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Abstract

Hydroxyapatite (HA) is widely explored as a biocompatible filler to enhance
the mechanical and functional properties of glass ionomer cements (GICs).
HA of particle sizes 15 pum and 30 um were added as a filler into a matrix,
composed of calcium aluminosilicate GICs and Poly-acrylic acid (PAA) in
varying ratios. The tested ratios were Glass:PAA = 2:1 and Glass:HA:PAA =
2:0.5:1 to improve the mechanical strength of a conventional GIC. Mechanical
properties, including compressive, flexural, and diametral tensile strength
were studied at different setting times. The compressive strength (CS) was im-
proved with hydroxyapatite addition and prolonged setting time while diam-
etral tensile strength (DTS) did not follow any specific trend. The flexural
strength (FS) of the composite cement was increased with increasing setting
time regardless of the particle size of hydroxyapatite. The FTIR spectra of hy-
droxyapatite of particle sizes 15 um and 30 pm are similar but for HA-GIC
composites, the FTIR spectra, the peak around 1460 cm™ are due to C-H and
the peak at 1553 cm™ is due to calcium carboxylate with calcium in a bridging
mode which would be an excellent material that chemically bonds to the tooth
structure, making it effective for both restorative procedures and cavity fill-
ings. Scanning electron microscopy (SEM) microstructural study revealed that
the glass particles were wrenched out, which was a cohesive fracture. The X-
ray diffraction (XRD) pattern showed that the hydroxyapatite has a crystalline
single-phase, hexagonal structure. The sharp peaks between the 2-theta range
of 30 - 40 degrees are the same as in enamel powder. The spectra indicate the
pure set cement as amorphous since there is no prominent peak, but with the
addition of hydroxyapatite filler, the peak in the 2-theta range of 20 - 35 de-
grees is ascribed to crystalline apatite structure. The results indicate that
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incorporating hydroxyapatite into GIC significantly enhances its mechanical
properties and structural integrity, suggesting its potential as an improved ma-
terial for dental and restorative applications.
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FTIR, SEM, EDX, XRD, Hydroxyapatite (HA), Poly-Acrylic Acid (PAA),
RBCs, Biomaterials, CS, DTS, FS

1. Introduction

The use of biomaterials in dental treatments is intense, and spans several centuries,
progressing with advancements in technology and materials sciences. Glass iono-
mer cements (GICs) were introduced in the early 1970s as a revolutionary mate-
rial that chemically bonds to the tooth structure and releases fluoride, making it
an effective material for both restorative procedures and cavity prevention. GICs
became effective in pediatric dentistry and for patients prone to caries due to their
remineralizing properties [1]. In the 1980s and 1990s, Ceramic materials like zir-
conija and alumina emerged for dental crowns, bridges, and implants due to their
superior aesthetic qualities, strength and biocompatibility, and ability to mimic
the translucency of natural teeth. However, these materials are poor in color sta-
bility, have high polymerization shrinkage, lack bonding to tooth structure, and
have a large thermal expansion coefficient. Acrylic resin-based composites (RBCs)
were introduced mid-20th as an aesthetic alternative to dental amalgam. Still, they
exhibited poor mechanical properties, high polymerization shrinkage, and inade-
quate wear resistance, which limited their uses. Silica-based filler particles were
incorporated into the resin matrix to improve strength, wear resistance, and ther-
mal properties [2] [3]. RBCs placement requires complex clinical protocols, in-
cluding isolation from moisture, precise layering, and curing techniques, its
shrinking properties during curing, may cause microleakage, marginal gaps, and
impaired post-operative sensitivity [4]-[6]. RBCs are less durable than amalgam
in high-load-bearing restorations, with a higher risk of wear and fracture over
time [7]. They are more expensive than traditional materials like amalgam and
exhibit incomplete polymerization that may retain unreacted monomers and sub-
sequently affect biocompatibility. Moreover, their coefficient of thermal expan-
sion differs from natural tooth structure, which may lead to marginal discrepan-
cies with temperature changes and they can absorb stains from food, beverages,
and tobacco over time, therefore, compromising aesthetics [8]-[10].

Several new composites based on bis-acrylamide and monomers such as spiro-
ortho-carbonates, vinyl-cyclo-propane, and silorane (a combination of siloxane
and oxirane moieties) have been introduced that exhibit less shrinkage [11]-[15].
Smith (1967) developed zinc poly-acrylate cement with zinc-oxide powder and a

PPA solution [16], later several metal oxides and fillers were added to poly-
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electrolyte cement, and these poly-acrylate cements were able to bind with the
tooth structure as well as their physical poly-electrolyte cements were improved
with low toxicity [17]. Although poly-acrylate cements have novel adhesive prop-
erties, they are opaque, non-aesthetic, and take a long time to set. GICs, made of
glass powder and 45% aqueous solution of PAA, evolved in London (1969) but
exhibited poor mechanical properties [1] [18]. The improvement of GICs has be-
come a challenge among the scientific community since the beginning. Metal-re-
inforced GICs like “Miracle Mix” and “Cermet” were developed by incorporating
a silver alloy powder in the glass powder, to improve wear resistance [19] [20]. To
overcome the moisture sensitivity of the acid-base reaction in GICs, a new gener-
ation of command-set resin-modified glass-ionomer cements (RMGIC) was de-
veloped exhibiting improved mechanical properties. Now, GICs are translucent,
release fluoride, form a chemical bond to the tooth structure, elicit a less unfavor-
able response, and have a low coefficient of thermal expansion as compared with
other restorative materials [21] [22].

Recently (2016) hydroxyapatite (HA) synthesized filler composite cements were
studied and found that the addition of 5 wt% (HA-Ca,o(PO,)s(OH),) with con-
ventional cements and 7 days storage in water has a positive effect on the mechan-
ical properties [23]. Hydroxyapatite (HA) is biocompatible and bioactive [24], and
is extensively used in orthodontic and dental applications since it is a major in-
gredient of human bone and teeth. HA was used as filler in GICs for improving
properties such as compressive strength, diametral tensile strength, and flexural
strength [23] [25]. The principal aim and objective of this research are to study
the effect of hydroxyapatite (HA) as filler in experimental aluminosilicate GICs
and to improve their mechanical properties. A comparison between the conven-
tional experimental cement properties with the properties of the modified hydrox-
yapatite cement composite especially when hydroxyapatite of different particle
sizes was used, was also conducted. XRD study was conducted to observe crystal-
linity in the composite cements. FTIR was conducted to investigate the change in
the chemical bonding in composite cements. SEM studies were performed to ob-
serve the fracture type of GICs after the addition of hydroxyapatite. Mechanical
properties such as compressive strength, diametral tensile strength, and flexural
strength were investigated to study the effect of hydroxyapatite addition on the
bulk properties of GICs.

2. Methodology
2.1. Sample Preparation

Calcium aluminosilicate glass (4.5510,-3AL,0;-1.5P,05-Ca0O-2CaF,) was prepared
in the laboratory by an established melt quenching route [26]. Poly-acrylic acid so-
lution (PAA) (CsH4O,) was provided by BASF plc, Cheshire, UK. The analytical
grade Hydroxyapatite (HA-Ca;o(PO4)s(OH),) of particle sizes 15 pum and 30 um, was
purchased from the chemical company Teknimed, France. Three types of glass ion-
omer cements GIC, 15HAGIC and 30HAGIC were prepared using the ratio of
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powder and liquid as Glass:PAA = 2:1 and Glass:HA:PAA = 2:0.5:1. The powder
and the polymer liquid were mixed by a UHMWPE spatula on a PMMA mixing
plate within 60 seconds and then cast into Teflon molds onto a steel plate. The steel
mold was clamped using a G clamp and the GICs pastes were allowed to set for 60
minutes in an air oven at 37°C. The molds were then unclamped and all samples
were placed into deionized water in glass beakers, which then were stored in a water
bath (Thermo Fisher Scientific Inc., Waltham, United States) at 37°C. The samples
were then kept for different aging periods and tested.

2.2. Fourier Transform Infrared (FTIR) Spectroscopy

Three different types of cement namely LG26, 15HA, and 30HA were mixed ho-
mogeneously with KBr and were ground by a mortar and pestle to further reduce
the particle size because the scattering of the infrared beam by larger particle size
creates the sloping baseline of the spectrum. Evaporating the KBr, a standard pel-
let of all the samples was prepared for FTIR. The Nicolet FTIR spectrometer
(Magna-IR860) coupled with a deuterated triglycine sulphate (DTGS) detector,
was used for FTIR spectroscopy studies. The spectra were collected by transmis-
sion infrared source with evolved packet system mode with a speed of 0.6329 ms™.
The frequency ranges 400 - 4000 cm ™' and a resolution of 0.4821 cm™ was set up
with 100 scans over 15 minutes. All the spectrum was filtered ie., the background

noise was eliminated by subtraction.

Figure 1. (a) Four sample Teflon split mold for CS; (b) Eight sample Teflon split mold for
DTS; (c) One sample Teflon split mold for FS measurements.

2.3. XRD Studies

X-ray powder diffraction study was done for LG26, GIC, 15HAGIC, and 30HAGIC
by Equinox XRD machine (model number 3000) with Cu-Ka radiation. The LG26
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powder was taken after sieving to investigate whether there was any crystallization
occurring during quenching. The 2-theta range was 10 - 90 degrees with a resolu-
tion of 0.02983 degrees, with 35 kV - 25 mA throughout the experiments. The
total scan time for the whole 2-theta range was 7200 seconds. The JCPDS database
was used as a reference to determine the phases. The peak position was identified

by Match software.

2.4. Scanning Electron Microscopy (SEM) Studies

The particle size and distribution of raw powder of hydroxyapatite and glass and the
fracture surface after flexural test of different GICs (GIC, 15HAGIC, 30HAGIC)
were studied by electron microscope. The SEM machine used here was a high-res-
olution JEOL 6060 (Philips Co. Japan) operated at 10 keV operating voltage. The

cylindrical-shaped samples were used to study the fracture surface of GICs.

2.5. Mechanical Characterization of GICs

Several mechanical properties like compressive strength (CS), diametral tensile
strength (DTS), and flexural strength (FS) of different glass ionomer cement
were investigated by Instron mechanical testing machine (Model-1195) and com-
pared with British Standard (BS) according to the requirement of American Den-
tal Association (ADA) specification [27] [28]. Figure 1 shows the Teflon split
mold, prepared cylindrical samples of (a) dimension 4 + 0.1 mm in diameter and
6 = 0.1 mm thickness for CS (b) dimension 4 + 0.1 mm of diameter and 2 + 0.1
mm in thickness for DTS and (c) dimension 25 + 0.1 mm in length and 2 + 0.1
mm in width and FS measurements. CS was assessed by 5 kN load with a cross-
head speed of 1 mm/min using Equation (1), DTS was measured according to
diametral compression of 1kN load, and a crosshead speed of 1mm/min, using
Equation (2) [27]. FS was studied by applying 500 N load with a cross-head speed
of 1 mm/min, using formula (3) [27] [28].

4xp
cs=—2F (1)
DIS = _2XP )
axdxT
3xFxl
FS=—— 3
2xbxh? %)

Where p is the maximum applied load at the specimen, d is the diameter of the
cylindrical sample. For FS, Fis the maximum load at fracture of the sample, /is
the distance between two supports, b is the width of the specimen, and the thick-

ness of the specimen is A.

3. Results

The mechanical properties such as CS, DTS, and FS of the GICs were investigated

with different aging times. All of the data presented for mechanical properties are
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average values of at least 15 samples. FTIR analysis was performed for investigation
of the molecular structure of GICs and its ingredient. The glass particle morphol-
ogy was studied by SEM. XRD was performed to investigate the crystallinity of the
cements and their components. On a trial basis prepared LG26 glass was ground
using specialized grinding equipment (MODEL T750K), by using a pestle and
mortar, and finally by TEMA mill, and the particle size was measured by a particle
size analyzer. All analyzed curves follow a normal distribution, which signifies the
study’s accuracy, but only TEMA mill ground one was studied for proper size (10
- 25 um). Similarly, the particle size distribution for 15 HA and 30 HA was also
done (the average particle size of 15 HA was 13.72 um and for 30 HA it was 24.15
pum). The liquid-to-powder ratio was optimized 2:1 for homogeneous mixing with

lower viscosity to cast in a mold.

3.1. Fourier Transform Infrared (FTIR) Analysis

The FTIR study of every single element and different GICs (GIC, 15HAGIC,
30HAGIC) like PAA, LG 26, 15HA, 30HA, 15HAPAA, and 30HAPAA was done

and the major peaks in FTIR spectra are shown in Figure 2.
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Figure 2. FTIR spectra (a) 40% of PAA solution; (b) LG26 glass; (c) I5SHAPAA liquid (yel-
low) and PAA (blue); (d) 30HAPAA liquid (yellow) and PAA (blue); (e) 15HA(blue) and
15HAGIC (yellow); (f) 30HA(blue) and 30HAGIC (yellow).

In the FTIR spectrum for 40% PAA solution, as shown in Figure 2(a), the main
absorption peak at 1697 cm™ was due to carbonyl (C = O) stretching vibrations
[29]-[31]. The inter- and intra-layer stretching vibrations of H-bonded O-H are
represented by the absorption band at around 3359 cm™ [32]. The monomer and
PAA’s C-H scissor vibrations peak appeared at 1447 cm™ and the stretching vi-
bration of C-O was observed at 1257 cm™ . The FTIR spectroscopy analysis of
ion-leachable glass (LG 26) powder is shown in Figure 2(b). The peak at 450 cm™
is associated with stretching vibrations of Si-O-Si [33]. P-O bending and Si-O-Al
stretching vibrations are associated with the peak at 552 cm™ [34]. The stretching
vibrations of Al-O bond is represented by the peak at 713 cm™ [35]. The peaks at
966 cm™ and 1070 cm™ are associated with Si-O stretching and P-O bonds [33]
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[36]. The FTIR spectrum of hydroxyapatite of particle sizes 15 pm and 30 pm is
similar (not included here) but compared in Figure 2(e) and (f) blue curve. The
peak at 3571 cm™ is due to absorbed water and hydroxyl vibrations. Vibrations of
PO, are associated with the peak at 1041 cm™. The peaks at 400 and 472 were
phosphate v, vibrations. The peak at 1400 cm™ is due to carbonate contamination
[37]. Figure 2(c) shows the FTIR spectrum of I5HAPAA (15HA:PAA = 0.5:1.0)
liquid (yellow) is compared with PAA (blue) where the two main peaks at
around 1600 and 1700 cm™ are still similar in the blended liquid. The only no-
ticeable peak in 15 HAPAA blend liquid different from PAA peaks is at 1550
cm ™ which is due to calcium carboxylate with calcium in a bridging state [38].
Like Figure 2(c), Figure 2(d) show a similar result for 30HAPAA liquid
(15HA:PAA = 0.5:1.0). Figure 2 (e) shows the FTIR spectra of 15HA powder
and 15HAGIC cement after 4 weeks of setting. Figure 2(f) shows the FTIR spec-
tra of 30HA powder and 30HAGIC cement after 4 weeks of setting. In 15 HAGIC
and 30HAGIC the peaks are shifted slightly to the right. From 800 cm™ to 1300
cm™! there is a broad peak with a major peak at 1045 cm™ in 15HAGIC and at
1050 cm™ in 30HAGIC because of Si-O stretching vibrations. The peaks at 570
cm™ in I15HAGIC and 566 cm™ in 15HA are congruent peaks ascribed to phos-
phate v, vibrations. Similarly, the peak at 568 cm™ in 30HAGIC and 563 cm™
in 30HA are due to phosphate v4 vibrations [37]. There might be some unre-
acted PAA in the cement and thus peaks around 1460 cm™ in both 15HA and
30HA are due to C-H scissoring of PAA and monomers [29]. The peaks at 1553
(Figure 2(e)) and 1570 (Figure 2(f)) are due to calcium carboxylate with cal-

cium in bridging mode [38].

3.2. Mechanical Properties

CS as shown in the bar diagram, Figure 3(a), increased with time and the maxi-
mum value of average compressive strength was found to be about 86 MPa for
15HAGIC after 4 weeks from mixing. Finally, for 30HAGIC, the CS increased up
to two weeks after mixing but decreased after that. It is worth noticing, that the
cements containing HA with larger particle sizes showed higher CS in the first
two weeks but lower CS after that, compared with the cements containing smaller
particle sizes in HA. In this test, the alpha value was taken 0.05, where p > 0.05 has
no significant difference between the two groups of cements but when p < 0.05
has a significant difference between the two groups of cements. From this t-test
result, it is seen that the two sets of comparison groups GICs to 30HAGIC and
15HAGIC to 30HAGIC have significant differences as both groups had p-values
of less than 0.05. The CS of GIC and 15HAGIC are not significantly different as
the p-value was greater than 0.05.

DTS was assessed, as shown in Figure 3(b), by an Instron machine by applying
compressive forces along the diameter adopting the British Standard Institution
rule [27]. From the Figure 3(b), it is clear that the DTS of conventional GIC
reached the highest value of about 15 MPa in 168 hours of setting. After 168 hours
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of aging, the DTS was decreased. The DTS of 15HAGIC continued to increase
with time and for 30HAGIC, DTS was increased up to 3 weeks of aging, after that
it was decreased. The results showed that the DTS was notably lower than the CS
as the GICs are brittle materials, and crack propagates easily due to tensile loading
than compression loading. In this test, shear stress arose between the specimen
and the flat metal disk of the testing machine. As the shear failure was followed by
tensile failure, the cements broke with a significantly small amount of load. The
confidence level of the t-test was 95%. The t-test result of diametral tensile
strength shows that there was no significant difference among different groups of
samples as the p values were all clearly greater than 0.05.

Compressive Strength

120 (a)

mGIC W 15HAGIC " 30HAGIC

100

80

60
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o
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-
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15 =GIC = 1SHAGIC #30HAGIC

336 504
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Figure 3. The mechanical properties of GIC, 15HAGIC, and 30HAGIC with time (a) com-
pressive strength; (b) diametral tensile strength; (c) flexural strength.

FS of all cements increased with aging time except the conventional GIC. The
FS of GICs dropped in the 3rd week and increased again in the 4th week after
mixing. 15HAGIC showed an increasing pattern of FS trend for all aging times.
During the aging period of four weeks, the flexural strength for 15GIC was the
highest except in 168 hours. 30HAGIC also showed an increasing trend through-
out aging time. Therefore, the t-test shows that the flexural strength of the two
cements had no significant difference (since p > 0.05). It is noticeable that the

general trend is increasing flexural strength for all individual cements.
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Figure 4. EDX spectra and SEM image (inset) (a) HA (b) GIC (c) LG26 glass (d) Pure GIC
(e) 30HAGIC.

3.3. Surface Morphology and Elemental Analysis

The EDX spectra and SEM image(inset) of the HA (grain size 15 - 30 um), and
GICs are shown in Figure 4(a). The EDX shows that the major ingredients of
hydroxyapatite are calcium and phosphorus. The EDX spectra of pure hydroxy-
apatite confirmed the calcium-to-phosphorus ratio as 1.67. In Figure 4(b), the
SEM image(inset) of a cylindrical GIC sample shows that the outer surface has a
lot of cracks due to dehydration. In the case of SEM imaging, vacuum water evap-
orates, and cracks are formed, therefore SEM is not a standard technique for mi-
crostructural characterization of GIC. The microscopic anatomy of GICs revealed
that the fractured surface of cement specimens consists of both large and small
glass particles which can readily be distinguished from the polymer matrix. Figure
4 (c) shows the SEM image (inset) and EDX spectrum of LG 26 with their com-
position. Figure 4 (d) EDX spectrum and the SEM of pure GICs. Similarly, Figure
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4(e) shows the SEM image and EDX spectrum of 30HAGIC. Figure 5 shows the
fracture surface of flexural samples of pure GIC, 15HAGIC, and 30HAGIC. From,
these figures it is clear that the glass particles were pulled out of the fracture sur-

face under the applied bending force.

Figure 5. SEM of fracture surfaces of (a) pure GIC; (b) 15HAGIC; (c) 30HAGIC.

XRD Study

1SHA

Intensity (counts)

30HA
15HAGIC
GIC

30HAGIC

10 20 30 4 50 60 70 80 90
2-Theta (degrees)

Figure 6. XRD pattern of Pure GICs, HA and HA-GIC composites.

3.4. XRD Studies

Figure 6 depicts the X-ray diffraction pattern of 15 pm hydroxyapatite, 30 um
hydroxyapatite, pure GIC, 15HAGIC, and 30HAGIC respectively. This pattern
indicates that the hydroxyapatite has a crystalline single phase. Its structure is hex-
agonal. The sharp peaks are between 30 and 40 degrees, in the 2-theta range and
these peaks correspond to JCPDS 9-0432 file. These peaks are also the same as
observed in enamel powder. From these spectra, it is evident that the pure set ce-
ment was amorphous as there is no prominent peak. After adding hydroxyapatite
filler, some peaks are observed in 15 HAGIC and 30HAGIC cements associated
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with the presence of hydroxyapatite. The peaks in HAGIC are shifted to the right
compared to the pure HA. The peak in the 2-theta range of 20 - 35 degrees is
ascribed to crystalline apatite structure.

4. Discussions

Inferential statistics such as the T-test, allow us to make inferences about the pop-
ulation beyond our data. This test checks if two means are reliably different from
each other. The p-value is the probability that the pattern of data in the sample
could be produced by random data. The p-value for each t-value also depends on
the sample size. Bigger samples make it easier to detect differences. The signifi-
cance level, a = 0.05; probability of rejecting the null hypothesis when it is true.
Therefore, when p < 0.05 there will be a significant difference between data, and
when p > 0.05 there will be no significant difference between data. The mechanical
properties like CS, DTS, and FS are in general increasing by reinforcement with
hydroxyapatite up to a certain aging time (30 HA - 2 week) and then decreasing.
DTS was not influenced by the addition of hydroxyapatite and generally the values
increased slightly for all cements except the conventional experimental cement
without hydroxyapatite. The reinforced particle size was 15 pym and 30 pm and
therefore mechanical properties were not enhanced significantly. The t-test result
(p-value < 0.05) reveals that the compressive strength for comparison groups
GICs to 30HAGIC and 15HAGIC to 30HAGIC are significantly different. The CS
for 15HAGIC was in the range 66 - 92 Mpa, whereas for GICs it was 45 - 85 MPa.
The FS of controlled GICs was not stable as the standard deviation was higher
than composite cements. The FS of composite cements is increased but not sig-
nificant since the t-test result showed the p-value is greater than 0.05. Therefore,
the replacement of glass by HA has a moderate effect on the FS of GICs. Further-
more, nano-hydroxyapatite may also enhance the mechanical properties better
than micro-size hydroxyapatite filler as reported by Barandehfard [23]. The frac-
ture is visible in all flexural samples, under tensile stresses due to microstructural
imperfections or the presence of bubbles which would be the major causes of the
clinical failure of dental restoratives. In most commercial cements, the glass com-
positions are unknown and therefore it is difficult to comment on the setting du-
ration. But in this study, the glass was prepared in our laboratory by strictly flow-
ing the ratio of the ingredients. The reactions among PAA, Ca’', and AI’* were
not completed after 24 hours and for that, the mechanical properties were the
lowest after 24 hours of setting [23]. After 1 day, the mechanical properties were
improved because of the reaction with Ca** and the carboxylate group of PAA
progressed to complete. FTIR Spectroscopy reveals the chemical structure of
PAA-HA-GICs composites at the molecular level [39]. The single peak at 1550
cm™ is attributed to calcium carboxylate with calcium in bridging mode [38]. Alt-
hough conventional SEM is not ideal for studying the microstructure the micro-
scopic observation of GICs revealed that the fractured surface of cement spec-

imens consists of both large and small glass particles which can readily be
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distinguished from the polymer matrix. It is possible to overcome the difficulties
by the use of ESEM, cryo-SEM, or TEM micrographs but these are excluded in

this study due to the limitation of accessibility.

5. Conclusion

In the present study, the molecular structure, particle morphology, and mechani-
cal and physicochemical properties of pure glass ionomer and hydroxyapatite-re-
inforced glass ionomer cements were investigated. The hydroxyapatite-containing
cements showed higher compressive strength (92.45 MPa), and higher flexural
strength (30.55 MPa) but lower diametral tensile strength. The detailed chemical
bonding such as cross-linking in the cements was revealed by the FTIR study. The
XRD studies showed that there was no significant change in the crystalline prop-
erties of the composite cement and that in GICs there was negligible crystal struc-
ture. For restorative glass composites, acid or heat treatment, mechanical testing
for a long time is required. Real-time FTIR could provide a better insight into the

crystal.
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