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Abstract

The objective of this study was to evaluate the effect of the addition of synthesized
hydroxyapatite (HA) and fluorapatite (FA) nanoparticles to a glass-ionomer cement (GIC) on the
mechanical properties, while preserving their unique and potent clinical properties.
Bioceramics, such as HA and FA, have been recognized as restorative materials (e.g. GICs) in
dentistry due to their chemical and biological compatibility with human hard tissues, which are
considered calcium phosphate complexes. In this study, both of these inorganic nanoparticles
(HA and FA) were synthesized via a wet-chemical precipitation method. The obtained

nanoparticles were characterized with X-ray diffraction (XRD), inductively coupled plasma
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atomic emission spectroscopy (ICP-AES), Fourier transformed infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and Brunauer-
Emmett-Teller (BET) Theory. Then, HA and FA were incorporated into the powder component
of the resin-modified cement (Fuji I, GC gold label, GC international, Tokyo, Japan) at 5% and 8
wt%, and unblended powder was employed as control. Compressive strength (CS) and
diametral tensile strength (DTA) before and after 1, 7 and 28 days of storage in distilled water
were evaluated using a universal testing machine. Surface microhardness after 1 and 7 days of
storage in distilled water was determined using Vickers microhardness tester. Setting and
working time was measured as specified in the ASTM standard. The surface morphology of the
modified GICs was examined using SEM observations. The morphology of the synthesized HA
and FA nanoparticles was hexagonal, and their average sizes were about 25 nm and 30 nm,
respectively. The mechanical results of the modified GICs ascertained addition of HA and FA (5
and 8 wt%) into the glass ionomer cement after 7 days of storage in distilled water exhibited
statistically higher CS of about 107-113.6 MPa and 111-117.8 MPa, respectively, and also higher
DTS, 13-16 MPa and 14-19 MPa, respectively. The hardness of the glass ionomers containing HA
and FA nanoparticles (5 wt%) were increased by 2.21 % and 11.77%, respectively. In addition,
working time and setting time by adding the 5% nanoparticles were reduced about 8.5% and
13.23 % for HA and 10.63% and 19.11 % for FA, respectively. It was concluded that glass
ionomer cements containing nanobioceramics (HA and FA) are promising restorative dental
materials with improved mechanical properties. These experimental GICs may be potentially

employed for higher stress-bearing site restorations, such as Class | and Il restorations.



Keywords: Glass ionomer cement; Hydroxyapatite; Flourapatite; Nanoparticles; Mechanical properties

1-Introduction

The glass-ionomer cements (GICs) are water-based materials that set by an acid-base
reaction between a polyalkenoic acid and a fluro alumino silicate glass (1-3). Glass-ionomer
cements could be employed in an extensive range of clinical applications because of their ability
to revise their physical characteristics by changing the powder/liquid ratio or chemical
formulation (4). Moreover, by addition of a fluorine ion, they display an anticariogenic
potential, and they have appropriate biocompatibility and chemical adhesion to mineralized
tissue (5-9). Nevertheless, GICs are brittle and have poor mechanical characteristics, including
low fracture strength, fracture toughness and wear resistance. These properties are their main
disadvantages, which limit their wide range of use in dentistry as a filling material in stress-
bearing applications (9).

A number of efforts to boost the mechanical characteristics of GICs have been made in
various aspects. The added components that are in the forcing phase must be accounted for,
such as metal particles or zirconia, alumina, glass and carbon fiber and HA (10, 11).

Hydroxyapatite (HA) has extensively been used in biomedical and dental applications
because of its similarity to major mineral components of hard tissues of the human body, such
as bone and dental enamel, and their resemblance in bioactivity, biocompatibility and low
solubility in moist medias (12, 13). The hydroxyapatite, due to high solubility, could efficiently
fill the micro-pores present in enamel defects by liberation of inorganic ions, like calcium and

phosphate, enhance resistance to de-mineralization and boost the bond strength of restorative



materials (14-33). There are different methods for synthesizing HA and FA nanoparticles, such
as chemical precipitation (18, 34-36), mechanochemical (37), sol-gel (36, 38-40), hydrothermal
and solvothermal (13, 41-44), sonochemical (45, 46), spray drying (47), microwave-
hydrothermal (48) and biomimetic deposition methods (49-52).

Chemical bonding to tooth substrates in combination with the fluoride-releasing, low
coefficient of thermal expansion, the excellent biocompatibility and strong adherence to tooth
structure confers upon glass-ionomer cements (GICs) an important role in dentistry (53-56).
However, the limitations of GICs are their shortage of strength and toughness and sensitivity to
initial desiccation and moisture (13, 53). In other words, the acid—base setting reaction of the
GICs still compromises their initial wear and early strength (56). The setting reaction is a
continuous process confirmed by the enhancement of mechanical characteristics of the cement
with time. Therefore, the premature exposure to water causes swelling, weakening, and
leaching of ions, whereas the loss of water causes shrinkage and cracking (56).

The incorporation of a sufficient amount of HA whiskers and granules could enhance the
flexural strength and improve the microstructure of GIC. It is then envisaged that the presence
of HA, regardless of its morphology, in the GIC matrix could improve the mechanical
characteristics of the cement without compromising its inherent favorable characteristics(13).

GICs have been discovered to interact with HA through the carboxylate groups in the
polyacid. Thus, the addition of HA to GICs could not only improve the biocompatibility of GICs
but also have the potential of increasing the mechanical characteristics. Additionally, it has the

ability to enhance the bond strength to tooth structure because of its similar composition and



structure to enamel and dentin (12). Gu et al. reported that GICs containing 4 wt% HA particles
showed increased mechanical properties in comparison with commercial GICs (57, 58).

Hence, the aim of this research was to synthesize nanohydroxyapatite and
nanofluorapatite via a wet chemical precipitation method for addition to the powder of the
restorative glass ionomer to assess the effect of these nano compounds on the mechanical
characteristics and the working and setting times of the dental glass ionomer cement. It is
noticeable that Fuji Il GIC was employed as the control group in this research due to its

availability and popularity in dental communities.

2. Materials and methods

2.1. Materials

Commercial grade glass powder and the liquid (Fuji 1l, GC gold label, GC international,
Tokyo, Japan) were used for cement preparation. All the chemicals in this research were of
analytical grades and applied as obtained from Merck Chemical Company (Germany). Hydrated
calcium nitrate [Ca(NOs),.4H,0], diammonium hydrogen phosphate [(NH4),HPO4], ammonium

fluoride (NH4F), absolute ethanol (C;HsOH) and ammonium hydroxide (NH;OH) were employed.

2.2. Synthesis of HA and FA nanoparticles

Initially, 84 mmol hydrated calcium nitrate (Ca (NOs).4H,0), was dissolved in 50 ml
absolute ethanol, and also, another solution was made by dissolving 50 mmol diammonium
hydrogen phosphate [(NH4),HPO,] in distilled water to make a 0.5 M solution. Both solutions

were stirred to obtain transparency for 1 h. In the second step, the aqueous solution was added



drop wise at a rate of 5 ml min™ to alcoholic solution with vigorous stirring. The pH of the
solution was regulated to 10 by drop wise addition of NH,OH solution. An obtained milky and
gelatinous precipitate was then stirred at ambient temperature for 1 h.

In order to synthesize FA, to the solution of hydrated calcium nitrate and diammunium
hydrogen phosphate, which was made exactly as the previous step, a solution of 16.7 mmol
(Ca:P:F=5:3:1) ammonium fluoride (NH4F) was added. Again, a milky and gelatinous precipitate
was formed and subsequently stirred at ambient temperature for 1 h.

The obtained precipitates were centrifuged and washed by ethanol four times, dried at 80
°C for 5 h, and subsequently grinded with mortar and pestle. Finally, the resulting fine HA and
FA powders were heated to 600, 700 and 800 °C at a rate of 10 "'C min" and held at this

temperature for 1 h.

2.3. Characterization of HA and FA nanoparticles
2.3.1. XRD analysis

The nanopowders were analyzed with x-ray diffractometer (Philips PW 3710,
Netherlands, Holland), using Cu Ka; radiation with a wavelength, A, of 1.54 A®. All samples were
evaluated in the 20 angle range of 20—60° at a scanning speed of 0.04 °/min and a step size of
0.02° and step time of 0.5 s. The XRD analysis was carried out on both synthesized powders (HA

and FA) before and after calcination.



2.3.2. FTIR analysis

Fourier transform infrared (FTIR) spectra of the synthesized nano-HA were recorded
using a VECTOR 33 FTIR spectrometer (Bruker, Germany). The samples were analyzed in the
range of 4000-400 cm™ at 4cm™ resolution after averaging 50 scans to examine the chemical

functional groups.

2.3.3. AES-ICP analysis
A Perkin-Elmer Optima-3000 was employed to determine the chemical composition of
the HA and FA nanoparticles by atomic emission spectroscopy-inductively coupled plasma

analysis (AES-ICP).

2.3.4. BET analysis

The specific surface area of the resulting powders was assessed by Brunauer—Emmett—
Teller (BET) technique (Bel Sorp minill, Japan), using N, as an adsorption gas.
2.3.5. SEM observations

HA and FA nanoparticles were examined by scanning electron microscopy (SEM;
VEGA\\TESCAN Czech Republic), which was operated at 15 KeV. The samples were prepared by
dispersing a thin layer of the powders on an aluminum substrate and then coated with gold to

support an electric conduction of the surface of the samples.

2.3.6. TEM observations



The morphology of the samples was evaluated using transmission electron microscopy
(TEM; FEG, Philips, 200 Kv). For this purpose, the samples were prepared by dispersing a few
drops of HA and FA on carbon film supported by copper grids. Particle size measurement was

conducted using Clemex Image Analyzer software.

2.4. Formulation and characterization of the modified glass ionomer cements
2.4.1. Preparation of samples

In order to prepare nano HA and nano FA-containing glass powders, an appropriate
amount of glass ionomer powder in combination with either nano HA or nano FA was
accurately weighed and blended for 30 min. The commercial glass powder was Fuji Il GIC and a
powder/ liquid (P/L) ratio of 2.7/1 was employed as recommended by the manufacturer. The
GIC samples were blended and produced at ambient temperature according to the
manufacturer’s instructions.

Cylindrical samples were fabricated using PTFE cylindrical molds with a 6 mm diameter
and 12 mm height for a compressive strength (CS) test, and the samples were also fabricated
for a 6 mm diameter and a 3 mm height for diametral tensile strength test (DTS) (51). The
molds were filled with the material and covered with PTFE tape and glass slides, flattened and
pressed in order to eliminate air bubbles from unset cement paste. The samples were ejected
from the molds after 30 min and stored in distilled water at 37 2C and 100% humidity for 1, 7

and 28 days in an incubator until testing time. Four samples (n=6) were made for each test.

2.4.2. XRD analysis



XRD patterns of the prepared modified glass-ionomer cements were obtained at room
temperature using a Philips PW 3710 (Cu-K, radiation) with a wavelength, A, of 1.54 A®. The
samples were analyzed in the 20 angle range of 15-60°, and their patterns were studied to

determine the crystal phases present in the samples.

2.4.3. SEM observations

The prepared modified glass-ionomer cement samples were coated with a thin layer of
Gold (Au) by sputtering (EMITECH K450X, England), and then, the surface morphology of the
cement samples were observed in a scanning electron microscope (SEM; VEGA\\TESCAN Czech

Republic) that operated at an acceleration voltage of 15 kV.

2.4.4. Mechanical properties

Mechanical tests were carried out on a screw-driven mechanical testing machine
(SANTAM, STM 20) with an across head speed of 0.5 mm min* until failure occurred. The
compressive strength and diametral tensile strength are common tests to assess the

mechanical properties of glass ionomers.

2.4.5. Micro hardness test (Vickers)
A micro hardness test of the samples was carried out by a Vickers micro hardness tester
(Akashi, MVK-H21, Japan). This test was performed with 50 g load applied for 15 s using a

diamond indenter.



2.4.6. Setting and working time

The setting time is the time when the cement paste loses its plasticity and starts to
harden to form a solid mass. Setting time of the prepared cements was measured using a Vicat
test according to the ASTM-C-18798 standard. The setting time was collected as the time
passed between the end of mixture to when the needle failed to make a complete circular

indentation(59, 60).

2.5. Statistical analysis

Statistical analysis was carried out using SPSS software. One-way analysis of variance
(ANOVA) and Tukey test were performed to determine statistically significant differences
between the experimental groups. Statistical significance was obtained at p < 0.05. Error bars

indicate the standard deviation of the mean value.

3. Results and discussion

3.1. Characterization of synthesized HA and FA
3.1.1. XRD analysis

The XRD patterns of the synthesized HA and FA nanoparticles at 20 2C and calcinations
at 600, 700 and 800 °C are given in Fig. 1a and b, respectively. As it can be observed, the
resulting pattern of the samples before calcinations displayed the presence of amorphous and

crystalline phases simultaneously. Checking with the related card of the pure material, it was
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exhibited that the synthesized nanoparticles after calcination at 700 °C were formed in almost
pure states (ICDD standard, HA: JCPDS No. 09-0432), and all the peaks corresponded to a
hexagonal crystal system of HA(42, 43, 61-65). In all cases, the small size of the particles formed
after drying caused the formation of broad peaks in the XRD pattern(66). The crystal size of
nano HA is determined to be about 16.9 nm by using Rietveld software and the Scherrer
equation for (002) peak, and the crystal structure that is hexagonal is consistent with the TEM
observations.

Also, checking with the related card of the pure material, it was found that the
nanoparticles after calcination at 700 °C were formed in almost pure states (ICDD standard, FA:
JCPDS No. 03-0736), and all the peaks corresponded to a hexagonal crystal system of FA (14).
The crystal size of nano FA is determined to be approximately 22.5 nm by using Rietveld
software and the Scherrer equation for (002) peak, and the crystal structure is hexagonal,
affirming the TEM observations.

The peaks of HA at (211) and (112) tend to merge due to fluoridation(67, 68).
Additionally, the XRD results revealed that they have a high degree of crystallinity due to the
incorporation of fluorine. The slight shift of (300) to the right side of 26 axial leads to a decrease
of the parameter (a) in the crystalline structure of FA(68, 69).

Table 1 confirmed that FA peaks are sharper than HA peaks; therefore, the presence of
flouride in the structure of HA instigates an increase in the crystallinity of FA that is responsible
for the chemical and thermal stability of FA. In addition, using Retvield software, the crystal size
and structure of the resulting nano HA and FA were determined and presented in Table 1. The

data in the table indicates that the crystals obtained from HA and FA are formed as hexagonal
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structures that have a crystal size of 16.9 and 22.5, respectively. According to the results, the
samples that were calcined at 700 2C have the most optimum characteristics; thus, the
mentioned sample was selected as the optimum sample, and other analyses were carried out
on it.

(Figure 1)

(Table 1)
3.1.2. FTIR analysis

The FTIR spectra of HA and FA powders after calcination at 700 2C are shown in Figs. 2a
and b. In the analysis, mainly the peaks from PO,> and OH™ groups in the hydroxyapatite and
fluorapatite can be recognized. In FTIR spectra of nano HA, the IR bands observed at 1097, 1056
and 985 cm™ are due to the phosphate stretching vibration, and the bands at 601, 570 and 467
cm™ belong to the phosphate bending vibration. The bands appearing at 634 and 3571 cm™
ascertain the presence of bending and stretching hydroxyl ion vibration, respectively.

In FTIR spectra of nano FA, the IR bands observed at 983, 1053 and 1103 cm™ are due to
the phosphate stretching vibration, and the bands at 474, 578 and 603 cm? belong to the
phosphate bending vibration (70).

Sushananek et. al reveals the disappearing of the peaks at 3571 and 631 cm™ that are
related to the presence of bending and stretching hydroxyl ion vibration in the FA sample,
which affirms the formation of FA (70). Also, the peak at 754 cm™ demonstrated that hydroxyl
groups in the apatite structure are replaced and saturated with fluorine (71).

IR bands of HA spectra are in complete accordance with previous research studies that have

been conducted by Moshavernia et. al (53), Philips et. al (67), Redy et. al (72) and Nike et. al
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(73). In addition, an OH band in HA spectra disappeared in the FA spectra and was replaced by a
broad peak in the region of 900-1100 2C that is in accordance with the research of Wei et. al
(53, 68).

When hydroxyl groups were relatively substituted with fluoride ions in hydroxyapatite, the
stretching mode of OH™ could move to the new band that arises from OH....F bond. It is worth
mentioning that OH™ bands were completely removed in FA, proposing that the substantial
amount of fluoride ions were replaced with hydroxyl groups.

Finally, the peak assignments of FTIR spectra of synthesized HA and FA particles divulged
purity of the final product.

(Figure 2)

3.1.3. ICP-AES analysis
The result of measurement of elemental composition (Ca and P content) and Ca/P molar
ratio for HA and FA are summarized in Tables 2 and 3, respectively. The Ca/P molar ratio was
found to be 1.66 and 1.65 for HA and FA, respectively. These results revealed that nano HA and
FA that were calcined at 700 2 C have an approximately stoichiometric composition.
(Table 2)

(Table 3)

3.1.4. BET analysis

13



Table 4 shows the BET results of calcined nano HA and FA at 700 °C. BET results provide
an important indication about the particle sizes and specific area of the nano powders.
(Table 4)
3.1.5. SEM observations
SEM micrographs of HA and FA nanoparticles are shown in Fig. 3a and b, respectively.
These micrographs ascertained that the morphology of all of the nanopowders were spherical
and semi spherical shape. HA and FA nanoparticles formed at 700 2C displayed a particle size of
about 30 and 38 nm, respectively.
It can also be noted from the figures that both of the particles have the tendency to
aggregate.

(Figure 3)

3.1.6. TEM observations

The TEM micrograph and the selected area electron diffraction (SAED) pattern of the
calcined HA and FA nanoparticles are shown in Figs. 4a, b and Figs .5a and b, respectively. It can
be noted that the calcined HA and FA have an ellipsoid-like morphology. The crystallite size of
the calcined nano HA and FA was estimated from TEM micrographs by image analysis using
Clemex software, which has an estimated mean crystallite size of about 24 nm and 30 nm,
respectively. The SAED patterns confirm the formation of hexagonal HA and FA crystals, which

is also in agreement with the results obtained from the XRD analysis. Furthermore, the particles
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obtained from both of the methods of synthesis have a strong tendency to agglomerate, as
shown in both figures.

The electron diffraction pattern of the experimentally selected area was created from
reflections (spots) originating from the individual particles. All of the reflections could be
marked with regard to the HA and FA structures. The reflections of the experimental pattern
are attached to the rings at the positions where the determined powder electron diffraction
pattern displays the highest intensity: (211) and (002) for nano HA and (213), (211) and (210)
for nano FA. Those positions are indexed on the experimental diffraction pattern in Figs. 5a and
b. The reflections are broadened and diffused because of the small particle size of the product.

(Figure 4)

(Figure 5)

3.1. Characterization of the modified glass ionomer cements
3.1.1. XRD analysis

The XRD patterns of the Fujill glass ionomer sample, HA-contained GIC and FA-
contained GIC after mixing with poly acid are shown in Fig. 6a—c, respectively. The Fujill set
cement sample (Fig. 6a) does not display any sharp or strong peaks in the XRD pattern,
affirming 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 seen
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between 202 and 452 (see Fig. 6b and c). These obtained results correlated well with those
described previously by Moshavernia et. al and Milne et. al (53, 74).

(Figure 6)

3.1.2. SEM observations
SEM micrographs of the prepared GICs containing nano HA and FA are shown in Fig .7a
and b and Fig. 8a and b, respectively. Considering the secondary electron images, the presence
of the synthesized nanoceramics could not be easily observed, but in back scatter SEM
micrographs, the distribution of nanoceramics in the cement could be seen.
(Figure 7)

(Figure 8)

3.1.3. Setting and Working time

Table 5 lists the setting and working times of the prepared control cements and cement
containing the nanoceramics prepared through the wet-chemical precipitation method. The
obtained results indicate that after adding the nanoceramics (HA and FA), setting and working
times decreased. The nanoceramics have a higher specific area than the commercial glass
powders; thus, they entered the reaction sooner than the rest of the other glass powders and
caused a decrease in the setting and working times. In addition, working and setting time, by
adding the nanoparticles, were reduced by about 8.5% and 13.23 % for 5% HA nanoparticles

and by 10.63% and 19.11 % when 5% FA nanoparticles were added.
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The presence of the nanoparticles in the cement could affect the setting reaction by the
formation of more polysalt bridges in the network, and hence, it enhances the mechanical
properties of the set cements.

(Table 5)

3.1.4. Mechanical properties
3.1.4.1. CS and DTS

The compressive strengths of the cements with different percentages (by weight) of
nano ceramics (HA and FA) are shown in Figs. 9 and 10. As the figures show, those samples
contained 8% (by weight) of the nanoceramics as compared to the control sample, and the
sample that contained 5% nanoceramics show higher compressive strength. Additionally, the
samples containing the nano FA in comparison with those containing nano HA display higher
strength due to the higher crystallinity.

It is distinguished that during the first day of storage of the samples in distilled water,
the compressive strength was the lowest because some Ca®* and AP** did not react with the
polymer in the liquid, but after 7 and 28 days, the reaction of the cations with carboxylate
groups of the polymer was completed, and as a result, the compressive strength was enhanced.
Interestingly enough, the compressive strength of the cement changed slightly after elapsing 7
days.

The compressive strength of the glass ionomer containing nanoceramics were enhanced

due to the crystalline increase with the presence of nanoceramics. Therefore, the samples
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containing FA, because of its higher degree of crystallinity in comparison to nano HA, the CS
was enhanced more than samples containing HA.
(Figure 9)

(Figure 10)

The diametral tensile strength of the cements with different percentages of
nanoceramics are shown in Figs. 11 and 12. DTS testing was developed to evaluate brittle
materials with little or no plastic deformation (75). The samples contained 8% nanoceramics in
comparison with the control sample, and the sample that contained 5% nanoceramics
displayed a higher DTS. Additionally, the samples containing the nano FA, in comparison with
the ones that contained HA, exhibited higher strength due to higher crystallinity of FA.

It was distinguished at the first day of storage in distilled water, samples demonstrated
the lowest diametral tensile strength because some Ca** and AI** did not react with the polymer
in the liquid, but after 1 and 7 days, they reacted with carboxylate groups and resulted in an
increase in diametral tensile strength. After 28 days, no considerable change in strength was
seen. These results could be due to the supplementation of HA to the glass monomer, causing a
chemical reaction between polycarboxylic acid and HA and forming strong chemical bonds (62).

(Figure 11)
(Figure 12)

Results of the mechanical tests confirmed that all of the GIC samples after 1 and 7 days

of storage in distilled water at 37 2C show high compressive and diametral tensile strength.

Previous research explained that nano HA is considered to be a suitable additive to GIC. Yap et.
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al (76) exhibited that GIC containing 4% HA displays higher DTS and CS (CS: 172.17 MPa and
DTS: 12.07 MPa) compared to the commercial GIC having no additive as a reinforcement. In the
current research, in order to improve the mechanical characteristics of GICs, nano HA and FA
(20-30 nm) were synthesized and added to the powders to evaluate the effect of the
incorporation of the nanoparticles. The cements containing the nano FA showed higher DTS
and CS in comparison to the samples containing nano HA. This might be due to stability and
slow solubility of FA in distilled water. Adding the nano FA to the powder influenced the setting
reaction and improved the mechanical properties of the set cement. Additionally, the small
particle size of the nanoceramics led to a broad distribution of particle size and thus, the
particles could have a better chance to fill vacancies and hence reinforce the cement structure.
Enhancing the crystallinity of the nano HA and FA could substantiate the mechanical properties
of the cement (77). It could also be concluded that the mechanical behavior of GICs containing
the nanoparticles was boosted after enduring a long storage time. This is due to the formation
of a salty aluminum bridge in the network. Because of small particle size and higher specific
area of the synthesized nanoparticles in comparison to glass particles, it can be concluded that
if the amount of these nanoparticles exceed the optimum amount it could have an adverse
effect on the mechanical behavior of the set cement. The incorporation of extra nanoparticles
to the glass ionomer powder could have an adverse effect on their mechanical characteristics.
Incorporating excess nanoparticles could decrease the intersection between the particles and
ionomer network, and thus, HA could not react with the ionomer to form the crosslinking

network.
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The results of strength testing confirmed that the compressive and diametral tensile
strengths of those glass ionomers containing each nanoparticle after 7 days were enhanced, at
most, by 3.7% and 16.66% for 5% HA nanoparticles and by 12.26% and 36.66 % when 5% FA
nanoparticles were appended. Moreover, the results of strength testing confirmed that the
compressive and diametral tensile strengths of those glass ionomers containing each
nanoparticle after 7 days were increased, at most, by 6.19% and 28.33% for 8% HA

nanoparticles and 10.37% and 52% when 8% FA nanoparticles were added.

3.1.4.2. Hardness

Table 6 lists the resulting micro hardness following the incorporation of 5 and 8%
nanoceramic to the glass ionomer cements after storage in distilled water at 372 C for 1 and 7
days. Hardness is one of the most important mechanical properties of a dental material. It
supplies an indication of the resistance of the material for scratching or abrasion (10). The
hardness of all samples doubled after 7 days. Nanoceramic-incorporated cements show
significant hardness in comparison to the control sample in each group (78).

(Table 6)

The hardness of the glass ionomers containing 8% HA and FA nanoparticles were
increased by 6.32 % and 27.21%, respectively. The hardness of the glass ionomers containing
5% HA and FA nanoparticles were increased by 2.21 % and 11.77%, respectively.

The results obtained in this research were in full agreement with those obtained by Kent
and Wilson, which indicated that the finer grained glasses could produce stronger cements.

They revealed that the finer powder particles shorten the working time and also hasten the
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setting time (79). Lastly, it is important to point out that nanoparticles, due to their higher
degree of crystallinity and colloidal stability, have a greater reinforcing effect and easier

application (80).

4. Conclusions

The incorporation of the synthesized nano HA and FA into Fuji Il commercial GIC
increased the mechanical characteristics (compressive, diametral tensile and hardness) of the
resulting cements. These bioceramics are thus appraised, promising additives for glass ionomer
restorative dental materials. Eventually, due to the lower solubility rate of FA, the FA-containing
GICs ascertained higher values after 7 and 28 days for the mechanical tests in comparison to

HA-added GIC samples.
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Figure captions

Figure 1. XRD patterns of the HA and FA nanoparticles after calcination in the air at 20 °C, 600
°C, 700 °C and 800 “C for 1h

Figure 2. FTIR spectra of the HA and FA nanoparticles after calcination in the air at 700 2C for 1h
Figure 3. The SEM micrographs of the HA and FA nanoparticles after calcinations at 700 °C
Figure 4. The TEM micrographs of the HA and FA nanoparticles after calcinations at 700 °C
Figure 5. The SAED pattern of the HA and FA nanoparticles after calcinations at 700 °C

Figure 6. XRD patterns of Fuji Il GIC (a), HA-added GIC (b) and FA-added GIC (c) after mixing
with poly acid

Figure 7. (a) Back scatter and (b) Secondary electron SEM micrographs of the GIC containing HA

nanoparticles
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Figure 8. (a) Back scatter and (b) Secondary electron SEM micrographs of the GIC containing FA
nanoparticles

Figure 9. Compressive strength of GIC, 5 wt% HA and 5 wt% FA-added GIC after 1, 7 and 28 days
storage in distilled water at 37 2C

Figure 10. Compressive strength of GIC, 8 wt% HA and 8 wt% FA-added GIC after 1, 7 and 28
days storage in distilled water at 37 2C

Figure 11. Diametral tensile strength of GIC, 5 wt% HA and 5 wt% FA-added GIC after 1, 7 and
28 days storage in distilled water at 37 2C

Figure 12. Diametral tensile strength of GIC, 8 wt% HA and 8 wt% FA-added GIC after 1, 7 and

28 days storage in distilled water at 37 2C

Tables

Table 1. Lattice parameters and crystallite size of the synthesized HA and FA nanoaprticles

Crystal
Sample a (A) b (A) c(R) Crystal size (nm)
instructure
HA 9.4328 9.4328 6.88 16.9 hexagonal
FA 9.367 9.367 6.88 22.5 hexagonal

Table 2. Ca and P content in the synthesized HA nanoparticles and Ca/P ratio
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Amount at Amount at Ca/P Ca/P

Sample Element
(7002 C) (8002 C) (700°C) (800 °C)
Ca 39.1 37.65
HA 1.665 1.59
P 18.5 18.5

Table 3. Ca and P content in the synthesized FA nanoparticles and Ca/P ratio

Amount at Amount at Ca/P Ca/P
Sample Element
(7002 C) (8002 C) (700°C) (800 °C)
Ca 39.6 39.3
FA 1.65 1.635
P 18.6 18.61

Table 4. BET analysis of synthesized HA and FA nanoparticles

Sample BET (m?/g)
HA 31.99
FA 26.95

Table 5. Setting and working time of the GIC and modified GIC

Sample Setting time (s)SD Working time (s)SD
GIC 340+37 235+16
GIC+ 5% HA 295428 215+21
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GIC+ 5% FA 275+22 210+28

GIC+ 8% HA 215+25 198+34

GIC+ 8% FA 225+31 198+29

Table 6. Micro hardness of the GIC and modified GIC at 37 2C after 1 day and 7 days storing in

distilled water

Sample Hardness after 1 day (VHN)tSD Hardness after 7 days (VHN)+SD
GIC 79+8.42 158+14.79
GIC+ 5% HA 85.8+6.71 161.5+10.43
GIC+ 5% FA 86.1+£8.24 176.6+11.16
GIC+ 8% HA 89.5+8.08 168+9.92
GIC+ 8% FA 121.2+13.79 201+10.04

29



Figures

Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 7
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Figure 8
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Figure 9
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Diametral tensile strength (MPa)
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Diametral tensile strength (MPa)
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