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Abstract. 
Fluorapatite-zinc oxide (FAp-ZnO) composite nanopowders were successfully prepared via mechanochemical process. Characterization of the products was carried out by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) analysis, energy dispersive X-ray spectroscopy (EDX), and field-emission scanning electron microscopy (FE-SEM) techniques. Results revealed that in the absence of ZnO which produced by hydrothermal method, the single-phase FAp had high-crystalline structure with appropriate morphological features. Furthermore, after 5 h of milling in the presence of 5 wt.% ZnO, FAp-5 wt.% ZnO, composite nanopowders with no impurity phase was obtained. Structural studies illustrated that the milling up to 5 h was not accompanied by a remarkable change in the structural features. Moreover, the gained composite powders presented an average crystallite size of about 40 nm for FAp. The FE-SEM observations indicated that the experimental outcome had a cluster-like structure which consisted of several small particles. Finally, results propose a new approach to prepare commercial amounts of novel FAp-based composite nanopowders with high quality and suitable structural and morphological features.


1. Introduction
Bioceramics and their composites are potential group of materials for medical applications, particularly for implants in orthopaedics, maxillofacial surgery, and dental implants [1]. In the recent years, fluoridated hydroxyapatite [fluorhydroxyapatite; FHAp, Ca10(PO4)6(OH)2−2xF2x/fluorapatite; FAp, Ca10(PO4)6F2] has attracted much attention as a promising material to replace hydroxyapatite (HAp, Ca10(PO4)6(OH)2) in biomedical applications [2, 3]. It is found that the incorporation of fluoride ions into the HAp structure considerably increases the resistance of HAp to biodegradation and thermal decomposition [4]. In addition, fluoridated hydroxyapatite could provide better protein adsorption [5] and comparable or better cell attachment than HAp [6]. This substitution also has positive effects on proliferation, morphology, and differentiation of osteoblastic-like cells and promotes the bioactivity [4].
Due to the remarkable interest related to the specific properties of the calcium phosphate-based composites [7–13], recent studies were focused mostly on the synthesis and characterization of HAp- and FHAp-based nanocomposites with appropriate structural features as well as mechanical properties. However, an ideal reinforcing material for calcium phosphate-based composites has not yet been found and control over nanocomposite characteristics is a challenging task. In spite of a large number of studies on the synthesis of HAp- and FHAp-based composites, methodical investigations were not performed on the preparation of FAp-ZnO composite nanopowders. Therefore, preparation and characterization of FAp-ZnO composite nanopowders as a novel bioceramic provided the main goal for current research. To date, several approaches, including wet chemical methods [14, 15], hydrothermal processes [16], solid-state reaction [17], and sol-gel method [18], have been developed for the synthesis of nanobioceramics. Among them, mechanochemical process has been extended for the production of a wide range of advanced materials [19, 20]. The prominent features of this technique are that melting is not essential and that the products have nanostructural characteristics [17, 19, 20].
In this research, we investigate the possibility of using mechanochemical process to synthesis of FAp-ZnO composite nanopowders. According to the literature [21], ZnO is very popular in the daily dental practice, because it is the main substitute of some polycarboxylates, in temporary dental cement powders, or in the formula of dental impression materials. In vitro studies have shown that Zn has direct, specific proliferative effect on osteoblastic cells and a potent and selective inhibitory effect on osteoclastic bone resorption. In addition, a recent report has also exhibited a clinical relationship between osteoporosis and Zn deficiency in elderly subjects [22]. Thus, we present for the first time an experimental result of FAp-ZnO composite nanopowders via mechanochemical process. Moreover, structural features (crystallite size, lattice strain, and crystallinity) and morphological characteristics (particle size and shape, particle distribution, and agglomeration) of the composite nanopowders were investigated by using XRD, FT-IR, EDX, and FE-SEM techniques. 
2. Materials and Methods
2.1. Preparation of ZnO Powder
All chemicals were of analytical grade and were used without further purification. In a typical process, the precursor solutions were prepared by mixing Zn(NO3)2·6H2O (0.05 M) with methenamine ((CH2)6N4, 0.1 M) while keeping their volume ratio at 1 : 1. Before being  transferred into a Teflon container with about 500 mL capacity, the mixed solution was sonicated for about 30 min with a rotational speed of 1000 rpm. Afterward, 400 mL of clear precursor solution was transferred into a Teflon container and was sealed in an autoclave, and then heated at 95°C for 2 h. Finally, the products were washed three times with distilled water and ethanol, and then dried at room temperature.
2.2. FAp-ZnO Composite Nanopowders Preparation
Commercially available calcium oxide (CaO, Merck), phosphorous pentoxide (P2O5, Merck), and calcium fluoride (CaF2, Merck) were used as starting reagents. The mechanochemical process was carried out in a high-energy planetary ball mill at room temperature under ambient air atmosphere without using any process control agent (PCA). Millings were performed in the sealed Polyamide-6 vials (vol. 125 mL) using Zirconia balls (20 mm in diameter) with a rotational speed of 600 rpm. The weight ratio of ball-to-powder in all samples was 20 : 1. In order to avoid excessive temperature rise within the grinding vial, 45 min ball milling duration was followed by an interval of 15 min. The objectives of milling were two: to demonstrate synthesis of nanocrystalline FAp, and to produce the homogeneous FAp-ZnO composite nanopowders (reaction 1). 								
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For the first aim, we utilized the mechanochemical process; the details of this method were explained in our previous work [23]; in summary, the powder mixture were ground on a high-energy planetary mill and were milled for 5 h. For the second aim, distinct amount of ZnO powder (5 wt.%) mixed with calcium oxide, phosphorous pentoxide, and calcium fluoride powder blend (reaction 1), and then were milled in planetary ball mill for 5 h.
The powder X-ray diffraction measurements were carried out by a Philips X-ray diffractometer (XRD) with 
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 radiation. Structural features of the powder samples were determined by using “PANalytical X’Pert HighScore” software from the XRD data. The obtained experimental patterns were compared to standards compiled by the Joint Committee on Powder Diffraction and Standards (JCPDS), which involved card no. 15–0876 for FAp, and no. 036–1451 for ZnO. Crystallite size and lattice strain of the composite nanopowders were determined by using the XRD data according to the following equations [19]: 
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where b (in radians) is the structural broadening, which is the difference in integral profile width between a standard, and the unknown sample and K, λ, D, E, and θ are the shape coefficient (value between 0.9 and 1.0), the wavelength of the X-ray used (0.154056 nm), crystallite size, lattice strain, and the Bragg angle (°), respectively. The crystallite size and lattice strain determination of the samples was repeated two times for two groups of peaks; one group was (0 0 2), (2 1 1) and (3 0 0), and another was (2 2 2), (0 0 4) and (2 1 3) miller’s planes family; their average being reported as crystallite size and lattice strain.
On the other hand, the relationship between lattice spacing (d) and lattice parameters (a, b, and c) of the hexagonal structures (FAp and the FAp in the composite) was expressed as [24]
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							where h, k, l are the Miller indices of the reflection planes. The (0 0 2) and (3 0 0) reflections were chosen for the lattice parameters calculation. 
The change of the lattice parameter of ZnO nanopowder was calculated using the following equation [25] 
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Meanwhile, volume 
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 of the hexagonal unit cell was determined by the following formula [9]:
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In addition, the crystallinity of FAp and FAp in the composite was determined from the XRD data using the following equation [26]:
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							where Xc, K, and 
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 are crystallinity, a constant found equal to 0.24, and FWHM (°) of selected reflection peaks, respectively.
Fourier transform infrared (FT-IR) spectra were recorded using a JASCO (680 Plus) spectrometer in the range of 4000–400 cm−1 using KBr pellets. Energy dispersive X-ray spectroscopy (EDX) was used for semiquantitative examination of the samples. The size and morphology of fine powders and agglomerates were observed on a field emission scanning electron microscope (FE-SEM Hitachi S1831) that operated at the acceleration voltage of 15 kV. Prior to FE-SEM analysis, the milled powders were suspended in ethanol and dispersed ultrasonically for 3 min. Subsequently, the powder samples were coated with gold for more electronic conduction. 
3. Results and Discussion
Figure 1(a) shows the XRD patterns for the prepared ZnO powder. For comparison, the XRD pattern for the standard sample (JCPDS#036–1451) is also shown in the same figure (Figure 1(b)). The XRD patterns show that the produced sample was high purity polycrystalline ZnO which had hexagonal wurtzite structure (space group P63mc) with lattice parameters, a and c, of 3.241 and 5.293 Å, respectively. In addition, comparative graph (Figure 1(c)) reveals that the experimental outcome was single-phase ZnO with complete agreement with the standard sample (JCPDS#036–1451). Figures 1(d) and 1(e) present the typical morphology of the ZnO powder. From the FE-SEM observations, it is clear that rods with closed-end and regular hexagonal sections were the dominant morphology. The detailed morphology of the ZnO powder can be seen under higher magnification in Figure 1(e). The rod-like particles have a diameter of about 200 nm–1.5 μm and a length of about 1–3 μm.


	
		
			
		
		
			
		
		
			
		
			
	
	
	
	
	
	
	
		
			
		
		
			
		
		
			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
	
	
	
	
	
		
		
	
	
	
		
		
	
	
	
		
		
	
	
	
		
		
	
	
	
		
		
	
	
	
		
		
	
	
	
		
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
	
	
	
		
		
	
	
	
		
		
	
	
	
		
		
	
	
		
	
	
	
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
	
	
		
	
		
	
		
		
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	
	
		
	
		
	
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
			
		
		
			
				
			
		
	
	
		
	
	
	

Figure 1:  (a) XRD patterns for the prepared ZnO powder, (b) XRD pattern for the standard sample (JCPDS#036–1451), (c) comparative graph, and (d-e) typical morphology of the ZnO powder.


Figure 2(a) shows the XRD profile of CaO, P2O5, and CaF2 powder mixture in the absence of ZnO powder after mechanical activation for 5 h. For accurate assessment, the XRD pattern of the standard sample (JCPDS#15–0876) ispresented in the same figure (Figure 2(b)). Due to very high hydrophilicity of P2O5, phosphoric acid was formed immediately upon addition of P2O5 to the reaction mixture; thus, characteristic peaks of P2O5 could not be observed in XRD profile. According to XRD pattern, the product of mechanochemical process was nanocrystalline single phase FAp. FT-IR spectrum of CaO, P2O5, and CaF2 powder mixture after 5 h of milling is shown in Figure 2(c). This spectrum confirms the presence of functional groups that determine the composition of the product and the changes happened during the mechanochemical process. In the FT-IR spectrum, two bands relating to the vibration of the adsorbed water in the apatite structure were detected [3]. A doublet appears at 1428 and 1455 cm−1 corresponding to 
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 sites of apatite lattice (B-type substitution) [27]. It has been reported that this kind of apatite is more similar to biological apatite and could be more suitable for bone replacement materials [3]. The characteristic peaks of the phosphate group,