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Abstract

A novel dental fiber post from glass fiber-reinforced polybenzoxazine (PBZ) composites was
developed in this work. The essential properties, i.e., chemical characteristics, thermal and
biological properties of the PBZ composites were investigated for various glass fiber loadings
(10.5, 23.7, 41.2 and 65.1 vol%). Finite element analysis (FEA) was also utilized to observe
mechanical behaviours of the tooth model repaired with PBZ composite posts compared to a
natural tooth model. The findings reveal that for the fiber-reinforced PBZ composites not only
their thermal properties were significantly improved, but they also showed enhanced
cytocompatibility; we found a coefficient of thermal expansion of 12.8 ppm/°C and cell
viability of 91.55 for the 65.1 vol% glass fiber-reinforced PBZ composite. Moreover, samples
reinforced with higher glass fiber loadings effectively resulted in the reduction of stress
distribution in dentin observed from FEA suggesting protection againt root fractures.
Restoration using the PBZ composite post showed the same stress patterns in the dentin-
composite resin-post interface of the repaired tooth as in the natural tooth model. The results
revealed that the glass fiber-reinforced PBZ composites possess good thermal properties and
mechanical behaviours which renders them suitable candidates for biocompatible dental

materials.
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Highlights

e The GF/polybenzoxazine composites had nontoxic properties as evidenced through cell
viability, growth and morphology studies.

e The thermal expansion of the GF/polybenzoxazine composite was similar to that of
dentin, promoting adaptation at the dentin-post interface.

e Mechanical behaviors evaluated by FEA of tooth model restored with
GF/polybenzoxazine composite post were similar to those restored with commercial
glass fiber post.

e The biocompatible GF/polybenzoxazine composite with good thermal and mechanical

properties is a promising new candidate material as dental fiber post.

KEYWORDS
composite dental post, polybenzoxazine composite, biocompatible material, thermoset

polymer, innovation

1 INTRODUCTION

Fiber reinforced polymer composites (FRPs) based on carbon, aramid or glass fibers have been
widely used in automotive, airspace, defence and marine engineering industries,'-® and have
been more recently used as biomedical materials in dentistry as dental fiber post for
endodontically treated teeth. Patients with intrinsic or extrinsic stains need dental restorations
to address aesthetic issues, e.g., antibiotics and smoking habits, in consequent, a reinforcing
structure which is known as post is often used for the dental restorations.’!! Generally, the post
materials should impart good retention without overstressing root dentin and should have
properties close to those of dentin, including elastic modulus, flexural and compressive
strength, and thermal expansion and they also should be able to bond efficiently to the dentin.!?
These characteristics can help to ensure that the post and dentin perform in a similar manner
and reduce the risk of failure. Non-metallic posts have been gradually replacing regular
metallic posts in recent years due to the disadvantages of metals, i.e., high elastic modulus,
approximately 100-200 GPa, resulting in generation of stress concentration areas, which were
responsible for cracking and root fracture, and the risk of corrosion.!%!3-1> Therefore, non-
metallic posts, e.g., fiber posts (fiber-reinforced epoxy posts) and ceramic posts have become
gradually current in dentistry due to their usefulness such as ease of treatment, optimal
mechanical properties, aesthetics, removability, and their ability to provide probable clinical

2
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performance in several respects. Contrary to metallic posts, fiber posts have a stiffness closer
to dentin which has elastic modulus of 18.6-40 GPa, and thus minimize the root fracture
risk.!>16 In addition, significant bonding of fiber posts to dentin and to a composite core creates
better stress distribution and transfer after loading, leading to improve root’s fracture
resistance.!’

Carbon fiber posts (CF-reinforced epoxy posts) were firstly adequate replacements to metal
posts (custom and prefabricated) because the posts had a stiffness like dentin and were easy to
remove. However, the CF posts have higher strength than other fiber posts and are black and
opaque, therefore lacking cosmetic qualities. In recent years, glass fiber (GF) posts were
introduced as an innovative material to replace unaesthetic CF posts in the repair of teeth that
have had endodontic therapy due to its advantages especially its elastic modulus and strength
like dentin, providing uniform stress distribution along the post length. GF posts also show
convenience in aesthetic appearance, they are competitive and have a lower risk of further tooth
structure loss during post-space preparation.'®!° Different prefabricated fiber-reinforced posts
have been studied and exhibited variations in mechanical properties.!® The flexural properties
of FRP posts, i.e., GF, CF and quartz fiber posts, were compared against a brass post. It was
found that the CF post showed the highest flexural modulus about 100 GPa, while the flexural
modulus of GF posts was in a range of 2.28-30.30 GPa, depending on diameter and aspect ratio
of the fibres used to prepare the post. The flexural moduli of quartz fiber and brass posts were
about 8.80 GPa and 15.12 GPa, respectively. A low modulus which is equal to that of dentin
may avoid stress concentrations and prevent additional root fractures. In addition, the GF post
achieved the highest flexural strength when compared to the CF post. This indicates that the
GF post can enhance the durability to retain the core of the restoration.? Pegoretti et al.?!
analysed through FEA the mechanical response of tooth repaired with GF-reinforced polymer
composite post and compared against tooth repaired with CF and gold alloy posts. Due to its
rigidity which found similar to that of dentin, it was discovered that the composite post
reinforced with GF expressed the lowest stresses inside the root.

In terms of polymer matrix for dental fiber posts, epoxy and bis-GMA were the most used
polymer matrices, while investigations were also conducted using other polymers such as
polyimide and PEEK.?!-23 In case of the epoxy matrix, its curing agents such as amines, present
various drawbacks, including issues like inadequate storage stability and high toxicity.
Additionally, epoxy resin is known for its poor heat resistance, evident in its low glass
transition temperature (T,) and limited thermal expansion.?*?> To find alternatives to the use

of a highly toxic curing agent in epoxy resin, in recent years, Mora et al.¢ presented fiber posts
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prepared from GF and polybenzoxazine (PBZ). PBZ, a new type of thermoset phenolics, has
some outstanding properties, e.g., high thermal and mechanical properties, low water
absorption and good solvent resistance. The benzoxazine monomer can be produced by a
patented solventless synthesis from formaldehyde, primary amines, and phenols, providing
high purity monomers, with low melt viscosity which facilitate compounding with different
fillers such as fibers and offers enormous molecular design flexibility by alloying with several
types of polymers for broader range of applications. In addition, ring-opening polymerization
of the benzoxazine monomer under thermal conditions without adding curing agents and
catalysts was stated.?’-3 Mora et al.?¢ reported GF-reinforced PBZ composites which had the
necessary essential properties for dental restorations and appliances since the flexural
properties of the GF-reinforced PBZ composite were found to be similar to that of dentin. This
performance suggested that a critical factor for load transfer which is the difference in rigidity
between the PBZ composite and the dentin was reduced. Because of good adhesion at GF-PBZ
interface, the T, of the PBZ composite was noticeably greater than that of the PBZ. The higher
T, of the composite is important for long term thermal stability for dental restorations.
Moreover, it was found from FEA that the maximum von Mises stress under an oblique applied
load showed at the cervical third area for the tooth model repaired with the PBZ composite post
as equally observed in the natural tooth model. However, thermal performance, i.e., thermal
expansion and degradation temperature, and biological property of the GF-reinforced PBZ
composite post as well as the mechanical behaviour under a vertical load to mimic bruxism of
tooth model repaired with the composite post by FEA is not reported yet in literature to
emphasize the advantage of using the GF-reinforced PBZ composite as a dental fiber post.
Therefore, this study aimed to prepare a biocompatible dental fiber post using bisphenol
Al/aniline-type PBZ (PBA-a) composites reinforced with GF. The effect of GF loading on
thermal expansion, degradation temperature, and biocompatibility was studied in this work.
The stress distribution in a tooth model repaired with the obtained GF-reinforced PBA-a
composite posts after applying a vertical load was compared with a natural tooth model.
Moreover, the improved properties of the composites obtained due to chemical bond formation

were also discussed.

2 MATERIALS AND METHODS

2.1 Materials
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Bisphenol A/aniline-type benzoxazine (BA-a) resin was used as the matrix to formulate GF-
reinforced composites. Aniline and paraformaldehyde were acquired from Panreac Quimica
and Merck Co., Ltd., respectively. Bisphenol-A was supplied by Thai Polycarbonate Co., Ltd.
Plain weave of GF with areal density of 600 g/cm? was used as reinforcing fiber obtained from

Thai Polyadd Ltd. Partnership.
2.2 Resin and sample preparation

BA-a resin polymerized to be PBA-a was produced from aniline, paraformaldehyde and
bisphenol-A at a molar ratio of 2:4:1 based on a solventless method.?’

The GF/PBA-a composites were prepared as illustrated in Figure 1 using different GF
loading levels of 0, 10.5, 23.7, 41.2 and 65.1 % by volume. The obtained molten BA-a was
coated on GF using hand-layup method at 80 °C to fabricate the prepregs. The GF/PBA-a
composite was obtained by preheating at 180 °C for 1 h and followed by curing at 200 °C and
15 MPa in a compression molder for 2 h. To characterize the samples, they were all air-cooled

to 25 °C in an open mold and then cut into the appropriate shapes using a diamond blade.
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FIGURE 1 Preparation of GF/PBA-a composites.

2.3 Samples characterization

A thermomechanical analyzer (TMA) (Bruker-AXS, TMA 4010) was used to measure the
coefficient of linear thermal expansion (CTE) of the samples. The samples with dimensions of
10 x 5 x 4 mm?3 were tested at a heating rate of 5 °C/min as an average value within 100 °C-
200 °C with a fixed load of 5 mN (0.5 g) in a nitrogen atmosphere. The CTE of each sample
was calculated by averaging three readings.

The thermal stability of the samples was investigated by a thermogravimetric analyzer
(TGA) (model TGA1 STARe System, Mettler-Toledo). Samples between 5 to 10 mg were
tested at a heating rate of 20 °C/min from 800 °C under nitrogen flow (50 mL/min). The results

were verified by repeating three measurements pre sample.
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FTIR spectra of the samples were collecting using a Spectrum GX FTIR spectrometer with
an ATR accessory (Perkin Elmer instrument). 64 scans were used for each spectrum, with a
spectral range from 4000 to 700 cm™! and a resolution of 4 cm!. Each sample was analyzed in
triplicate.

Cell viability tests incubated by standard in-vitro conditions at 37 °C for 24 h were
performed on MC3T3-E1 cell-lines cultured by having 0.1% gelatin (+ive control).’! The
microplate reader (ELx-800) (Bio-Tek, Winooski) was used to capture the MC3T3-E1 cell
lines. The complete medium without any samples and control sample, i.e., TritonX-100 in the
medium was also performed to compare with the samples. The samples were analyzed in

triplicate and the cell viability was determined using the Equation (1).
. ODg
Cell viability (%) = op. *100% (1)

whereas: ODg = sample concentration, ODc = positive control

Statistical analysis was carried out using SPSS statistics software; cell viability assays were
expressed as means £ SD (n=3). Comparisons between groups were performed with analysis
of compare means (paired-samples T-Test). A p <0.05 (y) and p <0.05 (*) relative to complete
medium and TritonX-100, respectively, was considered statistically significant.

To investigate the applied stresses on the tooth model repaired with a GF/PBA-a composite
post, the stress distribution was derived using FEA. ANSYS Workbench 2022 R2 software,
ANSYS Inc., was used to create two 3D models. All structures are included in the repaired
tooth model as shown in Figure 2a. In comparison a natural tooth model is shown in Figure 2b.
The 3D FEA of the models was meshed by structurally solid elements with the node and
element numbers, i.e., 112,376 elements and 208,652 nodes for the treated tooth model, and
114,310 elements and 222,717 nodes for the natural tooth model. Constraints were imposed in
all three directions as boundary conditions, making sure that rotating movements were
permitted. It was determined that the model was isotropic, homogenous, and fully adherent.
Elastic properties of the materials were used to define the mechanical properties of the model
structures. All components were isotropic materials except for GF/PBA-a composite posts

which are orthotropic materials. Their properties are tabulated in Tables 1 and 2, respectively.
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1
2 a b
ingiva
4 Cortical bone
5 Cancellous bone Gingiva
6 Periodontal ligament Cortical bone
7 Dentin Cancellous bone
8 Composite resin Periodontal ligament
9 zi‘:lsllla-pcrcha E:::: pulp
10 Poreelain (crown) Enamel
11
1; FIGURE 2 Schematics of tooth models: a tooth model repaired with the GF/PBA-a composite
1
14 post, b natural tooth model.
15
:? TABLE 1 Elastic property of isotropic materials.
18 Material Elastic modulus (GPa) Poisson’s ratio
19
20 Gingiva?!-3? 0.0196 0.03
21 _
2 Cortical bone?!-3 13.7 0.30
;i Cancellous bone?*? 1.37 0.30
25 Periodontal ligament?!-32 0.0689 0.45
26
27 Dentin?!-3? 18.6 0.31
28
29 Dental pulp?? 0.002 0.45
g? Composite resin®* 16.6 0.24
32 Gutta-percha?!33 0.00069 0.45
33
34 Porcelaine (Crown)?!-33 120 0.28
> Enamel?!- 41.0 0.30
37
38 . . . .
39 TABLE 2 Elastic property of GF/PBA-a composite posts at different GF loadings and
40 .
41 commercial glass fiber post.
25 GF/PBA-a E, Er=Er Gur=Gur Grr Vur=vir ViL=VrL VIT
44 composite posts  (GPa) (GPa) (GPa) (GPa)
45
2? 10.5 vol% GF 10.9 6.78 2.37 2.55 0.28 0.17 0.33
22 23.7 vol% GF 17.1 8.88 3.01 3.35 0.26 0.14 0.33
50 41.2 vol% GF 23.0 12.70 4.22 4.89 0.24 0.14 0.30
51
52 65.1 vol% GF 28.0 21.78 7.28 8.69 0.22 0.17 0.25
>3 Commercial GF
>4 37.0 9.50 3.10 3.50 0.27 0.27 0.34
55 post3©
56
57 E. (flexural modulus) of GF/PBA-a composite posts obtained from experimental,® while the other elastic
58 properties are theoretical values evaluated from equations as shown in Pegoretti, et al.>! with elastic modulus of
59 PBA-a and glass fiber of 5.45 GPa and 72 GPa, respectively.
60
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3 RESULTS AND DISCUSSION

3.1 Thermal compatibility of GF/PBA-a composites

The CTE of restorative materials for tooth restoration was studied because the materials expand
upon heating by hot foods and drinks, while they can also be contracted when exposed to cold
substances. The difference in CTE between the tooth and the restorative materials may result
in fracture during their expansions and contractions. In order to function as a novel dental fiber
post, GF/PBA-a composites are assessed for their CTE values. Figure 3a illustrates the
displacement at a temperature range 20-150 °C of the GF/PBA-a composites at 0 vol% GF to
65.1 vol% GF. All the composites showed higher displacement when the temperature was
increased. However, for a given temperature, the displacement of the sample was reduced with
increasing GF loadings.

The average CTE value at the glassy region from 20 °C to 50 °C and from 20 °C to 150 °C
of the PBA-a and the GF/PBA-a composites estimated from the slopes in Figure 3a are depicted
in Figure 3. The CTE value in a range of 20-150 °C of the PBA-a was measured to be 60.0
ppm/°C. The addition of the reinforcement of GF into the PBA-a was found to decrease CTE
of the PBA-a, i.e., CTE = 36. 3, 26.1, 18.7 and 13.3 ppm/°C for the composites reinforced with
10.5, 23.7,41.2 and 65.1 vol% GF, respectively. At a temperature range of 20-50 °C, the CTE
value of the PBA-a was also decreased with the increase of GF loading (CTE = 51.1 ppm/°C
for PBA-a and CTE = 12.8 ppm/°C for 65.1 vol% GF). The reduction of the CTE values of the
PBA-a composites with increasing amount of GF is due to the significantly lower CTE value
of the GF, i.e., 5-12 ppm/°C3’ compared with that of the PBA-a. In addition, the more rigid
structure of GF compared to PBZ matrix, i.e., the modulus of GF is 70-85 GPa,*® might be
causing a decreased motion of the macromolecule segments of the PBA-a, and the fiber-
polymer matrix interfacial adhesion also plays a crucial role decreasing the CTE of the
GF/PBA-a composites.?*° Consequently, to adopt the GF-reinforced PBA-a composite as a
dental glass fiber post in tooth restoration, a comparison between the CTE values of the
composites with the tooth matter such as dentin is more essential than the CTE value of each
material. It was observed that the CTE values of the GF/PBA-a composite with 65.1 vol%,
tended to reach the CTE of dentin, i.e., approximately 8.3-11.4 ppm/°C recorded in a
temperature range of 20-50 °C* which is a typical tooth surface temperature during hot drink
and food consumption.*! Moreover, the CTE value of the composites with 65.1 vol% GF
showed similarly to that of enamel (11.4 ppm/°C), composite resin (24-50 ppm/°C) and
porcelain (12 ppm/°C).#?> Therefore, the CTE value of the 65.1 vol% GF/PBA-a composite was

8

John Wiley & Sons

Page 8 of 34



Page 9 of 34

oNOYTULT D WN =

Polymer Composites

in good agreement with that of dentin, resulting in less stress formation at the dentin-post

interface, in consequence, preventing to loss of marginal adaptation.

0.012 70
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FIGURE 3 a TMA curves of PBA-a and GF/PBA-a composites at different GF loadings,
b CTE of PBA-a and the composites in glassy region from 20 °C to 50 °C and from 20 °C to
150 °C

3.2 Thermal stability of GF/PBA-a composites

The thermal stability of restorative materials is necessary to understand the capability to
tolerate the higher temperatures generated during tooth restoration without decomposition.
TGA thermographs of the GF/PBA-a composites at different GF loadings are displayed in
Figure 4a, while the numerical data, i.e., thermal degradation of weight loss at 5% (Tys) and

residual weight at 800 °C of the composites are depicted in Figure 4b.

450 120

[ a b ]
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FIGURE 4 a TGA plot of GF, PBA-a and GF/PBA-a composites at different GF loadings,
b T4s and residual weight at 800 °C as a function of GF loading.
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It was found that the Tys of all composites increased from about 320 °C of the PBA-a to
about 391 °C with the increase of the GF loading up to 65.1 vol%. The GF reinforcement in
the PBA-a composites thus helps to increase thermal stability of the obtained GF/PBA-a
composites since the degradation temperature of the GF is well above 1000 °C and the
reinforcement of the GF can help to avoid the direct thermal degradation of the PBA-a by heat
due to the GF shielding effect. In addition, the GF can also hinder the volatile organic
compounds generated during thermal degradation of the PBA-a. For dental fiber post
application, the Tys of the developed composites was significantly greater than the thermal
loading conditions of the human tooth surface approximately 15-50 °C for hot drink and food.

On the other hand, the residual weight at 800 °C of the GF/PBA-a composites (Figure 4b)
was found to be 24 % for the PBA-a, while the residual weight of the composites was 36 % to
85 % with increasing GF loading (10.5 vol% up to 65.1 vol% GF). This characteristic is due to
the mineral nature of GF which is naturally incombustible with no emitting toxic products when

exposed to heat.

3.3 Biocompatibility of GF/PBA-a composites

The root canal restoration requires the materials used in the oral cavity to be nontoxic,
chemically inert, and physically stable.** Therefore, in this work, in-vitro cell viability assay
of GF/PBA-a composites were studied with MC3T3-E1 cell lines. The effect of GF loading in
a range of 0-65.1 vol% on the cell viability and proliferation under standard in-vitro conditions
was recorded over a period of 24 h after incubation.**

Figure 5 shows the maximum cell viability on the composite substrates at different GF
loadings compared to that of complete medium and TritonX-100. The addition of the GF into
PBA-a enhanced cell viability (%) of the PBA-a, i.e., 130.08 £ 0.02, 114.8 £ 0.02, 91.11 £
0.02, 91.55 £ 0.03 for the composites with 10.5, 23.7, 41.2 and 65.1 vol% GF, respectively,
while that of the PBA-a was 85.51 £ 0.02 %. This indicates that the GF imparts important
physicochemical properties which facilitate cellular compatibility. It was also observed that
some GF/PBA-a composites showed cell viability more than 100 %. This characteristic shows
that PBA-a is possibly a non-toxic and biocompatible promoter. As a result, the developed
GF/PBA-a composite showed that it could sustain cell survival and proliferation without
endangering pre-osteoblastic cells. For statistical analysis in Figure 5, samples with p < 0.05
(y) are statistically significantly different when compared to complete medium for cell viability
(%). At these GF loadings there was more than 14 % for cell growth of the 10.5 vol% and 23.7
vol% GF/PBA-a composites and less than 9 % for cell death of the 41.2 vol% GF/PBA-a

10
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composite. Moreover, the significant difference was determined for all GF/PBA-a composites
with p < 0.05 (*) versus TritonX-100. Cell growth was observed more than 14% in the
composites reinforced with 10.5 and 23.7 vol% GF, while cell death was detected less than 9
% in the composites reinforced with 41.2 and 65.1 vol% GF. However, the cell viability of all

GF/PBA-a composites was greater than 90 %, indicating the non-toxic nature of the material.

140
120 |
100 |
80 |

60

Cell viability (%)

40 |

20

Sample

FIGURE 5 Cell viability of GF/PBA-a composites at different GF loadings.

Furthermore, the surface quality (i.e., chemistry, roughness and porosity) resulted in the cell
viability with enhancing biocompatibility on the substrate surface, therefore, the MC3T3-E1
cell morphology was investigated against the GF/PBA-a composites at different GF loadings
to determine their behaviour on cell growth and morphology as shown in Figure 6. Since PBA-
a contains oxygen-based functional groups (hydroxyl groups, —OH) necessary for H-bonding,
this resulted in an increased number of moieties were enhanced, which encouraged cell
adhesion, differentiation, and growth.*> Moreover, besides oxygen-based functional groups on
the sample, the surface roughness is another important factor affecting cell adherence. The
surface of the composites was much rougher, better interconnected, and more porous when GF

was added that resulted in better cell adhesion over its surface.*¢

11
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FIGURE 6 Cell morphology of MC3T3-E1 against GF/PBA-a composites at different GF
loadings: a 0 vol%, b 10.5 vol%, ¢ 23.7 vol%, d 41.2 vol%, e 65.1 vol%.

3.4 Finite element analysis of tooth model repaired with GF/PBA-a composite posts

FEA was used to investigate the use of the GF/PBA-a composites as a GF post. The distribution
of von Mises stress (o) on the tooth model repaired with posts, i.e., GF/PBA-a composite posts
and commercial GF post3®, and on the natural tooth model is depicted in Figure 7. Moreover,
the o, values at local coordinate system of the root at the cervical region patterned in Figure 8

are presented in Figure 9.

12
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FIGURE 7 Stress patterns resulted from vertical load of 100 N applied on a tooth model
repaired with GF/PBA-a composite post at different GF loadings: a 10.5 vol%, b 23.7 vol%, ¢
41.2 vol%, d 65.1 vol%, e natural tooth model, f tooth model repaired with commercial GF
post3® (1: o, at post, 2: &, at dentin, 3: 6, of tooth model).
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a Path key point Local coordinate Path key point Local coordinate

(mm) (mm)

A 0.00 A 0.00

B 0.50 B 0.05

C 2.49 L& 3.09

D 3.09 D 4.09

E 4.09 E 6.68

F W F 7.18

G 6.68

FIGURE 8 Tooth models and local coordinate systems: a tooth model repaired with post,

b natural tooth model.

The o, distribution inside the post and at the interface is the most critical to prevent failure.
As illustrated in Figures 7(al)-7(d1), it was observed that higher o, values were distributed
inside the developed composite post reinforced with higher GF loading as the maximum o,
with 10.5, 23.7, 41.2, and 65.1 vol% GF was 4.7688, 7.1641, 9.1647 and 12.343 MPa,
respectively. In other words, the maximum o, in the dentin for the tooth model repaired with
the composite post with 10.5, 23.7, 41.2, and 65.1 vol% GF tended to decrease, i.e., 5.3641,
5.3448, 5.2908 and 5.1731 MPa, respectively. This was because the higher GF loading-
reinforced composite post with a greater elastic modulus than that of the composite post with
lower GF loading (as can be seen in Table 2) was probable to have larger stress from the root
dentin than the composite post with lower elastic modulus, resulting in lower failure risk for
higher elastic modulus of the composite post.

The stress patterns of the tooth model repaired with the GF/PBA-a composite posts can be
seen in Figures 76(a3)-7(d3), and are compared to against those of the natural tooth model
(Figure 7(e3)) and for the tooth model repaired with commercial GF post (Figure 7(f3)). It was
observed that the stress patterns in the tooth model repaired with developed composite posts
were in the closest resemblance to that of natural tooth model with maximum stress observed
in the cervical third area dissipating as the stresses travel apically. This pattern suggests that
debonding or a fracture at the cervical region greater than root fracture in the apical region
could be the cause of a failure in the tooth model repaired with GF/PBA-a composite post.
Furthermore, it was also observed that the stress pattern of the tooth model repaired with the
developed composite post with more than 23.5 vol% GF (Figures 7(c)-7(d)) showed much
similarity to the tooth model repaired with the commercial one (Figure 7(f)).

Stress patterns of the o, resulted from an applied vertical load of 100 N, along cross-section

A to H (from Figure 8a) for tooth model repaired with composite posts and along cross section
14
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A to F (from Figure 8b) for natural tooth model, are presented in Figure 9. It was observed that
the stress distribution within the composite post reinforced with 65.1 vol% GF showed the
largest amount of G, followed by 41.2 vol% GF and 23.7 vol% GF, respectively; the 10.5 vol%
GF/PBA-a composite post showed the lowest amount of o,. According to these findings, the
post with a larger elastic modulus generated a higher concentration of stress and were found to
amplify tension within the post, which decreased stress in the root dentin.*”*® Lower stress in
dentin is beneficial because it increases resistance of dentin to greater cyclic loading and lower
the likelihood of root failure. At the dentin-composite resin-post interface (location in a range
of 2.49-3.09 mm in Figure 8a) of the tooth model repaired with the posts, i.e., GF/poly(BA-a)
composites and commercial GF posts showed similar stress patterns as in the natural tooth
model. It is possible that the post’s elastic modulus was comparable to that of the dentin (18.6-
40 GPa)'>'¢ and the composite resin (16.6 GPa),>* in consequence, the stress distributions

across the interfaces were nearly constant.

6.0
[ —— 10.5 vol% GF
— 23.7 vol% GF
i —41.2 vol% GF
50 | 65.1 vol% GF
Natural tooth
2 Commercial GF post
4.0 F

3.0 |

2.0 F

von Mises stress (MPa)

1.0 |

0 1 2 3 4 5 6 7

Location (mm)

FIGURE 9 o, distributions generated across the line A-H and line A-F of the root in tooth
model repaired with posts, i.e., GF/PBA-a composite posts and commercial GF post3¢, and the

natural tooth model, respectively.

3.5 Chemical formation of GF/PBA-a composites

The characteristics of the GF/PBA-a composite might be significantly influenced by the quality
of the interfacial bonding. FTIR provides great potential to monitor the chemical interactions
between GF and PBA-a, hence measurements were performed, and the obtained spectra are

illustrated in Figure 10. Figures 10a and 10b, show the FTIR spectra of the GF as received, and
15
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that of heat-treated GF which were found to quite similar indicating that the GF without any
chemical treatment was used in this work. For GF, the absorption peaks at 1000 cm™! and 900
cm!' were presented and allocated to the symmetric stretching and bending vibrations of the
siloxane group (Si—O-Si), respectively. An absorption peak at 1400 cm™! was also detected
and pointed to the symmetric stretching of other oxides, i.e., aluminum oxide, boron oxide and
s0 on, 4931

In Figure 10c, the aromatic ether (C—O—C stretching) for an oxazine ring of the BA-a was
provided the absorption peak at 1230 cm! and the tri-substituted benzene ring was identified
at 935 cm’! and 1488 cm™!. These absorption peaks were totally vanished following heat
treatment, indicating complete oxazine-ring opening of the BA-a, in a consequence, the
absorption peaks at 878 cm™! and 1477 cm! identified the tetra-substituted aromatic ring>>>3 in
Figure 10d was obtained. Furthermore, a broad peak about 3380 cm™! could be used to monitor
the signature of the ring-opening reaction of the BA-a during heat cure. This peak is attributed

to the synthesis of phenolic hydroxyl groups (O—H), which can further interact to the GF.

900

1000 +
1400 | o)
a GF (as received) 1400 1 A
o b GF (heat treatment) 1483# l‘. 1230) 935
2 | ‘\ " "I“.. Ao
= R ”Wﬁvlul‘:l% W s A
'E ¢ BA-a " 878
S 1 3380 ‘ Ll
@ 1 [N
< |4 pBAa A AL
e 41.2 vol% GF/PBA-a composite ] Y l»
J, o e i \"\.’ WV

I 65.1 vol% GF/PBA-a composite

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm’l)

FIGURE 10 FTIR spectra: a GF as received, b heat treated GF, ¢ BA-a, d PBA-a, e 41.2 vol%
GF/PBA-a composite, f 65.1 vol% GF/PBA-a composite.

The network formed between the PBA-a and the GF of the GF/PBA-a composite reinforced
with 41.2 vol% and 65.1 vol% GF was also studied by FTIR spectroscopy, and their spectra
are shown in Figures 10e and 10f. The characteristic peaks of GF and PBA-a were also
presented in the FTIR spectra of the composites. Furthermore, it was seen that the height of the
absorption peak at 3380 cm! which was the characteristic of phenolic moiety of PBA-a tended
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to decrease for the PBA-a composites reinforced with 41.2 vol% and 65.1 vol%; as expected,
the phenolic moiety further interacted with the GF in the formation of hydrogen bonding (O—
H---O) between the hydroxyl groups of PBA-a (O—H groups) and the oxygen atom of GF (---
O-Si—0-Si-) as the hydrogen bond at absorption peaks of 2800-1800 cm™! was indicated.
Figure 11 depicts a potential chemical interaction between the GF and the PBA-a. Figure
11a presents the BA-a oxazine ring which was opened by heat cure and formed the phenolic
moiety. Then, hydrogen bonds were formed when the phenolic hydroxyl group reacted with
the GF to form the linkages in the polymer networks, as suggested in Figure 11b. The formation
of linkages resulted in good interfacial adhesion between the GF surface (Figure 11c) and the
PBA-a matrix. As seen from the fracture surface topography of the GF/PBA-a composite in
Figure 11d, long GF pull-out, GF breaking pattern and debonding gaps between the GF and

the PBA-a matrix were not observed.

a Q OH OoH
N-

CHy

O Oy A, Q

CHy

BA-a

b

on on
N
si
o o o
0 0 0
N O O N, Si
o e
oH oH

PBA-a GF

GF/PBA-a composite

FIGURE 11 a Polymerization reaction of BA-a, b A possible chemical reaction between PBA-

a and GF, ¢ glass fiber as received, d fracture surface of 65.1 vol% GF/PBA-a composite.

4 CONCLUSIONS

The influence of GF loading on thermal expansion, thermal stability, and biocompatibility of
the GF-reinforced PBA-a composites for dental fiber post can be summarized as follows: the
CTE of PBA-a was constant in the temperature range 20 °C-150 °C, and it can be significantly
decreased to match the CTE of dentin using a GF loading of 65.1 vol%. The degradation
temperature of the PBA-a composites was improved by GF reinforcement, in the temperature

range from 325 °C-391 °C, which was significantly higher from the thermal loading situations
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developed on teeth, such as teeth restoration, food consumption and dental treatment. In
addition, the PBA-a composites were found to be biocompatible materials as cell viability was
found to be more than 90 %. The tooth model repaired with GF/PBA-a composite posts was
subjected to FEA to examine the stress distribution. The results indicated that the dentin
experienced the lowest stress magnitude in the case of the 65.1% GF/PBA-a composite post.
Based on this evidence, it can be suggested that the 65.1 vol% GF/PBA-a composite post with
improved thermal expansion and thermal stability as well as cytocompatibility would have
great potential for applications in dentistry including manufacturing of endodontic posts.
Future work will explore additional eco-friendly features in order to examine the feasibility of

utilizing bio-based PBA-a for GF posts.
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