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SazZetak

U ¢lanku je predstavljena problematika lomova polimernih materijala, posebice za
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izradu pomic¢nih proteza te potreba da se pojacaju. Dan je povijesni razvoj razli¢i-

tih pokusaja ojacanja polimera, ve¢ od ojacanja uporabom vlakana. Za to su po-
godna ugljicna, aramidska, polietilenska i staklena vlakna koja se danas i najvise
rabe te tako dobivamo kompozitne materijale poboljsanih svojstava. Glavna za-
daca vlakana u kompozitima je veca krutost i ¢vrstoca, a osnovni materijal (ma-
triks) stiti vlakna i odrzava ih u poloZaju koji omogucuje najbolja svojstva kompo-
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zitnom materijalu. Problemati¢na je grani¢na povrsina izmedu vlakna i osnove na
kojoj se javljaju mikropukotine, 3to je posljedica uklju¢evina zraka ili oneciscenja
tijekom izrade kompozita, koje slabe mehani¢ka svojstva kompozita. Zato se kva-

liteta grani¢ne povrsine poboljsava tretiranjem povrsine vlakana adhezivnim sred-
stvima, osobito silanima, kako bi se povecala ¢vrstoca prianjanja izmedu vlakna i

polimerne osnove.

Kljuéne rijeci
Ojacanja vlaknima, polimeri, kompoziti,
mehanicka svojstva.

Uvod

Polimetilmetakrilat se od ranih Cetrdesetih go-
dina proslog stoljeca najcesce koristi kao materijal
za protezne baze i to zbog izvrsnog izgleda, jedno-
stavne tehnologije primjene i lakoce kojom se mo-
Ze popravljati. No, veliki je nedostatak toga materi-
jala moguénost loma tijekom funkcije (1). Tako su
lomovi polimernoga materijala proteznih baza je-
dan od najcescih (64%) razloga za popravak pomic-
nih proteza (2-5). No, ipak je polimetilmetakrilat
(PMMA) jedan od najrasprostranjenijih materijala
koji se danas rabe u stomatoloskoj protetici. Polime-
ri za protezne baze obic¢no se sastoje od praska po-
limera i teku¢ine monomera koji pomijesani stvara-
ju tijekom procesa polimerizacije visefazni polimer.

Introduction

Polymethylmethacrylate has since the early
1940s become the most widely used material for the
denture base, thanks to its acceptable esthetics, sim-
ple production technology and simplicity in repair.
However, its main drawback is fracture in function
(1). Polymer material fractures are one of the most
frequent (64%) causes of removable prosthesis re-
pair (2-5). Still, polymethylmetacrylate (PMMA)
is one of the most widely used materials in mod-
ern prosthodontics. Polymers are usually composed
of the powdered polymer and liquid monomer that,
when mixed, during a number of phases of the po-
lymerization, become a multiphasic polymer. Al-
though it does not meet all the necessary require-
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Iako - kako je istaknuto - ne zadovoljava u cijelosti
sve uvjete, PMMA je u Sirokoj uporabi zbog jedno-
stavne primjene i dobre estetike (6). Osobito je pro-
blemati¢na niska ¢vrstoca i otpornost na zamor toga
materijala, §to uzrokuje prerane lomove. Smith (7)
je opisao utjecaj zamora materijala na ¢vrstocu na
savijanje i istaknuo ga kao razlog za lomove pomic-
nih proteza. Vallittuova (8) studija karakteristika lo-
mnih povrsSina pomi¢nih proteza potvrduje da je za-
mor materijala glavni uzrok lomova proteza (9). Za
razliku od gornje totalne proteze, kod donje proteze
zamor materijala nije glavni uzrok lomova, nego su
to u oko 80% slucajeva lomovi zbog udara ako pad-
nu na tvrdu povrsinu (3). Kada donja totalna proteza
padne na tvrdu povrsinu, najveci se stres dogada u
lingvalnom i labijalnom podrucju drugog premola-
ra (10) i nezavisan je od poloZaja proteze u trenutku
udara, Sto je pak razli¢ito od nalaza da se vecina lo-
mova javlja u srediSnjem podrucju proteze (3, 10).

Tijekom povijesti bilo je mnogo pokusaja kako
bi se ojacali takvi polimeri i to uporabom razlicitih
postupaka. Nastojanja da se ojacaju proteze izrade-
ne od akrilata ukljucivala su ili modificiranje sasta-
va gradivnoga materijala ili pak ugradivanje ojaca-
nja u sam polimer (1).

Prvo vaZno pojacanje ¢vrstoce polimernoga ma-
terijala za protezne baze postignuto je dodavanjem
sredstava za umreZenje, zapravo polifunkcijskog
monomera, na primjer polietilenglicoldimetakrilata
(11). Drugo ojacanje postignuto je uporabom metal-
nih ojacanja u obliku Zica, to jest mreZica kojima su
se Zeljeli ojacati polimeri za protezne baze i polime-
ri za privremene mostove (12-20), Sto je rezultiralo
vecom ¢vrstoom na savijanje i na udarac (12, 18,
21), no utjecaj na zamornu ¢vrstocu na savijanje bio
je neznatan (22). Bio je loS i estetski izgled gotova
protetskoga rada (11).

Jedna od metoda bila je i ugradnja gumene faze
u perlice polimera, kako bi se povecdala udarna ¢vr-
stoca. Iako je taj nacin dobro poznat u tehnologiji
plasti¢nih masa, vrlo je skup. Ugradeni kopolimeri
gumena metakrilata proizvedeni kemijskim modifi-
kacijama su smole visoke otpornosti na udarac (19).

Sljededi pristup ojacanju akrilatnih proteza jest
ugradnja vlakana. Zato su se razliCite vrste vlaka-
na dodavale akrilatnim protezama kako bi pobolj-
Sala njihova fizikalna i mehanicka svojstva (20,
23-36). Tako su se koristila uglji¢na (grafitna) vla-
kna za ojacanje baza pomicnih proteza, pa i mosto-
va na implantatima (24, 25, 37-40), a uporabljena
su i za intraradikularno oja¢anje kompozitnih nado-
gradnji na endodontski dobro tretiranim korijenima
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ments, PMMA is widely known due to its simplicity
in use and acceptable esthetics (6). Low rigidity
and poor strength are main drawbacks of this ma-
terial, leading to early fractures. Smith (7) has de-
scribed the influence of material fatigue on flexur-
al strength, presenting this as a cause for removable
prosthesis fracture. Vallittu study (8) of the charac-
teristics of the fracture surfaces of the removable
prostheses has confirmed fatigue as the main cause
of denture base fracture (9). In lower jaw, fatigue is
not the main cause of fracture, but in around 80%
the denture fractures when it hits a hard surface (3),
the greatest stress being in lingual and labial areas
of the second premolar (10). This stress is indepen-
dent of the position of the denture during the fall.
This is somewhat different from the fact that most
of the denture fractures occur in the central portion
of the denture (3, 10).

There were many attempts to strengthen such
polymers, using different procedures, such as
modification of the matrix, or incorporating some
strengtheners in the polymer (1).

First significant enhancement of the strength of
the denture base was accomplished by adding net-
ting agents, i.e. polyfunctional monomers such as
polyethyleneglycoldimetacrylate (11). Different
strength enhancers were metallic strengtheners such
as wires or nets that were aimed to enhance poly-
mers for denture bases and temporary bridges poly-
mers (12-20), that has lead to enhancement of flexur-
al strength and resistance to fracture when dropped
(12, 18, 21), but the influence on the fatigue was
minimal (22), with poor esthetic outcome of the fin-
ished restoration (11).

One of the attempts used even gum phase in
polymer pearls in order to enhance the resistance to
fracture when dropped. Although well known in the
technology of plastic materials, it is very financial-
ly burdensome. Incorporated polymers of the gum-
methacylate, produced by chemical modifications,
are resins with high resistance to fracture (19).

Further approach to enhance acrylic dentures
was the incorporation of fibers. Different types of
fibers were incorporated into the acrylic denture
base in order to enhance their physical and me-
chanical properties (20, 23-26). Various carbonat-
ed (graphite) fibers were used in order to enhance
the denture base, as well as implant-borne bridg-
es (24, 25, 37-40), as well as for intraradicular core
and post build-up to strengthen composite abut-
ments on endodontically treated roots (41-44). Or-
ganic fibers, such as aramidic (45, 46) and poly-
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zuba (41-44). Takoder su se istraZivala i organska
vlakna, kao Sto su aramidska (45, 46) i polietilen-
ska vrlo visoke molekularne tezZine (26-29, 47-53)
te staklena vlakna za ojacanje polimernih materijala
(20, 22-25, 32, 36, 54-57) kako bi se povecala udar-
na ¢vrstoca i ¢vrstoca na savijanje. Ugljicna vlakna
su elasti¢na tijekom manipulacije i estetski loSa.
Aramidska vlakna su takoder estetski losa i ¢ine po-
teSkoce tijekom poliranja polimera, a polietilenska
imaju slabu adheziju polimera na ta vlakna i to zbog
njihove glatke povrsine i nedostatka reaktivnih mje-
sta za kemijsko povezivanje (58, 59).

Zato je potreban vrlo zahtjevan postupak povr-
Sinske obrade vlakana (predimpregniranje) kako bi
se postigla bolja povezanost s polimernom osno-
vom - matriksom (51-53). Zato se danas najceSce
koriste staklena vlakna - zbog dobre estetike (22,
23, 54-57) i dobre veze s polimerima preko silan-
skih veznih posrednika (60-62).

Postoje razliciti tipovi staklenih vlakana: E-sta-
klena vlakna, S-staklena vlakna, R-staklena vla-
kna, V- i Cemfil vlakna (63). E-vlakna imaju visok
udio aluminija i nizak alkalija i borsilikata, a poka-
zuju najvece vrijednosti ¢vrstoée na savijanje u od-
nosu prema drugim navedenim vlaknima (23). Za-
to se ona i naj¢esée koriste u vlaknima ojac¢anim
kompozitima (64). Osobito su prikladna za ojacanje
svjetlosnopolimerizirajucih polimera, zbog izvrsne
transparencije u odnosu prema drugim vlaknima Sto
pridonosi Sirenju svjetlosti potrebne za polimeriza-
ciju i u dublje slojeve, a lako se i rezu Skaricama na
potreban oblik i duljinu (65).

Zato je posljednjih godina sve vece zanimanje za
ojacanje polimera, jer je ustanovljeno kako dodatak
raznih vlakana moZe imati veliki utjecaj na njihova
mehanicka svojstva (66).

Vlaknima ojacani kompozitni materijali

Kada se medusobno kombiniraju dva ili vise ra-
zli¢itih materijala dobiva se kompozitni (sloZeni)
materijal. Njegova svojstva nema ni jedna od kom-
ponenti kompozitnoga materijala, nego su ta svoj-
stva negdje izmedu svojstava komponenti, obi¢no
u skladu sa zakonom mijeSanja (67). No, neka svoj-
stva, posebice ¢vrstoca, mogu se znatno poboljSa-
ti u odnosu prema vrijednostima koje imaju pojedi-
ne komponente kompozitnoga materijala. Tako se
kombinacijom volumnog udjela i poloZaja kompo-
nenti u kompozitu mogu stvarati materijali Zeljenih,
poboljsSanih svojstava.

Moderni kompozitni materijali su i razvijeni sa
zada¢om da zadovolje Sto vise zahtjeva koji se po-
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ethylene fibers with high molecular weight (26-29,
47-53) were used, as well as glass fibers (20, 22-25,
32, 36, 54-57), in order to enhance the flexural and
collision resistance. Carbonated fiber are esthetical-
ly unacceptable and cause problems in polishing of
the polymer, and polyethylene fibers show low ad-
hesion of polymer due to smooth surface and lack of
reactive places for chemical bonding (58, 59).

It requires a demanding procedure of fiber
preparation (pre-impregnation) in order to estab-
lish a better bonding with the polymer base (ma-
trix, 51,52,53). Most commonly used fibers today
are glass fibers, due to acceptable esthetics (22, 23,
54-57) and good bonding with polymers via silane
coupling agents (60-62).

There are different types of glass fibers: E-glass
fibers, S-glass fibers, R-glass fibers, V-glass fibers
and Cemfil fibers (63). E-fibers have a high per-
centage of aluminum and low percentage of alkalis
and bore-silicates, and demonstrate greatest torsion-
al resistance when compared to other fibers (23).
E-fibers are also the most frequently used glass fi-
bers in fiber-reinforced composites (64). These fi-
bers are especially adequate for strengthening light-
cured polymers due to their excellent transparency
that, when compared to other fibers, contributes
to light penetration needed for polymerization of
the deeper layers. Additionally, they can easily be
adapted to the required shape and length (65).

Based on these premises, in the last years the in-
terest for polymer reinforcement has been increas-
ing momentum, since it has been established that
addition of different fibers can significantly contrib-
ute to polymer’s mechanical properties (66).

Fiber-reinforced composite materials

When two or more different materials are com-
bined, the product is a composed (composite) ma-
terial. Its properties are different to properties of
different materials that have been combined; these
properties are somewhere in between the properties
of the components, usually according to the mix-
ing principle (67). Some properties, more notably
strength, can be significantly enhanced when com-
pared to values of the components of the composite
material. The combination of the volume and loca-
tion of components can result in materials with en-
hanced properties.

Modern composite materials have been de-
veloped with the aim to satisfy the demands that
have been set in mechanics, shipbuilding, aero-
space industry, construction, medicine etc. It must
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stavljaju u tehnici, brodogradnji, zrakoplovnoj indu-
striji, graditeljstvu, medicini itd. No, valja istaknuti
kako je upravo priroda ta koja je izgradila prve kom-
pozite - i to bioloske, kao na primjer misice, kosti,
dentin, itd. Tako je kost prirodni kompozitni materi-
jal u kojemu kolagena vlakna obavljaju zadacu vla-
knastih ojacanja i s hidroksiapatitom Cine vrlo sloZe-
ni kompozit komplicirane strukturalne grade (68).

Svojstva vlaknima ojacanih kompozita ne mije-
njaju se samo u ovisnosti o svojstvima gradevnih
komponenti, nego i njihova geometrijskog poloza-
ja u kompozitu. No, glavna zadaca vlakana u kom-
pozitima jest povecati krutost i ¢vrstocu. Osnovni
materijal — matriks Stiti vlakna i odrZava ih u odre-
denom poloZaju koji daje najbolja svojstva kompo-
zitnom materijalu. Pri tome spojno podrucje izmedu
tih dvaju materijala ima vaznu zadaéu u prijenosu
opterecenja s matriksa na vlaknasta ojacanja (69).
Ako su vlaknasta ojacanja slabo povezana s matrik-
som, tada se na njih moZe prenijeti samo mali dio
opterecenja. Nepravilna impregnacija vlakana poli-
mernom osnovom uzrokuje smanjenje ¢vrstoc¢e no-
vostvorenoga kompozita, a manjak adsorbiranog
monomera na povrSini vlakna prije polimerizacije
uzrokuje nastanak Supljina unutar kompozita (70).
Ta “slaba mjesta” spojnog podrucja prema svojoj
smanjenoj ¢vrstoéi odgovaraju podrucjima na koji-
ma se pojavljuju Supljine u polimernoj osnovi (ma-
triksu), tj. nepravilnosti u gradi samog materijala
koji valja ojacati.

Grani¢na povrsina izmedu vlakna i osnove

Grani¢na povrSina izmedu vlakna i osnove na-
staje kao rezultat vezivanja vlakna i osnove (ma-
triksa), a od njih se razlikuje morfologijom i kemiz-
mom te predstavlja kriti¢no podrucje kod vlaknima
ojacanih kompozita (Slika 1) (72).
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be stressed that the nature itself composed the first
composite materials — biological ones — muscles,
bone, dentine, etc. Bone is a natural composite ma-
terial in which the collagen fibers play the role of
fiber reinforcement, that, in combination with hy-
droxiapatite represent a complex composite with
complex structural architecture (68).

The properties of fiber-reinforced composites
do not differ only depending on the properties of
the components, but depending on their geometri-
cal position in the composite. The main aim of the
fibers in composites is the enhancement of strength
and rigidity. The matrix protects the fibers and
maintains their position that gives the best prop-
erties to the composite material. The connection
between these two materials plays an important
role in load transmission from the matrix to the fi-
ber material (69). If the fiber reinforcements are
not tightly connected with the matrix, only small
amount of the load can be transferred on them. Ir-
regular impregnation of the fibers with the poly-
mer base causes diminished strength of the newly
formed composite, while lack of adsorbed mono-
mer on the surface of the fiber before polymeriza-
tion causes air-trappings in the composite (70).
These “weak spots” of the connection resemble
air-trappings in the polymer base (matrix), i.e. ir-
regularities in the material architecture that need to
be strengthened.

Border surface between the fiber and matrix

The border surface between the fiber and the ma-
trix is a result of the linking of the fiber and the ma-
trix; it has its own morphology and chemistry and
represents the critical area in fiber-reinforced com-
posites (Fig. 1) (72).
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vlaknima ojacanom polimernom (72)
Figure 1. Schematic view of the layer (border surface) in the
fiber-reinforced composite (72)
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Na grani¢noj povrsini, tj. izmedu vlakna i poli-
merne osnove, postoje barem tri vrste veza: kemij-
ske, mehanicke i elektri¢ne. No, neovisno o prirodi
i vrsti veza na grani¢noj povrsini, prijenos opterece-
nja preko nje iskljucivo je mehanicki. Tako granic-
na povrsina ima zadatak prenositi opterecenja s po-
limerne osnove na vlakna za ojacanje (73).

MozZe se reci da je grani¢na povrSina podrucje
u kojemu se svojstva vlakna mijenjaju do svojsta-
va polimerne osnove, i obrnuto. Zna se da reakcije
koje nastaju izmedu polimerne osnove i povrSine
vlakna nisu odredene vezom u samo jednoj plohi,
nego se to podruc¢je medusobnog djelovanja Siri u
obliku prijelaznoga podrucja - jednog medusloja
¢ija debljina mozZe varirati od 5 do 100 nm. Pret-
postavlja se da je taj medusloj trodimenzijsko po-
drucje koje okruzuje cijelo vlakno i ¢ija su svojstva
drugacija od svojstava osnove, ali postupno kon-
vergiraju prema njima porastom udaljenosti od vla-
kna.

Struktura i priroda toga prijelaznog podrucja ili
medusloja znatno utjece na karakteristike i svojstva
vlaknima ojac¢anih kompozita, a osobito na meha-
nicku ¢vrstocu, otpornost na zamor te na kemijsku i
toplinsku postojanost.

Znacenje nastanka mikropukotina na grani¢noj
povrsini

PonaSanje vlaknima ojacanih kompozita tijekom
njihove uporabe izravno ovisi o ucestalosti mikro-
pukotina na grani¢noj povrsini vlakno-osnova, to
jest u nastalom medusloju. Tih mikropukotina goto-
vo uvijek ima, a nastaju zbog ukljucivanja mjehuri-
¢a zraka i raznih oneciSéenja tijekom izrade vlakni-
ma ojacanih kompozita (74).

Na pojavu i ucestalost mikropukotina u granic-
nom podrucju utjecu karakteristike same osnove,
kao Sto je njezin kemijski sastav, sposobnost ovla-
Zivanja, sporedni produkti koji nastaju tijekom po-
limerizacije osnove itd., a takoder i karakteristike
vlakna te sam postupak izradbe vlaknima ojacanih
kompozita.

Zbog slabog ovlaZivanja vlakana za ojacanje, sa-
mom polimernom osnovom grani¢na povrsina izme-
du vlakna i osnove predstavlja kriticno mjesto na ko-
jemu se pojavljuju mikropukotine te je ¢esta i pojava
Supljina i ukljucevina zraka tijekom izrade vlaknima
ojacanih kompozita, §to na tim mjestima uzrokuje
veliku koncentraciju naprezanja bez obzira na nacin
i vrstu opterecenja. Ako su Supljine smjeStene tik uz
vlakna mogu prouzrociti i njihov lom, ako su tlacno
optereéena. Ako su pak Supljine i ukljucevine zraka
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There are at least three types of links between
the matrix and the fiber: chemical, mechanical, and
electrical. Independently of the nature of the link,
the transmission through it is strictly mechanical.
One of the most important characteristics of the bor-
der surface is the transmission of the load from the
polymer matrix to the fiber-reinforcements (73).

It can be said that the border represents the area
where fiber characteristics are changed to the char-
acteristics of the matrix, and vice versa. It is known
that the reactions occurring between the matrix and
the fibers are not determined by the link in only one
surface. The area of interrelationship is widened to
a so-called transitional area or one layer that can be
5 to 100 nm thick. One can assume that the internal
layer represents a three-dimensional area that sur-
rounds the fiber, and that its properties differ from
the properties of the matrix, but that it converges to
the matrix with the rise of the distance from the fi-
ber.

The structure and the nature of this transitional
area (internal layer) have significant influence on the
characteristics and properties of the fiber-reinforced
composites, especially on mechanical strength, fa-
tigue resistance, and chemical and warmth integrity.

The importance of microfractures occurring
on the surface

The properties of reinforced composites during
use depend on the frequency of microfractures on
the surface between the matrix and the fiber, i.e. in
the layer between these two materials. These micro-
fractures are ubiquitous, and occur as a result of air
inclusion and various impurities during the process
of reinforcement (74).

The incidence and frequency of microfractures
are influenced by the properties of the matrix, pos-
sibilities of wetting, side-products occurring dur-
ing the polymerization etc., as well as by the fiber’s
properties and the process of reinforcement itself.

Due to poor wetting of the fibers with the poly-
mer matrix the borderline between these two mate-
rials is the critical point for microfractures, as well
as for air inclusion during the process of reinforce-
ment. These facts cause great concentration of stress
regardless of the type and mode of the load. If the
hollow areas are close to the fiber they can cause the
fracture of the fiber if they are loaded. If the hollow
areas and air inclusions are further in the polymer
matrix and they do not include the fiber, their influ-
ence is weaker. A weak bond between the fiber and
the matrix causes fractures, and in the end there is a
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potisnute u polimernu osnovu i ne dodiruju vlakna,

tada imaju manji utjecaj na svojstva vlaknima ojaca-

nih kompozita. Slaba veza izmedu vlakna i osnove
¢esto uzrokuje napukline, a u konacnici i lom medu-
sloja ve¢ pri malim opterecenjima zbog velike kon-

centracije naprezanja na tim mjestima (75).
Supljine u vlaknima oja¢anim kompozitima mo-

gu se pojaviti u razli¢itim oblicima i veli¢inama, a

nastaju iz dva osnovna razloga:

e ulazak zraka u vlaknima ojacani kompozit ti-
jekom njegove izradbe, pa nastaju ukljucevine
zraka zbog kemijske reakcije tijekom polimeri-
zacije osnove i/ili zbog slabog ovlaZivanja vla-
kna polimernom osnovom;

e stvaranje vlacnih i tlacnih naprezanja u vlakni-
ma oja¢anom kompozitu zbog razli¢itog ponasa-
nja osnove i vlakana za oc¢vrséivanje tijekom po-
limerizacije osnove.

Zakljucak je da je kvaliteta grani¢ne povrSine
vlakno-osnova klju¢na za dobra svojstva vlakni-
ma ojacanih kompozita. Zato se ona moZe i mora
poboljsati tretiranjem povrSine vlakana razli¢itim
adhezivnim sredstvima. Njihova je zadaca pobolj-
Sati i povecati ¢vrstocu prianjanja izmedu vlakna
i polimerne osnove, povecati savitljivost nastalog
medusloja i omoguditi bolje ovlaZivanje povrSine
vlakana polimernom osnovom. Tako se smanjuje
mogucnost nastanka Supljina i ukljucevina zraka u
medusloj i znatno poboljSavaju mehanicka svojstva
vlaknima ojac¢anog kompozita.

Meduslojna smi¢na ¢vrstoca

Mjera za kvalitetu grani¢ne povrSine, odnosno
medusloja, jest meduslojna smi¢na ¢vrsto¢a. Ona
ovisi o ¢vrstoci prianjanja izmedu vlakna za ojaca-
nje i osnove te o veli¢ini dodirnih povrSina vlakana
i adhezije na tim povrSinama. Razumljivo je da je
dobra adhezija potrebna duZ cijele grani¢ne povrsi-
ne vlakana za ojacanje i osnove, upravo zato da bi
se Sto vece opterecenje moglo prenijeti s polimerne
osnove na vlakna za ojacanje.

Kad je rije¢ o anorganskim vlaknima (npr. sta-
klenim) oja¢anim kompozitima, adhezija se moZe
podijeliti u tri segmenta (76):

e kemijska adhezija nastaje zbog kemijskih veza
izmedu povrSine vlakna i osnove. Takve veze
mogu se postici u izravnoj reakciji izmedu vla-
kna i osnove ili pak uporabom veznih posredni-
ka koji stvaraju “kemijski most” izmedu vlakana
i osnove.

Kako se staklena vlakna slabo veZu s polimer-

nom osnovom, tretiraju se veznim posrednicima

Fiber Reinforced Polymers 77

total fracture of the layer, even with weak loading,

due to the stress concentration in such places (75).
Air inclusions in fiber-reinforced polymers can

appear in different types and sizes, but mainly have

two causes:

e Inclusion of air in the reinforced composite dur-
ing fabrication, which results in air inclusions
due to the chemical reaction in polymerization
and/or poor wetting of the fiber by the matrix

e Pressure and compression in the fiber-reinforced
composite due to different properties of the ma-
trix and the fiber during polymerization of the
matrix
It can be implied that the quality of the border

surface between the fiber and the matrix holds the
key importance for the good properties of the fiber-
reinforced composites. Their task is to enhance the
grip between the fibers and the polymer matrix and
enable better wetting of the fiber surface, in order
to minimize the possibility of air inclusion, enhanc-
ing the mechanical properties of the fiber-reinforced
composite.

Tensile strength between layers

Tensile strength measures the quality of the bor-
der surfaces and depends on the strength of adher-
ence of fibers and matrix, on the size of the surfac-
es of the fibers, and adhesion on these surfaces. It is
understandable that good adhesion is needed along
the whole border between the fiber and matrix, since
it enables the transfer of a greater load from the ma-
trix to the fiber.

In composites reinforced with anorganic fibers
(i.e. glass fibers), the adhesion can be divided in
three segments (76):

e Chemical adhesion that is a result of chemical
bonds between the surfaces of the fiber and ma-
trix. Such bonds can be created in a direct re-
action between the fibers and the matrix, or via
agents that build a “chemical bridge” between
the fiber and the matrix. Glass fibers that poor-
ly bond with the matrix are treated with silanes.
They bond to the fiber surface as well as to the
matrix, and enhance flexural strength and hy-
drothermal resistance of the newly formed layer
(7).

e Physical adhesion is a result of the downgrad-
ing of the free energy of the system when two
surfaces with different surface tensions, v, iv,,
are fused and a layer with surface tension vy, is
formed. Adhesive workload W, that can revers-
ibly separate these two surfaces is defined as:



78 Loncar Ante i sur.

od kojih su najvaZzniji silani. Oni mogu kemij-
ski reagirati i s povrSinom staklenoga vlakna i
s polimernom osnovom te tako pojacavaju me-
duslojnu smic¢nu ¢vrstocu i hidrotermalnu otpor-
nost novonastalog medusloja (77).

* fizikalna adhezija nastaje zbog smanjenja slo-
bodne energije sustava u slucaju kada se spoje
dvije povrsine razlicitih povrSinskih napetosti y,
iv, i ¢ine medusloj s meduslojnom napetosti vy, .
Adhezijski rad W, koji je potrebno uloZiti za re-
verzibilno razdvajanje tih dviju povrSina defini-
ran je kao

WazYv+Yo_Yvo

pri ¢emu je:

W, - adhezijski rad

Y, - povrSinska napetost vlakna

Y, - povrSinska napetost osnove

Yyo - PovrSinska napetost medusloja

vlakno-osnova.

* mehanicka adhezija nastaje zbog hrapavosti po-
vr§ine vlakna i sposobnosti ovlaZivanja polimer-
ne osnove. Poveda li se povrSinska hrapavost
vlakna za ojacanje, povecat ¢e se i njegova spo-
sobnost da bude ovlaZeno.

IstraZivanje grani¢ne povrSine vlakno-osnova i
medusloja izmedu ta dva gradbena materijala vla-
knima oja¢anog kompozita, iznimno je vazno za
njihovo Sto ¢vrSée povezivanje, a to izravno utje-
¢e na svojstva vlaknima ojac¢anih kompozita. Time
se povecava mogucnost njihova mehanickog opte-
recenja i novih konstrukcijskih rjeSenja u stomato-
loskoj praksi.

Ostecenja vlaknima oja¢anih kompozita

Nastanak i razvoj oStecenja u kompozitnim ma-
terijalima vrlo je sloZena pojava, a moZe se razvrsta-
ti na osnovne vrste oStecenja: poprecni lom osnove
(matriksa), odvajanje vlakana za ojacanje od osno-
ve (izvlacenje), lom samih vlakana, popusStanje ve-
ze vlakno-osnova te raslojavanje ili delaminacija.
Na nastanak ostecenja jako utjece vrsta uporablje-
nih vlakana za ojacanje, jer se znatno razlikuje kod
staklenih, ugljicnih, polietilenskih i aramidskih vla-
kana (78, 79).

Suprotno metalima, poc¢etak loma kod kompozit-
nih materijala moZe se dogoditi ve¢ pri niskim napre-
zanjima zbog velikoga broja mikropukotina (obi¢no
nastalih tijekom izrade) koje rastu istodobno. Kako
je istaknuto, one mogu biti u samoj osnovi, vlakni-
ma, grani¢noj povrsini izmedu vlakna i matrice, to
jest u medusloju kompozitnog materijala (80).

Vlaknima ojacani polimeri

Wa:YV +YO_YV0

W, - adhesive workload

Y, - fiber surface tension

Y, - matrix surface tension

Yy - Surface tension of the layer between the fi-

ber and the matrix
e Mechanical adhesion that is a result of the surface
roughness and the capability to wet the polymer
matrix. By enhancing the surface roughness of
the fiber its capability to be wetted is enhanced
as well.

The research of the layer between the fiber and
the matrix is of utmost importance for enhancing
their connections that directly influences the prop-
erties of the fiber-reinforced composites. Thus new
solutions in the dental practice appear by enlarging
the possibility of their loading.

Damaging the fiber-reinforced composites

Development of damage in composite materials
is a complex phenomenon that can be divided into
basic types of damage: cross fracture of the matrix,
detachment of the fiber, fiber fractures, weaken-
ing of the fiber-matrix interface and delamination.
There is significant difference between damage of
glass, graphite, polyethylene and aramidic fibers
(78, 79).

Contrary to metals, fracture initiation in com-
posite materials occurs in low flexure due to a great
number of microfractures (usually occurring dur-
ing production process) that grow at the same time.
They can appear in the matrix, the fibers, in the bor-
der surface or in the layer between the fiber and the
matrix (80).

Although it is a complex phenomenon, there are
two basic types of fractures of fiber-reinforced com-
posite materials:

* Fracture in a layer — microfractures appear in-
side the matrix of fiber. They merge and spread
along the fiber. If the fiber-reinforced material is
multilayered, the polymer matrix can resist the
flexural tension (flexural strength between the fi-
bers, or fiber layers gives satisfactory resistance
and rigidity vertically, against fiber reinforce-
ments). If microfractures occur in fibers they are
short and randomly arranged, leading to a fiber
fracture that separates the fiber from the matrix.

* Delamination — this type of fracture starts at the
edge of multilayered fiber-reinforced compos-
ites (laminates), in places with high tension and
microfractures between layers. These fractures
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Iako je, kao Sto je spomenuto, lom kompozitnih
materijala sloZena pojava, dva su osnovna tipa loma
vlaknima ojacanih kompozitnih materijala:

* lom unutar sloja — mikropukotine se nakupljaju
unutar polimerne osnove ili vlakana te se spaja-
juiprotezu duz vlakana za ojacanje. Ako se radi
o viSeslojnim vlaknima ojac¢anim kompozitnim
materijalima, tada je polimerna osnova otporna
na smic¢na naprezanja - tzv. smic¢na krutost izme-
du vlakana, odnosno slojeva vlakana - te daje za-
dovoljavajucu vlacnu i tlaénu ¢vrstocu i krutost
u okomitom smjeru spram vlakana za ojacanje.
Ako su pak mikropukotine u samim vlaknima,
one su kratke i slu¢ajno rasporedene te uzrokuju
lom vlakna ¢ime se prekida veza vlakno-osnova,
tj. odvaja se vlakno od osnove;

* lom izmedu slojeva (raslojavanje ili delaminaci-
ja) - takvi lomovi krecu s ruba viseslojnih vlakni-
ma ojacanih kompozita (laminata) i to s mjesta
velikih naprezanja na kojima se javljaju mikro-
napukline izmedu slojeva. One se mogu prosiri-
ti kroz cijeli laminat i podijeliti ga na dva dije-
la (81). Nakon delaminacije najvise je smanjena
tla¢na ¢vrstoda u ravnini laminata (82, 83). Dela-
minacija je uvijek na spoju slojeva laminata kod
loma osnove gornjega sloja (paralelan s vlakni-
ma) prije pojave same delaminacije (84).

Lom polimerne osnove dogada se iz dva razloga:
zbog smicanja, pri ¢emu izravno ovisi o iznosu sile
opterecenja te zbog savijanja, kada ovisi o krutosti
na savijanje vlaknima ojacanog kompozita (84).

Zakljucak

Razvoj polimernih materijala rezultirao je njiho-
vom Sirokom primjenom u stomatoloskoj praksi, ali
se stalno nastoji poboljsati njihova mehanicka svoj-
stva. Za poboljSanje ¢vrstoée polimera osobito su
se pogodnima pokazala ojacanja razli¢itim vrstama
vlakana. No, problemati¢na je veza izmedu vlaka-
na za ojacanje i polimerne osnove, kako bi se omo-
gudio prijenos opterecenja s polimerne osnove na
vlakna. PoboljSanje adhezije izmedu vlakana i po-
limerne osnove uporabom adhezivnih sredstava do-
vodi do veée Cvrstoée medusobnog prianjanja, a
time i do eventualnoga veceg optereéenja, omogu-
¢ujudi nova konstrukcijska rjeSenja u stomatoloskoj
praksi.
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can spread along the laminate and divide it in

two parts (81). After delamination, the flexural

strength to tension in the laminate plane is low

(82, 83). Delamination occurs always at layer

connections where there is a fracture in the up-

per part matrix (parallel to the fibers); this frac-

ture is followed by delamination (84).

Matrix fracture occurs for two reasons: due to
transverse load that depends on the load force, and
due to flexure depending on the rigidity of the fiber-
reinforced composite (84).

Conclusion

The development of polymer materials has led
to their wide use in dental practice, with a constant
need for enhancement of their mechanical proper-
ties. Fiber reinforcement has been shown as a suc-
cessful method for upgrading the rigidity of the
polymers. The bond between the layer and the ma-
trix remains problematic, since it does not give the
opportunity for full transfer of the load from the ma-
trix to the fiber. Perfecting adhesion between the fi-
ber and the matrix by using adhesive agents results
in a greater strength of the adhesion, as well as in
greater loading capability, enabling new construc-
tive solutions in dental practice.
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Abstract

This article reviews the fracture problems of polymer materials for removable pros-
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theses and the need for its reinforcement. The historical development of different

attempts to strengthen the polymers all the way to the fiber-reinforcements is pre-
sented. Different materials can be used for polymer reinforcements: carbonated, ar-
amidic, polyethylene and glass fibers, which are today most frequently used, cre-
ating composite materials with enhanced properties. Main features of the fibers in
composites are greater rigidity and strength while the matrix provides the protec-
tion of the fibers as well as their position that gives the composite material the best

Address for correspondence
Ante Loncar, DDS, PhD
Health Center “Zagreb-West”
Prilaz baruna Filipovica 11
HR-10000 Zagreb

Croatia

properties. The border between the fiber and the matrix is somewhat dubious in a
sense that there are often microfractures, caused by inclusion of air or impurities
during the production process of composites that can weaken the mechanical prop-

erties of the material. Treating the fiber surface with adhesive agents, especially si-
lanes, in order to enhance the grip between the fibers and polymer matrix, enhanc-

es the quality of the border.
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Dental Prosthesis, Composite Resins,
Polymers, Silanes.
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