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STRUKTURA | FIZI CKO-MEHANI CKA SVOJSTVA
STOMATOLOSKIH HIBRIDNIH KOMPOZITNIH MATERIJALA

Rezime

Kompoziti sa dodatkom natestica pokazuju poboljSanje mehsiln svojstava.
PMMA polimer kori€en je kao matrica u kombinaciji sa dva rég ojaanja, koja
imaju izrazito razliite oblike, kada su dodati u kompozit. €gaja napravljena od
aluminijum oksidnih¢estica imaju sfe¢an oblik a viskersi imaju odnos duzina prema
precniku od 200. Uticaj vetine ¢estica, njihov oblik i udeo, na meh&kea svojstva
prowavani su poméu nanoindentacionih merenja i din&kv-mehanike analize.
Utvrdjeno je da Kestice i viskersi poboljSavaju mehéka svojstva, ali poboljSanje je
MmnNogo VvisSe izrazeno u slaju viskersa. Koncentracija émvajuwih ¢estica varira do 5
mas. %. Najbolja svojstva dobijena su sa dodatkomma3. % viskersa u pogledu
mehanékih svojstava dobijenog kompozita.

U disertaciji su prikazani rezultati istraZivanjaticaja procesnih parametara
elektropredenja na uniformnost, morfologiju i sagtanokompozitnih viakana u obliku
mata (PVB/Sep). Suspenzija sepiolita ima tiksoteognojstva zbog svoje vlaknaste
prirode, velike specifne povrSine i prisustva silanolnih grupa na povrsin
Funkcionalizacija sepiolitnih vlakana uradjena jeadenom tiksotropnom gel stanju
koris¢enjem silana kao vezivhog agensa. Ispitano je @mp@spri elektropredenju
suspenzije tri razlite koncentracije sepiolita (3 mas. %, 30 mas. 9 imas. %) u

rastvoru PVB u etanolu sa i bez modifikacije siaaivlakana sepiolita. Utvrdjeno je da
pod istim uslovima kompozitna vlakna PVB/Sep imaitu vrednost srednjeg @ieka

vlakana negocdista PVB vlakna. Optimalni uslovi dobijanja najravnernijih

nanokompozitnih vlakana se postizu pri protoku sagpe od 0,5 mL/h, rastojanju

dizne od kolektora 15 cm i naponu od 24 kV.

Klju ¢ne redi: polimerni kompoziti, oblik ¢estica, nanoindentacija, dinatko —
mehanéka analiza
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STRUCTURE AND THE PHYSICAL AND MECHANICAL
PROPERTIES OF DENTAL HYBRID COMPOSITE MATERIALS

ABSTRACT

Composites with the addition of alumina nanofillsl®w improvement in mechanical
properties. The PMMA polymer was used as a matng awo different types of
nanofillers, added as reinforcement in the matniaying extremely different shapes
were added to form the composite. Reinforcement® weade of alumina spherical
nanoparticles having spherical shape and whislkarsg the length to diameter ratio of
200. The influence of alumina fillers size, shapel dillers loading on mechanical
properties of obtained composite were studied uieghanoindentation measurements
and dynamic mechanical analysis. It was observed Iloth alumina whiskers and
alumina spherical nanoparticles added in the PMMgarix improved the mechanical
properties of obtained composite samples but therarement was significantly higher
with alumina whisker reinforcement. The concentratiof the reinforcing alumina
spherical nanoparticles and alumina whiskers in PMidatrix varied up to 5 wt. %.
The best performance was obtained by the additidhwt. % of alumina whiskers in

the PMMA matrix with regard to mechanical propestad the obtained composite.

This study presents investigation of processing dimms on the uniformity,
morphology and structure of patterned nanofibrousaatsm for poly (vinyl
butyral)/sepiolite (PVB/Sep) nanocomposite fibelnsamed by electrospinning process.
Sepiolite aqueous suspensions show a thixotrop@wer because of their fibrous
structure, porosity, large specific surface ared the presence of silanol groups on the
surface. Functionalization of the sepiolite fiberaqueous thixotropic gel was made on
the surface of individual fibers using amino silen&s coupling agents. Different
contents (3 wt. %, 30 wt. % and 50 wt. %) of nead anodified sepiolite fibers were
dispersed by ultrasonic irradiation in the solutadnPVB in ethanol and were used to
obtain nanocomposite fibers by electrospinning. PMB/Sep nanocomposite fibers

showed lower mean fiber diameter than of the n&& Fbers. Uniform nanofibers



were obtained using the lower flow rate (0.5 mLHhgh collector distance (15 cm) and
a constant applied voltage of 24 kV.

Keywords: polymer composite, particle shape, nanoindentatigmamic mechanical

analysis,
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1.INTRODUCTION

A composite material is a product which consigtatdeast two distinct phases
normally formed by blending together componentsit@wifferent structures and
properties. The purpose of this is to produce aratwith properties which could not
be achieved from any of the individual componentsne& Resin-based filled
composites are very complex mixtures containing yreubstances. These are usually
classified into the following groups:

* Filler particles
» Matrix resins and corresponding catalyst systems

» Coupling agents between fillers and matrix resfRgyure 1.1)

Resin matrix S

Silane interface

Figure 1.1 Diagram representing filler particlesthin the resin matrix

Resin-based composites possess good estheticriwepeand are currently
among the most popular dental restorative materidisy have increasingly replaced
conventional dental amalgams containing mercury,cantroversial component.
However resin-based composites are inferior to uorgrcamalgams in several
mechanical aspects: wear resistance, hardnessshaintkage behavior. Hence, their

application is still restricted to some extentohder to improve the properties of resin-
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based composites, previous studies have focuséueqoretreatment of inorganic fillers
and resin monomers and the development of curinthods. Heat-curing and post-
curing heat treatments both increase the degrepobjfmerization, improving the
composite strength to some extent. Microparticlad éibers can also be used to
reinforce dental resin-based composites. It has Baewn that adding a small amount
of short or networked fiber-like fillers to the cposite results in a modest increase in
strength.

Although the composite materials based on PMMAehaecome vital for dental
restorations due to their superior aesthetic quatiiey experience a considerable
mechanical challenge during function. Thus, impnguwihe mechanical properties is one
of the most important research tasks in this figldiecent years, the use of reinforcing
inorganic fillers in various forms has been a mapproach towards the development
of improved dental composites. In general, the, §hape, amount, and hardness of the
filler material, the nature and quality of the bobetween the filler and the polymer
matrix, and the distribution of filler particles ithe polymer matrix - all have an
influence on the wear and mechanical propertigh@tomposite resins. Perhaps one of
the most noticeable advances in composite fillehrtelogy has been the incorporation
of fillers in the nanometer scale. One potentialaadage of nanoparticles is the
improvement in the optical properties of the epargin composite because their
diameter is a fraction of the wavelength of visiliggt resulting in the inability of the
human eye to detect the particles. In addition, higlh surface area associated with
nanoparticles provides more interfacial interactiaand improved properties in the
composite samples. The positive effect of nanoessikkca and silicate-based fillers on
flexural strength, surface hardness, fracture toagh, and optical properties has
already been reported in the literat@ifé"> In view of the importance of the size of the
fillers, the main purpose of this study was to datee the effect of nano-sized Al;
particles as reinforcing filler, on the mechanigadperties of dental composite samples.
Nano and micrometer size whiskers containing demsiorative samples have been
compared. The use of nano-sizeg@ filler particles proved to be quite effective in
improving the mechanical properties. One other athge of nano-size reinforcing
agents compared to micro-sized particles was ogytéine possibility of using lower

loading contents. The improved mechanical propesihibited by nanoparticle
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reinforced composites is most likely due to befiber/polymer interaction. A more
efficient nanopatrticle dispersion combined withhHagloadings may lead to even more
improved composite dental restorative materialsthén investigations are needed to
improve the interaction between the nano-sizedr§illand the matrix phase and also to
increase the loading capacity of nano filler pégganto the polymer matrix.

As a candidate inorganic filler, natural sepiohtes many excellent properties: it
is nontoxic while chemically stable, and exhibithighly efficient effect. Up to the
available literature, the natural sepiolite naneffowere not reported as fillers in dental
composites. In this study, natural sepiolite nanigas were coated with an
organosilane and blended into dental resin-basegpaosites. The general nature of the
surface modification is showed. The purpose of threatment is to help the particles
form a homogeneous surface along with the PVB malfiiie mechanical properties of
specimens containing the modified natural sepiolgeoparticles were tested.

Recently, indentation tests are becoming most comynapplied means of
testing the mechanical properties. Nanoindentaisage for dental hard tissue studies
began in 1992; since then several studies have fogaished using this technique. The
instrumented nanoindentation systems enable thesureraent of the mechanical
properties, hardness and elastic modulus, on thiacsu of dental materials. The
nanoindentation technique is a much simpler proeedampared with other micro and
macroscale mechanical tests such as compressialetebending, and punch shear
tests, particularly on small complex-shaped sampglesh as enamel and dentine.
Nanoindentation tests are relatively nondestrucewel the specimen preparation is less
time consuming than regular tests. Of particulaponance, it allows probing the
mechanical properties of a very small concise sefkecegion of the specimen, the
dimension of which may arrange between several rawomicrometers, which is of
crucial importance for measuring the local progsrtof non homogenous structures
such as dental calcified tissues. The objectivethid study is to investigate the
mechanical properties and wear resistance of tifiereit natural dental materials and
dental filling materials using the nanoindentatiand nanoscratch techniques, and

dynamic mechanical analysis, respectively.
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2.DENTAL COMPOSITE FORMULATION

The composition of resin-based dental composi@s évolved significantly
since the materials were first introduced to démtismore than 50 years ago, (Figure
2.1). Until recently, the most important changesehavolved the reinforcing filler,
which has been purposely reduced in size to procthaterials that are more easily and
effectively polished and which demonstrated greatear resistance. The latter was
especially necessary for materials used in postagplications, but the former has been
important for restorations in all areas of the nmout

100
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Figure 2.1 A perspective on the evolution of dental casite$

Current changes are more focused on the polymmeatrix of the material,
principally to develop systems with reduced polyimegion shrinkage, and perhaps
more importantly, reduced polymerization shrinkagieess, and to make them self
adhesive to tooth structure. Several articles tbcehave reviewed the current
technology of dental composifésand described future developments, such as self-
repairing and stimuli-responsive material§he current review will provide a brief

historical perspective on dental resin compositeserve as a framework for a treatise
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on the current state of the art, primarily concatimig on work published in the past 5
years. Resin composites are used for a varietplications in dentistry, including but
not limited to restorative materials, cavity linepst and fissure sealants, cores and
buildups, inlays, on lays, crowns, provisional oeations, cements for single or
multiple tooth prostheses and orthodontic devieeslodontic sealers, and root canal
posts. It is likely that the use of these matenmls continue to grow both in frequency
and application due to their versatility. The ragyidoy which the materials have
evolved suggests a constantly changing state drthe

Dental composites can be distinguished by diffeesrin formulation tailored to
their particular requirements as restoratives, asgg) cements, provisional materials,
etc. These materials are similar in that they direanposed of a polymeric matrix,
typically a dimethacrylate, reinforcing fillers,pigally made from radiopaque glass, a
silane coupling agent for binding the filler to thmatrix, and chemicals that promote or
modulate the polymerization reaction. The many sypéfillers in use recently have
been reviewed.

The predominant base monomer used in commeraaldeomposites has been
bis-GMA, which due to its high viscosity is mixedtlwother dimethacrylates, such as
TEGDMA, UDMA or other monomefS Some of these monomers, or modified
versions of them, also serve as base monomers my c@mmercial materials. While
there have been attempts to develop different petigation promoting systems, most
composites are light-activated, either as the polgmerization initiator or in a dual
cure formulation containing a chemically cured comgnt. The most common
photoinitiator system is camphoroquinone, accederdty a tertiary amine, typically an
aromatic on&. Some commercial formulations have included otpleotoinitiators,
such as PPD (1-phenyl-1,2-propanedidfd)ucirin TPO (monoacylphosphine oxide),
and Irgacure 819 (bisacylphosphine oxide)vhich are less yellow than CQ and thus
potentially more color stable. Additional photoiaibrs, such as OPPI (p-
octyloxyphenyl-phenyl iodonium hexafluoroantimonat@ve been proposed based on
encouraging experimental restfts

The different types of composite materials aretimisished by their
consistency. The universal restorative capable @hd placed with a syringe or

instrument may have a variety of consistencies widipg upon its formulation. These



16

materials are distinguished from the flowable cosiies, designed to be dispensed
from very fine bore syringes into tight spaces éohanced adaptation, and from the
packable composites, designed to provide significasistance to an amalgam
condenser or other instrument in order to avoithping and to enhance the formation
of tight interproximal contacts. Flowable compositare typically produced with a
lower viscosity by reducing the filler content diet mixture, or by adding other
modifying agents, such as surfactants, which ergnéime fluidity while avoiding a large
reduction in filler content that would significaptteduce mechanical properties and
increase shrinkag® Packable composites achieve their thicker cosrsist through
modification of the filler size distributions orrthugh the addition of other types of
particles, such as fibers, but generally not bydasing overall filler levéf.

Within each type of composite, the materials angher distinguished by the

characteristics of their reinforcing fillers, amdparticular their size (Figure 2.2).
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Figure 2.2 The chronological development of théestd the art of dental composite
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Conventional dental composites had average padizés that far exceededrh, and
typically had fillers close to or exceeding therd&ter of a human hair (~50n). These
“macrofill” materials were very strong, but diffitio polish and impossible to retain
surface smoothness. To address the important issuelong-term esthetics,
manufacturers began to formulate “microfill” compes, admittedly inappropriately
named at the time, but probably done to emphasigefdact that the particles were
“microscopic”. In truth, these materials were trulgnocomposites, as the average size
of the amorphous spherical silica reinforcing mées was approximately 40 nm. The
field of nanotechnology is defined at the nanoscate includes the 1-100 nm size
range. Thus, the original “microfills” would have ore accurately been called
“nanofills”, but likely were not due to the lack cécognition of the concept of “nano”
at the time. The filler level in these materialsswaw, but could be increased by
incorporating highly filled, pre-polymerized resiilers (PPRF) within the matrix to
which additional “microfill” particles were added.

The “microfill composites were polishable but getly weak due to their
relatively low filler content, and a compromise weeeded to produce adequate strength
with enhanced polishability and esthetics. Theesfothe particle size of the
conventional composites was reduced through furgmgrding to produce what was
ultimately called “small particle hybrid” compossteThese were further distinguished
as “midifills,” with average particle sizes slightjreater than im but also containing
a portion of the 40 nm-sized fumed silica “micrigfis.” Further refinements in the
particle size through enhanced milling and grindieghniques resulted in composites
with particles that were sub-micron, typically eaging about 0.4-1.@um, which

initially were called “minifills™®

and ultimately came to be referred to as
“microhybrids.” These materials are generally cdestd to be universal composites as
they can be used for most anterior and posteripliGgtions based on their combination
of strength and polishability. The most recent waton has been the development of
the “nanofill” composites, containing only nanoscglarticles. Most manufacturers
have modified the formulations of their microhylsrid include more nanoparticles, and
possibly pre-polymerized resin fillers, similar tihnose found in the microfill

composites, and have named this group “nanohybridsgeneral, it is difficult to

distinguish nanohybrids from microhybrids. Theioperties, such as flexure strength
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and modulus, tend to be similar, with the nanoldgmas a group being in the lower
range of the microhybrids, and both being gredtan tmicrofills®. While some have
shown evidence for reduced stability during wateragye for nano-hybrid or nano-fill
composites vs. microhybriths others have shown an opposite tférat fairly similar
susceptibility to aging. It has been suggested that the slightly loweperiies of some
nanohybrid composites may be due to the incorpmrabf pre-polymerized resin
fillers?®®, Regarding clinical evaluations, two recent stadi@ver 2 and 4 years,
respectively, showed similar excellent results limss Il cavities for a nanofill vs. a
microhybrid® and nanohybrid vs. a microhybrid, with slight eride for better
marginal integrity for the micro-hybrid in the lattstudy”.

The state of the art of the composition of dentahposites has been changing
rapidly in the past few years. The nanofill and ataybrid materials represent the state
of the art in terms of filler formulation. Compretstve electron microscopy and
elemental analysis has been performed on many rcuoemposites to verify the
significant differences in filler composition, pate size and shap® New options for
reinforcing fillers generally have focused on named materials and hybrid organic-
inorganic fillers. Years ago, novel organically nfel ceramics (ORMOCERS) were
developed’ and have been used in commercial products. Howsiggificant progress
has been made in the development of new monomec®foposite formulations with
reduced polymerization shrinkage or shrinkage sires well as those with self-
adhesive properties.

A recent review noted that efforts to modify fide have been aimed at
improving the properties of composites by the addiof polymer nanofibers, glass
fibers, alumina and titania nanoparticles. There also very interesting work
incorporating silsesquioxane nanocomposites whicd assentially an organic—
inorganic hybrid molecule that reduce shrinkagé,dtso reduce mechanical properties
if used in too high concentratidfis Perhaps the most promising work in composites
with modified fillers for both enhanced mechanigabperties and remineralizing
potential by virtue of calcium and phosphate reddaass been the work with fused silica
whiskers and dicalcium or tetracalcium phosphateoparticleé’. These composites
may be stronger and tougher, but the optical ptegseare not ideal and their opacity

requires them to be self-cured or heat-processethiat point. Calcium fluoride
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containing fillers also have been added to fillezhtdl resins and have shown high
fluoride release and good mechanical propefti@here are other monomers that are in
various stages of development for potential usedental composites, such as the
(meth)acrylate vinyl ester hybrid polymerization s®m which exhibits phase

separation during curifiy

Other areas of development have included the paration of anti-bacterial
agents and remineralizing agents into compositgamples of compounds that have
been added to resin composites to kill bacterianbibit biofilm formation include
fluoride, chlorhexidin&, zinc oxide nanoparticldy quaternary ammonium
polyethyleneimine nanoparticfs and MDPB monomét. The effectiveness of the
various fluoride-releasing restorative materialgenbeen critically reviewed, and it was
concluded that the clinical results are not conekigor dental restorative materials,
including composité8. Remineralization may be promoted by the slow awge of
calcium and phosphate ions followed by the preafjgh of new calcium-phosphate
mineral. Years ago a material was developed whiek purported to exhibit “smart
release” of these ions as a result of an acididlesige, as occurs during caries
formation. This material, Ariston pHc, was not oiétely successful, in large part due
to the fact that it absorbed too much water whiitlacéed its dimension and properties.
But the idea of a “smart” material that reacts te environment to release
remineralizing ions or anti-microbial agents israttive and stills a focal point of
research.

A large number of different materials are usedentistry for a wide spectrum
of applications.

Dental amalgamare filling composites that consist of silverfiowder mixed
with mercury/gallium. The mercury free amalgameterred to as Galloy. The gallium
dissolves the outside layers of the metal powddrgbes forming a matrix of silver-tin-
gallium that hardens to form the finished amalganmposite. The advantages of
amalgam restorations over other direct-placemernémads include resistance to wear,
tolerance to wide range of clinical placement ctads such as wet fields, and
excellent load-bearing properties. However, amakyhave been reported to be capable

of sealing tooth-restoration margins with corrosoducts. Also, due to its metallic
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nature it is unable to mimic the translucency durel teeth and its silver-grey colour
limits its use to anterior teeth.

Dental cementare made from a nonmetallic powder that dissopagsally in a
liquid that serves as glue that is used to cemmwrts and posts. Silicate cement is
made by mixing a powder of Alumino-Flouro-Silicagkass with phosphoric acid. This
acid dissolves the glass and chemically combindgb wicreating a hard and brittle
matrix. Due to its brittleness and lack of translucy and weak wear resistance this
material is not used as restorative in stress bgamieas. Its usage mainly is limited to
front teeth. The advantage of this cement is tlevgmtion of further decay due to its
rich content of fluoride.

The glass ionomer cementsonsist of a mixture of polyacrylic acid and
Alumino-Flouro-Silicate glass. The acid-base reactbetween these two ingredients
results in the formation of metallic-polykenoatét s&hich precipitates and begins to gel
until the cement sets hard. Unlike the silicate eetn this matrix is reasonably
translucent allowing the colour of the glass p&tdo dominate the aesthetics. Also it
is less brittle making it less prone to chippingl amasing. The strong ionic interaction
with the dental hard tissues will yield an ion-ehgd layer of cement that is firmly
attached to the tooth. The glass powder has aalatah fluoride content that has been
credited with providing a cavity—inhibiting envinorent to protect the tooth from decay.
On the negative side, the glass ionomer cementkessehard than the silicate cements
so the restorations wear faster. They also lacktdra resistance, hence, they are
excellent fillings on the surfaces of front tedilf should not be used to rebuild the top
edges of the teeth due to their weakness.

Resin cementare composed of powder glass filler in a hard maimnostly
acrylic) which binds together. The hard matrix @nposed of a refined form of acrylic
known as BIS-GMA (bisphenol-A-glycidyl dimethacrigd These fillings are usually
cured through hardening the acrylic by adding al&aing catalyst or photoinitialiser
that will harden the acrylic when illuminated un@estrong light. The acrylic cannot be
used by itself because it tends to shrink whiles isetting. This shrinkage will lead to
generation of stresses that might either breaktdbéh or create spaces between the
filling and the walls of the cavity in the tooth.dwover, acrylic on its own has low

wear resistance. Therefore, the addition of rigiasg particles prevents most of the
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shrinkage associated with the resin, and enhaheewear resistance significantly. The
size of the glass particles determines the overalberties of resin-filled composites.
Using macro particles such as crystalline glasdZ8xicrons in diameter, 70-80% by
weight) will make the macrofill not very polishablearge particles are also easily
dislodged from the surface of the restoration. Tieisdency to abrade away makes
macrofills unsuitable for posterior restorations.

Microfill compositesuse particles very small in size (about 0.04 nmsran
diameter, 35-50% by weight). This type is usualigdiin front teeth because it is fairly
polishable. However, having that many small patahight make the composite stiffer
to work with. In order to overcome the limitatiormd the micro and macrofilled
composites, it is better to use a layer of mickadilcomposite over a bulk of macrofill
in order to spatially increase the strength ofdtracture and provide a more polishable
restoration and a translucent enamel-like appeararmother approach utilises
‘Hybrid’ composites that are cross between miclediland macrofilled composites.
Hybrid composites contain particles between 0.6+kans in diameter and 70-75% by
weight. Hybrid composites are formulated to be tagle Often, hybrid composites are
formulated with more resin than fillers (flowablensposites), to form a loose mix that
can be delivered to cavities using a syringe. Fldev@omposites are used to seal the
dentine of a tooth prior to placing the filling reatl. Due to the low level of fillers,
they are more prone to shrinkage, so they are ectmmmended by themselves to fill
large cavities. Nanocomposites can be considerat ouctures with nanometer-scale
dimensional repeat distances between the diffggbases that constitute the structure.
These materials typically consist of an inorgartiost) solid containing an organic
component or vice versa. Or they can consist of dwmore inorganic/organic phases
in some combinatorial form with the constraint taateast one of the phases or features
is of nanosize.

Hybrids nanocompositegillers were synthesised by sol-gel processing of
hydrolytically condensable silica (silicon oxidesjowever, the particles size was in
average of 50-100 nm, and the authors did not ctearse the improvement in the
mechanical properties or the biocompatibility. Theidy showed that nanofillers
outperform the micro and hybrid fillers in comprigssstrength, wear resistance and

polish retention. However, the investigators reledmacroscale techniques to quantify
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the mechanical behaviour of the nanofillers, arat tisually leads to underestimating
the actual mechanical behaviour of the nanofiller.

Recently, so-called nanofiller particles have bestded to resin based
composites, with particle sizes from 100 nm dowrb tom (0.005um). Nanoparticles
and microfiller particles are used in clusters/ctares (older formulations) or
dispersed forms (newer formulation). Classificatddmesin-based composites is usually

based on the type and size of the fillers (Figugg.2

Figure 2.3 Schematic composition of a resin-basedposite. a) fine particle hybrid,

b) prepolymer filler resiff

Modern fine-particle hybrid-type resin-based cosims should contain
particles with a size between Qué and 1lum, which are combined with microfillers
and partly nanofillers/nanofiller complexes. Sonesim-based composites contain
fluoridated filler particles (for instance, basedYbF3), which release varying amounts
of fluoride depending on the product. Compositethwirepolymer fillers are also
available. These consist of finely ground fillemtaining resin-based composite
(prepolymerized). The size and distribution of€fillparticles are decisive for the

physical and mechanical characteristics of ressedacomposites So-called flowable
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composites reveal an improved flow capacity, whilgenerally caused by reduced
filler content.

Because of the major influence of the fillers & fphysical properties, the
classification of dental filling composites is bdsan the type and the particle size of

fillers used in them (Figure 2.4).
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Figure 2.4Classification of composite filing materidfs

In general, two types of composites are availaipiehe market: microfill and
hybrid composite filling materials. Microfill compgades are based on nanofillers with a
particle size in the range of 10-250 nm. Furtheana differentiation between
homogenous and heterogeneous micro fills is made.efihance their handling
properties and achieve a higher load, heterogeneausofill composites contain
prepolymer particles that are based on a homogsnaarofill material. The inorganic
part of hybrid composites consists of about 70-8Qfass fillers and 20-30%
nanofillers.

The fillers used in dental composites directlyuahce the radiopacity, abrasion
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resistance, flexural modulus, and thermal coefficief expansion. Polymerization
shrinkage largely correlates with the volumetricoamt of the filler in the composite.
Many modern dental composites use the fillersdisteTable 2.1. In general, dental
filling composites contain a mixture of at leasotdifferent fillers. Ytterbiumtrifluoride
serves mainly as radiopacifier, yttrium fluoridéydrosilicate glasses, or sparingly
soluble fluoride salts are added to composite§ldoride release.

Table 2.1 Type of Fillers and Filler Size usedental Composites

Filler composition Particle size
Highly dispersed silicon dioxide 10—40 nm

Radiopaque, finely ground barium or strontium si&  0.7,1.0,1.5um, or

glasses larger
Radiopaque, finely grinded Ba-/Sr-fluoro silicatasges 1.0, 1.5um or larger
Ground quartz glass 1.0-1.5um
Ytterbiumtrifluoride, yttriumtrifluoride 100-3000 nm
Si-/Zr-mixed oxide 250-500 nm (3.fum)
Titanium-, zirconium-, and aluminum oxides used 250-500 nm
opacifier

Splinter polymerizate mainly based on silicon deti 10-100um

To improve the clinical performance of compositéng materials, a large
number of investigations are currently being conedicThe main topics are as follows:
* Reduction of the polymerization shrinkage to imgrovarginal adaptation
and avoid recurrent caries
* Release of fluoride or other substances to redemarrent caries

« Improvement of mechanical properties

* Improvement of biocompatibility by reducing the tedn of components

The introduction of ‘nano-hybrid’ fibre-reinforcezbmposite was an approach
chosen by several manufactures to produce what lbeee described as low shrinkage
and high wear resistant. An alternative novel apghh to the clinical application of
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‘nanofill’ technology in dental restorative matdsiahas been an fibre-reinforced
composite containing a combination of individuadligpersed filler particles of 0.005-
0.075 um (5-75 nm) and agglomerated nanosized particleg.&fm, described as
‘nanoclusters’ [Filtek Supreme; 3M ESPE, St. PR, US] (Figure 2.5).

‘Nanocluster’

\© “Nﬂ])O-pﬂl‘[iCIEp
o]

Figure 2.5 Schematic representation of silica-zimeonanoclusters and individually

dispersed nano-sized filler particles embeddedhérhethacrylate resin matrix of Filtek
Supreme (3M ESPE, St Paul, MN, US).

The agglomerated porous clusters are partiallgiadl and infiltrated with a
dilute silane coupling agent to ensure infiltrat@frthe silane into the cluster interstices,
a second undilute silane coupling agent was them»al with the ‘nanoclusters’ prior
to incorporation into the resin matrix. The presgent nanosized filler particles in RBC
materials have been identified to produce distimgirovements to the material, such as
increased filler loading in hybrid-type materials aano-sized particles pack more
efficiently between larger particles and also assgjent reduction in polymerization

shrinkage.
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3. HYBRID MATERIALS FOR DENTAL APPLICATIONS

Inorganic—organic hybrid materials can be usefilliasy composites in dental
applications. As schematized in Figure 3.1 thesenpasites feature tooth-like
properties (appropriate hardness, elasticity amntal expansion behavior) and are
easy to use by the dentist as they easily penatraiethe cavity and harden quickly
under the effect of blue light. Moreover, theseenats feature minimum shrinkage, are
non-toxic and sufficiently non-transparent to Xgaylowever, the composition of the
hybrid material and the chemistry behind it depestdsngly on its later application: as
filler/particles, as matrix materials, as compasitas glass ionomer cements or as

bonding.

a)

Requirements:

' -Easy to handel/model
-Biocompatibility

-Reduced polymerization shrinkage
-Perfect marginal adaptation

-Strong adhesion to dentine and enamel
-Tooth-like aesthetics

-Tight wear resistance

-Elasticity

-High X-ray absorption

Applications:

-Matrix materials
-Composites

-Glass ionomer cements
-Bondings

-Filler/particle (monodisperse)

Figure 3.1 Requirements and possibilities of deapgilications of ORMOCER °

Traditional plastic filling composites had long+te adhesion problems and a
high degree of polymerization shrinkage resultimg marginal fissures. The dual
character of the ORMOCER as inorganic—organic copolymers is the key for

improving the properties of filling composites. Theganic, reactive monomers are
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bound in the sol-gel process by the formation ofiremganic network. Thus, in the
subsequent curing process, polymerization takeeplath less shrinkage. Furthermore,
abrasion resistance, in particular, is significaethhanced by the existing inorganic Si—
O-Si network. For example, in dental fillers orgaminctionalities including ring-
opening reactions, such as functionalized spynesfiaare commonly included in the
hybrid network. Other systems are based on mujiae silanes, offering a high
organic density. In addition, mechanical properteésthe composite can be tuned
through variation of the spacer between the siliatom and the reactive functionality.
All these possibilities are already taken into astpand most of these hybrids include
various fillers in their composition. As example$ available commercial filling
composites based on dental ORMOCERfrom Fraunhofer ISC one can appoint
“Definitel” and “Admiral”. In the case of the Amiral product, a specifically
designed dentine-enamel bonding, an adhesive ORMR3EHeveloped in cooperation
with VOCO GmbH, is used to make this product esgbciadvantageous. In glass
ionomer cement based dental composites blue ligblyngerisable carboxyl
functionalised ORMOCERs have been developed. In this case, the cememirfgr
reaction compensates the shrinkage resulting fraganic crosslinking reaction of e.g.
methacryl functionality.

Ormocer stands for organically modified ceramibe Taim was to improve the
composites by improving marginal adaptation, abrasi resistance, and
biocompatibility. In vitro studies confirmed thatrnoocers demonstrate favorable
abrasion resistan® Their marginal adaptation is comparable with tifatonventional

composites in conjunction with the adhesive techayt*

Improvement in
biocompatibility can only be achieved if no dillgimonomer, such as TEGDMA, is
used to reduce the viscosity of the correspondamglensate. Ormocers can be prepared
by sol-gel processing of organofunctional metabailes such as chloro or alkoxy

silanes, which contain polymerizable groups P acfiwnal groups R (Figure 3.2).
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Figure 3.2 Chemical structure variations of ormoséanes*®

These oligomers may replace the conventional mensmin the dental
composites. The composite in a second stage isheddby linking the polymerizable

groups and forming a three-dimensional networkyfag.3).
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Figure 3.3 Formation of an organic-inorganic hybmaaterial by hydrolytic

condensation and polymerization of functionalizbaey silane¥’.
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The hybrids formed are composites in which theanig and inorganic
components are combined on a nanoscopic or moleadale. Therefore, these
materials not only show the properties of both panganic and inorganic components,
but they also have the potential of providing prtips that have been unknown to date
and that make these materials very attractive $erin dental materials.

When bonded interfaces are imposed on a polymerigample of a composite,
as is necessary with a dental restoration, thelteggurestriction in free shrinkage

induces significant internal and external stresguife 3.4).
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Figure 3.4 Restricted shrinkage associated withdeahsurfaces during polymerization

leads to significant stress development within lgmperizing sampf&.

This stress can cause a series of problems imgu@a) deflection of the tooth,
(b) failure of sections of the adhesive bond, ar)diéfect formation within the polymer
matrix at the filler-matrix interface, or in thejadent enamel substrateReliable, long-
term stability of the tooth-restoration interfacashremained elusive, prompting
substantial new materials research and developmenécts in both industrial and
academic laboratories. The concerns with polymBaaashrinkage and stress are not
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unique to dental polymers, and the research cam ladsapplied to other industrial
polymer applications including coatings, adhesivas;apsulants, aspheric lenses and
photolithography. Stress development during then#dion of glassy polymers in a
polymerizing composite is a major concern. Thewefarbasic understanding of the
evolution of shrinkage strain and elastic modulssciitical to begin solving the
stress/strain problems. The values of the shrinkagén and modulus are dependent on
the polymerization degree, along with temperatuhange in the non-isothermal
composite photo polymerizations. Dimethacrylate omars are capable of forming
polymer networks with glass transition temperatwaesve the curing temperature, but
this usually means that a significant percentagethef methacrylate functionality
remains un-reacted in the fully cured polyfier

Nanoparticles or nanofibers have been used asrsfilin both polymeric

nanocompositég&49->°

to improve the mechanical, electric and opticalpgrties, and in
metallic nanocomposit&s®® to control the electrodeposition. As compared vather
nanomaterials such as carbon nanotubes, alumidlaesper and has the ability to be
functionalized for nanocomposite fabrication. Virgdter resin was chosen due to the
fact that the cured resins are thermosetting witievork structure possessing high
resistance to chemicals. Upon incorporation ofaluenina nanoparticles into the vinyl
ester resin matrix, the obtained nanocompositepbéential applications in fabrication
and building materials such as electrodepositiok t&nd marine vessels which require
high resistance to acid or base and superior memiaproperties. The existing
challenge in composite fabrication is to providénigh tensile strength due to local
stress within the nanocomposite. In other wordsrésponse of a material to an applied
stress is strongly dependent on the nature of timeldr Poor linkage between the filler
and the polymer matrix such as in composites magesitmple mixing>>*°° will
introduce artificial defects, which consequentlgule in a deleterious effect on the
mechanical properties of the nanocompdSitelowever, an appropriately engineered
interphase could both improve the strength andhoegs of composites, and make the
nanocomposites stable in harsh environments as’’w@lhe interfacial interaction
between the nanoparticle and the polymer matriygpéacrucial role in determining the
qguality and properties of the nanocomposite, please recent reviews on the

classification of organic—inorganic materials by n&ez et al® Surface
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functionalization of the nanoparticles with a satéat is subsequently important not
only to stabilize the nanoparticfebut also to render the nanoparticle compatiblén wit

the polymer.

3.1ALUMINANANOPARTICLE&AND ALUMINAWHISKERS

Alumina has received considerable attention ansl Ien historically well
accepted as biomaterials for dental and medicalicgions. Alumina (Al,Os3) in
particular possesses a variety of commercial addsimnial uses and has become one of
the most important commercial ceramic materials.aAwidely studied nanomaterial,
Al,O3; nanoparticles have been applied in catalysis, ranposites, polymer
modification, functionalization of textiles, heatamsfer fluids, and waste water
treatment. In addition, AD; nanoparticles have featured in biological applaraisuch
as biosensors, biofiltration and drug delivery, igent delivery for immunization
purposes and bactericides. Particle aggregationsattting are important in many of
these applications and require further exploration.

Solid-liquid separation of particles has its ownportance in a range of
industrial and natural processes such as wasta-ivatgment, mineral separation, and
deposition of sediments in rivers and lakes. Veftero these processes involve
suspensions that are flocculated and not colloidsthble. Moreover most industrial
slurries contain a wide variety of particle sizewl ashapes. For the case of a single
particle in a static fluid (unhindered settlind)etsettling rate has been found to depend
on the density and viscosity of the fluid as wellthe density, size, shape, roundness,
and surface texture of the particle. For the npatiticle case the situation is more
complicated. The spherical particles tend to settlere faster, than non-spherical
particles, and larger spheres were found to séiéer than smaller ones. At high
concentrations (> 40 wt. %), the polydisperse sphéof diameter ~100m) attained
the theoretical settling rate expected from mormehise spheres (unhindered settling).
Knowledge of the particle shape is crucial in orgense this formula accurately.

More recently, alumina is also used as fillerr@inforcing the dental restorative
composite. Alumina filler with higher elastic modal (370 GPa) is favorable
reinforcement of dental composites. The elasticuhmland strength of composites can
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be increased with relatively low volume fractionsnmpared to the counterparts
reinforced with silica glass. Therefore, uses dfraustiff filler materials such as
alumina, especially in nanoscale size, appear ta bmble strategy in improving the
elastic properties of dental composifes

Alumina nanoparticlés®%%%*

and (3-methacryloxypropyl) trimethoxysilane
(MPSY>°® have been used as filler and surfactant, resmégtifor nanocomposite
fabrication. The functionalization of the alumiranoparticles is normally carried out in
a pH = 4 acidic alcoholic solution. However, frone tPourbaix diagrath alumina will
get dissolved and form aluminium ions in solutiovith pH values lower than 4.25 or
higher than 10.25. After treatment with a normald@&csolution, the more reactive
alumina nanoparticles will dissolve and reshape agglomerated bulk form existing in
the possible salt form rather than alumina any moéhe other reported method used a
high temperature reaction at the silane toluentuxieig point to functionalize the
nanoparticles with MPS,

Alumina whiskers are extremely strong micro-crigstavhich have an a-alumina
crystalline structure. Because of the high strengtidl excellent high temperature
stability of a-alumina, these whiskers are high#gicable as the reinforcing constituent

of composite structures.

3.2SEPIOLITE

Sepiolite is a hydrous magnesium silicate 1(8i30Mgg(OH)4(H20)-8H,0)
characterized by its fibrous morphology and intigstalline channels, (Figure 3.5). Due
to its sorptive, rheological and catalytic propestisepiolite is widely used in a variety
of industrial applications. Sepiolite is used asatalyst and catalyst support, as a filler
in polymer compositéd and as membrane for ultra filtration and as mdkacsieves.
Sepiolite is an effective and economical sorbentensd, a bleaching and clarifying
agent, a filter aid, an industrial sorbent and gpectrum of its utilization ranges from
cosmetics to paints and fertilizers

Sepiolite, is a non-swelling, lightweight, poroatay with a large specific
surface area. Unlike other clays, the individuatipkes of sepiolite have a needle-like
morphology. The high surface area and porosityyelsas the unusual particle shape of
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this clay account for its outstanding sorption @yaand colloidal properties that make
it a valuable material for a wide range of applmas.
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Figure 3.5 Crystal structure of sepiolite propossdBrauner and Preisingét

Sepiolite is very uncommon clay because of balpéculiar characteristics and
scarce occurrence. There are very few commercipbgits in the world. Sepiolite,
unlike other clays, is not a layered phyllosilicalis structure can be described as a
guincunx (an arrangement of five objects, so plahatifour occupy the corners and the
fifth the centre of a square or rectangle) of tgfwe sheets separated by parallel
channels. This chain-like structure produces nelkbeparticles instead of plate-like
particles like other clays.

Sepiolite has the highest surface area (BEJ),dfl all the clay minerals, about
300 nf/g, with a high density of silanol groups (-Si-Otthich explains the marked
hydrophilicity of this clay. The silicate latticeak not a significant negative charge and
therefore the cation exchange capacity of this aayery low. The tiny elongated
particles of sepiolite have an average lengthyoh o 2um, a width of 0.0um; and
contain open channels with dimensions of 3.6 A ¥ running along the axis of the
particle. These particles are arranged forming dyopacked and porous aggregates
with an extensive capillary network which explaihe high porosity of sepiolite and its

light weight because of the large void space
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The high surface area and porosity of sepioliteoant for the remarkable
adsorptive and absorptive properties of this typelay. It adsorbs vapours and odours
and can absorb approximately its own weight of watel other liquids.

Sepiolite is a non-swelling clay and its granullesnot disintegrate even when
saturated with liquids. Colloidal grades of sepélmust be dispersed into water or
other liquid systems using high-shear mixers. Gdlispersed in the liquid, it forms a
structure of randomly intermeshed elongated pasjalvhich is maintained by physical
interference and hydrogen bonding, and entrapdidhel, increasing the viscosity of
the suspension. This structure is stable even stesys with high salt concentrations,
conditions that produce the flocculation of othlaryts suspensions, as bentonite.

The random network of sepiolite particles holdsrser particles in the liquid
preventing their settling by gravity, acting asusending agent. Sepiolite provides to
its suspensions a pseudoplastic and thixotropi@ebr which make it a valuable
material in multiple applications to improve prosa&sility, application or handling of
the final product.

Sepiolite, structurally similar to palygorskitetersilite, amphibole, and ratite, is
one of the most important industrial magnesium-mcR:1 phyllosilicate clay minerals,
i.e. octahedral layer is bound above and below bijiea tetrahedral sheét Since the
discontinuous octahedral sheets extend only indomension, the tetrahedral sheets are
divided into ribbons by a periodic inversion of ®mwf tetrahedrons. The very large
channels or tunnels are located between theserrisbiips and formed chain-layer
molecular structure of sepiolite mineral as wellitasunique fibrous structure (Figure
3.5). Chain-layer molecular structure exactly deiees the hydrophobicity and
anisotropic character of sepiolite within the hadft. While hydrogen bonding sides of
silanol groups (Si-OH) are presented on the exteumdace; owing to discontinuities
and chain-layer molecular structure, Mipns located at the edges of octahedral sheets
exert more influence on the hydrophobicity of sé@&. In other words; the breakage
of Si-O and MgO bonds provides many hydrogen bandites on the sepiolite edge
surfaces similar to the natural hydrophobic talmenal which edge surfaces facilitate
the formation of strong hydrogen bonds with waigobks®, The interest in sepiolite is
more about its high adsorptive capacity, catalygdformance, and rheology. The extent

of hydrophobicity or wettability is important in glu applications.
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The use of sepiolite fillers improve processingimehsional stability,
mechanical strength and thermal resistance.

Considering the studies on the nanocomposites séftiolite, it is seen that
polyurethané? poly (hydroxyethyl acrylate}> and poly(sodium acrylaté)for in situ
polymerization method; chitosdn epoxy resif®® poly(dimetylsiloxanef?* poly
(ethyl methacrylate), and poly(2-hydroxyethyl mettyéate) for solution dispersion;
Nylon-622 polypropylené® for melt intercalation and polypropyléetidor supercritical
CO,- assisted mixing have been used in the relevgrgrerents.

Nanofibers of sepiolite have proved to yield sahsal improvement for the
mechanical properties and thermal stability of éheslymers even at low filler levels.

Poly (vinyl alcohol) (PVA) is a water-soluble pater extensively used in paper
coating, textile sizing, flexible water-soluble gaging films, etc. As both the sepiolite
and PVA are very hydrophilic, sepiolite can be mpooated into PVA without need for

pretreatment by simply dispersing the two compamentvater.
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4. PERFORMANCE ENHANCEMENT OF DENTAL
COMPOSITES USING ELECTROSPUN NANOFIBERS

The objective of the present chapter is to ingasti the effect of electrospun
nanofiber reinforcement on the properties of conumdy available, and
hyperbranched polymer modified dental formulatiofise emergence of functionalized
nanoscale reinforcements having large surface @@adreds of square meters/gram)
has enabled the design of novel nanocomposites méthh and complex structures
leading to enhanced mechanical and physical priegetlectrospun nanofibers from a
range of polymer chemistries have been investigated reinforcing phase with and
without a silane coupling agent surface treatment.

A main challenge for centuries has been the dewedmt and selection of
biocompatible, long-lasting, direct-filling tootkstoratives and prosthetic materials that
can withstand the adverse conditions of the oralirenment. Polymer matrix
composites, comprised of silica-filled UV curablerydate resins, have emerged as
desirable materials for these applications.

Key properties of dental composites include lovscesity prior to cure,
biocompatibility, low polymerization shrinkage (bdb insure good prosthesis adhesion
and to eliminate unfilled space for infection oh&t contamination), high mechanical
properties (especially fracture toughness, compresstrength, and fatigue), surface
hardness, abrasion resistance, low moisture uptéke, coefficient of thermal
expansion (in the range of body temperature), eabandling in the oral environment,
and the ability to match the esthetics of the paseeett{>8°87:88

The current state-of-the-art dental compositesaiommodified acrylate resin
matrices filled with micro-/nanoscaled ceramic pées. It has been shown that the
performance of dental composites can be improvedoutfh the use of
nanotechnolody**®!; including the use of covalently anchored nanestadrganic
moieties to an inorganic netwdfk and the incorporation of nanoscaled
monomethacrylate functionalized polyhedral oligoimesilsesquioxanes (POSSSs) into
an acrylate resin systém Novel polymeric dental restorative compositesehaeen
explored, in which polyhedral oligomeric silsesq@ine methacrylate (POSS-MA)

monomers were used to partially (or completely)laep the commonly used base
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monomer, Bis-GMA. Fari§* explored the use of polyamide nanofibers as ahtenigg
agent in dental acrylate resins. The best perfocemaaported up to date for acrylate-
based dental composites was achieved by the Dd¢kmkg group through the
modification of acrylate resin by the incorporatiohhyperbranched moieties into the
matrix resifi*. It has been hypothesized that these hyperbrantiéeties assemble to
form nanophases that retard motions in the acnaiekbone, leading to improved
mechanical performance and reduced polymerizatiomlsage. This improved resin
system has been commercialized by BJM Ltd. andiloiged worldwide by the Premier
Dental Company.

Many groups have worked extensively in the arealettrospinning 7%
focusing on both process understanding and namoépplications. The objective of
this chapter is to investigate the impact of namafireinforcement on the performance
of state-of-the-art dental composites.

Electrospinning uses an electrical charge to dvawy fine (typically on the
micro or nano scale) fibres from a liquid. Elecpiosing shares characteristics of both
electrospraying and conventional solution dry sisigrof fibers®. The process does not
require the use of coagulation chemistry or highgeratures to produce solid threads
from solution. This makes the process particulatyted to the production of fibers
using large and complex molecules. Electrospinrfnogn molten precursors is also
practiced; this method ensures that no solvenbeatarried over into the final product.

In the electrospinning process a high voltagesieduto create an electrically
charged jet of polymer solution or melt, which drier solidifies to leave a polymer
fiber'®®®! One electrode is placed into the spinning sohitielt and the other
attached to a collector. Electric field is subjecte the end of a capillary tube that
contains the polymer fluid held by its surface tens This induces a charge on the
surface of the liquid. Mutual charge repulsion esua force directly opposite to the
surface tensioff>. As the intensity of the electric field increaséise hemispherical
surface of the fluid at the tip of the capillarypb&uelongates to form a conical shape
known as the Taylor coi®. With increasing field, a critical value is attathwhen the
repulsive electrostatic force overcomes the surfansion and a charged jet of fluid is
ejected from the tip of the Taylor cone. The disgkd polymer solution jet undergoes a

whipping proces$* wherein the solvent evaporates, leaving behintaaged polymer
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fiber, which lays itself randomly on a groundedlecting metal screen. In the case of
the melt the discharged jet solidifies when it &lavin the air and is collected on the
grounded metal screen.

These preliminary results indicate that the infiitbn of hydroxyl-rich
nanophases with specific composite architecturedn® differentiate from 150m
PVOH) into acrylate matrix dental composites caadl¢o significant and unexpected
improvement in clinically important dental matenprformance. In the case of acrylate
resin modified by hyperbranched polyesteramidejrtigrovement is attributed to crack
blunting by the nanophase inclusion, coupled withreased system cross linking
through the hydroxy-rich chemistry. The additiortted hydroxyl-rich PVOH nanofiber
phase further increases crosslinking density, wihilgroving overall system toughness
by allowing cracks to run and dissipate energy @lthre fiber-matrix interface. These
results are consistent with the complex mechanisaggested for the toughening of
polymers, polymer blends, and fiber-reinforced cosis®. While a detailed
mechanism is beyond the scope of the present wibrks clear that composite
performance is a function of matrix chemistry, fibemeter, fiber dispersion, and fiber
matrix interaction. In a more general sense, thisrkwshows that significant
improvement to the performance of simple polymetewys, in this case acrylates, can
be effected by the introduction of small weight qeeitage (<ivt. %) of nanoscale
reinforcements. The introduction of more than amehsgphase can, as illustrated here by
the inclusion of both hyperbranch (&8 %) resin modification and PVOH nanofiber
(250nm diameter, 0.05 wt. % be synergistic and lead to even greater impr@rerof
key performance properties. Future work will coricate on the definition of detailed
mechanisms of property enhancement and the exterdidhese concepts to new
chemistries.

Electrospinning is a process by which a charggdidi polymer solution is
introduced into an electric field. The liquid polgmsolution is dispensed via a needle
attached to a syringe at a voltage between 10-2@rikY/is deposited on a conductive
material at ground (0V) located between 10-30 comfrthe needle location. The
polymer is ejected from a needle with an inner diten(ID) between 0.5-1.5 mm. The
ejected polymer solution forms a continuous naresfishen the electrical force (due to

the high voltage potential of the polymer soluti@vercomes the surface tension. At
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this point the pendant droplet of the polymer solutat the tip of the needle is
deformed into conical shape, typically referred a® Taylor cone. If the voltage
surpasses a critical value (depends on the chemigiaéup of the polymer solution), the
electrostatic force overcomes the surface tensimwhaafine charged jet is ejected. The
formation of the Taylor cone is shown in Figure.fAtfter the jet flows away from the
droplet in a nearly straight line, it bends intocamplex path and other changes in shape
occur, during which electrical forces stretch ahuh it by very large ratios. After the

solvent evaporates solid nanofibers are&ft

(a) stage 1 (b) stage 2 (c) stage 3
Figure 4.1 Formation of the Taylor cone. Voltagereases with each stage until

equilibrium between surface tension and the elstatic force is achieved in stag&?3

There are several experimental setups that haee developed to produce
nanofibers. Each setup attempts to produce scaffthidt are either woven or non-
woven. A method to create a woven scaffold is diggdl in Figure 4.2. This method
utilizes a disk that rotates as it collects theticmous nanofiber. The nanofiber is highly

attracted to the large electric field created angharp end of the disk.

Polymer
bath —

Electrospinning =
envelope o ‘“—-—-——-i

Fr——

I — T
i\ Rotaring disk
if i | collectar

(a) (b)

Figure 4.2 An effective method to produce aligekedtrospun fibers (a)

rotating disk collector (b) resulting woven scadfSF
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Another method to produce aligned fibers is shawfkigure 4.3. This method
forces the fibers to "straighten” themselves in tbgion between the two plates. Due to
the collection of the fibers within the air gapgetbollection of aligned nanofibers is
achieved without the possibility of contaminatioarh the ground electrode. This is an

ideal collection method for producing scaffolds tfissue engineering.

Figure 4.3 Another effective method to producgredd electrospun fibers
(a) double ground collector (b) resulting alignelddrs. Image reproduced

fromt°°

Methods have also been developed to create noeiwswaffolds. This type of
collection involves the same basic setup alreadscriteed. Non-woven scaffolds are
made with randomly oriented nanofibers. This typeatlection is typically made using
a flat electrode. Using this type of electrode picebs a highly uniform electric field.
This means that there is no preferred locationttier nanofiber to orient itself and is
thus random. Two basic methods, a vertical orientaand a horizontal orientation, are

presented in Figures 4.4 and 4.5, respectively.
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(a) (h)
Figure 4.4 Horizontal flat ground collector formdom nanofiber collection
(a) Horizontal setup with weight as syringe drieerd (b) Resulting nanofiber

structuré*®

Figure 4.5 Vertical flat ground collector for ranch nanofiber collection (a)
Vertical setup (b) Resulting nanofib&rs

An important characteristic of electrospinninghs ability to make fibers with
diameters in the range of nanometers to a few mécezale. Consequently these fibers
have a large surface area per unit mass so thatwomen fabrics of these nanofibers
collected on a screen can be used for exampldijlti@tion of submicron particles in
separation industries and biomedical applicatiush as wound dressing in medical
industry, tissue engineering scaffolds and arafiblood vessels. The use of electrospun
fibers at critical places in advanced compositesniprove crack resistance is also

promising.
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The electrical forces on free charges residingtlen surface of a polymeric
liquid are primarily responsible for driving thesetrospinning process. In conventional
spinning processes like melt or solution spinnititg fiber is subjected to tensile,
rheological, gravitational, inertial and aerodynarforces. The action of these forces
has been described in detail b y Ziabitk{Figure 4.6).

Direction of flow

= E‘ —. — / / /
Liquid = _ — ® Solid
& e = \ \ \
& & &= & -
Charge ends up

on the outside

Zone of solidification

Convective flow

. ___ Taylorcone
Spinning tip E‘E

+or-kV

Ohmic flow

Geometry of cone is governed
by the ratio of surface tension
to electrostatic repulsion

Zone of transition between
liquid and solid

Target

SLOW ACCELERATION RAPID ACCELERATION

b)
Figure 4.6 a) How the distribution of charge iretfibre changes as the fibre dries

during flight, b) Diagram showing fibre formatiory klectrospinniny™
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When a sufficiently high voltage is applied toiguld droplet, the body of the
liquid becomes charged, and electrostatic repulsmmteracts the surface tension and
the droplet is stretched; at a critical point @ain of liquid erupts from the surface. This
point of eruption is known as the Taylor cone hié imolecular cohesion of the liquid is
sufficiently high, stream breakup does not occlit @oes, droplets are electrosprayed)
and a charged liquid jet is formed. As the jet gliie flight, the mode of current flow
changes from ohmic to convective as the chargeatgigito the surface of the fiber. The
jet is then elongated by a whipping process, wiscbaused by electrostatic repulsion
initiated at small bends in the fiber, until it imally deposited on the grounded
collector. The elongation and thinning of the filbesulting from this bending instability
leads to the formation of uniform fibers with nareisr-scale diameters. The
electrospinning process has three stages: a)tiaitiaf the jet and the extension of the
jet along a straight line; b) the growth of a bewginstability and further elongation or
drawing of the jet that allows it to move in a laagpand spiraling path; c) solidification
of the jet into nanofibers. In the next three saw| these three stages will be described
following with various mathematical models that @aweffered to quantify the jet

behavior will be briefly outlined.

Initiation of the jet.In a typical electrospinning apparatus, the polys@ution
is contained in a syringe or a glass capillary. @hehe electrodes is dipped in the
polymer solution whereas the other acts as thedolt target that is kept at a certain
distance from the syringe (hence, not immersedénsoblution). When an electric field
is applied to a polymer solution, ions in the solntaggregate around the electrode of
opposite polarity. This results in the build-upaof excess of ions of oppositely charged
polarity near an electrode. For instance, if a fpasielectrode is dipped in the polymer
solution, then the negative ions migrate towards #mode but the positive ions
aggregate at the tip of the capillary leading toharge build-up. Thus, the region of
interest is the solution near the tip of the capyllwhere these excess charges aggregate
at the surface of the suspended liquid/solutiorpdiithe shape of the meniscus of the
suspended polymer droplet is defined by the balahde/drostatic pressure, electrical
forces and, surface tensionin weak fields, the polymer solution is held ta¢ £nd of
the capillary by surface tension. When the eleatriteld increases, the meniscus

elongates to form a conical configuration (Tayl@n€), until at some critical value of
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the electrical field, surface tension can no longalance the hydrostatic and electric
forces and a thin jet is ejected from the surfdcthis meniscus. This ejected jet travels
toward the nearest electrode of opposite polavityglectrical ground. It is believed that
excess charge is essentially static with respetii@anoving coordinate system of the
jet®®. This means that the electrospinning jet can bengisdly thought of as a string of
charged elements connected by a visco-elastic mediith one end fixed at a point of

origin and the other end free.

Growth of the Bending Instability and Further Ela@tign of the JetAfter
initiation, the jet traveled in a straight line feome distance (typically 2-3 cm). It was
hypothesized that an electrically driven instapitiiggered by the perturbations of the
lateral position and lateral velocity of the jetusad it to follow a bending, winding,

spiraling and looping path in three dimensions.

Solidification of the Jet into a Polymer FilameAss the rapidly ‘whipping’ jet
moved towards the target maintained at an attrgintential, it continued to expand
into a spiraling and looping path. This processtioored until the jet became fairly thin
and was intercepted by the target. As can be pesinibe greater the distance the jet
travels, the thinner it becomes. Thus, the distdmeteveen the capillary-end and the
target is one process parameter that has diredicatipns on the fiber diameter. In fact,
other process parameters include the flow ratecaanation, and electric field strength,

to name a few.

Effect of System and Process Parameters on Elgumirodiber Diameter.The
following system and process parameters have bedadnto affect the fiber
diameter:

System Parameters:

* Viscosity

» Concentration

* Net charge density (conductivity)

» Surface tension of the polymer fluid.
* Molecular weight

* Molecular weight distribution

» Topology (branched, linear etc.) of the polymer.



Process Parameters:
* Electric potential

* Flow rate of the polymer solution
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« Distance between the capillary-end and targééctibn screen

* Ambient parameters (temperature, humidity and \afocity in the

chamber)

» Motion of target screen

« Internal diameter of the nozzle/capillary

These parameters have been summarized in Figurevdere generalized trends

are shown. For continuous and uniform fiber foromatit is imperative that the

concentration of the polymer solution be abovedtigcal chain overlap concentration.

The critical entanglement concentration marks thasition of solution concentration

from the semidilute unentangled to semidilute egitaoh regimes. The physical concept

as well as the procedure to estimate will be oetliin chapter 8, where the author

further investigates the effect of concentratiascwosity and molecular weight on fiber

formation during electrospinning.
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Figure 4.7 Effect of process parametars on fidantkter produced by
electrospinning**
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With increasing flow rate and concentration, theefidiameter was observed to
increase as more mass of the solution (per uni¢ ttmd volume respectively) was
forced through the capillary end. The fiber diameatecreased with increasing target
distance and electric potential. With increasingational speeds, the electrospun
filaments were observed to become increasinglynatign the rotating direction of the
target. Furthermore, the diameter of the electrodjhers that were collected on the
rotating target was significantly smaller (ca. Bnés) than those collected under
identical processing conditions on a stationargear

Having described the effects of some of the systanh process parameters on
fiber formation and fiber diameter, the morpholagythe electrospun fibers in terms of
the surface characteristics and cross sectiongleshdl be discussed in the following
sections.
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5.USEOF NANO-INDENTATION AND NANO-SCRATCH
TECHNIQUES TO INVESTIGATE NEAR SURFACE
DENTAL MATERIAL PROPERTIES

In this chapter, the application of instrumentealentation devices to the
measurement of the elastic modulus of polymericenies is reviewett®. This review
includes a summary of traditional analyses of lpadetration data and a discussion of
associated uncertainties. Also, the use of scanpinobe microscopes to measure the
nanoscale surface roughness of tested polymersagassed, particularly with regard to
the associated limitations. The application of ¢heeethods to polymers often leads to
measurements of elastic modulus that are somewighehin comparison to bulk
measurements with potentially artificial trendsmiwdulus as a function of penetration
depth. Also, power law fits to indentation unloagliturves are often a poor
representation of the actual data, and the powerebgponents tend to fall outside the
theoretical range. These problems are likely caulmsegisco-elasticity, the effects of
which have only been studied recently. Advanceméntnoindentation testing toward
quantitative characterization of dental polymer posites properties will require
material independent calibration procedures, potyreéerence materials, advances in
instrumentation, and new testing and analysis pha@s that account for viscoelastic
and viscoplastic polymer behavior.

Depth-sensing indentation (DSI) devices allow @ngount of penetration of an
indenter tip into a material to be measured oftangieither a constant loading rate or a
constant displacement rate. Further, these dewacesoften capable of producing
contact areas and penetration depths charactefdigedsub-micrometer or even
nanometer dimensions for hard materials (e.g.,lesiogstal silicon, hardness = 14
GPa). One objective of using DSI methods is to peed quantitative, absolute
measurements of elastic modulus, E. Producing smeaAsurements with nanoscale
spatial resolution can be a key to understandinghar@cal behavior of technologically
important material systems. However, polymeric mal® create significant challenges
to measuring E accurately using indentation testing

First, many polymers are so soft that the mateesponse cannot be measured

at all with DSI devices because the system comgdisrare too low. Even for stiffer
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polymers (E > 1 GPa), producing indents with batierdal and depth dimensions much
less than um is rather difficult.

This difficulty is related to the load resolutiamypically not better than + 100
nN, and the inability of most DSI systems to deteitial contact loads less thanul.
Thus, although DSI systems are capable of applyiagimum loads on the order of 1
uN, the smallest maximum loads applied in practieetgpically tens of micronewtons
to reduce the relative uncertainties in load andepration depth. Finally, current
analysis of DSI data is based on elasticity, whitten applied to viscoelastic materials,
could lead to large uncertainties in the calculatatues of E. Thus, current DSI
methods have limited capabilities for studying mody thin films, polymer composites,
and other important polymer systems for which oty property information with
nanometer spatial resolution is often desired.Heaurtother calibration and procedural
issues persist with regard to modulus measurentieatsnust be addressed prior to the
application of these methods to visco-elastic ni@terFor example, current calibration
procedures used in DSI rely on indentation of aregfce material with known modulus.
Recent studies, including an inter-laboratory congpa, have shown the calibration
results to have poor reproducibility and large utasties.

In this chapter, an overview of nanoindentatiod ds application to polymeric
materials is given. First, traditional analysesl|add-penetration data are presented
followed by a discussion of uncertainty issuesteglao the determination of elastic
modulus. The application of depth-sensing indeoatio measurements of polymer

response is then reviewed in chapters 7 and 8.

5.1 OVERVIEW OF NANOINDENTATION-THE METHOD OF OLIVER
AND PHARR

The analysis of indentation load-penetration csirpeduced by depth-sensing
indentation systems are often based on work byeBiwnd Phatt® Their analysis was
in turn based upon relationships developed by Sméddfor the penetration of a flat
elastic half space by different probes with patécuaxisymmetric shapes (e.g., a flat-
ended cylindrical punch, a parabolic of revolutiand a cone). In general, the
relationships between penetration depth, h, andl IBafor such indenter geometries can

be represented in the form
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P=ﬁr{h—f1lf}m (1)

wherea contains geometric constants, the sample elasidufus, the sample Poisson's
ratio, the indenter elastic modulus, and the ingleftoisson's ratio,ths the final
unloading depth, and m is a power law exponentithatlated to the geometry of the
indenter; for a flat-ended cylindrical punch, m =fdr a parabolic of revolution, m =
1.5, and for a cone, m = 2. In applying Equatido the calculation of modulus, Oliver
and Pharr) made two significant realizations. Fitse slope of the unloading curve
changes constantly due to a constantly changintacbarea. In prior research, the high
load portion of the unloading curve was approxirdass linear, which incorrectly
assumes that the contact area remains constatttefanitial unloading of the material.
This practice created a dependence of calculatedulu® values on the number of
points used in the linear fit. Second, if the udiog curve can be fit by a power law
expression (i.e., Equation 1), then a derivatiR/dt, applied at the maximum loading
point (hnax Pmax) Should yield information about the state of cohtat that point. This

derivative was termed the contact stiffness, S,iagiven by

2
S=2aE =-LF 4 @
~N T

wherea is the contact radius and A is the projected afeipesample contact. The

reduced modulus,Eaccounts for deformation of both the indenter dredsample and

Is given by

1 ={1—I."}+{].—1»'|_.'} 5)
E E E;

r

where E and are the sample elastic modulus and Poisson's raspectively, andiE
andvi are the elastic modulus and Poisson's ratio, réspsg of the indenter material.

B is used to account for the triangular and squersscsections of many indenters used
in nanoindentation studies. Fdr= 1, the cross section of the indenter is assumded
circular, as the contact radius, is replaced by (Ad)*, and Equation 2 (witl = 1) is
valid for any indenter that has a shape describea Bolid body of revolution of a

smooth function. However, the valuesfhfas determined by Kif¢f using numerical
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analysis, are only small corrections (efys 1.034 for a triangular punch) and are not
often used in practice. Another correction factas liecently been suggested due to
unrealistic boundary conditions used by Snedtiand also HertZ®. This correction
factor, y, which depends upon the sample Poisson's ratiand tip geometry ranges
from approximately 1.05 to 1.10 ferbetween 0.1 and 0.4 and a conical indenter with
an opening angle of 70.32°.

In Figure 5.1, an indentation load-displacementeus illustrated along with
several important parameters used in the OliverRimatr analysis. The stiffness, S*, is
the slope of the tangent line to the unloading ewavthe maximum loading point{i,
Pmax) and is given by

= aml .hnm - .hf.]m_*1 4)

s —{d—‘p‘]
dh 7
where the parenthetic subscript denotes that theatiwe is evaluated at the maximum
loading point. When the displacement, h, is thaltoteasured displacement of the
system, S* is the total system stiffness. Aftercessful calibration and removal of the
load-frame compliance, the displacement of the Ifradne is removed so that h
represents only the displacement of the tip ineoghmple. In this case, S* = S and the
tangent line represents an unloading path for whhehcontact area does not change.
Thus, the contact area, A, calculated using S ¢plesge the Equation 2) should be the
actual contact area at maximum load. Also, exti@pad this line down to P = 0 yields
an intercept value for depth;, hwhich should be related to the contact depth, h
associated with the maximum loading point. Howeters related to the deformation
behavior of the material and the shape of the iteteas illustrated in Figure 2. In fact,
he = hmax- hs, where Ris defined as the elastic displacement of the saré the contact
perimeter and can be calculated for specific genesetising displacement equations
from Sneddon's analyses. For each of three spetigicshapes (flatened punch,
parabolic of revolution, and cone)=hePma¥S whereg is a function of the particular tip
geometry, as summarized in Table 1. Thuss biven by
gP

h, =hy, — % (3)
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The nanoindentation procedures include calibratibthe load-frame compliance;C
and the tip shape area function, A(HPrior to the load-frame compliance calibration,
the measured displacemenghy is a combination of displacement of the load fam
ht, and displacement of the sample,.fy Treating the system as two springs (the load

frame and the sample) in series under a given Bad,

hmmf = h."f + 'f"-rsamp (6)

Dividing both sides by P,

*\,E 1
2E, /4

Crotal = C:_'f +C = C.gr" + (7

where the total compliancedai= 1/S* and the sample compliance=C1/S. A number
of possible methods exist for determining: Gsing a reference sample that is
homogeneous and isotropic and for which both Eveaid known. Typically, a series of
indentation measurements are made on the refersaogle. Oliver and Pharr
suggested using an iterative technique to calildsatk the load-frame compliance and
the tip shape with one set of data from a sindleremce sample, as botlr @d A are
unknown in Equation 7. While this method has theaathge of not requiring an
independent measurement of the area of each indentse has been limited, perhaps
because it is mathematically intensive.

The use of the AFM with indentation measurementsiges a method of high-
resolution imaging of the plastic impression, whettould have approximately the same
projected area as the contact area at maximum fwaticularly for a highly plastic
reference material such as aluminum. Using thi® tgp an approach, the measured
compliance, G, can be plotted as a function oflAl A linear curve fit to the data can
then be used to determine the load frame compljaBgcevhich will be the value of the
y-intercept. A third method and the one used inghesent research is to assume that
not only is E independent of penetration depthate hardness, H .R/A. Thus, if H
is constant, G can be plotted as a function oflPha and again the y-intercept of the
fitted linear curve yields £ In this method, aluminum is often replaced byeflisilica,
because oxide formation on aluminum can creatatrans in E and H with penetration
depth.
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Table 5.1. Theoretical values of m anfbr three axisymmetric tip shapes.

Tip Geometry m £
Flat-ended cylindrical punch 1 1
Paraboloid of revolution 1.5 0.75
Cone 2 2(m=2)m

For the load-frame compliance calibration, reldfidarge indentation loads and depths
are applied to a reference material that exhibdgsifscant plastic deformation (e.g.
aluminum) so that the contact stiffness is largeigGmall) and thus s is dominated
by Gs. For the tip shape calibration, the series of msl@pplied to a reference material
typically covers a larger range of maximum load amkimum penetration depth. The
objective of tip shape calibration is to measum ¢loss-sectional area of the indenter
tip as a function of distance from the apex. InuFég5.2, the indentation geometry for a
conical indenter is illustrated in two dimensioAs.a given load, P, the contact area, A,
which is related to the contact radiass the cross-sectional area of the indenterttip a
a distance, h(the contact depth), from the tip apex. From measents of Rax Pmax
and S, Equations 2 and 5 can be used to calculaamdAl, respectively, for each
indentation. A tip shape function, Afhis determined, given a sufficient number of
measurements over a range of hc values, by fithegA vs. I data, typically using a

multiterm polynomial fit of the form:

Alh,)=B> +Bh +Bh" >+ B + .. (8)
where BO, B1,...,Bn are constant coefficients deteed by the curve fit. Oliver and
Pharr suggested using up to 9 terms (n = 8) with B4.5, stating that the area function
of a perfect Berkovich indenter, which was the tghendenter they used, is Afh=
24.5h?. The additional terms account for deviations frageal geometry, such as
blunting of the tip. Once the load frame compliaaod tip shape calibrations have been
performed, either separately or iteratively, measwants of elastic modulus for samples
of interest can be made from indentation data. Uiileading curves are again fit to a
power law function (see Equation 1), and the fiftparameters are used to calculate S*
(see Equation 4), which is equal to S assumingrieecity determined value ofifCS is
then used to calculate: f(see Equation 5), anct Is used to calculate A from the tip

shape area function. Finally, S and A are usealitutate E using Equation 2.
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6. DYNAMIC MECHANICAL ANALYSIS OF DENTAL
POLYMER COMPOSITES

Recent dental research has focused on making tyscgh properties of dental
composite resins similar to those founded in tagithicture. However, variations still
exist between composites and teeth, despite tremosn@dvances since the first
generation of macrofilled composites. Basicallyerth are three main differences
between the physical properties of tooth and cofmtgropolymerization shrinkage,

coefficient of thermal expansion and elastic mosffu

The elastic modulus is a very sensitive paramierevaluating and ranking
particle reinforced dental composites These restorative materials are being
increasingly used in load-bearing areas of theepinst dentitiort** and are therefore
inevitably subject to masticatory forces. When éhggsces stress the material below its
elastic limit no plastic or permanent deformaticccuwrs. However, when the elastic
limit is exceeded, permanent damage starts. Typjcdental composites with low
modulus will more readily elastically deform undiemctional stresses. Excessive
elastic deformation of dental restorative mateurader functional stresses may result in
catastrophic fracture of the surrounding brittleotko structures, or alternatively,
increased microleakage may re$tit? In such cases, enamel and dentin will be forced
to carry more forces than originally intended, @asing the risk of cusp fracture.
Additionally, the occlusal stresses generated duriclinical service, whether
intermittent or otherwise, also tend to disrupt theerfacial bonding between the
deformed resin restoration and the restored t&etht may lead to interfacial gap
formation and can contribute to microleakage, sdaon caries and post-operative
sensibility.

Conversely, composite materials with extremelhretastic modulus are unable
to absorb occlusal vertical loading stresses. Gpresgly, masticatory stresses will be
almost totally transmitted to the cavity walls, wiican have a potential destructive
effect on the prepared brittle tooth structure. il et al. showed that 90 GPa inlay
ceramic restorations were unable to absorb occhsaical loading stresses that we

totally transmitted to the cavity walls. On the athside, 50 GPa composite inlays
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partially absorbed and partially transferred theesstes to the cavity walls. This
indicates a greater stress-dissipating effect efrttaterial with greater compliance, in
this case the composite, thus minimizing the risk®oth catastrophic fractu&.
Moreover, extremely rigid materials cannot flow atwimpensate for the volumetric
contraction stresses developed during polymerigapatting at risk the integrity of the
adhesive interface between the composite and tith,tand also increasing the risk of
cusp fractur&®**° A possible solution to this problem may be theligation of
restorative materials that render the restoratigfficgently flexible to compensate for
that part of the shrinkage that challenges the bésda result, the adhesive bond will
remain intact, and marginal integrity will be pressl.

Ideally, the elastic properties of dental compssghould be matched to those
of the dental tissue they are supposed to reptaté It would minimize the differential
movement between the restoration and the toothngumastication, thus avoiding
catastrophic failures. However, since enamel amdinidave distinct elastic properties
and generally must be simultaneously replaced,distinct restorative materials should
be combined. Then, a more realistic concept woaldHoosing one of either, enamel or
dentin, as a standard.

Many dental materials are visco-elastic, including wide range of polymeric-
based materiald®. Logically, therefore, dental composite resinsutidoe expected to
exhibit some visco-elastic response. This givessamatch with the behavior of enamel
at body temperature, but a closer match to thdeatine that has been shown to exhibit
visco-elastic propertiéd"!*> Consequently, the dental tissue to be chosetaadard -
should be preferably the dentine. Thus, in ordesuiwive in stress bearing areas in the
oral environment, the elastic modulus of dental posites should be at least as high as
dentin modulu§®, which is about 18 GP¥, and preferably high&f. This corresponds
to an imaginary volume percentage of filler of 66%Such composites would then be
able to provide support at the interface with theth enamel, protecting the enamel
rods at the margin from fracturing.

Ideally, materials would behave either entirelgstic and obey Hooke’s Law,
which states the stress in the sample is a funci@eformation only and not a function
of time, or entirely viscous and obey Newton’s lafwiscosity, which states the stress

in the sample is a function of the rate of defoiordf®. Although these basic concepts
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exist theoretically and in some very simple mateyiguch as steel and water, most
materials such as polymers do not behave entielgn@ of these two ideal classes of
materials Such materials that behave neither ageqtr elastic solids, nor as
completely viscous materials are described as véastic materiafé™.

In essence visco-elasticity defines how a mataesbonds gradually to an
applied stress reaching an ultimate value aftena lag. The phenomenon is caused by
the chains of molecules within a polymer requirtimge to fully adjust to the applied
stress. Thus the more rapidly a stress is appliedshorter the time available for the
molecules to relax and accommodate that stress.

A purely elastic material such as a spring resr&etits original position when
stretched and released, whereas a viscous fluathseits extended shape when pulled.
A visco-elastic material combines these two praeert it returns to its original shape
fter being stressed, but it does slowly enoughpjoose the next cycle of vibration.

We could also say purely elastic materials are tbitore all the energy applied during
loading that is used for them to return to theigioal shape, while purely viscous
materials do not return any of the energy appliedng loading that is completely lost.
On the other hand, visco-elastic materials, wheflordesd, store part of the loading
energy within the material (elastic response), &/kibme of the energy is dissipated as
heat (viscous response). Once the load is rem@aetipf the material, corresponding to
its elastic portion, returns to its original shap#ile the other part, corresponding to
material’s viscous portion, undergoes permanerdrdeition.

The degree to which a material behaves eithepuiy or elastically depends
on environmental temperature, vibration frequemgyyamic strain rate, static pre-load,
time effects such as creep and relaxation, agimg),oéher irreversible effects. The most
important parameters are temperature and frequefifiegts.

Dynamic tests such as dynamic mechanical analpdisA) are particularly well
suited for visco-elastic materials, since they datermine both the elastic and viscous
responses of a sample in one experifférithis test works basically in the linear visco-
elastic range, revealing fundamental properties tivee, temperature and strain rate.
This technique also allows the re-examination & #amples following particular
treatment§™, which can be a valuable tool specially when nwitig the efficiency of

polymerization during curing studies.
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Since dental composites are exposed to dynamidinigarather than static
loading, dynamic tests have become increasingsvaeit*’. While static tests obtain
data related to a longer time scale than that afticetiort*>, which can be a source of
misleading results; dynamic tests better mimicdpeic masticatory loading to which
dental composites are clinically subjected. Thighthbe extremely valuable to predict
the clinical performance of biomaterials when wogkiunder the cyclic solicitations

generated by the human body physiological movements

6.1 THEORYABOUTDYNAMICMECHANICALANALYSIS

Dynamic Mechanical Analysis (DMA) is a method that been used to acquire
useful information about visco-elastic propertiels dental composite resins as a
function of time, temperature, and frequency.

With this technique a sample with well-defined dmsions is exposed to a
sinusoidal mechanical deformation (strain) at fixesuency or range of frequencies
over a specific temperature range and also isothlbrras a function of time and the
corresponding forces measut®d This can be done in tensile, compression, shear,
flexural and bending modes of operation. In an sppoway, the sample can be
subjected to pre-selected force amplitude and #salting deformation (strain) is
measured. The more delayed the response, the neweus the material while less
delayed responses are characteristic of more elastierials*’.

Briefly, the strain is a measure of the changkemngth of a material after a force
is applied, and the stress is an internal forca imaterial equal and opposite to the
applied load. When a sinusoidal stress is appleeda tperfectly elastic solid the
deformation occurs exactly in phase with the apps&ess, hence the modulus is not
time dependent. A completely viscous material widkpond with the deformation
lagging 90° behind the applied stress. However,nwihe stress is applied to a visco-
elastic material, it will behave neither as a petfeelastic nor as a perfectly viscous
body and the resultant strain will lag behind tiress by some angles, where s < $&° (
0 The magnitude of the loss angle is dependent tiperamount of internal motion

occurring in the same frequency range as the intpsisesy*®



58

The stress that is in phase with the appliedrsiraused to determine the elastic
or storage modulu€(), which is an indicator of elastic behavior andeas the ability
of the material to store elastic energy associatial recoverable elastic deformation.
The stress that is out of phase with the appliedrsis used to calculate the viscous or
loss modulus(E”). It is an indication of energy absorbed by thsirrethat is not
returned elastically. Instead, this energy is usedincrease segmental molecular
vibration or to translate chain positidfs

The loss tangentgn ) or mechanical damping is the phase angle between
dynamic strain and stress in the oscillating expent. It is dimensionless and is given
by the ratio of the viscous modulus to the elastimlulus™. This visco-elastic property
is a measure of the mechanical energy dissipaticitoss” within the material in the
form of heat. A perfectly elastic solid h&mn § = 0% Characteristically, the loss
tangent reaches a maximum, or peak value, at thdittan of temperature and/or
frequency where the internal rate of molecular orotcorresponds to the external
driving frequency applied to the bulk specimen. Thaximum of the loss tangent is
frequently associated to the glass transition teatpee Tg) and the location of such
“loss peaks” provides information about internallecolar mobility. The lower the loss
tangent the quicker the material will respond @dd¢more elastic like), returning faster
to its original shape, whereas the higher it isttigher the amount of energy lost as heat
(more viscous like).

In the present study, the dynamic mechanical amsabf the composite materials
was carried out using a DMA Q800 (TA InstrumentgwNCastle, USA) (Figure 6.1,
left) linked to a Dell computer. The DMA Q800 castsi of a temperature—controlled
mechanical testing chamber that includes a furnasgecimen holder, a motor-driven
mechanical testing apparatus and a displacemensumieg system. The computer is
responsible for controlling experimental parametand recording results. The DMA
was set up for single cantilever mode (Figure 6dht) of flexural loading. This non-
tensioning clamp contains two arms, a fixed andaveable one which provides an
oscillatory force using a non-contact direct drivestor, deforming the sample material.
This instrument is designed to apply a reprodudbiee in the range of 0.0001-18 N,
over a temperature range of -145 to 600 °C, usitiggen as coolant. The oscillation

amplitudes that can be selected by the operatardgnamic experiment range from +
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0.5 to 10.00Qum. Due to instrument limitations the stiffness bé tmaterial must be
considered during the selection of the test angéifisince high amplitudes may not be
accessible due to the high forces required torattam.

The possible cooling rates range from 0.1 to 10mi& and the heating rates
from 0.1 to 50 °C/min, although temperature rantpgaf more than 5 °C/min are not
recommended for DMA experiments. This concern avoiee sample to lag the actual
temperature and the transitions to be pushed thehitemperatures. However, the
choice of ramp rate will depend on sample size,rel@sdegree of accuracy in
transitions and frequency or frequencies of intengkich can range from 0.01 to 200
Hz. This is the frequency range that the instrufsentotor is capable of driving;
however, the upper frequency that can be applieteendent on the stiffness of the
sample. The higher the sample stiffness the easiglt be to drive the sample at higher

frequencies.

Figure 6.1DMA Q800 (left) and single/double cantilever (righimulating sample
deformation.
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/. THE EFFECT OF ALUMINA NANOFILLERS SIZE AND
SHAPE ON MECHANICAL BEHAVIOR OF PMMA
MATRIX COMPOSITE

Poly (methyl metacrylate) (PMMA) — has been used iwide range of fields
and applications such as: rear-lights and instraroleisters for vehicles, appliances and
lenses for glasses. PMMA in the form of sheetsrdffgpanels for building windows,
skylights, signs, displays, sanitary ware, LCD enre furniture and many other
applications where the transparency is an impofesior>%. Preparation of PMMA is
an addition reaction that requires the presenanahitiator such as benzoyl peroxide
which is decomposed either by heating or by thetiatdof a chemical activator such
as dimethyl-p-toluidine that can serve in autopayimation reactiori>>*** PMMA
polymer based materials are used as bone cemant résin does not have enough
strength and is reinforced using oxide particlestbrer fillers in order to obtain the
material that can be used in load bearing condittdr®® Another use of PMMA based
resins is in dentistry for different applicationach as denture basis, orthodontic
appliances, and provisional restoratiofrs.

Addition of fillers, in the form of alumina spheaic nanoparticles having
different shape and size, into the polymer, whielvas as a matrix, improves the
mechanical behavior of the obtained composite n#htdrhe addition of nanoparticles
encounters the main problem of mixing and everridigion of nanoparticles in the
matrix material because nanoparticles tend to aggtate>®1°%160161182Thare were
several techniques of enabling the good dispersfomanoparticles and they include:
direct mixing of polymer and nanopatrticles, in-gitolymerization in the presence of
nanoparticles, and simultaneous in-situ polymeigraand nanoparticles formatiSi
Ultrasonication was reported to be the effective teamake a homogeneous dispersion
of nanofillers in the monom&. The main candidate materials for addition as
nanofillers into polymer matrix are the fine nandjeées of oxides such as sili¢a'
titania'®®, zirconid®’ and alumin®®. Additions of oxide nanoparticles in the polymer
matrix for preparation of bulk composites and filare the topic of a large number of
research publication.

The shape of the fillers has also influenced thprawement of the composite

mechanical propertié® 1’174t is well known that the shape is very importarten
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describing the flow properties of the powder p&scd>'"*1">As much the particle
shape is important in flow characteristics of thlers, it is important in the interaction
with the composite matrix that results in the perfance of the composite material on
the macro scale.

The focus of this research was to study the infteesf the shape and quantity of
the alumina nanofillers addition in the PMMA polymmeatrix on mechanical properties
of the obtained composite material. Composites dbase PMMA matrix with the
addition of alumina nanofilers having different paa- spherical alumina nanoparticles
and alumina whiskers were preparethe mechanical behavior of the obtained
composite was studied using the dynamic mechanmadlysis (DMA) and
nanoindentation techniques. The shape of the ill@end their distribution in the
composite were studied using the scanning electmoroscopy analysis. The

dimensions of the reinforcements were measuredjusaimage analysis techniques.

7.1EXPERIMENTAL

The aluminum oxide spherical nanoparticles declapetave less than 50 nm
diameter were produced by Aldrich. Alumina whiskesgre also commercially
available from Aldrich, and they were characteribgyddiameter 2 — 4 nm and length
200 — 400 nm. This enabled the use of very diffesgamina fillers having spherical
alumina nanoparticles, with the length to diametdio of 1, and alumina whiskers
having the length to diameter ratio of approximatO.

Mecaprex KM, PRESI (Grenoble, France) autopolynegizacrylic resins
consisted of KM powder (PMMA powder containing diaeyl peroxide (DBPO)
initiator) and of KM liquid monomer (methylmetaalate monomer - MMA with N, N-
dimethyl-p-toluidine used as an activator). Alumsgherical nanoparticles or alumina
whiskers were added to KM liquid. The mixture wasisated for 60 min and KM
powder was dispersed in the mixture. The mixing dase by hand during 2 min and
the mixture was poured out in the form having disens suitable for DMA and
nanoindentation testing. The form was covered uiegglass cover to ensure that the
surface of the specimen remasmsooth PMMA/MMA mass ratio of 0.75 was used as

this ratio enables minimization of shrinkage asgested by the manufacturer (PRESI)
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and as previously reported in the literature. Thé/mperization of the monomer was
done at a temperature of 25 °C. The instructioruk® given by the producer says that
the polymerization is complete at temperature betw20 and 23 °C for 20 min. The
obtained composites were then exposed to a tenuperait 37 °C during 30 days before
they were mechanically tested in order to obtasstabile composition of the polymer
matrix of the composite. Table 7.1 summarizes thepositions of the composites
PMMA/alumina whiskers and PMMA/alumina sphericalnaparticles prepared for
analysis in this paper. The samples prepared ubm@lumina spherical nanopatrticles
as fillers are annotated as P1, P3 and P5 forddigi@an of 1 wt. %, 3 wt. % and 5 wt. %
of the filler respectively. The samples using aluaihiskers as fillers were annotated
as W1, W3 and W5 for the addition of 1 wt. %, 3 %t.and 5 wt. % alumina whiskers

respectively.

Table 7.1 The compositions of composite specimesggred using the PMMA as the
matrix and alumina spherical nano particles andchala whiskers as fillers.

Sample description Sample Quantity Mass Mass
identificati of MMA-+initiator, PMMA, g
on particles/w g
hiskers, g
PMMA without filler PMMA - 2.290 1.710
PMMA with 1 wt. % P1 0.045 2.540 1.910

alumina spherical
nanoparticles

PMMA with 3 wt. % P3 0.135 2.540 1.870
alumina spherical
nanoparticles

PMMA with 5 wt. % P5 0.225 2.440 1.830
alumina spherical
nanoparticles

PMMA with 1 wt. % W1 0.045 2.540 1.910
alumina whisker
PMMA with 3 wt. % W3 0.135 2.540 1.870
alumina whisker
PMMA with 5 wt. % W5 0.225 2.440 1.830

alumina whisker
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The mechanical behaviors of neat polymer and PMNM#vma fillers
nanocomposites were studied by dynamic mechanicalysis (DMA) - cantilever-
bending and force control nanoindentation. The sicanelectron microscopy was used
to study the morphology of the alumina sphericalaparticles and alumina whiskers
prior to incorporation into the polymer and to stuthe distribution of the alumina

spherical nanoparticles and alumina whiskers imtag&ix after polymerization.

7.2METHODSOF CHARACTERISATION

DMA analyses

Dynamic mechanical analysis was used to examinep#drérmance of the
PMMA matrix composite reinforced using alumina spde nanoparticles or alumina
whiskers and to measure the influence of alumiterdi shape on the behavior of the
resulting materials. The data obtained from thialysis include: the storage modulus
(E’), tangent delta (tar) and glass transition temperatuiig)( The storage modulus
reveals the ability of the composite to store @tashergy associated with recoverable
elastic deformation. Together with tangent delta #torage modulus describes the
behavior of the composite under stress in the ddfitemperature range. Dynamic
mechanical analysis (DMA) was performed by (DMA Q8TA Instruments) under a
nitrogen atmosphere and single cantilever modea§tomodulusE’) and loss factor
(tano) were calculated for rectangular specimens ofthe 35 mm x 13 mm x 3 mm at
frequencyn = 1 Hz. Temperature range was changed from roampéeature to 160 °C

with a heating rate of 3 °C/min.

Nanoindentation

The nanoindentation test was performed using atkysill 950 Tribolndenter
equipped with in-situ SPM imaging (Hysitron, MN)h& Berkovich indenter has an
average radius of curvature of about 100 nm. Twste performed in force-controlled
feedback mode. The indentation maximum load waats&tmN for each tested sample.

The loading and unloading times as well as the kiolé at the peak force were set to
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25 s each. For each loading/hold/unloading cyble applied load value is plotted with
respect to the corresponding position of the inelenthe resulting load/displacement
curves provides data specific to the mechanicalureatof the material under
examination. All the results are obtained with @léver & Pharr method and using a
supposed sample Poisson’s ratio of 0.36 for redusladtic modulus calculation.
Established models are used to calculate quamstatidentation hardnes#d) and
reduced elastic modulus valué&g for such data.

The specimens were polished using the alumina pasteg the abrasive grains
up to 0.02um until flat surface was obtained. The specimensevedout 1 mm thick,
having dimensions 3 x 3 x 2 mm and were placedhanspecimen holder in the
nanoindenter. Loads of 4 mN were used for the .téstsrder to obtain reliable results,

9 indentations were made for each type of sampl@odom locations.

Analysis of the morphology of the specimens

The morphology of the alumina spherical nanopasichas examined using a
field emission scanning electron microscope (FESEMIRA3 TESCAN, operated at
20 kV. The morphology of the samples was examinsohgua scanning electron
microscope (SEM), Jeol JSM 5800, operated at 20 kV.

7.3RESULTSAND DISCUSSION

Very fine alumina spherical nanoparticles and ahamiwhiskers tend to
agglomerate and they are delivered in their agglated form from the producer.
Figure 1 shows, field emission scanning electroorosicopy (FESEM) micrographs of
alumina spherical nanoparticles and alumina whikehich were agglomerated prior
to sonication. The mean diameter of alumina sphkem@anoparticle agglomerates as
received from producer was 87 pm and that for atamvhiskers was of 1.1 um. Those
values were obtained using image analysis toolfezpto the images shown in Figure
7.1.
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SEM HV: 20 kV WD: 8.47 mm
View field: 5.42 pm Det: InBeam
SEM MAG: 40.0 kx |Date{m/d/y): 07/09/13

Figure 7.1The FESEM micrographs of alumina nanoparticles amiskers,
agglomerated prior to sonication, as received fritli@ producer a) particles
agglomerates having a mean diameter of 87 um lgkehs having a mean diameter of
1.1 pm.

The morphology of the samples having 3 wt. % ofmaha spherical
nanoparticles and 3 wt. % of alumina whiskers arfdthe polymer without
reinforcement were examined using a scanning eleatricroscope (SEM), Jeol JSM
5800, operated at 20 kV, Figure 7.2. In Figure Tt&bmicrograph of the sample having
3 wt. % of alumina whiskers is given and in Figut2c the micrograph of the
composite having 3 wt. % of alumina spherical nambges is presented. Those images
were used to measure the diameters of the alurpimerisal nanoparticles agglomerates
still visible in the micrograph. The measurementleon the Figure 7.2c show that the
mean diameter of alumina spherical nanoparticléomgerates decreased to 0.47 um in
the composite containing 3 wt. % spherical alurmaaoparticles. The main length of
alumina whiskers agglomerates visible in the corntposas reduced to 0.27 um. The
sensible reduction in visible alumina sphericaloparticle agglomerates sizes, as well
as the reduction in visible alumina whiskers aggloates sizes indicate that the

agglomerates dimensions were reduced and thatuhera spherical nanoparticles and
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alumina whiskers that were not in agglomerates weeh distributed in the polyme

giving the improvement of mechanicaoperties.

P
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SEl 15kV  WD7mm  S534 x10,000 1pm SEI 15V WD1imm S840 x10,000 1ym = SEl 10kv  WD?mm 5532 x10,000 1pm
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Figure 7.2The SEM micrographs of a) PMMA without the addimdmeinforcemen b)
composite having PMMA matrix and 3 wt. % of alumifaskers and c) compos

having PMMA matrix 3 wt. % of alumina spherical paarticles

DMA was used to compare the behavior of the purdVlAMo the behavior o
the composites with additions of alumina fillerswias observed that incorporation
both spherical alumina nanoparticles and aluminaskens results in an increase
storage modlus values for the composite in the range of teatpees measured, FigL
7.3.
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Figure 7.3 The thermomechanical spectra of PMMArixxialumina spherical
nanoparticles and PMMA matrix alumina whisker cosifes. a) Storage modulus of
the PMMA matrix composite reinforced using alunspéaerical nanoparticles changes
vs. temperature. b) Storage modulus changes vperature for the PMMA matrix

composite reinforced using alumina whiskers. c)dé»elence of tah on temperature
for composites reinforced using alumina sphericaoparticles. d) Dependence of tan

o on temperature for PMMA matrix composites reinéafeising alumina whiskers.

The glass transition temperatufgcan be determined from the DMA results as
the maximum of the curve showing the dependendarod vs. temperatureln Figure
7.4 the changes ofy are shown depending on the type and quantity oftiads.
Composites having 3 wt. % of added alumina whiskeswv that the increase of tfig
value is of 3 °C which is the maximum increase ols® in specimens prepared in the
scope of this research. For samples where the i@ddidf spherical alumina
nanoparticles was tested the highest valueTpfincrease is also observed in the
composite with 3 wt. % of added alumina spheriaiaparticles, but this increase is
less significant. This proves that both the alunspherical nanoparticles as well as
alumina whiskers were in good contact with the matr

In Figure 7.3 the storage modulus for compositegngaPMMA matrix and
alumina spherical nanopatrticles or alumina whiskerseinforcements were compared

to the values for the polymer PMMA. The composiihg the addition of 3 wt. % of
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spherical alumina naparticles shows the largest increase of the stamagpulus value
among the composites prepared with spherical alamanoparticles, this increase !
of 23 %. All the composites having the alumina whiskassreinforcements show t
increase in storage modulus compared to pure PMNMW& addition of 3 wt. % alumin
whiskers givesn increase of 63%. The addition of 5 wt. % of aharwhiskers did nc
improve the storage modulus value more than thetiaddof 3 wt. % of alumin:
whiskers and this could be explained by the difficof mixing and agglomerat
braking when the concaation of alumina whiskers is larger than 3 wt. Yalues of
tan o presented irFigure 7.6are in accordance with observations made for thege
modulus.
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Figure 7.4 The changes of; of the PMMA matrix composite materials hav
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Figure 7.5The dependence of E’ of the composites having Pilgii#tix composit

materials having spherical alumina nanoparticlesatumina whiskers as additiv
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Figure 7.6Dependance of tafion the quantity and morphology of added reinforeet
into the PMMA matrix composite materials havingesjpdal alumina nanopatrticles ¢

alumina whiskers as additives.

DMA gave the characteristics of the composite atiacro- level and those
properties are describing the entire specimen hehawnder load at differer
temperatures. The nanoindentation gives the pdisgibd study preerties of the
composite at the nano and micro level. From naresitation results it is possible
study if the properties have even values in allpaf the specimen in the composite
to discuss the possible inhomogeneity of the distion of the reinforcement in th
composite.

The obtained results gave the insight aboutinfluence of the alumina fille
shape and the amount of alumina fillers added éoothtained mechanical properties
PMMA matrix composite. In figure 5 the data showitihe changes of modulus
elasticity of the PMMA matrix/alumina spherical mgarticles and PMM/
matrix/alumina whisker composites depending on tifpe and amount of alumir
fillers added are given. It could be seen that bt alumina spherical nanopcles
and alumina whiskers are making the compositesesttompared to the PMM
polymer, even if only 1 wt. % of alumina sphericanoparticles is added. Addition

alumina spherical nanoparticles into the compasitiocd not dramatically change -
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values of mechanical properties, modulus and hagjnef the obtained composite.
Addition of 3 wt. % alumina spherical nanopartictesulted in the composite material
having the properties that had higher values of uhadof elasticity and hardness as
measured using the nanoindentation method. Adddfdm wt. % of alumina spherical
nanoparticles did not improve additionally the naagbal properties of the PMMA
matrix composite. The improvement of mechanicapprtes obtained using 1 wt. % of
alumina whiskers gave better properties than theMRMmatrix composite with the
addition of the same quantity of alumina spherie@oparticles. The addition of 3 wit.
% of whiskers gave maximum stiffness improvementhef PMMA matrix composite
material and the obtained composite had the maxinvaine of the modulus of
elasticity that was improved by 56 % compared ® gblymer without reinforcement.
The addition of 5 wt. % of alumina whiskers did riotther improve the values of
mechanical properties measured using nanoindentatethod. From the data presented
the addition of 3 wt. % of alumina whiskers is gigithe material having the best
modulus of elasticity and this is a considerabiafoecement for a small addition of
alumina spherical nanoparticles.

The results of hardness measurement have the samé &s those for the
modulus of elasticity for PMMA matrix/alumina spiea nanoparticle composites. The
addition of 1 wt. % of alumina spherical nanopédgscgives a slight deterioration of the
hardness of the material. The PMMA matrix composiiéh 3 wt. % of alumina
spherical nanoparticles gave the best performarmmececning hardness of the
PMMA/alumina spherical nanoparticles composite. iidd of 5 wt. % of alumina
whiskers did not improve additionally the hardneégshe PMMA matrix composite.
The addition of 3 wt. % of alumina whiskers givée tincrease in hardness of the
material that is a 40 % improvement compared to RMMA polymer without the
addition of the fillers.

The comparison of the nanoindentation curves ferRMMA polymer without
the addition of reinforcement and for compositegiig 3 wt. % of alumina spherical

nanoparticles and 3 wt. % alumina whiskers arergind-igure 7.7.
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Figure 7.7 Nanoindentation curves showing the ddpane of the force on
displacement for the PMMA polymer and the compdsteng 3 wt. % of alumina

spherical nanoparticles and alumina whiskers.

Comparison of DMA and nanoindentation results

Both the nanoindentation measurements of moduluslastticity and hardness
and the DMA measurement of the storage moduluseptioat the composite having 3
wt. % of alumina whiskers is having the best meat@nproperties among the
composites studied. The nanoindentation (Figur8said 7.9) and DMA (Figure 7.5)
results are in accordance proving that the addioalumina spherical nanoparticles is
less efficient compared to the addition of alumivtaskers having a very high value of
length to diameter ratio.

When comparing the obtained results, reinforcing #MMA matrix of a
composite using alumina spherical nanoparticlethase obtained from reinforcing the

same PMMA polymer using functionalized silica pads, it could be observed that the
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improvement of the properties obtained using thectionalized silica particles gives
better values of the mechanical properties, modafiedasticity and hardness, than the
values in this study®. The preparation of the samples in this study da®e using the
instructions obtained from the producer and theispens were left at a temperature of
37 °C for 30 days. In the other study the specim&ase heated at 60 °C after the
preparation and later up to 110 °C in order to ilate stress and residual monomer. It
is possible that the conditions that include heeatment of the specimen eliminate
completely the monomer from the composition and thathe case when only the
temperature of 37 °C during 30 days was appliechdidenable the complete monomer
conversion. This could be the reason that the samatlunt of left monomer was present
and it served as a plasticizer in the composite. ddntent of the residual monomer and
allergic or cytotoxic effect of denture base aayksins may be related to powder to
liquid ratio, storage time, temperature, polymdar@amethod and it will be the subject
of our next study. In this paper, basic research fueused on the influence of
nanoparticle size, shape and nanoparticle loadmgnechanical properties of acrylic
polymers.

As it is shown alumina nanofillers have the podybio improve the values of
mechanical properties of the polymer when adde@ wery small amount. Similar
improvements of values of mechanical propertiedccdne obtained using very high
loadings of functionalized microparticles of aluinin order to obtain the
improvement of the mechanical properties in theeseamge as those obtained with the
addition of 3 wt. % of alumina whiskers 30 % of ¢tionalized microparticles were

added to a polymer matrix.
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Figure 7.8 Dependence of modulus of elasticity measuredhdguranoindentation tes
for PMMA matrix composite materials having spheraamina nanoparticles ¢
alumina whiskers as additives.
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Figure 7.9The summary of results from naniondentation testfPMMA matrix
composite materials having spherical alumina nambplgs or alumina whiske.
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8.PREPARATION AND CHARACTERIZATION OF POLY
(VINYL BUTYRAL) ELECTROSPUN NANOCOMPOSITE
FIBERS REINFORCED BY ULTRASONICALLY
IRRADIATED SEPIOLITE

Electrospinning offers a simple method for productof micro and nanocomposite
fibers. Nanocomposite fibers constitute a new ctdgsaterials in which the polymeric
nanofibers are reinforced by dispersed inorganiersi with at least one dimension in
nanometer-scale. In addition, electrospinning halowWing advantages: (a) the
diameters of fibrous materials are reduced fromrometers to nanometers (b) it can
produce nanofibrous mats with large surface areaass ratio for better bonding and
excellent mechanical strength of the matrix make(@ it allows the nanopatrticles to
disperse in the spin solution; and (d) it does gaohpromise the chemical stability of
the nanoparticles during spinning and compositeidaton. Electrospun fibers have
also found increased uses in many other applicsitioncluding multifunctional
membranes, biomedical structural elements (scaffgldised in tissue engineering,
wound dressing and drug delivery), composite reggment and high surface area
fabrics for protective clothing and sensdfsin particular, thick patterned nanofibrous
mats are more valuable in scaffolds, drug carrins, filters’®

Nanoparticle-based materials have been attractigngwaing interest in the different
fields. However, the main difficulty in working viatnanoparticles is their undesirable
tendency to form larger particles by agglomeratiom prevent formation of aggregates,
silane coupling agents have been extensively USkahe bonding is one of the most
popular surface modifications of silica, which alss silanol groups on the surf&Ce
In the case of sepiolite, a number of chemical rincations of surfaces have been
published in scientific papers: modifications witjuaternary ammonium salts or
amines, or with organosilane, usually in tolugh&182 There is very strong limitation
of all the silane modification processes, impremgmabr suspension in organic solvents,
in that the surface modification is not produced tbe surface of individualized

sepiolite fibers but on the external surface of #Hepiolite aggregates, since highly
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hydrophilic sepiolite is not finely dispersed irele solvents. The surface modification
in the form of thixotropic aqueous gel is bettearttsurface grafting in toluetfd It is
possible to modify almost-individual sepiolite fike by carrying out surface
modification reactions in the form of thixotropigueous gels, which makes possible
the separation of sepiolite aggregates into indizidibers®*

A wide range of applications may be expected frachsfunctional nanocomposite
fibers. Various types of inorganic nanofillers suhsilica, alumina, carbon nanotubes,
titania and clay have been used to produce polynoeganic nanofibers and to improve
thermo-mechanical properties. Composite nanofibronats was prepared from
thermoplastic polyurethane/silica nanoparticles,ictvhgold nanoparticles adsorbed
using further treatment with 3-aminopropyltriethetgne, demonstrating that the
composite fibers could be used as functional fifardNanofibers havingi-alumina
structure are excellent candidates to be used iafon@ement for polymer matrix
composites, as well as to prepare the non-wovemnlugts having good chemical
stability'®'®”.  Well-dispersed multiwalled carbon nanotube (MWNPNB
nanocomposite fibers were prepared by electrogpgnwith enhanced electrical,
mechanical, and thermal propertf&s Photocatalyst Ti@nanotubes were obtained by
calcination of precursor nanofibers of poly (viraltohol) (PVA)-titanium compound
hybrids '*. The incorporation of clay nanolayers increases dimensional stability,
thermal and mechanical properties of the functidiers compared with other fillers
due to their layered structure. Most functional yclaanofibers exhibit these
improvements in performance at relatively low loadi, which caused a decrease in the
mean diameter of the nanocomposite fib&rs

The approach that has been adopted in this studly iisclude neat and modified
sepiolite fibers directly into electrospun fibersrh PVB solutions, thus circumventing
the problem of fibers aggregation. In the presdntys the ultrasonic irradiation
technique has been used for modification and dssperof sepiolite fibers into large
surface area composite nanofibrous mats. Furthesntbe incorporation of sepiolite
nanofibers can change the thermo-mechanical piepaft patterned nanofibrous mats.
Up to our knowledge, the selected sepiolite/PVB atamposite system is not
previously reported in the literature.
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8.1 MATERIALS AND METHODS

PVB is a resin usually used for applications thequire strong binding, optical
clarity, adhesion to many surfaces, toughness kxability. It is prepared from poly
(vinyl alcohol) by reaction with butyraldehyde. PYBowital B75H, dynamic viscosity
of 5 wt% solution in ethanol 160-260 mPa-S) wasclmmsed from Kuraray. The
experiments were carried out with the PVB soluiiorconcentration of 10 wt% where
ethanol was used as the solVéht

The natural sepiolite (Tala kosa, Serbia) with a specific surface area of 299
(BET surface area measurements), has been usedeia®raement filler for
nanocomposite fibers in order to influence itsdils morphology and low production
cost. Sepiolite was ultrasonicated (Sonics Vibrdl,G&ECX 750, 19 mm Ti horn, 20
kHz) for 20 min in water to disintegrate bundlesl aied for two hours in the oven at
100 °C. The isolated fibers were treated withaminopropyltriethoxysilane
(DynasylaffAMEO, Evonik-Degussa). Modification of sepiolitebéirs with AMEO
silane (5.4 g/4.0 g Sep) was carried out by ulmaswradiation (20 min) of the sepiolite
aqueous gel in water. Modified sepiolite fibers evelried in the oven at 100 °C
overnight, centrifuged (3000 rpm, 15 min), washethwlichloromethane at least five
times to remove the excess of AMEO silane and|l§indried under vacuum at 100 °C
for 12 h. The neat and the modified sepiolite fiberere put into the PVB/ethanol
solution and ultrasonically irradiated for 15 mindathen stirred continuously for 24
hours.

Subsequently, sepiolite filled composite fibers daween produced by
electrospinning technique. Electrospinning apparattlectrospinner CH-01, Linari
Engineering) consisted of a 20 ml plastic syringgh\& metallic needle of 0.8 mm inner
diameter placed on the syringe pump (R-100E, RAZElentific Instruments) and the
high-voltage power supply (Spellman High Voltageditonics Corporation, Model:
PCM50P120). A set of experiments was carried owgnithe applied voltages were V =
16, 20, 24, 28 and 30 kV while the flow rate was=@.2, 0.5 and 1 mL/h with the
content of neat sepiolite 3 wt. %. Another expeniak set was performed with flow
rates valued Q = 0.5 mL/h, while the voltage wad eV = 24 kV, with the content of
the neat and modified sepiolite nanofibers 3 wt3%wt. %, and 50 wt. %. The tip-to-
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collector distance was h = 15 cm in all cases. Wgs set up vertically above the
collector. Fibers were electrospun at room tempeeawith deposition time of 2 h. The
electrospun fibrous mats of the PVB/Sep fibers warkected on alkaline-resistant
fiberglass mesh in the form of a patterned nanofisrmats and kept in air for 15 h to
dry out.

The following instruments were used for charactgron of the neat, modified
sepiolite and electrospun nanofibrous mats. Fotragsform infrared (FTIR) spectra of
the neat, modified sepiolite fibers and AMEO silanekBr pellets were obtained in
transmission mode between 400 and 4000"amith a resolution of 4 cth using a
BOMEM spectrophotometer (Hartmann & Braun, MB-sgyieNitrogen-adsorption-
desorption isotherms were determined using MicrdimerASAP 2020. The sepiolite
samples were degassed at 150 °C for 10 h undecedgquessure. The specific surface
area of samples was calculated using the Brunamendit-Teller (BET) method from
linear part of the nitrogen adsorption isotheritse morphology of as-spun fibers was
investigated both by optical microscopy (OLYMPUS 42X and field emission
scanning electron microscopy (FESEM) on a MIRA3 TB&SI electron microscope at
20 kV. The fiber diameter distributions of the é&tespun fibers were measured using
Image-Pro Plus analysis software. Dynamic mechardaoalysis (DMA, Q800 TA
Instruments) was conducted in a dual cantileveran@sing the stainless still sample
holder) at a frequency of 1 Hz where the tempeeatanged from 30 °C to 100 °C with
a heating rate of 3 °C/min for the determinatiomofmalized complex modulus{),

loss tangenttéan ¢) and the ratio betwedsi' andE' (Cole-Coleplot).

8.2 RESULTS AND DISCUSSION

Fourier transform infrared measurement

Figure 8.1 (a) shows the typical infrared spectraeat sepiolite fibers. The Mg-OH
bands are assigned at 3686 tand 644 crl. The Si-O-Si vibrations are present at
1014 cnt and the vibrations from bonded water occur at 1689, a shoulder from the
Si-O group appears at 1219 ¢nThere is a broad extended band at 3431 (zrolitic
water) with smaller band at 3572 ¢ifstructural bound water), which suggests that the
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surface of the sepiolite fibers is covered by a pach layer of zeolitic and adsorbed
water. Figure 8.1 (b) shows the infrared spectréhefmodified sepiolite fibers. After
sepiolite is modified by AMEO silane, the IR speor shows that the new
characteristic absorption bands of 2932*camd 2850 cifl, which are assigned s
andvs of the C—H bond of —CH group, respectively. In addition, in IR spectrom
modified sepiolite fibers the intensity of absooptibands from bonded water and
structural OH groups decreases. The decrease i@khéonds in modified fibers is

assigned to covalent bonding between the sepiilaaol groups and AMEO silal&.
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Figure 8.1FTIR spectra of (a) neat sepiolite fibers, (b) nfiedi sepiolite fibers and (c)
AMEDO silane

Fiber dimension and morphology
Sepiolite is a magnesium hydrated silicate of fisromorphology, with fine

microporous channels of dimensions 0.37-1.06 nmingnparallel to the length of the
fibers, with the ideal formula §D30Mgs(OH)s—(H20)48H20. Sepiolite has the highest
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specific surface area of all the clay mineralshvéthigh density of silanol groups (Si-
OH) of the sepiolite surfal® '** The suspension of sepiolite in water (4 wt. %)
obtained by ultrasonic irradiation (20 min), givestable-in-time thixotropic aqueous
gel [8], characterized by the formation of a 3Dwuak of sepiolite fibers which has the
highest specific surface area (33¢/gnBET surface area measurements) (Figure 8.2).

Figure 8.2 Sepiolite thixotropic aqueous gel asnsieye FESEM

The diameter and morphology of PVB/Sep nanocom@dsiers were studied by
optical and scanning electron microscopy (pleageFsgures 8.3 and 8.49 evaluate
the relationship of different flow rate, applieditage, and weight content of neat and
modified sepiolite fibers on the fiber diameter dimer network morphology. Figure
8.3 shows the optical microphotograph of the né&® Bnd PVB/Sep fibers containing
3 wt. % of neat sepiolite. It is evident from thietpres in the Figure 8.3a-f) that the
higher implied voltage of V = 24 kV (28 kV and 3¥)kleads to the twisting of fibers

under the same conditions of flow rate Q =1 ml/t sepiolite content of 3 wt. %.



80

717 .\m';;“

,f,l’ﬂ

\ Mfm S 4(
N" :.‘J!.‘“ﬂi "‘\E
‘W 44[ '
ML

\‘l

| 1
.3%.

h"‘ |

M 1
I 4
M
] 1\
— — —
100um

Figure 8.3 Optical microscopy image of the PVBf#beith 3 wt. % neat sepiolite
fibers by the collector distance of h = 15 cm (sdad&r 10Qum): (a) (Q = 0.2 mL/h, V =
20 kV); (b) (Q =0.5 mL/h, V =20 kV); (c) (Q = 1L, V =16 kV); (d) (Q =1 mL/h, V

=24 kV); (e) (Q=1mL/h,V=28kV); (f) (Q =rhL/h, V = 30 kV).
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© )

Figure 8.4FESEM images of PVB/Sep composite fibers withrdiffecontent of the
sepiolite fibers (a, b) 3 wt. % neat and modifiegislite fibers; (c, d) 30 wt. % neat and
modified sepiolite fibers; (e, f) 50 wt. % neat anddified sepiolite fibers
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Figure 8.4 shows the FESEM images of as-spun P{B¢Smposite fibers from the
following solutions with the content of the septielfibers: (a) 3 wt. %, (b) 30 wt. %, (c)
50 wt. % for electrospun PVB 10 wt% solution by twdlector distance of h = 15 cm,
flow rate of Q = 0.5 mL/h, and a constant appliedtage of V = 24 kV. For the
PVB/Sep fibers containing 30-50 wt. % of neat skfgidibers, we found that some
beaded structure was formed by the large aggloegEtthe sepiolite (see Figure 8.4
(c, e)).

Figures 8.4 and 8.5 show the influence of the d$#picontent on the increase of

mean diameter and the modification with AMEO silaleereases the mean diameters of
nanocomposite fibers.
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Figure 8.5 Histogram of the fibers diameter foradtespun (a) neat PVB fibers and
PVB/Sep fibers containing (b) 3 wt. %, (c) 30 wi.(& 50 wt. % of modified sepiolite
by the collector distance of h = 15 cm, flow rat&Qo= 0.5 mL/h, and applied voltage

of V=24 kV
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The fiber diameters of neat PVB fibers are in rao§6.149 to 2.202um (Table 8.1,
Figures 8.5(a)), while the nanocomposite fibers@omg 3 wt. % of modified sepiolite
have the diameters in range of 0.140 to 0.599um (Fig. 8.5 (b). The mean diameters
of the fibers are 0.928m for neat fibers and 0.230m for silane modified 3 wt.%
sepiolite nanocomposite fibers. The fiber diametéithe modified fibers containing 30
wt. % and 50 wt. % sepiolite have the diametensange 0.897 to 0.143m and 1.809
to 0.144um, respectively (see Figures 8.5 (c, d) and Tadlg

Table 8.1. Statistical parameters characterisiagrteasurement of fiber diameter

PVB/Sep/ PVB/Sep/ PVB/Sep/
PVB PVB/Sep AMEO PVB/Sep AMEO PVB/Sep AMEO
Parameter fibers (3 wt%) (Bwt%) (30wt%) (30wt% ) (50 wt%) (50 wt%)

Mean (um)  0.928 0.777 0.230 0.795  0.368 0.882 0.652

Minimum

(um) 0.149 0.284 0.140 0.284 0.143 0.286 0.144
Maximum

(um) 2.202 1.270 0.599 2572 0.897 2.020 1.809
Stand. Dev.

(um) 0.506 0.232  0.108 0.339 0.129 0.337 0.274
Count 150 155 158 156 150 154 150

Statistical parameters characterizing fibers di@mdistribution are given in Table
8.1. About 50 fibers were selected for the diameteasurement (using Image-Pro Plus
analysis software) from three experiments. A sigaift decrease of the mean fiber
diameter of sepiolite composite fibers was showhjctv appear for all modified
sepiolite fiber contents (see Figure 8.5). Mostypwr/clay nanofibers exhibit decrease
of mean diameter at relatively low loadings, usuédiss than 5 wt. %. The diameter
decrease of nanocomposite fibers may be due toitbteease of PVB solution

conductivity caused by clay-nanomateridis
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Figure 8.6The morphology of (a) neat sepiolite and (b-d) etespun PVB/Sep fibers

containing 3 wt. % of modified sepiolite

As shown in Figure 8.6 (a), neat sepiolite formgdragates by surface interaction
between individual fibers. The as-spun PVB/Seprilmontaining 3 wt. % of modified
sepiolite fiber had a smooth fibrous structure withbeads (Figure 8.6 (c, d)), which
suggested that the modified sepiolite fibers weed-dispersed in the spinning solution.
It is shown that the diameter of composite nanaofibis highly dependent on the
sepiolite modification technique as well as on gtepinning process. The technique of
electrospinning could be also used in order to owerthe dispersion of sepiolite
aggregates. It was found that the sepiolite fiberese well-dispersed within the
composite fibers and were oriented along the fébes (Figure 8.6 (d)) with the fiber

length and diameter of 296 nm and 22 nm, respdgjive
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Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis is a method that meagte mechanical properties of
a material as a function of the oscillatory frequeand the temperature. For the DMA
characterization, the strength values are in the fof complex modulus which can be
written as follows:E* = E' + iE", whereE* is the complex modulug' is the storage
modulus (E' = |[E| cosd) and E" (E" = |E| sin 6) is the loss modulus. Since the
samples have viscoelastic properties containin@ letdstic part and viscous part, the
complex modulus is the sum of moduli from those paots. The complex modul &
is calculated from the measured data and the sayepimetry:
|3

—_— 1
16[(blh® A @)

*
E duaizantiever =

where:l — sample lengthy — sample widthh — sample thickness, — force, andA —
deflectiort®® . The ratio betweeR' andE", the so called Tan Delt&af ) shows the loss
of energy in the heat form resulting from the vislegtic properties of the samples. The

loss factor (Tan Delta) obtained from:

EII
tano = — 2
= (2)

Structural changes of patterned nanofibrous mags sépiolite addition to polymeric
matrices can be studied using ti@ole-Cole method. The dynamic mechanical
properties when examined as a function of the lasorly frequency and the temperature
are represented on t®le-Colecomplex plan¥” :

E=f(E) 3)

In this case, DMA was used to determine g, tan ¢ and Cole-Cole plot of

patterned nanofibrous mats consisted of multipfersof a nanofibers pattern.
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Figure 8.7 Photograph of patterned nanofibrous mats (a) cédldmn fiberglass mesh
(b) using a stainless steel sample holder (c) ial dantilever mode (d)

DMA has previously been used to investigate thegyteansition temperaturégj of
the pharmaceutical powdered materiats®® The present study however is the first
study we are aware of to apply DMA to analyse c@xplanofibrous materials. DMA
of patterned nanofibrous mats was established thighstainless steel sample holder
loaded in the DMA Q808 . The sample holder is a uniquely designed lowasr &nd
upper cover plate assembly for containing pattemaabfibrous mats. The clamp was
used in conjunction with the 35 mm dual cantileclrmp (adapted from TA Q800
operator's manual). The patterned mats were cutdiimensions of sample holder
(approximately 60 mm x 13 mm x 1 mm, about ~100 (ag¢ Figure 8.7). The using of
stainless steel sample holder enabled the chaimatten of the glass transition
temperature with temperature change by observiagitinal change of the calculated
normalized complex modulus{*) (Figure 8.8 (a)).
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Figure 8.8 (a) E* and (b) Tan Delta vs. temperature curves for @ated nanofibrous

mats

This normalized complex modulus, presents the @tibe complex modulus within
a sample set to the value of the maximum modulufiensame data set. However, it
should be noted that the value of ieandE" obtained using a sample holder accessory
is only qualitative (adapted from TA Q800 operatonanual), but the ratio betweEh
and E', (Cole-Cole plot) is quantitative. Sincgéan ¢ is geometry-independent, the
structural information at corresponding temperauoeuld be obtained using this
accessory.

The E* of the electrospun nanofibrous mats and compaositefibrous mats as a
function of temperature is shown in Figure 8.8 (ashows a significant reduction in
the modulus with temperature. Thg* of the composite nanofibrous mats showed an
increase at higher temperatures compared to puyenpo nanofibrous mats (in Figure
8.8 (a) and Table 8.2).
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Table 2.E.*, T4 andtand peak temperature of patterned nanofibrous maesrodut

from DMA
Sample En* Ty (°C) Ty (°C) Tan Delta
(at 75 °C) (from E*)  (from tan 9) (tan o)
PVB 0.416 69.3 76.9 0.097
PVB/3wt.%Sep 0.466 70.2 77.4 0.090
PVB/3wt.%Sep/AMEO 0.601 72.9 79.1 0.067

The composite nanofibrous mats with AMEO modifiegislite showed significant
increase irEy* at 75 °C (around th&; temperature of pure PVB). This indicates the
efficient stress transfer between the polymer matnd modified sepiolite fibers in the
composite nanofibrous mats. Glass transition teatpex was defined as the onset
temperature from thE,* andtan ¢ peak temperature. Figure 8.8 (b) shdiyandtan
versus temperature plots of curves for patternesfitarous mats. The incorporation of
neat sepiolite had modest effect on eandtan ¢ values. Increase of thg, and
addition of neat sepiolite fibers reduced the ¢ values of patterned nanofibrous mats
by restricting the movement of polymer moleculed astablished hydrogen bonding
with the silanol groups of the sepiolite surfacd &H groups of PVB. Th&an ¢ values
of the composite nanofibrous mats were signifigamtiwered with AMEO silane
grafting (0.067). The decrease of tla ¢ value is a measure of enhanced interfacial

bond strength and the adhesion between polymennaaid modified sepiolite fibers.
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Figure 8.9 Cole-Cole plot for patterned nanofibrous mats
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The effect of interface modification between sapediibers and polymer matrix was
also confirmed byCole-Coleplot. Figure 8.9 show€ole-Coleplot, where the loss
modulus datdog E" are plotted as a function of the storage modulialdg E'. It is
used to examine the structural changes occurringeat PVB nanofibrous mats and
composite nanofibrous mats before and after ingatpm of modified sepiolite into
polymeric matrices. The imperfect circles indichtterogeneity of the hybrid system

and favorable amino modified fibers/polymer bonding
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9. CONCLUSION

The PMMA matrix composites were prepared using dalldition of alumina
spherical nanoparticles and alumina whiskers agaiement. The ultrasonication was
used to mix the ingredients and to break the aggtates of alumina spherical
nanoparticles and alumina whiskers prior to polyration of the matrix material. The
DMA and nanoindentation were used to charactet®serechanical behavior of the
obtained composites. The DMA results show thataluenina spherical nanoparticles
are able to increase the storage modulus of theposite up to 30 % compared to
PMMA while the alumina whiskers are able to imprakie storage modulus values by
62 %. TheTy of the composite increases up to 1.2 °C with ttditeon of alumina
spherical nanoparticles while the increasd{ns of 3 °C when alumina whiskers are
added. Among the composites studied having 1 wt3 %1. % and 5 wt. % of added
alumina spherical nanopatrticles and 1 wt. %, 3%tand 5 wt. % of added alumina
whiskers to the PMMA matrix the best results inr@asing thely were obtained using
the 3 wt. % of added alumina whisker reinforcem@imte nanoindentation results, for
the same set of composite materials containtingriaa fillers of different shape and
PMMA matix, for the modulus of elasticity and haeds favors the specimen having 3
wt. % of alumina whiskers added as reinforcememNtMA matrix.

When the influence of the morphology of the rein@nent is concerned, better
results were obtained using the alumina whiskenfoecement where the length to
diameter is much more important than in the alumialaoparticles which were declared
as spherical. The increase of all properties: g®nmaodulus, Ty, measured using the
DMA, and modulus of elasticity and hardness meabsuseng the nanoindentation, are
better when the alumina whiskers are added thathencase of alumina spherical
nanoparticles. The use of ultrasonic bath for thedgenization of the composite was
satisfactory for the purpose of the productionh& $pecimens and this is proved by the
increase of the mechanical properties measured tisenpresented techniques.

The effects of operating parameters including &gjplioltage, flow rate and tip-
target distance on the morphology of electrospuB/S¥p nanocomposite fibers were
systematically evaluated. The modification of thepislite thixotropic gel with the
AMEO silane led to a better dispersion and deaggtation of sepiolite inside the
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nanocomposite fibers. The composite nanofibers Bitt. % sepiolite had a mean
diameter of 230 nm. Presented dynamic mechanicdlysis of patterned nanofibrous
mats is a new method for characterization and ohétation of thermo-mechanical
properties. The future research will be focusegh@mparation of composite nanofibrous

mats with higher sepiolite content and their a@tlan in antiballistic protection.
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4. AyTOopCcTBO — HEKOMEPIM]jATHO — ACTUTHU TOJ UCTUM YCIOBUMA
5. AytopcTBO — 0€3 mpepaje

6. AyTOpCcTBO — J€JIUTH MO/ UCTUM yCIOBHUMA

(Monumo 51a 3a0KpyXXHTE caMO je[HY OJ LIECT MOHYHEHUX IUIEHIH, KpaTak OIHC
JIMIICHITA J1aT j€ Ha MMoJIChuHU JTUCTa).

IHoTnuc nokTOopanTa

V¥ Beorpany,
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1. AytopcTBo - Jlo3BoJbaBaTe yMHOKaBakhe, TUCTPUOYIIM]Y U JaBHO CAOIIIITABAKE JIea,
U TIpepaje, ako ce HaBele MMe ayTropa Ha HadyuH onpeheH Of CTpaHe ayTopa WM
JaBaolia JUIEHIIe, Yak M y KomeprujaaHe cBpxe. OBo je Hajcimo0omHMja O]l CBHX
JIMIICHIIY.

2. AytopcTBO — HEKOMeplrjaiHo. J/[03BospaBaTe yMHOKaBamke, JUCTPUOYIIN]Y U jaBHO
caomIiTaBame Jena, ¥ mpepaie, ako ce HaBele MMe ayTopa Ha HauyuH onpeheH on
CTpaHe ayTopa WM JaBaola juieHne. OBa ITUIEHIIAa HE J03BOJhaBa KOMEPIUjATHY
yrotpely nena.

3. AyrtopcTBO - HEKoMeplujamHo — 0e3 mpepazne. Jlo3BospaBaTe yMHOXKaBame,
TUCTpUOYIIMjy ¥ jaBHO CaoMINTaBame Jena, 0e3 IpoMeHa, MPeoOIHKOBama WU
yrnoTpebe aena y CBOM Jely, ako ce HaBeJle MMe ayTopa Ha HauMH oapeheH oJ cTpaHe
ayTopa win gaBaona juueHne. OBa JIMIEHIIa HE T03BOJbaBa KOMEPLHUjAIHY yHnoTpeOy
nena. Y OJHOCY Ha CBE OCTaJie JIMIEHIIE, OBOM JIMLIEHIIOM Ce€ OrpaHruYaBa HajBehu oOum
npaBa Kopuithema nena.

4. AyTOpCTBO - HEKOMEpIHjaIHO — JEIWTH TOJ HUCTUM YycioBuMa. Jlo3BosbaBare
YMHOXXaBame, JUCTPUOYLH]y U jJaBHO CAOIITAaBamE JeNla, U Mpepajie, ako ce HaBele
UMe ayTopa Ha HauuH ojapeheH on cTpaHe ayTopa WIM JaBaolia JIMICHIE M aKo ce
npepaga AUCTpUOyHMpa IO HWCTOM WIM CIMYHOM JuieHnoMm. OBa JuIeHna He
JI03BOJbaBa KOMEPIIMjATHY yIoTpeOy /iea u mpepaja.

5. AyropctBo — 6e3 mpepane. Jlo3BosbaBaTe yMHOXKaBame, TUCTPUOYIIU]Y U JaBHO
caomIITaBame Jiena, 0e3 mpoMeHa, MpeodIMKoBamka WK yrnoTpede Jena y CBOM Jeny,
aKo ce HaBeJIe MMe ayTopa Ha HauMH ojpel)eH o1 cTpaHe ayTopa WM JaBaolla JHUIICHIIE.
OBa nuIIeHIIa 103B0JbaBa KOMEPIIHjATHY yIIoTpeOy aena.

6. AyTopcTBO - JENWTH MO UCTHM YycioBuMa. Jlo3BosbaBaTe yMHOXKaBame,
JTUCTPUOYIIM]Y W JaBHO CAOIIITaBame Jiesia, U Mpepaje, ako ce HaBeJe MMEe ayTopa Ha
HauMH ojapeheH on cTpaHe ayTopa WM JaBaolla JHUIEHIIE W ako ce IMpepaja
TUCTpUOyrpa TOJ HWCTOM WM CIUYHOM JuieHnoM. OBa JHICHIIA 103BOJhaBa
KOMepHHjamHy ynoTtpedy nena u mnpepaga. CnudHa je coTBEpCKHM JIMIICHIIAMa,
OJIHOCHO JIMIICHIIaMa OTBOPEHOT KOJ1a.
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