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Abstract

Hydroxyapatite (HA) has excellent biological behavior, and its composition and crystal structure are similar to the apatite in the
human dental structure and skeletal system; a number of researchers have attempted to evaluate the effect of the addition of HA powders
to restorative dental materials. In this study, nanohydroxy and fluoroapatite were synthesized using an ethanol based sol–gel technique.
The synthesized nanoceramic particles were incorporated into commercial glass ionomer powder (Fuji II GC) and were characterized
using Fourier transform infrared and Raman spectroscopy, X-ray diffraction and scanning electron microscopy. Compressive, diametral
tensile and biaxial flexural strengths of the modified glass ionomer cements were evaluated. The effect of nanohydroxyapatite and flu-
oroapatite on the bond strength of glass ionomer cement to dentin was also investigated. Results showed that after 1 and 7 days of set-
ting, the nanohydroxyapatite/fluoroapatite added cements exhibited higher compressive strength (177–179 MPa), higher diametral
tensile strength (19–20 MPa) and higher biaxial flexural strength (26–28 MPa) as compared with the control group (160 MPa in CS,
14 MPa in DTS and 18 MPa in biaxial flexural strength). The experimental cements also exhibited higher bond strength to dentin after
7 and 30 days of storage in distilled water. It was concluded that glass ionomer cements containing nanobioceramics are promising
restorative dental materials with both improved mechanical properties and improved bond strength to dentin.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Glass ionomer cement; Nanohydroxyapatie; Nanofluoroapatite; Sol–gel synthesis; Mechanical properties
1. Introduction

Glass ionomer cements (GIC) were invented by Wilson
et al. at the Laboratory of the Government Chemist in
1969 [1,2]. These materials are water-based cements, and
are also known as polyalkenoate cements [3]. They are
based on the reaction between an alumino-silicate glass
and polyacrylic acid, and cement formation arises from
the acid–base reaction between the components [4,5]. The
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glass ionomer name is derived from the formulation of
the glass powder and the ionomer that contains carboxylic
acids. These cements are adhesive to tooth structure and
translucent [6–8]. The matrix of the set cement is an inor-
ganic–organic network with a highly cross-linked structure.
The first glass ionomer cement (GIC) introduced had the
acronym ‘‘ASPA’’, and comprised alumina-silicate glass
as the powder and polyacrylic acid as the liquid. This prod-
uct was first sold in Europe (De Trey Company and Amal-
gamated Dental Company) and later in the USA [9–11].
Glass ionomer cements have desirable properties, such as
adhesion to moist tooth structure and an anticariogenic
action (due to fluoride release). In addition, the coefficient
of thermal expansion for glass ionomers is close to that of
vier Ltd. All rights reserved.
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Table 1
Yield of synthesized HA and FA

Material Yield (%)

Hydroxyapatite 78
Fluoroapatite 69
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tooth structure and they are biocompatible. Because of
these unique properties, GICs are very useful and impor-
tant as dental restorative materials [12–15]. In addition to
their advantages, GICs suffer from the disadvantage of
being brittle. Significant improvements have been made
since the invention of GIC and are continuing to be made
to enhance the physical properties of the cements.
Although stronger and more aesthetic materials with
improved handling characteristics are now available,
lack of strength and toughness are still major problems
[1–19].

Since hydroxyapatite (HA) has excellent biocompatible
properties, and a composition and crystal structure similar
to apatite in the human dental structure and skeletal sys-
tem, a number of studies have tried to evaluate the effect
of the addition of HA powders to restorative dental mate-
rials such as GICs [20–25]. Hydroxyapatite is a type of cal-
cium phosphate, which is the main mineral component of
the enamel of the tooth; it also comprises more than 60%
of tooth dentine by weight. In addition, HA comprises
the inorganic matrix of human bone in the form of phos-
phocalcic hydroxyapatite, which has the following formula
Ca10(PO4)6(OH)2 and contains both phosphate and hydro-
xyl ions. The ability of HA to integrate with bone struc-
tures can help bonding between bone and implant
structures and also support bone ingrowth without break-
ing down or dissolving [20,21].

GICs have been found to interact with HA via the car-
boxylate groups in the polyacid. Therefore, the incorpora-
tion of HA into GICs may not only improve the
biocompatibility of GICs, but also have the potential of
enhancing the mechanical properties. In addition, it has
the ability to increase the bond strength to tooth structure
due to its similar composition and structure to enamel and
dentin. Lucas et al. [22,23] reported that the addition of the
HA particles to the glass ionomer powder has the ability to
increase the fracture toughness of the cement, which main-
tained long-term bond to dentin. Furthermore, they
reported that the addition of HA did not hamper continued
fluoride release and also maintained long-term bond
strength to dentine. In addition, Gu et al. reported that
GICs containing 4 wt.% HA particles exhibited enhanced
mechanical properties in comparison with commercial
GICs [24,25].

It is envisaged that the presence of HA and fluoroapatite
(FA) nanoceramics in the GIC matrix have the ability to
increase the mechanical and bond strength of the resulting
material. Hence, the main aim of this study was to synthe-
size HA and FA nanoparticles and to assess the effect of
their addition on the mechanical properties and bond
strength to dentin of conventional GICs. Fuji II conven-
tional GIC was used as the control group in this study
due to its availability and popularity in dental communi-
ties; however, in next steps of these series of experiment
the effects of addition of nanoceramics on properties of
stronger and modern GICs such as Fuji IX and Ketac
Molar will be investigated.
2. Materials and methods

2.1. Materials

The glass powders and all the liquids used in the exper-
iments were of commercial grade, obtained from Fuji II
(GC International, Tokyo, Japan). All the other chemicals
in this study were of analytical grade and applied as
received from Sigma–Aldrich Chemical Co. Calcium
nitrate tetrahydrate [Ca(NO3)2 Æ 4H2O], (NH4)2HPO4,
ammonium fluoride (NH4F), ethanol (C2H5OH) and
ammonium hydroxide (NH4OH) were used as obtained.

2.2. Synthesis of nanohydroxyapatite and nanofluoroapatite

Nanohydroxyapatite was produced by an ethanol-based
sol–gel method similar to those of Kuriakose et al. [26] and
Feng et al. [27].

Initially 6.6 g (50 mmol) of (NH4)2HPO4 was dissolved
in 50 ml of ethanol. In the second step, 19.702 g (84 mmol)
of Ca (NO3)2 Æ 4H2O was dissolved in 50 ml of ethanol in
order to make a 0.5 M solution. This solution was added
dropwise to the initial solution using a dropping funnel
at the rate of 5 ml min�1. The reaction was carried out at
a constant temperature of 85 �C for 4 h. During the reac-
tion, the pH of the solution was maintained at 10 by the
dropwise addition of NH4OH solution (up to a total
amount of 5 ml).

For FA synthesis, the method described by Cavalli et al.
[28] was adopted. In the experimental procedure initially
6.6 g (50 mmol) of (NH4)2HPO4 was dissolved in 50 ml of
ethanol, then 19.702 g (84 mmol) of Ca(NO3)2 Æ 4H2O was
dissolved in 50 ml of ethanol in order to make a 0.5 M
solution. Subsequently, 0.62 g (16.7 mmol) of NH4F with
an appropriate molar ratio (Ca:P:F = 3:5:1) was added to
the above solution as the source of fluoride ion. This solu-
tion was added dropwise to the initial solution using a
dropping funnel at the rate of 5 ml min�1. The reaction
was carried out at a constant temperature of 85 �C for 4 h.

The nanopowders produced were dried using a freeze
dryer (Wizard 2.0 SP Industries Co. The Virtis Company,
NY). The powder samples were heat treated in a Carbo-
lite� (Sheffield, UK) furnace. The samples were heated up
to 400 �C at a rate of 10 �C min�1 and held at this temper-
ature for 2 h, then heated at the same rate up to 800 �C and
held for another 2 h at this temperature. Upon cooling, the
powders were gently ground manually for 10 min using a
mortar and pestle. The yields of each synthesis reaction
were calculated and are tabulated in Table 1.



Table 2
Compositions and the abbreviations used for various experimental glass
ionomers

Group Liquid composition Powder composition

Fuji II Polyacrylic acid
copolymer

Strontium containing aluminum
fluorosilicate glass

HM Fuji II liquid 95 wt.% Fuji II glass, 5 wt.% HA
nanopowder

FM Fuji II liquid 95 wt.% Fuji II glass, 5 wt.% FA
nanopowder
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2.3. Characterization

2.3.1. Fourier transform infrared and Raman spectroscopy

Raman spectra of the nanobioceramic powders were
obtained using a Nicolet Amelga XR dispersive Raman
spectrophotometer. Sample was placed in a quartz tube
and spectra were obtained in the range of 4000–
400 cm�1, averaging 256 scans at 2.0 s exposure time and
4 cm�1 resolution.

Fourier transform infrared (FTIR) spectra of the syn-
thesized nano-HA and FA were obtained using a Nicolet
8700 FTIR spectrometer (Thermo Electron Corporation,
UK) in conjunction with an MTEC photoacoustic sam-
pling cell (PAS). The powder samples were put in the sam-
ple holder and the sampling chamber was purged with dry
helium. Spectra were obtained in the mid-infrared region
(4000–400 cm�1) at 4 cm�1 resolution averaging 128 num-
ber of scans.

2.3.2. X-ray diffraction

The nanopowders produced in this study were analyzed
with an X-ray diffraction (XRD) diffractometer (Siemens
D5000 diffractometer) using Cu K radiation (K1 =
0.15406 nm; K2 = 0.1.5444 nm). A powder sampling holder
was used across the two range. The samples were set at a
fixed position of 1� and the detector was scanned between
25� and 60� angles. A step size of 0.02� was used, with a
step time of 2.5 s. Identification of phases was achieved
by comparing the diffraction pattern obtained for the nano-
powders and comparing their diffraction patterns with the
standard cards on the ICDD-JCPDS database. Powdered
samples were tested as produced and after calcination.
Peak positions were determined using the XRD evaluation
software EVATM (Bruker-AXS, Germany).

2.3.3. Scanning electron microscopy and particle size

analysis

Nano-HA and nano-FA powders were studied using a
JEOL JSM 6300F high-resolution scanning electron micro-
scope (SEM), which was operated at 15 keV. Samples were
prepared by dispersing a thin layer of the powders on car-
bon coated copper grids. The mode of failure of dentin
cement surfaces was also determined using SEM. Each
specimen was coated with gold prior to analysis.

Particle sizes of the synthesized nanoceramics were mea-
sured using Zetasizer, nanoseries analyzer (ZS, Malvern
Instruments Ltd. Worcestershire, UK) at 25 �C using a sta-
tic light scattering method.

2.4. Formulation and evaluation of the modified glass

ionomer cements

2.4.1. Specimen preparation

In order to prepare nano-HA- and nano-FA-containing
glass powders, an appropriate amount (glass powder/HA
and glass powder/FA ratio of 20:1 by wt.) of glass ionomer
powder, and either nano-HA or nano-FA was weighed
accurately and mixed gently by hand with a mortar and
pestle for 20 min. The glass powder was Fuji II GIC (GC
International, Tokyo, Japan) and a powder/liquid (P/L)
ratio of 2.7/1 was used as recommended by the manufac-
turer. The GIC specimens were mixed and fabricated at
room temperature according to the manufacturer’s
instructions.

Cylindrical specimens were prepared using PTFE cylin-
drical shaped molds 4 mm in diameter and 6 mm in height
for compressive strength test and were cut to 2 mm thick
cylinders for diametral tensile strength test. For the biaxial
flexural strength test, PTFE cylindrical molds with 1 mm
thickness and 10 mm diameter were used in order to pre-
pare disc shaped samples with 10 mm diameter and 1 mm
thickness. The molds were filled with the material and cov-
ered with PTFE tape and glass slides, flattened and gently
pressed by hand in order to remove air bubbles from
uncured cement paste. The specimens were removed from
the molds after 30 min and conditioned in distilled water
at 37 �C for 23.5 h and 7 days. Six specimens were made
for each test. The different experimental groups of GICs
and their abbreviations are tabulated in Table 2.

In order to measure the bond strength, 35 human
extracted or impacted permanent third molars were stored
and surface treated according to the procedures mentioned
by Lucas et al. [22] (which complied with the ethical com-
mittee protocols of Mashhad Dental School, Iran). The
treated teeth were then mounted in resin holders and both
buccal and lingual surfaces of each tooth were trimmed
with a low-speed trimmer. Subsequently, median grit sili-
con carbide papers (Grade P600, 1500) were used to obtain
smooth dentin surfaces. Both the experimental group and
the control group (Fuji II) cement samples were mixed
according to the manufacturer’s instructions and put into
a material holder (3.0 mm diameter · 3.0 mm height). The
samples were fitted by placing them in contact with the pre-
pared dentin surfaces. The specimen assembly was then
stored in 100% relative humidity at 37 �C for 1 h and then
in distilled water for periods of 23 h, 7 days and 30 days.

2.4.2. Mechanical properties measurements

Mechanical tests were performed on a screw-driven
mechanical testing machine (Model 4206, Instron Corp.,
Canton, MA) with a crosshead speed of 0.5 mm min�1.
The compressive strength was calculated from the relation-
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ship CS = 4P/pd2, where P is the load (N) at the fracture
point and d is the diameter (mm) of the cylindrical speci-
men. The diametral tensile strength (DTS) was determined
according to the equation DTS = 2P/pdt, where P is the
load at the fracture point, and d and t are the diameter
and thickness (mm), respectively, of the specimen. For
the biaxial flexural strength test, each specimen was placed
on an 8 mm diameter annular knife-edged support ring
(Instron Universal Testing machine), and the load to frac-
ture at the rate of 0.5 mm min�1, using a 3 mm diameter
ballended indenter in a universal load testing machine,
was recorded. Each specimen was tested at least six times.
Biaxial flexural strengths were calculated from the follow-
ing equation:

S ¼ P=h2ð0:606 ln a=hþ 1:13Þ
where P is the load, h is the thickness of the sample and a is
the diameter of the support ring. The constant of 1.13 is de-
rived from the Poisson’s ratio. From the previous studies of
Akinmade et al. [29], the value of the Poisson’s ratio was
taken to be 0.27.

2.4.3. Bond strength measurement

After time intervals of 1 h, 1 day, 7 days and 30 days of
storage in distilled water, a shear load was applied to the
glass ionomer/dentin interface using a standard mechanical
testing machine (Pand Industries Co., Iran) with a knife-
edged rod at a crosshead speed of 0.5 mm min�1. All the
mechanical testing machines were calibrated prior to start
the measurements. The shear force required to separate
the cylinder from the dentine was recorded in Newtons
and divided by the contact surface area, to determine the
shear bond strength value in MPa. The debonded surfaces
of the specimens were air dried and the mode of failure was
determined using an SEM (JEOL JSM 6300F). The failure
mode was classified according to one of following types:
adhesive, cohesive in the cement, cohesive in dentin or
mixed mode of failure.

The mean data obtained for mechanical and bond
strength tests of specimens were analyzed by one-way anal-
ysis of variance with a = 0.05.

3. Results

3.1. Characterization of synthesized bioceramics

The FTIR spectra of synthesized nano-HA and -FA
powders are shown in Fig. 1a and b, and exhibited peaks
at 3571, 1087, 1036, 936, 631, 601, 569 and 471 cm�1,
which were ascribed to the hydroxyl group of the HA,
phosphate m3, phosphate m1, phosphate m4 and phosphate
m2 vibrations, respectively. There were only two peaks at
875 and 1418 cm�1, which belong to CO�2

3 m2 and m3 vibra-
tions, respectively. It has been reported that carbonate
ions, thought to originate from the CO2 in air [28–30],
can enter the structure of the HA. The OH peak centered
at 3571 cm�1 disappeared in the FA spectrum. The peak
at 631 cm�1 also disappeared, which confirmed the forma-
tion of FA. In the FA spectrum, the broad peak in the
region of 1100–900 cm�1 is due to the phosphate modes,
which increased in intensity after sintering. This can be
attributed to the greater degree of crystallinity, which
increases due to the sintering (Fig. 1a and b).

The peak assignments of the Raman and FTIR spectra
of synthesized hydroxyl and FA powders confirmed that
the final products were pure, and this correlated well with
the previous studies by Cavalli et al. [28] and Rehman
and Bonefield [30].

The XRD spectra of synthesized HA and FA nanoce-
ramic powders are presented in Fig. 2. In all cases, the
small size of the powders formed after freeze-drying led
to broad peaks being observed in the XRD traces. After
calcination of the powders in air at 800 �C for 2 h, the pat-
tern obtained from the XRD traces were a good match to
the pattern for phase pure HA and FA [JCPDS pattern 09-
0432] (Fig. 2a and b). The HA and FA showed similar pat-
terns and sharp peaks due to better crystallization at high
temperatures. The peaks of HA at (211) and (112) merge
due to fluorination [31]. The XRD patterns of the Fuji II
glass ionomer sample, HA-added GIC and FA-added
GIC after mixing with polyacid are shown in Fig. 3a–c,
respectively. The Fuji II set cement sample (Fig. 3a) does
not show any sharp peaks in the XRD analysis, indicating
that it is a predominantly amorphous material, whereas in
the XRD patterns of both the HA- and FA-added set
GICs, peaks related to the crystalline apatite structure were
observed between 20� and 35� (Fig. 3b and c). These results
correlated well with those reported previously by Milne
et al. [36].

SEM images of the sample powders are shown in Fig. 4.
These images revealed that all the powders were in the
nanosize range and granular in shape. Representative
SEM micrographs of the dentin and glass debonded sur-
faces are shown in Fig. 5. All of the samples showed a
cohesive mode of failure in the material. SEMs and the
results from the particle size analyzer showed that the par-
ticle sizes of both the HA and the FA were approximately
100–200 nm.

3.2. Mechanical and bond strength properties

The results of 1 and 7 days of CS, DTS and BFS values
of the nano-HA- and nano-FA-containing glass ionomers
are shown in Fig. 6 and compared with values for Fuji II
GIC as the control group. The results show that there is
a significant difference between the CS, DTS and BFS val-
ues of the HA- and FA-containing GIC samples and the
control group. Nano-HA-containing glass ionomer (HM),
which was mixed with the liquid of Fuji II, exhibited higher
mechanical strength values than the control group and the
same trend was observed for the nano-FA-containing glass
ionomer samples (FM). The mechanical results for the FA-
added GIC are higher than those of the HA-added GIC
after 7 days of storage in distilled water (Fig. 6).



Fig. 1. FTIR spectra of the synthesized nanopowders of HA (a) and FA (b); note the disappearing of the peaks at 3571 and 631 cm�1 in the FA sample,
confirming the formation of FA.
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The bond strength values of the bioceramic-added GIC
and the control group after 1 h, 24 h, 7 days and 30 days of
storage in distilled water are shown in Fig. 7. The bond
strengths of the FA-modified (8.4 ± 1.7 MPa, after 7 days)
and HA-modified (8.2 ± 1.8 MPa, after 7 days) specimens
were not significantly different after 7 days of storage in
distilled water, while their results were higher than those
of the control group (7.3 ± 1.5 MPa for GIC after 7 days).
The highest values were related to the FA-added GIC
samples.

4. Discussion

The resulting peaks in the FTIR and Raman spectra of
HA nanoparticles were in agreement with the previous
studies by Rehamn et al. and Philips et al. [30] and [31]



Fig. 2. XRD traces of HA (a) and FA (b) nanoceramic powders after
calcination in air at 800 �C for 2 h.

Fig. 3. XRD traces of Fuji II GIC (a), HA-added GIC (b) and FA-added
GIC (c) after mixing with polyacrylic acid.

Fig. 4. SEM of HA (a) and FA (b) nanopowders (40,000·).
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respectively, Nikčević et al. [32] and Redey et al. [33]. The
OH peak disappeared in the FA spectra and a broad peak
in the 1100–900 cm�1 regions was observed which corre-
lates with a former study by Wei et al. [34]. In addition,
the XRD results showed that the synthesized bioceramics
had low degrees of impurity, high degrees of crystallinity
and structures correlated with hydroxyl and FA chemical
compositions [35]. This observation was in agreement with
the fact that fluorine addition tends to decrease the lattice
parameter a, but not obviously affect the lattice parameter
c. It can be seen in Fig. 1b that the peaks of the FA are
sharper than those of pure HA. Thus, the incorporation
of fluorine into the HA matrix increased the crystallinity
of the final crystals. The increased crystallinity corre-
sponded to the increased chemical stability of the FA
bioceramic nanopowders [31,35,36].

Mechanical tests results showed that all the GICs
became stronger as they matured after 1 and 7 days of stor-
age in distilled water at 37 �C. Previous studies have shown
that nano-HA is a promising additive to glass ionomer
powder; Yap et al. [37] reported that Fuji IX glass ionomer
with 4 wt.% HA in its composition had higher compressive
and diametral tensile strength (CS = 177.27 MPa, DTS =
13.94 MPa) than non-reinforced commercial Fuji IX
(CS = 135 MPa, DTS = 12.07 MPa). In this study, nano-
particles (100–200 nm) of both HA and FA were added
to glass ionomer powder (5 wt.%) and the mechanical test
results showed that both glass powders had higher strength



Fig. 5. SEM of a fracture surface from cohesively failed FA-added GIC as
an example of dentin–GIC debonding. (a) Fractured surface showing
retained GIC bulk (B) and dentin structure (D) (1500·); (b) GIC matrix
overlying the dentin surface. Note the presence of exposed tiny glass cores
(white arrows) and nanoceramic particles (black arrows) (5000·).

Fig. 6. Mechanical test (compressive, diametral tensile and biaxial flexural
strength) results of the GIC samples after 1 and 7 days of storage in
distilled water at 37 �C.

Fig. 7. Bond strength to dentin (MPa); comparison between the exper-
imental GICs and Fuji II (n = 5).
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compared with the Fuji II commercial GICs. Nano-FA/
ionomers had higher values for CS, DTS and BFS (179,
23 and 33 MPa, respectively) compared with HA/ionomer
(178, 19 and 31 MPa, respectively), which can be related
to the stability of FA and its lower dissolution rate in dis-
tilled water compared with that of nano-HA. A more than
14% increase in CS was observed and the values for diam-
etral tensile strength increased up to 70%, while the values
for biaxial flexural strength increased to more than 90%.
This suggested that these additives have an affect on both
the setting reaction mechanism and the degree of polysalt
bridge formation of the glass ionomer, which improve the
mechanical properties of the final set cement. Hydroxyap-
atite and to some extent FA nanoceramics are soluble in
acidic solutions; as a result, calcium ions can be extracted
from the surface of HA and FA after mixing the powder
with a polyacid. There might be higher degrees of acid–
base reaction within the structure of the setting cement
due to presence of HA and FA, which lead to stronger
cements [38]. Both nano-HA and FA are involved in the
acid–base reaction of the GIC and react with inorganic/
organic components of the GIC network via their phos-
phate and calcium ions. Thus, by incorporation of FA
and HA into a GIC powder composition, after H+ attack
the ceramic particles, there would be more Ca2+ ion avail-
able for cement formation, polysalt bridge formation and
cross-linking, all of which reinforce the GIC matrix. Both
modified glass powders exhibited higher values in mechan-
ical tests in comparison with Fuji II GIC samples. The pos-
sibility of the formation of hydrogen bonds may be greater
because of the presence of additional hydroxyl, phosphate
and fluoride ions in the matrix. Without doubt, stronger
bonds between the organic and inorganic network of the
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set cement lead to higher mechanical strength of the final
set cement.

The cohesive fracture of a glass ionomer–dentin surface
has been reported in the literature previously [22,39]. In
this study, scanning electron micrographs of the fractured
surface of the dentin of control GIC showed a retained
GIC bulk and a thin cement matrix. In Fig. 5a, the frac-
tured side of dentin after debonding from the FA-added
GIC sample is shown as an example of the failure mode
observed in this series of experiments. However, the SEM
of HA- and FA-added samples showed cohesive failure
with a thicker cement layer in comparison with the control
group. These results agree well with previously reported
studies in the literature, which have reported that the
strength of the cement–tooth bond is higher than the inher-
ent strength of the material [22,39]. The fractured HA- and
FA-added cements revealed the presence of a glass core
and HA and FA nanoparticles, respectively, embedded
on the surface even in the thin matrix area. It is also inter-
esting to note that the addition of HA and FA nanoparti-
cles may result in a strengthened matrix and subsequently
better bonding to the bulk of the glass and matrix. How-
ever, due to debonding, some cracking appeared on the
surface of the remaining GIC bulk on the dentin surface,
which can be observed in the SEM photographs presented
in Fig. 5a and b.

The bond strength results correlate well with the results
reported previously by Wilson and McLean [2], Arora and
Deshpande [40] and Lucas et al. [22]. Wilson and McLean
[2] reported that the bond strength of Fuji II GIC to tooth
structure is about 5–6 MPa. Lucas et al. [22] also reported
that HA-added conventional GIC and Fuji IX exhibited
bond strength values of 5.3 and 5.2 MPa, respectively.
The bond strength results showed that there was no signif-
icant difference between the bond strength of FA-added
GIC (8.4 ± 1.7 MPa) and HA-added GIC (8.2 ±
1.8 MPa) after 7 days of storage in distilled water, while
after 30 days, due to the lower rates of dissolution of FA
particles in comparison with HA particles, a considerable
difference between the bond strength values of the FA-
and HA-added GIC samples was observed (8.0 MPa for
HA-added GIC and 7.3 MPa for FA-added GIC, respec-
tively). Due to the lower degrees of solubility of FA in dis-
tilled water in comparison with HA, the bond strength
values and mechanical test results of the samples contain-
ing FA nanoparticles were higher than the values of sam-
ples containing HA nanoparticles after 7 and 30 days of
storage in distilled water. In addition, due to the presence
of phosphate, hydroxyl and fluoride ions in the intermedi-
ate layer between the cement and the tooth structure, there
is a greater possibility of the formation of ionic and hydro-
gen bonds between the GIC and tooth substrate, which is
the main cause of the increased bond strength values for
the HA- and FA-added GICs in comparison with the con-
trol group. This phenomenon can be attributed to the
greater availability of bonds between the tooth structure
and the modified GIC samples. Regarding the small sizes
of the nanoceramics incorporated into the glass powder
of GIC, the resulting experimental glasses had wider ranges
of particle size distribution (the average particle size of the
glass ionomer particles was around 5–10 lm in this study),
which resulted in higher mechanical values. Consequently,
these groups can occupy the empty spaces between the
glass ionomer glass particles and act as a reinforcing mate-
rial in the composition of the GICs. Finally, the presence of
fluoride in the fluoride-substituted apatite has the potential
to increase the amount of fluoride release from the set
GICs, and this will be investigated further in future.
5. Conclusion

The addition of nano-HA and FA synthesized into Fuji
II commercial GIC enhanced the mechanical properties
(compressive, diametral tensile and biaxial flexural
strength) of the resulting cements and their bond strengths
to dentin. These bioceramics are therefore considered
promising additives for glass ionomer restorative dental
materials. However, possibly due to the lower solubility
rate of FA, the FA-containing samples showed higher val-
ues after 7 and 30 days for both the mechanical and bond-
ing tests in comparison with HA-added GIC samples.
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