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Characterization of hydroxyapatite powders
prepared by ultrasonic spray-pyrolysis technique
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The hydroxyapatite (HAp) powder was prepared by the ultrasonic spray-pyrolysis
technique; the characterization of the resulting powders was performed. Five kinds of the
starting solutions with the Ca/P ratio of 1.67 were prepared by mixing Ca(NQOs3),,
(NH4)2HPO, and HNO3; the concentrations of Ca2* and POE‘ were in the ranges of 0.10 to
0.90 mol-dm~2 and 0.06 to 0.54 mol - dm~3, respectively. These solutions were sprayed into
the heating zone to prepare the HAp powders. The heating zone was composed of two
electric furnaces; the lower furnace was used for the evaporation of the solvent from the
droplets (300-500°C) and the upper furnace for the pyrolysis of the precipitated metal salts
(750-900°C). The easily sinterable HAp powder was prepared by spray-pyrolysing the
solution with Ca?* (0.50 mol-dm~3) and PO3~ (0.30 mol - dm~3) at the temperatures of
800°C (the upper furnaces) and 400°C (the lower furnaces). The resulting powder was
composed of the spherical particles with diameters of ~1 um or below. Even without the
calcination and grinding operations, the relative densities of the compacts fired at 1150 and
1200°C for 5 h attained maxima ~95%. The microstructure of the sintered compacts
appeared to be uniform; the average grain size was ~3 um. The activation energies for the
grain growth of the sintered HAp compacts were 120 to 147 kJ -mol~"-K~'. © 1999 Kluwer
Academic Publishers

1. Introduction regardless of the excellent sinterability of the resulting
The hydroxyapatite (Ga(PQy)6(OH),; HAp) is anin-  powders.

organic compound whose composition is close to the A spray-pyrolysis technique is one of the powder-
compositions of the human hard tissues, such as thgreparation techniques via the liquid phases [9, 10].
living bone and teeth. When the HAp ceramics are im-This technique has advantages because one can pre-
planted in a body, a carbonate-containing hydroxyappare the stoichiometoric and homogeneous compounds
atite forms on their surfaces and contributes to bondingnstantaneously by spraying the solutions with the de-
to the living bone [1]. Thus the HAp is expected to sired amounts of cations into the hot zone of an elec-
be available as substitute materials for the human harttic furnace. This technique is especially effective for
tissues [2, 3]. Beside such biomaterials, the HAp is apthe preparation of HAp-like materials containing the
plicable to the fields of ion exchangers for the harmfulhydroxyl group in a crystalline structure, because the
ions [4], adsorbents for chromatography [5], the solidpowder is directly prepared in a steam atmosphere dur-
ionics [6] and catalysts [7]. ing spray-pyrolysis [11-13].

The techniques for the preparation of HAp powder Previous preparation of calcium phosphates with
may be classified into two [8]; one is a dry processvarious Ca/P ratios, e.g., HAp [11, 14], tricalcium
or the solid-state reaction between calcium salts anghosphate (GPQy),; TCP) [15, 16], calcium diphos-
phosphates under a steam atmosphere; the other isphate (CaP,0;) [15, 17] and calcium metaphosphate
wet process or the liquid-phase reaction between cakCa(PQ),) [15, 17] by the spray-pyrolysis technique
cium ions and phosphate ions under alkaline condiwas referred. The effects of the kinds of the starting ma-
tions. The dry process is effective for the preparatiorterials on properties of HAp powders prepared by spray-
of stoichiometric apatite powder; however, due to thepyrolysis technique were also examined [14]; the sto-
presence of the hard agglomerates with undetermineidhiometric HAp was easily prepared from Ca(h@
shapes, the resulting powder shows poor sinterabilityas a calcium source and (MJd HPOy or HsPOy as
On the other hand, the HAp powder obtained by thea phosphorus source. Although the above experiments
wet process tends to form the nonstoichiometric apatitgvere carried out using a two-fluid nozzle as an atom-
or the calcium-deficient HAp powder when the condi-izer, the spherical hollow particles with the diameters of
tions for HAp preparations are not strictly controlled, ~5 pm still remain [18]; thus calcination and grinding
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operations were needed to produce dense HAp ceram-AABLE | The composition of the starting solutions and spray-

ics from the above mentioned powders [19]. pyrolysis temperatures

Such calcination and grinding operations may be Temperature’C)
omitted when secondary particles amounted to the&ample Ca(Ng), (NHg)2HPQy  —————
closely packed primary particles are formed by theno (mol-dm™3)  (mol-dm™%)  Upper  Lower
spray-pyrolysis of partially polymerized metal alkox- 0.50 0.30 900 400
ide solution [20, 21]. Successful fracture of the spheri-, 0.50 0.30 850 400
cal hollow particles was achieved by spray-pyrolysings 0.50 0.30 800 400
the solutions with urea as a foaming agent [22]. Thet 0.50 0.30 750 400
resulting powder was composed of fine particles, lead® cap—167 220 0.30 850 300
ing to dense sintered compacts. The crystalline phase of 8'28 8'?2 228 45188
the powder, however, included not only HAp but alsog 0.70 0.42 850 400
carbonate-containing HAp, because the,Gfas de- o 0.30 0.18 850 400
rived from the ureawas introduced into the apatite struc10 0.10 0.06 850 400
ture. Thus the spray-pyrolysis using urea as a foaming
agent may not be effective to prepare pure HAp but only
to reduce the number of hollow agglomerates.

In order to prepare pure and easily-sinterable HAp
powder without using such urea, a reduction of the ( \ Filter (Test-tube type)
droplet size was tried, by replacing the ultrasonic vi- y
brator with two-fluid nozzle as an atomizer. Since the Liebig
sizes of the particles formed in the spray-pyrolysis are Condenser
dependent upon the droplet sizes [18], the reductiono  —— {{ﬁ{’i{{'g’c :’n‘)’ce . Cooling
the droplet size makes the formation of fine HAp par- - [ Water
ticles possible. It is expected that such reduction in the Thermo-
droplet size may contribute to decreasing the hollow P [ ]

agglomerates sizes, thereby enhancing the sinterabi
ity. The purposes of the present investigation were tc

determine the ultrasonic spray-pyrolysis conditions for Lower-furnace At
. . . . (Height: 30 cm)
preparing the carbonate-free HAp with the stoichiomet-
ric Ca/P ratio and to examine optimum powder proper- )
. . . Reaction Tube
ties to obtain dense ceramics. € (Fused silica; LD. 3 cm, Height 1m)
Droplet
2. Experimental <€«—— Solution Storage Tank
2.1. Preparation of the hydroxyapatite Polyethylene Film ] < Teflon Cock
powders —Air
Fig. 1 shows the overall view of the ultrasonic spray- | Starting Solution

pyrolysis apparatus. The apparatus was composed (
an atomizer (ultrasonic vibrator with frequency of
2.4 MHz), a heating zone (fused silica tube: 1.D. 2.5 cm W <————— Utrasonic Vibrator
and height 1 m; electric fumaqe: 1.D. 3 cm and heIghtFigure 1 Overall view of the ultrasonic spray-pyrolysis apparatus.
60 cm) and a powder collecting zone (test-tube type
filter). The hot zone in this apparatus had two electric
furnaces; the lower furnace was used for the evaporatio@.2. Characterization of the resulting
of the solvent from the droplets and the upper furnace powders
for the pyrolysis. The aspirator was used to help col-The crystalline phases of the obtained powders were
lecting the powders at the suction rate of 2dmin~1.  identified using an X-ray powder diffractometer (XRD)
Five kinds of starting solutions with the Ca/P ratio of with Ni-filtered CuK,, radiation (40 kV, 25 mA), (RAD-
1.67 were prepared by mixing Ca(N)p, (NH4),HPQO,  1lA, Rigaku Corp.); the crystalline phases were checked
and HNQ. Table | shows the compositions of the with reference to the JCPDS cards. The lattice con-
starting solutions and the spray-pyrolysis temperaturestants were also calculated by the least-squares method
samples Nos. 1-6 indicate the experiments to determinen the basis of XRD data, using (002), (210), (300),
the spray-pyrolysis temperatures in upper and lowe(310), (222), (213), (410) and (400) reflections of HAp.
furnaces, while samples Nos. 2, 7-10 are referred tdhe amounts of Ca and P in each powder were de-
the experiments for examining the effects of the contermined using an X-ray fluorescence spectrometer
centrations in the starting solutions on some propertie$40 kV, 70 mA; SXF-1200, Shimadzu). FT-IR measure-
of the HAp powders. These solutions were sprayed intanents were carried out by the KBr method in the ranges
the heating zone to prepare the HAp powders. Aboubf 400-4000 cm! (8200D, Shimadzu). The particle
0.5 to 3.5 g of the powders were obtained by sprayshapes were observed using a scanning electron micro-
ing the starting solutions with various concentrationsscope (SEM; S-4500, Hitachi) and a transmission elec-
of C&* and ch* for 5 h; the total yields of powders tron microscope (TEM; H-9000, Hitachi). The samples
were in the range of 70—-85%. for SEM observation were prepared by setting a powder
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on a carbon tape and then coating Pt-Pd on the powde
Inthe case of TEM observation, samples were prepare (a) O : HAp

by putting powder to the micro-grids. Z e} @ : p-TCP
The specific surface are&)(was measured by the g
BET method using Blas an adsorption gas. The pri- &
mary particle sizeGget) was calculated by assuming -5
the primary particles to be spherical: E‘
6 »
Gger= 7S
l i l | !
where p is the theoretical density (3.16-gm3) of 20 25 30 35 40
HAp. 20/ degree CuKa
2.3. Sinterability of the resulting powders (b)
The shrinkage of the compressed powders was mes
sured using a thermomechanical analyzer (TMA, high-

temperature type, Rigaku Denki) from R.T. up to
1300°C at the heating rate of P@€-min~!; the as-
prepared powder was pressed at 140 MPa to form .
cylindrical compact with a diameter of 5 mm and a
thickness of~3 mm.

About 0.3 g of the as-prepared powder was uniax-
ially pressed at 100 MPa and then cold-isostatically
pressed at 150 MPa to form the cylindrical compacts
with diameters of 10 mm and heights 8 mm; the ' ' ' ' ' ' '
compacts were fired at 1050, 1100, 1150 and Tgpo 4000 3500 3000 /2500 ~ 2000 1500 1000 500
for 5 h: the heating rate from R.T. up to the desired Wave number / cm!
temperatures was 1C- min~*. Figure 2 Typical XRD pattern (a) and FT-IR spectrum (b) of the HAp

The relative density was calculated by dividing the powder derived from the sample No. 2.
bulk density of the sintered compact by the theoreti-
cal density (3.16 gcm~2) of HAp. The microstructure
of the sintered compact was observed using a SEM; The crystallinity of the HAp in the present powder
the grain sizes were calculated by the intercept methots higher than that of the powder prepared by spray-
using SEM micrographs. pyrolysis technique using the two-fluid nozzle [11, 14].

In addition, theg-TCP content in the present powder
is lower than in the case of the two-fluid nozzle pow-

Transmittance

OHn-

3. Results and discussion der. Since the average droplet diameters formed by the
3.1. Determination of the spray-pyrolysis two-fluid nozzle and ultrasonic vibrator are found from
conditions for HAp preparation calculation to be~5 and~1 um, respectively, the en-

The sample powders in Nos. 1-6 were prepared to deaancement of the crystallinity of HAp is attributable not
termine the optimum spray-pyrolysis conditions for theonly to an increase in the pyrolysis temperature from
preparation of easily-sinterable powder. Fig. 2 shows00 to 850 C but also to the reduction of the droplet
the typical XRD pattern (a) and FT-IR spectrum (b) of size from~5 to~1 um.

the powder derived from sample No. 2. This XRD pat- The XRF results of the HAp powder derived from
tern showed that the crystalline phases of the resultingample No. 2 showed that the Ca and P contents in
powder were HAp and small amount gftricalcium  the powder were 40.67 and 18.80 mass%, respectively.
phosphate £-TCP), although it is difficult to distin- The Ca/P molar ratio was found from calculation to be
guish the overlapped reflections of HAp with those of1.67, which agrees well with that of a stoichiometric
B-TCP, due to the low crystallinities and appearancecomposition of the HAp. Lattice constant- (@ndc-

of the 8-TCP reflections in the neighborhood of HAp axes) of this HAp powder were measured; the lattice
reflections. In the FT-IR spectrum, the absorptions aseonstants oé- andc-axes were 0.9434 and 0.6883 nm,
signed to the P@Qgroup [23] were detected at 1300- respectively. The present constants are close to the re-
900, 600 and 570 crt and that assigned to the OH ported lattice constants afaxis (0.9432 nm) anckaxis
group [24] was detected at 3570 thnThe absorptions  (0.6881 nm) [26]. The results of XRF and lattice con-
in the range of 1600 to 1300 cthwere assigned to the stants revealed that the present HAp powder obtained
NO;3 group [25]. In addition, the absorptions assignedby the ultrasonic spray-pyrolysis has a high purity and
to the carbonate ion were not detected in the rangestoichiometric composition.

(~1450-1550 cm?'), as reported by Monma and Taka-  The XRD patterns and FT-IR spectra of other sam-
hashi [26]. This IR spectrum suggests that carbonateple powders were almost the same as those of the
free HAp powder may be easily prepared by ultrasonicsample powder No. 2. The results were summarized
spray-pyrolysis technique. as follows: 8-TCP in the powders was present when
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Electron diffraction

SEM micrograph | TEM micrograph

 ®

[ R —

Figure 3 SEM and TEM micrographs of the HAp powder derived from the sample No. 2, together with the electron diffraction image of the TEM
micrograph.

the upper-furnace temperature was below 850only
HAp was present when the upper-furnace temperatur 0~
was raised up to 90C; crystallinity of the resulting —
HAp powder was enhanced with an increase of thege 4 -
upper- and lower-furnace temperatures. S F AL/L
HAp partlcles for sample powders Nos. 1 to 6 were & g8
observed using SEM and TEM. The patrticles mor- |
phologies of sample powders 1 to 6 were similar to ones = 12
another. Typical results of sample powder No. 2 are”
shown in Fig. 3, together with the electron diffraction B d(AL/L) /
image. The SEM micrograph indicated that the result- o L L
ing HAp powder was composed of spherical particles 0 200 400 600 800 1000 1200
with the diameters of 1 «m or below. The TEM micro- Temperature / “C
graph showed that inside some spherical particles were
translucent. This observation suggests that the resultinggure 4 Linear shrinkage curve and shrinkage-rate curve of the HAp
powder is partly composed of the spherical and holloweompact of the sample No. 2 at the heating rate 6fa0min~*.
particles. Since the particle sizes in the case of the two-
fluid nozzle were~5 um [11, 14], it is noteworthy that The shrinkage behaviour of the HAp compact is di-
by using ultrasonic spray-pyrolysis, the particle sizesvided into two stages. In the range of (i) 700-80
are reduced down to one fifth. The electron diffractionthe shrinkage of the HAp compact may be due to the
image showed the ring patterns with the concentric cirsintering of the primary particles within the spherical
cles. Taking the XRD patterns of the resulting powdersand hollow secondary particles [19]. In the range (ii)
into account, these diffraction rings may be ascribed tal050-1200C, the shrinkage appears to occur due to
those of HAp. Since that distinct spots did not appeathe sintering of the secondary particles/grains [19].
in the electron diffraction image, the particles seem to On the basis of the above results and previous re-
be composed the minute polycrystals. ports [11, 13, 14, 22], the sinterability of the com-
In order to examine the densification behaviour ofpressed powders 1to 6 at 118Dfor 5 h was @amined.
the resulting HAp powders during heating, the linearFig. 5a shows the results on the changes of the relative
shrinkage of the compact was measured using TMAdensity with increasing the upper-furnace temperature;
Fig. 4 shows the results of the typical powder compacthe lower-furnace temperature was fixed to be 4D0
of sample 2. Inthe shrinkage curv&I( /L), the shrink-  Fig. 5b indicates the results on the effects of the relative
age of the compact initiated at650°C; it increased density with increasing the lower-furnace temperature;
with temperature and attained16% at 1300C. In  the upper-furnace temperature was fixed to be°850
the derivative curve (d{L /L)), the shrinkage rate was The relative density of the sintered compact attained a
divided into two regions: i.e., (i) 700-80C and (i) maximum ¢-95%)when the furnace temperatures were
1050-1200C. fixed to be 850C (upper furnace) and 40C (lower
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Figure 5 Changes of the relative density with increasing (a) lower-, and (b) upper-furnace temperatures (Sample Nos. 1 to 6). Firing conditions,
1150°C, 5 h. (a) Lower-furnace temperature of 4@ (b) Upper-furnace temperature of 85D.

furnace). The powder derived from sample No. 2 showsnicrocrystalline calcium phosphates and (iii) the crys-
the best sinterability among the powders 1-6. The XR[tal growth of calcium phosphates. The resulting spher-
patterns were omitted in this paper, because they werigal particle diameters are dependent upon the droplet
almost the same as those for Fig. 9 described in thsizes of the starting solution. The droplet size may be
later section. The results obtained were summarized agduced with decreasing concentration of the starting
follows: (1) the crystalline phase of the above sinteredsolution, thus reducing the spherical particle diameters.
compacts was only HAp, (2) the absorptions assigned Fig. 7 shows the relationship between specific sur-
to the NG, group disappeared. face area (SSA) and concentration of the starting solu-
Taking the spray-pyrolysis temperatures for prepartion. The SSA decreased with an increase of the starting
ing the easily-sinterable HAp powder into account,solution concentration; the SSA of the sample No. 10
we determined the spray-pyrolysis temperature towvas the largest¢45 n? - g—1) among the SSAs of the
be 850°C for upper-furnace and 40C for lower- powders examined. Such decrease of the SSA suggests
furnace. Although calcination and grinding operationsthat the growth of the primary particles may be inhib-
are needed to fabricate the dense HAp ceramics frorited with increasing the concentration of the starting
the powders prepared using the two-fluid nozzle [19],solution. Since most of the spray-pyrolysis times were
they may be omitted when the present HAp powderspent in removing the solvent from the droplet in the
prepared using the ultrasonic vibrator, is used for thecase of the dilute solutions, such as No. 10, the growth
fabrication of the HAp ceramics. We conclude thatof crystals precipitated within the droplets may not be
the ultrasonic spray-pyrolysis technique is effective forthoroughly promoted during the spray pyrolysis.
preparing the easily-sinterable HAp powder. Sintered compacts were produced from the above
mentioned powders and some properties of the resulting
compacts were examined. Fig. 8 shows the relationship

3.2. Effect of the concentration of the between firing temperature and relative density of the
starting solution on the properties of sintered compact. The relative density of the compact
the HAp powder increased with firing temperature. In the sample pow-

The effect of the concentration of the starting solutionder of No. 2, the relative densities at 1150 or 1200
on the formation and properties of the HAp powder wasattained~95%; these values were the highest among
examined by fixing the spray-pyrolysis temperature tathe HAp powders examined.
be 850°C (upper-furnace) and 40C (lower-furnace) As atypical example of the sample powders (No. 2),
(Samples 2, 7-10). the XRD pattern of the sintered compact fired at
The main crystalline phase of the powder obtainedl200°C for 5 h is shown in Fig. 9. The crystalline phase
from samples 2 and 7-10 was HAp; however, a smalbf the sintered compact was only HAp. The TCP phase
amount of3-TCP was present in the case of samplesvas not detected in the sintered compact, although the
7 and 8. The FT-IR results showed that these spectraalcium-deficient HAp is decomposed to form the TCP
included the absorption peak 6f3570 cnt! or the  phase during firing [8]. This fact shows that the present
peak characteristic of HAp. The obtained powders werdHAp has the stoichiometric composition. FT-IR spectra
observed by SEM; typical micrographs are shown indid not contain any absorptions assigned to;Nl@Gnly
Fig. 6. These SEM micrographs indicated that the rethe characteristic absorptions assigned to HAp were de-
sulting powders were composed of spherical particlesected from the compacts fired at 1050—1200or 5 h.
with diameters below 2em. These particle diameters The XRD patterns and FT-IR spectra of Nos. 7 to 10
were reduced with decreasing concentration of the startwvere almost the same as those of the sintered compact
ing solution. derived from the sample powder No. 2.
The spherical particles may be formed via the fol- Fig. 10 shows typical SEM micrographs of polished
lowing processes [13, 18]: (i) the removal of the sol-surfaces of the sintered compacts derived from the
vent from the droplet surface, (ii) the formation of sample powder No. 2. These sintered compacts were
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No. 7; (0 90, 054) No. 8; (0 70, 042)

(Ca(NO3)2 / moledm-3, (NH4)2HPO4 / moledm-3)

Figure 6 SEM micrographs of the HAp powders derived from the starting solutions with varictis abal P(j‘ concentrations (Sample Nos. 7 to
10).

(NH4)2HPO4 / moledm-3
50 0.I06 0.l18 0.I30 0.4112 0.|54 98
96  No.2; (0.50, 0.30)
Q -
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0.10 0.30 0.50 0.70 0.90 Firing temperature / °C
Ca(NO3)2 / moledm-3

Figure 8 Relationship between firing temperature and relative density
Figure 7 Relationship between concentration of the starting solution of the HAp compact derived from the various starting solutions (Firing
and specific surface area (Sample Nos. 2, 7 to 10). time, 5 h; Sample Nos. 2, 7 and 10).
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Figure 9 XRD pattern of the sintered HAp compact fired at 12@0for 5 h (Sample No. 2).

1050°C, 5 h 1100°C, 5 h

1150°C, S h 1200°C, 5 h

Figure 10 SEM micrographs of the sintered compacts fired at 1050, 1100, 1150 and@ 2605 h (Sample No. 2).

composed of uniform-sized grains; the grain size in-in Fig. 11. For all specimens, the average grain size in-
creased with firing temperature. The average grain sizereased gradually from0.7 um to 2—3um with firing

was calculated by the interception method from the mitemperature. On the basis of the above data, the ap-
crographs of the sintered compacts. Results are showparent activation energies for the grain growth of HAp

2871



3.5
-~ No.2 ; (0.50, 0.30)
3.0 F | ¥~ No.7 ;(0.90,0.59)
- No.8 ; (0.70, 0.42)
5_2.5 - &~ No.9 ;(0.30,0.18)
v —@— No.10; (0.10, 0.06)

in size
»
—]

Gra
=
n

examined under the above spray-pyrolysis conditions.
The crystalline phases of the resulting powders were
chiefly HAp. These powders were composed of spher-
ical particles with diameters below2m; the particle
diameters were reduced with decreasing concentration
of the starting solution. The SSA decreased with an
increase in the starting solution concentration.

(3) The sintered HAp compact with the highest rela-
tive density of~95% was obtained by firing the pow-
der compact derived from the sample No. 2 at 1150
or 1200°C for 5 h. The microstructure of the sin-
tered compact was composed of uniform grains with
the sizes of~3 um. The activation energies for the
grain growth of the HAp were in the range of 120 to

1100 1150 1200

Firing temperature / °C

1050

147 kJ K~1.mol 1.

Figure 11 Relationship between firing temperatures and average grairReferences
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