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Abstract
Purpose: Degradation of silane coupling layers by water ingress in computer-aided design/computer-aided manufactur-
ing (CAD/CAM) of resin composites has been reported qualitatively. In this study, we quantitatively evaluated how water
absorption of CAD/CAM resin composites affects the silane coupling layer by in vitro and in silico methods.
Methods: A Katana Avencia block (KAB) and an experimental matrix block composed of only a matrix resin were used
to evaluate the effect of water immersion for seven days on the elastic modulus. X-ray photoelectron spectroscopy (XPS)
with fluorine-labeling of the KAB was performed to evaluate the atomic percentage of F1s, which represents the hydrolysis
amount by water immersion. In silico analysis of the three-dimensional model of the KAB was performed to determine the
coupling ratios before and after water immersion.
Results: The elastic modulus of the KAB was 8.2 GPa before and 6.9 GPa after immersion in water. The atomic percentages
of F1s in the after- and before-immersion groups were 14.31% and 11.52%, respectively, suggesting that hydrolysis of the
silane coupling layer occurred during water immersion. From in silico analysis of the three-dimensional model of the KAB,
the coupling ratio was predicted to be 78.2% before water immersion. After water immersion, the coupling ratio was
predicted to be 68.4%.
Conclusions: The in vitro and in silico approaches established in this study were able to predict the silane coupling ratios
of CAD/CAM resin composites, and they showed that the silane coupling ratio decreased by water absorption.

Keywords: Computer-aided design/computer-aided manufacturing resin composite block, Finite element analysis, Silane
L coupling, Water absorption
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1. Introduction

Computer-aided design/computer-aided manufacturing (CAD/
CAM) systems have been widely used in dentistry[1-3] since the first
dental CAD/CAM restoration was reported in the 1980s[4,5]. CAD/
CAM resin composites consist of a matrix resin and inorganic fillers
treated with a silane coupling agent[6-8]. The matrix resin forms
the basis of the composite structure and is composed of organized
methacrylate-derived polymers, such as urethane dimethacrylate
(UDMA), bisphenol A-glycidyl methacrylate, or triethylene glycol
dimethacrylate (TEGDMA)[7]. Inorganic fillers, which are commonly
made of silica, zirconia, and alumina, can be used to reinforce the
composite structure because of their excellent mechanical proper-
ties[9-11]. For CAD/CAM resin composites, 0.1 pum or smaller nano-
fillers composed of chemically stable inorganic materials are often
used to improve the mechanical properties and provide polishabil-
ity to create a smooth surface[12-16]. Because inorganic fillers are
chemically stable, surface modification using silane coupling agents
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is required to adhere the fillers to the organic matrix resin[17-19].
y-Methacryloyloxypropyl trimethoxysilane (y-MPTS) is a typical si-
lane coupling agent, and it forms a 1.9-3.0-nm-thick layer between
fillers and the matrix resin[20,21].

Water ingress leads to hydrolytic breakdown of the bonds be-
tween the silane and filler particles[22,23]. This water-induced deg-
radation negatively affects the restoration longevity and mechanical
properties[6,22-25]. While degradation of silane coupling layers has
been qualitatively reported, the quantitative details have not been
revealed because arbitrary control of the silane coupling ratio of the
filler is not possible with conventional in vitro tests.

Rigorous mathematical theories of homogenization have been
proposed for quantitative analysis of composite materials[26-28].
These theories assume that the material properties are periodic
functions of the micro-scale variables, where the period is very small
compared with the macro-scale variables. With this assumption, the
equivalent macro-scale material properties can be calculated from
known or arbitrary micro-scale properties. In dentistry, in silico ho-
mogenization analysis has been used to investigate multi-factorial
issues, such as the effect of the nano-filler particle diameter on the
physical properties of CAD/CAM resin composites[28].

In vitro high-resolution imaging enables analysis of nano-scale
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Table 1. Compositions of the materials used

Materials . Filler Content
i e Code Monomer Filler (voloe)
Katana Avencia Block KAB UDMAY,  SiO, (40 nm)* 55
(Kuraray Noritake Dental) TEGDMA** Al,05 (20 nm)

UDMA¥,

Experimental Matrix Block EMB TEGDMAH

* UDMA: urethane dimethacrylate
*# TEGDMA: triethylene glycol dimethacrylate
*average diameter

structures, and it produces an accurate model reflecting the mor-
phological composition. In silico homogenization allows arbitrary
control of the properties, which enables identification of the main
factor of physico-mechanical issues at the macro-scale. Therefore,
the combination of in vitro and in silico approaches may enable quan-
titative investigation of degradation of CAD/CAM resin composites
by water absorption.

The aim of this study was to quantitatively evaluate how water
absorption of CAD/CAM resin composites affects the silane coupling
layer by in vitro and in silico methods.

2. Materials and Methods
2.1. Materials

A Katana Avencia block (KAB; Kuraray Noritake Dental, Tokyo, Ja-
pan) and an experimental matrix block (EMB; Kuraray Noritake Den-
tal) were used (Table 1). The EMB was composed of only a matrix
resin consisting of UDMA and TEGDMA, and used to calculate elastic
modulus of the matrix resin. It was manufactured at the same tem-
perature and pressure as the KAB, excluding fillers (Fig. 1).

2.2. Three-point bending test

The three-point bending test was performed to evaluate the
elastic modulus of the KAB and EMB before and after immersion in
water. The blocks were sliced into 14-mm X 4.0-mm x 1.2-mm slices
with a low-speed precision cutter (IsoMet, Buehler, IL, USA). Ten spec-
imens were left untreated as the before-immersion group, and an-
other ten specimens were stored in distilled water for seven days at
37°C as the after-immersion group. The three-point bending test was
performed with a universal testing machine (EZ-SX, Shimadzu, Kyoto,
Japan). The maximum load was 500 N and the crosshead speed was
1 mm/min.

The in silico non-linear finite element analysis (NLFEA) method
was performed to determine the elastic moduli of the materials. The
three-point bending test environment was simulated with NLFEA
software (LS-DYNA, Ansys, PA, USA). The simulation parameters were
the flexural strain, density, and arbitrary elastic modulus. The flexural
strain was taken from the result of the in vitro three-point bending
test. The density was directly calculated by dividing the weight of
the specimen measured with a precision digital weighing scale (GR-
120, A&D, Tokyo, Japan) by the volume of the specimen estimated
by micro-computed tomography (R_mCT2, Rigaku, Tokyo, Japan).
In silico three-point bending analysis was repeatedly performed by
changing the elastic modulus. When the root mean squared error of
the load in the in vitro and in silico load-displacement curve was less
than 1 N, the arbitrary elastic modulus was determined as the true

Fig. 1. Experimental block made only of the resin matrix. The size of the block
was 18 mm x 15 mm x 15 mm.

elastic modulus of the material (Fig. 2).
2.3. XPS investigation

The KAB block was sliced into 7.0-mm x 4.0-mm x 1.2-mm slices
with a low-speed precision cutter (IsoMet). Five specimens were al-
located to the before-immersion group (control, no treatment) and
after-immersion group, where the specimens were immersed in dis-
tilled water for seven days at 37°C. The specimens of both groups
were subject to a decontamination process by boiling in 5 wt% sodi-
um peroxodisulfate (Na,S,0g) solution for 15 min, followed by ultra-
sonic rinsing with 70% ethanol. 1H,1H,2H,2H-perfluorooctyldimeth-
ylchlorosilane (PFODMCS; C,oH;,CIF;3Si, FUJIFILM Wako Chemicals,
Osaka, Japan) was used for fluorine labeling (Fig. 3). The specimens
were treated with 5% PFODMCS solution in 99% ethanol for 2 h at
60°C. The effectiveness of the fluorine-labeling process was deter-
mined by energy-dispersive X-ray spectroscopy (EDX). An XPS (JPS-
9010, JEOL, Tokyo, Japan) investigation was performed to evaluate
the amount of fluorine by the atomic percentage of F1s.

The atomic percentages of F1s in the before- and after-immer-
sion specimens were analyzed by a Student’s t-test with a level of
statistical significance of a = 0.05 using statistical analysis software
(IBM SPSS Statistics 24, IBM Corp., Armonk, NY, USA).

2.4. Insilico analysis

A three-dimensional model of the KAB was taken from a previ-
ous study (Fig. 4)[30]. Five sub-models of a 100 nm cube were ran-
domly extracted from the original three-dimensional model for the
calculation because of computational power limitations, and the 2
nm silane space was applied around the fillers (Fig. 5). Eleven cou-
pling ratios (100%, 95%, 90%, 85%, 80%, 75%, 70%, 65%, 60%, 55%,
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Fig. 2. Scheme for determining the true elastic modulus
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Fig. 3. Schematic illustration of molecular interaction between silane cou-
pling layer and 1H-1H-2H-2H-perfluorooctylmethyldichlorosilane

and 50%) of the silane coupling layer and the corresponding elas-
tic moduli were calculated with voxel-based finite element analysis
(FEA) software (VOXELCON2015, Quint, Tokyo, Japan).

To determine the coupling ratio, in silico homogenization anal-
ysis was performed with sub-models of the 100-nm cube in three
steps. First, the elastic modulus of the sub-model (EM,oq4e) Was
calculated with the elastic modulus of the matrix (EM,,.i). elastic
modulus of the filler (EMg,), and arbitrary elastic modulus of the si-
lane coupling layer (arbEMy;;,..) using the voxel-based FEA software.
Second, if EM,,4¢ @and the elastic modulus of the block (EMy,,¢) were
the same, arbEMy;,,. was considered to be the true elastic modulus
of the silane coupling layer (EMy,,.) and the third step was per-

Fig. 4. Three-dimensional KAB model. The size of the model was 1.8 um x
1.4 um X 1.2 um. A three-dimensional model of the KAB was taken from a
previous study[29].

formed. Otherwise, arbEM;,,. was updated and the first step was
repeated. In the third step, the coupling ratio was determined with
EMgjjane Using the elastic modulus and coupling ratio of the silane
coupling layer relation described above.
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Fig. 5. Cubic sub-model of the KAB (100 nm)

5e2 nm

Fig. 6. EDX image of the fluorine-labeled KAB specimen. The pale yellow
dots represent fluorine atoms.

3. Results
3.1. Three-point bending test

The elastic modulus of the KAB was 8.2 GPa for the before-im-
mersion group and 6.9 GPa for the after-immersion group. The elas-
tic modulus of the EMB was 3 GPa for the before-immersion group
and 2.7 GPa for the after-immersion group.

3.2. XPS investigation

An EDX image of the KAB is shown in Figure 6. The pale yellow
dots represent fluorine atom locations. Because the fluorine atoms
settled near the fillers where the silane coupling agent was covered,
the labeling process was considered to be successful.
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Fig. 7. XPS spectra of the fluorine-labeled KAB (a) before and (b) after im-
mersion in water

Atomic percentage (%)
=

before immersion after immersion

Fig. 8. Atomic percentages of F1s in the fluorine-labeled KAB before and af-
ter immersion (Student’s t-test, n = 5, *p < 0.05)

The XPS F1s peak at 692 eV, representing PFODMCS attached to
the hydroxyl group, is shown in Figure 7. The atomic percentage of
F1s for the after-immersion group was 14.31%, which was significant-
ly greater than that for the before-immersion group (11.52%) (Fig.
8), suggesting that hydrolysis of the silane coupling layer occurred
during water immersion.

3.3. Insilico analysis

The coupling ratios and corresponding elastic moduli of the si-
lane coupling layers are summarized in Table 2. The unknown cou-
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Table 2. Coupling ratios and corresponding elastic moduli of the silane coupling layer

Coupling ratio (%) 100 95 90 85

80 75 70 65 60 55 50

Elastic modulus (GPa) 2.00 1.74 1.53 1.37

1.22 1.10 1.00

0.88 0.78 0.69 0.60

Table 3. Prediction of the coupling ratio. EM,,tix EMgilaner EMmogel» @nd coupling ratio were experimental data of

this study. EMg, is referred previous study[28].

EM 2t (GPa) EMgier (GPa) EMjjane (GPa) EM 04el (GPa)  Coupling ratio (%)
Before immersion 3 72 1.16 £ 0.05 8.19+0.11 78.2 £ 1.64
After immersion 2.7 72 0.92 + 0.04 6.89+0.15 68.4+0.89

(n=5)

pling ratio for a particular elastic modulus was interpolated using the
relation between the coupling ratio and elastic modulus. By repeat-
ed calculation, the elastic modulus of the silane coupling layer was
determined to be 1.16 = 0.05 GPa for the before-immersion group.
For this elastic modulus, the coupling ratio was predicted to be 78.2
+ 1.64%. For the after-immersion group, the elastic modulus of the
silane coupling layer was determined to be 0.92 + 0.04 GPa, corre-
sponding to 68.4% + 0.89% coupling ratio (Table 3).

4. Discussion

This study was performed to clarify how water absorption of
CAD/CAM resin composites quantitatively affects the silane coupling
ratio. Because CAD/CAM resin composites are typically used in hu-
mid conditions, clarifying the change of the physical properties un-
der these conditions is important.

The elastic moduli of both the KAB and EMB decreased with
water absorption. Because the EMB was manufactured under the
same conditions as the matrix resin area of the KAB, one of factors
for the performance deterioration of the CAD/CAM resin composite
by water absorption was degradation of the matrix resin. In the ma-
trix resin, water absorption is described by dual-mode theory, which
considers that water molecules absorb in two ways[31]. The first is
ordinary molecular dissolution in the matrix resin and the second is
physical entrapment in polymer micro-voids. The absorbed water
is molecularly dispersed in the matrix resin and acts as a plasticizer,
causing swelling of the polymer. The amount of this absorbed water
depends on the equilibrium volume, physicochemical affinity to the
polymer, and resistance of the polymer chains to swelling deforma-
tion stress. This water serves as a proton donor and causes chemical
reaction with the matrix resin or silane coupling agent. Alternatively,
the water molecules that are accommodated in the micro-voids form
hydrogen bonds, acting as filler particles. These water molecules
increase the elastic modulus of the bulk block after water absorp-
tion[32,33]. In this study, the water molecules functioned as a proton
donor rather than as a filler, reducing the elastic modulus. Degrada-
tion of the silane coupling layer is also considered to be an important
factor for deterioration of CAD/CAM resin composites. Water mol-
ecules likely enter the silane-treated layers and gradually hydrolyze
the siloxane bonds between the fillers and water molecules, hydrat-
ing the resultant hydroxysilyl group[19,34,35].

XPS investigation with a fluorine-labeling technique was per-
formed to evaluate the amount of hydroxyl groups[36-38]. The
peroxodisulfate can be activated by energy to form sulfate radical
and effective degradation of contaminants [39]. An appropriate acti-
vating method of the peroxodisulfate was recruited from the previ-

ous study [37]. In this study, the 99% ethanol was used for PFODMCS
solvent. The chlorosilanes including PFODMCS reacts with the alco-
hol producing an alkoxysilanes and HCl. Part of the HCl reacts with
the alcohol to produce alkyl halide and water. The water causes for-
mation of silanol from alkoxysilanes. The hydroxyl groups in silanol
make hydrogen bond with hydroxyl group of the substrate. Then
during 2 hours of drying and curing process, covalent linkages are
formed with the substrate with concomitant loss of water. The bind-
ing energy of the electron in the 1s orbital of fluorine (F1s) was used
to confirm changes in the hydroxyl group. The F1s peak in the XPS
spectrum and the greater atomic percentage in the after-immersion
group than the before-immersion group suggest that hydrolysis in
the silane coupling layer occurred during water immersion. Although
it has been reported that XPS analysis can be used to qualitatively as-
sess the target atom[40-42], in the case of CAD/CAM resin compos-
ites, hydroxyl groups develop on the silane coupling layer as well as
on the surface of thefillers. Therefore, assessing the absolute amount
of the hydrolyzed silane coupling layer is impractical. However, con-
sidering the fact that silica fillers are chemically stable in water, it can
be assumed that the amount of hydroxyl groups on the silica filler is
constant. The XPS analysis results can be considered to be valid even
if the absolute amount of hydrolysis cannot be estimated.

In a previous study, it was reported that a decrease in the elastic
modulus occurred in conjunction with a decrease in the silane cou-
pling ratio[43]. When this result is combined with the XPS results, it
can be deduced that water immersion may cause reduction of the
elastic modulus of the bulk block by impairment of the silane cou-
pling layer, as well as the matrix resin

The elastic modulus of the 75.5% silane coupling model de-
creased to 16.8% compared with that of the 100% silane coupling
model. This result supports that excessive water uptake may further
decrease the elastic modulus of resin composites[8] because of hy-
drolytic degradation[44]. The decrease in the elastic modulus may
induce debonding of CAD/CAM resin composite prosthetics by de-
formation of the margin[45].

After 7 days of immersion of the KAB in water, the silane cou-
pling ratio decreased to 68.4%, suggesting that 9.8% of the silane
coupling layer was hydrolyzed. The alkoxy group of silane changed
to a silanol group by activation, which generates a covalent bond or
a hydrogen bond on the surface of inorganic fillers[19]. The covalent
bonds between the alkoxy group and inorganic filler stabilize the or-
ganic/inorganic interface[46]. However, interfacial hydrogen bonds
are broken in a humid environment[47]. Furthermore, the organo-
functional groups of silane that form an ester bond with the matrix
resin are hydrolyzable[46].
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The reduction of the chemico-mechanical value for each com-
ponent showed a similar tendency to the bulk block. However, after
7 days, the overall mechanical properties non-linearly decreased[29].
Therefore, the long-term change of the silane coupling ratio should
be further investigated.

5. Conclusions

In this study, water absorption in CAD/CAM resin composites
resulted in reduction of the elastic modulus and hydrolysis of the
silane coupling layer. Hydrolysis of the silane coupling layer during
water immersion was verified to be one of the reasons for reduction
of the elastic modulus of CAD/CAM resin composites. The in vitro and
in silico approaches established in this study were able to predict the
silane coupling ratio of CAD/CAM resin composites, and they clearly
showed that the silane coupling ratio decreased by water absorp-
tion.
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