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The adhesion strength between fiber reinforced composite (FRC) members and denture-base resin is piv-
otal for enhancing removable denture long lasting performance and patient comfort. FRC reinforcing rods
based on glass fibers impregnated with light curing resin were used to model the FRC substructure. The
influence of fiber architecture and adhesive layer composition on the shear adhesion strength, sa,
between the FRC and denture-base resin was investigated both dry and in moist environment to assess
the stability of the adhesive bond in the oral cavity. The obtained results suggest that for a given fiber
architecture, adhesive composition and test conditions, the wetting of the FRC surface was the primary
variable affecting the sa. In the case of good wetting and formation of adhesive bond between the sub-
strates, interlaminar shear strength of the unidirectional FRC substrate was the limiting factor. In multi-
directional FRC substrate, the shear strength of the outer resin rich layer was limiting factor for the
maximum adhesion strength.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

There is an increasing number of applications in modern den-
tistry using fiber reinforced composites (FRCs) in reinforcing
crowns, constructing frameworks for fixed partial dentures, peri-
odontal splints, post-orthodontic retainers, and manufacturing
and repairing removable dentures as well as various acrylic ortho-
dontic devices. Desired biomechanical performance, esthetics and
patient comfort are achieved by combining easily formable load
bearing FRC substructures with composite veneers, denture-base
resins, flowable composites and resin based adhesives. For achiev-
ing long lasting dental device, a good adhesion between all the
components is a very important prerequisite.

In addition to economical constraints, there are many clinical
indications requiring replacement of missing teeth or restoring of
normal function and appearance of the patient’s oral cavity using
removable denture. Acrylic denture base resins based on lightly
cross-linked poly-methylmethacrylate (PMMA) are routinely used
to manufacture removable dentures employing the ‘‘dough’’ tech-
nique. Easy handling, low cost, stability in the oral environment
and the aesthetics are the main reasons why they became widely
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used. However, their limitations include low fracture toughness,
poor fatigue behavior and low stiffness. Metal wires embedded in
the acrylic resins are commonly used to partly obviate these
deficiencies as well as to reinforce fractured dentures and other
devices during their repair. Poor adhesion to the acrylic resins
and poor esthetics of metal wires result in rigid, low comfort den-
tures prone to brittle failure. In order to address these shortcom-
ings, FRCs have been introduced to dentistry more than a two
decades ago [1]. In dentistry, various preformed FRC components
replacing metal load bearing substructures or reinforcing elements
are gaining popularity in a growing number of prosthetic and
orthodontic applications [2–12]. Rigidity and strength of FRC are
influenced by fiber type and volume fraction, fiber orientation
and adhesion to the polymer matrix as well as by the quality of
impregnation with the resin matrix [13].

Upon curing to the final shape, the FRC components are either
covered with esthetic particulate filled composites (crowns,
bridges, splints, retainers, posts) to improve patient’s comfort
and maintain good oral hygiene or embedded in the acrylic resin
when used as reinforcing elements (removable dentures, repaired
dentures, orthodontic devices) [14–17]. The quality of adhesion be-
tween the FRC substructure and the resin based esthetic materials
is one of the main concerns in improving the service life of current
removable prostheses and other acrylic dental devices. Since the
chemistry of resins used to manufacture both dental FRCs and
denture base resins is substantially similar, desired formation of
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a chemical adhesive bond can be achieved [18]. However, as shown
previously [19], the factors affecting the adhesion strength of a
given joint also include substrate and adhesive toughness, sub-
strate geometry, adhesive layer thickness and mode of loading
the adhesive joint. Most of the published data were obtained using
components cured the same way (light, heat, dual). Even though
the mechanism of cure remains the same, the cure kinetics and de-
gree of cure differ significantly for light and heat cured dental
resins [20,21]. At the same time, despite its importance, little is
known about the adhesion between light curing FRC and heat
curing acrylic resins processed using the dough technology [22].

The addition of nanoparticles with large specific surface area
(200–1000 m2/g) compared to micrometer size fillers (0.2–5 m2/
g) into a polymer network modifies both cure kinetics and
mechanical behavior below and above its glass transition
temperature, Tg. It was shown that below Tg, chain packing, density
fluctuations, and segmental relaxations vary proportionally to the
chain–particle interface area and interfacial interaction strength
similar to that observed in polymers with antiplasticizers. Nano-
particles dispersed in monomer mixtures can also self-assemble
during cure into extended structures similar to colloids. Due to
their extremely large specific surface area providing large interface
area between the solid surface and reacting monomer mixture
even at low nanoparticle content, presence of nanoparticles can af-
fect the partitioning of reactive species in the mixture resulting in
modified network structure and cure kinetics [23].

The aim of this paper was to investigate the shear adhesion
strength, sa, between the light cured FRC substrate and lightly
cross-linked, heat cured acrylic denture base resin. Nanocomposite
adhesive layer with varying composition was used and the adhe-
sion strength was investigated using modified pull-out test with
varying joint geometry. To assess the longevity of the bond in
the moist environment of oral cavity, joints were exposed to water
for the period of up to 4 months. In addition, investigation of the
loci of failure and the crack path was attempted using scanning
electron microscopy (SEM) of the failed test specimens. Fracture
mechanics protocol was used to analyze the experimental data.
Fig. 1. (a) Dimensions of test specimen, and (b) diagram showing test geometry.
2. Materials and methods

Commercial Bis-GMA/TEGMA monomer mixture Evicrol (Kerr-
Dental, Czech Republic) was used as the resin matrix to prepare
FRC rods, particulate filled composite (PFC) rings and adhesive
interlayer. The photoinitiation complex consisted of 0.2 wt.%
camphoroquinone (Sigma–Aldrich, USA) and 0.2 wt.% N,N-dimeth-
ylaminoethylmethacrylate (Sigma–Aldrich, USA).

FRC cylindrical rods were prepared using either continuous S2-
glass roving (AGY, Belgium) or E-glass fiber braids (ADM, a.s., Czech
Republic). Fiber volume fraction, vf, in all the FRCs investigated was
kept constant at vf = (0.38 ± 0.02). Glass fiber bundles of approxi-
mately 100 mm in length were introduced into a round clear glass
tube (length approx. 40 mm, inner diameter approx. 1.5 mm). Fiber
bundles protruding from the glass tube were impregnated with the
monomer mixture. Then, the impregnated portion of the fiber bun-
dle was pulled into the tube to resume its symmetrical round
cross-section rod shape. The pre-impregnated fiber bundle was
light cured through the glass tube using the Targis Power (Ivoclar
Vivadent AG, Liechtenstein) light cure chamber for 10 min at room
temperature. The sample was then removed from the tube and its
surface was cleaned with acetone [24]. Round cross section braids
were impregnated using the same procedure as described above.

Nanocomposite adhesive was prepared by adding desired
amount of fumed silica with average particle size of 5 nm and
specific surface area of 200 m2/g (Cab-O-Sil M-5, Cabot, USA) into
resin and mixture was vigorously stirred for 10 min at room
temperature. Three adhesive compositions with silica content of
0, 1.7 and 7.9 vol.% were prepared and stored in a dark container
to prevent their premature cure.

Heat curing denture-base acrylic resin Superacryl Plus (Kerr-
Dental, Czech Republic) was processed according to manufacturer’s
instructions. Two weight parts of the powder containing PMMA,
dibutylphtalate, zinc oxide and pigments were mixed with one
weight part of the liquid containing methylmethacrylate and gly-
coldimethacrylate to form plastic dough. The dough was processed
according to manufacturer’s direction and desired amount was
placed into the silicon rubber mold to form the cylindrical test
specimen (Fig. 1).

Reference test specimens (Fig. 1a) were prepared by placing the
cured FRC rod into a rubber mold (Lukopren 1522, Lucebni zavody
Kolin, Czech Republic) with a symmetrical cylindrical cavity. Rod
was aligned with the axis of symmetry of the cylindrical cavity.
Then, the cavity was filled with either the denture-base dough
(sample group I) or adhesive (sample group II) to form a coaxial



Table 1
Test specimen materials composition.

Group Subgroup Ring Interlayer

Material Filler content (vol.%) Material Filler content (vol.%)

I SA Superacryl Plus n/a n/a n/a

II E-0 Evicrol 0 n/a n/a
E-1 1.7
E-2 7.9

III SAE-0 Superacryl Plus n/a Evicrol 0
SAE-1 1.7
SAE-2 7.9

Ma E-0 FRC-M Evicrol 0 n/a n/a

HSb SAE-0 HS RT 4 W Superacryl Plus n/a Evicrol 0
SAE-0 HS RT 4 M
SAE-0 HS 100 4D

a FRC rod contained multidirectionally oriented fibers.
b HS RT 4 W, HS RT 4 M – hydrolytic stability tests at room temperature for 4 weeks and 4 months respectively, HS 100 4D – hydrolytic stability tests at 100 �C for 4 days.

Table 2
Values of adhesion strength for two joint lengths.

Group Subgroup Joint length, L (mm)

3 5
Shear adhesion strength, sa (MPa)

I SA 3 ± 1 4 ± 1

II E-0 28 ± 2 22.4 ± 0.8
E-1 28.3 ± 0.7 21.6 ± 0.4
E-2 28 ± 2 20.0 ± 1.6

III SAE-0 12.1 ± 0.9 13.8 ± 0.5
SAE-1 9 ± 1 9 ± 1
SAE-2 3.8 ± 0.5 4.8 ± 0.6

M E-0 FRC-M 21 ± 1 n/a
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cylindrical ring with the FRC rod in the center. Transparent cover
from transparent rubber mold was placed over the upper portion
of the ring to avoid formation of a meniscus at the rod/ring inter-
face. Test specimens made out of the adhesive were polymerized
in the light curing chamber for 10 min. Specimens made of den-
ture-base dough were polymerized in the curing oven (30 min at
70 �C and then 30 min at 110 �C under 0.6 MPa).

Test specimens with adhesive interlayer between the rod and
the acrylic ring (sample group III) were prepared by placing the
acrylic dough into the rubber mold with metal rod of diameter ap-
prox. 1.7 mm in the center. Metal rod was aligned with the axis of
symmetry of the cylindrical cavity. The cavity was filled with
dough and transparent cover was placed over the ring. Material
was polymerized as described above and then, the ring was re-
moved from the rubber mold. A Teflon tape was used to demarcate
the required length of the joint on the FRC rod. Then, the cured FRC
rod and the cured ring were placed into the rubber mold, aligned
coaxially and the space between them was filled with the adhesive.
Thickness of adhesive interlayer, T, was approximately T = 100 lm.

In total, 90 specimens were prepared. Specimens were divided
into five main groups and eleven subgroups (Table 1) Four sub-
groups contained specimens without adhesive interlayer (sample
groups I and II) and three groups contained specimens with adhe-
sive interlayer (sample group III). In the next group, FRC rod con-
tained multidirectional (braided) fibers instead of unidirectional
fibers. (sample group M). One subgroup of test specimens was kept
in distilled water at room temperature for 4 weeks, the other sub-
group of specimens was kept in distilled water at room tempera-
ture for 4 months and the next subgroup of test specimens was
kept in distilled water for 4 days at 100 �C to investigate hydrolytic
stability of the adhesive joint (sample group HS). The influence of
the area of adhesive joint on adhesion strength was investigated
using two lengths of adhesive joint (L = 3 and 5 mm).

Universal tensile testing machine Zwick Z010 (Zwick Roell,
Germany) was used to perform the pull-out tests at room temper-
ature according to the procedure described previously [24]. Special
steel clamp was used to mount the specimens (Fig. 1b). Cross head
speed of 1 mm/min at room temperature was used in all measure-
ments and the test was stopped when the rod was pulled out of the
ring. Maximum stress, stress at failure and deformation at failure
were recorded using the data processing software supplied by
the tensile tester manufacturer.

To calculate the nominal shear adhesion strength, sa, from
experimental data, following equation was used:

sa ¼ Fmax=ðpdLÞ ð1Þ

where Fmax is the measured load at failure, d is the diameter of the
FRC rod specimen and L is the adhesive joint length [25].

SEM Philips 30 (Philips, Czech Republic) was used to inspect the
loci of failure in order to ascertain the possible mechanisms of frac-
ture. Specimens were gold-sputtered prior to placing in the SEM
chamber. Micrographs were taken at different magnifications in
order to provide an overview of each fractured area. Based on these
observations, description of the failure mode has been attempted.
3. Results and discussion

The mean nominal shear adhesion strength, sa, determinated as
an average from five measurements, and its standard deviation are
given in the Table 2 for all investigated compositions and geome-
tries. The effect of nanoparticle volume fraction, vf, on the sa is
illustrated in Fig. 2. Fig. 3 shows significant differences between
composites containing either unidirectional or multidirectional
oriented fibers. SEM micrographs of the three modes of failure ob-
served are depicted in Fig. 4. Upper portion of the figures show ori-
ginal surface of the FRC rod.

The sa obtained for the specimen group I, where the denture
base resin ring was bound directly to the FRC rod (no adhesive
interlayer) was significantly lower than that for the joints with
adhesive interlayer and also exhibited substantial data scatter.
Poor wetting of the FRC rod surface with high viscosity denture
base resin with granular morphology resulted in a very defective
interface and, thus, in formation of a poor adhesion bond and fail-
ure at the FRC/denture base interface. The granular morphology is
the consequence of the way denture base resin dough is prepared
by mixing liquid monomer with polymer beads. The beads are
swollen with the liquid monomer which homopolymerizes during



Fig. 3. Effect of fiber architecture on shear adhesion strength.
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cure, hence, there is not enough unreacted double bonds to react
with the reactive pendant groups on the surface of the FRC rod.
Thus, the granular morphology causes very uneven contact of the
denture base dough with the FRC surface (Fig. 4a).

The second group of specimens (II) had the same geometry as
group I (no adhesive interlayer), however, in this case, low viscos-
ity monomer mixture was used instead of the denture base dough.
In addition, up to 8 vol.% (16 wt.%) of nanometer sized silica filler
was incorporated in the monomer mixture to investigate its effect
on the adhesion strength. The sa measured for this group of spec-
imens was always significantly higher than that measured for the
group I. For the joint length of 3 and 5 mm, the sa was 28 and
21 MPa, respectively. The sa was almost independent of the filler
content. The slight decrease of sa with filler volume fraction, vf,
can be attributed to the reduction of the polymerization shrinkage
with addition of silica resulting in lower normal clamping stress at
the ring/rod interface. Most probably, mechanical interlocking
with interfacial chemical bonding is the actual mechanism of
bonding between the ring and FRC [26]. Good wetting of the FRC
rod surface with the monomer mixture, even when filled with up
Fig. 2. The dependence of adhesion strength on filler fract
to 8 vol.% of fumed silica, formed significantly larger contact area
compared to granular high viscosity denture base dough in
ion for two adhesive joint length (a) 3 and (b) 5 mm.



Fig. 4. Schematic illustration and SEM micrograph of fracture surface of (a) group I: SA, (b) group II: E-0, (c) group III: SAE-0 and (d) group M: E-0 FRC-M.

Fig. 5. The dependence of adhesion strength on the L/T ratio, where L is adhesive
joint length and T is thickness of interlayer [29].

Table 3
Adhesion strength of materials studied before and after the exposure to the moist
environment.

Group Subgroup Shear adhesion strength, sa (MPa)

III SAE-0 12.1 ± 0.9

HS SAE-0 HS RT 4 W 17.0 ± 0.6
SAE-0 HS RT 4 M 9.4 ± 0.7
SAE-0 HS 100 4D 17.1 ± 0.7

Fig. 6. Adhesion strength before and after the exposure to the moist environment.
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samples of group I. As confirmed by the SEM, the interlaminar
shear failure of the FRC rod becomes the mechanism that is limit-
ing the shear adhesion strength of this type of joint regardless of
the joint length (Fig. 4b).

The dimethacrylate resin used in both FRC and ring was identi-
cal and should promote formation of chemical bond between the
FRC surface and ring. In addition, light cured FRC rod surface
may still contain a number of unreacted C@C groups, especially
in the case, when light cure was performed without presence of
oxygen. It was reported, that polymerization of C@C bonds in a
light cured composite continue for at least 24 h after exposure to
light [27]. It seems reasonable to assume that there were a number
of unreacted double bonds on the surface of cured FRC rod, which
could allow formation of covalent bonds between ring and FRC.
Observations of the surface of cured FRC rods revealed that there
was always a resin rich layer with no fibers protruding to the
surface to provide additional means of bonding. Moreover, mono-
mer from the ring may partly swell the surface resin rich layer of
the FRC resulting in formation of strong interphase layer. On the
other hand, the precise mechanism of interfacial bonding was far
less important in controlling the adhesion strength of the joint
than the mechanical properties of the ring and FRC [24].

In the specimen group III, where the adhesive interlayer of
varying composition was used, the adhesion strength was lower
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compared to the group II discussed above and sa decreased with
increasing filler volume fraction, vf, significantly, from 12 to
4 MPa. The difference between sa for the two joint lengths was sta-
tistically insignificant. Presence of the adhesive interlayer moved
the loci of the joint failure to the interlayer/denture base ring inter-
face. As expected from the results on specimens of group II,
increasing of the silica content did not reduce the adhesion
strength of the interlayer/FRC interface. Hence, the strong decrease
of the adhesion strength between the interlayer and denture base
ring with increasing vf was caused by the increase of the viscosity
of the adhesive interlayer compound. SEM micrographs showed
that the crack path runs through interface denture base ring/adhe-
sive interlayer (Fig. 4c). The manner in which the failure propa-
gated after initiation was the same for both unidirectional and
multidirectional reinforced FRC substrate, but the joint with
braided fibers (group M) showed lower strength of adhesion. This
decrease can be attributed to lower tensile strength of E-glass fi-
bers and to the difference in the orientation of the braided fibers
against the external loading. It can be seen from Fig. 4d that matrix
material has been removed from the surface, leading to exposing of
the braided fibers. The SEM fractographs confirmed the prediction
of the crack path that has been previously proposed using a simple
fracture mechanics model [26] (Fig. 4).

Effect of the area of the adhesive joint on adhesion strength was
investigated using two joint lengths of 3 and 5 mm. For a given
areas of adhesive joint, the ultimate load of the joint increases as
the bonded length increase. However, the average bond strength
decreases, due to the non-uniform distribution of the bond stresses
along the bonded length [28]. This trend occurred only in case of
the group II. In case of the groups of specimens with interlayer,
Fig. 7. SEM micrographs of the fracture surfaces: (a) after 4 weeks exposed in water at r
temperature (SAE-0 HS RT 4 M) and (c) after 4 days exposed in water at 100 �C (SAE-0 H
shear bond strength was almost independent on area of adhesive
joint. This fact is explained based on the analogy described in liter-
ature [29]. Fig. 5 shows the dependence of adhesion strength on
the joint length/interlayer thickness ratio (L/T). In case of groups
of specimens without interlayer – group II, L/T ratio is equal to
0.916 (3/3.275) for adhesive joint length 3 mm. For adhesive joint
length 5 mm is L/T ratio equal to 1.527 (5/3.275). They are situated
in the part of curve, where shear bond strength decrease rapidly
with L/T ratio. On the other hand, in case of groups of specimens
with interlayer – group III – L/T ratio is equal to 30 (3/0.1) for adhe-
sive joint length 3 mm and for length 5 mm is equal to 50 (5/0.1).
They are situated in the part of curve, where shear bond strength is
practically independent on adhesive joint length.

The change of the sa for the specimens with unfilled adhesive
interlayer (group III) after the exposure to the moist environment
at 23 �C for up to 4 months and accelerated hydrolytic degradation
at 100 �C for 4 days was investigated (Table 3, Fig. 6). After
4 weeks, the sa increased to 17 MPa compared to the 12 MPa mea-
sured immediately after curing the joint. Further exposure of the
joint led to a gradual decrease of the sa to 9 MPa after 16 weeks.
Interestingly, the accelerated hydrolytic degradation of the joint
at 100 �C for 100 h resulted as well in an increase of the sa to
17 MPa. The sa enhancement was attributed to the increase of
toughness of the interphase region by penetration of water mole-
cules into the cured resin [24,30–32]. This may result in its partial
swelling, thus, relaxing portion of internal stresses as well as
locally enhancing segmental mobility. Water molecules act as a
plasticizer and the polymer chains generally become more mobile.
This is in agreement with previous published data [24]. SEM
micrograph showed crack entering the FRC rod (Fig. 7a and c).
oom temperature (SAE-0 HS RT 4 W), (b) after 4 months exposed in water at room
S 100 4D).
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Failure was a mixture of interfacial crack and interlaminar failure.
On the other hand, there was noticeable decrease of sa in system
after exposure to distilled water at room temperature for
16 weeks. One possible explanation is that after reaching swelling
equilibrium at given temperature and pressure, water diffusing
into the joint becomes located preferentially at the interface. Here,
it can hydrolyze existing hydrogen bonds and act as a lubricant,
thus reducing the sa. In Fig. 7b, fracture surface is seen to be with-
out interlaminar failure. Loci of failure was between interlayer/
denture base ring interface.

4. Conclusions

In this study, adhesion strength between FRC based on dimeth-
acrylate matrix and PMMA denture/base resin lightly crosslinked
with dimethacrylate was investigated using specially modified
pull-out test. The influence of the architecture of the FRC substrate
and the adhesive interlayer composition on the shear adhesion
strength was investigated for fresh and hydrolytically aged joints.

Strength of adhesion between FRC and acrylic denture-base
resin without interlayer was weak due to poor wetting of the
surface of FRC rod, resulting in poor conditions for formation of
adhesion bonds. However, when interlayer was used, adhesion
strength increased. This can be explained based on better wetting
of the surface of FRC rod resulting in suitable conditions for forma-
tion of covalent bonds between the ring and rod. Limiting value
was the interface interlayer/ring and higher viscosity of adhesive
filled with nanofiller. On the other hand, the highest adhesion
strength was achieved for adhesive itself. However, the limiting va-
lue was fiber architecture and interlaminar shear strength of the
FRC composite. Mode of failure in adhesive joints was heavily
dependent on environmental conditions.
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