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"It is not possible for two things to be fairly united without a third,
for they need a bond between them which shall join them both,
that as the first is to the middle, so is the middle to the last,

then since the middle become the first and the last,

and the last and the first both become the middle,

of necessity, all will come to be the same,

and being the same with one another,

all will be a unity.”

Plato 428-348 B.C.

To my boys, Petter,
Casimir T Casper



ABSTRACT
Anna-Maria Le Bell-Ronnlof
Fibre-reinforced composites as root canal posts

Department of Prosthetic Dentistry and Biomaterials Science, Institute of Dentistry,
University of Turku, Turku, Finland.

Annales Universitatis Turkuensis. Sarja-Ser D, Medica-Odontologica

Painosalama Oy, Turku, Finland 2007.

Fibre-reinforced composite (FRC) root canal posts are suggested to have
biomechanical benefits over traditional metallic posts, but they lack good adhesion to
resin composites. The aim of this series of studies was to evaluate the adhesion of
individually formed fibre-reinforced composite material to composite resin and dentin,
as well as some mechanical properties.

Flexural properties were evaluated and compared between individually formed FRC
post material and different prefabricated posts. The depth of polymerization of the
individually formed FRC post material was evaluated with IR spectrophotometry and
microhardness measurements, and compared to that of resin without fibres. Bonding
properties of the individually formed FRC post to resin cements and dentin were tested
using Pull-out- and Push-out-force tests, evaluated with scanning electron microscopy,
and compared to those of prefabricated FRC and metal posts. Load-bearing capacity
and microstrain were evaluated and failure mode assessment was made on incisors
restored with individually formed FRC posts of different structures and prefabricated
posts.

The results of these studies show that the individually polymerized and formed FRC
post material had higher flexural properties compared to the commercial prefabricated
FRC posts. The individually polymerized FRC material showed almost the same
degree of conversion after light polymerization as monomer resin without fibres.
Moreover, it was found that the individually formed FRC post material with a semi-
interpenetrating polymer network (IPN) polymer matrix bonded better to composite
resin luting cement, than did the prefabricated posts with a cross-linked polymer
matrix. Furthermore, it was found that, contrary to the other posts, there were no
adhesive failures between the individually formed FRC posts and composite resin
luting cement. This suggests better interfacial adhesion of cements to these posts.
Although no differences in load-bearing capacity or microstrain could be seen, the
incisors restored with individually formed FRC posts with a hollow structure showed
more favourable failures compared to other prefabricated posts.

These studies suggest that it is possible to use individually formed FRC material with
semi-IPN polymer matrix as root canal post material. They also indicate that there are
benefits especially regarding the bonding properties to composite resin and dentin with
this material compared to prefabricated FRC post material with a cross-linked matrix.
Furthermore, clinically more repairable failures were found with this material
compared to those of prefabricated posts.

Keywords: fibre-reinforced composite root canal post, root canal post, fibre-reinforced
composite, flexural properties, depth of cure, bonding, load-bearing capacity.



TIIVISTELMA
Anna-Maria Le Bell-Ronnlof
Kuitulujitteiset komposiitit juurikanava-ankkuroinnissa.

Hammasprotetiikan ja biomateriaalitieteen osasto, Hammaslddketieteen laitos, Turun
yliopisto, Turku, Suomi.

Annales Universitatis Turkuensis. Sarja-Ser D, Medica-Odontologica

Painosalama Oy, Turku, Finland 2007.

Kuitukomposiitti-juurikanavanastoilla on biomekaanisia etuja verrattuna perinteisiin
metallinastoihin, mutta niiden sidostuvuus komposiitteihin on huono. Tdmén
véitoskirjatyon tavoitteena oli selvittdd yksilollisesti muotoillun kuitulyjitteisen
komposiittimateriaalin sidosominaisuuksia komposiittiin ja dentiiniin, seké tutkia sen
mekaanisia ominaisuuksia.

Yksilollisesti muotoillun kuitukomposiittinastan taivutusominaisuuksia tutkittiin ja niita
vertailtiin  erilaisiin tehdasvalmisteisiin nastoihin. Yksilollisesti muotoillun kuitu-
komposiittinastan polymeroitumisaste eri syvyyksissd tutkittiin IR-spektrofotometrialla
ja mikrokovuusmittauksella ja polymeroitumisastetta vertailtiin resiiniin ilman kuituja.
Materiaalin sidosominaisuuksia resiinisementtiin ja dentiiniin tutkittiin Pull-out- ja Push-
out-testeilld, ja analysoitiin pyyhkdisyelektronimikroskoopilla. Vertailumateriaalina
kéytettiin tehdasvalmisteisia kuitukomposiitti- ja metallinastoja. Materiaalin kuormitus-
lujuutta ja venymaé tutkittiin kayttdmélla eri nastoilla restauroituja inkisiiveja.

Yksilollisesti kovetetulla ja muotoilulla, kuitulujitteesta valmistetulla nastalla todettiin
olevan paremmat taivutusominaisuudet kuin tehdasvalmisteisilla kuitunastoilla. Lisaksi
yksilollisesti kovetetulla ja muotoilulla kuitunastalla todettiin olevan sama
polymeroitumisaste eri syvyyksissd kun resiinilld ilman kuituja. Semi-lomittais-
verkostorakenne- (IPN) polymeerimatriisin omaava yksilollisesti muotoiltu kuitunasta
sidostui paremmin resiinisementtiin kuin ristisilloitetun matriisin omaavat tehdas-
valmisteiset kuitunastat. Liséksi yksilollisesti muotoillulla kuitunastalla ei havaittu
sidoksen pettimistd nastan ja resiinisementin vililld, toisin kuin muiden nastojen
kohdalla. Tulos viittaa parempaan materiaalien véliseen sidostavuuteen. Kuormitus-
lujuus- ja venymémittauksissa ei havaittu tilastollisesti merkitsevid eroja eri materiaalien
vélilld. Tastd huolimatta todettiin onttorakenteisilla, yksil6llisesti muotoilluilla
nastoilla restauroiduissa inkisiiveissd, hampaan korjaamisen kannalta edullisempia
murtumia kuin muilla nastoilla restauroiduissa inkisiiveissa.

Yhteenvetona voidaan todeta, ettd yksilllisesti muotoiltua semi-IPN-matriisin
omaavaa kuitukomposiitti-materiaalia on mahdollista kdyttdd nastana juurikanava-
ankkuroinnissa. Tehdyt sidoslujuustutkimukset viittaavat myos siihen, ettd talld
kuitumateriaalilla saadaan aikaan parempi resiinisementti- ja dentiinisidos kuin
tehdasvalmisteisilla ristisilloitetun matriisin omaavilla kuitunastamateriaaleilla. Ham-
paiden murtumistapaa vertailtaessa todettiin yksil6llisesti muotoilluilla kuitukompo-
siittinastoilla enemmén kliinisesti korjauskelpoisia murtumia kuin tehdasvalmisteisilla
nastoilla.

Avainsanat: kuitulyjitteinen juurikanavanasta, juurikanavanasta, kuitulyjitteinen
muovi, taivutusominaisuus, konversioaste, sidostaminen, kuormituslujuus.
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Introduction

1. INTRODUCTION

The restoration of an endodontically treated broken down tooth has been a challenge
for dental materials research for decades. The traditional and accepted method is to
restore the tooth with a post and core-restoration that may be covered with a crown.
Until the mid-1980s, the cast-metal post, made indirectly by a dental technician, was
considered the safest way to restore an endodontically treated tooth (Healey 1960,
Shillingburg 1970). Also prefabricated metal posts in combination with different core
materials under artificial crowns were used. The general opinion in the beginning was
that a post reinforces the endodontically treated tooth (Baraban 1967). Later on, many
studies have reported the opposite, i.e. that a post may be a predisposing factor for root
fracture (Hunter et al 1989, Peroz et al 2005). A post should be used only when the
remaining coronal tooth tissue can no longer provide adequate support and retention
for the restoration (Assif et al 1993, Torbjorner and Fransson 2004b).

As it has become more common for dentists to carry out the post-rebuilding procedure
directly in the mouth, e.g with a prefabricated metal post and a composite core, less
time is consumed (Torbjorner 2000) and the patient’s costs can be reduced. This
matter, in combination with the facts that rigid and stiff post material induce stress
inside the tooth and may be a cause of root fracture and failure, and also the higher
requirements for esthetical solutions, were starting factors for new post materials
research. In the 1990s, fibre-reinforced composites (FRC) were introduced as post
material.

FRCs have good mechanical properties and can be tailored to specific needs, enabling
preservation of tooth structure, using minimal invasive preparations and adhesive
techniques (Freilich et al 1998, Meiers et al 1998, Vallittu 1998a, Vallittu and Sevelius
2000). FRCs have been successfully used in dentistry in different applications. As post
material FRCs, especially glass FRC, have many benefits compared to metal posts. For
example, their modulus of elasticity is closer to that of dentin, and therefore less stress
is induced in the root (Schmitter et al 2007). However, the prefabricated FRC posts
used today also have shortcomings. Especially their cross-linked finally polymerized
polymer matrix is difficult to bond to dentin, resin cements and composite core
material (Purton and Payne 1996, Torbjérner and Fransson 2004a). Furthermore, if thin
FRC posts are used, adequate load-bearing capacity is not achieved. A special FRC
material, consisting of glass fibres and a semi-interpenetrating polymer network (IPN)-
polymer resin matrix after polymerization, has been reported to enhance adhesion
between polymer-based materials (Lastuméki et al 2003). The semi-IPN FRC material
has been reported to have a relatively good clinical outcome in different dental
applications (Vallittu and Sevelius 2000, Sevon et al 2000), and it may also be
advantageous to use it as root canal post material.

In this series of studies attempts were made to evaluate whether it would be possible to
use an individually formed and in situ polymerized FRC material with semi-IPN
polymer matrix as root canal post material. Both mechanical and bonding properties
were evaluated.

10
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2. REVIEW OF THE LITERATURE

2.1 Root canal post anchoring systems

A post (dowel) and core is often used after endodontic treatment when restoring a damaged
tooth with extensive loss of coronal tooth structure (Shillingburg and Kessler 1982, Morgano
1996, Morgano and Brackett 1999). The main purpose of this treatment is to provide
retention for a crown or a fixed partial denture (FPD) (Shillingburg et al 1970). Post insertion
should be avoided if adequate retention can be achieved from the remaining coronal tooth
structure (Hunter et al 1989, Assif et al 1993, Torbjorner and Fransson 2004b).

Prior to post preparation and insertion the quality of the endodontic therapy should be
evaluated clinically and radiographically. The root filling should be a well-condensed
gutta-percha filling, optimally ending 0-1 mm from the radiographic apex (Schaeffer et
al 2005). However, errors in estimation of the radiographic working length occur and
therefore each tooth should be individually analysed (Williams et al 2006).

2.1.1 Biomechanical considerations and technical post failures

A tooth which is endodontically treated and restored with a post system is affected by
the endodontic and prosthetic procedures (Gutmann 1992). Much more important than
possible changes in the structure and nature of the dentin of a pulpless tooth, is the loss
of internal and external tooth structure due to the restorative procedures (Peroz et al
2005). Studies show that a post does not reinforce an endodontically treated tooth
(Sorensen and Martinoff 1984a, Trope et al 1985, McDonald et al 1990, Heydecke et al
2001), although this was earlier suggested (Healey 1960, Silverstein 1964, Baraban
1967). In a study where the reinforcement effect of cast posts and pins was examined,
it was found that the endodontically treated unreinforced teeth which served as control
were twice as resistant to fracture as the teeth treated with posts or pin-retained cores
(Lovdahl and Nicholls 1977). Although this fact has been known for many years and
several current studies have confirmed it, a literature survey made in Sweden showed
that a high proportion of dental practitioners still believe that a post reinforces an
endodontically treated tooth (Eckerbom and Magnusson 2001).

Biomechanical failures associated with post-treated teeth are common; failure rates of
7-15% after three years have been reported (Karlsson 1986, Goodacre et al 2003,
Torbjorner and Fransson 2004a). These failures usually have serious consequences for
the teeth involved and may result in extensive prosthetic reconstruction. Loss of
retention seems to be the most frequent type of failure in post-restored teeth (Mentink
et al 1993, Goodacre et al 2003), the failure rate being 9% in the study of Torbjorner et
al (1995). Root fracture (3%) is still the complication that leads to the greatest damage
and usually results in extraction of the tooth (Torbjorner et al 1995). Root fractures are
usually caused by fatigue, and it is tension stress, not compression, that causes fatigue
fractures (Torbjorner and Fransson 2004b). By minimizing the non-axial forces, the
risk of fatigue fractures may be reduced (Yang et al 2001). Post fracture (1%) is more
common in prefabricated posts than in cast posts and is often regarded as a restorable
failure (Torbjorner et al 1995). Root perforation is a severe type of failure that may

11
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occur during post preparation (Torbjorner et al 1995). Failures in post-retained crowns
frequently occur in the maxillary anterior region, where the horizontal forces are great,
and therefore this area is considered to be a high-risk area for technical failures
(Bergman et al 1989, Mentink et al 1993, Naumann et al 2005a).

In order to restore an endodontically treated tooth successfully, preservation of tooth
structure is extremely important (Fokkinga et al 2007). Post preparation weakens the root
structure (Trabert et al 1978, Gutmann 1992, Lang et al 2006) and the strength of an
endodontically treated tooth is directly related to the amount of remaining dentin structure
(Trope et al 1985, Torbjorner and Fransson 2004b, Naumann et al 2006). A recent study
reported significant destabilization after access root preparation to pulp chamber and post
preparation (Lang et al 2006). Root canal instrumentation, even up to large file sizes (ISO
110), did not cause destabilization, if root canal geometry was preserved (Lang et al 2006).

If a horizontal load is applied to a tooth, the maximum forces and stress areas are
situated on the external surfaces e.g. the buccal and palatal surfaces of the root.
Consequently, the post positioned in the most central part of the root (neutral axis),
does little to reinforce the root (Guzy 1979, Torbjorner 2000) (Figure 1). A more
optimal place for the reinforcement, in terms of mechanics, would be at the external
surfaces where the maximum stress areas are situated. Usually, whenever possible, this
reinforcement is integrated into the crown in the form of a collar or a ferrule (Figure 2),
which is situated in the crown margin area where the greatest forces occur.

Stress ~

\

Figure 1. Stress distribution in a post-treated tooth. A post situated in
the most central part of the tooth, where stresses are minimal, does not
reinforce the root. The figure is modified from Guzy and Nicholls
1979 and Torbjérner 2000.

12
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Crown

Core

Ferrule

< Post

Figure 2. The ferrule effect. The preparation is extended 1.5-2 mm
over the core and lie on sound tooth structure, thus forming a
protecting ferrule construction. The figure is modified from
Torbjorner 2000.

2.1.1.1 The ferrule effect

The crown preparation should be carried out so that the margins of the crown extend
over the core material and lie on a sound tooth structure. In this way, the crown will
form a collar, which surrounds the cervical parts of the root. The importance of
incorporating this kind of construction, called a ferrule (Figure 2), in the crown, was
very early emphasized in the literature (Rosen 1961). The ferrule, which should be at
least between 1.5 and 2 mm above the crown margin area, embraces the circumference
of the root, thus protecting it from fracture (Morgano 1996, Sorensen and Engelman
1990, Pereira et al 2006, Naumann et al 2007). The ferrule also increases the resistance
of the post to torsional forces (Hemmings et al 1991, Stankiewicz and Wilson 2002).
The ferrule effect of the crown is suggested to be of greater significance than the post
and core technique (Torbjorner and Fransson 2004a, Creugers et al 2005b). The
absence of a crown ferrule on an endodontically treated post-and-core restored tooth is
associated with greater variations of failure load (Naumann et al 2006). It has also been
shown in vitro that a tooth restored with a crown with a uniform 2 mm ferrule is
significantly more resistant to fracture than a tooth restored with a crown with a non-
uniform ferrule (Tan et al 2005).

2.1.2 Retention factors

The retention need varies depending on the type of prosthetic construction and the
intermaxillary relations. There are many factors affecting the longevity and the
retention of post systems (Stockton 1999, Fernandes et al 2003) .

13
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2.1.2.1 Post length

The length of the post influences stress distribution in the root, and thereby affects its
resistance to fracture. When the length of the post is increased the retentive capacity
increases (Standlee et al 1978, Shillingburg et al 1987, Isidor et al 1999, Nergiz et al
2002). A longer post also helps the root to resist bending (Leary et al 1987). However,
a long post preparation increases the risk of root perforation. There are many
guidelines in the literature concerning the length of the post. A common
recommendation has been that the length of the post should be equal to or greater than
the length of the crown (Rosen 1961, Silverstein 1964, Sorensen and Martinoff 1984b,
Peroz et al 2005). Other studies have suggested that the post length should be equal to
a certain amount of the root, e.g. half the length of the root (Baraban 1967, Jacoby
1976), two thirds of the root length (Larato 1966) or at least half way between the apex
of the root and the alveolar crest of supporting bone (Perel and Muroff 1972, Stern and
Hirshfeld 1973). It has also been stated that more important than the length of the post
is the ferrule height, when investigating the fracture resistance to cyclic loading of
crowned teeth (Isidor et al 1999).

Other criteria consern the endodontical apical seal. Recommendations about the amount
of gutta-percha which is left after post preparation vary. It has been suggested that
leaving at least 4-5 mm of root-filling material is necessary to maintain the apical seal
(Mattison et al 1984, Sorensen and Martinoff 1984b). Another study reported that roots
with posts in which the remaining root filling was shorter than 3 mm showed
significantly higher frequency of periapical radiolucencies compared to roots with longer
fillings (Kvist et al 1989). Other studies tend to evaluate the remaining root filling after
post space preparation, especially with respect to leakage. It seems that the more gutta-
percha is left, the less leakage occurs and the better is the apical seal (Nixon et al 1991).
Moreover, it has been shown that luting with composite resin cement can compensate for
the loss of retention of prefabricated metal posts of reduced length (Nissan et al 2001).

2.1.2.2 Post diameter and remaining dentin

The diameter of the post and the remaining dentin also play a large part in preventing
the root from fracture. Several in vitro studies have confirmed the importance of the
remaining bulk of the tooth structure with regard to strength and resistance to root
fracture (Guzy 1979, Trabert 1978, Tjan and Whang 1985, Naumann et al 2006, Lang
et al 2006). In addition, a 5-year prospective clinical study emphasizes the immense
importance of the remaining dentin height (Creugers et al 2005b). When the diameter
of the post is increased, the surface of the post that is in contact with the tooth is
increased. According to some studies, an increase in post diameter does not influence
the retentive capacities significantly (Standlee et al 1978, Nergiz et al 2002). However,
it can increase the stiffness of the post and therefore elevate the risk of root fracture
(Trabert et al 1978). On the other hand, it has been recommended not to use a post with
a diameter under 1.3 mm, because thinner posts may not provide sufficient stability
(Lambjerg-Hansen and Asmussen 1997). One guideline is that the post width should
not be greater than one third of the root width at its narrowest dimension, keeping in
mind that preservation of the remaining dentin is very important (Stern and Hirshfeld
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1973, Lloyd and Palik 1993, Goodacre and Spolnik 1995, Torbjérner and Fransson
2004b). Therefore, the mesial roots of lower molars and the buccal roots of upper
molars are not very suitable for post preparation (Gutmann 1992).

2.1.2.3 Post design

The design of the post affects the retention and the success of the restoration (Figure
3). Regarding the post taper, parallel-sided posts are more retentive than tapered posts
(Torbjorner et al 1995), and they distribute stress more uniformly along their length
during function (Asmussen et al 2005): the greater the taper, the less the retention
(Qualtrough et al 2003). Tapered posts function as wedges and initiate stress areas
coronally, while parallel-sided posts create the highest stress areas apically around the
post end (Johnson and Sakamura 1978, Stockton 1999, Asmussen et al 2005) .

Recent studies have focused on factors increasing the retention of a post without
increasing the risk of root fracture. Such factors are the surface design of the post and
the types of cement used. The surface designs can be divided into serrated, threaded
and smooth surface designs (Figure 3). A serrated post significantly increases the
retention of the post compared to a smooth post (Standlee et al 1978). The surface
designs can further be divided into active self-threaded and passively luted posts
(Cohen et al 1999). Of the surface designs, the active self-threaded posts have been
reported to cause the highest stress in the root (Sorensen and Martinoff 1984b,
Stockton 1999). The threads of these active self-threaded posts and screw post systems
function as stress centres and can easily propagate cracks in the root, and thus may lead
to root fracture (Zmener 1980). The surface of the post may also be treated using
techniques such as air-particle abrasion, etching and silanization in order to increase
retention. Moreover, so-called stabilisation stages at the end of the post (Figure 3d),
aiming at distributing stress (Fredriksson et al 1998), as well as different post head
designs (Cohen et al 2000) (Figure 3b and 3e), have been used in prefabricated posts.

a b c

Figure 3. Posts with different designs: a) tapered post with smooth
surface, b) parallell post with threads, serrations and retentive post
head, c¢) parallell post with serrations, d) parallell post with
stabilization stages (arrows) and smooth surface, and e) parallell post
with serrations and retentive post head.
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2.1.2.4 Luting cements

Zinc phosphate, zinc polycarboxylate, glass-ionomer and resin cements are the most
commonly used luting cements for posts. Zinc phosphate cement has been commonly
used for decades for the most conventional fixed constructions due to its easy handling
characteristics and adequate long-term clinical results (Jokstad and Mjor 1996). Zinc
phosphate cement adheres by mechanical interlocking to irregularities in the dentin and
the prosthetic construction. The use of resinous cements has increased, and studies
have reported higher retention values and resistance to fatigue for these cements
compared to brittle zinc phosphate cements (Assif and Ferber 1982, Junge et al 1998).
The modulus of elasticity of resin cements approaches that of dentin, and therefore
they may have the potential to clinically reinforce thin-walled roots (Mendoza et al
1997). However, resin cements are technique-sensitive because of their short working
time, the number of operating steps involved, and the sensitivity to moisture, compared
to zinc phosphate cements. Some of the newest self-etching resin cements may
overcome the technique-sensitiviness of conventionally bonded resin cements. Also an
increase in the surface roughness of the post space improves the retention of different
cements (Nergiz et al 1997). The influence of the cement layer elasticity in
redistributing the stresses, has been shown to be less relevant as the post flexibility is
increased (Lanza et al 2005).

There are several other aspects affecting the retention and durability of a post system,
such as the location of the post-treated tooth in the dental arch, the occlusal design of
the prosthesis, and the post and core material used. It has been suggested that the type
and design of post is of very little importance when it comes to fracture behaviour, if
the tooth is covered with a complete cast crown with limited ferrule (Fokkinga et al
2006a), or a sound design having a 2 mm ferrule on a healthy tooth structure (Hoag
and Dwyer 1982, Assif et al 1993). Furthermore, in a prospective 10-year clinical
study, when comparing different post systems, it was concluded that if the
recommended procedures are strictly followed, posts and cores can serve for a long
time, irrespective of the post system (Ellner et al 2003). Moreover, a recent
investigation showed that root-filled maxillary premolars restored with direct
composite crowns without the use of a post, yielded similar fracture resistance
compared to the use of metal or glass fibre posts (Fokkinga et al 2005). The same
hypothesis, that posts are not necessarily required, was tested and supported in a
prospective 5-year clinical trial, where it was found that teeth restored with post-free
direct composite crowns yielded a 100% survival rate, whereas a survival rate of 96%
was observed for teeth restored with posts (Creugers et al 2005a). In addition, the same
conclusions were drawn in another clinical study, where 325 root-filled teeth were
restored with either cast metal posts-and-cores or prefabricated titanium posts with
composite cores and were compared to teeth without posts (Salvi et al 2007).

Although posts may influence the fracture resistance of a tooth, they are still necessary
in several clinical situations, when rebuilding an endodontically treated severely
damaged tooth. Especially in cases where the ratio of the height of the clinical crown
versus the cross-sectional diameter of the root is unfavourable, the core and the crown
are left without sufficient mechanical support. In addition, posts may be needed in

16



Review of the Literature

cases when the small diameter of the root (incisors, canines and premolars) does not
allow placing of large volumes of particulate filler composite material as a “box” type
“endocrown” which could be sufficiently durable against biting forces.

The need for additional retention from the root canal in the form of a post must be
carefully analysed every time an endodontically treated severely damaged tooth is
restored. There is no ideal post system for every clinical case. Depending on the
configuration of the root canal, the amount of remaining dentin and the retention need,
different post systems are suitable for different situations. The root canal post
anchoring systems can be divided into four groups: 1) Cast metal posts, 2)
Prefabricated metal posts and screws, 3) Ceramic posts and 4) Fibre- reinforced
composite (FRC) posts.

2.1.3 Cast metal posts

A post is either prefabricated (direct technique) or made by using a cast (indirect
technique) in the dental laboratory. The cast metal post (custom-made cast post) has
been the standard restoration for endodontically treated teeth for many decades
(Shillingburg et al 1970, Morgano and Milot 1993). Already in the 1700s, a French
dentist, Pierre Fauchard, also called “the father of modern dentistry”, inserted wooden
dowels in the canals of teeth to aid in crown retention. The wooden dowels expanded
with moisture and eventually fractured the root. Later, after introducing the so-called
Richmond crown in 1878, a modification consisting of a one-piece dowel and crown
became common. The development of cast posts and cores was a logical evolution
from the Richmond crown (Morgano and Brackett 1999). Cast metal posts are still
used today, but the procedure requires a lot of time (usually at least two dental
appointments) and is expensive (because of the laboratory work and temporary
restorations), which is why the prefabricated posts have gained popularity among
dentists (Hew et al 2001).

Cast posts can be used throughout the mouth in a variety of clinical situations. A cast
post reproduces the contours of the prepared canal, the adaptation to the canal is good
and it can be designed to resist torsional forces. One distinct advantage with a cast post
and core is that if a tooth is misaligned, the core may be angled in relation to the post to
achieve proper alignment with the adjacent tooth. A cast post and core also may be
indicated when there is minimal coronal tooth structure available for anti-rotation
features or bonding. When the morphology of the canal is critical, e.g. in the case of an
oval canal, it is indicated to use a cast post. In these cases, using a prefabricated post
would result in minimal contact with the canal walls and would lead to loosening of the
post due to the large cement layer. Moreover, if a prefabricated post is used and an
extensive preparation is made to improve the adaptation of the post, it would lead to
increased root fracture risk due to the weakened tooth structure.

Despite the above-mentioned features, cast posts also have disadvantages. They have
low retentive abilities and the technique is both time consuming and expensive. A
temporary restoration is also always required, increasing the risk of contamination of
the root-canal system (Fox and Gutteridge 1997). In addition, in certain cases, the need
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for more esthetical solutions has launched the development of new alternative post
materials.

In the indirect technique, the dentist prepares the tooth and the root canal, following
accepted guidelines for tooth preparation for intact teeth (Shillingburg et al 1987),
preserving as much dentin as possible. The post space should not be overly tapered
because this decreases the retention (Tjan and Miller 1984). The crown preparation is
made so that the crown will extend 2 mm apical of the core-tooth junction if possible,
so that the very important ferrule may be incorporated in the crown (Rosen 1961,
Shillingburg et al 1970). The dentist takes an impression of the prepared canal and the
remaining tooth structure, and the dental laboratory technician fabricates the cast post
and core using the gypsum cast made from the impression.

The indirect method requires at least two visits to the dentist which may be seen as a
disadvantage, but on the other hand, the procedure saves chair time by delegating part
of the work to a dental laboratory. Success of the indirect method depends, among
other things, on the accuracy of the impression replicating the internal surface of the
prepared root canal. Several materials have been described for fabrication of the post-
core pattern. Many methods of replicating the design of the root canal using different
rigid objects in the canal to strengthen the impression and minimize distortion, e.g.
plastic toothpicks and paper clips, have been described in the literature (Shillingburg et
al 1970, Baraban 1967). Another method was also developed, where a prefabricated
plastic pattern, which corresponded to the reamer, is used. For practical reasons, the
one-piece dowel and crown was further developed into a post-and-core restoration with
a separate artificial crown cemented over the core (Rosen 1961). To achieve exact
fitting and adaptation of both the cast post and the crown, the literature recommends
this kind of two-piece restoration instead of a one-piece cast-post-crown (Shillingburg
et al 1970, Shillingburg and Kessler 1982, Shillingburg et al 1987). There are many
advantages of having the retention device separate from the crown. These include, for
example, the fact that the adaptation of the crown is totally unrelated to the fit of the
post and the crown may easily be remade or changed into a bridge retainer. When the
post core is ready made it should fit passively and drop into place when tried in the
canal, but should resist rotation after seating. A cast post and core is contraindicated
when the root canal is very narrow and short, and traditionally, a pin-retained amalgam
core has been recommended instead (Shillingburg et al 1970). A root canal post
material should be biocompatible, have high flexural and tensile strength and fatigue
resistance. The cast post-and-core is usually fabricated in a precious metal. Gold alloys
are most commonly used, but also silver-palladium is used.

There are conflicting reports on the outcome of cast metal post systems. A 6-year
retrospective study of 96 endodontically treated teeth with extensive loss of tooth
structure and restoration with the use of cast post and cores showed a success rate of
90,6% (Bergman et al 1989). Significantly higher fracture thresholds were recorded for
cast post and cores compared to carbon-fibre posts in another study (Martinez-Insua et
al 1998). In a clinical study where 1273 endodontically treated teeth with six different
intracoronal reinforcement methods were evaluated, the tapered cast post and core
displayed a higher failure rate than teeth without intracoronal reinforcement (Sorensen
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and Martinoff 1984b). However, this study was later criticized and the data of the same
patient material were re-evaluated in a retrospective (review) study where the high
failure rate of the cast posts and cores was concluded to be due to the fact that almost
half of the cast posts were half the desired length or less (Morgano and Milot 1993). In
a study where restored teeth were intermittently loaded and the adaptation of the posts
to the root was measured, it was found that the adaptation was better for teeth restored
with parallel-sided prefabricated posts and composite cores than that of teeth restored
with tapered individually cast posts (Isidor and Brendum 1992).

2.1.4 Prefabricated metal posts and screws

There are over 100 different prefabricated post systems available. According to a
nationwide survey of dentists in the United States, 40% of general dentists used
prefabricated posts most of the time, and the most popular prefabricated post was the
parallel-sided serrated post (Morgano et al 1994). Most prefabricated posts are
metallic, but there are several newer nonmetallic systems available. Most typically,
metallic prefabricated posts are made of stainless steel or titanium alloy. The stainless
steel commonly used in prefabricated posts contains chromium (18%) and nickel (8%)
(Anusavice 2003). Because of concerns about the allergenic potential of stainless steel
posts, and also the risk of corrosion and the elevated root fracture risk connected to this
(Silness et al 1979), titanium posts were introduced.

A great variety of prefabricated posts has been developed. The variations in post design
are attempts to satisfy various root configurations and retention needs (Figure 3). The
prefabricated posts may be parallel-sided or tapered. Parallel-sided posts have been
reported to be more retentive than tapered posts (Standlee et al 1978, Johnson and
Sakamura 1978, Qualthrough et al 2003, Sahafi et al 2004). Parallel posts induce less
stress into the root because of the lower wedging effect compared to tapered posts, and
are therefore less likely to cause root fractures (Martinez-Insua et al 1998). The surface
designs can be divided into smooth, serrated and threaded designs (Figure 3). The
prefabricated metal posts may be further divided into active and passive posts, where
the active posts are threaded into the dentin (like a screw), whereas the passive posts
get their retention entirely through the cement. Active threaded posts have been
reported to have the greatest retention (Standlee et al 1978, Ruemping et al 1979,
Cohen et al 1999). However, by inserting the threaded posts, stress may easily be
induced in the root because of the threads indenting into dentin. This may lead to local
fractures in the dentinal wall and might predispose the root to fracture (Standlee et al
1980, Zmener 1980, Standlee and Caputo 1992). Adaptation of threaded posts to the
dentinal walls in the canal is minimal in the cervical third, and maximal in the apical
third. The threaded posts should only be used in cases with severe retention problems,
e.g. in very short roots, and they should be handled with great care (Standlee et al
1982, Stockton 1999). Serrated or roughened passive posts significantly increase the
retention values compared to smooth surface posts, irrespective of post material
(Johnson and Sakamura 1978, Nergiz et al 1997, Purton et al 2000).

Prefabricated metal posts are usually used for the direct technique where the post
insertion and core build-up are performed at the same appointment by the dentist. Each
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prefabricated post system usually has accompanying drills with which to drill and
shape the post space. Therefore, it is easy for the dentist to achieve a perfect fit for the
post. Some prefabricated post types may also be used in the indirect technique, where
an impression post is lifted out in an impression, the dental technician waxes the core
onto the prefabricated serrated gold alloy post and a post and core is cast.

Prefabricated metal posts have several advantages. Compared to cast metal posts they
may have better retentive abilities, they are time-saving (require only a single visit) and
also economical (no laboratory fee). When a large amount of coronal dentin remains, a
prefabricated post with a composite core may be recommended (Torbjorner 2000).
However, the prefabricated posts have the disadvantage that they usually require more
dentin removal than cast posts, because the natural shape of the canal is tapered. In
addition, the round design of the prefabricated posts offers little resistance to rotational
forces. Also, the strength of composite, nowadays commonly used as core material
with prefabricated posts, is not as high as that of a cast core.

Clinical studies have indicated higher survival rates for serrated prefabricated posts
than for cast posts and cores (Sorensen and Martinoff 1984b, Torbjorner et al 1995). In
a prospective study where 325 single- and multirooted teeth were restored with and
without posts, it was concluded that cast posts and prefabricated titanium posts yielded
similarly favourable results (Salvi et al 2007).

2.1.5 Ceramic posts

With the recent advances in ceramic technology, the all-ceramic crown has become
more popular. The requirement for more esthetical post solutions, especially under all-
ceramic restorations, has started the development of new post materials. Metal posts
may be visible through a translucent all-ceramic crown. Moreover, the marginal
gingiva of a tooth restored with a metal post and an all-ceramic crown may appear
dark. These concerns have led to the development of white or translucent posts made
of zirconia and other ceramic materials. Stabilized zirconia ceramics (zirconium
dioxide ZrO,) have been introduced for the fabrication of posts and cores
(Kwiatkowski and Geller 1989, Meyenberg et al 1995, Zalkind and Hochman 1998),
because they have higher strength and fracture toughness than other ceramics.
Therefore, they may be more suitable for posts.

Zirconia posts offer possible advantages with respect to esthetics and biocompatibility
(Purton et al 2000), but they have several disadvantages. Zirconia posts are stiff, but at
the same time very brittle, without any ductibility (Asmussen et al 1999). Therefore, it
is of great importance to make a deep post preparation when using zirconia posts.
Zirconia posts are not yet available in small diameters, which makes it difficult to use
minimal invasive preparation on the tooth with this kind of post. In addition, if
endodontic retreatment is necessary, retrieval of zirconia and ceramic posts is very
difficult. One in vitro study recorded poor resin-bonding capabilities of the zirconia
posts to radicular dentin after dynamic loading and thermocycling (Dietschi et al
1997). Also, in another study, the zirconia posts showed lower retention values
compared to serrated metal posts (Purton et al 2000). In one study, zirconia posts
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showed poor retention to composite resin cores, and this combination was therefore not
recommended for clinical use (Butz et al 2001). Instead, zirconia posts with heat-
pressed ceramic cores may be used. Others again have observed good clinical success
of zirconia posts with direct composite cores after a mean clinical service of 4.7 years
(Paul and Werder 2004). Long-term clinical results are not yet available on this post

type.

2.1.6 Fibre-reinforced composite (FRC) posts

The rigidity of traditional metal posts and novel ceramic posts is a major concern,
because the rigidity may pose a risk of root fracture (Torbjorner et al 1996, Schmitter
et al 2007). A stiff post transmits the occlusal forces to the surrounding dentin. Tension
stress at the apical regions of the post cause microscopic fatigue fractures, which, with
time, may lead to macroscopic fractures of the root. There are two ways of reducing
the tension stress that causes fatigue fracture of the root. The traditional approach is
prolonging the post preparation of a stiff post. This principle, which is called the
moment compensation principle, is in practice, very difficult and not always possible to
carry out. Another current approach, called the modulus compensation principle, is to
use a post material which is biomechanically more suitable, e.g. a post material which
is strong enough but also flexible so that it can behave like tooth structure inside the
root under the occlusal forces. The flexibility or stiffness of a material may be
described by the so-called modulus of elasticity or elastic modulus (Young’s modulus,
E-modulus). The E-modulus is the constant that relates the stress and the strain in the
linear elastic region where elastic deformation of a material occurs (Gutmann 1992,
Van Noort 2002). A group of materials which offers stiffness equal to that of dentin, as
well as high durability is the group of fibre-reinforced composites (FRC) (Table 1).

Table 1. Mechanical properties of some dental and post materials.

Material Flexural Strength (MPa) Elastic modulus (GPa) Reference
(Transverse strength) (E-modulus)
Dentin 30-105* 15 O’Brien 2002
Enamel 10* 50-84 O’Brien 2002
Titanium 550-930% 117 O’Brien 2002
Stainless steel 841-924* 177-202 O’Brien 2002
Gold alloy 469-759* 77-108 O’Brien 2002
Zirconia post** 900-1200 200-210 manufacturer’s information
Carbon fibre post*** 1154 82 Torbjorner et al 1996
Glass fibre post****  99( 29 manufacturer’s information
Glass fibre post***** 1145 16 Study [
* ultimate tensile strength
*x values of yttrium-oxide stabilized zirconia (Cosmopost, Ivoclar)
Hk Composipost, RTD (Torbjorner et al 1996)

oAk epoxy matrix (ParaPost FiberWhite, Colténe/Whaledent Inc)
*EkIkE interpenetrating polymer network (IPN) matrix (study I)
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2.1.6.1 The use of FRC in dentistry

The good mechanical properties of FRCs have been used in a diverse range of industrial
applications for decades, such as sport equipment, windmills and the ship and aircraft
industry. Already in the 1960’s, there were early reports of the use of fibre reinforcements
in denture-base acrylics (Smith 1962, Schreiber 1971). However, it was not until the
handling properties of fibre reinforcements improved, together with the development in
manufacturing the reinforcements, that they were commonly accepted in the field of dental
materials. Thus, during the 1990’s, FRCs became commonly used in dental materials as
well (Goldberg and Burstone 1992). FRCs were first used in reinforcing the acrylic-base
material of removable dentures, and were found to be superior to the conventional methods
(Vallittu 1996a, Narva et al 2001). Before that, removable dentures had been strengthened
with metal reinforcements, but with only moderate clinical success (Vallittu and Lassila
1992). The combining of reinforcing fibres with dimethacrylate resins and particulate filler
composites made FRCs suitable for fixed partial dentures (FPD), manufactured both
indirectly (Freilich et al 1998, Vallittu 1999a, Vallittu and Sevelius 2000, Vallittu 2001a,
Behr et al 2003, Vallittu 2004, Gohring and Roos 2005) and directly in the mouth (Meiers
et al 1998, Ahlstrand and Finger 2002, Dyer et al 2005, Meiers and Freilich 2006a). The
use of FRCs has also become common in periodontal splintings (Meiers et al 1998, Sevon
et al 2000), in orthodontic treatment (Kargiil et al 2005), and as implant suprastructures
(Meiers and Freilich 2006b). In addition, FRCs have been suggested to function as crack
stoppers, and as a reinforcing layer beneath large composite restorations (Fennis et al
2005), as well as repair material of fractured incisors (Garoushi et al 2006), although
clinical long-term studies are still lacking.

In the early 1990s, prefabricated, finally polymerized FRC root canal posts were
introduced to the market. One of the first prefabricated FRC posts was the C-Post
(Composipost), which was a post fabricated from a carbon-fibre reinforced epoxy
resin, and was developed in France (Duret et al 1990, King and Setchell 1990). Soon
also glass and quartz fibres were used in root canal posts. The use of FRCs in root
canal posts was justified because their elastic modulus was similar to that of dentin
(Table 1). When bonded in place with resin luting cement, it has been proposed that the
occlusal forces would be more evenly distributed in the root, resulting in fewer root
fractures (King and Setchell 1990, Torbjorner et al 1996, Isidor et al 1996, Ferrari et al
2000a, Ferrari et al 2000b, Schmitter et al 2007) and more favourable failures
compared to metal posts (Fokkinga et al 2004).

2.1.6.2 Material properties and structure

FRCs are materials that are composed of reinforcing fibres embedded in a polymer
matrix. The fibre reinforcement is characterized by its length being much greater than
its cross-sectional dimensions. The fibres give strength and stiffness, while the polymer
matrix combines the fibres together, forming a continuous phase around the
reinforcement. This phase transfers the loads to the fibres, and also protects the fibres
from the moisture of the oral environment (Vallittu 1996b). In order to have a
reinforcing effect, the fibres must possess a higher flexural modulus than that of the
matrix polymer (Murphy 1998).
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The mechanical advantages provided by FRCs are their flexural strength, fatigue
strength, elastic modulus and bond strength (of fibres to veneering composites and
resin luting cements). In addition, FRCs are metal-free, biocompatible and esthetical.
In order to obtain a good reinforcing effect with fibre reinforcements, many important
factors should be taken into account. Such factors are fibre orientation, fibre quantity,
the impregnation of fibres with matrix polymer, adequate adhesion of fibres to the
matrix polymer, and the type and properties of the fibres (Vallittu 1998a).

Fibre orientation

Fibre orientation (direction) influences the mechanical and thermal properties of FRCs
(Dyer et al 2004, Tezvergil et al 2003, Tezvergil et al 2006). Reinforcing fibres can be
continuous (long fibres) as well as discontinuous (short fibres). Continuous
unidirectional fibres give strength, stiffness and anisotropic mechanical strength to the
composite in the direction of the fibres, and therefore they are suitable for applications
in which the direction of the highest stress is known, e.g. in pontics of FRC FPDs. The
efficiency of the fibre reinforcement (Krenchel’s factor, value 0 to 1) is used when
theoretical estimates of the strength of FRCs are made (Krenchel 1964). The
reinforcing efficiency of unidirectional fibres is theoretically 1 (100%), which means
that reinforcing properties can be obtained in one direction (Murphy 1998). In FRC
root canal posts, continuous reinforcing fibres are used. Continuous bidirectional
(woven, weave) fibres have reinforcing fibres in two directions, thus reinforcing the
polymer equally in two directions (Krenchel’s factor 0.5 (50%) or 0.25 (25%)). Woven
fibres add toughness to the polymer, act as crack stoppers, and are especially suitable
in cases where the direction of the load is unknown or where there is no space for
unidirectional fibres, e.g. in FRC crowns. The use of woven fibres gives so-called
orthotropic properties in a plane. If the fibres are oriented randomly as in a fibre mat or
as in chopped short FRCs, the mechanical properties are the same in all directions and
are so-called isotropic three-dimensionally (Krenchel’s factor 0.38 (38%) in two
dimensions and 0.2 (20%) in three dimensions (Vallittu 2001b).

Fibre quantity

The fibre quantity of FRCs affects the strength and load-bearing capacity of the
system. The fibre quantity is commonly reported with the unit of fibre content by
weight (Wt%), but may also be converted to volume fraction (Vol%), when the
densities of the polymer and the fibres are known. Because the volume fraction of the
fibres in the polymer matrix influences the mechanical properties of FRCs, it is
recommended to present the fibre quantity also in volume fraction (Vallittu 1998a).
The volume percentage of fibres manually incorporated into the dental resins is
generally in the range of 5-15% (Goldberg and Burstone 1992). With the use of a
controlled manufacturing process, the volume fraction for dental FRC has been
increased to up to 45-65% (Vallittu et al 1994, Vallittu 2001b, Lassila et al 2005).

Impregnation and adhesion of fibres

The fibres should be well impregnated, meaning that resin should come in contact with the
surface of every fibre, in order to achieve adequate adhesion of the fibres to the polymer
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matrix (Beech and Brown 1972). With good impregnation, optimal reinforcement and
transfer of stresses from the polymer matrix to the reinforcing fibres may be achieved. An
improper degree of impregnation causes several problems with the use of FRC, such as
increasing water sorption through voids, leading to reduced mechanical properties of the
FRC (Miettinen and Vallittu 1997). Also discolouration of the FRC and oxygen inhibition
of the radical polymerization of the resin inside the FRC may occur.

If successful impregnation is not achieved, due to high viscosity or high volumetric
polymerization shrinkage of the resin, the mechanical properties of the FRC will not reach
the theoretically calculated values (Vallittu 1998b). To overcome the basic problem of
impregnating fibres with highly viscous dental resins, preimpregnation with linear porous
polymethyl methacrylate (PMMA) has been introduced (Vallittu 1998a, Vallittu 1999b).
PMMA requires further chairside or dental laboratory impregnation with either light
polymerizable dimethacrylate resin, or with heat polymerizable acrylic (denture base) resin.
This results in a multiphase polymer matrix between the reinforcing fibres, a so-called
semi-interpenetrating polymer network (semi-IPN) matrix. In this matrix, the
dimethacrylate monomers of the resin are partially diffused into the polymer structure of
the linear polymer (PMMA) (Sperling 1994, Vallittu 1998a, Kallio et al 2001, Lastumaki
2003). The clinical advantage of the semi-IPN structure is the high degree of impregnation
of the fibres with resin. However, further-impregnation is required.

Therefore, to improve the handling properties and to reduce the number of clinical
steps, a preimpregnation combining PMMA and dimethacrylate resin in a polymer-
monomer gel matrix has been introduced (Vallittu 1999b). The advantages of this
structure are the improved handling properties, the high quantity of fibres (up to 70%)
resulting in high strength (maximum flexural strength of up to 1250 MPa) and a semi-
IPN structure of the polymer matrix, which improves the adhesional behaviour of the
material (Vallittu 2001b). With well impregnated fibres, the fibre quantity is increased,
resulting in a decrease in water uptake. This, in turn, results in improved flexural
properties (Lassila et al 2002).

Besides the impregnation level, the adhesion at the fibre-matrix interface is dependent on
the interactions between the components, which can be of mechanical or chemical type.
Mechanical bonding depends on the morphology of the fibres. The chemical bond between
the polymers and fibres should preferably be a of covalent nature. Silane coupling agents
have been successfully used to enhance the surface wettability and to improve the adhesion
between polymers and glass fibres (Clark and Plueddemann 1963, Vallittu 1997a,
DiBenedetto 2001). The function of silane coupling agents is based on the formation of
siloxane bridges and hydrogen bonds on the glass surfaces (Matinlinna et al 2004).

Fibre type and properties

Glass fibres (GFs) are the most commonly used reinforcing fibres in both dental and
industrial applications, mostly because they offer several advantages such as high tensile
strength, excellent compression and impact properties, relatively high E-modulus (Table
1) and low cost. The transparent appearance makes GFs appropriate for dental
applications with high cosmetic demands, such as root canal posts in anterior teeth. Glass
fibres stretch uniformly under stress to their breaking point, and on removal of the tensile
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load short of breaking point, the fibre will return to its original length. This property,
together with their high mechanical strength, enables glass fibres to store and release
large amounts of energy (Murphy 1998). Glass fibres are formed by blending and heating
raw materials (sand, kaolin, limestone and colemanite) at a temperature of 1600°C. The
liquid glass mass is then drawn into filaments, with a diameter of 10—-24 um, from which
the actual fibre is processed. According to the chemical composition of the glass mass,
the glass fibres are classified into A (alkali)-, C (chemically resistant)-, D (dielectric)-, E
(electrical)-, R (resistant)- and S (high strength)- glass types. They differ in mechanical
and chemical resistance properties. The most commonly used glass fibres in reinforced
plastics is E-glass (99% of all glass fibres manufactured today), which has a calcium-
alumino-borosilicate composition. E-glass has good tensile and compressive strength, as
well as electrical properties and rather low cost, but relatively poor impact resistance. S-
glass, which is also used in dentistry, has a different chemical composition, giving higher
tensile strength and better wet strength retention, but is rather expensive. In dentistry, E-
and S-glass fibres have become the most common reinforcing fibres used. The
developments in dental FRC technology, in terms of optimizing the fibre volume fraction
and the properties of the polymer matrix, have resulted in relatively high flexural strength
values (up to 1150 MPa) (Lassila et al 2002, Alander et al 2004, Vikiparta et al 2004,
Bouillaguet et al 2006) of unidirectional E-glass fibres, comparable to those of cast
cobalt-chromium alloy (1200 MPa) (Vallittu 1997b).

Carbon fibres (CFs), or carbon/graphite fibres, have been widely used in reinforced
composites since the late 1950s. Today, they are commonly used in high performance
applications, e.g. sport equipments. Carbon fibres are produced by controlled
oxidation, carbonisation and graphitisation at high temperatures, of carbon-rich organic
fibre-form precursors, commonly polyacrylonitrile (PAN). The resulting fibre is
stronger than steel, lighter than aluminium and stiffer than titanium (Murphy 1998).
Mechanical properties of carbon fibres vary along with the composition, but generally
carbon/graphite fibres exhibit very high strength in both tension and compression
(Table 1). They also have high resistance to corrosion, creep and fatigue (DeBoer et al
1984), and a low coefficient of thermal expansion. Only the impact strength is lower
than that of glass fibres. Due to the carbon content, the fibres are permeable to x-rays.
Surface treatment and sizing are used to improve bonding and handling properties. The
first dental application of carbon/graphite fibres, was in reinforcing PMMA in the early
1970s (Schreiber 1971), which resulted in an increase in flexural strength of almost
100%. Since then, carbon/graphite fibres have been commonly used, e.g. implant-fixed
dental bridges from carbon/graphite fibre-reinforced polymethylmethacrylate have
been developed (Ruyter et al 1986). The main drawbacks limiting the use of
carbon/graphite fibres in dental applications, is the black colour of the fibres, as well as
the difficulties in manufacturing and handling properties. However, in prefabricated
root canal posts, carbon/graphite fibres are widely used (Isidor et al 1996, Purton and
Payne 1996, Torbjorner et al 1996, Sidoli et al 1997, Fredriksson et al 1998).

Ultra-high molecular weight polyethylene (UHMWPE) fibres are also utilized in dental
applications (Ladizesky et al 1990, Belli et al 2006). UHMWPE fibres are one of the
strongest reinforcing fibres available. They are made of aligned polymer chains, have
low elastic modulus and low density. They offer good impact resistance and are white
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in colour (Murphy 1998). Although they have several significant properties, their
clinical use is limited, mainly because of the problem of bonding the fibres to the
matrix polymer. A previous study reported increased retention of oral microorganisms
on UHMWPE composite surfaces compared to other FRC and conventional restorative
materials (Tanner et al 2003).

Aramid fibres (AFs), more commonly known as Kevlar fibres, are produced from
aromatic polyamide fibres. They have relatively low density, low weight, high tensile
strength and particularly high impact strength. Due to the aromatic structure, they have
good thermal and chemical resistance. Aramid fibres are often used in combination with
other fibre reinforcements (Murphy 1998). Aramid fibres have been shown to increase the
transverse strength of PMMA (Mullarky 1985, Vallittu and Lassila 1992). However, their
yellow colour and their poor polishability may limit their use in dental applications.

2.1.6.3 Prefabricated FRC posts

The mechanical properties of prefabricated FRC posts depend, among other things, on
the type of fibre used, the type of matrix used, the fibre content, and the direction of the
fibres (Table 1). Prefabricated FRC posts consist of a high volume percentage of
continuous unidirectional reinforcing fibres in a finally polymerized polymer matrix.
The fibres used in prefabricated FRC posts are carbon or glass (E-glass, S-glass,
quartz/silica) fibres, and the matrix is usually an epoxy polymer or a mixture of epoxy
and dimethacrylate resins with a high degree of conversion and a highly cross-linked
structure (Figure 4). The fibres contribute stiffness and strength to the usually elastic
matrix. The fibre quantity in prefabricated FRC posts varies from 40 to 65 vol%
(Torbjorner 2004a) according to the manufacturer. Similarly to metallic prefabricated
post systems, many prefabricated FRC posts have their own accompanying drills with
which to make the post space. Prefabricated FRC posts are recommended to be
cemented with composite resin luting cement, and composite is used as core material,
thus forming a post-core construction that is as homogenous as possible.

FRC post

o

polymer
matrix
continuous
reinforcement
fibre

Figure 4. The prefabricated FRC post consists
of continuous unidirectional reinforcing fibres
in a highly cross-linked polymer matrix.
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The first prefabricated FRC post (Composipost, C-Post) that was introduced to the
market in the 1990s, consisted of carbon/graphite fibres with a diameter of 7-10 um in
an epoxy matrix (Duret et al 1990, King and Setchell 1990). The tensile strength of the
Composipost was, according to the manufacturer, 1600 MPa, which is higher than that
of some prefabricated metallic post systems. Since then, due to the higher cosmetic
demands and requirements for advanced flexural behaviour, different glass and quartz
fibres have also been used in the fabrication of prefabricated FRC posts (Pegoretti et al
2002, Malferrari et al 2003, Schmitter et al 2007). Glass FRC posts can be made of
different types of glasses. E-glass is the most commonly used glass type, in which the
amorphous phase is a mixture of SiO,, CaO, B,0;, Al,O; and some other oxides of
alkali metals. S-glass, which is also used in posts, is also amorphous, but differs in
composition. Additionally, glass FRC posts can also be made of quartz fibres. Quartz is
pure silica in crystallized form. It is an inert material with a low coefficient of thermal
expansion (CTE) (Murphy 1998). Different polymer matrices are also used in
prefabricated FRC posts. The stability of the fibre/polymer matrix interface and the
effect of a possible mismatch of physical properties, such as CTEs, between fibres and
matrix polymers, must be considered when the clinical longevity of FRC posts is
evaluated.

There are many suggested advantages with prefabricated FRC posts, compared to
conventional metallic posts, one of the most important being the suitable elastic
modulus (with glass FRC similar to that of dentin), which should result in fewer root
fractures and fewer unfavourable failures (King and Setchell 1990, Isidor et al 1996,
Fokkinga et al 2004, Schmitter et al 2007). The flexibility varies according to the type
of fibres used. In the case of prefabricated carbon FRC posts, the elastic modulus is in
fact much higher than that of dentin, and about three times as high as for glass FRC
posts (Table 1), although the manufacturers claim that their stiffness is similar to that
of dentin. Carbon FRC posts may thus be seen as a high stiffness material, comparable
with metallic and ceramic posts. The choice of appropriate post material and whether a
low modulus material will reduce the risk of root fracture or not, is, however,
controversial (Torbjorner 2004a, Naumann et al 2007). Additional advantages of
prefabricated FRC posts are the easiness of build up and removal in situ, and good
esthetics, especially with the prefabricated glass FRC posts.

However, prefabricated FRC posts also have shortcomings. The low load-bearing
capacity of thin FRC posts has raised arguments against FRC posts in general. By
increasing the thickness of the post, or by making individually formed FRC posts, this
problem may be overcome. Although prefabricated FRC posts are attached to the root
using adhesives and composite resin luting cements, their highly cross-linked polymer
matrix with a high degree of conversion is non-reactive, and therefore difficult to bond
to resin luting cements and core material (Kallio et al 2001). The research in this area
is controversial, but it seems that the bond between the epoxy-based matrix and
composite resin luting cements and composite core material is mainly mechanical
(Purton and Payne 1996, Torbjorner and Fransson 2004a). With another kind of
multiphase polymer matrix, consisting of both linear and cross-linked polymer phases,
the bonding abilities may be improved. The monomers of the adhesive resins and
cements can diffuse into the linear polymer phase and, by polymerization, form
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interdiffusion bonding and a so called semi-IPN structure (Sperling 1994, Lastumaki et
al 2003). To differentiate this from semi-IPNs of the polymer matrix of FRC materials,
the semi-IPN formed by bonding the semi-IPN FRC material to composite resin
cement has been defined as secondary semi-IPN (Vallittu 2006). In addition, attempts
have been made to increase the retention of prefabricated FRC posts to luting cements,
core material and dentin, by developing new surface designs, e.g. serrations (Love and
Purton 1996, Al-harbi and Nathanson 2003), and retentive post heads (Cohen et al
2000), as well as by different surface treatments of the post (Mannocci et al 1999,
Sahafi et al 2003, Kallio et al 2003). Regarding surface serrations on prefabricated
FRC posts, it has not yet been clarified whether serrations offer any advantages to a
post of anisotropic nature. When a serrated prefabricated FRC post is made, the
continuous unidirectional fibres are cut to form serrations (Love and Purton 1996).
Therefore, the rigidity of the post is determined by its smallest diameter. Due to the
anisotropicity of FRC, the resistance of the post serration to shear forces along the
direction of the long axis of the post is low, thus delaminating of fibres in the serrations
may occur.

Another drawback is that the coronal part of the prefabricated FRC post-core system
may not be stiff enough to resist the high stresses in the coronal and cervical areas. It
has been shown in finite element method (FEM) analysis studies that the highest stress
areas in teeth restored with prefabricated glass FRC posts are situated in the cervical
areas (Pegoretti et al 2002, Albuquerque et al 2003). Thus, the post system should
produce enough reinforcement in this area to resist the stresses, which might not be the
case with the prefabricated glass FRC posts on the market today.

Additionally, like all prefabricated posts, prefabricated FRC posts are designed so that
a circular post preparation is required, and therefore an unnecessary amount of dentin
has to be removed (Figure 5). Moreover, the adhesive procedures when using a
prefabricated FRC post with a composite core, are rather technique-sensitive compared
to the method of cast posts. Some of the prefabricated FRC posts have poor radiopacity
(Finger et al 2002), but this problem has partly been solved by adding radiopaque
fillers to the matrix.

Figure 5. Cross-section of a premolar with oval
canals, showing that removal of dentin is required for
the circular prefabricated FRC post.

The storage conditions also affect the prefabricated FRC post systems. The flexural
properties of prefabricated carbon FRC decrease after water storage and thermocycling
(Torbjorner et al 1996, Lassila et al 2002, Bouillaguet et al 2006). FRCs may also be
more sensitive to effects produced with time, compared to metallic restorations.
Failures that may occur after a longer time are debonding of the post or the core, and
leachable restorations, caused by polymerization shrinkage or thermal stresses
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(Tezvergil et al 2003, Tezvergil 2006). Therefore, the importance of long-term clinical
studies is emphasized in the literature (Hedlund et al 2003).

There are several reports in the literature, both in vitro and in vivo, of the carbon FRC
posts. Most of the clinical studies are short term studies, but also some long-term
clinical reports are gradually arriving. Teeth restored with carbon/graphite fibre posts
are found to resist fracture propagation better, when intermittently loaded, than teeth
restored with prefabricated titanium posts or cast metal posts (Isidor et al 1996). Teeth
restored with carbon fibre posts and composite cores typically showed failure of the
post/core interface before fracture of the tooth, compared to teeth restored with cast
posts that commonly resulted in tooth fracture (Martinez-Insua et al 1998). Another
clinical study reported a success rate of 95% for carbon FRC posts, compared to 84%
for cast posts and cores, during four years of clinical service (Ferrari et al 2000a). It
was concluded that carbon FRC posts can be routinely used. A similar outcome was
found in another retrospective study (Ferrari et al 2000b). The survival rate of teeth
restored with carbon FRC posts covered with metal ceramic crowns in a prospective
study with an average follow-up period of 2.3 years, was 89.6%, and the conclusion
was that the post system was one of the most predictable systems available (Glazer
2000). A retrospective study reported a success rate of 97% for carbon FRC posts in
three years of clinical service (Hedlund et al 2003), a figure which is higher than the
success rates mostly reported for metallic posts and cores (Torbjorner et al 1995). It
must be empahisezed that the follow-up time in these studies is relatively short.

Despite these reports of good survival of carbon FRC posts, some unfavourable reports
have also been made of carbon FRC posts. In a clinical retrospective study
(Fredriksson et al 1998), where 236 teeth were treated with prefabricated
carbon/graphite FRC posts, a success rate of 98% was reported after 2 to 3 years of
clinical service. A recent retrospective clinical report (Segerstrom et al 2006) based on
the same material as Fredriksson et al’s (1998), demonstrated a success rate of only
65% after a 6.7-year follow-up. This result emphasizes the importance of long-term
clinical observations. However, the lower number and drop-out of patients in this study
must be taken into consideration.

As for glass FRC posts, reports of good clinical results have been published (Grandini
et al 2005, Dallari et al 2006), and claims of more repairable failures and fewer root
fractures have been made (Cormier et al 2001, Schmitter et al 2007). It appears that
glass FRC posts, in combination with adhesive bonding, resin cement and composite
core material, may have the possibility to act like a homogeneous unit, if successful
bonding is achieved, but long-term clinical results are still lacking.

2.1.6.4 Individually formed FRC posts

Attempts to eliminate the disadvantages of prefabricated FRC posts have been made by
developing new concepts and alternative procedures to build up a root with a direct
post system. Different concepts have been used, but the main idea is to build up a post
construction from a plastic formable fibre material in situ in the post space following
the anatomical form of the root canal, using minimal invasive preparation, and to
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completely fill the large coronal opening of the root canal with FRC material (Figure
6). By this concept, more reinforcement fibres may be placed in the cervical parts,
which should result in increased resistance. Additionally, by following the root
anatomy, more dentin can be saved. Also cement thickness may be reduced, thus
resulting in reduced polymerization stress. Because the dental FRC materials are
typically based on light-initiated polymerization, the fundamental requirement for in
situ polymerized FRC posts is an adequate degree of conversion of the polymer matrix
in the root canal. The degree of conversion (DC) indicates the portion of double bonds
that have reacted in polymerization, and therefore demonstrates how thoroughly a
material has polymerized. The higher the DC, the better the strength and the wear
resistance of resins (Anusavice 2003).

Figure 6. Schematic drawing of an individually formed FRC post.

In one report, this type of alternative post design concept, using cold-gas plasma-
treated polyethylene woven fibres, is presented (Terry et al 2001). In another study,
greater resistance under loading and more favourable fractures were reported with
individual customized FRC posts compared to prefabricated FRC posts (Corsalini et al
2007). Moreover, some benefits may be obtained with translucent posts for building up
so-called anatomical well-fitting posts directly (Grandini et al 2003). Incorporating
glass fibre fabric within the composite crown in combination with a custom-made glass
FRC post showed a beneficial effect on the failure mode of statically loaded maxillary
premolars (Fokkinga et al 2006b). Additionally, significantly higher bond strengths and
fatigue resistance have been reported with individually formed glass FRC posts with
semi-IPN polymer matrix, compared to prefabricated posts (Bitter et al 2007, Al-
Tayyan et al 2007, Xie and Wu 2007).

2.2 Bonding of posts

Loss of retention of root canal posts is the most frequent mode of failure (Mentink et al
1993, Torbjorner et al 1995, Goodacre et al 2003). Besides length, diameter and design
of the post, the post retention is influenced by several factors related to the bonding of
the post, the luting cement and the interaction between the post-core, post-cement and
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dentin-cement interfaces (Figure 7). The influence of different cements on the retention
of posts, and on resistance to fracture of endodontically treated teeth has been
investigated extensively (Standlee et al 1978, Trope et al 1985, Ferrari et al 2000a).

Post-Core

Post-Luting cement

Dentin-Luting cement

Figure 7. The different interfaces in a post-core system.

Zinc phosphate, modified glass-ionomer and resin cements are the most commonly
used luting cements for posts today. Zinc phosphate cement has been the most
frequently used cement in fixed prosthodontics due to its easy handling properties and
satisfactory long-term clinical results (Shillingburg and Kessler 1982, Jokstad and
Mjor 1996). It adheres by mechanical interlocking to irregularities in the dentin and the
prosthetic construction. As disadvantages, zinc phosphate cement lacks adhesiveness to
tooth structure, it irritates the pulp, and has no anticariogenic properties (Anusavice
2003). Glass-ionomer cements have also been used in luting metallic posts. Their
advantages are ease of use, good bonding to tooth structure, and anticariogenic
properties, but their low stiffness and brittleness make them non-competitive with resin
cements. Newer resin-modified glass-ionomer cements, with improved mechanical
behaviour, are increasingly being used in luting root canal posts.

The use of resin cements has increased rapidly, and studies have reported higher
retention values and resistance to fatigue for these cements compared to brittle zinc
phosphate cements (Assif and Ferber 1982, Trope et al 1985, Mendoza et al 1997,
Junge et al 1998, Al-harbi and Nathanson 2003), although some results are conflicting
(Sidoli et al 1997, Gallo et al 2002, Schmage et al 2004). Resin cements are especially
recommended when luting FRC and ceramic posts, but also when luting metal posts
(Peroz et al 2005). Their fracture toughness is higher than that of other cements. The
composition of most modern resin-based cements is similar to that of resin-based
composite filling materials (a resin matrix with silane-treated inorganic fillers).
Monomers with functional groups that have been used to induce bonding to dentin are
often incorporated in resin cements. Polymerization can be achieved by the
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conventional peroxide-amine induction system (self-cure, autopolymerizable) or by
light activation (light-cure). Several systems use both mechanisms and are referred to
as dual-cure systems (Giachetti et al 2004). Dual-cure cements are recommended
especially with translucent fibre posts, which allow light transmission into the root
canal. In this way, the degree of conversion of the cement may be increased, and the
mechanical properties such as the E-modulus and hardness of the cement improved
(Giachetti et al 2004). Light-cure cements generate more polymerization shrinkage
stress compared to self-cure cements. Resin-based cements adhere mechanically, by
means of a dentin-bonding agent, to the tooth structure (Anusavice 2003). The modulus
of elasticity of resin cements approaches that of dentin, and therefore they may have
the potential to clinically reinforce thin-walled roots (Mendoza et al 1997).
Compensation for reduced post length in metal posts has been shown with resin
cements (Nissan et al 2001). In addition, less microleakage and solubility is associated
with resin cements in comparison to zinc phosphate cements (Reid et al 2003).
However, resin cements are technique-sensitive (Schmage et al 2004) because of their
short working time and the number of operating steps involved. Moreover, they require
optimal moisture during setting for optimal adhesion and polymerization, which may
cause problems when cementing a post in a deep post space, where moisture control is
difficult.

In order to bond a post successfully to the tooth, some sort of adhesion mechanism
between the different interfaces must be achieved (Figure 7). Adhesion means that an
intimate contact at the molecular level between the adhesive and the substrate is
achieved (Van Noort 2002). The most important mechanisms of adhesion regarding
post cementation, include mechanical adhesion (interlocking), chemical adhesion, and
interdiffusion. Mechanical adhesion is based on the interlocking of the adhesive into
surface irregularities of the substrate. Chemical adhesion is based on covalent or ionic
forces, which results in a strong adhesive bond. Interdiffusion bonding is based on the
diffusion of the polymer molecules on one surface into the molecular network of the
other surface. This requires that chains of the adhesive and substrate polymers possess
enough mobility and are mutually soluble. These mechanisms, among others, or
combinations of them, are used when bonding root canal posts. The importance of the
mechanical homogeneity and integration of the different interfaces in a post system has
been emphasized in the literature (Pest et al 2002).

When a bond failure occurs in a post system, it is important to establish the mode of
failure, and at what interface the failure has occurred. The failure may be an adhesive
failure between two interfaces or a cohesive failure within a material (adhesive, cement
or post). Initially, the failure may occur at the dentin/cement interface. Secondly, the
cement itself can fail cohesively. If the bond strength exceeds the tensile strength of the
cement, a cohesive failure of the cement will occur before the bond fails. The third
possible interface of concern is the cement/post interface. Attempts have been made to
improve this interface in many ways, e.g. by developing the material (Giachetti et al
2004, Kalkan et al 2006), the design (Love and Purton 1996, Cohen et al 2000, Al-
harbi and Nathanson 2003, Qualtrough et al 2003) and the surface treatment (air
particle abrasion, etching, silanization) (Goracci et al 2005, Monticelli et al 2006,
Magni et al 2007) of the post.
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There are a number of potential causes of interference and failure between the bonding
of the different interfaces in post systems. For example, factors relating to dentin
(variation in structure, endodontic procedures, dentin surface treatments), factors
relating to the adhesive and the cement (difficult access to the canal, moisture control,
polymerization shrinkage, degree and depth of cure), and factors relating to the post
material (bonding properties, water adsorption, thermal properties, post surface
treatments), are important. In addition, the cementation technique and the thickness of
the cement layer may influence the quality of the bond.

Bond strength between the post and the tooth can be measured with conventional
tensile testing on external root dentin, or on the post space surface with pull-out (De
Santis et al 2000) and push-out methods (Pest et al 2002, Goracci et al 2004, Bitter et
al 2006). When using small-sized specimens, the microtensile method has commonly
been used (Bouillaguet et al 2003, Vano et al 2006, Magni et al 2007). The push-out
method has been reported to simulate the clinical situation better than the microtensile
method (Goracci et al 2004, Goracci et al 2005, Bouilllaguet et al 2006). It has also
been shown that the push-out method is more sensitive to the thickness of the tested
disc than is the pull-out force method (Hsueh 1993). Shear bond tests are also used for
measuring bond strengths of post systems (Stockton and Williams 1999, Le Bell-
Ronnlof et al 2007). Also observational studies using the scanning electron microscope
(SEM) are commonly used for examination of fractured surfaces and interfaces
(Mannocci et al 1999, Pest et al 2002, Monticelli et al 2004, Bitter et al 2006, Vano et
al 2006, Magni et al 2007). Electrical resistance strain gauges may be used to provide
evidence of preliminary failure of the cement (Junge et al 1998). Moreover, the Finite
Element Method (FEM) has been used to evaluate the bonding mechanism of posts
(Lanza et al 2005).

2.2.1 Bonding of composite resin luting cements to metal posts

The mechanism that commonly bonds resin cements to the surface of metal posts is
called mechanical adhesion (Van Noort 2002). It is based on the interlocking of the
cement into surface irregularities such as surface serrations and undercuts on the metal
posts. There are different factors increasing the retention of a metal post to resin
cement, such as serrations (Standlee et al 1978) and grooves (Nergiz et al 1997) on the
post surface, a retentive post head (Cohen et al 2000), and different surface treatments
of the post, such as grinding, etching, air-particle abrasion, silanization and treatment
with metal primers (Akisli et al 2002, Sahafi et al 2003, Matinlinna and Vallittu 2007).

Superior retention values (Assif and Ferber 1982, Mendoza et al 1997) and higher
resistance to fatigue (Junge et al 1998) have been obtained for teeth with metal posts
luted with composite resin cements than with zinc phosphate cements, although some
studies also report similar retention (Schmage et al 2004) and fatigue resistant values
(Bolhuis et al 2004). Today, the use of resin cements may be recommended both for
luting prefabricated metal posts, as well as for conventional cast metal posts (Bolhuis
et al 2004, Peroz et al 2005).
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2.2.2 Bonding of composite resin luting cements to FRC posts

Although it has been claimed that there exists a chemical bond between FRC posts and
resin cements, debonding failures have been reported (Ferrari et al 2000b). Retentive
failure between carbon FRC posts and resin cements occurs at the post-cement
interface (Purton and Payne 1996, De Santis et al 2000). Improved retention has been
shown with serrated carbon FRC posts (Love and Purton 1996). Research in this area is
still rather scarce and controversial, but it seems that the bond between the epoxy-
based matrix of the FRC post and composite resin luting cements is mainly
mechanical.

Prefabricated FRC posts are attached to the root using adhesives and composite resin
luting cements. However, their highly cross-linked polymer matrix, which is
polymerized to a high degree of conversion, is difficult to bond to resin luting cements
and core material (Purton and Payne 1996, Kallio et al 2001, Lastuméki 2003,
Torbjorner and Fransson 2004a). This is due to the fact that the monomers of the
composite resin luting cements, which are used when bonding FRC posts, cannot
penetrate into the polymer matrix of a cross-linked nature (Vallittu and Ruyter 1997).

Attempts have been made to enhance the adhesion of resin cements to FRC posts by
developing surface designs with serrations (Love and Purton 1996, Al-harbi and
Nathanson 2003), retentive post heads (Cohen et al 2000), and by different surface
treatments, both mechanical and chemical, of the post (Mannocci et al 1999, Sahafi et
al 2003, Kallio et al 2003, Monticelli et al 2006, Bitter et al 2007, Magni et al 2007).
The mechanical method of using air-particle abrasion, sandblasting the post surface
with aluminum oxide particles, gives the post an increased surface roughness, which
results in increased surface area. Air-particle abrasion, in combination with the
chemical method of silanization of the post surface, has shown promising results
(Sahafi et al 2003, Magni et al 2007). The effect of the particle size used in air-particle
abrasion on the morphology and mechanical behaviour of FRC posts has not yet been
clarified. It has been claimed that the combining of air-particle abrasion and
silanization, as well as another method of post surface treatment with hydrogen
peroxide (Vano et al 2006), do less damage to the post surface than the chemical
treatment method of etching with hydrofluoric acid, which may damage the glass fibres
and deprive them of their matrix (Vano et al 2006, Magni et al 2007).

One surface treatment method which should also be mentioned because of its
promising results (Lastuméki et al 2002, Lastuméki et al 2003, Keski-Nikkola et al
2004), is the application of an intermediate resin (IMR) to form a secondary semi-IPN
between composite resin cement and FRC posts with a semi-IPN matrix.

Furthermore, attempts to develop alternative polymer matrices of FRC posts have been
made. With a multiphase polymer matrix, consisting of both linear and cross-linked
polymer phases, the bonding abilities of a FRC post may be improved (Bitter et al
2007). The monomers of the adhesive resins and cements can diffuse into the linear
polymer phase, and by polymerization, form interdiffusion bonding and a so-called
secondary semi-IPN structure (Sperling 1994, Lastumaki et al 2003, Vallittu 20006).
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2.2.3 Bonding of composite resin luting cements to dentin

Bonding to root canal dentin is affected, for example, by variations in dentin structure,
the endodontic procedures performed prior to post cementation, and the dentin surface
treatments (Gutmann 1992, Bouillaguet et al 2003). Bond strength between resin luting
cements and dentin measured with the pull-out method is reported to be somewhat
lower (11-21 MPa) than that of resin luting cements and FRC posts (26-30 MPa) (Pest
et al 2002).

When luting FRC posts with resin cement to root canal dentin, commonly used
adhesive procedures are used (Mannocci et al 1999). Due to acid etching of the root
canal, the dentin tubules in the root dentin are widened and the collagen fibres are
exposed. The infiltration of this network with resin is the best method to obtain a
strong and reliable bond of resin cements to dentin. The higher the tubule density, and
the more the tubules are widened by the etchant, the greater is the possibility of
obtaining a reliable bond. It has been hypothesized that acid etching may enhance the
bond strength by increasing the dentin surface area available for bonding, although
different areas in the same root canal and also different teeth do not respond equally to
acid etching (Ferrari et al 2000c). Tubular density was reported to be higher in the
pulpal coronal dentin than in more apical parts of the root canal. The findings suggest
that the bond is weaker in the apical parts of the root canal (Ferrari et al 2000c), which
is supported by a push-out study of different glass fibre posts (Kalkan et al 2006). On
the other hand, in one study, the apical region of the root canal revealed significantly
higher bond strengths compared to the middle and coronal region (Bitter et al 2006).
The action of different chemicals during endodontic treatment, such as sodium
hypochlorite (NaOCIl) and ethylenediaminetetraacetic acid (EDTA), may also influence
the quality of bonding to dentin (Morris et al 2001).

Moreover, the polymerization stress of resin cement in a root canal with an
unfavourable cavity configuration factor (C-factor) may reduce the bond strength to
dentin. The C-factor is defined as the ratio of the bonded to the unbonded surface areas
of the cavity (Feilzer et al 1987, Anusavice 2003). In the case of a very high C-factor,
as in the root canal, the polymerization stress is very high so the risk of the resin
cement detaching from the root canal dentin wall is increased, and thus interfacial gaps
may be formed (Pest et al 2002). Results of higher bond strengths with dual-cure
cements compared to self-cure cements have been reported (Bitter et al 2006). The
bonding to root canal dentin may also be affected by the lack of direct viewing and
difficulties in moisture control. Ongoing research is evaluating whether self-etching
adhesives, which do not require rinsing of the etchant, would bring any benefit to the
bonding of FRC posts. In addition, enzymatic activities in root dentin may have some
effect on the bonding properties (Tay et al 2006).

2.2.4 Bonding of core build-up composites to posts

The different components of a post system should ideally act like a homogenous unit in
order to function similarly to the natural tooth (Pest et al 2002). When an endodontically
treated tooth is built up with a glass FRC post, adhesively luted with a resin cement, and
the core is made of composite, this is almost achieved. Composites have been
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increasingly used and accepted for core reconstruction, along with the increased
popularity of prefabricated posts. A large variety of composite resin materials, from
packable to microhybrid to flowable composites, both light-cure and self-cure, are
available for the core build-up procedure. They differ from each other in terms of
strength, stiffness and elasticity (Monticelli et al 2004). The stiffer self-curing core
composites provide a stable support for the crown, whereas the more elastic flowable
light-curing core materials result in fewer voids, better integration with the post surface,
and easier handling properties (Monticelli et al 2006). The technique of directly building
up the core with composite has several advantages such as a simplified, fast and
economical chairside procedure and an esthetic appearance under the tooth-coloured
final restoration. As regards mechanical properties, cores directly built-up with
composite resin have shown a fracture resistance comparable to that of cast gold cores
(Mollersten et al 2002). Moreover, failures under compressive load have been reported to
be more favourable for the remaining tooth structure for carbon FRC posts with
composite cores than for cast gold alloy posts and cores (Sidoli et al 1997, Pilo et al
2002). It has been suggested that if a sufficient ferrule can be created, the type of core
build-up in a post system does not play a significant role (Bolhuis et al 2001).

Failures between carbon FRC posts and core build-up composites have been reported
(Purton and Payne 1996, Sidoli et al 1997), and it has been suggested that the retention
of the composite core material to FRC posts is based more on mechanical interlocking
than on chemical bonding (Love and Purton 1996, Al-harbi and Nathanson 2003).
Similar attempts, as for the retention of resin cements, have been made to increase the
retention of the composite core material to the post surface using different post head
designs (Cohen et al 2000) and post serrations (Love and Purton 1996, Al-harbi and
Nathanson 2003). In addition, different surface treatments of the posts, including
etching, silanization and air-particle abrasion, have been used to enhance the retention
to both resin cements and composite cores. An alternative polymer matrix of the FRC
post, consisting of both linear and cross-linked phases, could result in improved
bonding to the composite core after polymerization through the interdiffusion
mechanism (Bitter et al 2007). In addition to retention problems, microleakage, which
may lead to bacterial contamination at the interface between composite and dentin, and
further to secondary caries, is a problem associated with resin composite cores (Jung et
al 2007).

2.3 Loading conditions of tooth-post-core-crown systems

There are many in vitro investigations focusing mainly on post-material behaviour
under loading. The most commonly used method is the loading test. In practice, it is
not possible to simulate the whole complexity of the oral cavity and occlusion. Instead
only a few variables are simulated and tested with laboratory tests. The testing designs
of post-core-crown systems are not yet standardized. There are differences regarding
the kind of teeth (incisors, premolars, molars, upper and lower teeth), the loading
components (post, core, crown), the kind of loading (static, dynamic), the loading
position (incisal, palatal, facial), the load angulation, the end of loading (load until
failure, nondestructive), and the maximum force applied. Therefore, a comparison of
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different in vitro studies is often almost impossible, if the same study design is not
used. Attempts have been made to find a correlation between different types of loading
(Naumann et al 2005b).

The three-point bending test provides a basis for comparison of flexural properties
between posts made of different materials (Seefeld et al 2007). It is a simple method
where the load is applied perpendicular (90°) to the long axis of the post, usually until
failure occurs. The static (linear compressive) load until failure, is the most frequently
used method to obtain basic knowledge regarding the fracture behaviour and load
capacity of a post-restored tooth. It is a rather simple, fast and economical method of
simulating the clinical loading (Naumann et al 2005b). However, it has been found that
clinical failures most often result from fatigue (Torbjorner et al 2004a), and therefore
dynamic (cyclic) loading has been recommended (Naumann et al 2005b, Dietschi et al
2006). Different modes of dynamic loading with different cycle counts, with or without
thermocycling, and with or without additional static loading until failure occurs, have
been described (Isidor and Brendum 1992, Isidor et al 1996, Butz et al 2001, Heydecke
et al 2001).

Various ageing-simulating methods have been tested, among them a gradual cycling
test and a chewing simulation set-up. The problem of these ageing test methods,
however, is that they are rather time-consuming. Another disadvantage is that if no
failure occurs during the cycling, a comparison with studies using a load-to-failure
method is not feasible (Naumann et al 2006).

The load applied at various angles to the tested post-restored tooth in loading tests
usually aims to mimic an average angle of tooth contact (Lovdahl and Nicholls 1977).
Usually, load angles vary between 30° and 60° to the long axis of the tooth
(alternatively 120° and 150°). A load angle commonly used for anterior teeth is 45°,
where the load is applied perpendicular to the occluding surface of the crown (Isidor et
al 1996, Dietschi et al 2006, Pereira et al 2006). A 90° angle to the long axis of the
tooth has also been used to simulate the worst case scenario (trauma towards a
maxillary incisor) (Cormier et al 2001).

To further complicate the conclusions drawn from the in vitro studies, the load and
direction of forces applied to teeth during masticatory function are complex. In a natural
dentition, maximal occlusal biting forces can increase to 900 N in the molar region, but
chewing forces are significantly lower, usually between 100 N and 300 N. In the molar
region, the direction of forces is mainly axial, but in the anterior region great horizontal
forces occur. Maximal occlusal forces may be applied to teeth 3000 times per day.
Therefore, although dynamic loading may be a closer simulation of the clinical
conditions, none of the test methods used today is completely able to simulate all the
different movements of occlusion, including bruxism (Vallittu and Kéndnen 2000).

With respect to other load-testing conditions, factors that may influence the results
include storage methods (water, dry, other solution) and thermocycling. Thermocycling
has been found to have a negative influence on flexural properties of FRC posts
(Drummond 2000).
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2.4 Clinical outcome of using post systems

Well-designed randomized controlled clinical trials (RCTs) are considered to give the
highest level of evidence. Among post studies, the number of RCTs is still very low.
Long-term clinical survival of teeth restored with metal post systems vary from 68% to
99% with a follow-up period of 5 to 10 years, whereas that of teeth restored with FRC
post systems varies from 65% to 98% with a follow-up period of 2 to 7 years
(Fokkinga 2007). Most studies are retrospective, but there are some prospective
clinical trials. The advantage of prospective studies is that the baseline conditions can
be better standardized. However, prospective RCTs are difficult to carry out and are
very time-consuming.

There is no consensus in the literature on whether new FRC posts should be
recommended instead of traditional metal posts. Furthermore, agreement on when post
treatment is needed and when it is not advisable has not yet been achieved, although
new assessment methods have been proposed (Bandlish et al 2006). Both fracture
resistance and failure mode are important when analyzing post systems. If only fracture
resistance is considered, cast metal posts should be preferred over prefabricated FRC
posts (Fokkinga et al 2004). Still, it should be emphasized that a more favourable
failure mode could be more valuable clinically than a high fracture resistance. If a FRC
post with a low E-modulus is applied, early, but hopefully repairable failure may occur,
compared to that of a metal post of high stiffness which may serve for a longer time,
but will more often end up in irrepairable failure (Torbjorner and Fransson 2004a). On
the other hand, further development of FRC posts is needed to achieve a post system
with more optimal characteristics.
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3. AIMS OF THE STUDY

The purpose of the present study was to evaluate fibre reinforcement, consisting of
silanated E-glass fibres and multiphase unpolymerized matrix, used as individually
formed and in situ polymerized root canal posts. The hypothesis of the study was that
the fibre-reinforced composite (FRC) material can be polymerized by light in a
simulated root canal, and that the individually constructed post, following the shape of
the root canal, is biomechanically more optimal when compared to prefabricated
metallic or FRC posts.

The specific aims were:

1.

To investigate the flexural properties of different types of prefabricated FRC
root canal posts and to compare those values to a novel FRC material for dental
applications (I).

To evaluate the possibility of polymerizing glass FRC material into the root
canal by determining the depth of light-initiated polymerization of FRC (II).

To compare bonding of composite resin luting cement to a FRC root canal post
with either a cross-linked (prefabricated post) or a semi-interpenetrating
polymer network (individually formed post) polymer matrix (III).

To determine the bonding properties of two types of FRC root canal posts to root
canal dentin and to compare them to those of prefabricated metal posts (IV).

To evaluate the load-bearing capacity of incisors restored with four different
post systems with composite cores and crowns, and to compare them with intact
teeth (V).
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4. MATERIALS AND METHODS

This series of studies is based on laboratory in vitro studies. Studies I and II aimed to
evaluate the properties of FRC post materials with the focus on flexural properties (I)
and depth of polymerization (II). Studies III and IV evaluated the bonding properties of
FRC posts, to composite resin luting cement (111, IV) and dentin (IV). In study V, load-
bearing capacity and microstrain were evaluated on incisors restored with different
posts. The testing methods used in the different studies are summarized in Table 2.

Table 2. Summary of the testing methods and analysis used in the different studies.

Study I I I v v
Flexural testing X

Degree of monomer conversion measurements X

Surface microhardness testing X

Bond strength measurements X X

Static load testing X
Strain measurements X
Acoustic analysis X
Scanning electron microscopy X X X

Failure mode assessment X X

4.1 Materials

The materials used in the current studies are listed in Table 3.
4.1.1 Post material

4.1.1.1 Individually formed FRC posts

The individually formed FRC posts in these studies, were made from silanized
preimpregnated continuous unidirectional E-glass fibre reinforcement. They consisted
of two different types of a so-called semi-interpenetrating polymer network (IPN)
polymer matrix after light polymerization. A semi-IPN matrix consists of both linear
and cross-linked phases, which enables semi-IPN formation through light
polymerization. In these studies, both semi-IPN matrices contained polymethyl-
methacrylate (PMMA) as their main linear polymer component. The semi-IPN
polymer matrix may be compared to a cross-linked polymer matrix in a prefabricated
FRC post, which consists of highly cross-linked phases only (Figure 8).
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Figure 8. Schematic drawing of a) a cross-linked polymer matrix with only cross-linked phases
(prefabricated FRC post) and b) a semi-IPN polymer matrix with both linear and cross-linked
phases (individually formed FRC post).

a

In the two different types of semi-IPN matrices used in these studies, the fibre
reinforcement was either a) impregnated with a polymer-monomer gel (everStick) or b)
further-impregnated by immersion in light-polymerizable dimethacrylate monomer
resin (Stick + Stick Resin) (Figure 9) (Table 3). The composition of the light-curing
resin (Stick Resin) used to further-impregnate Stick fibre reinforcements consisted of
BisGMA and TEGDMA (Table 4). As photoinitiators in the resin, the
camphorquinone-amine system was used. The same resin was also used as control
material in study II. For light polymerization of the individually formed FRC posts, a
halogen lamp was used in studies II-V and a light-curing oven in study I. The
diameters of the individually formed FRC posts ranged from 1.55 mm to 3.6 mm (I, II,
I, IV) and even larger (V). In study I, a large diameter of 3.6 mm was chosen to
ensure longitudinal orientation of the fibres in the simulated root canal cylinder. In
study V, the post diameter varied because two types of experimental individually
formed FRC posts with semi-IPN matrix were used, one with the post space full of
fibres, the other made as a “hollow” post construction.

PMMA

BisGMA  E-glass PMMAisle  gisgma E-glass

Figure 9. Schematic drawing of cross-sections of fibre reinforcements with two different semi-
IPN matrices used for individually formed FRC posts: a) impregnated with a polymer-monomer
gel with linear PMMA phases and a PMMA layer on the surface (everstick) and b) with PMMA
islands in a cross-linked matrix (Stick).

4.1.1.2 Prefabricated FRC posts

The prefabricated FRC posts were made of either glass or carbon fibres, and were either
unidirectional or organized as a braided plait. The polymer matrix in the prefabricated FRC
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posts was an epoxy or a mixture of epoxy and dimethacrylate resin with a high degree of
conversion and a highly cross-linked structure (Figure 8a). The glass FRC posts consisted
of E-glass fibres or silica-zirconium fibres. The fibre content in the studied FRC posts
varied between 42% and 60%. The surfaces of the prefabricated FRC posts were either

smooth or serrated. The mean post diameters are given in Table 3.

Table 3. The studied post material.

Mean post
Brand Manufacturer Type of post  Fibre Polyl.ner Surface  diameter
matrix
(mm) (Study)
Stick Stick Tech Ltd individually glass IPN* smooth 3.60 (1)
Turku, Finland formed 1.67 (111)
everStick Stick Tech Ltd individually glass [PN** smooth 1.55 (I, IV)
Turku, Finland formed 1.56 (I1I)
varies (V)"
Snowpost Carbotech prefabricated  glass Cross- smooth 1.20 (D)
Ganges, France linked*** 1.40 (1, I11)
1.60 (D
ParaPost Colténe/Whaledent prefabricated  glass Cross- serrated 1.20 (I)
FibreWhite  Inc. Mahwah, USA linked*** 1.35(I)
1.39 (11I)
1.50 ()
Glassix Harald Nordin sa prefabricated  glass Cross- smooth 1.35 ()
Monreaux, (braided) linked***
Switzerland
C-Post Bisco, Inc. prefabricated carbon  cross- smooth 1.40 (I, IV, V)
Schaumburg, USA linked*** 1.41 (11)
1.80 ()
2.10 (D
C-Post Bisco, Inc. prefabricated ~ carbon  cross- serrated 1.40 (III)
serrated Schaumburg, USA linked*** 1.80 (I)
2.10 (D
Carbopost Carbotech, prefabricated  carbon  cross- smooth 1.00 (D)
Ganges, France linked*** 1.20 (I)
1.40 (D)
1.60 (I)
Carbonite Harald Nordin sa prefabricated  carbon  cross- smooth 1.35 ()
Montreaux, (braided) linked***
Switzerland
Parapost XT Colténe/Whaledent prefabricated - - serrated 1.50 (111)
Inc. Mahwah, USA titanium post + threaded
Parapost XP  Coltene/Whaledent prefabricated - - serrated 1.50 IV, V)

Inc. Mahwah, USA

titanium post

*  Semi-interpenetrating polymer network of PMMA (Polymethylmethacrylate, Mw 220.000), BisGMA
(2.2-bis [4-(2-hydroxy-3 methacrylyloxypropoxy)phenyl] propane) and TEGDMA (Triethyleneglycol
dimethacrylate)

sk

*** Epoxy resin matrix

#

construction
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4.1.1.3 Prefabricated metal posts

The prefabricated metal posts used in studies III, IV and V were made of titanium alloy.
Two types of titanium posts were used; one type had surface serrations (Parapost XP,
studies IV and V), the other type had surface serrations and threads (Parapost XT, study
III). The diameter of all prefabricated titanium posts used in the studies was 1.50 mm.

4.1.2 Other studied materials

Other materials used in the studies were etchants, adhesive resins, composite resin
luting cements and composite core materials, all of which are commercially available
materials (Table 4). In studies II and III, light-curing resin (Stick Resin), which
consisted of BisGMA and TEGDMA, was used to further-impregnate Stick fibre
reinforcements. The same resin was also used as control material in study II, for
surface treatment as intermediate resin of all posts in study IV, and for the individually
formed FRC posts in study V. In study V, the other studied posts were treated
according to the manufacturer’s recommendations with UniFil Core self-etching bond.

Table 4. Other studied materials.

Brand Manufacturer Type of material Study Area of usage

Ultra-Etch Ultradent, 35% phosphoric v Etching of root canal
South Jordan acid

EBS MULTI ESPE, Seefeld Primer v Treatment of root canal

primer Germany

EBS MULTI ESPE, Seefeld Adhesive v Treatment of root canal

bond Germany

UniFil Core GC, Tokyo Self-etchingbond  V Etching and treatment of root canal,

SE-bond Japan treatment of prefabricated posts

(intermediate resin)

Stick Resin Stick Tech Ltd Light-curing resin* II, Il Further-impregnation of Stick fibres

Turku, Finland 11 control material

v Treatment of all post types
(intermediate resin)

\% Treatment of individually formed
FRC posts (indermediate resin)
Parapost cement Colténe/Whaledent ~ Self-cure composite 111 Luting of posts into composite discs
Konstanz,Germany resin luting cement
Compolute ESPE, Seefeld Dual-cure composite 1V Luting of posts into dentin discs
Aplicap cement  Germany resin luting cement
UniFil Core GC, Tokyo Dual-cure composite V Luting of posts into root canals
Japan resin
Bis-Core Bisco, Schaumburg, Composite core 11 Manufacturing of test discs
USA material
C&B Luting Bisco, Self-cure composite 1l Cementing of specimen to a metal
Cement Schaumburg, USA  resin luting cement frame
Gradia Direct GC, Tokyo Composite v Manufacturing of composite crowns
Anterior Japan

* ca 50 wt% BisGMA, ca 20 wt% TEGDMA and ca 30 wt% monomethacrylates (photoiniator of
camphorquinone-amine system).
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4.1.3 Specimen preparation
4.1.3.1 Preparation of posts for flexural testing (I)

In study I, 17 different prefabricated FRC posts of various brands and diameters, and
continuous unidirectional silanated E-glass FRC, consisting of a semi-IPN polymer matrix
(everStick), individually formed into the shape of a post, were tested. The individually
formed posts were polymerized in a light-curing oven (LicuLite, Dentsply DeTrey GmbH,
Dreieich, Germany) for 40 min. The materials are listed in Table 3. Five posts of each type
were tested dry (stored in room humidity) and five after thermocycling in water (12,000 x,
5°C / 55°C, dwelling time of 30 s). Subsequent to thermocycling, the posts were stored in
water for two weeks before mechanical testing. In addition, two posts from each group
were embedded in PMMA and wet-ground (grit 4000 FEPA [Federation of European
Producers of Abrasives]). After that, specimens were sputtered (SCD 050, BAL-TEC AG,
Balzers, Liechtenstein) with gold, and transversal sections were cut for scanning electron
microscopy (SEM) evaluation (JSM 5500, JEOL Ltd, Tokyo, Japan).

4.1.3.2 Preparation of cylinders for degree of conversion and microhardness
measurements (1)

The fibre reinforcements used were PMMA preimpregnated continuous unidirectional
silanated E-glass fibres consisting of a semi-IPN polymer matrix (Stick) (Figure 8b and
9b, Table 3). The fibre reinforcements were cut into six different lengths; 4, 8, 12, 16,
20 and 24 mm. Light-protected cylinders of the same lengths, with an inner diameter of
3.6 mm, were prepared (Figure 10a). The large diameter was chosen to ensure
longitudinal orientation of the fibres in the cylinder. The reinforcements were further-
impregnated with light-polymerizable dimethacrylate monomer resin (Stick Resin)
(Table 4) for 20 to 28 hours in darkness. Three of the further impregnated fibre
reinforcements of the same length were then manually placed into each cylinder with
the help of pliers (Figure 10b). The highly viscous resin matrix of the FRC hindered
fraying of the fibres and made the incorporation of the fibres into the cylinder easier.
This resulted in the maximum amount of fibres that could be incorporated into the
cylinder by hand. The number of glass fibres with a diameter of approximately 15 um
in each fibre reinforcement was 4000, resulting in a total of 12.000 fibres in each
cylinder. Cross-sectional area fraction of fibres/resin was 21% (Figure 10a-c).

a b c

Figure 10. a) The cylinders of different lengths used in the degree of monomer conversion
measurements (study II). The tested materials: b) further-impregnated fibre reinforcement, and
¢) resin without fibres, placed into the light-protected cylinders.
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The cylinder simulated the root canal of a tooth, and the fibres were oriented in the
direction of the long axis of the cylinder. There were six specimens of each cylinder length.
The cylinder was then placed on the sample tray of a Fourier transform infrared (FT-IR)
spectrometer, which measured the degree of monomer conversion. The cylinder was
placed so that it covered the measuring area (diameter 2.2 mm) of the spectrometer
(Spectrum One, Perkin Elmer, Beaconsfield Bucks, England). As control material the same
resin (Stick Resin) which was used for further impregnation of the fibre reinforcements,
was used, but without fibres (Figure 10c). A light-curing device (EliparHighlight, 3M-
Espe, Seefeld, Germany) with a halogen lamp radiating blue light, with a wavelength of
400 to 520 nm and an intensity of 400 mW/cm’® (measured with Optilux 501, Kerr,
Danbury, USA) was used to polymerize the resin matrix of the FRC and the control resin
for 40 s from one end of the cylinder. The distance from the tip of the curing device to the
cylinder end was 1.5 mm, since contact of the light tip with FRC or resin could have
caused misalignment of the fibres. After the degree of monomer conversion measurements,
the specimens were stored in the freezer (-24°C) for further analysis.

After thawing one 24 mm specimen of both materials for one hour at a temperature of
+18°C, the light-protected cylinders were removed from the material. The specimens were
cemented with an autopolymerizing cement (C&B Luting cement) to a metal frame. This
was done to simplify the grinding and polishing of the specimen (grit up to 4000 FEPA).
The specimens were then ready for the surface microhardness measurements.

4.1.3.3 Preparation of discs for bond strength measurements (111, IV)

Test specimens for pull-out test (I11)

Posts of seven different brands (Table 3) with diameters ranging from 1.39 mm to 1.67
mm (average of 1.6 mm) were tested. Two of the tested prefabricated posts had surface
serrations (Figure 11a and 11b), as did the reference titanium post, which in addition to
serrations, also had threads (screw-like serrations) (Figure 11¢). Two types of posts
with semi-IPN polymer matrix were individually formed into cylindrical post shape
from preimpregnated continuous unidirectional E-glass fibre reinforcement, 1) either
impregnated with a polymer-monomer gel (everStick) or 2) further-impregnated by
immersing in light-polymerizable dimethacrylate monomer resin (Stick + Stick Resin)
(Table 4) for approximately one hour at room temperature and protected from light.

Figure 11. SEM photomicrographs of a) C-Post and b) ParaPost FibreWhite with surface
serrations and ¢) ParaPost XT with both surface serrations and threads (original magnification x
35, bar = 500 um) (study III).
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Immediately after further-impregnation, the individually formed posts were light-
polymerized for 40 s (on two different sides of the post) before cementation. A light-
curing device (Elipar Highlight, 3M-Espe, Seefeld, Germany) with a halogen lamp
radiating blue light (wavelength ranging between 500 and 700 nm), with an intensity of
740 mW/cm® (measured with Optilux 501, Kerr, Danbury, USA) was used. The light-
tip was in close contact with the post. Discs made of a composite core material (Bis-
Core), with a thickness of 2.2 mm + 0.1 mm, were cemented into the metallic moulds.
Holes with a diameter of 2.0 mm, simulating a post space in a root canal, were drilled
into the discs. The posts were cemented with a self-cure composite resin luting cement
(ParaPostCement) into the 2 mm holes of the composite discs. The post was placed
with its middle part situated in the cemented area. In the case of the serrated titanium
post, the area of threads was situated in the cemented area (Figure 12a and 12b).

When cementing the post, the excess of luting cement was removed with a dental
probe. The use of luting cement followed the manufacturer’s instructions, and therefore
no treatment of the posts with an intermediate adhesive resin was done before
cementation. The post-cement-disc specimens were stored at room temperature for 15-
20 hours. After that, the apical ends of the post were wet-ground (Stuers LabPol-21,
Stuers A/S, Copenhagen, Denmark) with silicon carbide abrasive paper (grit 180
FEPA). Eight posts of each type were tested dry, and eight after thermocycling in water
(6000 x, 5°C/ 55°C, dwelling time of 30 s). After testing, the specimens were sputtered
(Sputter Coater SCD 050, BAL-TEC AG, Balzers, Liechtenstein) with gold and
observed under the scanning electron microscopy (SEM) (JSM 5500, JEOL Ltd,
Tokyo, Japan).

Figure 12. The posts used in the Pull-out test (study III) a) before and b) after cementation.

Test specimens for push-out test (IV)

Human third molars were extracted and stored for one week in chloramine (0.5%), and
then in 0.9% NaCl w/v in a refrigerator at +8°C for 3—6 months until preparation.
Teeth selected for the study were intact. The crowns of the teeth were removed at the
cemento-enamel junction by grinding (grit 180 FEPA) and post-space preparation was
carried out with Parapost drills (diameter 1.5 mm) to the thickest root of the tooth. The
post space was etched for 15 s with 35% phosphoric acid (Ultra-Etch), washed
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thoroughly and lightly air-dried. The post-space was painted and scrubbed for 20 s with
EBS Multi Primer. After lightly air-drying, the post space was painted with EBS Multi
Bond for 20 s, air-dried and light-cured (axially towards the end of the root) for 20 s,
according to the manufacturer’s instructions. A light-curing device (Optilux 501, Kerr,
Danbury, USA) with a halogen lamp radiating blue light (wavelength ranging between
500 and 700 nm) and with an intensity of 780 mW/cm’ (measured with Optilux 501,
Kerr, Danbury, USA) was used.

Prefabricated carbon/graphite FRC posts with cross-linked polymer matrix and
individually formed glass FRC posts with semi-IPN polymer matrix (everStick) were
compared. Serrated titanium posts served as reference (Table 3). The individual FRC
posts were formed by hand into a cylindrical post shape. The posts were treated with an
intermediate resin, which was a light-polymerizable dimethacrylate monomer resin
consisting of BisGMA and TEGDMA (Stick Resin) (Table 4) for 3 min protected from
light. After gently air-drying, the posts were light-cured for 40 s on two sides of the
posts. The posts were cemented with a dual-curing composite resin cement (Compolute
Caps Cement) (Table 4) into the prepared post spaces of the roots. The cement was light-
cured (in 45° angle, close to the orifice of the canal) for 40 s. After leaving the samples
for further polymerization for 30 min, they were stored in water (37°C). After 26 days,
the samples were thermocycled in water (6000 x, 5°C/ 55°C, dwelling time of 30 s).

Prior to testing, the samples were wet-ground (grit 180 FEPA) into discs of different
thicknesses: 1 mm, 2 mm and 4 mm (+ 0.15 mm) (n = 12 for each disc thickness and
each post type) and stored in water (37°C) for 3-5 days. Only one disc was made from
each tooth (Figure 13).

Figure 13. The discs of thicknesses 1, 2 and 4
mm made for the Push-out test (study I'V).

4.1.3.4 Root-post-crown system preparation for static load testing (V)

Fifty extracted caries-free human incisors were stored in chloramine (0.5%) for one month.
The crowns of the incisors were cut (ground) at the cemento-enamel junction (grit 180
FEPA), and some of the incisors were left intact for the reference group. The buccal and
palatal sides of the roots were marked, the root thicknesses were measured at the cemento-
enamel junction from two sides (the thinnest and the thickest), and the mean root diameter
was calculated (6.17 £ 0.28 mm). The mean root diameter value did not differ between the
groups (p > 0.05). Post preparation of up to 9 mm was carried out with Parapost drills
(diameter 1.5 mm), and the coronal opening (canal entrance) was standardized with two
different drills under water cooling. The canal entrance was 3 mm in diameter with a
conical form towards the apical end. The preparation simulated a relatively damaged tooth.
The remaining dentin was measured from two sides (the thinnest and thickest) and a mean
value of remaining dentin was calculated (1.80 £ 0.14 mm). The root thicknesses of the
intact roots used as reference were measured in the same way as in the other groups, and
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the remaining dentin thicknesses of that group were measured after testing the specimens.
The roots were divided into groups according to the type of post used (Table 3): 1)
prefabricated serrated titanium posts (Parapost XP) (n=9), 2) prefabricated carbon/graphite
FRC posts (C-Post) (n = 9), 3) individually formed glass FRC posts with a semi-IPN
polymer matrix (everStick Post) (“everStick Post A”) (n = 10) with the hole post space
filled up with fibres (Figure 14a), and 4) individually formed glass FRC posts with a semi-
IPN polymer matrix (everStick Post) (“everStick Post B”) (n = 9) with the fibres formed
into a hollow tube (Figure 14b). The remaining intact roots, which were not restored with
posts, served as reference (n = 7). The individually formed FRC posts in groups 3 and 4
were formed by hand following the manufacturer’s instructions. In group 3 (everStick Post
A), the individually formed post was formed from one fibre bundle with a diameter of 1.5
mm and two fibre bundles with a diameter of 1.2 mm. First, the 1.5 mm bundle was fitted
into the canal, both ends were cut for a perfect fit (the apical end diagonally and the coronal
end leaving 4 mm of fibre bundle above the coronal opening) and then light-polymerized
(Optilux 501; Danbury, USA) with a halogen lamp radiating blue light (wavelength
ranging between 500 and 700 nm) with an intensity of 780 mW/cm® (measured with
Optilux 501, Kerr, Danbury, USA) in situ for 20 s. After that, it was removed from the
canal and further light-cured for 40 s outside the canal. Then, the 1.2 mm bundle was
treated in the same way, fitted next to and attached to the individually formed 1.5 mm
bundle, followed by the second 1.2 mm bundle. Finally, the individually formed fibre post,
consisting of three bundles of fibres attached together, was treated with light-polymerizable
dimethacrylate monomer resin consisting of BisGMA and TEGDMA (Stick Resin) for 5
min, dried, light-cured for 10 s, and then cemented (Figure 14a). In group 4 (everStick Post
B), the “hollow” individually formed post was formed from one fibre bundle with a
diameter of 1.5 mm and one fibre bundle with a diameter of 1.2 mm. The procedure was
the same as in group 3, but the two fibre bundles were placed and pressed against the
palatal (1.5 mm) and buccal (1.2 mm) surfaces while light-polymerizing, thus forming a
“hollow” structure (Figure 14b).

Figure 14. The individually formed FRC posts
(study V): a) “everStick Post A” with the canal
full of fibres and b) “everStick Post B” with
the fibres formed into a “hollow” tube.

a b

The posts were cemented with a dual-curing composite resin luting cement (Unifil
Core). In group 4, the cement also filled up the “hollowness” in the individually
formed FRC post. Composite crowns (Gradia Direct Anterior) (Table 4) were made
with a prefabricated transparent crown mold (Pella crown, size no 21 or 22, Products
Dentaires S.A., Vevey, Switzerland). The composite was applied into the molds, which
were then placed on the root-post-construction and light-polymerized twice for 40 s
around the crown. There was approximately 4 mm of composite on top of the post
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head. Possible air-bubbles were filled up with composite by hand afterwards. The
crowns were polished and finished with diamond burrs under water cooling. All roots
were embedded in the middle of an acrylic resin cylinder (Palapress; Heraeus Kulzer
GmbH & co.Hg, Hanau, Germany) (cylinder diameter 20 mm, height approximately 14
mm) at a level of 3 mm below the lowest point of the cemento-enamel junction,
simulating the bone level. A small cupformed cavity was made on the palatal side (3
mm apically of the incisal edge) of each composite crown to mark the placement of the
head of the testing jig (round ball, diameter 6 mm). The test specimens were stored in
water at room temperature for six days.

4.2 Methods

4.2.1 Flexural testing (I)

The three-point bending test according to the ISO 10477 standard (span 10.0 mm,
crosshead speed 1.0 mm/min, cross-sectional diameter of loading tip 2 mm) was used
to measure the flexural strength and modulus of FRC post specimens. All posts were
tested with a material-testing machine (model LRX, Lloyd Instruments, Farecham,
England) at room temperature (22 + 1°C), and the load-deflection curves were recorded
with a PC software (Nexygen, Lloyd Instruments Ltd., Fareham, England) (Figure 15).

The fracture loads of post specimens were measured. Flexural strength (8;) and flexural
modulus (Ey) were calculated from the formula (Torbjorner et al 1996):

8¢ = 8 Fyax 1/ nd’ (1)
Er=S 4 P/B3nd) )

where F,. is the applied load (N) at the highest point of the load-deflection curve, I is the
span length (10.0 mm), d is the diameter of the specimens. S = F/D, the stiffness (N/m) and
D is the deflection corresponding to load F at a point in the straight-line portion of the
trace. In order to eliminate the influence of the conical end of some of the posts, a short
span length was used to get support for the post within the cylindrical part of the post. The
parallel-sided cylindrical part of the post was considered to be the specimen.

Figure 15. The flexural properties of the posts were
evaluated with a three-point bending test (study I).
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4.2.2 Degree of monomer conversion and surface microhardness measurements (II)

FT-IR spectroscopy was used to measure the degree of conversion of FRC material and
resin in the different lengths of light-protected cylinders. The polymerization of the
FRC material and resin in the cylinders was carried out on the FT-IR spectrometer
sample tray (Figure 16), and the IR spectra were analysed by four scans at 40 s (0.66
min), 1.5 min, 3 min, 5 min, 10 min and 15 min from the beginning of the
polymerization with attenuation total reflectance (ATR). Six specimens were analysed
for each cylinder length.

Light
exposure
tsmmf v v ¥
\ 4
AT E I
Light-protected cylinder
Test material
Length
¥ ATR measuring area
> FT-IR ATR sample tray <

Figure 16. The test setup for determining the degree of monomer
conversion of the tested materials in the light-protected cylinders
(study II).

FT-IR spectroscopy measured the degree of conversion directly from the intensity ratio
of the aliphatic to aromatic stretching vibrations. The degree of conversion was
measured from unreacted double bonds, which defined how thoroughly a sample had
cured. To determine the percentage of remaining unreacted double bonds (% C = C),
i.e. the degree of conversion, the ratio of the absorbance intensity of the aliphatic C=C
absorbance peak at 1648—1618 cm™ to the aromatic reference peak at 1618—1590 cm™
was compared before and after polymerization. The maximum height of the peaks was
compared with the aliphatic and the reference peak. The specimens were stored in the
freezer (-24°C) for further analysis.

To ensure continual change in material properties by increasing the length of the
material, a surface microhardness measurement with a Vickers indenter was carried out
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on the material. The microhardness test is based on the ability of the surface of a
material to resist penetration at a point under a specified load. In the Vickers hardness
test, a diamond in the shape of a square-based pyramid is pressed under a specified
load into the polished surface of a material. For a given load, the smaller the
indentation, the larger the Vickers hardness number (VHN or HV), and the harder the
material is (Anusavice 2003).

The microhardness of one 24 mm long specimen of both FRC material and resin, was
measured using a microhardness measuring device (Duramin -1, Struers A/S, D-2610
Redovre, Denmark) at HV 0.025/20 (0.254 N, duration 20 s) to determine the VHN.
Because of the viscoelasticity of the materials, the time delay from applying the
indenter to the determination of VHN was standardized to 10 s. Measurements were
made for the FRC and resin specimens approximately 0.4 mm from the light-
exposure surface, defined to be the 0-mm measuring point, and at points of 4, 8, 12,
14 and 16 mm from the 0-mm measuring point (10 measurements for each length)
(Figure 17).

0 mm 4 mm 8 mm 12mm 14 mm 16 mm
Light- y l l l l l
exposure <_FT-IR
surface sample
tray surface

: T

0.4 mm
Test material removed from
the lightprotected cylinder

Figure 17. Microhardness measurement points (study I).

4.2.3 Bond strength measurements (111, I'V)
4.2.3.1 Pull-out test (I1I)

The pull-out force of different posts cemented with composite resin luting cement to
composite discs, was measured by pulling the post from one end using a universal
testing machine (Lloyd LRX, Lloyd Instruments Ltd, Fareham, UK). A custom-made
jig was used and the cross-head speed was 1.0 mm/min. The fixing of the jig to the
head of the post was done using light-curing Triad Gel (Dentsply International Inc.,
York, USA). The area of fixation by Triad Gel was larger than the cemented area in the
2 mm thick metallic mold (Figure 18).
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f

Triad gel
Tested post

¥ 2 mm

) ) Metal plate
Composite resin

luting cement Metallic mould

Composite disc

Figure 18. The custom-made jig for
measuring the pull-out force of the posts
from the composite resin luting cements
| | (study III).

The force at the point of final interfacial failure between the post and the cement was
observed from the loading curve. The force (Newton) required to debond the post from
the cement (the final failure load) was registered for all posts. Because of the variation
in post surface design (serrated versus smooth), the shear stress (Mega Pascal) between
the post and canal was calculated only for the smooth surface posts. The formula for
the shear bond strength calculations (o) was:

oc=F/hnd

where F is the force (Newton) required to debond the post (the final failure load), h is
the height (mm) of the disc, and d is the diameter (mm) of the post.

4.2.3.2 Push-out test (IV)

The push-out force of different posts cemented with a composite resin luting cement to
dentin was measured by pushing the post in the dentin disc from one end using a
universal testing machine (Lloyd LRX, Lloyd Instruments Ltd, Farcham, UK) with a
custom-made jig and a cross-head speed of 1.0 mm/min (Figure 19). The force at the
point of interfacial failure between the post, cement and dentin was observed from the
loading curve. The force (Newton) required to debond the post from the dentin disc
was registered for all posts.
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Figure 19. The custom-made
jig for measuring the push-out
force of the posts cemented with
composite resin luting cement
to dentin discs of different

CO@POSite resin hicknesses (study IV).
luting cement

Dentin disc

4.2.4 Static load test and strain measurement of tooth-post-crown system (V)

Static load until failure under a loading angle of 45 degrees was applied on the incisors
restored with different posts and composite crowns, using a universal testing machine
(crosshead speed of 5 mm/min) (Figure 20). The initial fracture load was defined
individually as an approximately 10% drop in the maximum load on the deflection
curve.

Acoustic emission
transducer on the
palatal (tension) side
of the root

Figure 20. The test set-up for
measuring the fracture load,
microstrain and acoustic emission
of incisors restored with different
posts and a composite crown
(study V).
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Crown stiffness was measured on half of the test specimens by strain gauges which
were fixed to the cervical root surface (just under the root-crown margin) on the buccal
(compression) side of the tooth (Figure 20). According to a pilot study, where strain
gauges were placed on both the tension and compression sides of the root, the strain
behaviour was symmetrical on both surfaces. The compression side was chosen
because the strain gauges more often remained intact on this surface and, furthermore,
there was more room for the gauge to be placed correctly. The strain gauges were
connected to a computer to measure and record the changes in strain data. Strain was
analysed at the point of 50 N, before the initial failure occurred.

4.3 Analysis

4.3.1 Scanning electron microscopy (I, II1, I'V)

A scanning electron microscope (SEM) (JSM 5500, Jeol Ltd, Tokyo, Japan) was used
for visual microscopic examination of the fracture surfaces in the different post
systems after loading, in studies I, III and IV. After the flexural testing (study I), two
posts from each group were gold-sputtered (SCD 050, BAL-TEC AG, Balzers,
Liechtenstein), and transverse sections of the posts were examined with SEM to
determine the differences in the posts tested. After the pull-out test (study III), all the
cemented posts that had been pulled out from the composite discs were sputtered with
gold and examined with SEM photomicrographs to analyse the surfaces and the
attachment of the composite resin luting cement to the post surfaces. After the push-out
test (study IV), 2-3 representative specimens from each post group were gold-sputtered
and examined with SEM from several different angles to analyse the failures between
or within the different interfaces of the post, the cement and the dentin, after testing.

4.3.2 Assessment of failure mode (IV,V)

After the push-out test (study V), assessment of the failure mode was made by two
independent operators under a stereomicroscope (Wild M3B, Heerbrugg, Swizerland),
and the specimens were divided into groups according to the failure mode: 1 =
adhesive failure between post and cement, 2 = cohesive failure of post-system, 3=
adhesive failure between cement and dentin (Figure 21).

1 2 3

Figure 21. A schematic drawing of the three failure modes in the push-out test (study IV): 1=
adhesive failure between post and cement, 2= cohesive failure of post system and 3= adhesive
failure between cement and dentin.
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Assessment of failure mode was also carried out after the static loading test (study V),
and the specimens were divided into groups according to the failure mode: 1)
favourable failures which were defined as repairable failures, including fractures of the
composite crown, fractures above and at the margin of the simulated bone level, and 2)
unfavourable failures which were defined as nonrepairable failures, including vertical
and horizontal root fractures below the simulated bone level (Fokkinga et al 2004).

4.3.3 Acoustic emission analysis (V)

Acoustic emission was measured on the incisors restored with posts in the static load
test (study V) (Figure 20). The microphone was fixed with resin (Triad gel, Dentsply,
York, PA, USA) on the palatal (tension) side of the root surface and connected to an
acoustic emission analyser (Mistras, PAC, UK). The initial fracture load on the
deflection curve in the static load test (study V) was confirmed by the acoustic
emission signal.

4.3.4 Statistical methods (I-V)

Statistical analyses were performed with SPSS (SPSS Inc., Chicago, USA) software
for Windows (studies I, III, IV and V) using analysis of variance (ANOVA).
Subsequent comparisons between post groups were performed with either Tukey’s Post
Hoc analysis or Dunnett T3 Post Hoc Tests. In study II, statistical analyses were
performed using SAS for Windows (Rel 8.2, SAS Institute Inc., Cary, NC, USA),
using the repeated measures analysis of variance (RM ANOVA). In addition, in study
II, comparisons between the groups and certain measurement points were performed
with a t-test. The level of statistical significance was set at 0.05.
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5. RESULTS

5.1 Flexural properties of FRC (I)

In study I, flexural strength (Figure 22), flexural modulus and maximum fracture load
(Figure 23) of the tested specimens were evaluated. Thermocycling, brand of material
and diameter of specimen had a significant effect on the fracture load and flexural
strength (ANOVA, P < 0.001). The highest flexural strength was obtained with the
control material everStick (Figure 22). In general, thermocycling decreased the flexural
modulus of the tested specimens by approximately 10%. Strength and fracture load
decreased by approximately 18% as a result of thermocycling. However, the brand
SnowPost showed a greater decrease (approximately 40%) in mechanical properties
after thermocycling than the other brands tested. The average reduction percentage in
fracture load after thermocycling of the tested post specimens is presented in Figure 24.
The fracture load values correlated to the diameters of the posts (Figure 25).
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Figure 22. Flexural strength of the dry and thermocycled (tc) FRC post specimens (study I).
The bars represent the mean value in MPa (SD) of five specimens.
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Figure 23. Maximum fracture load of the studied FRC post specimens (study I). The bars

represent the mean value in N (SD) of five specimens.

Figure 24. Reduction in fracture load of FRC post specimens after
thermocycling (study I). The bars represent the mean reduction percentage

(SD) of each post brand tested.
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Figure 25. Linear regression curve of the effect of post diameter on
fracture load of FRC post specimens (dry storage) (study I).

5.2 Degree of monomer conversion and Vicker’s hardness of FRC (II)

The mean degree of conversion after polymerization increased with time in all six
cylinder lengths in both the FRC and the control groups. Fifteen min from the
beginning of polymerization, the degree of conversion in the shortest cylinder (4 mm)
of the FRC group was 70%, and in the longest cylinder (24 mm) 33%. The values of
the plain resin group were 72% in the shortest, and 15% in the longest cylinder.

When the cylinder length was increased, the degree of conversion decreased (Figure
26). The FRC group showed a slightly higher degree of conversion in the longest
cylinders (24 mm) compared to that of the plain resin group (Figure 26) (t-test, P =
.018). Both the cylinder length and material significantly influenced the degree of
conversion (RM ANOVA, P <.001).
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Figure 26. The mean degree of conversion (%) of six different lengths
of cylinders with FRC material and control resin 15 min after the start
of polymerization (study II). Vertical line represents one standard
deviation.

The microhardness measurement demonstrated that the Vickers hardness number
(VHN or HV) decreased when the distance from the light-exposure surface increased
in both the FRC and the control specimens (Figure 27) (RM ANOVA, P < .001).
Overall, the VHN was higher for the resin group compared to the FRC group (RM
ANOVA, P <.001). In the FRC group, a minor but statistically significant (t-test, P =
.026) increase in VHN values was noted from the 0-mm measuring point to the 4-mm
measuring point (Figure 27).
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Figure 27. The mean surface microhardness (VHN) of FRC material
and control resin at different distances from the light-exposure surface
(study II). Vertical line represents one standard deviation.
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5.3 Adhesion of FRC to composite resin cement and dentin (II1, IV)

Pull-out test (I1])

Both the type of post and thermocycling had a significant effect on the force needed to
break the bond between the post and the cement (ANOVA, P < 0.001 and P < 0.007,
respectively). One of the FRC posts with semi-IPN polymer matrix (Stick) performed
superiorly to the other FRC posts (Figure 28 and 29), when comparing the
thermocycled specimens. In dry conditions, the difference between Stick and everstick
post did not differ significantly. The highest pull-out force was obtained with serrated
titanium posts (Parapost XT), although the difference from the Stick post was not
statistically significant. Post hoc analysis revealed that both types of FRC posts with
semi-IPN polymer matrix (Stick and everStick) yielded significantly higher pull-out
force values than the prefabricated FRC posts with smooth surface and cross-linked
polymer matrix (Dunnett T3 Post Hoc, P < 0.004) (Figure 29).

500
450 -
400 -
350 -

300 -

250 - BDry
B Thermocycled

200 T *T
150 -
100 -
50 -

o0

Max.force (N)

C-Post  ParaPost Snowpost C-Post everStick Stick ParaPost
Fiber serrated
White

Figure 28. Mean pull-out forces in Newton (N) and standard
deviations (vertical lines) (study III).
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Figure 29. Mean shear bond strengths (MPa) and standard
deviations (vertical lines) for the smooth surface posts (study III).
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Push-out test (IV)

Both the type of post and the height of the dentin disc had a significant effect on the
push-out force (ANOVA, P = 0.030 and P < 0.001, respectively). The push-out force
increased with increased height of the dentin disc in all groups (Figure 30). The
individually formed glass FRC posts showed highest push-out force (393.6 N) in the 4
mm thick dentin discs and the difference from that of the titanium posts was
statistically significant (Tukey post hoc, P< 0.001). The differences between the other
posts were not statistically significant.

y=110.1x-53.8
R=0.988 ©~EverStick

y=91.1x-37.8
R'=0.99% OC-post

@Parapost

Push-out force (N)

Height of dentin disc (mm)

Figure 30. Mean push-out forces in Newton (N) with regression lines
and standard deviations (vertical lines) for studied posts (study IV).

5.4 Load-bearing capacity and microstrain of FRC (V)

The highest mean initial fracture load was obtained in the reference group with intact
teeth, although the difference was not statistically significant for everStick Post B and
Parapost XP. The results of the initial fracture load and significant differences are
shown in Figure 31. Microstrain values at 50 N load were highest for the intact group,
which differed significantly from the other groups (Tukey Post hoc, P < 0.05). The
accoustic emission data confirmed the fracture load peaks (Figure 32a-c).
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Figure 31. Mean initial fracture load (N) and standard deviations
(vertical lines) of the tested groups (study V). The fracture load of
everStick Post A and C-Post differed significantly from the Intact group
(P < 0.05). Horizontal lines above the bars indicate which groups did
not significantly differ from each other.
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Figure 32. a) Typical shape of fracture load curve and acoustic emission
peaks of the prefabricated carbon FRC post (C-Post) (study V).
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Figure 32. b) Typical shape of fracture load curve and acoustic
emission peaks of the individually formed glass FRC post (“hollow”
structure) (everStick B) (study V).
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Figure 32. ¢) Typical shape of fracture load curve and acoustic
emission peaks of the intact group (study V).
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5.5 SEM analysis of posts and post restorations (I, II1, IV)

In study I, visual analysis of SEM micrographs revealed that a certain amount of
porosity exists in the majority of the FRC posts. Porosity in the Snowpost was easily
recognized, whereas everStick had a tight solid matrix without porosity.

In study III SEM photomicrographs showed that the composite resin luting cement
attached well to the surface serrations and threads of the titanium post (Figure 33g).

The tested serrated FRC posts showed that the fibres were cut to form the serration.
The fracture line on these posts was situated on the edge of a surface serration (Figures
33a and 33d). In the smooth prefabricated FRC posts, the composite resin luting
cement did not attach to the post surface (Figures 33b and 33e). In the individually
made FRC posts with semi-IPN-matrix (everStick and Stick), the cement was attached
to the post surface (Figure 33c and 33f), especially obviously in Stick posts (Figure
33f). Typical examples of failures and post surfaces after testing are shown in the SEM
images.

d e f

Figure 33. SEM photomicrographs of the fracture
surfaces of the posts after the loading test (original
magnification x 35, bar = 500pm) (study III): a) C-post
serrated, b) C-Post, ¢) everStick, d) ParaPost FibreWhite,
e) Snowpost, f) Stick and g) ParaPost XT. The arrows
indicate the attached cement on the post surface after the
loading test.
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In study IV, SEM analysis demonstrated typical failure modes between the resin
cement and tested posts (Figure 34). Typically, the individually formed glass FRC
posts failed cohesively (Figure 34c), whereas the prefabricated carbon/graphite FRC
and titanium posts showed either complete or partial adhesive failure between the post
and the cement (Figure 34a and 34b). The SEM analysis confirmed the results from the
assessment of failure mode.

a

Figure 34. SEM photomicrographs of typical
failure modes of the cemented posts after the
push-out test (study IV) a) adhesive failure
between titanium post (Parapost XP) and cement
(failure mode=1), b) partly adhesive failure
between carbon FRC post (C-Post) and cement,
partly cohesive failure (failure modes= 1, 2) and
¢) cohesive failure (failure mode 2) within the
individually formed glass FRC post (everStick)
The exposure of fibres aligned along the long
axis of the post (arrows) demonstrates the
cohesive failure in the post. In the pictures, P=
post, C= cement and D= dentin. Original
magnification x55 (a), x40 (b) and x45 (c), bar=
200 (a), 500 (b) and 500 pm (c).

5.6 Failure mode assessment (IV, V)

The failure mode assessment with a stereomicroscope in study IV demonstrated that
none of the individually formed glass FRC posts showed adhesive failures between the
post and the cement, whereas 55% of the prefabricated carbon/graphite FRC posts and
70% of the titanium posts showed either complete or partial adhesive failure between
the post and the cement (Table 6). The individually formed FRC posts failed mostly
cohesively (56%) and adhesively between the cement-dentin interface (30%) or in a
mixture of these two modes (14%). In the 4 mm thick dentin discs neither the titanium
nor the prefabricated carbon/graphite FRC posts showed any cohesive failures, unlike
the individually formed glass FRC post.

The assessment of failure mode in study V revealed that the incisors restored with FRC posts
showed higher percentage of favourable failures compared to the group restored with titanium
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posts. The group with individually formed glass FRC posts with a “hollow” structure
(everStick Post B) showed the highest percentage of favourable failures (56%). The
results of the failure mode assessment and typical fracture modes are shown in Table 7.

Table 6. The results of failure mode assessment (study V).

Adhesive failure between Other failure mode (%)
post — cement interface (%)  (failure mode = 2,
(failure mode = 1) 3 or mixed)

Titanium post 70 30

(ParaPost XP)

Carbon FRC post 55 45

(C-Post)

Individually formed - 100

glass FRC post

(everStick)

Table 7. The results of failure mode assessment (study V).

Favourable failures (%) Unfavourable failures (%)
Fractures of composite  Fractures stopped Total percentage Fractures below simulated
crown / fractures above  at simulated bone of favourable bone level, vertical and
Group simulated bone level level failures horizontal root fractures
1) ParaPost XP - 11 11 89
(titanium post)
2) C-Post 22 22 44 56
(graphite FRC post)
3) everStick Post A 30 20 50 50
(individ. glass FRC post,
canal full of fibres)
4) everStick Post B 22 34 56 44
(individ. glass FRC post,
“hollow” post structure)
5) Intact 14 - 14 86
SIMULATION i
OF BONE LEVEL
o PALATAL PALATAL PaLATAL
FAVOURABLE FAILURES UNFAVOURABLE FAILURES
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6. DISCUSSION

6.1 General discussion

This series of in vitro studies aimed to evaluate whether the use of an individually
formed and in situ polymerized glass FRC material with a semi-IPN polymer matrix
would offer benefits as root canal post material. Although cast metal posts are used as
the gold standard, there is still no consensus on what would be the optimal way of
restoring an endodontically treated tooth. Many studies have suggested that
prefabricated FRC posts, especially glass FRC posts, may possess benefits over
prefabricated metal posts due to their modulus of elasticity being closer to that of
dentin (Asmussen et al 2005, Salameh et al 2006, Schmitter et al 2007). However,
there are also disadvantages of prefabricated FRC posts, particularly their lack of good
adhesion to composite resins and dentin.

The flexural properties of a post material play an important role in the stress
distribution and survival of a post-restored tooth. Therefore, when preliminarily
evaluating the possible use of a novel FRC material as post material, the flexural
properties were evaluated and compared to prefabricated FRC posts in study L
Additionally, it is vital that a FRC post material that is polymerized in situ in a root
canal will reach a sufficient degree of conversion. Consequently, in study I, the depth
of light-initiated polymerization and the microhardness at different depths in a
simulated root canal of the experimental FRC material were evaluated and compared to
those of resin without fibres. Furthermore, when evaluating the clinical usability and
longevity of dental materials, such as a FRC post system, the bonding properties are
important. Good adhesion will help to preserve tooth structure, optimize retention and
prevent microleakage (Anusavice 2003). There are reports of poor bonding properties
of prefabricated FRC posts, mainly due to the highly cross-linked polymer matrix,
which seems to be difficult to bond to composite resins (Purton and Payne 1996, Kallio
et al 2001, Torbjorner and Fransson 2004a). Thus, it was hypothesized and evaluated in
studies III and IV that an individually formed FRC post with a semi-IPN polymer
matrix could offer some advantages over prefabricated FRC posts with a cross-linked
polymer matrix, concerning the bonding to composite resin luting cements and dentin.
Furthermore, fracture behaviour of post-core systems has been evaluated in the
literature, and is of importance when evaluating and comparing different post systems
(Salameh et al 2006). Fracture behaviour has been explained as the relationship
between the load-bearing capacity (fracture resistance) and the failure mode of a post-
core system (Fokkinga 2007). Therefore, the load-bearing capacity and microstrain of
post-restored teeth were evaluated in study V. Besides the evaluation of load-bearing
capacity of a post-restored tooth, it is of interest to evaluate the mode of failure. It has
been emphasized that a favourable failure mode of a post system could be more
valuable than a high fracture resistance (Torbjorner and Fransson 2004a, Fokkinga
2007). Assessment of the failure mode of post systems was done in order to obtain
more information about failures of teeth restored with different posts systems in studies
IVand V.
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Quality aspects and declaration

The biomaterials laboratory where the current studies were carried out belongs to a
quality assurance system and the mechanical testing machine used (study L, III, IV and
V) is quality- controlled and calibrated by the Finnish Accreditation Service (Finas,
certificate no: YTT-S-01519-07). The cross-head speeds used for the mechanical
testing machine (1.0 mm/min in studies I, III and IV, and 5.0 mm/min in study V) were
within the range of 0.5 mm/min (Bolhuis et al 2001) to 5.0 cm/min (King and Setchell
1990) reported in the literature.

The specimen preparations and the testing in studies II-V were carried out by the same
operator, with the assistance of two other operators, in order to standardize the methods
and minimize possible researcher-related variability. In the failure mode assessment in
study IV, two independent and calibrated operators were used in order to categorize the
failure modes objectively. Also in study V, only one main operator performed
specimen preparation and testing, and therefore, the large standard deviations in this
study are possibly due to other factors such as the variations in natural teeth. In study
IV, an effort was made to use the most homogenous area and also a clinically
comparable area of the root for the dentin discs, since it has been reported that different
areas in the same root canal may respond differently to surface treatment and have
different dentin bonding ability (Ferrari et al 2000c¢).

The numbers of specimen (n) in each experiment were selected according to repeatability
and in order to be able to use certain reliable statistical methods. As regards the choice of
reference material, in study I, the novel FRC material (everStick), the flexural properties
of which had already been evaluated and were well known from previous studies, was
chosen to serve as reference for the prefabricated FRC posts. In study II, it was the
obvious choice to use dimethacrylate resin without fibres as reference for the resin—
impregnated FRC material. Commonly used titanium posts with surface serrations (Hew
et al 2001) providing mechanical interlocking to composite resin luting cement, served as
reference in studies III and IV. In study V, intact incisors were used as reference,
although root-filled teeth also could have been an alternative. However, with root-fillled
teeth, larger deviations in the results could have been expected.

6.2 Flexural properties

The three-point bending test is a simple method which provides a basis for comparison
of flexural properties between posts made of different materials (Seefeld et al 2007).
Therefore, a three-point bending test according to the International Standards
Organization 1999 (ISO 10477) was used to measure the flexural strength and modulus
of FRC post specimens. Several studies concerning the mechanical properties of FRC
posts have been published (Torbjorner et al 1996, Purton and Payne 1996, Asmussen et
al 1999, Seefeld et al 2007). Lack of standardization of the testing conditions and
methods has resulted in large variations in the reported mechanical properties.

In the current study, considerable variation was found in the calculated strength values of
the studied posts. The individually formed continuous unidirectional E-glass FRC material
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(everStick), which was used as reference, presented the highest flexural strength values.
This unexpected finding may be due to the difference in the polymer matrix of everStick
compared to the matrices of other tested FRC posts. The existence of PMMA chains,
which are able to plasticize the cross-linked bisGMA based matrix of the everStick FRC,
reduces stress formation at the fibre-matrix-interface during deflection. This may be
assumed to contribute to the higher strength of everStick FRC material (Vallittu 2001b).

Thick posts showed lower flexural strength values (MPa) than thin posts, although the
fracture load values (N) behaved oppositely. It was shown that when using a three-
point bending test to measure flexural properties of FRC posts, the results are related to
the ratio of span length and specimen diameter (L/D ratio) of the test set-up. A low
L/D-ratio produces more shear deformation during the bending in the FRC specimen,
and the failure may occur at the fibre-matrix interfaces instead of on the outer surface
of the specimen (Goldberg et al 1994, Alander et al 2005). This may be the case when
testing short FRC specimens such as FRC posts. Therefore, it is not recommendable to
compare the calculated flexural strength values (MPa) between FRC posts with
different diameters. Instead, comparison of load values (N) should be made. The
mechanical properties of posts depend largely on the diameter of the post (Lambjerg-
Hansen and Asmussen 1997). In the present study, all FRC post specimens showed a
linearly increasing resistance against loading force, along with an increase in diameter.
Clinically, this means that thick posts contribute more favourably to the fracture
resistance of the post-core system than thin posts, presuming that unnecessary
preparation of the remaining dentin is at the same time avoided.

Thermocycling decreased the flexural properties of the studied posts, which is in
accordance with previous studies (Torbjorner et al 1996). Snowpost specimens showed an
approximately 40% reduction in flexural strength after thermocycling, whereas the flexural
strength of the other studied posts decreased by approximately 18% as a result of
thermocycling. When posts are exposed to thermocycling the differences between
coefficients of thermal expansion (CTE) of the individual materials may influence the
long-term stability of the FRC-post system. The thermo-mechanical behaviour of dental
FRCs is not completely understood at the moment, but large variations in CTEs exist
between reinforcing fibres and the matrix polymer used in FRC posts, which may influence
the thermomechanical behaviour. The large reduction in flexural properties of SnowPost
specimens after thermocycling could be related to the discrepancy in the CTEs between the
SnowPost materials. The difference in CTE between silica-zirconium fibres and the
polymer matrix of Snowpost is greater than that between E-glass, S-glass, carbon/graphite
fibres and their matrix polymer. Moreover, internal voids, which were seen in the SEM
photomicrographs of Snowpost, absorb water during thermocycling, and this may be one
explanation for the reduction in mechanical properties after thermocycling. The present
study may also be regarded as a short-term water exposure study. The results are in
agreement with other studies showing that a decrease in mechanical properties takes place
during 30 days of water storage, and is caused by plasticization of the polymer matrix by
water (Vallittu 2000). On the other hand, thermocycling may cause thermal post-curing of
initially light-polymerized FRC, and thus lead to increased flexural properties. In the
present study, all the FRC posts studied were properly polymerized and, therefore, post-
curing during thermocycling has probably not affected the results.
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6.3 Degree of monomer conversion and microhardness

If a FRC post material is polymerized in sifu in a root canal it is fundamental that it
reaches a sufficient degree of conversion, thus ensuring adequate strength of the FRC
post especially at the region of coronal opening of the root canal where high strength is
needed. Furthermore, the polymer matrix will be fully polymerized and, therefore, few
side effects from leachable monomers will occur.

The depth of polymerization of FRC in relation to the degree of conversion and
microhardness after light-initiated polymerization in a dark cylinder were measured.
The results of a 50 to 70% degree of conversion in up to 20 mm cylinder lengths lie
within the range of typical degree of conversion for dental resins containing BisGMA
monomers (Anusavice 2003). The correlation between the degree of conversion and
the microhardness shown in the results is in accordance with earlier results (Yoshida
and Greener 1993). The degree of conversion was considered acceptable for both
groups at a depth of up to 20 mm, 15 min after initiation of polymerization. The
slightly higher values of the degree of conversion in the FRC group, particularly in the
longer cylinders, were probably due to the fibres’ ability to conduct and scatter the
light in the dark cylinder. From a clinical point of view, this approach would give new
alternatives to improve the polymerization of resins, such as composite resin luting
cements, in a root canal. The time period required to reach an adequate degree of
conversion at room temperature was approximately 10 min for both the FRC and the
resin group, which is in good accordance with previous investigations of resin
composites (Peutzfeldt 1997). The velocity of polymerization in the FRC group
seemed to be equal to that of the dimethacrylate monomer resin group.

It is evident that the cross-link density of the polymer matrix of the FRC group was
lower than in the BisGMA-TEGDMA resin group, due to the presence of PMMA. On
the other hand, the lower cross-link density does not necessarily influence the degree of
conversion of the polymer matrix. The saturation of the C=C bonds by free radical
polymerization could cause formation of cross-linked microgels, even though the cross-
link density is generally, when bulk polymer is considered, at a lower level. The result
that microhardness (VHN) values for the PMMA containing polymer (FRC group) were
lower than for the Bis-GMA-TEGDMA copolymer (resin group) could be explained by
the plastization effect and the lower cross-link density of the bulk polymer.

Interestingly, it was observed that the microhardness values in the FRC group close to
the light-exposure surface (at the 0-mm measuring point) were lower than at the 4-mm
measuring point (Figure 27). An “oxygen reservoir”, in the spaces between the fibres
may have been formed during cutting of the fibre reinforcements. This could have
caused oxygen inhibition of the free radical polymerization, resulting in incomplete
polymerization at the light-exposure surface. Thus, the VHN remained at a lower level.
Furthermore, the gradual reduction in the degree of conversion and the microhardness
seen in the results are not necessarily negative properties in a clinical situation. It may
be beneficial to have a post material which has higher compliance apically, and
therefore would cause less stress in the root. The highest rigidity for a FRC post is
obviously needed at the region of coronal opening of the root canal. In the case of an
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individually formed FRC post, the coronal opening of the canal could be filled with an
excess of FRC material, which would increase the strength and rigidity of the FRC
construction through its increased dimensions. In order to further evaluate the directly
polymerized individually formed FRC post more, emphasis needs to be put on
polymerization shrinkage of unidirectional anisotropic FRC.

6.4 Bonding properties

Pull-out test

The pull-out test has been used to analyse the mechanical stability of the post-cement
interface and to assess correct information about the bond strength between the
different interfaces (De Santis et al 2000). The results of the pull-out test (study III)
demonstrated the advantage of bonding composite resin luting cement to FRC posts
with a semi-IPN polymer matrix (individually formed post) compared to FRC posts
with a cross-linked polymer matrix (prefabricated posts).

Some methodological aspects must be taken into consideration when interpreting the
results. The results were given in load values (N) for all posts, and calculations of shear
bond stress (MPa) between the post and canal were done only for the smooth surface
posts. This was due to the surface texture of the serrated posts which did not justify the
calculation. On the other hand, the calculation would have considered the minor
discrepancy in the diameters of the posts. However, in preliminary evaluation of the
testing system, the calculation was done, but the influence of the discrepancy in
diameter of the smooth posts was minor and would not have led to a different
interpretation of the results.

One of the individually formed FRC posts with a semi-IPN polymer matrix (Stick)
performed better than the other posts. When comparing FRC posts with the smooth
surface, posts with a semi-IPN polymer matrix showed more reliable bonding than those
with a cross-linked matrix. The difference in the results between the two types of FRC
posts with a semi-IPN matrix (Stick and everStick) could be due to the larger amount of
linear polymer phases in the matrix of the individually made Stick post, resulting in a
semi-IPN structure with improved adhesional behaviour. The results from this study may
also indicate that the adhesion between post and composite core material could be
enhanced by using individually made FRC posts with a semi-IPN polymer matrix. In the
pull-out test, an intermediate resin was not used on the FRC posts before cementation
since the effect of treating the posts with an intermediate resin was not fully proved at
that time. However, there is some evidence that intermediate resins are able to
significantly enhance interdiffusion bonding of resin composites to FRCs with a semi-
IPN type of polymer matrix (Kallio et al 2001). Therefore, it is assumed that bonding of
composite resin luting cement to FRC posts with a semi-IPN polymer matrix can be even
further improved by using an intermediate resin with similar solubility parameter to that
of PMMA in the semi-IPN polymer matrix.

The serrated metal posts showed the highest attaching values, which can be explained
by the mechanical retention of the composite resin luting cement provided by the
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surface serrations. The large volume of resin material in the serrations of the posts
most probably influenced the attaching values (Figure 35). The surface topography of
the prefabricated serrated metal and FRC posts differed from each other in terms of
amount of resin material volume between the serrations (Figure 35a-b). In the FRC
posts, the volume between the surface serrations into which the cement was attached
was smaller in volume than that of the metal posts (compare Figure 35a and b). Due to
its higher volume of cement penetration into the serrations the cement resisted more
shear stress during the pull-out test in the case of metal posts.

One could suppose that a surface topography of the prefabricated FRC posts similar to
that of the metal posts could have provided better attachment. However, in this context, it
should be noted that the current FRC posts are anisotropic in nature and therefore weak
against the shear stress caused by pull or push out forces. One alternative for optimizing
prefabricated serrated FRC posts in terms of mechanical attachment would be to direct
the fibres of the serrations not to be parallell to the long axis of the post (Figure 35c).
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Figure 35. Schematic drawing of the threads and serrations on the studied posts
(study III) and the amount of resin material in between the serrations: a)
prefabricated threaded and serrated metal post and b) prefabricated serrated FRC
post. A hypothetical optimized FRC post design, with the serrations closer
together and the fibres in the serrations directed not parallell to the long axis of
the post, is presented in c.

The serration of a FRC post seem to provide relatively little benefit for the attachment
to cements. It is also of importance to notice that the effective diameter of the serrated
FRC post with regard to the flexural properties is the thinnest dimension of the post.

Thermocycling increased the bonding values in the pull-out test. It should be noted that
the transversal expansion by heat, in the case of continuous unidirectional FRC posts,
is considerably higher than that in a longitudinal direction. This is due to the fact that
FRCs have anisotropic thermo-mechanical properties (Tezvergil et al 2003). Metals, on
the other hand, have thermal expansion which exceeds expansion of composites.
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Push-out test

The push-out test has been claimed to be the most reliable technique to measure the bond
strength of posts to dentin, and to simulate the clinical situation of a cemented post
relatively well (Goracci et al 2004, Goracci et al 2005, Bouillaguet et al 2006).
Furthermore, the push-out method has been reported to be more sensitive to the thickness
of the tested disc, compared to the pull-out method (Hsueh 1993). The push-out test was
used to investigate the bonding of two different FRC posts to root canal dentin discs and
to compare them to that of serrated titanium posts (study IV). Various thicknesses of root
canal dentin discs were tested to evaluate whether some of the posts could be attached to
thinner discs, which would, clinically, mean that shorter posts could be used. Obviously,
this is relevant only in terms of vertical debonding forces because a short post, even
when well bonded and attached, may provoke root fractures. On the other hand, the fact
that FRC posts possess flexural properties close to those of dentin may also allow their
use in shorter post lengths without provoking root fractures.

When bonding composite resin luting cement to a prefabricated FRC post of a cross-
linked nature, the surface of the post is well polymerized and little if any reactivity is
left for free radical polymerization bonding (Kallio et al 2001). Therefore, no actual
chemical bonding is taking place. When the FRC post with the semi-IPN polymer
matrix is bonded with composite resin luting cement, the interdiffusion bonding can
take place (Sperling 1994, Lastuméki 2003, Vallittu 2006). The FRC material with the
semi-IPN polymer matrix used in the push-out test (everStick) consisted of both linear
and cross-linked polymer phases. The linear phase in this material, which is
polymethylmethacrylate (PMMA), can be dissolved if a suitable adhesive resin
(intermediate resin) is added to the surface of the post (Kallio et al 2001). The suitable
adhesive resin should contain monomers with dissolving parameters equal or close to
that of PMMA. BisGMA-based adhesive resins have been shown to be capable of
dissolving PMMA. When bonding composite resin luting cement to a metal post, the
surface serrations are mechanically interlocked to the composite resin luting cement on
the surface of the post. Contrary to the pull-out test (study III), all the posts in the push-
out test (study IV) were treated with an intermediate dimethacrylate resin before the
cementation. This presumably enhanced the bonding of the individually formed glass
FRC posts with a semi-IPN polymer matrix, but may have negatively influenced the
ability of the surface serrations of the titanium post to mechanically interlock the
cement to the post surface. In the pull-out test, where the posts were cemented without
an intermediate resin layer, the titanium post showed the highest bonding values,
compared to the other posts, which was not the case in the push-out test.

The push-out force values for the prefabricated carbon/graphite FRC post (C-Post) and
for the prefabricated titanium post (ParaPost XP) increased linearly when the height of
the dentin discs increased, while the increase in the bonding force values of the
individually formed glass FRC post (everStick) was non-linear. This finding suggests
that with mechanical and friction attached posts (prefabricated carbon/graphite and
titanium posts), the push-out force was in direct relation to the surface area. On the
contrary, posts with better adhesion, i.e. interdiffusion bonding (individually formed
glass FRC posts), may form a root-post system in which debonding stress is more
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evenly distributed, and less shear stress is formed at the interphase of dentin and post.
This may have led to higher push-out forces with thick dentin discs in this type of post.

The bond strength and integration between luting materials, root dentin and FRC posts
have been studied through push-out tests and SEM photomicrographs before. In these
studies, the importance of the homogenity and integration between the materials (dentin,
post, luting cement and core composite) has been emphasized (Pest et al 2002, Monticelli
et al 2004). The assessment of failure mode and the SEM photomicrographs (study IV)
showed that although the push-out forces at the point of failure were equal, the failure
mode and site of the samples were different between the post groups. Contrary to the
other posts, there were no adhesive (post-cement) failures with the individually formed
glass FRC posts, and the post-cement-dentin system seemed to function as a homogenic
unit in terms of the failure mode and the site of these posts. This is important because it
indicates the quality of bonding between post and cement/dentin and, therefore, it can
apparently influence the clinical longevity of a post system. The load-bearing capacity is
not only related to the strength of the adhesive interfaces, but also to the design of the
post system in simulating the structure of the tooth.

6.5 Load-bearing capacity

Fracture behaviour of post-core systems has been evaluated in the literature and is of
importance when evaluating and comparing different post systems (Salameh et al 2006,
Jung et al 2007). Fracture behaviour can be explained as the relationship between the
load-bearing capacity (fracture resistance) and the failure mode of a post-core system
(Fokkinga 2007). Therefore, fracture resistance, microstrain and acoustic emission
were measured in order to evaluate the load-bearing capacity of incisors restored with
different posts covered with a composite crown (study V). Assessment of failure mode
was also made to determine the failure behaviour of the fractured specimens.

According to the results, the intact teeth (reference) without posts showed the highest
initial fracture load. Obviously, the intact teeth also showed the highest microstrain at
50 N, which demonstrates the behaviour of a tooth without a post. An intact tooth is, at
the same time, not only strong but also flexible to some extent. Apparently, the initial
fracture load of the prefabricated serrated titanium posts did not differ significantly
from the fracture load of the prefabricated or individually formed FRC posts.
Interestingly, the results of the failure mode assessement showed some significant
differences between the groups. In all the groups, most typically, fracture of the
specimen occurred initially at the crown-root margin on the palatal side (loading side),
after which the fracture continued towards the buccal root surface, sometimes above or
towards the margin of the simulated bone level (favourable), sometimes below this
level (unfavourable). The three groups with FRC posts showed more favourable
failures than the group with titanium posts. Furthermore, the individually formed glass
FRC posts, both the group with the canal full of fibres and the group with a “hollow”
post structure, showed a higher percentage of favourable failures, 50% and 56%,
respectively, compared to the serrated titanium posts. This may indicate fewer fatal
failures and more repairable fractures for teeth restored with these kinds of posts.
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When analyzing and comparing the fracture loading curves of the groups, it was noted
that the initial failure usually occurred simultaneously with the final failure in the groups
of titanium posts (Parapost XP) and carbon/graphite FRC posts (C-Post). This may
indicate poor bonding of the posts to the cement, and show a lack of stress-relief capacity
in these post systems. The shape of the loading curve of individually formed glass FRC
posts with the “hollow” post structure (everStick Post B) was similar to that of the intact
teeth (compare Figures 32b and 32c). After the initial rise, the curve started to rise more
steeply until the initial failure occurred. In this group, an effort was made to simulate a
so-called sandwich structure (Murphy 1998), or a hollow cylindrical structure, which is
commonly used in technical industrial applications. In this structure, the reinforcement is
placed as far away from the neutral axis as possible (Figure 1), producing a structure that
is similar to the intact tooth which is hollow in the middle. A hollow-post structure may
function more like an “internal ferrule” in a post system, and it may possibly reinforce
the root in a similar way to the ferrule. This idea of a “hollow” individually formed
structure (everstick Post B) differs from the original idea of an individually formed FRC
post (everstickA), where the coronal opening of the canal is filled with FRC material. On
the basis of the results, it is not clear whether this kind of “hollow” structure has any
effect in terms of the load-bearing capacity on post-restored teeth, but mechanically, it
would be optimal. In principal, the hollow FRC post design should be able to provide a
load-bearing capacity close to that of an intact tooth. The present results partly support
this hypothesis and encourage further development.

The testing method, static loading until failure, has been criticized for not corresponding
closely enough to the clinical situation. A cycling loading test may correspond better to the
clinical situation, as it is known that fatigue most often causes root fractures (Torbjorner
and Fransson 2004a). It can be assumed that the specimen groups of this study would have
performed differently in dynamic loading conditions, where the quality of interfacial
adhesive joints and the location of reinforcing material would probably have had a major
influence. However, static loading is usually the first step in the evaluation process of a
novel dental material and is commonly used in order to obtain basic knowledge regarding
the fracture behaviour and load capacity of a post-restored tooth.

The absence of a simulated periodontal ligament and also the absence of root
treatment, e.g. a gutta-percha-filled canal before post preparation, must also be taken
into consideration. However, the results of a static loading test on incisors restored
with different posts and composite crowns should not be influenced by the elasticity of
the periodontal ligament, contrary to a dynamic loading test where a ligament may
influence the results. It is not clear whether a possible root treatment, leaving traces of
gutta-percha and sealer in the post-prepared canal, as well as the action of different
chemicals used during root treatment, would have influenced the results of the bonding
of the resin cement to the root dentin (Bolhuis et al 2001, Morris et al 2001). Another
matter for discussion is the possible use of a metal ceramic crown on top of the post-
core system in this type of load testing. It has been claimed that the placement of a
crown on top of a post-treated tooth, in order to assure a ferrule effect, is advisable
when testing in vitro (Sorensen and Engelman 1990, Naumann et al 2005b). Clinically,
it is an accepted fact that the ferrule effect is of great importance when restoring an
endodontically treated tooth (Torbjorner and Fransson 2004b, Pereira et al 2006). On
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the other hand, it is claimed that the type of post is of little importance when looking at
the fracture behaviour, if the tooth is covered with a complete cast crown with a limited
ferrule (Hoag and Dwyer 1982, Fokkinga et al 2006a). If a crown with a ferrule is
included in an in vitro study design, only small differences among post material may
be expected, which is the reason for not including a crown in the study design.

Large variations in fracture resistance, microstrain values and standard deviations
could be seen within the groups. This is one of the disadvantages of testing real human
teeth (Yoldas et al 2005). Variation among individual teeth, e.g. the mechanical and
physical properties inside and outside the root canals may be different, and existing
microcracks in the dentin may not always be seen before testing. This leads to large
standard deviations and variations in the results, as was also seen in the current study.

6.6 Clinical considerations and future investigations

It has been stated in the literature that the extrapolation of clinical recommendations
from work of a purely in vitro nature, such as the current study, must always be made
with caution (Sidoli et al 1997).

From a clinical perspective, it is interesting to speculate on the possible clinical
outcome of making in situ polymerized FRC root canal posts. An individually
constructed FRC post does not necessarily require a large drilled post space, and could
therefore be considered as a tissue-saving alternative. According to the current studies,
the individually formed FRC post with a semi-IPN polymer matrix appears to possess
suitable flexural, light-transmitting and bonding properties to be used as a post
material. A recent study reported adequate bond strength for the semi-IPN FRC post
material to several different resin luting cements (Le Bell-Ronnlof et al 2007).
Furthermore, this post material seems to function as a homogenic unit with the resin
cement and composite core materials, as was seen when evaluating the mode and site
of failure. Additionally, with this kind of post material the failures may more often be
favourable, which clinically means repairable failures. An additional benefit of an
individually formed FRC post is that the coronal part of the post can be bent to the
desired angulation. Thus, it can be formed optimally to meet the needs of a core, a
crown, a filling or can even be used as part of a bridge construction.

All these aspects can be seen as advantages in clinical terms. Therefore, even with the
cautious approach in extrapolating the findings of the present study to the clinical
situation, individually formed FRC posts offer at least a very promising alternative,
which may lead to an improved clinical outcome.

In future investigations, the main focus should be on development and evaluation of
the design of the individually formed FRC post. Moreover, evaluation of the fatigue
behaviour of an individually formed FRC post system could be conducted. A post
system that combines the root canal filling material with a root canal post could also be
evaluated. Furthermore, clinical trials are needed to finally demonstrate the potential
clinical advantages of individually formed FRCs in restorative and prosthetic dentistry.
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Conclusions and Summary

7. CONCLUSIONS AND SUMMARY

The main findings and conclusions were:

1. Considerable variation was found in the calculated strength values of the
studied post brands. Prefabricated FRC posts showed lower flexural
properties than an individually polymerized FRC material.

2. The experimental glass FRC material in a simulated root canal showed
almost the same degree of monomer conversion after light-curing, as
monomer resin without fibres. However, in the longest cylinders, FRC
showed a slightly higher degree of conversion compared to resin only,
which might be due to the fibres’ ability to conduct light.

3. Individually formed FRC posts with a semi-IPN polymer matrix could
offer better bonding to composite resin luting cement than prefabricated
FRC posts with a cross-linked polymer matrix.

4, Contrary to the other posts, there were no adhesive (post-cement)
failures with the individually formed glass FRC posts, which suggests
better interfacial adhesion of cement to these posts.

5. Only minor variations could be seen in fracture resistance and
microstrain between the post groups. The individually formed glass FRC
posts with a “hollow” structure showed the highest percentage of favourable
failures, which clinically means more repairable failures.

These studies suggest that it is possible to use individually formed FRC material with a
semi-IPN polymer matrix as root canal post material. An acceptable degree of
conversion is achieved when polymerizing the FRC material in situ in a simulated root
canal. They also indicate that there are benefits regarding the flexural properties and
especially regarding the bonding properties to composite resin luting cements and
dentin with this material, compared to prefabricated metal posts or prefabricated FRC
post material with a cross-linked matrix. Thus, the hypothesis of the study is verified.
Furthermore, the clinically more repairable failures with this material, compared to
those of prefabricated FRC posts, support its use in clinical situations.
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