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Abstract. Poly(methyl methacrylate) (PMMA)/hydroxyapatite (HA) composite has potential application in denture base
materials. The denture base materials should exhibit good mechanical properties and dimensional stability in moist envi-
ronment. Silane coupling agent [3-methacryloxypropyltrimethoxy silane (y-MPS)] was used to treat the HA fillers in order
to enhance the interfacial interaction between the PMMA and HA. In this research, the kinetics and effects of Simulated
Body Fluid (SBF) and water absorption on the flexural properties of PMMA/HA composites were studied for an immersion
duration of 2 months. The mathematical treatment used in analyzing the data was the single free phase model of diffusion,
which assumed Fickian diffusion and utilized Fick’s second law of diffusion. The kinetics of water absorption of the
PMMA/HA composites conformed to Fickian law behavior, whereby the initial moisture absorption follows a linear rela-
tionship between the percentage gain at any time ¢ and #/2, followed by saturation. It was found that the equilibrium mois-
ture content and the diffusion coefficient are depending on the concentration of y-MPS in PMMA/5HA composites. The
reduction of equilibrium moisture content of PMMA/SHA is due to the hydrophobic behavior of y-MPS and compatibility
of PMMA with HA. The retention ability in flexural modulus and strength of PMMA/HA composites upon subjected to
water absorption are considerably good. The reduction of flexural strength of the PMMA/HA composites after water
absorption and SBF absorption could be attributed to the plasticizing effect of water molecules.
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1. Introduction

Poly(methyl methacrylate) (PMMA) has been
widely used as a biomaterial in dentistry, orthope-
dic retainers, bone replacement, and eyeballs [1].
PMMA continues to be used as denture base mate-
rials because of its favorable characteristics, ease of
processing, stability in the oral environment, ease
in repair and superior esthetics [2-3]. However, the
primary problem of PMMA is its poor strength
characteristics, low impact strength and fatigue
resistance [4]. Thus, there is a need to improve the
performance of PMMA in denture base application.
Several methods have been used to modify the
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properties of PMMA denture base materials.
Approaches to strengthening the acrylic resin pros-
thesis have included modifying or reinforcing the
resin by using filler and fiber, and graft copolymer-
ization with high-impact resins [2-3]. Some effort
has been made to increase the impact strength by
the incorporation of a rubber phase in the PMMA,
however, such materials have compromised
flexural properties [S5]. Hydroxyapatite (HA)
[Ca10(PO4)s(OH)2] was used in various biomedical
fields such as dental material, bone substitute and
hard tissue paste [6]. Hydroxyapatite (HA)-rein-
forced polymers have many potential clinical appli-
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cations, e.g. bone cement, dental implants, coating
of joint replacement prosthesis etc. [7]. The mechan-
ical properties of PMMA/HA composites could be
limited by the incompatibility between the PMMA
and HA. Thus modification of PMMA/HA com-
posites is required in order to achieve a high per-
formance denture base materials with better
mechanical properties. Polymeric compatibilizer
and coupling agent can play a role to improve the
interaction and adhesion between the organic
PMMA matrix and inorganic HA particles. From
our previous work, it was found that the silane cou-
pling agent [3-methacryloxypropyltrimethoxy silane
(y-MPS)] can improve the mechanical and thermal
properties of PMMA/HA significantly owing to the
better adhesion.

The use of heat-polymerized, permanent, acrylic
resin denture bases has certain advantages owing to
their strong and rigid behavior, in which, they
should provide the retention and stability of the
final denture [8]. Water absorption of PMMA/HA
composite is an important study for dentistry sci-
ence. In oral environment, dental restorative mate-
rials are exposed to saliva containing water. Some-
times, the dental materials are exposed to exoge-
nous substances such as acids, base, salts, alcohols,
oxygen, during drinking or eating. Water absorp-
tion caused plasticization, lowering of the glass
transition temperature (7,) and may affect the
mechanical properties of the polymeric denture
based materials. Hydrolytic degradation of the
hygroscopic filler may occur when subjected to
water absorption [9]. Excessive water uptake may
lead to breakdown of the polymer itself, debonding
of filler from matrix substance, chemical composi-
tion changes by leaching and lead to the ingress of
microorganism [10]. Besides, precipitation and
swelling phenomena may produce voids and
cracks, leaching the interface results in the loss of
strength due to corrosion. All of these processes
may lead to nucleation and growth of microcracks
[11]. Moreover, due to the low molecular weights
and high solubility of residual unreacted
monomer such as triethylenegylcol-dimethacry-
late (TEGDMA) and 2-hydroxyethyl methacrylate
(HEMA), may be released from swollen dental
adhesives through dental tubules and elicit adverse
biological reactions. Dissolution of components
from the adhesive material itself can have a poten-

tial impact on its structural stability and conse-
quently expedite the degradation of the resin-dentin
bonds [12]. The uptake of water by an unfilled resin
is a free volume and thermodynamics-controlled
process [9]. A large number of air voids was
observed in the posterior composites and this prob-
ably leads to high water absorption. Air voids
incorporated in the materials may result in higher
water solubility. The presence of polar and
hydrophilic functional groups in acrylic resins may
increase their polarity and facilitate uptake of
bound water to form primary and secondary hydra-
tion shells around the polar groups via hydrogen
bonding [13].

Simulated Body Fluid (SBF) test, a method that is
well recognized to characterize the in vitro bioac-
tivity of ceramic materials, consists in their immer-
sion in an aqueous SBF solution which simulates
the properties of human plasma for certain period
and verifies the formation of the hydroxyapatite
(HA) layer on the surface of the samples [14]. The
quantity of water molecules and SBF absorbed by
the resin matrix of dental resin based composite
and the rate of water sorption have been identified
as being diffusion controlled. The kinetics of water
absorption of the resin based composites con-
formed to Fickian law behavior in general agree-
ment with the plots of percentage of water uptake
[%] against any time ¢!/2 remained linear in the ini-
tial stages of water absorption followed by a
decrease in the rate of diffusion [15]. Theoretically,
the water sorption process is determined by the dif-
fusion coefficient and the boundary conditions at
the surface of the material. It is an estimation
method of the diffusion coefficient using the solu-
tion of Fick’s second law [16]. Denture base acrylic
resins are subjected to many various types of intra-
oral and extraoral stresses and water contact, e.g.
immersion in water-based solution for cleaning
purpose, contact with drinking water (hot and cold)
and etc. The mechanical properties of PMMA/HA
denture base materials during their service life is
important. This paper reports on the effects of
water absorption and SBF on the properties of
PMMA/HA composites with and without surface
treatment by silane coupling agent. The maximum
moisture absorption (M,,) and diffusion coefficient
(D) of PMMA/5SHA composites upon subjected to
water absorption and SBF will be determined.
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2. Materials and methods
2.1. Materials

The solid components consist of PMMA with typi-
cal molecular weight of 996 000 (Product no:
182265, Sigma Aldrich, USA) and 0.5% benzoyl
peroxide (BPO) (Product no: 801641, Merck Chem-
ical, Germany). The monomers used consist of
methyl methacrylate (MMA) (Product no: M 55909,
Sigma Aldrich, USA) stabilized with 10-100 ppm
monomethyl ether hydroquinone as inhibitor and
ethylene glycol dimethacrylate (EGDMA) (Product
no: 335681, Sigma Aldrich, USA). Hydroxyapatite
(HA) in powder forms was supplied by Sigma
Aldrich (USA) (Product no: 289396) with an aver-
age specific surface area (BET) 50 m2/g and aver-
age particle diameter of 18 um. The y-MPS was
supplied by Sigma Aldrich (USA) with 98% puri-
fied contents.

2.2. Silanization of hydroxyapatite particles

The HA filler was silanized using 3-methacry-
loxypropyltrimethoxy silane (y-MPS) in 90%
methanol and 10% distilled water. The y-MPS was
diluted in water-methanol solution, with pH of 4 to
5, which adjusted with acetic acid. The Equa-
tion (1) gives the amount of required silane to
obtain minimum uniform coverage of the filler par-
ticles (X) [17-18]:

X

(éjf (D
w

where A is the surface area of the HA filler
(50 m%/g) and f is the amount of HA. It was found
that each silane molecule covers 1.11 nm? of filler
and so that the surface area coverage per gram of
MPS is w =2525 m%-g-1. According to Soderholm
and Shang [19], each MPS molecule occupied at
least 1.11 nm? for pyrogenic colloidal silica (Cab-
O-Sil). Karabela and Sideridou [17] reported that
for the Aerosil silica nanoparticles (with the spe-
cific surface area (BET) in the range of 35—
65 m?/g), the silane molecule covers 1.11 nm? of
filler and, thus the surface area coverage per gram
of MPS is w = 2525 m2-g-1. Four different concen-
trations of y-MPS (i.e. 2, 4, 6 and 8% based on the
weight of HA filler) were use to modify HA. Fig-
ure 1 shows the possible silanization mechanism of
HA by y-MPS, and the interaction between PMMA,
HA and y-MPS.

2.3. Preparation of PMMA/SHA composites

The powder component was prepared by mixing of
PMMA, 5% HA and 0.5% BPO. The liquid compo-
nent was prepared by mixing MMA monomer and
EGDMA with a predetermined ratio of 9:1. The
ratio of powder to liquid was set at 10:4 according
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Figure 1. Possible interaction of y-MPS, HA and PMMA
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to the dental laboratory practice. The powder and
liquid components were mixed together. After
achieving the dough stage, the mixture was packed
into a mold with the pressure of 14 MPa using com-
pressor at room temperature for 25 min. The poly-
merization was carried using a water bath at 78°C
and 90 min.

2.4. Characterization of PMMA/5HA
composites

2.4.1. Flexural test

Three-point bending tests were performed accord-
ing to ASTM D790 using an Instron 3366 machine
(USA). The support span length was set at 50 mm.
The crosshead speed was set at 2 mm/min. At least
five samples for each formulation were examined.
The flexural modulus and flexural strength were
recorded.

2.4.2. Water absorption

The water absorption tests were conducted accord-
ing to ASTM D 570-98. Specimens as flexural bars
were dried in a vacuum oven at 70°C until a con-
stant weight was attained. Specimens (i.e. PMMA,
PMMA/5SHA composites and PMMA/y-MPS treated
SHA composites) were placed in a container of dis-
tilled water at temperature of 27°C. The weight
gain of the specimens was measured as a function
of time after removing the water on their surfaces.
The percentage gain at time ¢, (M;) as a result of
moisture absorption was determined by Equa-
tion (2):

M, = M-100% )
Wy
where W, and W,, denote the initial weight of spec-
imen prior to exposure to the water absorption and
weight of specimen after exposure to water absorp-
tion, respectively.

M, 8 Dt
v =1—n—26xp[—(h—2}12:| 3)

For Equation (3), the maximum moisture absorp-
tion (M,,) was calculated as an average value of
several consecutive measurements that showed no

appreciable additional absorption, / is the thickness
of the specimens and D is the diffusion coefficient.
The diffusion coefficient was calculated using
Equation (4):

_mht (M, - M)

- 2,,1/2  1/2 S

2.4.3. Simulated Body Fluid (SBF) absorption

SBF absorption test was carried out according to
ISO specification 1567-2001. The specimens (in
flexural bars geometry) were dried in a vacuum
oven at 70°C until a constant weight was attained.
The specimens were then placed in a container of
SBEF. The containers were then put in water bath at
temperature of 37°C. The SBF was supplied by
B-Braun Medical Industries (Penang, Malaysia).
The weight gain of the specimens was measured as
a function of time after removing the water on their
surfaces. The percentage gain at time ¢, (M;) as a
result of SBF absorption was determined by Equa-
tion (2) and diffusion coefficient was calculated
using Equation (4).

2.4.4. Field Emission Scanning Electron
Microscopy (FESEM)

The morphological studies of flexural bar samples
were carried out on FESEM Supra 35VP (Carl
Zeiss, Germany) equipped with the Gemini col-
umn. The acceleration voltage used was 5 kV. The
specimens’ surface was coated by Aurum/Palla-
dium alloy in order to prevent electrostatic dis-
charge.

2.5. Statistical analysis

The flexural test data reported in the Table 2 and 3
represent the mean values and standard deviation of
replicates. The data were statistically analyzed with
a one-way analysis of variance (ANOVA) to deter-
mine significant differences was used at a signifi-
cant level set at p < 0.05, for analysis of the results.
It was followed by the univariate analysis of vari-
ance to identify the tests of between-subjects
effects.
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3. Results and discussions

3.1. Kinetics of water absorption

Figure 2 shows the effect of yv-MPS concentration
on the water uptake of PMMA/SHA composites
during water absorption at room temperature. It can
be seen that the percentage of water uptake of the
PMMA/5HA composites is higher than that of
PMMA and PMMA/y-MPS treated SHA compos-
ites. The maximum moisture absorption (M,,) was
reached after 2 months of water absorption. The
water sorption, water solubility and associated dif-
fusion coefficient of dental resin-based composite
materials are dependent on the chemistry of the
monomer resins and the extent of polymerization of
the polymer matrix, the present of solubility impu-
rities, filler particles size, filler distribution, and the
interfacial properties between filler with resin
matrix [10, 15, 20]. According to Harper et al. [21],
the weight change of the specimens was the combi-
nation of increase in weight due to water absorption
and loss in weight caused by leaching of the
monomer. Table 1 shows the percentage of maxi-
mum moisture absorption (M,,) and diffusion coef-
ficient (D) of PMMA, PMMA/5HA composites
and PMMA/y-MPS treated SHA composites. The
M,, of PMMA/5HA composites is approximately
2.12%, while the M,, of PMMA is about 1.71%.
The notable weight gain of PMMA/SHA compos-
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Figure 2. The effects of y-MPS concentration on the water
uptake of PMMA upon subjected to water
absorption

ites can be attributed to the presence of the HA
filler. The moisture absorption of HA is due to the
free and reactive hydroxyl groups on the HA parti-
cles which exhibit good affinity to water molecules.
Besides, there are micro-voids in between PMMA
and HA caused by the difference in the chemical
nature of PMMA and HA. This phenomenon is
attributed to poorly bonded area and weak interfa-
cial adhesion between the hydrophilic HA filler and
the hydrophobic PMMA. Therefore, water mole-
cules could penetrate into these micro-voids or
accumulated at the filler-matrix interface. A similar
phenomenon was observed by Yang et al. [22] in
LDPE composites containing 30% lignocellulosic
filler. Excessive water uptake can promote break-
down causing a filler-matrix debonding in the pres-
ence of porosity and inclusions of filler particle
aggregates. This phenomenon would be involved in
the water absoprtion as they appear loosely embed-
ded in the matrix. The amount of water can be
accumulated at the interface between these agglom-
erates and the matrix. However, the presence of the
v-MPS introduced a hydrophobic layer on HA par-
ticle surfaces, thus the percentage of water uptake
was slightly decreased compared to PMMA/SHA
composites. According to Santos et al. [23], during
the silanazation process, multiple layers of silane
form a film around the filler particles, which is
either physically or chemically attached to the filler
particles, and thus limits the water absorption.

Fickian diffusion and Fick’s second law of diffu-
sion was used to determine the diffusivity parame-
ter. From Table 1, it can be seen that the M, of
PMMA/y-MPS treated SHA composite is lower
than that of PMMA/5HA composites. Although all
the PMMA/5SHA composites (with and without
silane coupling agents) shows M,, value higher than
pure PMMA. However, it is interesting to note that
the diffusion coefficient (D) of PMMA/5HA com-
posites is lower than that of PMMA. The mecha-

Table 1. Maximum moisture content (M,,) and diffusion coefficient (D) of PMMA, PMMA/5HA composites and
PMMA/y-MPS treated SHA composites after being subjected to water absorption and SBF tests

Material M [%] D [m?s]
Water absorption SBF absorption Water absorption SBF absorption
PMMA 1.71 1.96 1.25-10-12 1.64-10-12
PMMA/5HA 2.12 2.36 1.07-10-12 1.94-10-12
PMMA/5HA treated 2% Si 1.95 2.02 1.04-10-12 1.95-10-12
PMMA/5SHA treated 4% Si 1.96 2.06 1.01-10-12 1.91-10-12
PMMA/5HA treated 6% Si 2.00 2.14 1.03-10-12 1.82-10-12
PMMA/5HA treated 8% Si 1.95 2.06 1.00-10-12 1.83-10-12
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nism through which water diffuses into polymeric
materials can be explained as either infiltration into
the free space (i.e. micro-voids and other morpho-
logical defects) or specific molecular interaction
being controlled by the available hydrogen bond at
hydrophilic sites [24]. According to Tang et al.
[25], this may be related to the barrier contribution
of filler inclusions to water transportation. Accord-
ingly, when the transportation paths of the water
molecules and the water interaction within the
composites increase, it will reduce the diffusion
coeficient of the composites. The slightly decrease
of the diffusion coefficient for PMMA/y-MPS
treated SHA composites compared to PMMA/SHA
composites may suggest the reduction of
microvoids for water accumulation and a
hydrophobic behavior due to better interaction of
HA filler and PMMA matrix by silanization of HA.

3.2. Effects of water absorption on the
flexural properties of PMMA
composites

Table 2 shows the flexural properties of the
PMMA, its composites in control, wet and redried
states after being subjected to water absorption for
1 and 2 months. It can be seen that the flexural
modulus of PMMA/y-MPS treated HA composites
decreased slightly after being subjected to water
absorption for 1 month. There is no further signifi-
cant reduction of the flexural modulus of PMMA
composites after being subjected for 2 months to

water absorption for re-dried samples. Table 2 also
shows the percentage of recovery of the flexural
modulus for the PMMA composites. The recovery
of flexural modulus for PMMA composites is
excellent. This can be seen from Table 2 that the
flexural modulus of re-dried samples is almost
comparable to that of the wet sample. According to
Matinlinna and Vallittu [26], sometimes the silox-
ane films of adequate bonding quality can still be
formed since the remaining non-hydrolyzed alkoxy
groups are assumed to become hydrolyzed in air
and thus activated. When these PMMA/y-MPS
treated HA composites are immersed in water, the
inorganic hydroxyl surface of HA may further react
with the remaining and available hydrolysable
alkoxy groups of y-MPS. Thus, the increment of
flexural modulus and strength for PMMA compos-
ites may be associated to the post-chemical reaction
during re-drying process. Similar results were
reported by Harper et al. [21], the increase in
strength of poly(ethyl methacrylate) cement after
12 weeks immersion may be due to water being
redistributed at that time, which is caused by post
curing. Reis et al. [27] had reported that denture
base acrylic resin after water storage for 30 days,
there was an increased in flexural strength. This
could be explained by continuous polymerization
of polymers. Residual monomer may act as a plasti-
cizer and thus, residual monomer leached from the
specimens could also contribute to the increase in

flexural strength after water storage.

Table 2. Flexural properties of PMMA, PMMA/SHA composites and PMMA/y-MPS treated SHA composites in wet and

re-dried states after being subjected to water absorption for various condition (n = 3)

Duration of immersion
Material Flexural properties Control 1 month 2 months

Wet Redried Wet Redried
PMMA Flexural modulus [GPa] 23 24(1033) | 26[1132] 25(1103) | 2.8[1224]

Flexural strength [MPa] 777 | 90.0(115.8) | 72.2[92.8] 71.9 (92.6) 73.2 [94.3]
PMMA/SHA Flexural modulus [GPa] 25 2.5 (104.4) 2.8 [110.1] 2.6 (103.5) 3.1 0122.1]
Flexural strength [MPa] 505 | 57.6(114.0) | 573 [113.6] | 45.7(89.4) 63.8 [126.4]

| Flexural modulus [GPa] 27 2.6(96.3) 2.9 [105.5] 2.7 (100.0) 3.0 [110.28]

PMMA/SHA treated 2% St g ral strength [MPal] 56.5 | 56.1(99.3) 63.8[120.8] | 49.4(93.2) 55.3[97.9]
| Flexural modulus [GPa] 28 2.7 (97.4) 2.9[102.8] 27091.7) 3.0 [106.8]
PMMA/SHA treated 4% Si 1 ral strength [MPal 614 | 56.2(91.5) 58.1[102.8] | 47.7 (84.3) 61.9 [109.4]
| Flexural modulus [GPa] 29 2.7(93.7) 2.9 [100.4] 27(91.7) 3.0 [105.3]

PMMA/SHA treated 6% St g ol strength [MPa] | 614 | 557(90.8) | 54.6[89.0] | 479(713) | 60.0[97.9]
. | Flexural modulus [GPa] 2.8 2.7 (96.5) 2.9[104.9] 2.8 (100.4) 3.1[111.5]
PMMA/SHA treated 8% Si g\ val strength [MPal 524 | 51.7(986) | 57.8[1104] | 52.6(1004) | 63.0[1203]

Remark 1: The values in parentheses () are the percentage retention of the flexural properties after water absorption and the values in
brackets [ ] are the percentage recovery of the flexural properties after re-drying

Remark 2: Statistically analyzed with one-way ANOVA correspond to various immersion condition indicate significant different
(P <0.05) in flexural modulus (R? = 0.732) and flexural strength (R? = 0.826)
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Table 2 shows that the flexural strength of PMMA
composites was slightly increased after 1 month of
water absorption. After 2 months of water absorp-
tion, flexural strength for all specimens was
decreased in wet state. Table 2 also shows that the
percentage of retention of the flexural strength of
all PMMA/5HA composite was decreased after
2 months of water absorption. This is due to the
plasticizing effect of water molecules which dif-
fused into the matrix and filler. However, the flex-
ural strength of treated PMMA/5HA composite
could recover greatly by considering its properties
after 2 months of water absorption in the re-dried
state. The moisture diffused predominantly into the
matrix resin, resulting in a significant mismatch of
the moisture induced volumetric expansion between
the matrix and the filler. When the stress exceeds
the strength of the interphase region, debonding
may take place between the filler and the matrix
resulting in an irreversible damage to the dental
composite [28]. The flexural strength of the
PMMA/5HA composites decreased due to the
weak interfacial bonding between PMMA and HA
[29]. This will lead to increased micro voids in the
composites, and, as a result, increase of water
absorption [22]. When HA particles are embedded
in the highly entangled polymer chains, there are
micro-voids (or free volume voids) in the compos-
ite interface and even within the matrix polymer.
These micro-spaces are essential for the relaxation
of polymer chains and induce transportation of
water molecules when soaking in an aqueous envi-
ronment [25]. Accordingly, the water molecule can
acts as internal plasticizer. It is interesting to note
that PMMA/8% y-MPS treated SHA composites
still remain of the same strength as the control sam-
ple. This indicates that the HA treated with 8%
Y-MPS can provide better hydrolytic stability with-
out diminishing the flexural properties of the
PMMA composites during water absorption.

3.3. Kinetics of SBF absoprtion

Figure 3 shows the effect of y-MPS concentration
on the moisture uptake of PMMA and PMMA/5HA
composites during SBF absorption at 37°C up to
2 months of immersion. The initial linear region
showed a faster rate of SBF uptake for PMMA/
SHA composite followed by the PMMA/y-MPS
treated SHA composites and unfilled PMMA. All

25
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1.0 — PMMA
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Figure 3. The effects of v-MPS concentration on the SBF
uptake of PMMA upon subjected to SBF
absorption

specimens showed an SBF uptake process involv-
ing a rapid Fickian process which is linear to 1/2
followed by a slower rate of uptake which is indi-
cated as matrix saturation. The SBF and liquid
uptake into polymer matrix is governed by either
the free volume theory, in which water diffuses
through substrates or the interaction theory, in
which it is controlled solely by the available hydro-
gen bond at the polar sites [13]. The equilibrium of
SBF absorption (M,,) was achieved after 2 months
of immersion. From Table 1, it can be seen that the
maximum SBF absorption (M,,) of PMMA and
PMMA/5HA composites is approximately 1.96%
and 2.36%, respectively. However, the SBF uptake
of PMMA/y-MPS treated SHA composite was
decreased to 2.02-2.14% as a function of the con-
centration of y-MPS. This suggests that a better
bonding between the y-MPS treated HA filler and
the PMMA. According to Deb et al. [10], the
silanization of the mineral phase probably inhibits
water uptake due to hydrophobic surface.

Table 1 also shows the diffusion coefficients (D) of
PMMA, PMMA/S5HA composites and PMMA/
v-MPS treated SHA composites after SBF immer-
sion at 37°C for 2 months. The diffusion coefficient
(D) of PMMA/SHA composites (D = 1.94-10-12 m?%/s)
is somewhat higher than that of PMMA (D =
1.64-10-12 m2/s). According to Yiu et al. [13], the
polarity and hydrophilic sites in the composite may
lead to trapping sites to stop the water for interac-
tion which will subsequently hinder the water mol-
ecule diffusion. It is interesting to note that the
v-MPS treated PMMA/SHA composites (6% y-MPS
and 8% y-MPS) are slightly lower than untreated
PMMA/5HA composite. This is again attributed to
the better interfacial between PMMA and HA,
which in turn, reduces the transportation path of the
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water molecules in the PMMA matrix. According
to Drummond [11], the bonding of glass to resin
through silane agents (formation of oxane bonds)
other than simple chemical reactivity is good in
explained by interdiffusion and interpolymer net-
work formation in the interphase region. According
to Karabela and Sideridou [17], as the dental com-
posites are placed in the oral environment absorp-
tion of water takes place, which may lead to the
degradation of the silane coupling agent and rein-
forcing filler. The debonded interphase is the
fastest path for water migration into the interior
layer of resin composite. With the unsilanized com-
posite, degradation is the most severe resulting in
the deepest degradation depth. However, as the
fillers are silanized, the silane film absorbing water
before undergoing hydrolysis resists water diffu-
sion into composite. The diffusion coefficients of
untreated and treated PMMA/SHA composite are
generally higher than that of PMMA. This may be
due to the ions in the SBF, i.e. Na*, K*, Ca2*, CI”
and HCOs. The presence of these ions may leads to
the formation of apatite on the HA particles (which
are distributed on the surface of the sample) and
thus these ion concentrations, especially that of
HCOs3 induce increased rate of diffusivity in the
sample by interacting with the hydroxyl groups of
the specimen. According to Greish and Brown [30],
the mechanism of apatite on the surfaces of bioac-
tive glasses, such as calcium, phosphate, and sili-
cate ions are released from the bioactive glass

surfaces, leaving a hydrated silica layer. This layer
has been reported to enhance the formation of the
apatite nuclei. The dissolution of calcium and phos-
phate ions increases the the activity of the ionic
components of apatite in the surrounding fluid,
leading to the precipitation of the apatite nuclei on
the hydrated silica layer, which later grow sponta-
neously. Verestiuc et al. [31] reported that for
shorter interaction time of SBF with the substrate,
the concentration of Ca2* ion and (PO4)3™ increases.
After few days, the Ca2* ion and (PO4)3” variations
evolve oppositely due to the diffusion of positive
and negative ions having different motilities in
SBF. This implies a continuous change of the qual-
ity of the chemical growth of calcium phosphates
layers on substrates.

3.4. Effects of SBF absorption on the flexural
properties of PMMA composites

Table 3 shows the flexural modulus and strength of
PMMA and its composites after being subjected to
SBF absorption for 1 and 2 months. Table 3 also
shows the flexural properties (with their percentage
of retention and percentage of recovery) of PMMA
and its composites in wet and re-dried states after
being subjected to SBF absorption. It can be seen
that the flexural modulus and strength in wet states
of PMMA/y-MPS treated SHA composites was
decreased after being subjected to SBF test for
1 month. The reduction of the flexural properties of

Table 3. Flexural properties of PMMA, PMMA/SHA composites and PMMA/y-MPS treated SHA composites in wet and
redried states after being subjected to SBF tests for various condition (n = 3)

Duration of immersion
Material Flexural properties Control 1 month 2 months

Wet Redried Wet Redried
PMMA Flexural modulus [GPa] 23 2.4 (103.6) 27 [117.1] 2.4 (105.0) 2.5[110.8]
Flexural strength [MPa] 777 | 82.9(106.7) | 90.9[117.0] | 80.8(103.9) | 88.1[113.4]

PMMA/SHA Flexural modulus [GPa] 2.5 2.4 (95.9) 2.7[107.4] 2.5(98.5) 2.5199.3]
Flexural strength [MPa] 505 | 57.9(114.8) | 73.0[144.6] | 64.0(126.8) | 62.7[124.2]
| Flexural modulus [GPa] 27 22(82.4) 2.5[89.8] 2.4 (88.3) 2.8 [104.1]
PMMA/SHA treated 2% St 1 ral strength [MPa] 565 | 42.7(80.6) 53.9(1022] | 44.1(83.6) 57.2[107.7]

| Flexural modulus [GPa] 28 2.3(82.2) 2.6 [93.6] 2.6 (93.1) 2.695.1]

PMMA/SHA treated 4% St g ol strength [MPa] | 614 | 47.8(84.5) | 525[92.8] | 50.3(89.0) | 54.0[95.5]

. | Flexural modulus [GPa] 2.9 2.3(79.9) 2.7 [93.8] 2.6 (89.4) 2.9199.3]

PMMA/SHA treated 6% Si g\ ol strength [MPa] | 614 | 43.0(70.0) | 548(89.6] | 458 (74.6) | 53.7[87.6]
. | Flexural modulus [GPa] 2.8 2.4 (86.3) 2.6 [94.1] 2.6 (92.5) 2.9[102.4]
PMMA/SHA treated 8% Si g\ ral strength [MPal] 524 | 46.7(89.2) 56.5[107.9] | 45.8 (87.4) 59.3[113.2]

Remark 1: The values in parentheses ( ) are the percentage retention of the flexural properties after SBF absorption and the values in
brackets [ ] are the percentage recovery of the flexural properties after re-drying

Remark 2: Statistically analyzed with one-way ANOVA correspond to various immersion condition indicate significant different
(P <0.05) in flexural modulus (R? = 0.826). However, the flexural strength (R? = 0.925) correspond to various immersion

condition indicate no significant different (P > 0.05).
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these composites is due to the fact that the moisture
contents may plasticize the composites, and thus
weaken the bonding between HA filler and PMMA
matrix due to the volumetric expansion within both
phases. According to Sabbagh er al. [32], water
molecules can lead to plasticizing effect in the
matrix and cause degradation of the filler-matrix
interface. The slightly reduction of the PMMA/
v-MPS treated SHA composites could be due to the
undesirable and excessive loading of silane cou-
pling agent. It is believed that the excess concentra-
tion of silane coupling agent (i.e. free and unreacted
v-MPS which located at the interface between the
PMMA and HA) could contact with water mole-
cule through hydrolytic reaction, and further cause
the debonding of filler and matrix. In addition, the
ion and water molecules in SBF can be accommo-
dated at the interface between the filler and matrix

through a weak link. This weak link could provide
paths of facile water molecule diffusion. According
to Reis et al. [27], the increase and/or no signifi-
cant change of flexural properties in denture base
acrylic resin could be partically explained by con-
tinuous polymerization of the polymers. Residual
monomer acts as plasticizer which by leaching out
from the specimens could contribute to the increase
in flexural properties after water immersion. On the
contrary, water molecules absorbed during immer-
sion may influence the mechanical properties of
denture base acylic resins by the plasticizing effect.
Table 3 shows that the flexural properties of the
redried-PMMA/HA composites are higher than that
of the wet-PMMA/HA composites after SBF tests.
According to Cattani-Lorente et al. [33], water has
two approach effects on resin-modified glass
ionomer cement: (1) water acts can as a plasticizer

c)

d)

Figure 4. FESEM micrographs taken from the fractured surfaces of (a) PMMA/5HA-control, (b) PMMA/SHA compos-
ites after being subjected to water absorption, (¢) PMMA/y-MPS treated HA-control, and (d) PMMA/y-MPS
treated HA composites after being subjected to water absorption
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a)

b)

Figure 5. FESEM micrographs taken from the fractured surfaces of (a) PMMA/SHA composites and (b) PMMA/y-MPS
treated HA composites after being subjected to SBF immersion

and reduce the flexural strength. However, when
excess water is removed, flexural strength of the
samples almost reverted to initial values; (2) water
also partly dissolved the components of the cement,
changing the network structure, resulting in a slight
but irreversible decrease of their strength. In addi-
tion, the presence of salts and proteins in the saliva
will minimize the effect of water on the dental
restorations.

3.5. Morphological properties

Figure 4 shows the FESEM micrographs taken
from the fractured surfaces of PMMA/5HA and
PMMA/y-MPS treated HA composites in their con-
trol state and after being subjected to water absorp-
tion. It can be seen that there is noticeable gap
between PMMA and HA for the untreated PMMA/
SHA composite (c.f. Figure 4a), however, for the
PMMA/y-MPS treated HA composites, there is a
better interfacial interaction between PMMA and
HA (c.f. Figure 4c). From Figure 4b and 4d, it can
be seen that the fracture morphology of the PMMA/
HA and PMMA/y-MPS treated HA composites did
not change much. This fracture morphology can
support the excellent recovery and retention prop-
erties of PMMA composites after being subjected
to water absorption. Figure 5 shows the FESEM
micrographs taken from the fractured surfaces of

PMMA/5HA composites and PMMA/y-MPS treated
SHA composites after being subjected to SBF
immersion. Little de-bonding of the interfacial
interaction between PMMA/SHA composites (with
and without coupling agent) can be observed from
the fractured surface. This may be related to the
ions and water molecules in SBF that can be
accommodated at the interface between the filler
and matrix as a weak link.

4. Conclusions

The kinetics of water absorption and SBF absorp-
tion of PMMA/HA composites conformed to the
Fickian Law behavior. It was found that the y-MPS
treated HA could help to reduce the water uptake
due to the ability of y-MPS to reacts with hydroxyl
groups in the HA filler by introducing a hydropho-
bic layer on HA particles surface. The diffusion
coefficient of PMMA/SHA composite (untreated
and treated) is lower than that of PMMA. This is
due to the present of HA particles which could
restrict the diffusivity of water. The excellent reten-
tion and recovery of the PMMA/HA composites on
mechanical properties could be attributed to the
enhanced interfacial interaction between HA filler
and PMMA matrix by the treatment of y-MPS in
water absorption.
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