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Abstract 
Objective: Smart ion-releasing restorative materials may increase the success and survival rate of composite dental 

restorations. This study aimed to evaluate the impact of sintering temperature on the mechanical properties and ion-

releasing behavior of fluorohydroxyapatite (FHA)-filled dental resin composites. 

Methods: The FHA was synthesized via a sol-gel method and sintered at three temperatures (250, 500, and 1000ºC). 

FHA fillers were characterized using X-ray diffraction (XRD) and Fourier Transform Infrared (FTIR) spectroscopy, 

then coated with citric acid and incorporated (40% w/w) into a photo-curable resin matrix (Bis-GMA, TEGDMA, 

HEMA; weight ratio 2:1:1). Flexural strength (FS) and diametral tensile strength (DTS) were measured, as well as the 

depth of cure, which was determined by the Vickers microhardness test. The release of calcium and fluoride ions was 

monitored for a month in diluted citric acid (pH=4.3), and the effect of acidic storage on mechanical properties was 

evaluated via DTS testing. The filler distribution was observed via scanning electron microscopy. The influence of 

sintering temperature on the measured variables was statistically analyzed using one-way and two-way ANOVA 

(α=0.05). 

Results: The XRD results revealed increased crystallinity with higher sintering temperatures. Correspondingly, 

mechanical properties improved with increasing sintering temperature (P<0.05), whereas the depth of cure, as well as 

ion release (Ca+2 and F-), decreased (P<0.05). 

Conclusions: Sintering at elevated temperatures yielded a greater amount of crystalline apatite structure, and enhanced 

mechanical properties of FHA-filled dental resin composites, but reduced ion release. Based on these findings, FHA 

fillers sintered at approximately 500ºC appear optimal for creating smart dental resin composite. (J Dent Mater Tech 

2023;12(2):(82-90) 
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 Introduction 

The past several decades have witnessed remarkable 

advancements in dental composite technology, which 

coupled with rising aesthetic demands, have made resin 

composite restorations an increasingly popular choice for  
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tooth restoration (1). Despite this progress, recent meta-

analyses suggest that the long-term success of these 

restorations is often compromised by recurrent caries (2, 

3).  

One approach to this challenge involves smart or stimuli-

responsive materials that can adapt to changes in their 

environment such as pH variations (4). Calcium 

phosphates, specifically calcium apatites, demonstrate 

this feature through phase transformations and ion 

release (5-7). Given their chemical and physical 

resemblance to dental tissue structures, calcium apatites 

have been explored as potential filler phases in dental 

composites and adhesives (8-14). Notably, these apatites 

are capable of releasing ions in acidic (cariogenic) 

conditions, potentially fostering self-mineralization 

under supersaturated conditions (12, 14, 15). Recent 

studies have highlighted synthetic fluorine-doped 

calcium hydroxyapatite bioceramics 

https://creativecommons.org/licenses/by-nc/4.0/deed.en
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(fluorohydroxyapatite or FHA) as promising 

remineralizing agents. The incorporation of fluoride ions, 

well-known to enhance the remineralization process, 

allows FHA to actively contribute to the repair of 

artificial enamel lesions (16-20). 

It is important to note that the sol-gel synthesis process 

of apatite structures, especially the calcination 

temperature, can significantly influence the crystallite 

size and overall crystallinity (21, 22). Higher crystallinity 

percentages have been linked with improved mechanical 

and physical properties and altered solubility, ultimately 

affecting the bioactivity of apatite bioceramics (22). 

Considering the potential impact of fillers on the 

properties of dental resin composites, the current study 

aimed to evaluate the influence of different calcination 

temperatures on the physical and mechanical properties, 

as well as the bioactivity of an experimental FHA-filled 

dental resin composite. Through this investigation, we 

sought to determine an optimal calcination temperature 

for creating a bioactive dental composite. 

Materials and Methods 

Preparation and characterization of ceramic filler 

particles 

The synthesis of fluorohydroxyapatite (FHA) was based 

on a sol-gel method. We used a solution of ammonium 

dihydrogen phosphate ((NH4) H2PO4) (Merck, 

Darmstadt, Germany) and infused it with sodium fluoride 

to achieve a P/F molar ratio of 6. This mixture was added 

dropwise into a calcium nitrate tetrahydrate solution 

under vigorous stirring to establish final concentrations 

of 0.3M for Ca2+, 0.18M for PO43-, and 0.03M for F-. The 

pH of the solution (10-11) was controlled using a pH 

electrode (WTW SenTix 97T probe) and adjusted with a 

1 M sodium hydroxide solution when necessary. After 

aging the precipitated gel at room temperature overnight, 

the powder was produced via centrifugation, followed by 

three times washing with deionized distilled water and 

air-drying. The powder was finally calcined at three 

distinct temperatures (250, 500, and 1000°C) in an 

electrical furnace for 30 min, with a heating rate of 

10°/min. 

We examined the produced ceramic using X-ray 

diffraction (XRD) and Fourier Transform Infrared 

(FTIR) spectroscopy to characterize its crystalline 

structure. The XRD (X’ Pert PW 3040/60, Philips, 

Netherlands) assessment allowed us to determine the 

mean crystallite size and the fraction of the crystalline 

phase, as previously described (22). For estimating the 

mean crystalline size, the line-broadening measurement 

of (211) line was used in Scherrer’s equation (eq. 1):  

𝐷 =
0.89𝜆

𝛽𝐶𝑜𝑠𝜃
   (eq. 1)  

In this equation, λ is the wavelength (CuKα), β is the full 

width at half-maximum of the fluorine hydroxyapatite 

(211) line, and θ is the diffraction angle 

The Xc of the FHA powders was estimated using the 

following equation (eq. 2): 

𝐵002 √𝑋𝑐
3 = 𝐾 (eq. 2) 

In this equation, K is a constant equal to 0.24 for a variety 

of different hydroxyapatite powders, and B002 is FWHM 

(◦) of the (002) line.  

The FTIR spectroscopy (Perkin Elmer Spectrum2, 

Singapore) analysis, using the KBr method, was 

performed in the 400–4000 cm-1 range with a scan speed 

of 23 scan/min at a 4 cm-1 resolution. 

Formulation and characterization of experimental dental 

composites 

The resin matrix was constructed by blending bisphenol 

A glycidyl methacrylate (Bis-GMA), triethylene glycol 

dimethacrylate  (TEGDMA), and Hydroxyethyl 

methacrylate (HEMA) at a weight ratio of 2:1:1. 

Camphorquinone (0.1% w) and ethyl-4-dimethylamino 

benzoate (0.1% w) was included as a photo-initiator and 

co-initiator. All materials were obtained from Exir 

GmbH (Wien, Austria). We ensured a homogeneous 

mixture by stirring the resins with a magnetic stirrer in a 

dark beaker. Fillers were introduced at a weight ratio of 

40% w/w and dispersed with a mechanical blender 

equipped with a Teflon head for 24 hours in a dark area. 

Accordingly, three types of resin-base composites were 

prepared including FHA250, FHA500, and FHA1000, 

which were filled with FHA fillers calcined at 250°C, 

500°C, and 1000°C, respectively. 

Three-point bending test 

 For evaluating flexural strength (FS) and modulus (FM), 

ten bar-shaped specimens of each composite, as well as 

the unfilled matrix resin, were prepared using a silicone 

mold. These specimens were shaped with dimensions of 

2×2×25 mm. They were polymerized by a Bluephase 

LED light curing unit (Ivoclar Vivadent) employing a 

strategy of irradiating three overlapping regions, with 

each region receiving 40 seconds of exposure. After that, 

the silicone mold was carefully removed, and the back 

surface of each specimen was photo-polymerized to 

ensure complete polymerization. The specimens were 
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then stored in distilled water at a maintained temperature 

of 37°C for 24 hours. Then, a three-point bending method 

was employed in a universal testing machine (STM20, 

SANTAM, Iran) to evaluate the FS and FM of the 

specimens. The crosshead speed of the machine was set 

at 0.5 mm/min. The force experienced by the specimens 

at the point of fracture was utilized to calculate FS and 

FM according to the following formula: 

𝐹. 𝑆 =
3𝐹𝑙

2𝑏ℎ2 (eq. 3-1)          𝐹. 𝑀 =
𝑙3𝐹

4𝑏ℎ3𝑑
 (eq. 3-2) 

In these equations, F represents the force at fracture, l 

indicates the distance between the supports (20 mm), b 

and h correspond to the width (2 mm) and height (2 mm) 

of the specimen, and d signifies the deflection due to the 

applied load (F) at the midpoint of the beam. Descriptive 

statistics, including mean and standard deviation values 

for FS and FM, were then calculated for each group. 

Diametral tensile strength (DTS) 

 For each composite and the unfilled matrix resin, ten 

cylindrical specimens (height: 6 mm, diameter: 4 mm) 

were created. After fabrication, these specimens were 

stored in distilled water at 37°C for 24 hours. 

Subsequently, a compressive force at a rate of 0.5 

mm/min was applied to the lateral surface of each 

specimen until fracture occurred. The force at the point 

of fracture was utilized to calculate the DTS according to 

the following formula: 

𝐷𝑇𝑆 =
2𝐹

𝜋𝐷𝐻
  (eq. 4) 

In this equation, F represents the force at fracture, H is 

the height of the cylinder (6 mm), and D is its diameter 

(4 mm). 

To assess the effect of aging in an acidic environment, 

additional cylindrical specimens were created and stored 

in 10 mL of diluted acetic acid (pH=4.3) for 30 days. 

Following this period, the DTS of each specimen was 

measured. Mean DTS values for each group were 

calculated and compared with the mean DTS of samples 

that had not undergone the storage process. 

Depth of cure evaluation 

 To assess the depth of cure, five cylindrical specimens 

(6 mm in height and 4 mm in diameter) were fabricated 

for each group and subsequently stored in distilled water 

at a controlled temperature of 37◦C for 24 hours. After 

storage, the specimens were meticulously embedded 

within an acrylic resin matrix and sectioned 

longitudinally by a low-speed micro-saw under water 

cooling. Each sectioned specimen was then polished to 

produce a mirror-like surface. After that, the specimens 

were affixed onto the specimen stage of a Vickers 

microhardness (VMH) tester (Micro MH4, Koopa, Iran). 

The hardness was measured from the photo-cured surface 

down to a depth of 4 mm at increments of 0.5 mm. A total 

of three measurements were obtained for each depth, 

from which an average value was computed and reported 

as the VMH number. The relative VMH percentage was 

calculated via the following equation: 

𝑉𝑀𝐻% 𝑎𝑡 𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑥 =
𝑉𝑀𝐻0−𝑉𝑀𝐻𝑥

𝑉𝑀𝐻0
× 100   

In this formula, VMH0 represents the VMH number at 

the surface. The depth of cure was eventually determined 

to be the depth at which the VMH% reached 80, as 

demonstrated in previous studies (23, 24).   

Ion release evaluation 

To measure the bioactivity of the composites, an analysis 

of the cumulative release of calcium and fluoride ions 

was carried out over one month. Five cylindrical 

specimens of each composite were prepared. Before 

photopolymerization, a thread was embedded in each 

composite to facilitate its subsequent suspension within 

the storage medium. The specimens were then placed 

within plastic tubes containing a diluted acetic acid 

solution (pH=4.3) and sealed before being stored at a 

constant temperature of 37◦C. The specimens were 

cleaned with 5 cc of deionized distilled water at intervals 

of 1 and 24 hours, one week, and one month - before 

being transferred to a fresh storage medium. Fluoride ion 

was quantified using a fluoride ion selective electrode. 

For this purpose, 5cc of the combined solution was 

buffered using an equal volume of a total ionic strength 

adjustment buffer. Calcium ion concentration in the 

release media was determined using a Milton Roy 

Spectronic 20D spectrophotometer. The cumulative ion 

release from each specimen was then calculated in 

µg/cm2 units. 

Scanning Electron Microscopy (SEM) 

 The dispersion and the integrity of filler particles to the 

resin matrix were investigated using SEM (Leo 1450VP, 

Zeiss, Germany). For sample preparation, bar-shaped 

polymerized specimens were immersed in liquid nitrogen 

and fractured to create a clean surface. The fresh surface 

was gold sputtered and moved into the SEM chamber.     

 Statistical analysis 

The normality of the data distribution was examined 

using the Kolmogorov-Smirnov Test. Then, one-way 

ANOVA was employed for the three-point bending test 
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to assess the impact of FHA fillers on FS and FM, 

followed by Tukey's test for multiple comparisons. 

Similarly, the effect of calcination temperature and 

storage in acidic media on the DTS was analyzed using 

two-way ANOVA. This led to the implementation of 

additional one-way ANOVA and Tukey's multi-

comparison tests pre and post-storage, as well as 

independent samples t-tests for each calcination 

temperature. Furthermore, the depth of cure was 

determined by analyzing the profile of VMH% for each 

composite. The data analysis was performed through 

SPSS software (version 16.0; SPSS Inc, Chicago, Il, 

USA), and the significance level was determined at 

P<0.05.  

Results 

The characterization of synthesized fillers via XRD 

revealed a composite of phosphate-deficient 

hydroxyapatite (HA) and fluorapatite (FA) (Figure 1). 

At lower calcination temperatures, the presence of phases 

and unconverted rhombohedral calcium phosphate were 

evident; however, these phases gradually diminished as 

the calcination temperature increased (Figure 1 and Table 

1). As anticipated, a rise in calcination temperature 

corresponded to an increase in crystallinity percentage 

(Table 1), leading to more pronounced and well-defined 

apatite structural peaks. 

The application of FTIR spectroscopy corroborated the 

formation of the apatite structure. Spectral bands located 

at specific wavenumbers corresponded to various bonds 

integral to the apatite structure (Figure 2). After citric 

acid treatment, new peaks emerged at 1594 cm-1 that 

were indicative of the reaction between citric acid and the 

surface of fillers. Additionally, the distortion of a peak in 

the FHA spectrum suggested the presence of a C-OH 

bond in the citrate structure. 

The effects of FHA fillers on the flexural properties of 

the composites were evaluated using a three-point 

bending test and the results were significant (P<0.05; 

Table 2). Relative to the unfilled resin, the FS decreased 

with the addition of FHA250 fillers but remained almost 

unchanged for the FHA500 composite. Conversely, the 

FS for the FHA1000 composite exhibited a notable 

increase (P<0.05; Table 2). Regardless of the calcination 

temperature, the incorporation of FHA fillers 

significantly enhanced the FM (P<0.05; Table 2). 

The DTS test results (Table 3) mirrored those of FS, with 

DTS decreased in the FHA250 composite compared to 

the unfilled resin. DTS was found to increase at 

calcination temperatures of 500°C, and 1000°C, and it 

significantly decreased after-acidic storage in all 

composites (P<0.05; Table 3). 

In terms of curing depth (Figure 3), FHA1000 failed to 

reach the acceptable VMH% of 80 at a depth of 2 mm 

according to ISO4049 standards (24). Upon examining 

ion release, both calcium and fluoride ions initially 

exhibited rapid release followed by a steadier phase. 

Notably, calcium release practically ceased after the first 

week, whereas fluoride release continued at a steady rate 

for up to 30 days, and the release quantity was inversely 

proportional to the calcination temperature (Figure 4). 

Finally, SEM provided insights into the dispersion of 

FHA fillers in the three composites. Each composite 

displayed a different arrangement and size of particles, 

indicating the effect of calcination temperature on filler 

characteristics and distribution (Figure 5). 

Table 1. Composition and distribution of phases detected by X-ray diffraction after Rietveld refinement. The percentages of crystalline 

phases are estimated.  

Detected phases Calcination temperature (ºC) 

250 500 1000 

HA (96-900-3549) 0.2% 47.4% 41.9% 

FA (96-9001233) 47.2% 47.9% 58.1% 

CHA (96-900-3553) 43.3% 2.3% - 

CFHA (96-900-9979) 9.2% 2.6% - 

Crystallinity (%) 48% 70% 95% 

HA: hydroxyapatite; FA: Fluorapatite; CHA: Carbonated hydroxyapatite; CFHA:  Carbonated Fluorohydroxyapatite 

 

Table 2. Flexural strength (FS) and flexural modulus (FM) of unfilled resin-matrix and the experimental FHA-filled composites 

Groups FS FM 

 Mean ± SD* Mean ± SD* 

Unfilled 31.44 ± 1.67 b  341.04 ± 32.55 a 

FHA250 25.23 ± 3.55 a 996.20 ± 71.20 b 

FHA500 31.15 ± 2.49 b 1095.20 ± 22.30 c 

FHA1000 51.61 ± 6.25 c 1551.81 ± 63.17 d 

P-value  0.004 <0.001 

*Different letters indicate statistically significant differences at P<0.05.; SD: Standard deviation 
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Table 3. Diametral tensile strength (DTS) of the unfilled resin and the experimental FHA-filled composites before and after acidic 

storage  

Groups 

 

Without storage With storage % of DTS 

reduction 

P-value 

Mean ± SD* Mean ± SD* 

Unfilled 27.74 ± 4.21 b  15.47 ± 1.94 a 44.2% <0.001 

FHA250 21.48 ± 5.97 a 14.53 ± 1.75 a 32.4% 0.025 

FHA500 30.22 ± 2.97 b,c 16.67 ± 2.57 a 44.8% <0.001 

FHA1000 35.72 ± 3.21 c 20.39 ± 1.34 b 54.2% <0.001 

P-value <0.001 0.002   

*Different letters indicate statistically significant differences at P<0.05.; SD: Standard deviation 

 
Figure 1. X-ray diffraction pattern of synthesized ceramic, calcined in three different temperatures. Numbers 250, 500, and 1000 show 

the temperature at which the fluorohydroxyapatite (FHA) was sintered. 

 
Figure 2. Fourier Transform Infrared spectrum of synthesized FHA500 and citric acid-modified FHA500 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Profile of Vickers microhardness (VMH %) for three experimental composites. 
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Figure 4. Calcium and fluoride ions release during the first month after polymerization in acidic media (pH=4.3). Linear regression 

analysis showed an indirect linear correlation between the calcination temperature and the amount of ion release. 

 

 
Figure 5. Scanning Electron Microscopy images for each composite, disclosing the distribution of FHA fillers (magnification: A to C: 

×25,000; D to F: ×50,000). A&D: FHA250 composite, showing FHA nanoparticles and clusters. Impurities have not integrated with 

the resin matrix. B&E: FHA500 composite, with FHA nanoparticles and nanoclusters as well as aggregations, well integrated into the 

resin matrix. C&F: FHA1000 composite, high crystalline micron, and submicron fillers are indicated. Nanoclusters and aggregations 

are not seen as frequent as former samples.  

 

Discussion 

The performance characteristics of dental composites are 

greatly influenced by variables such as the resin matrix, 

filler type and distribution, and the quality of the resin-

filler bond (25). In this study, we examined the impact of 

calcination temperature on the mechanical and physical 

properties, as well as the ion release of FHA-filled 

composites. 

Characterization of the synthesized bioceramic validated 

the formation of calcium apatite phases, including HA, 
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FA, carbonated-hydroxyapatite (cHA), and carbonated-

fluorapatite (CFA). Phosphate deficiency, which is 

attributed to the molar ratio of the reactants, can be 

compensated by fluoride or carbonate ions. The creation 

of carbonated phases can be related to the interaction of 

atmospheric carbon dioxide, which diminishes with 

increasing calcination temperature (26). Therefore, the 

present study demonstrates that calcination temperature 

significantly influences the microstructure and phase 

composition of synthetic bioceramics. This finding aligns 

with previous studies, showing increased crystallinity 

with rising temperature (21, 27).   

Previous studies have investigated hydroxyapatite as a 

filler in dental composites (8, 9, 11, 14, 28). The results 

of this study are parallel to those of previous experiments 

(8, 9, 24, 29), highlighting the reinforcing impact of 

apatite fillers on dental composites. This study also 

reveals that the advantages of FHA fillers are influenced 

by the calcination temperature, a factor that in turn, has 

implications for the mechanical properties of the 

composite (30).  

Several reasons could explain the observed effect of 

calcination temperature on composite strength. First, as 

previously noted, a higher calcination temperature results 

in a higher crystalline percentage of fillers (21, 22), 

leading to increased FS and DTS. Second, SEM 

evaluations indicated less agglomeration of nanoparticles 

in the FHA1000 composite (Figure 5 C and F). Previous 

studies have shown that filler agglomeration can create 

stress concentration points, affecting stress distribution, 

and resulting in brittle failure (24, 30, 31).  

Despite the benefits of higher calcination temperatures, 

this study revealed a decrease in ion release with 

increasing the calcination temperature. This pattern can 

be attributed to an increase in the degree of crystallinity, 

reducing the fraction of more soluble phases (HA, cHA, 

and CFA) and consequently limiting ion release. 

Nevertheless, distinct patterns were discernible for 

calcium and fluoride ions (32).  

Considering the dissolution of apatite fillers in acidic 

conditions, the impact of acidic storage on DTS was 

evaluated in this study. The data revealed a significant 

decrease in DTS after one month of acidic storage across 

all groups. This suggests that although DTS is influenced 

by the defects created by the dissolution of fillers, the 

softening of the resin matrix and the hydrolysis of the 

coupling agent have a more pronounced effect on DTS 

(33, 34). The FHA1000 composite exhibited a high 

degree of opacity, and its depth of cure was less than the 

ISO standard of 2 mm. These findings suggest that the 

high crystallinity of fillers obstructs light passage 

through the composite, potentially limiting the 

acceptable calcination temperature of FHA fillers. 

This study had certain limitations that need to be 

considered when interpreting the results. Although the 

experimental setup allowed for a controlled study of 

individual components, it was unable to fully mimic the 

complexities of the oral environment. Future research 

could incorporate an in-vivo model to validate our 

findings under more realistic conditions, which will help 

to further refine the optimal conditions for the synthesis 

of FHA fillers. This study focused on the mechanical 

properties and ion release of FHA-filled composites. 

Future investigations could look at other important 

properties, such as thermal conductivity, color stability, 

and wear resistance, which are significant factors in the 

longevity and aesthetics of dental restorations. More 

studies are suggested to find out the optimum conditions 

for the synthesis of FHA fillers to be used in the 

formulation of smart dental composites.     

Conclusions 

Higher calcination temperature leads to greater 

crystalline apatite structure, which increases the 

mechanical properties but decreases ion release. Based 

on the mechanical and physical properties investigated in 

this study, it seems that FHA fillers, sintered around 

500ºC may be suitable for formulation of a smart dental 

resin composite.  
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