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Abstract  

Objectives 

To develop dental composites incorporating fluorapatite (FA) crystals as a secondary 
filler and to characterise degree of conversion, key mechanical properties and 
fluoride release. 

Methods 

FA rod-like crystals and bundles were hydrothermally synthesised and characterised 

by Scanning Electron Microscopy/ Energy Dispersive X-ray Spectroscopy 
(SEM/EDS), X-ray Diffraction (XRD) and 19 F MAS-NMR. Composites were 
formulated containing BisGMA/TEGDMA/BisEMA and barium- aluminium- silicate 
glass (0FA). FA crystals were incorporated at 10 (10FA), 20 (20FA), 30 (30FA) and 
40 wt% (40FA) maintaining a filler content of 80 wt% (63-67 vol%). Degree of 
conversion (DC), flexural strength (FS), flexural modulus (FM), fracture toughness 
(K1C), Vickers hardness (HV) and 2-body wear were measured. Fluoride release 
was measured in neutral and acidic buffers. 

Results 

XRD and 19 F MAS-NMR confirmed that only FA was formed, whilst SEM revealed 
the presence of single rods and bundles of nano-rods. DC ranged between 56-60% 
(>0.05). FA composites showed lower FM and lower FS ( p <0.05), but comparable 
wear resistance and HV ( p >0.05) to 0FA. 30FA and 40FA showed similar K1C to 
0FA ( p >0.05), with SEM showing evidence of toughening mechanisms, whereas 
10FA and 20FA showed lower K 1C ( p <0.05). FA containing composites released 
fluoride that was proportional to the amount of FA incorporated (p <0.05) but only 
under acidic conditions. 

Significance 

The addition of FA to the experimental composites reduced strength and stiffness 
but not the DC, hardness or wear rate. 30FA and 40FA had a higher K 1C compared 
to other FA groups. Fluoride release occurred under an accelerated acidic regime, 
suggesting potential as a bioactive ‘smart’ composite. 
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1. Introduction 

Resin composites are considered to have superior aesthetics and allow more 
conservative cavity preparation when compared to amalgam [1–3]. This has led to 
them becoming increasingly popular for use as direct restorative materials, with 
around 800 million composite resin restorations placed worldwide in 2015 [4]. Of 
these restorations approximately 80% were placed in the posterior region, with 
composite use exceeding amalgam use in several countries [5–8]. With the call for 
the phase down in the use of mercury containing products, and hence amalgam, due 
to the Minimata convention, it likely that the use of resin composites will increase 
worldwide. Current composite formulations have an average life span of just under 
10 years after which clinical intervention may be required [9]. Restoration fracture 
and recurrent caries remain the primary reasons for clinical failures of composite 
restorations [10–14]. Therefore, it is essential to develop new innovative composite 
formulations with novel chemistries to enhance their physical and mechanical 
properties further and that exhibit effective bioactive properties against recurrent 
caries.  

One strategy to enhance the physical properties is by incorporation of hydroxyapatite 
(HA) particles, rods or whiskers as a filler phase. Given enamel essentially consists 
of rod-like hydroxyapatite crystals with a high degree of anisotropy, many authors 
have produced composites containing HA fillers on the basis that the resultant 
materials would be biocompatible and bioactive [15–20]. These vary from HA 
whiskers with an aspect ratio > 100 to rods with an aspect ratio of ~5 to particles and 
materials containing HA as the sole filler or in combination with glass [17,18]. These 
fillers may be nano- or micro- scale and may be surface treated or silane coupled or 
not [19,20]. With such a range of experimental parameters and outcomes measured, 
it is not surprising that the effect of HA reinforcement on many physical properties is 
somewhat ambiguous.  

As well as introducing HA as a filler, a further strategy to produce bioactivity is to 
introduce bioglass [21] filler particles that are able to release specific ions that will 
potentially enable the composite to stimulate remineralisation. Bioactive glasses 
(BAGs) have been used in experimental resin composites [22,23]. BAG has been 
suggested as a promising bioactive material that can interact with the surrounding 
environment [24] to precipitate a biologically active hydroxycarbonate layer on their 
surfaces when they are exposed to bodily fluids. Bioactive glass (BAG) fillers were 
also reported to  increase  the fracture toughness of experimental dental composites 
[25]. Moreover experimental composite materials containing chlorhexidine salts and 
reactive calcium phosphates as well as glass fillers were developed; materials 
showed calcium phosphate and chlorhexidine (CHX) release which promoted 
surface hydroxyapatite/CHX co-precipitation [26]. It was shown that hydroxyapatite 
precipitation mass was proportional to the CaP content, however the strength of the 
materials decreased linearly upon raising CaP levels [26]. 
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Finely ground fluorapatite (FA) Ca5(PO4)3F has also been investigated as a potential 
filler for experimental bioactive dental restoratives [27]. FA is chemically stable but 
releases fluoride in an acidic environment as the crystals dissolve. Since enamel 
demineralisation starts when the pH drops below 5.5, FA crystals could be a suitable 
and effective chemically stable anti-caries material [27] that could mimic the natural 
caries resistance properties of enamel. A recent study showed that powdered FA 
crystals (0.6-1µm) could be a potentially suitable filler when incorporated with 
conventional resin (BisGMA/TEGDMA) forming novel resin composites [28]. It was 
found that bacterial biofilm mass and colony formation were significantly reduced by 
the addition of FA to all composites. However using this physical form of FA resulted 
in a significant reduction in the mechanical properties of the materials.  

This study aimed to investigate fillers which could both have an effect on the 
mechanical properties and have a bioactive role. Whilst BAG fillers do have a 
potential bioactive function, they tend to be a similar size and isotropic morphology to 
conventional fillers. Particle anisotropy potentially offers additional toughening 
mechanisms for fillers in composites that are difficult to obtain simply by size-tuning 
of spherical particles. Accordingly, the objectives of this study were to develop novel 
resin composites with micro-, rod like fluorapatite crystals incorporated as a 
secondary filler and to characterise, as a function of the FA filler content, their 
degree of conversion, key clinically relevant mechanical properties and fluoride ion 
release.  

2. Materials and Methods 

2.1 Fluorapatite (FA) crystal synthesis 

Fluorapatite crystals were synthesised using a hydrothermal method [27]. Briefly, 
9.36g of ethylenediamine tetra acetic acid calcium disodium salt (EDTA-Ca-Na2), 
(Sigma-Aldrich) and 2.07g of NaH2PO4·H2O (Sigma-Aldrich) were mixed with 90ml of 
distilled water. The suspension was stirred continuously, and pH adjusted to 6.0 
using NaOH.  To this solution was added 0.21 g of NaF (Sigma-Aldrich) dissolved in 
10 ml water. FA crystal growth was achieved by autoclaving the EDT-Ca-
Na2/NaH2PO4/NaF mixture at 121°C at 2.4×105 Pa for 10 hours. The powder was 
then washed five times by adding 100 ml of distilled water and manually stirred for 2 
minutes to separate the agglomerates. The powder was then collected and stored in 
an airtight vial at room temperature. 

2.2 Crystal characterisation 

Scanning electron microscopy (SEM) coupled with energy dispersive X-ray 
spectroscopy (EDS) (Hitachi-S-3400N, London, UK) was used to assess the 
morphology and elemental composition of the powder. XRD analysis (X’pert Philips 
PW3050, Malvern Panalytical, UK) was performed on the powder from different 
batches synthesized under identical conditions. Scans were taken between 20-60°, 
with a step size of 0.05° and dwell of 1 s. The data collected were analysed using 
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HighScore diffraction software (Malvern Panalytical, UK). Search and match was 
performed against ICDD 2014 [29]. Following that, crystallography unit cell search 
and refinements were performed, and crystallographic parameters were calculated 
[30]. Samples from three different batches of FA was collected, dried and ground to 
fine powders for solid-state 19F MAS-NMR analysis (600MHz (14.1T) spectrometer 
(Bruker, Germany). A low fluorine background probe was used to aquire the spectra, 
in a single-pulse experiment of 30s recycle duration. The 19F chemical shift scale 
was referenced using the –120 ppm peak of 1M NaF solution, with a secondary 
reference of CFCl3. Spectra were acquired over a period of 10-24hrs depending on 
the fluoride level and were an accumulation of between 600 and 1,440 scans. 

2.3 Preparation of dental composite formulations 

Experimental composites were formulated with monomer:filler ratio of 20:80 wt%. 
The resin phase was composed of 70%BisGMA:10%TEGDMA:20%BisEMA 
(ESSTECH Inc, PA, US) to which 1wt% CQ (camphorquinone, Sigma-Aldrich) and 
1wt% DMAEMA (dimethylamino ethyl methacrylate, Sigma-Aldrich) were added as 
photoinitiator and activator and mixed for 60 mins at 60°C using a magnetic stirrer. 
The primary filler was silanised barium aluminium silicate glass  particles (D50=0.7 
µm, First Scientific Dental GmbH, Elmshorn, Germany) which was replaced 
systematically by FA, namely 10 wt% (10FA), 20 wt% (20FA), 30 wt% (30FA) and 40 
wt% (40FA), maintaining an overall filler content of 80 wt% (63-66 vol%). A group 
containing no FA (0FA) was produced as an 80 wt% (67vol %) glass filled control. 
The resin and filler phases were mechanically mixed for 5 mins at 3000 rpm in a dual 
asymmetric centrifugal mixer (SpeedMixerTM DAC 150.1 FVZ, Hauschild 
Engineering and Co. KG, Hamm, Germany). All specimens were stored in lightproof 
containers at 4°C and tested within 4 weeks of manufacture.  

2.4 Degree of Conversion (DC) 

Unpolymerised composite was packed manually into the centre of stainless steel 
washers (diameter = 4mm, thickness= 0.8mm, A2, metric BS4320, RS Components, 
UK) and then pressed between two glass microscope slides. Representative 
specimens of each composite were set aside (n=5 per composite) and then the 
remainder were light-activated polymerised for 5, 10, 20, 30, 40 and 60s 
respectively. All specimens were exposed to the same light emitting diode (LED) 
light curing unit (LCU) (Demi Plus, Kerr, Orange Co., CA, USA) at ambient room 
temperature (23 ± 1ºC) with a spectral range of 450 - 470 nm and an irradiance of 
1200 mW/cm2 (checkMARK Bluelight Analytics Inc., Halifax, Canada). 

All DC measurements were made using an ATR-FTIR Spectrometer (Spectrum 100, 
PerkinElmer, UK) [31–33] between 4000–650 cm−1 with 32 co-added scans at 4 cm−1 

spectral resolution. DC at each time point was determined by calculating the ratio of 
the absorbance intensities of the aliphatic carbon-carbon (C=C) double bond peak at 
1640 cm−1 and aromatic carbon-carbon (C=C) double bond peak at 1607 cm−1 and 
comparing it to this same ratio for the uncured material. 
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2.5 Flexural Strength (FS) and Flexural Modulus (FM) 

Flexural modulus and flexural strength were determined following the ISO 4049 [34] 
using a universal testing machine (Instron 3365, USA) equipped with a three-point 
bending apparatus. Bar shaped specimens (25 × 2 × 2 mm, n = 10) were prepared 
using a custom-made split steel mould. The specimens were then stored in distilled 
water at 37 ± 1ºC for seven days before testing. Prior to testing, specimen thickness 
and width were measured using digital callipers (±0.01 mm) (Mitutoyo, Japan) and 
then the specimens were loaded on a 20 mm support span with knife-edge geometry 
and tested at 0.75 mm/min cross head speed. The maximum load exerted on the 
specimen at the point of fracture was recorded and flexural modulus (E) and flexural 
strength were calculated using Equation 1 and Equation 2 respectively. 

 

Equation 1 𝐸(𝐺𝑃𝑎) = 𝑙3 ∗ 𝛿4 ∗ 𝑏 ∗ ℎ3 ∗ 1000 

Equation 2 𝜎 (𝑀𝑃𝑎) =  3𝐹𝑙2𝑏ℎ2 

where (F) is the maximum load (N) exerted on the specimen, (l) is the distance (mm) 
between the supports, (b) is the width (mm) at the centre of the specimen, (h) is the 
height (mm) at the centre of the specimen and (δ) is the slope of a force/deformation 
curve in the elastic region (N/mm). 

2.6 Fracture Toughness (K1C) 

The sharp single edge notch beam (SENB) method was used to determine the 
materials’ fracture toughness (K1C) following the ASTM (E399-83) standards [35–39]. 
Bar shaped composite specimens (25 x 6 x 3 mm, n = 10) were made according to 
ISO 4049 using a custom-made PMMA split mould. After light activated 
polymerisation, specimens were removed from the mould and a sharp notch (3.0±0.1 
mm length x 0.3±0.1 mm width) was cut into each specimen using a custom-made 
jig containing a diamond disc mounted on a dental hand piece, so that a 2.8±0.1 mm 
long notch was cut in the centre of the sample. Next, a razor blade mounted on a 
custom made jig was then passed through the notch to create a very sharp notch 
(0.2±0.01 mm length). Specimens were polished using P400 silicon carbide abrasive 
papers (Struers, Denmark) and stored in distilled water at 37 ± 1ºC for seven days 
prior to testing.  

The notched composite specimens were tested in a three-point bending test with a 
crosshead speed of 0.5 mm/min in a universal testing machine (Instron 3365, USA). 
Calculations of the fracture toughness values were determined using the following 
equations: 
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Equation 3 𝑲𝟏𝒄 = (𝟑𝑷𝑺𝒂𝟏/𝟐𝟐𝒕𝒘𝟐 ) × 𝒇(𝒂𝒘) 

Where  

Equation 4 𝑓 (𝑎𝑤) =  1.93 −  3.07 (𝑎𝑤) +  14.53 (𝑎𝑤)2  − 25.11 (𝑎𝑤)3 +  25.80 (𝑎𝑤)4
 

 

Whereby (P) is the maximum load (N) exerted on the specimen, (S) is the distance 
(mm) between the supports, (w) is the width (mm) at the centre of the specimen and 
(t) is the thickness (mm) at the centre of the specimen. 

2.7 Vickers Hardness (HV) 

Disc shaped composite specimens (6 × 2 mm, n = 5 per composite) were prepared 
using a custom made steel mould. Specimens were prepared following the ISO 4049 
using the same technique reported previously. Composites were then photo-
polymerised in one cycle for 40 s and polished using 400 grit silicon carbide abrasive 
papers (Struers, Copenhagen, Denmark). The specimens were then stored in 
distilled water in an incubator maintained at 37 ± 1ºC for seven days before testing. 
All micro-hardness measurements were carried out at an applied load of 100g for 
15 s with a diamond pyramidal indentor (Duramin 5, Struers, Denmark). A series of 
five measurements were recorded for each specimen and mean value was then 
recorded. 

2.8 In-vitro wear testing 

Rectangular bar-shaped specimens (20 x 10 x 3mm ±0.1, n=10 per group) were 
produced using a custom made PMMA holder. Composite was placed into the 
mould, covered with a cellulose acetate strip and a glass microscope slide and a 
weight of 1 kg was applied for 20 s to ensure consistent and reproducible packing of 
the specimens. Next, the entire length of each specimen was light irradiated 
according to the protocol described in ISO 4049 using the same LCU described 
previously. 

Wear testing was conducted using a pin-on-plate wear testing apparatus originally 
developed by Harrison and colleagues [40,41]. 8 mm diameter steatite spheres fixed 
to vertically moving pins were used as the abrading antagonist under a loading force 
of 4.5 N [40] in a neutral buffer solution (pH 7) to approximate the in vivo oral 
environment [42]. Composite specimens were confined within a PMMA template 
attached to a horizontal plate moving at a frequency of 2.14 Hz for 4000 cycles the 
equivalent of three months simulation in the oral cavity [40].  
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Wear tracks were scanned using a TalySurf CLI 2000 profilometer (Taylor-Hobson 
Precision, England) equipped with a with a 300 µm range chromatic length 
aberration (CLA) gauge scanning at 2 mm/s. Longitudinal traces were taken at 4 µm 
intervals (x-direction) across the wear facet with a measurement recorded at every 
40 µm interval (y-direction) thereby generating three dimensional (3D) profile. 

2.9 Fluoride Ion release 

Disc shaped composite specimens were prepared for each group with dimensions of 
6 × 2 mm using a custom made steel mould (n=6). Specimens were prepared 
following the ISO 4049 standards. Composites were then photo-polymerised in one 
cycle for 40 s. Composites were then polished using 400 grit silicon carbide abrasive 
papers (Struers, Denmark) and immersed in 5 ml of pH 4 or pH 7 buffer solutions. 
The solutions were changed in each container on daily basis in the first week, then 
every 7 days up to 1 month and then monthly thereafter. The ion-selective method 
was used to measure the fluoride ion release using an ion-selective electrode (Orion 
Research, Thermo Scientific, USA) [32,43,44]. Fluoride measurements were taken 
over 24 hours on daily basis for 7 days, then weekly up to 28 days, then at day 56, 
112 and 196. Following fluoride release, specimen surfaces were evaluated using 
SEM. 

2.10 Statistical Analysis 

Statistical analysis was conducted using IBM SPSS 21 and Minitab (v18.1, Minitab 
Inc.). All data sets were assessed for normality using the Kolmogorov– Smirnov test 
and Shapiro–Wilk test. Data were then analysed using either one-way ANOVA or 
one-way ANCOVA with post poc Tukey test, or Kruskal–Wallis test with post hoc 
Bonferroni with a significance level of p<0.05 based on their normality. 
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3. Results 

3.1 FA characterisation  

SEM analysis of the synthesised FA showed individual hexagonal rod like crystals 
and bundles, Figure 1. EDS analysis showed that the crystals were calcium rich 
having a calcium: phosphate ratio of 1.77: 1 and a calcium: fluoride ratio of 4.46: 1. 

 

Figure 1: SEM images of the synthesised FA crystals. (A) Shows hexagonally 

shaped rod like crystals. (B) Shows bundles of FA rods (red arrows) and 

individual FA rods. (C) Shows as individual bundle with hexagonally shaped 

centre. (D) Shows an individual hexagonally shaped FA crystal. 

A representative powder XRD pattern (Figure 2) displayed narrow peaks indicative of 
a highly crystalline material, having peak positions corresponding to the reference 
ICDD FA trace (ref. PDF: 01-079-1572) ICDD 2014. After crystallography analysis 
diffraction peaks readily indexed to pure hexagonal phase with lattice parameters of 
a=9.3975 Å, c=6.891 Å and volume=527.01Å3. 
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Figure 2: XRD traces of synthesized FA compared to a reference pattern of 

stoichiometric FA obtained from the International Centre for Diffraction Data 

(ICDD). 

Figure 3 depicts 19F MAS-NMR spectra of synthesised FA, obtained from three 
different batches synthesised under same conditions. All spectra showed one 
characteristic peak at –103.6 ppm, indicating that only FA had been produced.  

 

Figure 3: 19F MAS-NMR spectra of FA samples from three different batches 

FA1, FA2, FA3 synthesised under the same conditions. Asterisks mark 

spinning side bands. 
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3.2 Degree of conversion 

At very short curing times (5-20 s), there was no consistent relationship between FA 
content and DC for the model composites, Table 1. After 20s of curing all materials 
showed greater DC with lower variability between specimens. By 60s of curing there 
were no significant differences between any of the composites (p>0.05) with a DC of 
at least 55% found for all materials. 
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Table 1: The mean degree of conversion and the standard deviation (SD) for FA composites. 

Time 

0FA 10FA 20FA 30FA 40FA 

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

5 s 53.9 (1.8) 53.5 (1.5) 46.4 (2.6) 51.6 (2.2) 45.1 (2.9) 

10 s 58.0 (4.2) 50.6 (2.3) 53.2 (0.5) 50.9 (4.7) 45.3 (3.7) 

20 s 56.5 (4.1) 56.9 (1.7) 54.8 (4.2) 56.2 (2.0) 50.9 (2.4) 

30 s 58.1 (3.9) 53.7 (5.5) 53.0 (6.3) 54.6 (4.7) 50.7 (1.9) 

40 s 61.0 (4.6) 57.8 (1.8) 54.8 (7.2) 54.0 (5.4) 56.6 (4.4) 

50 s 62.1 (5.1) 59.1 (3.4) 54.8 (7.2) 61.5 (2.8) 53.3 (4.1) 

60 s 62.9 (3.6) 56.1 (4.8) 59.8 (4.0) 60.4 (4.4) 55.9 (3.9) 
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3.3 Physical Properties 

As shown in Table 2, the 0FA specimens had the highest flexural strength and 
modulus of all tested groups (p<0.05). As the FA concentration increased there was 
a sharp decrease in flexural strength and modulus, although this was not statistically 
significant (p>0.05) between the different FA containing groups.  
 

Table 2: Summary of physical properties; flexural strength and modulus, 

fracture toughness, Vickers hardness and in-vitro wear data (mean, standard 

deviation). 

Group 
Flexural 
Strength 

(MPa) 

Flexural 
Modulus 

(GPa) 

Fracture 
toughness 
(MPa.m1/2) 

Vickers 
Hardness 

(VHN) 

Wear 
Volume 
(mm3) 

0FA 113.1 (30.1) 14.6 (1.27) 1.3 (0.2) 93.2 (2.8) 0.019 (0.004) 

10FA 80.2 (15.8) 12.1 (1.89) 0.9 (0.1) 95.2 (1.6) 0.027 (0.005) 

20FA 80.6 (10.0) 12.2 (0.92) 0.9 (0.1) 94.7 (1.7) 0.026 (0.005) 

30FA 74.5 (12.5) 12.1 (1.73) 1.5 (0.4) 93.9 (2.3) 0.028 (0.008) 

40FA 68.4 (9.4) 12.1 (0.01) 1.2 (0.1) 94.3 (1.9) 0.026 (0.009) 

 

The 10FA and 20FA specimens had significantly lower fracture toughness, 
compared to the 0FA, 30FA and 40FA specimens (p<0.05). SEM analysis of the 
fractured specimens showed clear cracks extending from the pre-inserted notch with 
distinctive cleanly fractured surfaces in 0FA composites. However, FA containing 
composites showed clear cracks with FA bundles and rods bridging the two fractured 
surfaces, as shown in Figure 4. This was particularly noticeable in the higher wt% FA 
samples as the crack tip was more likely to engage with a crystal bundle. 
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Figure 4: SEM images showing the crack extension from the pre-cracked area 

and magnifications of the crack line within the samples. 0FA show clear cut 

crack running through the sample. 40FA shows FA crystals and bundles 

bridging between the two fractured surfaces. 

Fractured specimens showed three distinct zones: (1) The pre-cracked area shows a 
flat compact surface with the filler particles tightly embedded within the resin matrix, 
(2) the transitional zone with an irregular surface and displaced filler/matrix and (3) 
the fractured surface with visible crack lines and detached fillers leaving spaces 
within the resin matrix, Figure 5. 
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Figure 5: SEM images of 10FA fractured composite specimen showing three 

fracture zones within the specimen, the pre -cracked surface (red arrow), the 

transitional zone (yellow arrows) and the fractured surface (white arrow). 

Two distinct fracture phenomena were observed: (1) The presence of major and 
micro crack lines running through the matrix and (2) The detachment of fillers from 
the resin matrix leaving spaces corresponding to their shape. However, 30FA and 
40FA composites specimens also showed distinctive fracture toughening 
phenomena such as crack deflection and crack bridging near the tip of crack 
extension. These features were present when the tip of the crack encounters large 
FA crystals or bundles of crystals, examples shown in Figure 6. 
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Figure 6: SEM of fracture surfaces of 30FA and 40FA fractured specimens 

showing typical fracture toughening mechanisms. (A-C) Show crack deflection 

and crack bridging (red arrows) when FA bundles are encountered and (D) 

Shows clear crack deflection when encountering an FA bundle which was 

broken through the middle (yellow arrows). 

There were no significant differences found between the hardness of any of the 
experimental composites (p>0.05), Table 2. All FA containing composites showed 
similar levels of wear volume (p>0.05), with the 0FA showing the lowest amount of 
volume loss, although this was not significantly different. SEM analysis of the wear 
tracks of FA containing composites also showed micro grooves within the resin 
matrix running in the direction of the wear track; damaged and pulled out individual 
FA crystals were also seen leaving hexagonal voids within the resin matrix. 
However, larger FA bundles remained imbedded with the resin matrix with evidence 
of the assemblies of bundles of FA crystals wearing at the same rate as the rest of 
the composite, Figure 7. Analysis of the abrading antagonist show round shaped 
wear facets corresponding to the shape of the wear tracks. EDX analysis of the 
antagonist wear facet showed Ca and P elements (corresponding to FA) deposited 
on the surface from the resin composite indicating an adhesive wear mechanism, 
Figure 8. 
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Figure 7: SEM images within the wear tracks of the experimental composites. 

Typical wear track showed vertical micro grooves running through the matrix 

(red arrows) and pull out and damage to the FA crystals (yellow arrows). 

Larger FA bundles were still imbedded within the resin matrix (white arrows). 
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Figure 8: Antagonist surface analysis showing adhesive wear mechanism. (A) 

SEM image of steatite abrading antagonists corresponding to a wear track of 

30FA composite specimen showing evidence of material deposition on the 

antagonist. FA crystals were shown to be part of this material deposition in the 

hybrid SEM/elemental mapping image (B). Elemental mapping of the surface 

confirmed the presence of Ca and which are present in FA but not in the 

steatite. 

3.4 Fluoride ion release 

Under neutral conditions, the measured fluoride ions from all FA composites and the 
control groups were below the electrode threshold value (0.03 µg/cm2). However 
under acidic conditions, all FA composites showed detectable fluoride ion release 
(> 0.03 µg/cm2), therefore detailed descriptive and statistical analyses were 
conducted. Initial FA concentration and duration of storage significantly affected 
fluoride release (p<0.001 for both, one-way ANCOVA). All FA containing composites 
showed higher cumulative fluoride release over the entire testing period when 
compared to 0FA, with those containing 20wt%FA or greater exhibiting significantly 
higher fluoride release (p<0.05). 

The pattern of fluoride release was similar amongst all FA containing composites 
with initial high release on Day 1 followed by a rapid decrease in the amount up to 
Day 7, Figure 9. 10FA composites continued to release small amounts of fluoride at 
a consistent rate, but at rates significantly lower than the other FA composites. Post-
hoc analysis revealed that the 40FA composites released significantly more fluoride 
than all other materials over the test period. 
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Figure 9: Cumulative fluoride release (µg/cm2) against the square root time 

(day1/2) of FA composites in pH 4 medium. 

Regarding the cumulative fluoride release in relation to the amount of FA used, 
20FA, 30FA and 40FA showed significantly higher values when compared to 10FA 
over the entire tested period (p<0.05). However there were no significant differences 
between 20FA, 30FA and 40 FA in the initial testing period up to Day 7, (p>0.05). 
Significant differences are however evident over extended period of times, 40FA 
showed higher release compared to 20FA and 30 FA at Day 14 and Day 21 
(p<0.05). From Day 28 up to Day 196 there were significant differences between all 
FA containing groups with 40FA showing the highest release (40FA> 30FA > 20FA > 
10FA), (p<0.05).  

Analysis of the fluoride releasing specimens after immersion in pH 4 buffer solution 
showed evident dissolution of the FA crystals. Figure 10 show representative 
examples of FA crystals in the 20FA composite before and after immersion in the 
acidic medium. Initial dissolution of the FA crystals is visible within 24 hours, which 
then become more evident by Day 28. Most of the FA crystals deposited on the 
surface showed complete dissolution by Day 112. Elemental mapping of FA 
composites immersed in acidic medium also showed dissolution of the FA crystals 
with depletion in the calcium and the phosphate content leaving abundant silica 
fillers in the resin matrix, Figure 10. 
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Figure 10: (A-D) SEM images of 20FA composite specimen before and after 

immersion in pH 4 solution. (A) FA crystals are shown to be embedded within 

the resin matrix at Day 0, (B) FA crystals starts to dissolve at the top surface 

within 24 hours of immersion, (C) dissolution continues Day 28 until (D) 

complete dissolution by Day 112. (E-G) SEM and EDX images with element 

mapping of 20FA composite specimens after ageing for 28 days in pH 4 buffer 

solution. 
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4. Discussion 

Hydrothermal synthesis was chosen as the route to produce the anisotropic FA 
crystals as it is a bottom-up method with high yields and structural purity and by 
varying key parameters such as pH it is possible to control size, shape, structure, 
composition and surface chemistry [45]. 

SEM revealed two distinct crystal morphologies. As shown in Figure 1 (A and D), 
well-defined, thermodynamically stable, rod-like FA [Ca10(PO4)6F2] crystals with a 
typical apatite hexagonal structure and a long c axis were created after autoclaving 
for 10 h; these crystals were between 10-30 m long with an aspect ratio of between 
5-10 to 1. However, SEM also revealed Figure 1 (B and C) ‘anisotropic 
superstructures’ [46] consisting of smaller diameter (approx. 1 m wide) bundles or 
clusters of FA crystals. These FA structures will have the tendency to aggregate 
together, side by side, to form a bundle because of the stronger van der Waals 
attraction along the long axis of the rods than at the rod ends [27]. These bundles 
were approximately 20 m long with a smaller aspect ratio of 3-4 to 1. 

XRD and 19F MAS-NMR confirmed that the synthesised powder consisted only of 
fluorapatite. The XRD traces displayed narrow peaks indicative of a highly crystalline 
material, having peak positions corresponding to the reference ICDD FA trace as 
shown in Figure 2. 19F MAS-NMR spectra also indicated that fluorapatite was the 
only chemical species formed, Figure 3; spectra showed the characteristic peak at -
103.6 ppm corresponding to the F-Ca(3) triangles in the apatite structure. Therefore, 
based on previous reported findings by Gao et al. this indicates 100% substitution of 
OH¯  with F¯ suggestion pure FA formation [47]. This is also in agreement with 
Clarkson et al. showing similar spectra of FA [48]. 

Experimental dental composites were successfully produced with FA incorporated at 
10-40%wt while maintaining overall filler content of 80%wt (63-67%vol). The clinical 
performance of dental composites has been related to a number of mechanical 
properties [49,50]; consequently, the materials were subjected to a rigorous series of 
tests to characterise their properties with the aim of establishing whether the 
experimental composites were potentially suitable for use as an occlusal filling 
material. 

The addition of FA did not affect the degree of conversion of the experimental 
materials regardless of the amount of FA incorporated. The degree of conversion of 
FA composites ranged between 50 and 61% at curing times greater than 20 s and 
up to 60 s, similar to the DC found for most commercial resin composites [51]. At 
shorter curing times (5-10 s) FA composites with highest concentration of FA (40%) 
showed significantly lower DC compared to 0FA and 10FA. The polymerisation 
process is affected by several factors including the material’s composition, 
photoinitiator chemistry, curing protocol, specimen geometry, surrounding 
temperature and the presence of oxygen. Light transmission through the material is 
a key factor in determining the extent of polymerisation. Insufficient light transmission 
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is associated with surface reflection [31,52], scattering effect of the filler particles 
[53], absorption [54] and the interfacial resin/filler refraction [55]. As the refractive 
index of the resin approaches that of the filler, the scattering at the interfacial 
filler/resin reduces which results in higher light transmission. Therefore, a mismatch 
between the refractive indices of the filler/resin could result in a reduction in light 
transmission and consequently lower maximum rates of polymerisation [55,56]. The 
refractive index of FA is around 1.63, whereas barium glass is around 1.53, and 
BisGMA: TEGDMA (70:30%) index is around 1.52 [55]. Therefore, the lower DC of 
40FA composites could be attributed to the higher FA content leading to possible 
reduction in the light transmission as a consequence of scattering at the resin/FA 
interface. However, the DC at extended curing times (20-60 s) showed no significant 
differences between all the FA containing groups regardless of the FA concentration 
used. It should be noted that ATR-FTIR only analyses the material close to the 
surface due to the limited penetration of the laser in this mode. Consequently, due to 
the potential scattering effect of the FA filler there may be lower levels of conversion 
at deeper sections within the restoration. Future work should, therefore, include an 
evaluation of the DC at deeper levels within the composite specimen. 

The properties for evaluating resin composites measured in this study (i.e. 3-point 
bending strength, flexural modulus, fracture toughness, indentation hardness and 
two-body wear) are five of the seven ranked first in the priority of measurements as 
recommended in the Academy of Dental Materials recent guidance [57] of tests 
which were useful, applicable, supported by the literature and show a correlation with 
clinical findings. This study therefore comprehensively evaluates the mechanical 
properties of these novel resin based composites and does so with a wider range of 
tests than have previously been used with apatite reinforced composites. 

In the present study, whilst there was a decrease in flexural strength as the FA 
concentration increased, there was no significant difference found between any of 
FA groups; the FA-free specimens (0FA) had the highest flexural strength but also a 
relatively high standard deviation. In terms of stiffness, the 0FA specimens had the 
highest flexural modulus. Zhang and Zhang [17] reported a reduction in flexural 
strength for both silane treated and untreated nanoscale rod HA fillers at relatively 
low filler contents (max 19 vol%) which was attributed to flaws propagating through 
pores and voids in the HA aggregates. Chen et al [19] reported an increase in biaxial 
flexural strength in composites containing HA nanofibers with and without treatment 
but this increase was only seen at low HA addition, and had gone by 10% 
replacement, below the levels used in the current study and even these composites 
only had a maximum filler content of 60 wt%, whereas those in the current study had 
80 wt%. Agglomeration of HA fibres was again postulated as a reason for the loss of 
mechanical advantage at higher (15%) filler loadings. In the current study we used a 
dual asymmetric centrifugal mixer specifically designed for making high viscosity, 
highly filled materials and this has resulted in materials with little evidence of FA 
agglomeration or porosity as a consequence of material compounding.  
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Fracture toughness (K1C) has been reported to correlate to clinical fractures of resin 
composites [50]. Low concentrations of FA (10 and 20 wt%) led to a significant 
reduction in the fracture toughness compared to the FA-free specimens and higher 
FA concentrations. SEM analysis of fractured composite specimens showed typical 
features of failure mechanisms; cracks were initiated from the pre-cracked area, 
which then continued to extend through the filler/resin interface and detached 
individual FA crystals protruding on one surface and leaving hexagonal spaces on 
the opposing surface. However, interesting observations were found in 30FA and 
40FA composites where distinctive fracture toughening mechanisms were identified 
including crack deflection and bridging. These mechanisms often act together in 
which crack deflection leads to crack bridging [58] similar to natural tooth tissues by 
which the enamel and dentine are toughened [59–61]. The unique morphology of FA 
crystals allowed microscopic crack deflection and crack bridging which sustained a 
portion of the applied load that otherwise would have gone towards crack extension. 
Therefore, we hypothesise that the increased fracture toughness of 30FA and 40FA 
could be attributed to the crack interacting with FA crystals/bundles which were more 
prevalent as FA wt% increased. This study therefore highlights the importance of 
filler morphology as well as amount of filler in affecting key mechanical properties. 
Fracture toughness is an intrinsic material property and should be independent of 
test method. However, this is not the case for dental composites and there are 
limitations in using the SENB method for measuring fracture toughness, as indeed 
there are for all fracture toughness testing methods [35]. In particular, for SENB 
testing, there are issues in introducing a consistent sharp pre-crack into the samples 
and the effect of slow crack growth in samples prior to testing. The original standards 
from which this test arises are based on metals and require the pre-crack to be 
introduced by fatigue. This is not feasible for dental composites and hence authors 
have used cutting wheels/ blades to introduce a sharp crack into samples for SENB 
testing. It is important that great care is taken in this stage of sample preparation. 
The Academy of Dental Materials in their recent guidance [57] recommended the 
use of the SENB test for fracture toughness measurement, whilst recognising the 
difficulties inherent in introducing true pre-cracks and the variations between studies 
that this introduces. A recent study by Alshabib et al. [62] on hydroxyapatite short 
fibre reinforced dental composites recorded fracture toughness values using SENB 
of 0.96 – 2.14 MPa.m1/2 similar to those recorded in the current study. The authors 
noted that genuine differences between samples could be seen as specimen 
preparation and measurement conditions were constant. 

0FA specimens generally exhibited high flexural strength, flexural modulus and 
fracture toughness values. The 0FA specimens contained only silane-coated barium 
glass particles as the filler phase, meaning that there was likely to be good 
integration between the matrix and the filler phase in the polymerised composite, a 
factor that has been previously shown to be necessary for optimum composite 
mechanical properties [63–65]. FA rods were not silane coated, meaning that only 
the primary filler phase would interact with the matrix. This lack of coupling on filler 
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particles can lead to the particles acting like large inclusions, increasing the risk of 
crack initiation and propagation under applied stress [16,22,25,66]. In future, it would 
be valuable to investigate the effect of surface coupling of the FA crystals on the 
mechanical properties of FA composites. However, it is important to realise that 
silane coating of bioactive fillers can affect the water adsorption and solubility of 
composites containing them [67], which could potentially reduce the ion release of 
bioactive composites, so there may be a compromise between optimising 
mechanical properties and maintaining bioactivity. 

FA containing composites showed high microhardness values, comparable to most 
highly filled commercial composites. The addition of FA had no effect on the 
microhardness irrespective of the FA concentration. As a direct correlation has been 
established between the filler content and dental composite microhardness 
[64,65,68,69] it is likely that the high microhardness values measured here are 
attributed to their high overall filler content, which was kept constant, rather than the 
type of filler.  

The wear resistance of all FA containing composites was similar to 0FA. All of the FA 
composites had a filler volume fraction greater than 60vol%, which has been shown 
to be the minimum threshold value to maintain adequate mechanical strength and 
wear resistance [70]. However, the wear process remains complex and the 
mechanism of wear was different between FA containing composites and 0FA. SEM 
images showed similar patterns of wear across the experimental groups with three 
dominant features; (1) cracks running through the matrix in the direction of wear, (2) 
displacement of individual FA rod-like crystals and (3) evidence of the assemblies of 
bundles of FA crystals wearing at the same rate as the composite. Generally 
combinations of wear mechanisms were present across all composite groups, 
however FA composites showed a secondary adhesive wear mechanism where 
isolated FA crystals were transferred onto the abrading antagonist by cold welding 
through friction [71,72]. 

Fluoride has been identified as an effective agent in slowing caries progression 
through enhancing the remineralisation and reducing the demineralisation of enamel 
and dentine [73]. Therefore, the idea of fluoride releasing restoratives is very 
attractive to maintain constant fluoride release in the mouth and in close proximity to 
demineralising tooth tissue. Under acidic conditions, all FA composites released 
statistically significant amounts of fluoride when compared to the control groups 
(p<0.05). Under neutral conditions, no fluoride release was detected from the FA 
composites and the control groups. The amount of fluoride release of restorative 
materials varies in the literature and is dependent on the type of storage medium 
[74]. Generally, the highest amount of fluoride release is shown to be in acidic 
environments [75].  

The pattern of fluoride release was similar for the FA composites, being highest in 
the first day and diminishing subsequently. The fluoride release was proportional to 
square-root time, with the rate of release increasing proportional to the concentration 
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of FA in the composite. Despite the fluoride release being proportional to time, at 
early time points, all the FA composites exhibited a non-linear response, indicating 
that there was an initial burst-release phase [74]. This pattern is similar to most 
restorative materials where initial high amounts of fluoride release is detected within 
24-48 hours, which rapidly diminishes with time and long term release continues at 
much lower rates [75,76]. The amount of fluoride released from the FA composites 
was significantly lower than that released from GICs, for instance an order of 
magnitude lower than the levels reported by Karantakis et al. [75]. 

However unlike the currently available fluoride releasing restorative materials such 
as glass ionomer cements, the developed FA composites showed no release under 
neutral conditions. Fluorapatite has been reported to be chemically stable but known 
to release fluoride under acidic conditions. The results of this study showed that FA 
maintained the same behaviour when added to resin composites. All FA composites 
released fluoride when they were subjected to pH 4 medium due to the dissolution of 
FA crystals. Since enamel demineralisation starts when the pH drops below 5.5, FA 
composites could be a suitable restorative material to minimise demineralisation and 
progression of recurrent caries around resin composites. Therefore, FA composites 
could potentially be considered as a “smart” restorative that releases fluoride only 
when it is required as the pH drops in the oral cavity [77]. To date, there has been no 
consensus on the amount of fluoride required for a restorative material to be 
effective against recurrent caries; however it is generally suggested that the effect of 
fluoride releasing restoratives is mostly due to the localised fluoridation adjacent to 
the demineralisation zones rather than elevation of fluoride levels in saliva. It has 
been reported that localised small amounts of fluoride approximately in the ranges of 
0.03-0.08 ppm and 0.63-1.3 µg F-/cm2/day is sufficient to shift the equilibrium from 
demineralisation to re-mineralisation [74,78]. Therefore all FA composites showed 
fluoride release within the range considered to be effective in preventing 
demineralisation. In addition to that, the amount of fluoride is considerably higher 
when compared to the commercially available fluoride releasing dental composite 
[75,79]. 

It was evident from the SEM images that the mechanism by which fluoride was 
released from the FA composites was due to the dissolution of the FA crystals when 
subjected to acidic environment. The initial high daily release followed by a reduced 
but sustained release may simply be due to the fact that at extended time points, 
there was little FA remaining. SEM showed that the FA rods could be completely 
dissolved at these time points, leaving holes where crystals had been once; it is 
acknowledged that this may impact on the mechanical properties of the materials. 
However it is important to note that this was a vastly accelerated degradation study 
and that a patient’s exposure to acid in the oral cavity is infrequent and episodic in 
nature and that saliva effectively buffers the acid challenges a patient experiences 
due to eating/drinking [33]. Nevertheless, it would be worth evaluating the 
mechanical properties of these materials following fluoride ion release and in using 
pH cycling models to mimic the demineralisation and remineralisation processes. 
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This may provide further insight into the behaviour of FA composites which might be 
a suitable “smart” composite that react with the surrounding environment and may 
prevent recurrent caries progression. Surface coupling may further enhance the 
mechanical properties of FA composites; conversely the fluoride releasing properties 
may be affected. Therefore, further research is suggested to investigate the 
possibility of surface coupling of FA followed by re-evaluation of the materials 
properties. 

In summary, this study suggests an alternative approach to introduce bioactive 
properties to resin composites by incorporating synthesised fluorapatite as 
secondary filler. Novel fluorapatite containing resin composites were successfully 
produced which exhibited adequate key physical and mechanical properties. 
Additionally these novel formulations have the advantage of short and long term 
fluoride ion release. 

5. Conclusions  

Highly filled experimental composites were successfully produced incorporating FA 
as secondary filler; the addition of FA affected key physical and mechanical 
properties. The unique morphology of FA crystals enhanced fracture toughening 
mechanisms in FA containing composites leading to increased fracture toughness 
when higher concentrations of FA were used. FA containing composites showed 
short and long term fluoride release under acidic conditions showing a promising 
step towards a potential “smart” fluoride releasing dental composite. 
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