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Abstract We report an effective method for the synthesis
of hydroxyapatite whiskers with sharp faceted hexagonal
shape employing a low temperature (90 °C) hydrothermal
route with calcium nitrate tetrahydrate, diammonium
phosphate and urea as starting materials. The key param-
eters of the synthesis process i.e. duration, temperature
cycle of the treatment and starting pH value are carefully
varied and the end products are investigated using powder
X-ray diffraction (XRD), Raman-scattering, infrared
spectroscopy (IR), elemental analysis, scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), transmission electron microscopy (TEM), electron
diffraction (ED), and high-resolution TEM (HRTEM) in
order to find the optimal reaction conditions that lead to the
desired hexagonal morphology of HA whiskers. The results
demonstrate that gradual and greater increase in solution
pH during the hydrothermal process favors large quantity
of the single-crystalline hydroxyapatite whiskers with well
defined hexagonal morphology.

Introduction

Hydroxyapatite (Ca;o(PO,4)s(OH),, identified as HA from
now onwards) ceramics are excellently biocompatible and
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osteoconductive (they enhance bone formation by acting
as a scaffold on which bone cells can attach and grow)
[1]. They are widely studied as an alternative to natural
bone grafts because they do not present limitations in
availability, potential disease transmission and/or risk of
rejection which commonly occurs in natural bone mate-
rials. However the fracture toughness parameter of HA is
lower than that reported for natural human bones (~1
MPa/m” in front of 2-12 MPa/m®) [2], and thus, till
now, its applications are limited to areas where bones are
free of dynamic load i.e. for non-load bearing, for cra-
niofacial and periodontal applications, for coatings [3, 4],
or as materials for the development of scaffolds for bone
tissue engineering [5, 6]. One of the most studied
methods to improve the mechanical properties of HA
ceramics is the addition of whiskers. Since it is well
known that various fibrous bioinert materials that have
been applied in HA ceramics such as SiC, C, SizNy,
Al,O3 or ZrO, decrease the biocompatibility and bioac-
tivity of this ceramics [7-9], the investigation of HA
with rod-like morphology have recently received much
attention [10]. They have been synthesized by various
methods, mainly by hydrothermal synthesis [11-13] or
homogenous precipitation [14—16], and to a lesser extent,
by growth in the gel system [17], molten salts synthesis
[18], electrochemical deposition [19] and liquid—solid—
solution synthesis [20]. Products prepared by molten salts
reaction and in the gel system show important depen-
dence on the preparation conditions. Moreover, with the
molten salts method, the obtained crystals incorporates
K* ions, and therefore, they could not be regarded as
pure HA whiskers. Under hydrothermal conditions and
homogeneous precipitation, crystalline HA particles can
be successfully synthesized, but the particles mostly
posses needle-like shape [21-25].
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Although a numerous mentioned above approaches
that have been already realized for the fabrication of HA
with rod-like morphology (nanorods, needles, wires,
fibres, etc.), some problems are still unsettled, namely,
there are just few reports of preparation of HA whiskers
with hexagonal morphology in literature [18, 26, 27].
Moreover, these synthetic procedures are not well
developed in terms of phase purity, homogeneity of
microstructural characteristics (well-defined hexagonal
whisker shape, narrower particle size range, etc.), and
feasibility of large-scale production, as it is reasonably
expected to be in a slower, moderate-temperature
hydrothermal context.

In this work, we present the hydrothermal route to HA
whiskers with sharp faceted hexagonal prism morphology.
This approach to HA whiskers may be useful for the
detailed experimental investigation on shape-dependent
mechanical properties of HA ceramics.

Experimental
Materials

Ca(N03)2 . 4H20 (985%, Wako), (NH4)2HPO4 (990%,
Wako), (NH,),CO (urea, 99.0%, Wako), HNO; (63%,
Wako) and C,¢H33N(CH3);Br (Cetyltrimethylammonium
bromide (CTAB), 98%, Wako) were used as received.
Distilled water was also used during the hydrothermal
process as well as for the preparation of the aqueous
solution of nitric acid.

Hydrothermal syntheses

Ca(NOs); - 4H,0 (5.84 mmol), (NH4),HPO, (3.50 mmol)
(Ca/P molar ratio: 1.67) and urea (17.5 mmol) were mixed
with 25 mL of distilled water in a polytretrafluoroethylene
(PTFE) vessel (volume-40 mL). The pH was then adjusted
to the 3-3.5 range by diluted 0.5 M HNOj3(,q using a
Mettler Toledo InLab 413SG pH-meter. The vessel was
capped by a PTFE cover and placed inside a stainless steel
autoclave. A 1.5 mm thick, low density (0.6 g/cm?)
HYPER-SHEET gasket (GORE-TEX) with porous struc-
ture of PTEF polymer was placed between the vessel and
the cover, which enables gradual release of the CO,
forming during the urea decomposition under hydrothermal
conditions. The sealed autoclave was subject to treatments
of different temperature cycles (Table 1; Fig. 1) as well as
several additional syntheses were performed at lower
temperatures and durations. One additional synthesis was
performed together with CTAB as a surfactant under
critical micelle point (9.2 x 1074 mol/L).
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The product of the hydrothermal process was collected
by filtration, washed four times with distilled water and
once with ethanol, and then dried at 80 °C for 12 h on air.
Throughout this work, a set of acronyms is used (Table 1)
where the Roman characters mean the number of the
sample follows.

Characterization

The products were characterized by powder X-ray diffrac-
tion (XRD) using a Rigaku RINT 2000 diffractometer with
Ni-filtered CuK,, radiation (1 = 1.54178 A), operating at
200 mA and 50 kV. Data were collected in the 20 range of
3-70°, with a scan speed of 1°/min, and a step width of 0.02°.

The room temperature Raman scattering measurements
were carried out on a Jobin Yvon T64000 spectrometer
with visible Ar* laser light (4 = 514.532 nm) as the exci-
tation light. The slits were adjusted so that the resolution
was 1 cm™'. All measurements were carried out under the
microscope (the laser spot diameter was estimated to be
between 1 pm and 2 pum).

The room temperature diffuse reflectance infrared (IR)
Fourier-transform spectra were recorded on a Jeol JIR-7000
spectrometer with a resolution of 4 cm ™" and a scan time of
10. The crystalline products (~4 mg) were thoroughly
grinded with (~200 mg) potassium bromide powder (KBr
for IR, Wako) in an agate mortar and pestle to give a fine
mixture, and subjected to IR analysis. For the background
spectrum, a fine grinded KBr powder was used.

Carbon content was quantitatively determined by com-
bustion bulk elemental analysis using a Fisons EA 1108
elemental analyzer.

The morphology and structure were studied by scanning
electron microscopy (SEM) using a Hitachi S-4500
microscope operating at 15 kV, transmission electron
microscopy (TEM), electron diffraction (ED) and high-
resolution TEM (HRTEM) using a Hitachi H-8100
microscope operating at 200 kV. The samples for trans-
mission electron microscopy were dispersed in ethanol and
deposited on a holey carbon grid.

Energy-dispersive X-ray spectroscopy (EDX) for semi-
quantitative Ca and P content determination was performed
with a EDAX DX-95 spectrometer using commercial
hydroxyapatite powder (HW-003, Mitsubishi Chemicals)
as a standard sample (molar ratio Ca/P = 1.67).

Results
Hydrothermal synthesis

HA  whiskers were prepared by a reaction
between Ca(NOs), - 4H,O and (NH4),HPO, (Ca/P molar
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Table 1 Summary of the selected hydrothermal reactions

Sample Synthesis condition PHiinal Phase composition
XRD Raman
1 90 °C, 72 h 8.4 HA HA
I Scheme 1 8.6 HA HA
1 Scheme 2 6.9 OCP® + HA + DCPA® OCP® + HA + DCPA®
v? Scheme 2 75 OCP® + HA OCP® + HA

% CTAB is used as a surfactant

b Major amount of the octacalcium phosphate phase (CagH,(PO,4)¢ - SH,O, OCP)
¢ Minor amount of the dicalcium phosphate anhydrous phase (CaHPO,, DCPA)

Fig. 1 Schemes of the temperature cycles applied during the
experimental procedure. The temperature increasing and decreasing
step was 0.5 °C/min in case of Scheme 1 and 1 h ramping at 70 °C in
Scheme 2

ratio = 1.67) under hydrothermal conditions. The precur-
sors were chosen to avoid contamination of the precipitate
by incorporation of others foreign ions like K*, Na™, etc.
Urea was utilized as a homogenous precipitation agent,
since its decomposition (85-95 °C) releases NHj(,q) to
the reaction medium which in turn gradually increase the
pH.

The summary from selected hydrothermal syntheses is
given in Table 1. Analysis of the obtained data reveals that
important parameters for the hydrothermal synthesis of the
title compound are temperature, duration, and the initial
pH. The optimal values were found to be 7 =90 °C,
t =72 h, and starting pH = 3.0-3.5. All our attempts to
reduce the temperature and/or duration of the hydrothermal
treatment as well as other starting pH range do not lead to
the phase pure HA.

In order to improve the quantity of HA whiskers with
well-defined hexagonal prism shape, two different tem-
perature cycles of treatment were applied with the aim of
gradually increasing the pH during the synthesis by
decreasing the temperature under the urea decomposition
point to interrupt it, and thus hold up the NHj release
(Fig. 1; Table 1). It was observed that Scheme 1 (Fig. 1)
results in the highest quantity of the pure HA phase
whiskers with sharp faceted hexagonal shape, while all
the syntheses following Scheme 2 (Fig. 1) drastically
reduced the yield, although the application of a surfactant
(CTAB) during the same provides possibility to obtain
HA whiskers with relatively uniform size distribution
(vide infra).

Powder X-Ray diffraction

The powder XRD pattern of the samples reveals the overall
crystalline structure of the products (Fig. 2). According to
the phase analysis, the patterns of the samples I and II are
nearly the same and also confirm the formation of a pure
phase hydroxyapatite by comparison with standard data-
base (JCPDS No. 72-1243). However, there are some
inconsistencies between the intensity of the XRD reflec-
tions corresponding to the (100), (200) and (300)
diffraction peaks reported in JCPDS database and the
observed ones (inset in Fig. 2); it is caused by the texturing
of whisker particles samples. These results demonstrate
that the as-produced HA is mainly oriented along the c-axis
direction of the hexagonal crystal structure [18, 28].

A different result is obtained in case of samples III and
IV. According to the XRD analysis (Fig. 2; Table 1)
sample III consists of octacalcium phosphate (OCP)
(JCPDS No. 74-1301), hydroxyapatite (JCPDS No.
72-1243) and dicalcium phosphate anhydrous (DCPA)
(JCPDS No. 70-1425) where OCP is the main phase along
with 30 wt.% of HA and a minor amount of the DCPA by-
product. OCP and HA has similar structures and a rough
estimation of wt.% content was made from comparison of
the intensities of the main diffraction peaks after back-
ground correction, since the Rietveld profile refinement
was not possible on this complex mixture. Generally
powder XRD of sample IV is similar to that from III
(Fig. 2), but this powder has less DCPA by-product
(~10 times) and less HA (~3 times).

Raman scattering

Figure 3 shows the Raman spectra collected from the
samples. The set of observed Raman bands agrees fairly
well with the phase composition reported by XRD tech-
nique, which reveals that samples I and II contains pure
HA only, while samples III and IV are mixtures of OCP as
the most abundant phase and HA.
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Fig. 2 Comparison of the powder diffraction patterns for the samples
I, II, IIT and IV. An inset shows the enlarged region from 30.5° to
34.5° 20 for the sample I, where most intensive peaks of HA are
expected. Tick marks below the patterns correspond to the positions
of the Bragg reflections expected for the HA structure. The positions
of the most intense diffraction peaks for the OCP and DCPA are
shown by asterisk and plus, respectively
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Fig. 3 Raman spectra collected from the samples I, II and III.
Raman spectrum collected from the sample IV is almost identical to
spectrum from sample ITI, and omitted for clarity

Samples I and I1

These Raman spectra show very strong characteristic peak at
~960 cm ™' due to the symmetric stretching mode v,(POy).
Apart from this v; mode, two v,(POy,) (~437 cm '), three
v3(POy), (~1046 cm™ ), and four v4(PO,) (~593 cm ™) are
also observed [29]. Band at 3570 cm™! corresponds to
stretching vibration of OH™ groups.
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Sample III and IV

Since the OCP is the phase most abundant in sample III
according to XRD, its Raman spectrum is predominantly
similar to spectra reported for this calcium phosphate [30].
OCP contains both HPO3 ™~ and apatitic PO3 ~ groups in its
structure. Thus, the Raman spectrum contains bands simi-
lar to those observed in samples I and II for modes vy, v,
vz and v,4, even if these bands are shifted. In addition, new
peaks due to HPO3 ™ appear at 1130, 985, 900 and 392 cm ™'
[30]. The disappearance of the band due to the OH™
stretching mode is explained because OCP, the principal
phase in sample III, does not contain OH ™ groups in its
crystal structure. It should be emphasized that practically no
differences in the intensity and band positions for the IV
(not shown) and III samples were detected by Raman
scattering, indicating absence of any significant change in
their abundant phase composition and local structure. The
observed band positions for sample IV are in very good
agreement with published data for the OCP phase [30].

Diffuse reflectance infrared Fourier-transformed
spectroscopy

The chemical and structural composition of the product
was studied by IR, an useful technique to determinate the
incorporation of anions, such as CO%f and/or HPO?C, to
the crystal lattice of the as-produced powders, since XRD
measurement can only clarify the average and static
Ssymmetry.

Figure 4 shows the spectra from samples I and II, which
are characteristic of HA. Peaks at 3572 and 638 cm™'
corresponds to the stretching (v,) and librational modes (vy)
of the hydroxyl group, respectively. Also harmonic over-
tones and/or combination bands appear at 2075 and
1992 cm™' [29]. Bands derived from the group PO;~
appear at 1103, 1068 and 1028 cm™' (attributed to the
triply degenerated asymmetric stretching mode vibration—
v3); 962 cm ™! (symmetric stretching mode of the P-O
bond—v,); 605, 577 and 563 cm ™' (triply degenerated
bending mode of the O-P-O bond—v,) [29]. In addition,
there are also bands that confirm the existence of carbonate
ions, which indicate that the samples obtained with this
hydrothermal synthesis are not stoichiometric HA, but
carbonated [29]. If the CO3~ ions are occupying the OH ™
sites, carbonated HA (CO3;HA) is designated as an A-type,
while if they are in the PO~ positions, COsHA is con-
sidered as B-type. According to the assignation of anion
CO3™ [31], sample I and II can be referred as AB-type,
since peaks due to type A (at 1544 and 879 cm ') and type
B (at 1454, 1421 and 874 cm™ ') appears in the spectra.
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This fact is proved well by the representative combustion
bulk elemental analysis, which shows that the samples I
and II contained 0.61 and 0.54 wt.% of carbon,
respectively.

It should be noted that the band at 874 cm ™' can also
be attributed to (P—-OH) mode of HPO3~ group, but as can
be seen in Fig. 4, the other two characteristic vibrational
bands of this anion at ~980 and ~1080 cm™' do not
appear [32], so HA in sample I and II does not incor-
porate HPOﬁf ions. In addition, the absence of bands at
1382 cm™' indicates that NO5 ions coming from
reactants are not included in the crystalline structure of
as-produced HA [33].

Scanning electron microscopy

The morphologies of the hydrothermally produced pow-
ders, observed by SEM, are shown in Fig. 5.

Figure 5a shows a typical SEM image of the sample L.
This sample mostly consists of the particles with plate-like
morphology exhibiting a non-uniform size distribution.
Also, particles with hexagonal shape have been barely
observed. By contrast, SEM observations of the sample II
(Fig. 5b) reveal a large quantity of whiskers with well-
defined hexagonal morphology (one is shown in the inset to
Fig. 5b) with typical widths of 0.7-3.0 pm and with
lengths in the range from 3.8 pm to 9.1 pm. It should be
noted that plate-like structures were almost not detected by
SEM for this sample, and it can be seen that hexagonal
prisms are the principal shape in sample II. Energy-dis-
persive X-ray spectroscopy (EDX) on samples I and II
showed that the average molar ratios of the calcium and
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Fig. 4 IR spectra collected from the as-produced phase pure HA
samples I and II. Solid lines are characteristic of A-type HA (partial
substitution of the OH™ by CO%f) while dotted lines are characteristic
of B-type HA (partial substitution of the PO3~ by CO3")

Fig. 5 SEM microphotographs are shown for hydrothermally pre-
pared HA whiskers with the insets showing the observed well-defined
hexagonal shape: (a) I, (b) I, (c) III and (d) IV

phosphorous elements (Ca/P) are ~1.76 for sample I and
~1.74 for sample II; these values are in good agreement
with the stoichiometric value for HA (Ca/P = 1.67) as well
as with the initial molar ratio under hydrothermal synthesis.

SEM observations of sample IIT (Fig. 5c) shows the
presence of two types of well crystallized structures in the
sample—mainly plate-like shapes, attributed to the OCP
abundant phase [34], and big aggregates consisting of sharp
faceted hexagonal crystals with quite uniform widths of
about ~1.5 pm (inset in Fig. 5c). These big agglomerates
of hexagons were determined to be hydroxyapatite by EDX
analysis. The average molar ratio of the calcium and
phosphorous elements (Ca/P) is ~1.73, which is more close
to the stoichiometric value for HA (Ca/P = 1.67) than those
for OCP (Ca/P = 1.33) and/or DCPA (Ca/P = 1.00). The
general morphology of the sample IV is quite similar to
that of sample III, with mainly plate-like structures cor-
responding to the OCP phase, but at the same time, the
presence of non-agglomerated whiskers was also observed.
The typical SEM image of a whisker region is shown in
Fig. 5d. It should be emphasized, that these whiskers
possess a sharp faceted hexagonal morphology (see inset to
Fig. 5d) with relatively uniform size distribution with an
average width of ~2.5 ym and an average length of
~14 pm, as was established from a detailed particle size
analysis of 50 whiskers from several SEM micrographs.
The EDX analysis of sample IV shows that overall Ca/P
ratio in the whisker regions is ~1.72, indicating that those
whiskers are HA. It should be note that the values of Ca/P
ratio in hydrothermal synthesis products are higher than
that of stoichiometric HA, which is believed to result from
a partial substitution of the phosphate and hydroxide
groups in the HA lattice by carbonate ions, in agreement
with IR and elemental analyses.

@ Springer



2176

J Mater Sci (2008) 43:2171-2178

Transmission electron microscopy

Transmission electron microscopy was applied to investi-
gate the microstructure of the whiskers and the observed
results are in agreement with SEM and XRD data.
Figure 6a shows a typical low-magnification TEM image
of as-prepared whiskers of sample II. The sample mostly
consists of well defined and sharp faceted rod-like crystals
with mean diameters of 0.7-1.0 pm, in good agreement
with the SEM data. The inset in Fig. 6a is a typical electron
diffraction pattern corresponding to the terminal end of HA
whisker. ED reveals a high crystallinity of the whiskers,
which was also confirmed by XRD. The dots of the ED
pattern can be completely indexed in the HA hexagonal
P63/m space group, using the HA unit cell parameters of
JCPDS No. 72-1243. It should be noted that all electron
diffraction patterns along the long-axis of the whisker have
the same geometry, which was subsequently confirmed to
be a common feature of almost all whiskers in sample II,
thus revealing that each HA whisker is a single crystal. The
terminal end of HA whisker in Fig. 6a is shown on Fig. 6b,
which reveals the presence of a local deformation in the
synthesized whiskers. HRTEM analysis (Fig. 6¢c) of an
edge area of the terminal end of HA whisker also indicates
that the whisker is highly crystalline. The crystal lattice can
be estimated to be about 8.2 and 3.4 A, corresponding to
the (210) and (002) planes of the hexagonal crystal struc-
ture of HA, respectively, indicating that the hydroxyapatite
whisker grow along the c-axis, which is in good agreement
with XRD data, discussed above.

Discussion

In our investigation, samples I and II are the products of
the hydrothermal reaction between Ca(NOs3) - 4H,O and
(NH4),HPO, at 90 °C for 72 h and Scheme 1 temperature
cycle (Fig. 1), respectively, in presence of urea. Accord-
ing to XRD, powders I and II are pure HA hexagonal
phases which is also confirmed by Raman spectroscopy.
Moreover, powder XRD results demonstrate that the
particles in as-prepared samples I and II are mainly ori-
ented along the c-axis direction of the hexagonal crystal
structure [28]. SEM investigation clearly indicates the
presence of whisker structures with well-defined hexago-
nal prism morphology, especially in case of sample II.
TEM/ED/HRTEM confirms that the whiskers in the
sample II are single crystals, sharp faceted and oriented
with their axis along c-axis. Existence of local deforma-
tions in hydrothermally prepared whiskers was also
revealed by TEM.

It is to be noted that IR spectroscopy provides important
information about the local and dynamic state of whiskers.
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Fig. 6 (a) A low-magnification TEM image and corresponding ED
pattern (inset) of HA whiskers of sample II; (b) TEM image of the
terminal end of HA whisker in (a); (¢c) HRTEM image of an edge area
of the lamellar terminal end of HA whisker in (b), with (210) and
(002) lattice planes visible

For samples I and II it reveals that they are not stoichi-
ometric HA owing to a partial substitution of the both POy~
and OH™ groups by carbonate anion, indicating CO;HA
formation (type AB). Biological HA has multiple substitu-
tions and deficiencies at all ionic sites and contains
3-5 wt.% carbonate groups [35], thus obtaining COsHA
whiskers is the requirement rather than a problem for its
application for a biodegradable bioceramics [36]. Appar-
ently, carbonate anions come from the urea decomposition
into NHj(,q) and COy(,). Although COy ) is mostly released
from the system through the porous PTEF gasket, however
it’s also partially dissolved into the water, and therefore,
easily incorporated into HA product due its strong ability to
incorporate different ions [35].

It was established that the optimal initial pH values
resulting in the pure HA phase formation lay in the range of
3.0-3.5. For the sample I the initial pH was 3.0 while after
hydrothermal reaction it becomes 8.4 due to the urea
decomposition, and thus providing the proper condition for
the phase pure HA formation, according to the solubility
diagrams of calcium phosphates [37]. HA cannot be syn-
thesized directly at the initial pH and the synthesis must
proceed through multiple steps; first the formation of
DCPA, following the formation of OCP, which should act
as the precursors for the final HA whiskers formation [35].

SEM observation shows that in sample I, HA mainly
retains the plate-like morphology of OCP [34], which is
because of the similarities between its structures, and OCP
act as a template for epitaxial growth of HA [38]. In order
to increase the quantity of hexagonal whiskers, a gradual
increase of the pH in the reaction medium (sample IT) was
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performed by varying the temperature between 70 °C and
90 °C, followed by ramping at 90 °C for 12 h in the range
of urea decomposition (Fig. 1, Scheme 1). Such gradual
increasing ensures a low speed of HA nucleus formation as
well as slow crystallization of hexagonal whiskers of HA,
thus excluding the intensive epitaxial growth from the OCP
template. SEM images of sample II reveal that the quantity
of particles with hexagonal well-defined prism morphology
is highest in present study and considerably larger in
comparison with sample I, but at the same time, the size
distribution of the as-produced whiskers is non-uniform.

In light of this, one very important question appears, can
we control the HA whisker size distribution in the prod-
ucts? In order to verify this question, the synthesis with
another temperature cycle of hydrothermal treatment
(Fig. 1, Scheme 2) which is similar to the mentioned above
including one addition ramp step at 70 °C for 1 h was
performed (Table 1, samples III and IV) with respect to
more gradual increasing of the pH.

According to XRD and Raman spectroscopy, syntheses
by Scheme 2 resulted in the reduction of yield of the title
compound. For example, in case of sample III OCP is a
most abundant phase, consequently, large quantity of plate-
like structures, attributed to the OCP morphology [34],
were detected by SEM in this powder. Taking into account
that the final pH of the reaction solution for sample III was
6.9, it is believed that 72 h is not enough for the proper
degree of urea decomposition under this cycle and there-
fore leads to the low yield of HA phase under Scheme 2
process (Fig. 1). According to XRD, content of HA in
sample III is ~30 wt.%. SEM reveals that HA structures
are mostly gathered in big aggregates with a radial growth
consisting of hexagonal crystals with quite uniform widths
of about ~1.5 um.

To avoid such aggregation, an additional synthesis with
CTAB as a surfactant was carried out (sample IV). In
addition, the cation surfactant CTAB ionizes completely in
an aqueous system, resulting in an amino cation with tet-
rahedral structure. Owing to the charge and structure
complementarity, these positive headgroups may bond to
the phosphate reactant, PO?( ions, which are also tetra-
hedral in structure, and thus provide a control of the
crystallization process [39]. As a result, the growth of HA
with rod-like morphology is expected to be a favor at low
pH [40]. SEM images show that the HA whiskers formed
in this case possess relatively uniform size distribution.
This results from samples IIT and IV suggest that the slow
control of the pH increase by controlling the urea decom-
position, provide the conditions for the HA crystallization
to form more uniform structures. At the same time, the low
value of final pH obtained for these samples and its phase
composition, also show that not all the urea is decomposed,

establishing the fact that pH has not increased enough to
continue the hydrolysis of precursors to form HA.

The achievement of a uniform distribution and con-
trolled growth of whiskers based on HA has great
importance in improving the mechanical properties of
hydroxyapatite ceramics. The mechanism of the whiskers
crystallization and growth under hydrothermal conditions
is therefore under investigation.

Conclusions

Hydroxyapatite whiskers were successfully produced by a
simple approach, based on the reaction between
Ca(NOs3) - 4H,0O, (NH4),HPO, and urea under hydrother-
mal conditions. Investigation of the influence of the
temperature and duration of the hydrothermal treatment as
well as the initial pH value on the phase composition of the
product has resulted in the optimization of the synthetic
conditions, leading to the large quantity synthesis. Gradual
increase of the pH technique and the use of surfactant
during the synthesis allowed producing single-crystalline
whiskers with sharp faceted hexagonal prism morphology
elongated along the c-axis of the apatite crystal structure.
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