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A B S T R A C T

This laboratory study was aimed to characterize semi-interpenetrating polymer network (semi-IPN) of fiber-
reinforced composite (FRC) prepregs that had been stored for up to two years before curing. Resin impregnated
prepregs of everStick C&B (StickTech-GC, Turku, Finland) glass FRC were stored at 4 °C for various lengths of
time, i.e., two-weeks, 6-months and 2-years. Five samples from each time group were prepared with a light
initiated free radical polymerization method, which were embedded to its long axis in self-curing acrylic. The
nanoindentation readings on the top surface toward the core of the sample were made for five test groups, which
were named as “stage 1–5”. To evaluate the nanohardness and modulus of elasticity of the polymer matrix, a
total of 4 slices (100 µm each) were cut from stage 1 to stage 5. Differences in nanohardness values were
evaluated with analysis of variance (ANOVA), and regression model was used to develop contributing effect of
the material's different stages to the total variability in the nanomechanical properties. Additional chemical and
thermal characterization of the polymer matrix structure of FRC was carried out. It was hypothesized that time of
storage may have an influence on the semi-IPN polymer structure of the cured FRC. The two-way ANOVA test
revealed that the storage time had no significant effect on the nanohardness of FRC (p = 0.374). However, a
highly significant difference in nanohardness values was observed between the different stages of FRC
(P< 0.001). The regression coefficient suggests nanohardness increased on average by 0.039 GPa for every
storage group. The increased nanohardness values in the core region of 6-months and 2-years stored prepregs
might be due to phase-segregation of components of semi-IPN structure of FRC prepregs before their use. This
may have an influence to the surface bonding properties of the cured FRC.

1. Introduction

Restorative and prosthetic dentistry has been revolutionized by the
use of fiber-reinforced composites (FRCs), which have enabled fabri-
cation of direct and indirect restorations with high mechanical strength
and natural looking appearance (Vallittu and Sevelius, 2000; Dyer
et al., 2005; Bouillaguet et al., 2006; Garoushi et al., 2006; Xie et al.,
2007). Dental FRCs usually consist of reinforcing glass fiber in-
corporated into a dimethacrylate resin matrix. The glass fibers are si-
lanized to adhere to the resin matrix (Matinlinna et al., 2004). Silane
promoted adhesion of glass fibers to the resin matrix is essential for the
cohesive strength of the FRC material.

Dental constructs are multiphasic and are composed of FRC sub-
structure and a tooth-colored veneering resin composite layer. In di-
rectly made restorations, adhesion of the veneering resin composite or
resin luting cement to the surface of FRC substructure can be based on
free radical polymerization of the veneering composite to the resin
matrix part of the FRC. However, in indirectly made restorations, re-
pairs and luting of FRC root canal posts, the bonding mechanism is
typically micromechanical or utilizes exposed glass fiber surfaces.
Utilization of exposed glass fibers for bonding the FRC substructure
requires chairside silanization, which, however, has proven to be prone
to weakening by hydrolysis (Rosen, 1978; Heikkinen et al., 2013;
Rosentritt et al., 2001).
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Weakening of the bond between the FRC substructure and veneering
composite was one of the problems related to early FRC restorations
(Bohlsen and Kern, 2003; Goldberg and Freilich, 1999). During the
early development of dental FRCs, another approach to adhere ve-
neering resin composites and resin luting cements to the FRC sub-
structure was developed. This approach utilized the polymer matrix of
the FRC, which was modified to have lower cross-linking density than
that of highly cross-linked dimethacrylate based polymers. A lower
cross-linking density was obtained by the addition of mono-
methacrylate-based macromolecules to the light curing dimethacrylate
monomer system and especially to the surface layer of FRC. By defi-
nition, the polymer system of poly(methylmethacrylate) (PMMA) and
copolymer bisphenol-A-glycidyldimethacrylate–triethylene glycol di-
methacrylate (bisGMA) is a semi-interpenetrating polymer network
(semi-IPN) (Sperling, 1994; Vallittu, 2009; Kallio et al., 2001;
Lastumäki et al., 2002). By the International Union of Pure and Applied
Chemistry (IUPAC) Comission on Macromolecular Nomenclature, the
semi-IPN is net-poly(methylmethacrylate)-inter-net-copoly(bis-glycidyl-
A-dimethacrylate)-triethyleneglycol dimethcraylate.

Indeed, the bonding properties of the veneering resin composites
and resin luting cements have been shown to improve on using a semi-
IPN resin matrix for FRC than a FRC that only has a cross-linked di-
methacrylate polymer matrix (Le Bell et al., 2004). The improved
bonding was shown to be related to the dissolution of PMMA of the
semi-IPN matrix by the monomers of the veneering resin composites or
resin luting cements (Mannocci et al., 2005; Wolff et al., 2012; Frese
et al., 2014).

The fabrication of semi-IPN containing dental FRC materials
(everStick products, Stick Tech-GC, Turku, Finland) enriches the sur-
face of the FRC prepreg with PMMA macromolecules. The prepreg ty-
pically comprises continuous unidirectional glass fibers embedded in
the resin matrix, ready for molding and curing. PMMA enrichment
makes the surface of the FRC less cross-linked and easier to be dissolved
by monomers of veneering resin composites in order to enhance in-
terfacial bonding to resin cements and veneering resin composites. Over
the shelf life of the FRC prepreg, the resin matrix is in the form of a
viscous gel and it can be hypothesized that dimethacrylate monomer
diffusion occurs to the PMMA-enriched surface and vice versa. The
PMMA gradient may therefore change by the storage time, which might
have an impact on the bonding properties of the FRC substructure of
dental devices and FRC root canal posts of semi-IPN type.

The aim of this study was to characterize nanomechanically, che-
mically and by thermal means the semi-IPN structure of dental glass
FRC prepregs that had been stored for up to two years before curing.
More specifically, the surface nanohardness, modulus of elasticity and
ratio of PMMA and dimethacrylate copolymers were examined at

various depths of the material using Raman spectroscopy and X-ray
diffraction. The working hypothesis was that the PMMA gradient would
be lower after a longer shelf life period.

2. Materials and methods

A semi-IPN FRC (everStick C&B, StickTech-GC, Turku, Finland)
consisting of bisGMA, Tri-ethylene-glycol-dimethacrylate (TEGDMA)
and PMMA polymer matrix system was selected and the resin im-
pregnated FRC prepregs were stored at 4 °C for various lengths of time,
i.e., two-weeks, 6-months, and 2-years. For each storage group, 10 mm
of the FRC material was cut off from the fiber frame together with its
silicone bedding. Next, the prepreg was polymerized for 5 min in a light
curing oven (Labolight LV-III, GC Corporation, Tokyo, Japan) followed
by additional 15 min curing in a vacuum oven (Espe Visio® Beta Vario,
Espe, Seefeld, Germany) to eliminate oxygen inhibited surface layer.

A self-curing acrylic resin (Rapid Repair, DeguDent GmbH, Hanau,
Germany) was selected for embedding the FRC samples for analysis.
The acrylic resin was decanted into a tissue-processing cassette, the
resin was filled up to 2 mm above the extended sidewalls of the cassette
for ease of slicing the samples. Next, a 10 mm polymerized FRC bar was
introduced with its length along the horizontal axis in the resin matrix
in such a way that half of the diameter (approximately 0.85 mm) of the
stick was embedded inside the resin matrix and the remaining half was
free from any interaction with the acrylic resin polymer. A single FRC
bar was centered in each resin-filled cassette during the sticky stage of
polymerization (Fig. 1A). Five samples were prepared for each group
i.e., two weeks (Fresh-group), 6-months, and 2-years shelf-life samples.
The cured FRC samples were stored in a desiccator for 48 h before any
further process or analysis were undertaken.

2.1. Nanoindentation tests

Nanoindentations of the polymer matrix phase of the FRC were
obtained with a nano-mechanical tester (Bruker, Santa Barbara, CA,
USA) equipped with a Berkovich diamond indenter tip with nominal
radius ≈100 nm. To obtain an accurate indenter area function and
ensure instrument compliance, the system was calibrated using a fused
silica block with E = 72 GPa. The experiments were performed at a
controlled temperature of 26 °C±1 °C, with loading and unloading
rates of 0.05 mN/s and a 10 s dwell time. The maximal load was set to
0.5 mN (Fig. 2).

Initially, each FRC bar was sectioned 200 µm longitudinally along
its long axis with a microtome saw (SLEE CUT 5062, SLEE Medical,
Mainz, Germany) to provide a smooth and even surface for na-
noindentation of the polymer matrix (Fig. 1B). During testing, the

Fig. 1. Sample preparation: (A) 10-mm-long cured
FRC sample partially embedded in autpolymerized
acrylic resin, (B) Initial 200 µm slicing of the FRC for
smoothing of the tested stage 1 surface, (C)
Subsequent longitudinal slicing of 100 µm each from
stage 1 to stage 5 for nanomechanical and chemical
analysis.
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indenter (three-sided pyramidal Berkovich diamond tip, 100 nm radius)
was pressed randomly onto the sample's polymer matrix surface (be-
tween the fibers). On each sample, 5 indents were made at least 50 µm
apart to avoid overlapping of the indentations. The nanoindentations
being introduced on the top surface of each sample from the tested
groups comprised “stage 1.” Next, with a microtome saw, a 100-micron
slice was cut longitudinally from everStick C&B bar and evaluated for 5
nanoindents. This stage of evaluation was named “stage 2”. The na-
noindentation evaluation of “stage 3” was performed by cutting 100 µm
off once again. To evaluate the nanomechanical properties (nano-
hardness and modulus of elasticity) of the polymer matrix, 4 slices
(100 µm each) were cut from stage 1 to stage 5.

2.2. Raman spectroscopy

Raman spectra of the top (stage 1) and the core (stage 5) surfaces
were acquired using a ProRaman-L Analyzer (TSI®, Shoreview, MN,
USA) with an excitation laser beam wavelength of 785 nm. The scan-
ning was undertaken between 250 and 2350 cm−1. However, special
emphasis was made with the scanning at 1450 cm-1 and 1640 cm-1 to
evaluate the structural fingerprints of PMMA and bisGMA, respectively.

2.3. X-ray diffraction (XRD) analysis

XRD patterns of stage 1 and stage 5 surfaces of the polymer matrix
were determined using a D-8 Discover X-ray diffractometer (Bruker AXS
GmbH, Oestliche Rheinbrueckenstr, Karlsruhe, Germany) in the 2θ
range of 30–90°, at a scan speed of 2°/min with an increment of 0.02 in
locked coupled mode.

2.4. Thermographic analysis

Thermogravimetric analysis (TGA) and differential scanning

calorimetry (DSC) were estimated using SDT Q600 (TA Instruments,
New Castle, DE, USA). The glass-transition temperature (Tg) of the
polymer matrix of stage 1 and stage 5 of the FRC was estimated sepa-
rately. For thermal analysis, individual samples (approximately ⌀
1.7 mm, L = 5 mm, and weight in the range of 5.80–6.26 mg) were
placed in an alumina pan inside the heating compartment, and then the
sample was heated at 10 °C/min from 23 °C to 600 °C under a nitrogen
environment. The acquired data were evaluated through the software
fitted in Q600.

2.5. Statistical analyses

Statistical analyses were achieved using SPSS ver. 23.0 (Statistical
Package for Social Science, SPSS Inc., Chicago, IL; USA). All data were
confirmed for the normality of their distribution using the Shapiro-Wilk
test and Kolmogorov–Smirnov test (α= 0.05). Levene's test was carried
out for the homogeneity of variance. Descriptive data and inferential
data such as the regression model was used to explore the relationship
between the nanohardness and different surface stages of the FRC
samples. Subsequently, analysis of variance (ANOVA) was used to test
for differences within and between the sample groups (post hoc Tukey's
test = 0.05).

3. Results

Table 1 presents the descriptive data for the nanohardness values
along with the statistical differences within and between the tested
groups at different stages. The two-way ANOVA test revealed that the
storage condition had no significant effect on the nanohardness of FRC
(P = 0.374). However, a highly significant difference in nanohardness
values was observed between the different stages of FRC (P<0.001).
Further, the interaction (joint effect) of storage condition and material's
different stages was also found to be significant (P = 0.001). The post
hoc Tukey's test revealed no significant difference within the Fresh-
group. However, there was statistical difference within the groups
stored for 6-months and 2-years groups and between the groups.
Table 2 presents the corresponding values for modulus of elasticity.
Modulus of elasticity was lower at stage 1, i.e., at the surface of the FRC
than in the core. By lengthening the storage time, the difference be-
tween the modulus of elasticity at the surface compared to the core
became more evident. In fact, the highest modulus of elasticity was
found with the FRC, which was cured from a prepreg with 2-year sto-
rage.

The regression analysis showed that the contributing effect of the
material's different stages to the total variability in the nanohardness
was low (R2 = 0.2). However, the regression coefficient was observed
to be significant (0.039, P = 0.000). Fig. 3 demonstrates the relation-
ship between the storage condition of the FRC samples and the nano-
hardness of the polymer matrix at different stages.

All samples were analysed by Raman dispersive spectroscopy
(Fig. 4) in order to determine the effect of storage conditions of the
prepreg on polymer matrix characteristics. The Raman spectra show
bond deformation of C-C-O and C-C-C at 500 cm−1. Peaks observed in

Fig. 2. Schematic representation of a loading-unloading curve for a nanoindentation
measurement of the polymer matrix of semi-IPN FRC.

Table 1
The mean nanohardness values of polymer matrix of FRC stored for various lengths of time before curing. Stages 1–5 refer to the depth of the measurement from the surface toward core of
the material.

Storage condition Nanohardness (GPa)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Fresh 0.12± 0.03a,b 0.13± 0.04d,e 0.13± 0.07 0.17± 0.09 0.17± 0.09
6-months aged 0.08± 0.05 A,B

a,c 0.08± 0.05 C,D
d 0.13± 0.10E 0.19± 0.12 A,C,F 0.29± 0.18B,D,E,F

2-years aged 0.06± 0.02 G
b,c 0.07± 0.03He 0.13± 0.09I 0.14± 0.11 J 0.28± 0.24 G,H,I,J

Key: Same superscript uppercase letters demonstrate significant difference within the group (p<0.05). Same subscript lowercase letters demonstrate significant difference between the
groups (p< 0.05).
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the range from 730 to 850 cm−1 are related to Si-O stretching (Khan
et al., 2017). In each tested group the core of the FRC demonstrated an
increased intensity (in the range from 1600 to 1750 cm−1) when
compared to corresponding top surface of the group. Asymmetric and
symmetric deformation in the plane of CH2 was observed on the top
surface in all the groups in the range of 1350–1450 cm−1. The aromatic
and aliphatic C˭C bond and C˭O bond bands were observed in range of

1650–1750 cm−1.
The X-ray diffraction patterns of the polymer matrix of stage 1 and

stage 5 of the polymer matrix of the FRC suggested that the polymer
was amorphous without having a long-range atomic order. Only a
broad scattering peak (2θ = 40) was observed in every tested group.
Fig. 5 presents the XRD patterns of the tested groups.

Fig. 6 presents the thermal stability of stage 1 and stage 5 of the
tested groups. The TGA curves suggest that the top surface (stage 1) of
all the tested materials stored for various lengths of time started weight
loss at 320 °C. By the time temperature reached to 420 °C, the poly-
meric weight content was completely lost. However, no weight changes
were observed in glass-fiber content. Similar trend was also witnessed
for the core surfaces of the tested groups.

Fig. 7 shows the DSC curves of the tested groups. The data suggest
that no significant effect to the melting temperature of the tested
samples occurred when the surfaces were without monomer interaction
at stage 1 (top surface) or with the monomer interaction at stage 5 (core
surface). The Tg values from the inserts suggest approximately 200 °C
for all the groups.

4. Discussion

Resin-based dental materials have a limited shelf life due to a po-
tential risk for evaporation of monomers, initiator and activator

Table 2
The mean modulus of elasticity values of polymer matrix of FRC stored for various lengths of time before curing. Stages 1–5 refer to the depth of the measurement from the surface toward
core of the material.

Storage condition Modulus of elasticity (GPa)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Fresh 2.49±0.18 A,B,C,D
a 2.99± 0.24 A,E,F

c,d 2.81± 0.19B,G,He 3.50± 0.29 C,E,G
g,h 3.58±0.32D,F,Hj,k

6-months aged 2.19±0.23I,J,Ka,b 2.22± 0.28 L,M,N
c 2.93± 0.41I,L,O,Pf 4.26± 0.79 J,M,O,Q

g,i 5.62±1.27 K,N,P,Q
j,l

2-years aged 2.51±0.54 R,S,T
b 2.26± 0.63U,V,Wd 5.73± 1.09 R,U,X

e,f 6.14± 1.81 S,V,Y
h,i 8.28±2.19 T,W,X,Y

k,l

Key: same superscript uppercase letters demonstrate significant difference within the group (p< 0.05). Same subscript lowercase letters demonstrate significant difference between the
groups (p< 0.05).

Fig. 3. Nanohardness of the polymer matrix cured from fresh, 6-months, and 2-years
stored FRC prepregs, plotted against the depth of the measurement (stages 1–5) from the
surface toward core of the FRC.

Fig. 4. Raman spectra of polymer matrix: (A) surface of “stage 1” and (B) surface of “stage
5” of the FRC cured from prepregs and stored for various lengths of time.

Fig. 5. X-ray diffraction patterns: (A) surface of “stage 1” and (B) surface of “stage 5” of
the FRC cured from prepregs and stored for various lengths of time.
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compounds. Until to the introduction of semi-IPN FRCs, there has not
been a need to study potential change of the polymer structure in terms
of e.g. cross-linking density of the polymer matrix, which is known to
have an impact on the adhesive properties of the FRC (Kallio et al.,
2001; Lastumäki et al., 2002; Le Bell et al., 2004; Mannocci et al.,
2005). Change of the polymer structure could occur due to intentionally
produced resin gradient structure of the semi-IPN, where there is an
enriched layer of PMMA on the surface of the FRC prepreg. Gradient
structure may be changed by time from that of fabrication of the FRC

prepregs. The change could be due to diffusion of cross-linking mono-
mers and dissolved PMMA molecules. Methods to investigate indirectly
the changes of the polymer structure and cross-linking density is based
on mechanical means, which in this study were nanomechanical ana-
lysis of the polymer matrix. The selected background variables were
fresh versus two years stored FRC prepregs. The focus was on the dif-
ferences at the surface layer and in the core of the FRC, especially in
terms of surface nanohardness and modulus of elasticity, which relates
to the cross-linking density. Characterization of a material through
hardness is an important step (Sattler, 2010). However, nanoindenta-
tion is a useful technique to measure the unit area of the indented
surface at nanoscale (Sattler, 2010). The presence of molecules of
PMMA in the cross-linked polymer network lowered the cross-linking
density and could be perceived in the values of hardness and elasticity.

The nanoindentation data of this study are indeed interesting and
against the hypothesis that the PMMA gradient will be lower after a
longer shelf life period. We found that both surface nanohardness and
modulus of elasticity were lower in the polymer matrix of the surface
layer than in the core of the FRC. This confirms that during the fabri-
cation process of FRC prepregs of this brand, higher quantities of PMMA
is present in the core. Although, no visual difference in hue and colour
of the prepegs of the tested groups was observed during fabrication. In
laboratory studies, this gradient structure has been shown to influence
the dissolving characteristics and the adhesion properties of the FRC
(Mannocci et al., 2005; Wolff et al., 2012). Interestingly, it was found
that when the FRC was cured from the prepreg, which had stored up to
two years before curing, the difference of the nanohardness and mod-
ulus of elasticity became even higher when the surface and core of the
FRC were compared (Tables 1 and 2). In fact, the modulus of elasticity
of the core, where there was initially also minor quantities of PMMA,
reached at two years storage time the modulus of elasticity of cross-
linked bisGMA-TEGDMA polymer (Pastila et al., 2007). Surface nano-
hardness measurement supports also understanding that cross-linking
density in the core is higher in FRC made of prepregs of longer storage
time. This finding suggests that the PMMA molecules concentrate by
diffusion even more to the core of the FRC prepreg when the storage
time prolonged (Fig. 3). Consequently, the semi-IPN of this composition
is heterogeneous phase-separated material where polymers are dual-
phase at molecular level (Sperling, 1981). When thermodynamic in-
teraction between polymer components, kinetic motion, and mobility of
polymer chain take place during diffusion, phase-segregation between
the network chains may expedite, as found in this study (Sperling,
1981). This unpredictable behavior might be due to relatively limited
stability of polymer components of this particular semi-IPN, resulting
into disintegration of dual-phases with aging of the FRC prepreg.

This study made an initial attempt to chemically characterize the
polymer structure of the FRC which has semi-IPN polymer matrix. By
chemical analysis, it was possible to identify the structural differences
between the top surface and the core surface, namely PMMA and a
major component of di-methacrylate, i.e., bisGMA. The core of the FRC
demonstrated an increased intensity in the range from 1600 to
1750 cm−1 that have the characteristic Raman bands related to aro-
matic rings, thus it seems obvious that core is bisGMA rich. Surface
spectra, on the other hand, showed very weak interaction, revealing the
existence of PMMA rich layer (Fig. 4). The slight differences in core
spectra of Fresh and 2-year sample need to be studied further in order to
fully explain the differences observed.

However, it was not possible to see any other structural changes,
i.e., crystallization over storage time. XRD analysis showed broad dif-
fraction peaks related to amorphous glass in every time point and in
both measuring stages (Fig. 5). This differs from the results with par-
ticulate filler resin composite, where crystallinity of the resin composite
was found (D’Alpino et al., 2014). However, if the resin composite was
used after the expiration date, the crystallinity was less. On the other
hand, the major component of the semi-IPN polymer is thermoset of
bisGMA and TEGDMA, and thermosets are known to be typically

Fig. 6. TGA curves: (A) surface of “stage 1” and (B) surface of “stage 5” of the FRC cured
from prepregs and stored for various lengths of time.

Fig. 7. DSC thermograms depicting heat flow at: (A) surface of “stage 1” and (B) surface
of “stage 5” of the FRC cured from prepregs and stored for various lengths of time.
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amorphous due to crosslinks, which inhibit the movement of polymer
chains to crystallize. Therefore, if the crystallinity or semi-crystallinity
would have been noticed, that would probably be in the thermoplastic
PMMA phase of the semi-IPN polymer. Although we did not found
crystallinity of PMMA, it has been shown that PMMA have ability to
crystallize, especially isotactic PMMA (Ute et al., 1995). Amorphous
polymer structure of PMMA could be explained also by the PMMA used
in this particular semi-IPN system, which is predominantly syndiotactic
with a lower tendency for crystallization (Ruyter and Svendsen, 1980).
TGA test showed no differences in degradation between core and sur-
face (Fig. 6). The degradation began around 290 °C and above 440 °C
the sample mass tended to stabilize, corresponding to glass fiber in-
organic content. DSC test further revealed no unusual thermal events
e.g. crystallization, change in melting or glass transition temperature
between core and surface of all tested groups (Fig. 7). These results
reflect behavior of predominant thermoset components of the semi-IPN.

Since this study testified improved nanohardness inside the core of
the 6-months and 2-years aged samples, further studies are required to
analyse the interfacial bond strength with the adhesives. For future
studies, it would be interesting to evaluate the effect of storage tem-
perature on resin impregnated FRC prepregs. Since polymers of dif-
ferent compositions may need certain temperature to remain in stable
state, and abstaining from entanglement of small chains. Therefore,
influence of storage temperature is necessary to explore.

5. Conclusion

This laboratory study demonstrated that:

- The semi-IPN structure of everStick C&B is affected by the long-term
storage of FRC prepreg before curing.

- The intentionally fabricated PMMA enrichment on the surface of the
FRC prepreg becomes even higher gradient like polymer structure
by storing the prepregs for up to two years.

- The polymer matrix of the semi-IPN FRC becomes lower in nano-
hardness and modulus of elasticity on the surface than in the core by
the long-term storage of FRC prepreg before curing.
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