (Figuf®10), in the range of strains up to
4000-5000 a strong deformation of polytetrafluohyégne 7C particles occurs leading to
formation of individual nanofibers. The rate andlgiof nanofibers formation is larger for
lower temperatures. For the range of temperatueésden 200 and 23T and viscosity
range as characteristic for the grade of polyprepg] the deformation above 5000 results
in the drop of steady shear viscosity accompanigdth®e orientation of PTFE 7C

nanofibers and their occasional fracture.
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Figure 3.10. SEM microphotographs of cryogenic fractured samplePPB/7C/3 hanocomposite after

shearing at 200C and 4 ¢ to a given level of deformation: (&)= 10 and (b)e = 5000.

Samples were fractured parallel to discs radius.

Changing the shear rate within the same compourdivge and/or changing the
device, it is possible to affect strongly the fimabrphology of the polypropylene-based
nanocomposites with nascent polytetrafluoroethyleowders. Figure 3.11 presents SEM
microphotographs of cryogenic fractured samples isaftactic polypropylene-based
nanocomposites with 5 wt. % of PTFE 7C preparddvondifferent compounding devices:
internal mixer and corrotating twin-screw extrudsrthe range of 120+250 rev. ritin

Figure3.11. SEM images of cryogenic fractured samples of @ g@olypropylene-based nanocomposites
with 5 wt.% of PTFE 7C: (a) PPB/7C/5, 120 rev. miBrabender internal mixer type W50E; and
(b) PPH/7C/5, 250 rev. mih co-rotating twin-screw extruder type BTSK 20/40D.

Flows developing in an internal mixer are extrengynplex. Both shear flow and
extensional flow are pronounces, and only simpliBssumption that flows are isothermal,
incompressible and creeping allows to derive a tdanfor average shear rate. Shear rates
acting in chamber of internal mixer can be clasdifas follows: (i) shear rates are high
between rotor blade crest and chamber wall, (Bashrates are in a transition range in the

flanks and (iii) shear rates are low between rdiade root and chamber wall. The local
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average shear rates as a function of the locditfigidth can be calculated from the
following equations [Manas-Zloczower 1994:
—_ INCDC

y chamber — H

(3.3)

whereN; is the rotor speed). is the diameter of internal mixer chamber, &hid the rotor
clearance. In contrast, the shear rate over thlet fin corrotating twin-screw extruder can
be determined from the following equation [ManaseZbower 1994]:
. _ TN,
Y

whereNs is the screw speeB is the screw diameter, aids the flight clearance.

(3.4)

The average shear rate of 1154 sbtained at the chamber wall in Brabender
internal mixer type W50E operating at 120 rev. fiallows to deform PTFE 7C particles

and transform them into nanofibers, however geedrgt, . . is insufficient to obtain the

nanofibers with very high deformation ratios. Preppian of samples for observation in
SEM requires fracture of frozen material. Duringcture further limited deformation of
PTFE 7C nanofibers occurs, polytetrafluoroethyl@@enanofibers are drawn out from the
polypropylene matrix and are observed on the fradiusurface of PPB/7C/5
nanocomposite as dangling short fiber ends (Fi@utéa). Changing the compounding
device to co-rotating twin-screw extruder type BTS8(40D operating at 250 rev. rifin
and the average shear rate of 1309 thinner and stronger PTFE 7C nanofibers are

generated, since only their ends are visible orsthace of cryogenic fractured PPH/7C/5
(Figure 3.11b).

8 e AW b N o :
Figure3.12. SEM image of cryogenic fractured surface of PPB%/tanocomposite
prepared in Brabender internal mixer type W50E aieig at 120 rev. min
and different time of compounding: (@) 10 min #&md15 min.



Additionally, the time of compounding is an impartaparameter affecting the final
morphology of isotactic polypropylene-based nanogosites with nascent PTFE 7C
powder. Figure 3.12 presents surfaces of cryogdractured PPB nanocomposite
containing 5 wt.% of PTFE 7C, which was preparediiierent time of compounding.
Longer the time of compounding larger the defororatof PTFE particles at constant
shear rate leading to thinner and stronger pobflatsroethylene nanofibers.

SN e

Figure3.13. SEM microphotograph of PPB/7C/5 nanocomposite dfieday etching
of thin layer of polypropylene. Material was pro@gddy compounding for 15 min
in Brabender internal mixer type W50E operatind 20 rev. mit.

Figure 3.13 shows SEM image of the free surfadeR®/7C/5 nanocomposite after
45-day etching of thin layer polypropylene. It sosvn that during compounding nascent
polytetrafluoroethylene 7C powder with isotactidypsopylene at high shear rate (e.g. 120

rev. min?), sufficiently long compounding time (e.g. 15 mimjables generation of the
entangled network of polytetrafluoroethylene naoerfs.
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3.4 Thermal properties of the nanocomposites with H-E inclusions
Semicrystalline polymers can be modified by meahswaleating agents. In general,
presence of a nucleating agent accelerates thealination, diminishes the sizes of
spherulites and in case of polyolefins can marketlyate the crystallization temperature,
which enables to shorten manufacture of a prodRa/tetrafluoroethylene in the form of
particles, fibers and films is known to nucleate dnystallization of several semicrystalline
polymers, i.e. isotactic polypropylene, i-PP, palymethylene, POM, and induce their
transcrystalline morphology [Fitchmun 1970; Wittma891; Wang 1996; Wang 1999;
Gadzinowska 2003; Van der Meer 2005; Bernland 2PG&irek 2010].

In this thesis the influence of polytetrafluorodéme on the crystallization behavior
of various grades of isotactic polypropylene wasd&d both at non-isothermal and
isothermal conditions. An exemplary DSC cooling rthegrams of neat isotactic
polypropylene, PPH, its composite containing 3 wa%PTFE particles (PPH/m-200/3)
and its nanocomposite with 3 wt.% of PTFE nanofb@&PH/7C/3) are shown in Figure

3.14.
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Figure 3.14. DSC cooling thermograms of neat isotactic polygtepe and PPH containing 3 wt.%
of polytetrafluoroethylene in the form of particles-200) and nanofibers (7C). Cooling rate
of 10°C min' was applied. The thermograms have been shiftaitaty for clarity.

The calorimetric data for all studied materials aoflected in Table 3.2, wherg, and
AHn denote the melting peak temperature and meltinthadpy during heating,
respectively, whereasl; denotes the crystallization peak temperature. &segof
crystallinity, C, was calculated fromH,, assuming the heat of fusion for 100 % crystalline
polypropylene of 177 J]Li 1999].



Table 3.2. Thermal properties of neat isotactic polypropylemel polypropylene
with various polytetrafluoroethylene powders.

Material | Ty [°C]|AHm [J g | Tc[°C] | C [%]

PP 161.8 92.12 109.8 520
PP/m-200/3 162.1 89.23 126|]1 5014
PP/7C/3 163.6 91.00 1275 514
PPH 162.3 91.07 1170 5156
PPH/m-200/3 162.3 88.36 1241 49.9

PPH/7C/3 162.2 89.29 1273 50}4
PPB 163.1 91.45 116.p 517
PPB/7C/3 163.3 88.48 12744 50{0
PPB/7C/5 163.7 88.05 128/0 49{7
PPB/7C/7 162.8 86.61 127{7 489

PPB/F4-RB/3 162.4 89.86 127.9 50.?

It appears that all three types of studied polgfietoroethylene powders (m-200,
7C and F4-RB) increase the crystallization peakpierature of isotactic polypropylene.
Neat isotactic polypropylene, PPH, exhibits thestadlization peak temperature of 117.8
°C. Addition of 3 wt.% of PTFE m-200 increasgsof PPH by 6.3C while 3 wt.% of
PTFE 7C in the form of nanofibers by 96. In the case of other grade of isotactic
polypropylene, i.e. PP, showidg of 109.3°C, the presence of polytetrafluoroethylene 7C
increases the crystallization peak temperature PfeWen by 18.2C. Masireket al.
observed [Masirek 2010] that the maximum valueghefcrystallization peak temperature
of isotactic polypropylene are obtained when 0.2mof polytetrafluoroethylene particles
are dispersed in the matrix. Further increase ¢iHdontent does not affets. During the
subsequent heating the melting temperaflireof all isotactic polypropylenes was around
162+163°C. The enthalpy of meltingdH,, of isotactic polypropylene for all studied
materials was within the range of 88+92 3, gvhich corresponds to the degree of
crystallinity of 48+52 %.

Polytetrafluoroethylene accelerates the crystéllimaof isotactic polypropylene
simultaneously increasing the crystallization peakperature, nearly not affecting degree
of crystallinity, but affecting dramatically thelserulitic pattern. Figure 3.15 compares the
structure of neat PPB and PPB/7C/5 nanocompositeneid during isothermal
crystallization at temperature of 132 and 138°C, respectively. Two different
temperatures of isothermal crystallization wereliedpThe nanocomposite crystallized so

fast at 132°C that it was impossible to obtain isothermal ctiads, while at 138C the
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time to crystallize neat polypropylene was too longrge spherulites are visible in the thin
flm of neat isotactic polypropylene, PPB, where@sy small grains of PPB/7C/5 are

hardly discernible in the PLM microphotograph.

Figure3.15. PLM images of thin sections of isothermally criliged films:
(@) neat PPB at 132C, and (b) PPB/7C/5 at 13&.

Figure 3.16 presents SEM microphotographs of fiedases of 30um fiims of neat
isotactic polypropylene, PPB, and its nanocompasite 5 wt.% of PTFE 7C nanofibers

crystallized in a hot stage during cooling at thie of 10°C min™.

b

A8k

.

Figure3.16. SEM images of free surfaces of samples non-isoiér crystallized
at the rate of 16C miri*: (a) PPB and (b) PPB/7C/5.

In PPB/7C/5 nanocomposite, instead of spherulteeal for neat isotactic polypropylene,
PPB, with an average spherulite radiRs, of 32um, a different type of polycrystalline
aggregates appears. Spherulitic nucleation of asiotpolypropylene on the surface on
polytetrafluoroethylene nanofibers leads to traystedline layer development at the PTFE
fiber/PP matrix interface. Similar phenomenon wdseayved earlier by Wang [Wang
1996]. It is known that in fiber-reinforced systemghere fibers are dispersed within a
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polymer matrix in a more or less random way, thacspinhabited by fibers is not
accessible for crystallization [Piorkowska 2006ph8rulites might be nucleated on fiber
surfaces beside those nucleated in polymer bulk. averall kinetics of crystallization in

such systems was intensively studied in the lteeafMehl1993a; Mehl 1993b; Krause
1994; Benard 1998; Piorkowska 2001]. In those mapwes influence of nanofibers on the
isothermal crystallization kinetics was studied the basis of the Evans-Avrami theory
[Avrami 1939; Avrami 1940; Avrami 1941]. Isothermadrystallization with the

instantaneous or spontaneous nucleation can belbsby following Avrami equation:
o(t) =1-exg-kt") (3.5)
where a(t) is the conversion degrelejs the parameter depending on the nucleation rate

and growth raten assumes values 2, 3, or 4 depending on the typeaéation and the
dimensionality of the process. The Avrami plot bk tisothermal experimental data,

In{—ln[l— a(t)]} vs. Int should be linear and from the slope of that pte exponent

value,n, can be determined.

In this thesis a similar procedure was appliedpfalypropylene and polypropylene
nanocomposite with PTFE nanofibers. Figure 3.1&qmts the Avrami plots for neat
polypropylene, PPB, and its nanocomposite with Romf polytetrafluoroethylene 7C

nanofibers. Conversion degree(t), was calculated on the basis of DSC thermograms

recorded during isothermal crystallization. Twofeliént temperatures (12& for neat
PPB and 145C for PPB/7C/5) for this experiment were appliedtbe basis of the same
problems as for isothermally crystallized sampkesented in Figure 3.15.

In the case of neat isotactic polypropylene, PRBthiermally crystallized at 128
°C, the Avrami analysis of data fa(t) in the range from 0.05 to 0.95 yields, the expdnen
value, n, of 2.97 (~3) indicates 3D (3-dimensional) crylsggation beginning with
instantaneous nucleation. This is consistent withight interspherulitic boundaries found
in thin sections of neat PPB film (Figure 3.15).clontrast, the exponent valug,of 2.02
(~2) for PPB/7C/5 nanocomposite isothermally cijizéal at 145°C indicates 2D (2-
dimensional) crystallization of isotactic polyprd@ye with its very dense instantaneous
nucleation on the surfaces of polytetrafluoroethgl@C nanofibers.
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Figure3.17. Avrami plots for neat isotactic polypropylene, PRBd its nanocomposite with 5 wt.%
of PTFE 7C nanofibers isothermally crystallizechidSC at 128C and 145°C, respectively:

symbols - experimental data, lines — linear regi@ssa(t) from the range of 0.05 to 0.95.

It can be concluded that polytetrafluoroethylenenaitwers accelerate the

crystallization of isotactic polypropylene with sittaneous elevation of its crystallization
temperature, change the shape and diminish theo§igeowing spherulites. Presence of

PTFE nanofibers in the PPB matrix affect the kowsetof isothermal crystallization

changing the dimensionally of the crystallizationogess from 3-dimensional to 2-

dimensional.



3.5 Mechanical properties of the nanocomposites WtPTFE inclusions
The mechanical properties of polymeric materidteroplay a key role for their
applications. To describe mechanical behavior ef plolymeric materials in solid state
uniaxial tensile drawing measurements was appi#édample materials were subjected to
uniaxial drawing. An exemplary engineering stresgheeering strain curves for high
density polyethylene, HDPE, and its nanocompostsetaining 3 wt.% of PTFE 7C
nanofibers are presented in Figure 3.18. It is skahnanocomposite becomes brittle with
low elongation at break but slightly stronger. Qtsyestem with polytetrafluoroethylene m-
200 nonfibrous particles behaves differently: bo#at isotactic polypropylene, PPH, and
its composite with 3 wt.% of polytetrafluoroethyéem-200 particles exhibit similar yield
behavior, however only slight decrease of stredwedk,og,, and elongation at break,,
by 4.2 MPa and 108 % for PPH/m-200/3, respectivaig, observed in comparison with
neat PPH. Selected tensile parameters, modululasifcgy, E, and degree of crystallinity,
C, for all systems studied are collected in Tab® 3.

25 20

/ HDPEI7CI3
w T
o 201 HDPE/7CI3 o
s = 15
= = HDPE
=} o
g " 2
HDPE
2107 g
z =
3 3
£ £ %7
o 51 =2}
[= [=
w w
0 - 0
0 200 1200 1400 0 4 8 12 16
Engineering Strain, & [%] Engineering Strain, & [%]

Figure 3.18. Engineering stress-engineering strain, curvesieat HDPE and HDPE/7C/3 nanocomposite.
The right plot is a magnification of curves begimmin the left plot.

The modulus of elasticityg, for PPH/m-200/3 increases by 10 % probably onig t the
effect of filling polypropylene with PTFE m-200 piates since the degree of crystallinity,
C, practically is unchanged. It is known that theegence of polytetrafluoroethylene
particles does not affect the mechanical propeatiesotactic polypropylene except for the
slight increase of the modulus of elasticity [Makir2010]. Much different situation is
observed in the case of PPH-based nanocompositaiciog 3 wt.% of PTFE 7C
nanofibers. The sample of PPH/7C/3 fractures imatelyi after reaching the yield point.
Presence of PTFE 7C nanofibers drastically changeshanical behavior of this
nanocomposite causing the increase of yield stegsby 3.3 MPa and dramatic decrease
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of elongation at breaky, to 17.3 %. This type of stress-strain behaviaiss observed for
other studied materials containing 3 wt. % of petisafluoroethylene 7C nanofibers i.e.,
PP/7C/3 and HDPE/7C/3, however later sample frast@ven before reaching the yield
point. It is known that the crystallization of isatic polypropylene is nucleated by
polytetrafluoroethylene fibers [Warl®96; Wang 1999] and even more by nanofibers (see
Chapter 3.4). This ability leads to the increas¢hefdegree of crystallinityC, even by 5

% (e.g. for PPH/7C/3) which in consequence conteibto obtain higher modulus of
elasticity,E, for the isotactic polypropylene—based nanocomessven by 35 % (e.g. for

PP/7C/3).

Table 3.3. Selected tensile parameters, modulus of elastcitydegree of crystallinity of tensile samples for
selected neat thermoplastic polymers and the na$awith polytetrafluoroethylene powder.

Material s\gglsds Stress at break, | Elongation at Modulus of Degree of
' oy [MPa] break, &, [%] | elasticity, E [GPa] | Crystallinity, C [%]
gs[MPa]

PPH 29.57 36.52 1576 1.19 42.0
PPH/m-200/3 29.74 32.35 1468 1.31 43.4
PPH/7C/3 32.90 32.62 17.3 1.37 47.3
PP 29.32 33.71 1889 1.25 46.4
PP/7C/3 31.95 31.34 17.1 1.68 51.8
HDPE 16.22 23.66 1415 0.89 58.5
HDPE/7C/3 - 19.90 345 0.90 62.0

Semicrystalline polymers including high densityymthylene, HDPE, and isotactic
polypropylene, i-PP, exhibit attractive strengthd aductility under moderate rates of
deformation and at room temperature. Those feateneble to use such polymers as
engineering materials, however they become battllew temperature or high strain rates
and can undergo a sharp ductile-to-brittle tramsitiBecause of this disadvantageous
behavior the toughening of semicrystalline engimgethermoplastics was intensively
studied by many authors [Wu 1990; Wu 1992; Aren8861 Martuscelli 1996; Walter
1997; Perkins 1999; Bartczak 1999a; Bartczak 199®gon 2003; Lin 2010]. The
toughness is a measure of ability of a materialdsorb the energy up to fracture [Callister
2007]. Intrinsic properties of a polymer and in consequeeits toughness can be changed
by means of chemical modification. Apart from tmethod, two another routes can be
used to improve the toughness of polymeric materfahe way is to increase the brittle
strength of polymeric material by reinforcing wittng, high strength fibers [Kim 1991].
Second way is to reduce the overall plastic raststaf the polymeric material directly or
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indirectly by incorporation of fine particles [Barak 1999a; Bartczak 1999b; Argon 2003;
Lin 2010]. For dynamic loading conditions (i.e.hagh strain rates) and when a notch (or
point of stress concentration) is present, so-aalletch toughness is assessed by using an
impact test. In the case of notched 1zod impacearents the 1zod impact strengthy,
[Wu 1992] is defined as a breaking energy per ahgpecimen thickness at the breaking
point.

The influence of polytetrafluoroethylene nanofibers the impact properties of
thermoplastic polymers including isotactic polypytsme, PPB, atactic polystyrene, PS,
and low density polyethylene, LDPE was examinedufé 3.19 presents the Izod impact
strength of atactic polystyrene and the seriessaianocomposites with 1, 3, 5 and 7 wt.%
of PTFE 7C nanofibers, measured at room temperaline resultof U, also for other

studied materials are collected in Table 3.4.
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Figure3.19. Izod impact strength, ,Ufor neat atactic polystyrene, PS,
and its nanocomposites as a function of conteR{I¢fE 7C nanofibers.

It can be seen that the Izod impact strength dftiatpolystyrene continuously increases
with increasing content of polytetrafluoroethyle@€ nanofibers by 40 % for the
nanocomposite containing 7 wt.% of PTFE 7C nanadibe

The case of nanofibers-filled isotactic polypropmde PPB, seems to be more complicated
as compared to atactic polystyrene, PS. The higradse ofU, (6.27 kJ i) is obtained
for PPB containing only 1 wt.% of polytetrafluorbglene 7C nanofibers, higher of about
58 % in comparison with PPB matrix. Concentratidpalytetrafluoroethylene nanofibers
higher than 1 wt.% leads to a slight decreaseadf Impact strength but obtained values of
U, are still higher as compared to neat matrix. Rofgfluoroethylene 7C nanofibers also
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affect the impact properties of low density polyd¢ime-based materials. 1zod impact
strength of low density polyethylene containing r35owt.% of PTFE 7C nanofibers is
higher by only 8 % in comparison with neat LDPE rxat

Table 3.4. Izod impact strength of neat polypropylene, PRRE] bbw density

polyethylene, LDPE, and the series of their nanquusites with PTFE 7C nanofibers.
Izod impact strength,

Material U, [kJ m?]
PPB 3.96
PPB/7C/1 6.27
PPB/7C/3 6.04
PPB/7C/5 5.54
PPB/7C/7 5.13
LDPE 39.04
LDPE/7C/3 42.17
LDPE/7C/5 42.10
LDPE/7C/7 29.67

Higher content of polytetrafluoroethylene nanofgére. 7 wt.%) causes drastic decrease
of U, by 25 % as compared to neat low density polyette/l&ince there was no intention
to orient the polytetrafluoroethylene 7C nanofibemsither during compounding nor
preparation of the specimens for impact testinig, dssumed that PTFE 7C nanofibers are
randomly dispersed in thermoplastic matrix. Soydhose straight polytetrafluoroethylene
7C nanofibers oriented perpendicular to the imjplireiction contribute to the increase of
the 1zod impact strength of the thermoplastic maRiTFE nanofibers which are parallel to
the impact direction do not affect the toughnesst they cause a growth of e.g.,
polypropylene crystals perpendicular to their stefaand such crystals can affect the
toughness. At higher concentrations of PTFE 7C, thetwork of entangled
polytetrafluoroethylene nanofibers produced duramgnpounding is probably partially
responsible for decrease of the Izod impact stheradt both thermoplastic polymers
studied.

The dynamic mechanical response of polymeric naddetypically in the terms of
storage modulug’, and loss modulug&”, as a function of temperature can be measured
by means of the dynamic mechanical thermal analfBMTA). The effect of
polytetrafluoroethylene 7C nanofibers on the dymamiechanical behavior of isotactic
polypropylene, PPB, and atactic polystyrene, PSS ingestigated. Figure 3.20 presents
the temperature-dependence of storage modElu$or neat PPB, and its nanocomposite
with 3, 5, and 7 wt.% of polytetrafluoroethylene @@nofibers.
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Figure 3.20. Storage modulus, E’, as a function of temperatareneat PPB
and its nanocomposite with 3, 5, and 7 wt.% of/tadtafluoroethylene 7C nanofibers.

It can be observed that the presence of 3 wt.%T&6EP7C nanofibers causes the increase
of storage moduluskE’, of isotactic polypropylene, PPB. The stiffness RPB/7C/3
nanocomposite increases with decreasing temperataeis much more pronounced at
temperatures below 8C which is attributed to the glass transition terapee, Ty, of

amorphous polypropylene [ATHAS Data Bank, httphiéet.prz.edu.pl].
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Figure 3.21. Temperature dependence of loss modulus, E”, éat atactic polystyrene, PS,
and its nanocomposite containing 3 wt.% of PTFEn&@ofibers.

The glass transition temperatufig, can be defined as the temperature corresponding t
the maximum of peak in th&”(T) plot. The PPB-based nanocomposites show glass
transition at about 2.8C, the same a%; observed for neat isotactic polypropylene, PPB.
In contrast, for polystyrene an addition of 3 wo¥PTFE 7C nanofibers dispersed in the
matrix of atactic polystyrene, PS, causes a sliithe loss modulus maximum to higher
temperatures, as shown in Figure 3.21. In consem@p of PS increases by T from
94.5°C to 103.6°C. No further increase of the glass transition teraure of atactic
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polystyrene is observed for the PS-based nanocatepowith higher contents of
polytetrafluoroethylene 7C nanofibers.



3.6 Rheological properties of the nanocompositestWiPTFE inclusions
Polymeric materials, e.g. homogeneous polymersnigtible polymer blends,
particulate- or fiber-reinforced polymers exhiltg own unique rheological characteristics.
Hence, successful processing of such materialsiresga good understanding of their
viscoelastic behavior both in the shear and exterasiflow [Han 2007]. The viscoelastic
properties of polymers depend on their chemicakstire [Fetters 1994], molecular weight
[Fuchs 1996], molecular weight distribution [Lovél961], degree of branching [Berry
1968], temperature, frequency, and also the steesgich a polymer is subjected [Mittal
2010]. In the case of micro- and nanocompositeesyst produced by compounding
homogenous polymers with other materials, e.@réil the rheological behavior depends
also on the filler shape and size, filler concemdrg and the extent of any interactions
among the filler particles and filler-polymer matfLéopoldes 2004; Chabert 2004; Raos
2006; Osman 2006; Nazockdast 2008; Haghtalab 201The effect of
polytetrafluoroethylene nanofibers on the viscaeasproperties of the molten
nanocomposites based on isotactic polypropyleR®, ilow density polyethylene, LDPE,
high density polyethylene, HPDE, and atactic pokete, a-PS, was intensively

examined.

3.6.1 Oscillatory shear flow

In oscillatory shear flow, the molten polymer ishgcted to the small-amplitude
sinusoidal strain with an angular frequeney,and the dynamic storage and loss moduli,
G and G”, are measured.G’ represents the amount of energy stored per uhim® of
the molten polymer, whil&” represents the amount of energy dissipated péwralime
of the molten polymer [Dealy 2006]. Figure 3.229mets the storage and loss modali,
andG”, as a function of angular frequency, for isotactic polypropylene, PPB, and its
nanocomposite with 5 wt.% of PTFE 7C nanofibers.

Both G’ andG” increase with increasing and in low frequency regime the loss modulus
is larger than the storage modulus, demonstratimg \tiscous nature of isotactic
polypropylene (note the log-log scales in Figur22B. However, the slope d&” is
smaller than that o&’, so that with increasing frequency the two curs@ss each other
(G’ = G”) at so-called cross-over frequeney, This characteristic frequency marks a
transition from viscous@” > G’) to rubbery G’ > G”) response. It is known that at low
frequency ranges, both moduli are very sensitivehtomolecular structure of polymeric
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material, especially the size, shape and concentraf dispersed phase [Osman 2006;
Nazockdast 2008; Haghtalab 2011].
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Figure 3.22. Storage modulus, G’, and loss modulus, G”, asrection of angular frequency,
at 190°C for neat polypropylene, PPB, and its nanocomgosith 5 wt.% of PTFE 7C.

Incorporation of nanoinclusions to a polymer maskould enhance both the storage
modulus and the loss modulus due to its huge spesifrface area [Osman 2005].
PPB/7C/5 nanocomposite shows significantly differetoehavior than neat isotactic
polypropylene. PTFE 7C nanofibers cause the inerea& andG” over the low- and
high frequency range but in the low frequency rediee increase in the storage modulus is
more pronounced than in loss modulus. Polytetradletinylene 7C nanofibers act as a
confinement of polypropylene chains. Such confinetredfect leads to an alternation of
the relaxation dynamics of isotactic polypropylehains and in consequence dramatically

changes its viscoelastic behavior.
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Figure3.23. Loss factor, tad, as a function of angular frequeney, at 190°C
for neat isotactic polypropylene, PPB, and its nemrmposite with 5 wt.% of PTFE 7C nanofibers.
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The loss factortan 6 (=G”/G’), for neat isotactic polypropylene, PPB, and
PPB/7C/5 nanocomposite measured in small-ampliastélatory shear is given in Figure
3.23 as a function of angular frequeneyfor neat PPBan ¢ is high and decays very fast
with increasingm to reach a value of 0.5, while for the nanocomigosbntaining 5 wt.%
of PTFE 7C nanofibers, than ¢ curve becomes almost flat i.e., shows a very bk,
reflecting development of the physical entangletvoek of polytetrafluoroethylene 7C
nanofibers which affect the moduli. It appears tRAFE 7C nanofibers cause an increase
in G’ (storage of elastic energy) more thanGh (viscous dissipation of that energy) of
studied nanocomposites.

3.6.2 Uniaxial extensional flow

Transient extensional viscosity;., characterizes a resistance of a fluid to
extensional deformation. Uniaxial extension meas@@s of molten polymeric materials
are based on the original Meissner concept [Mers$8@5]. ARES-EVF design enables to
deform the sample at a constant strain rategalled Hencky rate by extending the sample
symmetrically from the sample center with a conistaiocity by rotating clamps. The
measurements of transient extensional viscosityrarst often used to identify propensity
of polymeric materials to strain hardening, i.e.whauickly 77 rises above linear

viscoelastic response (LVE) with increasing totahis, £ (=t£) and strain rateg

[Takahashi 1993]. Strain hardening induces a deetgklf-healing effect which supports a
homogenous deformation of the polymer melt. Thwdymers exhibiting strain hardening
in extensional flows play an important role in mangustrial processes including fiber
spinning, fim blowing, blow molding, thermoforminfyamaguchi 2002], and foaming
[Spitael 2004]. The molecular structure, especidihng-chain branching strongly

influences /.. Hence, the uniaxial extension of the molten payim materials also

provides a powerful tool for polymer characterizatiMinstedt 1998].

The effect of polytetrafluoroethylene 7C nanofibersthe extensional behavior of
various thermoplastic polymers in the molten stai®s examined using extensional
viscosity fixture (EVF) attached to the ARES rhedeneFigure 3.24 presents curves of the
time-dependent transient extensional viscositynfeat isotactic polypropylene, PPB, and
its nanocomposites containing 3, 5 and 7 wt.% dfFEPTC nanofibers, recorded during
uniaxial extension at the strain rate of 2’5amd 200°C. The solid line presents the curve
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that was obtained by multiplying by a factor 3 thensient shear viscosity;:, of neat
PPB measured at low strain rate of 0.01 s
In the case of viscosity, simple correlations bemvegiscous and elastic properties in shear
and extensional flow only exist in the linear regime. at low strain rates or small strains
[Ferry 1970]. This relationship is known as theulan ratio,T,, expressed as
T = ,7—'% (3.6)

,78
In the linear regime the transient extensionalosgy becomes simply three times the

transient shear viscosity.
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Figure 3.24. Transient extensional viscosity", as a function of extensional time, t,
measured at 2.5'and 200°C for neat isotactic polypropylene, PPB, and ithaeomposites
with 3, 5, and 7 wt.% of PTFE 7C nanofibers. Sthe presents the curve obtained by multiplying
by a factor 3 - the transient shear viscosiy,, at 0.01 .

During uniaxial extension the molten isotactic gwtypylene, PPB, does not exhibit any
indication of strain hardening. Both time-dependegt and 7; curves for neat PPB

practically superimpose. This behavior is well kmovor linear polyolefins [Munstedt
1981; Gabriel 2003]. Transient extensional visgosit LVE region for linear polymers is
3+4 times of the transient shear viscosity [Macoske#94]. This relationship was
experimentally verified for various polymers inciag polypropylene [Auhl 2004],
polyethylene [Meissner 1972; Laun 1978; Minsted®8l%nd polystyrene [Miunstedt
1975]. PPB-based nanocomposites containing PTFRarofibers show a totally different
time-dependence of the transient extensional viscde contrast to neat isotactic
polypropylene. PPB/7C/3 nanocomposite shows afignt strain hardening beginning at
the total straing =123. The onset of this process begins earlier initreasing content of
polytetrafluoroethylene 7C nanofibers, @=064 and €¢=053 for PPB/7C/5 and



PPB/7C/7, respectively. Also the magnitude mf deviation from linear viscoelastic

response arises with increasing content of PTFBRatfibers.
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Figure 3.25. Transient extensional viscosity", as a function of extensional time, t,
measured at various strain rates (1.0, 2.5, 5'pand 200°C for neat isotactic polypropylene PPA
and PPA/7C/3 nanocomposite. Solid line represdrgstrve obtained by multiplying by a factor 3

- the transient shear viscosity', at 0.01 .

Similar rheological behavior to neat PPB is obsérie other linear polymers: isotactic
polypropylene, PPA, and high density polyethyleHBPE, as illustrated in Figure 3.25
and Figure 3.26, respectively. Both linear polyokf PPA and HDPE exhibit LVE
response during uniaxial extension at all stratesapplied, while their nanocomposites
with 3 wt.% of PTFE 7C nanofibers show significatrain hardening.
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Figure 3.26. Transient extensional viscosity", as a function of extensional time, t,
measured at various strain rates (1.0, 2% and 170°C for neat HDPE and HDPE/7C/3
nanocomposite. Solid line represents the curveinbthby multiplying by a factor 3

- the transient shear viscositys', at 0.01 g,
Figure 3.27 illustrates the transient extensionatosity of low density polyethylene,

LDPE, and its nanocomposite containing 3, 5 andt%owof PTFE 7C nanofibers. In

9C



comparison with linear polymers, LDPE exhibits pyanced strain hardening in
extensional flow due to presence of long-chain thnas [Laun 1978; Wagner 2000].
Hence, the influence of PTFE 7C nanofibers on igsoelastic behavior is more difficult
to observe directly from the transient extensiomstosity-time dependence. However, it
can be seen that the non-linear viscoelastic respofhthe LDPE-based nanocomposites
slightly increases with increasing content of petsafluoroethylene 7C nanofibers.
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Figure 3.27. Transient extensional viscosity;", as a function of extensional time, t, measuretl.@s"
and 170°C for neat LDPE and its nanocomposite with 3, 5 @n.% of PTFE 7C nanofibers.

Presence of 3 wt.% of PTFE 7C nanofibers caus@mndicant increase of the viscosity of
LDPE/7C/3 nanocomposite in comparison with neat ED{Aote the log-log scale in
Figure 3.27). Similar behaviour is also observed fatactic polystyrene-based
nanocomposites with PTFE 7C nanofibers, as showirigure 3.28, but subsequent

increase of the viscosity is observed with increggiontent of polytetrafluoroethylene 7C

nanofibers.
108

© 105

c o

S w

E e, ‘,v"

Lt vle%

‘ré = 10* Yoe ...

Ll o v e 4

== e @

S 2 ;

20 .

n O .

S 2 .

- 10° 4

= v ® Ps
. ® PSI7CH

v PS/7CIS
. PSITGIT
102 T T T
0,01 0,1 1
Time, t [s]

Figure 3.28. Transient extensional viscosity;", as a function of extensional time, t measuret.@s*
and 170°C for neat PS and its nanocomposite with 3, 5 amd.% of PTFE 7C nanofibers.
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The Trouton ratio, expressed by eq. 3.6, is uggdhmeter to obtain more quantitative
estimation of the strain hardening effect [Kasehat@98]. Table 3.5 presents the Trouton
ratio determined at a given total strain and strate for linear thermoplastic polymers:
two grades of isotactic polypropylene, high denpiyyethylene and their nanocomposites
with PTFE 7C. Neat linear polymers including PPBAPand HDPE exhibit no strain
hardening. Hence, obtained values of Trouton r@t&®in the range from 3.22 (for HDPE)
to 3.47 (for PPA) since they show linear visco@astsponse during uniaxial extensional
deformation. Thosd, values are strain-rate independent. It can be gegnTrouton ratio
for linear isotactic polypropylene, PPB, drasticaticreases with increasing content of
PTFE 7C nanofibers and reaches the large valug.692or PPB/7C/7 at 1.0's

Table 3.5. Trouton ratio for neat isotactic polypropyleneghidensity polyethylene and their

nanocomposites with PTFE 7C nanofibers, uniaxiefended at 1.0, 2.5, and 5.6 3, was
determined at the total strain of 1.56 for HDPE) Bfor PPA, and 2.65 for PPB, respectively.

Strain rate, &£ [s]
1.0 25 5.0
Material Trouton ratio, T,
PPB 3.34 3.34 3.34
PPB/7C/3 8.71 6.35 5.14
PPB/7C/5 13.44 10.82 9.63
PPB/7C/7 21.59 16.57 13.41
PPA 3.47 3.47 3.47
PPA/7C/3 10.55 9.71 8.92
HDPE 3.22 3.22 -
HDPE/7C/3 9.49 9.27 -

It can also be seen that values of Trouton rati@inbd for PPB-based nanocomposites
with polytetrafluoroethylene 7C nanofibers at vasdostrain ratesg, are different. The
higher the strain rate the low&y. This effect is more pronounced with increasingteat

of PTFE 7C. It appears that polytetrafluoroethylef@ nanofibers, generated during
compounding, yield to orientation and/or furthefadmation during uniaxial extension.
Similar rheological behavior is observed for lowndigy polyethylene- and high density
polyethylene-based nanocomposites with 3 wt. %T#fE>7C nanofibers. Trouton ratios
of those nanocomposites are few times higher Thdor neat polymers. Ultimate Trouton
ratio obtained at a given level of Hencky straipeleds on the type of nanocomposite
studied (especially the method of its fabricatidhpolytetrafluoroethylene 7C nanofibers
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obtained during compounding are thinner, stronger lass deformable under extension,
ke in case of HDPE/7C/3 nanocomposite, Troutomiorgractically is strain-rate
independent.

Another important parameter which can help to deise the influence of
polytetrafluoroethylene 7C nanofibers on the rhgicll behavior of studied thermoplastic
polymers is the melt strength. The strength of dtenopolymer is a measure of its
resistance to extensional deformation and in tise cd uniaxial extension with a constant
strain rate is defined as maximum extensional fgereerated during test. Melt strength is
important in melt processing operations where gtieg and/or drawing is involved
including thermoforming, fiber extrusion, film exsion, extrusion coating, blow molding,
film blowing and melt spinning [Ghijseld990; Ghijsels 1994; Lau 1998]. The melt
strength of neat thermoplastic polymers, i.e. PPBA, LDPE, HDPE and PS, and their
nanocomposites with PTFE 7C nanofibers are cotlectdable 3.6.

Table 3.6. Melt strength of neat thermoplastic polymers andacomposites with PTFE 7C nanofibers

obtained at various strain rates (0.1, 1.0, 2.5 &n@ s"), and 170°C (for LDPE, HDPE
and PS-based materials) and 2% (for PPB and PPA-based materials).

Material Melt strengtr? [mN] | Melt strengtr? [mN] | Melt strengtr_1 [mN] | Melt strengtr? [mN]
at0.1s' at1.0 & at2.5s! at5.0 &
PPB 67 276 409 453
PPB/7C/3 177 366 511 562
PPB/7C/5 244 681 958 1057
PPB/7C/7 283 715 1060 1384
PPA - 78 126 170
PPA/7C/3 - 95 139 177
LDPE 113 391 - -
LDPE/7C/3 286 711 - -
LDPE/7C/5 379 965 - -
LDPE/7C/7 617 1304 - -
HDPE - 465 647 825
HDPE/7C/3 - 1143 2038 2363
PS - 211 335 495
PS/7C/3 - 414 659 743
PS/7C/5 - 629 754 1161
PS/7CIl7 - 767 1008 1339

The strength in molten state of all materials iases simultaneously with increasing strain
rate and content of PTFE 7C nanofibers. But itsmitade strongly depends also on the

final structure of prepared nanocomposites, maitilg type and the viscosity of

93



thermoplastic matrix used, the transverse and todmal sizes of generated
polytetrafluoroethylene 7C nanofibers and in consege the magnitude of obtained
entanglements between PTFE 7C nanofibers. The gasbninfuence of PTFE 7C

nanofibers on the melt strength is observed fon kiignsity polyethylene. Only 3 wt.% of
PTFE 7C nanofibers are sufficient to cause theeas® in the melt strength of HDPE/7C/3
by 2.4+3.1 times as compared to neat high densiyephylene, whereas similar values for
PPB, LDPE and PS-based nanocomposites are obtaineftav the content of 7 wt.% of

PTFE 7C nanofibers. PPA/7C/3 nanocomposite seemiset@ special case since the
presence of PTFE 7C nanofibers practically do r@gchits melt strength. Detailed

analysis of this nanocomposite structure reveal #pplied compounding protocol
enabled generation of much thinner PTFE 7C nanfiieansverse sizes of 10+30 nm)
than those obtained for other polymeric matriceg.,(880+580 nm for PPB/7C/3; and
50+230 nm for PS/7C/7). In consequence, the netvbarik from such thin PTFE 7C

nanofibers possesses either lower entanglemensstylen disentangling/breaking of such
PTFE 7C nanofibers is much easier than in otheoc@amposites.
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3.7 Conclusions

Crystalline polymer inclusions (polytetrafluoroellrye) can be deformed into
nanofibers during compounding by shearing via séquuiymer being in the molten state
provided that crystalline inclusions are formedniradisentangled macromolecules. In
consequence, a nanocomposite with nanofibrillarlugicns, containing only two
polymers, can be formed after solidification of thmatrix material. Such ‘all polymer’
nanocomposite exhibits a series of enhanced thermachanical and rheological
properties as direct or indirect effects of polg#tioroethylene nanofibers dispersed in

the polymer matrix.

To summarize, the PhD thesis allowed to formulagefbllowing important conclusions:

1. Solid inclusions of polytetrafluoroethylene che deformed into nanofibers by
shearing via second molten polymer during compaumdon the following
conditions:

(@) Polytetrafluoroethylene powder should be in them of large
crystals in chain-extended fashion without sigaifit entanglements of
macromolecules, melting temperature of such crystaist be close to or
higher than equilibrium melting temperature beimghie range 332+33&;

(b) The advantage of deformation of solid particdesr molten inclusions is
that solid fibers do not undergo capillary instiibg and they do not
disintegrate into smaller droplets;

(c) To initiate the plastic deformation by shearofgchain-extended crystals
of polytetrafluoroethylene embedded in a polymertrixaat room
temperature, the resolved shear stress of only &§ MBst be reached and
exceeded. The resolved shear stress for crystarisgeis significantly
lower at elevated temperature because crystal ipigsis thermally
activated phenomenon;

(d) Sufficiently large deformation ratios and sheares, and suitably long
compounding time must be applied to generate thirared stronger

polytetrafluoroethylene nanofibers;

2. Formation of PTFE nanofibers was observed imllten polymers used as a
matrix, provided that a sufficient shear stress \waposed on the composite.



Various polypropylene, polyethylenes of low andhh@ensities and polystyrene

were employed in the studies.

3. Polytetrafluoroethylene nanofibers accelerate ttrystallzation of isotactic
polypropylene with simultaneous elevation of itgstallization temperature. They
cause the diminution of the spherulites sizes drahge the dimensionally of the
crystallization process from 3-D to 2-D, spherglité isotactic polypropylene grow

perpendicular to the nanofibers surfaces.

4. Presence of polytetrafluoroethylene nanofibeestitally changes the mechanical
behavior of studied materials causing:
(@) increase in the yield stress and dramatic dsereof the elongation
at break;
(b) increase in the I1zod impact strength;
(c) increase in the stiffness of isotactic polypiepe;

(d) increase in the glass transition temperatugodfstyrene.

5. Presence of polytetrafluoroethylene nanofibersamétically changes the
rheological behavior of studied materials causing:

(a) alternation of the relaxation dynamics of istitapolypropylene chains
and in conseqguence increase in the storage moduwdus than in loss
modulus;

(b) significant strain hardening of molten lineaphpners like isotactic
polypropylene and high density polyethylene thahiex no strain
hardening themselves. Trouton ratios of those namosites are few
times higher as compared to neat polymers.

(c) Increase in the melt strength of other nanocmsites as compared to neat

polymers.

6. The expected applications of such nanocomposatede found in such area where
high melt strength is required such as: foaminggrfispinning, film blowing, film

extrusion, film drawing and biaxial film drawing.
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3.9 Nomenclature

Letters of the Roman Alphabet

Diameter of liquid drop

Width of an ellipsoid

Degree of crystallinity

Capillary number

Critical capillary number

Density

Deformation of liquid drop

Chamber diameter

Screw diameter

Modulus of elasticity

Storage modulus from bending

Loss modulus from bending

Efficiency parameter

Hermans orientation parameters of crystallinesgha
Hermans orientation parameters of amorphous phase
Storage modulus (from shearing)

Loss modulus (from shearing)

Rotor clearance

Heat of melting (or melting enthalpy or enthagdyfusion)

Heat of melting of 100% crystalline polymer
Paramete(shear sensitivity to the normal stress)
Lamellae thickness

Length of an ellipsoid

Number-average molecular weight
Weight-average molecular weight
Coefficient(exponent value in the Avrami equation)
Rotor speed

Screw speed

Viscosity ratio

Local radius of a drop

Average spherulite radius

Radius of an undisturbed thread

Radius of a disturbance

Average radius of disturbed thread

Loss factor, (G” / G’)

Disintegration time of a liquid thread
Crystallization peak temperature

Glass transition temperature

Melting peak temperature

Equilibrium melting temperature

Onset melting temperature

Trouton ratio

Izod impact strength

Dominant wave number

Rotation angle
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Capital Greek Letters

@ Orientation angle
Q Dimensionless growth rate of a disturbance
Om Dimensionless growth rate of dominant disturbance

Lower Case Greek Letters

o Disturbance amplitude

00 Original disturbance amplitude

a(t) Conversion degree

p Growth rate of a disturbance

y Total shear

y Shear rate

Yenamber Local average shear rate in a chamber
Viight Shear rate over the flight

0 Flight clearance

€ Total strain (or strain)

£ Strain rate (or Hencky rate)

€b Elongation at break

Ne Viscosity of a matrix (or a continuous phase)
n: Transient extensional viscosity

1, Steady shear viscosity

ng Transient shear viscosity

A Disturbance wavelength

Jm Wavelength of dominant disturbance
) Angular frequency

We Cross-over frequency3(=G”)

T Shear stress

e Critical resolved shear stress

70 Critical resolved shear stress in the absenemyphormal stress on the slip
planes

o Interfacial tension

Ob Stress at break

Oe Basal surface free energy

olR Interfacial stress

On Resolved stress normal to the slip plane
Os Yield stress

gy Compressive yield stress
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3.11 Summary

Polymer nanocomposites represent a new and atgacéilternative to
conventionally filled polymers. The virtue of polmnanocomposites is neither solely
based on the mechanical enhancement of the ngah@sbased on the direct replacement
of current filler or blend technology. Rather, itsportance comes from providing value-
added properties not present in the neat resirhowit sacrificing the resin’s inherent
processability and mechanical properties or byragldkcessive weight. Polymer-polymer
composites are rear and known only when ready-nmeaefibers or nanodroplets are
dispersed in the matrix. Previous attempts of faiwmaof polymer nanocomposites with
fibrillar inclusions by compounding were unsuccagsbecause it was impossible to
deform a solidified polymer inclusions during conupading, while in a molten state
impossible to preserve the shape of extended thréadause of capillary instabilities
leading to their breakup into droplets.

A new idea which has been exploited in this thesis to use crystalline polymer
inclusions and deform them into nanofibers duriogypounding by shearing via second
polymer being in the molten state. It is known theformation of polymer crystals to large
strains is possible when the density of entanglempersisting in the amorphous phase is
drastically reduced. Hence, selection of a polyfoerthe studies was based on the low
chain entanglement of the polymer forming cryst@lg/stallization during polymerization
of tetrafluoroethylene enables formation of pola#tioroethylene (PTFE) with large
chain-extended crystals having high melting temfoeea (higher than its equilibrium
melting temperature) suggesting low entanglemesitesBecause of reduced density of
entanglements and crystals with extended chainsforrdation process of
polytetrafluoroethylene by shearing is possible aady, so PTFE crystalline powder has
been chosen as crystalline polymer inclusions @owther studies. A range of polymer
matrices was used including various polypropylen@gh density polyethylene, low
density polyethylene and polystyrene.

The main objective of this thesis was to generatanofibers of
polytetrafluoroethylenein situ during compounding sold PTFE particles with
thermoplastic matrix being in a molten state. Thafluence of a type of
polytetrafluoroethylene, polymer matrix and itscasity, as well as processing parameters
including shear rate and mixing time on the defdimmaof PTFE crystals into nanofibers ,
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has been studied. Other objective of the thesistovasalyze an effect of generated PTFE
nanofibers on the thermal, mechanical, and rhecdbgroperties of studied materials.

On the basis of performed experimental studiesa$ feen concluded that
polytetrafluoroethylene nanofibers can be generategditu during compounding solid
PTFE particles with molten polymer matrix if cralcconditions of fibrillation described
below are fulfilled:

(a) polytetrafluoroethylene consists of chain-egdih crystals with melting
temperature higher than equilibrium melting tempem being in the range
332+336°C;

(b) In order to deform PTFE crystals embedded polmer matrix a critical shear
stress, in a slip plane of the PTFE crystal sliptems should be resolved, a shear
stress of the order of few MPa must be reacheceanéeded.

(c) Formation of PTFE nanofibers was observed linmallten polymers used as a
matrix, provided that a sufficient shear stress ingsosed on the composite either
during compounding or in the shearing rheometer.

It has been shown that larger the deformation satind shear rates, and longer the
compounding times enable the formation of thinared stronger polytetrafluoroethylene

nanofibers that are in the form of entangled nekwathich in turns drastically changes

thermal, mechanical and rheological propertiesaerfegated ‘all polymer’ nanocomposites,

especially causes:

€) acceleration of crystallzation of isotactic hgwopylene with
simultaneous elevation of its crystallization temgbare, diminution of
the spherulites sizes and their alteration (sphesulof isotactic
polypropylene grow perpendicular to the surfacB®FE nanofibers);

(b) increase in lzod impact strength and stiffnesstudied materials and
elevation of glass transition temperature of atgmblystyrene;

(c) alternation of the relaxation dynamics of istitapolypropylene chains
and in consequence increase in storage modmlage than in loss
modulus;

(d) significant increase in strain hardening of t@ollinear polymers like
isotactic polypropylene and high density polyethglethat exhibit no
strain hardening itself;

(e) increase in the melt strength of nanocomposiasipared to neat

polymers.
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The results of the thesis enabled a fabricationneW generation of ‘all polymer
nanocomposites reinforced by polytetrafluoroethglemanofibers with wide potential
applications. Simplicity of fabrication just by strig the dispersed crystalline inclusions
in another molten polymers would play very impottaole in minimizing the costs,
hazardous exposure to nanofillers and environmemgaéct, all being usually very high
when dealing with ready made nanofillers.
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