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Abstract:

 In order to obtain the properties of the sintered as-dried calcium phosphate with [Ca]/[P] = 1.50, the characteristics of sintered pellets have been investigated using X-ray diffraction (XRD), inductively coupled plasma-mass spectrometry (ICP-MS), Fourier-transform infrared (FT-IR) spectra, Vickers hardness indentation and scanning electron microscopy (SEM). When the pellet samples were sintered between 700 °C and 1200 °C for 4 h, the hydroxyapatite (Ca10(PO4)6(OH)2, HA) still maintained the major phase, accompanied with the rhenanite (NaCaPO4) as the secondary phase and β-tricalcium phosphate (β-Ca3(PO4)2, β-TCP) as the minor phases. In addition, the HA partially transformed to α-tricalcium phosphate (α-Ca3(PO4)2, α-TCP) and tetracalcium phosphate (Ca4(PO4)2O, TTCP), when the pellet samples were sintered at 1300 °C and 1400 °C, respectively, for 4 h. The maximum density and Vickers Hardness (HV) of sintered pellet samples were 2.85 g/cm3 (90.18% theoretical density (T.D.)) and 407, which appeared at 1200 °C and 900 °C, respectively.
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1. Introduction

Stoichiometric hydroxyapatite (Ca10(PO4)6(OH)2, HA) possesses the excellent properties of a nontoxic, biocompatible, osteoconductive, bioactive, nonimmunogenic agent and it is noninflammatory, i.e., it has the ability to form a direct chemical bond with living tissue as reported by Currey [1]. Dense sintered hydroxyapatite (HA) is very important for tooth root replacement, bone reparation, pulp capping, augmentation of alveolar ridges and maxillofacial reconstruction, etc. in clinical application [2]. Fathi et al. [3] have pointed out that the recent research trend in the bioceramic field is focused on solving the limitations of calcium phosphates, precisely HA ceramics and in improving their biological properties via exploring the unique advantages of nanotechnology. In addition, due to the fact that the bone mineral crystals are nano-sized with a very large surface area, these crystals are grown in an organic matrix and have very loose crystal-to-crystal bonds leading to homogeneous resorption by osteoclasts [3]. However, the micron size of HA presents a low surface area and has strong crystal-to-crystal bonds. In addition, bone mineral also presents a higher bioactivity compared with synthetic hydroxyapatite [4]. Due to the fact that large-scale bone defects are difficult to restore by autologous bone which is attributed to the extraction of large amounts of autologous tissue leading to problems on the donor’s side such as morbidity or iliac wing fractures [5–7]. In order to solve the problem of those defects, the solid implants consisting of synthetic materials for reconstructing bone and supporting it mechanically, products such as bio-substitute (or bone substitute) implants [8] are used.

In order to enhance the mechanical properties of sintered HA, the properties of the precursor powders have been studied by controlling the important parameters, such as particle size and shape, particle size distribution and agglomeration [9,10]. Engineering HA in the submicron to nanometer range gives it amazing functional properties due to its small crystal size, large surface area to volume ratio, and ultrafine structure similar to biological apatite, which has a great impact on the implant-cell interaction in a body environment. Furthermore, osteoconductivity, solubility, and mechanical reliability of HA can be promoted by controlling its particle size and structural morphology on the nanoscale [11–14].

Many methods for synthesizing HA have been reported, such as sol-gel process [3,15], wet synthesis [10], and the hydrothermal method [16,17]. Using wet processes for preparing HA powders usually results in a fine crystallite size, even submicrons to nanocrystalites, which are better accepted by the host tissue [18,19]. The submicron range of HA powders exhibits a large surface area that can lead to improved sinterability and enhanced densification. Densification of HA is usually achieved via compaction and sintering. The sintering temperature is an important factor that adversely affects the strength of HA [20]. The functional group OH− in the HA matrix can be eliminated by dehydration at a high sintering temperature, but this also causes some HA decomposed leading to formation of α-tricalcium phosphate (α-Ca3(PO4)2, α-TCP), β-tricalcium phosphate (β-Ca3(PO4)2, β-TCP) and tetracalcium phosphate (Ca4(PO4)2O, TTCP) as reported by Zhou et al. [21]. In addition, Wang and Chaki [22] also pointed out that when HA was sintered in air for 4 h, the density, Knoop hardness and flexural strength of sintered bodies increased with sintering temperature, reaching a maximum at around 1150 °C and then decreasing because of the decomposition of HA into TCP and TTCP. On the other hand, Kameshet et al. [13] also pointed out that the stoichiometric HA sintered between 1000 °C and 1300 °C indicated that no secondary phases such as TCP were present in the HA lattice. The high temperature phase stability of the stoichiometric HA was obtained by sintering at a higher temperature of 1350 °C. In order to understand the sintering ability and phase stability of non-stoichiometric HA, a ratio of [Ca]/[P] = 1.50 work was chosen in the present study. This value is small than the stoichiometric value of 1.67 but near this value. Moreover, the properties of sintered calcium phosphate powders with [Ca]/[P] = 1.50 were studied in detail.

In the present study, the properties of sintering as-dried calcium phosphate powders with [Ca]/[P] = 1.50 have been investigated using inductively coupled plasma-mass spectrometry (ICP-MS), X-ray diffraction (XRD), Fourier-transform infrared (FT-IR) spectra, Vickers hardness indentation and scanning electron microscopy (SEM). The objects of the present study are: (i) to evaluate the phase stability of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 and self accompanying Na2CaPO4 after sintering, (ii) to evaluate the density and hardness of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 and self accompanying NaCaPO4 after sintering and (iii) to observe the microstructure of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 and self accompanying NaCaPO4 after sintering.



2. Results and Discussion


2.1. Phases of As-Dried Calcium Phosphate Powders with [Ca]/[P] = 1.50 after Sintering

The element composition of as-dried calcium phosphate powders determined by ICP-MS analysis is listed in Table 1. This ratio shows that calcium deficient hydroxyapatite was obtained [14]. However, this value is very close to the starting design. Therefore, in the present study, [Ca]/[P] is denoted as 1.50.

Table 1. The element composition of as-dried calcium phosphate powders.


	Element
	Concentration (mg/L)
	Concentration (mmol/L)





	Na
	57
	2.5



	Ca
	3971
	99.27



	P
	2026
	67.53








Figure 1 shows the particle distribution of the as-dried calcium phosphate powders. It can be seen that the distribution was between 0.84 μm and 1.2 μm. Moreover, Figure 1 also shows that the particle size was concentrated at 1.0 μm. This phenomenon due to the fact that as-dried HA powders were synthesized by the wet-chemical routes, where agglomeration can occur during the drying step.

Figure 1. The size distribution of the as-dried calcium phosphate powders with [Ca]/[P] = 1.50.
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Figure 2a shows the XRD pattern of the as-dried calcium phosphate powders with [Ca]/[P] = 1.50. It can be seen that there is only a single phase of HA. In addition, boarding and weak intensity of the HA reflections is also seen in Figure 2a, which are due to the poor crystallinity and/or the crystallite size of the as-dried calcium phosphate powders being in the submicron to nanometer scale [23].

Figure 2. The X-ray diffraction (XRD) pattern of pellet sample of calcium phosphate powders with [Ca]/[P] = 1.50. (a) As-dried state and (b) Sintered at 600 °C for 4 h (○: HA, ■: NaCaPO4, ⋆: β-Ca3(PO4)2).
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The XRD pattern of the pellet sample of the as-dried calcium phosphate powders with [Ca]/[P] = 1.50 was sintered at 600 °C for 4 h as shown in Figure 2b. It reveals hydroxyapatite (Ca10(PO4)6(OH)2, HA) (JCPDS Card No. 9-432) as the major phases with the rehenanite (NaCaPO4, JCPDS Card No. 76-1456) as the secondary phase and β-TCP (JCPDS Card No. 86-1585) as the minor phase. The peak positions (2θ) at 31.90, 32.26, 32.98 and 53.24 correspond to the (211), (112), (300) and (004) reflections of HA, respectively. However, the split of (211) and (112) reflections is not complete due to the fact that HA is not fully crystallized from the pellet sample of as-dried calcium phosphate powders when sintered at 600 °C for 4 h.

Fathi et al. [3] used P2O5 and Ca(NO3)2 · 4H2O as starting materials to synthesize the HA nanopowders and pointed out that a poor crystalline nature of the HA crystal structure with broad diffracted peaks was obtained. Moreover, the phase of CaO was observed when sintered between 750 and 900 °C. These results do not agree with the results in the present study. Fathi et al. [3] also pointed out that the additional crystalline phase of TCP appeared when sintering between 700 and 900 °C due to HA decomposition. This result is in agreement with the present work.

Figure 3 illustrates the XRD pattern of the pellet sample of as-dried calcium phosphate powders as sintered at 700 °C for 4 h. It can be seen that while HA still is maintained as the major phase, NaCaPO4 and β-TCP are found to as the minor phases. Moreover, although the split of (211) and (112) reflections is clearly more than that found when sintered at 600 °C, it is still not complete. This phenomenon is due to the fact that the atoms in the pellet sample of calcium phosphate powders do not obtain sufficient energy for atom rearrangement at the HA lattice to induce the incomplete crystallization of HA.

Figure 3. XRD pattern of the pellet sample of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at 700 °C for 4 h (○: HA, ■: NaCaPO4, ⋆: β-Ca3(PO4)2).
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Figure 4a shows the XRD patterns of the pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered between 800 °C and 1200 °C for 4 h. It can be seen that the HA is still maintained as the major phase, and the NaCaPO4 and β-TCP are the minor phases. Moreover, the split of (211) and (112) reflections of HA becomes complete at the sintered temperature. This result is attributed to the fact that sintering at a temperature higher than 1000 °C for 4 h only increases the lattice of HA. On the other hand, Figure 4b shows the enlarged view of the Bragg’s (2θ) from 30 to 35° of Figure 4a, which reveals the HA as the predominant phase and NaCaPO4 phase as the secondary phase for calcium phosphate.

Figure 4. (a) XRD patterns of pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered between 800 °C and 1200 °C for 4 h and (b) zoom on the 30–35° (2θ) area (○: HA, ■: NaCaPO4, ⋆: β-Ca3(PO4)2).
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XRD patterns of the as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at 1300 °C and 1400 °C for 4 h are shown in Figure 5a. It can be seen that when sintered at 1300 °C, the partial HA decomposition leads to the formation of α-tricalcium phosphate (α-Ca3(PO4)2, α-TCP, JCPDS card No. 09-0348), β-TCP and tetracalcium phosphate (Ca4(PO4)2O, TTCP, JCPDS card No. 11-0232). When sintered at 1400 °C, the phases in the XRD pattern are similar to that sintered at 1300 °C.

Figure 5. XRD patterns of pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at (a) 1300 °C and (b) 1400 °C for 4 h (α: α-TCP, ■: NaCaPO4, ⋆: β-Ca3(PO4)2, ○: HA, ×: Ca2P2O7).
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When the sintering temperature is between 1300 °C and 1400 °C, the HA partially decomposes and transforms into α-TCP, TTCP according to the following reaction [24]:



[image: there is no content]



(1)




Liu et al. [23] have denoted the HA decomposition into α-TCP, β-TCP and CaO at 1180–1250 °C. In addition, HA decomposes into β-TCP and CaO when the sintering temperature was increased from 600 °C to 700 °C or higher as reported by Fathi et al. [3]. Ramesh et al. [13] have pointed out that if HA powders are synthesized with calcium hydroxide and orthophosphate acid as raw materials and the product powders are sintered between 1000 °C and 1300 °C, no secondary phases appear in the HA lattice. Moreover, if HA powders are obtained with H3PO4 and CaO as raw materials, then HA decomposes into β-TCP when the samples are hot-pressed at 1000 °C for 1 h and sintered at 1200 °C for 2 h, as also reported by Tang et al. [14]. Furthermore, Wang and Chaki [22] used Ca(NO3)2·4H2O and (NH4)2·HPO4 as the starting materials for synthesizing HA powders. When these product powders were sintered at 1100 °C for 4 h in air, HA started to decompose into β-TCP. Upon heating to 1300 °C, the peaks of TTCP appear. After sintering at 1350 °C for 4 h, some of the β-TCP converted to α-TCP. Therefore, in the present study, the reaction of Equation 1 occurs at 1300 °C is attributed to various raw materials used and different synthesized process [3,14,22,25].

According to Figures 2–5, the small amount of NaCaPO4 appears to be due to the incorporation of Na+ in the synthetic HA [26]. Furthermore, in Figures 2–4, the XRD diffraction peaks of HA shift to a higher angle by 0.05–0.13° of 2θ, which indicates that the lattice of HA is due to the loss of OH radicals [22,24,27].

From the result shown in Figures 2–5, the phase transformation of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 can be divided to two stages: (i) from 600 °C to 1200 °C as principal stage, and (ii) from 1200 °C as high temperature stage. Moreover, the NaCaPO4 first appears at 600 °C and still persists up to 1400 °C.

On the other hand, according to the results of XRD except for the intensity of HA, NaCaPO4 and β-Ca3(PO4)2, the other minor phases can be neglected. Then, the volume fraction of the NaCaPO4 can be estimated by the following modified formula [28]:
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(2)




where IHA (211), INa (611), and Iβ (020) refer to the relative intensity of (211), (611) and (020) of the HA, NaCaPO4 and β-Ca3(PO4)2 phases, respectively.

According to the results of Figures 2–5 and calculated by Equation 2, the results indicate that the volume fractions of NaCaPO4 in the sintered pellets are about (15 ± 1)%.

When the pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 were sintered between 600 °C and 1200 °C for 4 h, the results of XRD patterns show HA as the major phase. Ishikawa et al. [25] have pointed out that most of this is calcium-deficient hydroxyapatite (d-HA, Ca10−x(HPO4)x(PO4)6−x(OH)2−x·xH2O, for 0 < x ≤ 1) are supposed to decompose into β-TCP and stoichiometric HA (s-HA) with a slow reaction rate over 650 °C and still continue even above 1000 °C. However, according to Figures 2–5, only small amounts of β-TCP appeared when the sintering temperature was lower than 1400 °C. Ardo and Matsuno [29] investigated the Ca3(PO4)2-CaNaPO4 system and found that NaCaPO4 dissolved a large amount of β-TCP when heated between 650 °C and 980 °C, containing 50.5% to 97% NaCaPO4 to form an NaCaPO4 solid solution. Therefore, in the phase of β-TCP, only small amounts appeared when the sintering temperature was lower than 1200 °C in the present study and this was due to the formation of a NaCaPO4 solid solution, which inhibited the formation of other phases of calcium phosphate.

Wang and Chaki [22] have pointed out that when HA sintered at 1100 °C and 1350 °C in air for 4 h, it started to decompose and convert into β-TCP. The phase of TTCP appeared when sintering at 1300 °C. Some of the β-TCP converted to α-TCP when sintering at 1350 °C. In the present study, the decomposition of HA partially started to convert into α-TCP and TTCP when sintering in air at 1300 °C for 4 h. This result is in agreement with the report of Wang and Chaki [22].

On the other hand, Moseke and Gbureck [30] have pointed out that TTCP is the only calcium phosphate with a [Ca]/[P] ratio greater than 1.67, and it is formed in the system of CaO-P2O at temperatures greater than 1300 °C. Moreover, due to the fact that TTCP is metastable, the synthesis of phase-pure TTCP requires either a rapid quench or the absence of moisture to prevent decomposition into HA and lime in the temperature range of 1000–1200 °C [31]. In the present study, the composition of HA partially formed α-TCP, TTCP and H2O. The decomposition of TTCP to form HA and CaO, and the reaction of HA decomposing to α-TCP, TTCP and H2O, seems to be a thermodynamical process. This result is not in agreement with the report of Moseke and Gbureck [30], but in agreement with the report of Lin et al. [24].



2.2. FT-IR Spectra of Pellet Samples of As-Dried Calcium Phosphate Powders with [Ca]/[P] = 1.50 as Sintered at Various Temperatures for 4h

Figure 6 shows the FT-IR spectra of pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at various temperatures for 4 h. It can be seen that the spectra at 3697, 3642 and 3570 cm−1 are related to the stretching vibrations of the free hydroxyl group and that 630 cm−1 is linked to the OH− libration mode [32,33]. There are CO32− ν3 bonds at 1420 and 1486 cm−1 [33]. In addition, the bands located in the range of 1042 and 1090 cm−1 are consistent with phosphate group absorption in HA [33]. Moreover, the band at 873 cm−1 indicates the n2 mode of a CO32− group for some carbonated HA (Ca10(PO4)6(CO3), CHA) formed [33–35] or an HPO4 group [3]. The PO43− ν1 mode at 980 cm−1 reveals the presence of asymmetric HA [35], when sintering between 600°C and 1200 °C. However, when sintering at 1300 °C and 1400 °C, the PO43− ν1 mode at 980 cm−1 disappears. This result corresponds to the XRD results. Furthermore, it can also be seen that there is the PO43− ν4 mode at 570 and 601 cm−1, and a PO43− ν2 mode at 504 cm−1, which reveals an apatite structure.

Figure 6. Fourier-transform infrared (FT-IR) spectra of pellet samples of as-dried calcium phosphate powders sintered at various temperatures for 4 h.
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In addition, the non-apatitic component CO32− of HA has the B-type preferred carbonate composition, which reveals the substitution of OH− (A-site) or PO43− (β-site). The CO32− at 873 cm−1 indicates the formation of B-site CHA [36]. This result is attributed to the fact that the CO2 in the air and water precipitate at with hydrolysis reaction according to the following equation:
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(3)




Therefore, the higher solubility of CO32− was obtained in the alkaline solution [36].

In Figure 6, it can also be seen that the 3570, 3642 and 3697 absorptions are more or less masked by the absorption of water. The OH absorption band for the sample sintered at 600 °C exhibits sharp peaks, whereas for the sample sintered at 1200 °C there is a reduction in intensity and these absorptions vanish when sintered at 1300 °C and 1400 °C for 4 h. This result reveals that the phase of hydroxyapatite is fully hydroxylated at 600 °C, but it is considerably dehydroxylated at a temperature higher than 600 °C [22]. The absorptions of 3570, 3642, 3697 decrease from 600 °C to 1200 °C due to the dehydroxylated occurring with the rise of the sintering temperature. This result is consistent with the lattice contraction found in the XRD results of Figures 2–4. Whereas the 3570, 3642 and 3697 vanished when sintered at 1300 °C and 1400 °C due to the HA partial decomposition into α-TCP and TTCP. These results coincide with Figure 6. The dehydrated material can be regarded as being composed of oxyhydroxyapatite, Ca10(PO4)6(OH)2−2xOx□x (□: vacancy, x < 1; OHA) with vacancies located on hydroxyl sites [22,37].



2.3. Density and Hardness of Pellet Samples of As-Dried Calcium Phosphate Powders with [Ca]/[P]=1.50 Sintered at Various Temperatures

Figure 7 shows the density of the pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at 800 °C for various durations. The results reveal that the density of sintered pellets was 2.07 g/cm3, which is only 65.50% of the theoretical density (T.D. 3.16 g/cm3 [20]) of HA when sintered at 800 °C for 1 min. The density of sintered pellets rapidly increased from 2.07 to 2.77 g/cm3 (87.66% T.D.) when sintered at 800 °C for 4 h. Kalita et al. [38] have pointed out that the mechanical properties of HA often improve significantly by adding a small amount of CaO-P2O5-Na2O-based sintering additives without altering its excellent biocompatibility and low sintering temperature. In the present study, although we did not add any sintering additive to the as-dried calcium phosphate powders, the density of sintered pellets rapidly increased with increasing sintering time from 1 min to 4 h because the NaCaPO4 formation promoted the sintering ability and enhanced the densification. Therefore, the phase of NaCaPO4 may be looked at as the sintering additives in the present study. After sintering at 800 °C from 4 to 24 h, the density of sintered pellets gradually decreased from 2.77 to 2.10 g/cm3 (66.46% T.D.). Sintering of HA is complicated by dehydroxylation and decomposition of HA at a higher temperature as reported by Wang and Chaki [22]. When the pellet samples of as-dried calcium phosphate powders were dehydroxylated, HA lost OH radicals upon heating [13] and longer hold times applied according to the following equation [23,27]:

Figure 7. The density of pellet samples of as-dried HA powders with [Ca]/[P] = 1.50 sintered at 800 °C for various durations.
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The hydroxyl ion-deficient product of Ca10(PO4)6(OH)2−2xO2□x was known as oxyhydroxy-apatite (OHA). In air, OHA was formed at around 900 °C [22]. In the present study, when sintering at 800 °C for 4 h, the density reached a maximum value, then decreased with sintering lime longer than 4 h. This result is due to the dehydroxylation reaction that rapidly occurred when sintering time was longer than 4 h.

The density of pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at various temperatures for 4 h is shown in Figure 8. It reveals that the density is only 2.38 g/cm3 (72.32% T.D.) for the pellet sample of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at 600 °C for 4 h. However, the sintering sample has sufficient strength to measure the density in water. The density increases from 2.77 g/cm3 to 2.90 g/cm3 (91.77% T.D.) when the sintering temperature was increased from 800 °C to 1100 °C. When sintering at 1200 °C, the maximum density of 2.85 g/cm3 (90.18% T.D.) was obtained. Then, the density decreased to 2.05 g/cm3 (64.87% T.D.) when sintering at 1400 °C for 4 h because HA partially decomposed into α-TCP and TTCP. In addition, the density of 2.85 g/cm3 is only 90.33% of T.D., i.e., it is still lower than the theoretical density (3.21 g/cm3) of NaCaPO4 [39].

Figure 8. The density of pellet samples with [Ca]/[P] = 1.50 sintered at various temperatures for 4 h.
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In the present study, the lower density of pellet samples was obtained when sintered at 600 °C for 4 h due to loss water of HA by dehydroxylation [22]. The density of sintering pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 increased from 2.38 to 2.85 g/cm3 with rising a sintering temperature from 600 °C to 1200 °C. This result was due to the NaCaPO4 increasing with increasing temperature. Moreover, the reaction of dehydroxylation also accompanied the OHA formation with NaCaPO4, as the sintering agent OHA has a good sinterability and, therefore, leads to an increased density. On the other hand, according to Figures 2–5, the decomposition of HA started at 1300 °C when sintering the pellet sample of as-dried calcium phosphate powders in air. However, the dehydroxylation of HA in air occurred at temperatures lower than 1300 °C [22] and enhanced the density increase with increasing sintering temperature.

It may be concluded that during sintering of HA, grain growth was accompanied by the creation of many vacancies in the apatite crystallites, and that the sintered product is OHA [40,41]. The increased reactivity in dehydration and the resultant vacancies may enhance sintering [40]. On the other hand, the densification of ceramics in a solid state sintering is a process of pore elimination, accomplished by a diffusion process through the transfer of matter from the particle volume or from the grain boundary between particles [42]. Thus, in the present study, it can be suggested that the transfer of matter from the particle volume was substantially enhanced with the sintering process.

On the other hand, the density decreased rapidly when the pellet samples were sintered at 1300 and 1400 °C due to the partial HA decomposition into α-TCP and TTCP [13,24]. The thermal decomposition was accompanied by the two steps of dehydroxylation and decomposition [43].

Figure 9 shows the surface Vickers Hardness (HV) of pellet samples of as-dried powders with [Ca]/[P] = 1.50 sintered at various temperatures for 4 h. The HV hardness of the sintered HA rapidly increases from 94.0 to 407 when the sintering temperature increases from 600 °C to 900 °C, then rapidly decreases to 150 when sintering at 1400 °C. The maximum hardness of the sintered HA with [Ca]/[P] = 1.50 is present at 900 °C, and is not present at 1200 °C.

Figure 9. The surface Vickers Hardness (HV) of pellet samples with [Ca]/[P] = 1.50 sintered at various temperatures for 4 h.
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The variation of the hardness of sintered pellets with sintering temperatures was not similar to that of density, indicating that the hardness was not only controlled by the bonding among the particles in the sintered compact, but also controlled by other factors such as grain size and secondary phases. The present result of hardness did not agree with the result of Wang and Chaki [22]. On the other hand, the hardness variation of the present study is also not in agreement with the general trend of hardness increase with rising sintering temperature [44,45].

In the present work, it was found that the hardness of sintered pellets decreased with increasing temperature beyond the point at which maximum hardness was obtained. The decreases in hardness observed for pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered above 900 °C (i.e., from 1000 to 1400 °C) could not be due to density effect but rather could be caused by the grain growth of HA.



2.4. SEM Microstructure of Pellet Samples of As-Dried Calcium Phosphate Powders after Sintering

Figure 10 shows the pellet samples of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at 800 °C for 24 h. A polygonal grain with a size of about 250–500 nm was observed. This result, due to the required energy for grain growth of HA, was obtained when sintering at 800 °C for a prolonged period of time. In addition, the NaCaPO4 (indicated by arrows) precipitated between the grain boundaries of HA, and pores were also observed.

Figure 10. Scanning electron microscopy (SEM) image of the as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at 800 °C for 24 h. The NaCaPO4 and pores are indicated by arrows.
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Figure 11 shows the pellet sample of as-dried calcium phosphate powders with [Ca]/[P] = 1.50 sintered at 1000 °C for 4 h. It can be seen that HA grains of a size of about 0.6–2.0 μm are observed, as well as CaO and residual pores.

Figure 11. SEM image of a calcium phosphate pellet with [Ca]/[P] = 1.50 sintered at 1000 °C for 4 h.
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Considering Figures 10 and 11, it is interesting to note that the rate of grain growth is very low when sintering at 800 °C. This is very important, as materials with a small grain size would normally result in enhanced mechanical properties when compared to the same materials having a larger grain size.

As mentioned above, the effects on the calcium phosphate pellets with [Ca]/[P] = 1.5 sintered between 700 and 1400 °C lead to a HA which possesses a good strength and hardness. In the present contribution, HA was obtained from the calcium phosphate powders with [Ca]/[P] = 1.5 prepared by hydrolysis of hydrogen phosphate dehydrate (CaHPO4·2H2O, DCPD). This result also reveals that in order to obtain the HA it is not necessary for the calcium phosphate to have the exact value of [Ca]/[P] = 1.67. With calcium phosphate powders with values of [Ca]/[P] smaller than 1.67, the HA structure is also obtained.




3. Experimental Section


3.1. Sample Preparation

The starting materials were hydrogen phosphate dehydrate (CaHPO4·2H2O, DCPD, purity ≥98.0%, supplied by Riedel-de Haën, Germany) and CaCO3 (purity ≥98.5%, supplied by Riedel-de Haën, Germany). DCPD and CaCO3 were dissolved in a deionized water and ethanol solution at a volume ratio of 1:5. The concentrations of DCPD and CaCO3 were 0.5 M. The ratio of [Ca]/[P] was designed as 1.5 for the synthesis process. The 0.5 M solution was 500 mL of 2.5 M NaOH solution (pH = 13.6, purity ≥90.0%, supplied by Showa, Japan), with CaCO3 added. Both mixtures were blended in an agitator with a speed of 200 revolutions per minute (rpm). When hydrolysis at 75 °C for 1 h attained the pH value of 11.0, then the reaction was terminated by cooling in ice water. The aggregates were filtered and then rinsed in deionized water five times. Subsequently, the product of calcium phosphate was dried at 60 °C for 12 h. Then, the as-dried calcium phosphate powders were obtained. In order to prevent the occurrence of serious agglomeration, the as-dried powders must be thoroughly. The as-dried powders were put in a laboratory ball mill using Al2O3 balls for 6 h. Then, the ground powders were put through an 80-mesh sieve.

The as-dried calcium phosphate powders were prepared in our laboratory. The fine powders were mechanically blended with 1 wt% PVA binder in a high-shear mill for 2 h and sieved after granulation. Each sample used 0.25 g as-dried calcium phosphate powders that were uniaxially cold-pressed at 23 MPa to form a pellet with a diameter of 10 mm.

Finally, some pellet samples were put in a sealed aluminum crucible and sintered at 800 °C for 1 min to 24 h, with a heating rate of 3 °C/min. Subsequently, the sintering pellet was cooled to room temperature at a rate of 5 °C/min. Moreover, other pellets were sintered between 600 °C and 1400 °C with a heating rate of 3 °C/min to each predetermined temperature for 4 h. Then, they were furnace cooled to room temperature at a rate of 5 °C/min. Each sintering condition was repeated five times, then the sintered samples for every condition were obtained.



3.2. Sample Characterization

The concentration of elements and ratio value of [Ca]/[P] detected by inductively coupled plasma-mass spectrometry (ICP-MS, ELAM 6100 DRC II ICP-MS Perkin-Elmer, Concord, ON, Canada) was used for these experiments and dissolved in 50% concentrated aqua regia solution. Samples were introduced by a pneumatic nebulizer with a Scott type spray chamber. The operating conditions of ICP-MS were optimized by continuous introduction of solution after the powders had dissolved. The pure water was treated as the blank and was added as standard solution for the calibration curve. The solution flow rate was maintained at about 1.5 mL/min.

The particle size distribution of as-dried calcium phosphate powders was measured by using an ultrafine particle analyzer with a 6328 Å He-Ne laser as a detecting source (Zetasizer 2000, Malvern Instrument).

The chemical behavior and molecular bonding structure of the as-dried calcium phosphate powders sintering at various temperatures for 4 h were evaluated using a Fourier-transform infrared spectroscope (PerkinElmer spectrum One FT-IR spectrometer, Boston, MA, USA). Each sintered pellet sample was reground to powders. Each sample was mixed with KBr (sample: KBr = 1:99 in mass ratio) and was pressed into 200 mg pellets, 13 mm in diameter, and the infrared adsorption spectra were measured in a frequency range of 400 cm−1 to 4000 cm−1. A spectral resolution of 4 cm−1 was chosen, and the composite spectrum for each sample was represented by the average of 64 scans, normalized to the spectrum of the blank KBr pellets.

The surface of sintered pellet samples was ground with Al2O3 powders from #100 to #1200 with H2O. Subsequently, polished by diamond paste for X-ray diffraction (XRD), density measurement and hardness test.

Identification of the crystalline phases in the sintered pellets was carried out by XRD analysis (Models D-Max/IIIV, Rigaku, Tokyo, Japan) with Cu Kα radiation and Ni filter, operated at 40 kV, 30 mA, and a scanning rate (2θ) of 1°/min from 20 to 55°. Then, the XRD patterns were obtained for the polished bulk surface of the sintered pellets.

The apparent density (ρ) of the sintered pellet was measured by the Archimedes method using a sample size of 4.0 × 4.0 × 8.5 mm3 and calculated as follows:



[image: there is no content]



(5)




where wa is the weight of a dried sample in air (g), wb is the weight of a sample in deionized water (g) and s is a specific gravity of a deionized water (g/cm3). When the sample weight in deionized water, the suspension wire of copper with diameter 0.12 mm may be twisted around the test specimen.

The hardness was measured by a Vickers indentation hardness tester (INDENTAMET 1100 SERIES, RUEHLER, USA). During Vickers indentation, the load applied and holding time on the polished surface of sintered pellet were 1.96 N and 30 s, respectively. In each sample, 10 indentations were measured. For scanning electron microscopy (SEM) observation, the polished sintered pellets were etched with dilute acetic acid. The operated conditions of gold-coating were 110 V, 10 mA and 2 min for voltage, current and time, respectively, to obtain the required film thickness for observation. The microstructure was observed by SEM (Model XL40 FE-SEM, Philips, Eindhoven, The Netherlands).




4. Conclusion

The properties of sintering as-dried calcium phosphate powders with [Ca]/[P] = 1.50 have been investigated using ICP-MS, XRD, FTIR, Vickers hardness test and SEM. The as-dried calcium phosphate powders have a single phase of HA when sintered between 600 and 1200 °C, whereby HA and NaCaPO4 appeared as the major and second phases, respectively, with β-TCP as the minor phase. When the pellet samples were sintering at 1300 °C and 1400 °C, the HA partially decomposited into α-TCP and TTCP. The result of the FTIR showed that the dehydroxylation of HA occurred when sintered between 600 °C and 1200 °C. The density of sintering pellets increased from 2.38 to 2.85 g/cm3 (72.32 to 90.18% T.D.) with rising temperatures from 600 to 1200 °C due to the NaCaPO4 and oxyhydroxyapatite (OHA) formed with the temperature increase and the enhancement of densification. Whereas the density abruptly decreased to 2.05 g/cm3 (64.98% T.D.) when sintered at 1400 °C for 4 h due to partial decomposition of HA into α-TCP and TTCP. In addition, the maximum HV hardness of sintered pellets appeared at 900 °C, then decreased with rising sintering temperatures. When the pellet was sintered at 800 °C for 24 h, polygonization HA grains of a size of about 250–500 nm was observed. When sintering at 1000 °C for 4 h, HA grains of a size of about 0.6–2.0 μm were obtained.






Acknowledgments

The authors gratefully thank the National Science Council of Taiwan, Republic of China for financial support under NSC 100-2622-E-155-003-CC3 and NSC 97-2221-E-037-001-MY3. Help in SEM photography by F. C. Wu is deeply appreciated.



References


	1. 
Currey, J. Biomaterials: Sacrificial bonds heal bone. Nature 2001, 414, 699–708. [Google Scholar]

	2. 
Barralet, J.E.; Fleming, G.J.P.; Campion, C.; Harris, J.J. Formation of translucent hydroxyapatite ceramics by sintering in carbon dioxide atmospheres. J. Mater. Sci. Mater. Med 2003, 38, 3979–3993. [Google Scholar]

	3. 
Fathi, M.H.; Hanifi, A.; Mortazavi, V. Preparation and bioactivity evaluation of bone-like hydroxyapatite nanopowder. J. Mater. Process. Technol 2008, 202, 536–542. [Google Scholar]

	4. 
Kim, H.M. Ceramic bioactivity and related biomimetic strategy. J. Curr. Opin. Solid State Mater. Sci 2003, 7, 289–299. [Google Scholar]

	5. 
Vail, T.P.; Urbaniak, J.R. Donor-site morbidity with use of vascularized autogenous fibular grafts. J. Bone Joint Surg. Am 1996, 78, 204–211. [Google Scholar]

	6. 
Arrington, E.D.; Smith, W.J.; Chambers, H.G.; Bucknell, A.L.; Davino, N.A. Complications of iliac crest bone graft harvesting. Clin. Orthop. Relat. Res 1996, 329, 300–309. [Google Scholar]

	7. 
Bloemers, F.W.; Blokhuis, T.J.; Patka, P.; Bakker, F.C.; Wippermann, B.W.; Haarman, H.J.T.M. Autologous bone versus calcium-phosphate ceramics in treatment of experimental bone defects. J. Biomed. Mater. Res. B 2003, 66B, 526–531. [Google Scholar]

	8. 
Bergmann, C.; Lindner, M.; Zhang, W.; Koczur, K.; Kirsten, A.; Telle, R.; Fischer, H. 3D printing of bone substitute implants using calcium phosphate and bioactive glasses. J. Eur. Ceram. Soc 2010, 30, 2563–2567. [Google Scholar]

	9. 
Best, S.; Bonfield, W. Processing behavior of hydroxyapatite powders with contrasting morphology. J. Mater. Sci. Mater. Med 1994, 5, 516–521. [Google Scholar]

	10. 
Shih, W.J.; Chen, Y.F.; Hon, M.H.; Wang, M.C. Morphology and crystallinity of the nano-sized hydroxyapatite synthesized by hydrolysis using cetyltrimethylammonium bromide (CTAB) as a surfactant. J. Crystal Growth 2005, 275, e2339–e2344. [Google Scholar]

	11. 
LeGeros, R.Z. Biodegradation and bioresorption of calcium phosphate ceramics. Clin Mater 1993, 14, 65–68. [Google Scholar]

	12. 
Li, Y.; Wijn, J.R.D.; Klein, C.P.A.T.; Meer, S.V.D.; de Groot, K. Proparation and characterization of nanograde osteoapatite-like rod crystals. J. Mater. Sci. Mater. Med 1994, 5, 252–255. [Google Scholar]

	13. 
Ramesh, S.; Tan, C.Y.; Bhaduri, S.B.; Teng, W.D.; Sopyan, I. Densification behaviour of nanocrystalline hydroxyapatite bioceramics. J. Mater. Process. Technol 2008, 206, 221–230. [Google Scholar]

	14. 
Tang, C.Y.; Uskokovic, P.S.; Tsui, C.P.; Veljovic, Dj.; Petrovic, R.; Janackovic, Dj. Influence of microstructure and phase composition on the nanoindentation characterization of bioceramic materials based on hydroxyapatite. Ceram. Int 2009, 35, 2171–2178. [Google Scholar]

	15. 
Liu, D.M.; Yang, Q.; Troczynski, T.; Tseng, W.J. Structural evolution of sol-gel-derived hydroxyapatite. Biomaterials 2002, 23, 1679–1687. [Google Scholar]

	16. 
Liu, J.; Ye, X.; Wang, H.; Zhu, M.; Wang, B.; Yan, H. The influence of pH and temperature on the morphology of hydroxyapatite synthesized by hydrothermal method. Ceram. Int 2003, 29, 629–633. [Google Scholar]

	17. 
Ma, T.Y.; Xia, Z.G.; Liao, L.B. Effect of reaction systems and surfactant additives on the morphology evolution of hydroxyapatite nanorods obtained via a hydrothermal route. Appl. Surf. Sci 2011, 257, 4384–4388. [Google Scholar]

	18. 
Liu, D.M.; Troczynski, T.; Tseng, W.J. Water-based sol–gel synthesis of hydroxyapatite: Process development. Biomaterials 2001, 22, 1721–1730. [Google Scholar]

	19. 
Koumoulidis, G.C.; Katsoulidis, A.P.; Ladavos, A.K.; Pomonis, P.J.; Trapalis, C.C.; Sdoukos, A.T.; Vaimukis, T.C. Preparation of hydroxylapatite via microemulsion route. J. Colloid. Interface Sci 2003, 259, 253–260. [Google Scholar]

	20. 
Kothapallia, C.; Wei, M.; Vasilieva, A.; Shaw, M.T. Influence of temperature and concentration on the sintering behavior and mechanical properties of hydroxyapatite. Acta Mater 2004, 52, 5655–5663. [Google Scholar]

	21. 
Zhou, J.; Zhang, X.; Chen, J.; Zeng, S.; de Groot, K. High temperature characteristics of synthetic hydroxyapatite. J. Mater. Sci. Mater. Med 1993, 4, 83–85. [Google Scholar]

	22. 
Wang, P.E.; Chaki, T.K. Sintering behavior and mechanical properties of hydroxyapatite and dicalcium phosphate. J. Mater. Sci. Mater. Med 1993, 4, 150–158. [Google Scholar]

	23. 
Liu, H.S.; Chin, T.S.; Lai, L.S.; Chiu, S.Y.; Chung, K.H.; Chang, C.S.; Lui, M.T. Hydroxyapatite synthesized by a simplified hydrothermal method. Ceram. Int 1997, 23, 19–25. [Google Scholar]

	24. 
Lin, F.H.; Liao, C.J.; Chen, K.S.; Sun, J.S. Thermal reconstruction behavior of the quenched hydroxyapatite during reheating in air. Mater. Sci. Eng. C 2000, 13, 97–104. [Google Scholar]

	25. 
Ishikawa, K.; Ducheyne, P.; Radin, S. Determination of the C/P ration in calcium-deficient hydroxyapatite using X-ray diffraction analysis. J. Mater. Sci. Mater. Med 1993, 4, 165–168. [Google Scholar]

	26. 
Shih, W.J.; Wang, J.W.; Wang, M.C.; Hon, M.H. A study on the phase transformation of the nanosized hydroxyapatite synthesized by hydrolysis using in situ high temperature X-ray diffraction. Mater. Sci. Eng. C 2006, 26, 1434–1438. [Google Scholar]

	27. 
Trombe, J.C.; Montel, G. Some features of the incorporation of oxygen in different oxidation states in the apatitic lattice: I. J. Inorg. Nucl. Chem 1978, 40, 15–21. [Google Scholar]

	28. 
Garve, R.C.; Nicholson, P.S. Phase analysis in zirconia system. J. Am. Ceram. Soc 1972, 55, 303–305. [Google Scholar]

	29. 
Ando, J.; Matsuno, S. Ca3(PO4)2-NaCaPO4 system. Bull. Chem. Soc. Jpn 1968, 4, 342–350. [Google Scholar]

	30. 
Moseke, C.; Gbureck, U. Tetracalcium phosphate: Synthesis, properties and biomedical applications. Acta Biomater 2010, 6, 3815–3823. [Google Scholar]

	31. 
Brown, W.E.; Epstein, E.F. Crystallography of tetracalcium phosphate. J. Res. National Bureau Standards A Phys. Chem 1965, 69A, 547–551. [Google Scholar]

	32. 
Fowler, B.O. Infrared studies of apatite: I. Inorg. Chem 1974, 13, 194–297. [Google Scholar]

	33. 
Varma, H.K.; Babu, S.S. Synthesis of calcium phosphate bioceramics by citrate gel pyrolysis method. Ceram. Int 2005, 31, 109–114. [Google Scholar]

	34. 
Mansc, M.; Manglet, M.; Jimenez, C.; Martinez-duarte, J.M. Hydroxyapatite coating obtained by the thermal activation of polymeric sols. Int. J. Ionrg. Mater 2001, 3, 1153–1155. [Google Scholar]

	35. 
Chang, M.C.; Tanaka, J. FTIR study for hydroxyapatite. Collagen nanocomposite cross-linked by glutaralde hyde. Biomaterials 2002, 23, 4811–4818. [Google Scholar]

	36. 
Feki, H.E.; Savariault, J.M.; Salah, A.B. ChemInform Abstract: Structure refinements by the rietveld method of partially substituted hydroxyapatite: Ca9Na0.5(PO4)4.5 (CO3)1.5(OH)2. J. Alloys Compd 1999, 287, 114–120. [Google Scholar]

	37. 
Palmer, D.A.; Eldik, R.V. The chemistry of metal carbonato and carbon dioxide complexes. Chem. Rev 1983, 83, 651–731. [Google Scholar]

	38. 
Kalita, S.J.; Bose, S.; Hosick, H.L.; Bandyopadhyay, A. CaO–P2O5–Na2O-based sintering additives for hydroxyapatite (HAp) ceramics. Biomaterials 2004, 25, 2331–2339. [Google Scholar]

	39. 
Olsen, E.; Erlichman, J.; Bunch, T.E.; Moore, P.B. Buchwaldite, a new meteoritic phosphate mineral. Am. Mineral 1977, 62, 362–364. [Google Scholar]

	40. 
Tsuyoshi, M.; Masayuki, T. Preparation and thermal properties of dense polycrystalline oxyhydroxyapatite. J. Am. Ceram. Soc 1979, 62, 455–460. [Google Scholar]

	41. 
Jarcho, M.; Bolen, C.H.; Thomas, M.B.; Bobick, J.; Kay, J.F.; Doremus, R.H. Hydroxylapatite synthesis and characterization in dense polycrystalline form. J. Mater. Sci 1976, 11, 2027–2035. [Google Scholar]

	42. 
Kingery, W.D.; Bowen, H.K.; Uhlmann, D.R. Introduction to Ceramics, 2nd ed; John Wiley Sons, Inc: Singapore, 1976; p. 448. [Google Scholar]

	43. 
Wang, C.K.; Ju, C.P.; Chern Lin, J.H. Effect of doped bioactive glass on structure and properties of sintered hydroxyapatite. Mater. Chem. Phys 1998, 53, 138–149. [Google Scholar]

	44. 
Gibson, I.R.; Ke, S.; Best, S.M.; Bonfield, W. Effect of powder characteristics on the sinterability of hydroxyapatite powders. J. Mater. Sci. Mater. Med 2001, 12, 163–171. [Google Scholar]

	45. 
Yeong, K.C.B.; Wang, J.; Ng, S.C. Mechanochemical synthesis of nanocrystalline hydroxyapatite from CaO and CaHPO4. Biomaterials 2001, 22, 2705–2712. [Google Scholar]































© 2012 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
Intensity (a. u.)






nav.xhtml


  ijms-13-13569


  
    		
      ijms-13-13569
    


  




  





media/file11.png





media/file1.png
('n* e) AJisusyu|

20





media/file2.png
(112)

=)

‘e) AjIsuaju|

10





media/file7.png
Denslty (g/cm®)

32

30

28

26

24

22

20

\
temp.

600 800 1000 1200 1400

Sintering temperature (°C)






media/file9.png





media/file10.png
HA

CaO

Acc.V Spot Magn Det WD Exp F——— 2um
165.0 kV 10000x SE 12. FESEM9





media/file5.png
Transmittance (a. u.)

P T

1300C

f

1200C

4
%

I

1100C
1000C

900C
\

‘ y\u//\ /‘ T T 800TC

600C

3

-~

@
1486
S 100 | | | 1

L pib P@g
[0L8¢
e

500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm")





media/file3.png
Intensity (a. u.)

Intensity (a. u.)

M
A_‘_‘_AJM
M
900°C|
8007TC
10 20 30 40 50 60
26
(b)
o
A\
/ \‘\‘\ \ |} ” - *
[r—— - 1200¢
M
/ 1000°C
ISV .
ol Bon S —
800 C
30 3 32 33 34 35

20





media/file0.png
-

% in Class

50

70 50 100
Diameter (nm)

500

1000






media/file8.png
Hardness (HV)

1 " 1

1

" " L
800 1000 1200

Sintering temperature (°C)






media/file6.png
ﬁmEo\Q AisuaQg






