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Abstract

The dense hydroxyapatite (HAp) ceramics with preferred orientation to a-plane were fabricated using composite
powders of single-crystal apatite fibers (AF) and wet-synthesized apatite gels (AG). AF was synthesized by
homogeneous precipitation method. The composites of AF and AG were prepared as the following process.
Aqueous (NHy),HPO, solutions were added into the AF slurry with the amount of 1 mass%. In addition, aqueous
Ca(NOs;), solutions were added dropwise to the slurry to precipitate the AG on the AF at room temperature, and then
aged at room temperature for 24 h with stirring. The dried powders were uniaxially pressed at 200 MPa of
compaction pressure and then fired at 1300 °C for 5 h. All the resulting ceramics were identified with HAp single
phases. The (100), (200) and (300) reflections which correspond to a-plane were more intense than those of a
standard HAp ceramics. With increasing the additive amount of AG, the orientation degree of a-plane decreased, and
the relative density increased. Furthermore, the ultrastructure of the resulting ceramics was examined by high-
resolution transmission electron microscopy. The selected area electron diffraction patterns showed clear spots
corresponding to [110] zone axis direction of HAp crystal with high crystallinity. The lattice spacings of crystal
grains were determined to be 0.34 nm or 0.68 nm which corresponds to the lattice constant of (002) or (001) plane of
HAp crystal. Therefore, the resulting ceramics were HAp single phases with preferred orientation to a-plane.
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1. Introduction

Hydroxyapatite (Ca;o(PO4)s(OH),; HAp) is an inorganic compound which is close to chemical
compositions of human hard tissues, and it has good biocompatibility and bioactivity. Synthetic HAp is
widely used as an adsorbent of bio-related substances and a raw material for artificial bones and teeth [1,
2]. The HAp crystal belongs to hexagonal system, its unit cell parameters are @ = b = 0.943 nm and ¢ =
0.688 nm, and there are two types of crystal planes: a(b)-planes and c-planes [3]. The a(b)-planes are rich
in calcium ions and charged on positive; the c-planes rich in phosphate ions or hydroxide ions and
charged on negative. Actually, the HAp crystals in a cortical bone and dental enamel have preferred
orientation to the c- and a(b)-axis directions, respectively.

By controlling the morphology of HAp crystals, novel properties may be produced by enabling
controlled orientation of crystal planes. Actually, in previous study, we have successfully synthesized a
single-crystal apatite fiber (AF) [4]. The ultrastructure of AF was examined by using high-resolution
transmission electron microscopy (HR-TEM), the results indicated that the AF particle was highly
strained single crystal with the c-axis orientation parallel to the long axis of the fiber [5]. We have
developed the high performance biomaterials using the AF. Utilizing the positive surface charge of these
fibers, protein adsorption measurements were carried out. Thus, we found that the apatite fiber adsorbed
the acidic proteins rather than the basic proteins [6]. Utilizing the fiber shape, we fabricated the porous
ceramics with well-controlled pore size [7, 8] and then developed the hybrid materials having mechanical
property similar to that of cortical bone [9, 10]. In addition, by utilizing the surface charge and fiber shape,
the scaffold for tissue engineering were developed [11, 12].

In this work, the dense HAp ceramics with preferred orientation to a-plane were fabricated using the
composite powders of AF and wet-synthesized hyrdroxyapatite gels (AG). The crystalline phase and
microstructure of the resulting HAp ceramics with preferred orientation to a-plane were examined using
powder X-ray diffraction (XRD), scanning electron microscope (SEM) and HR-TEM.

2. Experimental
2.1. Fabrication of the HAp ceramics with preferred orientation to a-plane

The AF powder was synthesized from the aqueous solution containing 0.167 mol-dm™ Ca(NO5),,
0.100 mol-dm™ (NH,),HPO,, 0.50 mol-dm™ (NH,),CO and 0.1 mol-dm™ HNO;. The starting solution
of 750 cm® was refluxed at 80 °C for 24 h, for another 72 h refluxed at 90 °C. The AF with the amount of
30 mass% (AG30%AF) and 50 mass% AG (AG50%AF) were prepared as the following process.
Aqueous (NH4),HPO, solutions were added into the AF slurry with the amount of 1 mass%. In addition,
aqueous Ca(NOs), solutions were added dropwise to the slurry to precipitate the AG on the AF at room
temperature, and then aged at room temperature for 24 h with stirring. The powders of AF, AG30%AF
and AG50%AF were filtrated and dried with oven at 110 °C for 1 day. About 0.8 g of dried powders
were uniaxially pressed at 200 MPa of compaction pressure and then fired at 1300 °C for 5 h in air
atmosphere using tube type electric furnace.

2.2. Characterizations of starting powders and resulting ceramics

The crystalline phases of starting powders and resulting ceramics were identified by XRD (MiniFlex,
Rigaku) using Cu-K,, radiation generated at 30 kV and 15 mA. Those particle morphologies and surface
structures were observed by SEM (JSM6390LA, JEOL). Furthermore, those ultrastructures were
examined by HR-TEM (JEM-2100F, JEOL) instrument at an accelerated voltage of 200 kV. HR-TEM
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samples of resulting ceramics were thinned by Ar gas irradiation treatment using ion slicer (EM-09100IS,
JEOL) and coated with carbon.

3. Results and Discussion

Figure 1(a, b, ¢) shows the XRD patterns of the AF (Fig. 1(a)), AG30%AF (Fig. 1(b)) and AG50%AF
(Fig. 1(c)) powders. All the resulting powders were identified with HAp single phase, and the (100),
(200) and (300) reflections which were proper for a-plane of HAp, were specifically developed. This
result indicates that those HAp powders have preferred orientation in the c-axis direction of the hexagonal
crystal, leading to develop the a-plane of the HAp crystal. The XRD patterns of the resulting ceramics
were shown in Fig. 1(d, e, f). The crystalline phase of the resulting ceramics kept HAp phase and the
preferred orientation to a-plane.
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Fig. 1 XRD patterns of the starting powders and the resulting ceramics: (a) AF powder, (b) AG30%AF powder, (¢) AG50%AF
powder, (d) AF ceramics, (¢) AG30%AF ceramics and (f) AG50%AF ceramics.

The orientation degree of a-plane of each ceramic was calculated on the basis of the intensities of
(300), (211) and (002) reflections according to Eq. 1. The orientation degree was in order of AF ceramics
(86.0%) > AG30%AF ceramics (82.5%) > AG50%AF ceramics (72.4%). This result suggests that the
orientation degree of ceramics was decreased with increasing the additive amount of AG.

Orientation degree of a-plane = /300y / (Z;300) T Z211) T L002)) %X 100% ... (Eq. 1)

Figure 2(a, b, ¢c) shows the SEM micrographs of starting powders. In Fig. 2(a), AF was composed of
fiber-shaped particles which had smooth surfaces. For AG30%AF powder (Fig. 2(b)), most of
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precipitated AG particles adhered on the surface of AF particles. However, in the case of AG50%AF
powder (Fig. 2(c)), the AG particles also existed as agglomerates in the composite powder, together with
the AF coated with AG. Fig. 2(d, e, f) shows the SEM micrographs of the resulting ceramics. In all the
resulting ceramics, the shape of the AF particle partly was maintained. In addition, with the additive
amount of AG was increased, the number of pores was decreased.

Fig. 2 SEM micrographs of the starting powders and the resulting ceramics: (a) AF powder, (b) AG30%AF powder, (¢) AG50%AF
powder, (d) AF ceramics, (¢) AG30%AF ceramics and (f) AG50%AF ceramics.

The relative density of the resulting ceramics was determined by Eq. 2. The order inverted as follows:
AG50%AF ceramics (88.8%) > AG30%AF ceramics (85.6%) > AF ceramics (77.9%). This result
accorded as result of SEM observation.

Relative density = Bulk density / (3.16 g-cm™) x100% ... (Eq. 2)

Figure 3(a~e) shows HR-TEM micrographs (Fig. 3(a, ¢, d)), selected area electron diffraction (SAED)
patterns (Fig. 3(b)) and fast fourier transform (FFT) patterns (Fig. 3(e)) of AF powder. Figure 3(a)
showed a low-magnification TEM image of an AF particle. SAED observations were performed at
several areas along long-axis of the fiber. All the SAED patterns had a similar geometry as shown in Fig.
3(b). From these SAED patterns, clear spots which arranged in rectangles could be observed, and the
spots aligned along long-axis of the fiber were confirmed as (00/) spots.

Middle-magnification HR-TEM lattice image of AF particle was shown in Fig. 3(c). The lattice
spacings along long-axis and short-axis of the fiber were determined to be 0.34 nm and 0.47 nm which
corresponded to the lattice constants of (002) plane and (110) plane of HAp crystal, respectively.
Therefore, the direction paralleled along long-axis of the fiber was c-axis direction, its vertical direction
was a-axis direction, and the observed direction was the [110] zone axis.

The high-magnification HR-TEM lattice image and the corresponding FFT pattern of AF particle were
shown in Fig. 3(d) and (e). From this lattice image, a highly periodic sequence of atom can be observed.
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The white rectangle of insert in Fig. 3(d) with 0.68 nm high and 0.94 nm long, corresponded to a unit cell
of HAp crystal which observed from a-plane direction. The corresponding FFT pattern (Fig. 3(e)) also
showed highly-orientated spots as same as the SAED pattern (Fig. 3(b)). These results indicated that the
AF was high crystalline HAp single-crystal with preferred orientation to c-axis direction.

Fig. 3 HR-TEM micrographs, SAED patterns and FFT patterns of AF and AG30%AF powders: (a) Low-magnification TEM
micrograph of AF powder, (b) SAED pattern of AF powder, (c¢) middle-magnification HR-TEM micrograph of AF powder, (d)
high-magnification HR-TEM micrograph of AF powder, (¢) FFT pattern of AF powder, (f) low-magnification HR-TEM micrograph
of AG30%AF powder, (g) SAED pattern of AG30%AF powder, (h) middle-magnification HR-TEM micrograph of AG30%AF
powder, (i) high-magnification HR-TEM micrograph of AG30%AF powder and (j) FFT pattern of AG30%AF powder.

The ultrastructure observation results of AG30%AF powder were shown in Fig. 3(f~j). From low-
magnification TEM image (Fig. 3(f)), agglomerated AG particles which adhered on the surface of AF
particle could be observed. The SAED pattern (Fig. 3(g)) shows clear spots according with single-crystal
and Debye rings according with polycrystalline. In order to the diffraction spots shown the same
geometry as that of AF, the Debye rings could be confirmed as the diffractions resulting from the AG
particles.

The middle-magnification HR-TEM image of AG particles was shown in Fig. 3(h). The primary
particles of AG were ~20-40 nm in length and ~10-30 nm in width.

Figure 3(i and j) showed the high-magnification HR-TEM image of one AG crystal and the
corresponding FFT pattern. The direction of crystal lattice was random and the FFT pattern showed
Debye rings. Therefore, the AG particle was polycrystalline with isotropic orientation.

The HR-TEM images and SAED patterns of AG30%AF ceramics were shown in Fig. 4. In Fig. 4(a),
we can observe three crystal grains (#1, #2 and #3). The SAED pattern from crystal grain #1 (Fig. 4(b))
showed clear spots corresponding to a-plane of HAp crystal structure with high crystallinity. The SAED
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patterns of grain #2 and #3 also revealed a similar geometry as that of grain #1. The lattice images were
shown in Fig. 4(c). The 10 lattice spacings of each crystal grain were determined to be #1=6.6 nm,
#2=3.4 nm and #3=0.32 nm. Therefore, one lattice spacing was #1=0.66 nm, #2=0.34 nm and #3=0.32
nm, respectively. These values closely accorded with the lattice parameters of c-axis (d(y=0.68 nm and
d(002=0.34 nm) in the HAp crystal. Therefore, the resulting HAp ceramics kept the preferred orientated in
the c-axis direction.

Fig. 4 HR-TEM micrographs and SAED patterns of AG30%AF ceramics: (a) Low-magnification TEM micrograph of AG30%AF
ceramics, (b) SAED patterns of crystal grains #1, #2 and #3, (c) high-magnification HR-TEM micrographs of crystal grains #1, #2
and #3.

4. Conclusions

The HAp ceramics with preferred orientation to a-plane were fabricated using composite powders of
AF and AG. The crystalline phases and microstructures of starting powders and resulting ceramics were
examined by XRD, SEM and HR-TEM. The AF particles were highly strained single crystal with the c-
axis orientation parallel to the long axis of the fiber, and the AG particles were polycrystalline with
isotropic orientation. All the resulting ceramics were identified with HAp single phases, and the (100),
(200) and (300) reflections which correspond to the a-plane were more intense than those of a standard
HAp ceramics. In addition, with the additive amount of AG increased, the orientation degree of a-plane
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decreased, and the relative density increased. Furthermore, the results of SAED patterns and lattice
images suggest that the resulting ceramics kept the preferred orientated in the c-axis direction.
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