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Abstract

Nanocrystalline hydroxyapatite powder was synthesized with the solution-precipitation method followed by heat
treatment in order to evolve phases, which were studied with XRD and TEM techniques. The crystallites sizes were
estimated with the Scherrer method and results confirmed with TEM micrographs. The experimental observations
showed that nanocrystalline hydroxyapatite can be successfully prepared from raw materials with the precipitation
technique. Compared to other techniques, the precipitation technique is a competitive method for nanocrystalline
hydroxyapatite synthesis. Moreover, a growth kinetic investigation was performed on the nanocrystalline growth
process during heat treatment. Results have shown that grain sizes increase exponentially with temperature and the
growth rate constants increase with time. The average activation energy of hydroxyapatite grain growth obtained

30.33 - 77.78 KJ/mol with this method.
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I. Introduction

Over the past several decades, hydroxyapatite (HAp:
Caqp(PO,4)¢(OH),) has been the focus of interest as a sub-
stitute material for damaged human teeth and/or bones
owing to its excellent biocompatibility, bioactivity, os-
seous conductivity, and non-toxicity 1,24, In addition,
HAp has a similar crystallographic and chemical compo-
sition to calcified tissues of vertebrates. Moreover, apatite
calcium phosphates are used in the pharmaceutical indus-
try as direct compression excipients 3. Several studies have
discussed various powder processing techniques with the
aim of achieving the most effective synthesis method to
prepare HAp with well-defined particle morphology >-8.

Solid state reaction and wet chemical routes are two main
methods of preparing HAp powders. Depending upon the
preparation method, materials with different morphol-
ogy, stoichiometry (Ca/P atomic ratio) and crystallini-
ty can be obtained. Solid state reactions usually give rise
to a stoichiometric and well-crystallized product at the
expense of relatively high processing temperatures and
long heat-treatment period. The wet method can be divid-
ed into three categories: solution-precipitation method,
hydrothermal technique, and finally hydrolysis of oth-
er calcium phosphates 8:9. In the solution-precipitation
method, nanosize crystals in the shapes of platelets, nee-
dles, rods, or equiaxed particles are obtained. The crys-
tallinity and Ca/P atomic ratio of these products depend
strongly upon the preparation conditions and are in many
cases far from well-crystallized stoichiometric hydroxy-
apatite. The hydrothermal technique usually results in
HAp materials with a high degree of crystallization, a
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Ca/P molar ratio close to the stoichiometric value, and a
crystallite size in the range of several nanometers to mil-
limeters.

Properties of HAp bioceramic may be significantly im-
proved by controlling important parameters of powder
precursors such as particle size, shape, particle size distri-
bution, and heat treatment 10. HAp nanocrystalline pow-
ders provide large surface areas 11, which improves sin-
terability and densification of the corresponding ceram-
ics 12. Bulk ceramics with ~ 98 % theoretical densities have
been obtained by sintering compacted nanosized HAp at
1000 °C. Moreover, nanometer-sized HAp is also expect-
ed to exhibit better bioactivity than coarser HAp 13,14,
HAp ceramics with nanosized grains clearly represent a
unique and promising class of orthopedic/dental implants
with enhanced osseous integration properties 1415,

Recently, the use of solution-precipitation processes
for synthesis of HAp has become an important research
objective 16, In this study, the effect of heat-treatment
on nano-crystallization, phase transformation, and grain
growth of hydroxyapatite particles was investigated. Pow-
der characterizations including phase composition, mor-
phology and distribution of grain size were performed.
Moreover, a simple discussion on the grain size growth
rate and its activation energy is presented based on classi-
cal and new grain growth approaches.

II. Material and Methods

Hydroxyapatite powders were prepared with the so-
lution-precipitation method using Ca(NOj),-4H,0
(Analar No. 10305) and (NH,),HPO, (Merck No.
1205) as starting materials and ammonia solution as an
agent for pH adjustment. 250 ml of 0.29M (NH,),HPO,
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solution was slowly added dropwise to the 350ml of
0.24M Ca(NO3),-4H,0 solution while this was vigor-
ously stirred at about 25 °C. In all experiments the pH of
Ca(NO3),-4H,0 stock solutions was adjusted with am-
monia to pH =11. Under these conditions, a stoichiome-
try composition can be easily achieved based on the fol-
lowing reaction 17:

10Ca(NO3),-4H,0+6(NH ),HPO ;+8NH,OH
4 Calo(PO4)6(OH)2+20NH4NO3+46H20

Once the precipitation reaction was complete, the sus-
pensions were then centrifuged at 3000 rpm for 60 seconds
to remove the precipitates. The resulting powders were
next dried in an oven at 80°C for 1 hour and then cal-
cined continually at 100,450, 900 and 1200 °Cin a tube fur-
nace under controlled atmosphere. The heating rate was
10 K/min and air was used as the purging gas. Total time
for heat treatment was 2 hours.

Phase transformation during heat treatment and crystal-
lite size evolution were evaluated with X-ray diffraction
using a Siemens diffractometer (30kV and 25 mA) with
CuKua radiation (A =1. 5405A) and the Scherrer method
from the line broadening of the diffraction lines, respec-
tively 18.

094

~ BcosB

where tis the average grain size (nm), A is the CuKa wave
length (nm), B is the diffraction peak with a half maximum
intensity (radian), and 0 is the Bragg diffraction angle.

Transmission electron microscopy (TEM: FEG Philips
CM 200) was also used for characterizing the size and
shapes of particles. For this purpose, particles were de-
posited onto Cu grids, which supported a “holey” car-
bon film. The particles were deposited onto the support
grids by deposition from a dilute suspension in acetone
or ethanol. The grain shapes and sizes were characterized
with diffraction (amplitude) contrast. The specific surface
area was determined from N2 adsorption isotherm with
the BET method using a Micromeritics ASAP 2010 sur-
face area analyzer.

III. Results and Discussion

(1) Synthesis and beat treatment

Fig.1 shows the X-ray diffraction (XRD) patterns of
hydroxyapatite powders heat-treated at various tem-
peratures. The XRD pattern of HAp powder heated at
100°C shows wide peaks with low intensities without
the presence of any second phase. The broadened (211),
(112), (300) and (002) peaks indicate that the crystallites
are very fine in nature with high atomic oscillations. All
XRD patterns of powders heat-treated at different tem-
peratures show similar profiles. However, the intensities
of hydroxyapatite peaks gradually increase when the heat
treatment temperature increases. This suggests further nu-
cleation/growth of the hexagonal-dipyramidal nanocrys-
tals. This figure also confirms that the hexagonal-dipyra-
midal phase, which is the stable phase of HAp at room
temperature, does not transform to other phases when
heated up to 1200 °C.
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Fig. 1: XRD Patterns of heat-treated hydroxyapatite powders at
different temperature.

The XRD patterns of the HAp heat-treated at 450°C is
almost similar to that treated at 100 °C. Heat treatment
at 900 “C and 1200 °C results in the enhancement of peak
intensities, formation of new crystallographic planes such
as (112), (321), (401) and (402), peak splitting between 30°
to 35°,and contraction of peak widths. Thisis attributed to
the reduction of amorphous phase quantities, enrichment
of crystallinity, and arrangement in the hydroxyapatite
structure.

Table 1 lists the calculated crystallite sizes at different
heat treatment temperatures based on XRD profile analy-
sis and the Scherrer method 18-20, In this method, the
broadening contributions owing to the crystallite size are
taken into account. The hydroxyapatite grain sizes gradu-
ally increased when the sample was heated from 100 °C to
1200 °C. As shown in Fig. 2, grain sizes increased expo-
nentially with increasing temperature. Transmission elec-
tron microscopy (TEM) micrographs of the hydroxyap-
atite powders after heating at 100 to 1200 °C are shown
in Fig.3. TEM observations are in good agreement with
XRD results. The microstructure of hydroxyapatite parti-
cles after heat treatment at 100 °C is observed to be almost
like irregular circular plates, with particle size in the range
of 8-10nm, and the specific surface area 94.97 m2-g-1.
When the temperature was increased to 1200 °C, the parti-
cle size of hydroxyapatite was found to be 50 - 60 nm with
roughly hexagonal shape morphology and the specific sur-
faceareameasuring 2.44 m2-g-1. XRD grain size was calcu-
lated with the Scherrer method and used for grain growth
investigation.

Table 1: Grain size of HAp crystalline as a function of heat
treatment temperature and time.

Heat Grain size [nm] Temperature [K]
treatment time [s]
600 7.75 373
2700 8.01 723
5400 27.79 1173
7200 59.06 1473
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Fig. 2: Plot of growth grain sizes versus heat treatment temperature.

Fig. 3: TEM micrograph of hydroxyapatite powder heated at 100 °C
(A), 450 °C (B) 900°C (C) and 1200 °C (D).

(2) Grain growth investigation

As mentioned above, heating powders from 100°C to
1200 °Cisaccompanied by more nucleation/growth of the
nanocrystals inside the powder. Although the exact parti-
clenucleation and growth mechanisms are not clear, nucle-
ation occurs probably based on either hydrolytic reactions
or a salting-out phenomenon. Growth could progress as
a result of molecular diffusion/deposition or the aggrega-
tion of primary particles with increasing temperature.

The results in Table 1 show that during heat treatment,
nanoscale grain growth has occurred. In general, grain
growth occurs in polycrystalline materials to decrease the
system free energy by reducing the total grain boundary
energy. The earliest consideration of the kinetics of normal
grain growth assumes a linear relation between the growth
rate and the inverse of grain size 21:

db_% 1)

de D

where D, t, and k are the mean grain diameter, heating
time, and growth rate constant. The integration form of
this equation is:

D?-D2 =kt @)
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And
k =nko exp (—%) (3)

where R, Q, T, and kg are the universal gas constant, ac-
tivation energy, absolute temperature and a constant.

Here the equations (2) And (3) are used for a simple in-
vestigation of growth rate and activation energy of HAp
crystallites. Approximately, a single growth process can be
separated as several domains where k is constant for each
domain 22:

D, Dy Dn
/ DdD = DdD+...+/ DAD
Do Do Dn—l

= /tl kidt+ ... +/tn k,dt
to Th-1
or

kit t <t
D?-Di= (5)
kit+ ... +ko(th-thg) th>t>thg

ky, ky, ..., k,, are the growth rate constants in each do-
main. ky, k, and kj values for n=3 were calculated in
the this study. The results are presented in Table 2 and
Fig. 4. Asshown, growth rate constants increase with time:
ki<k,<ks. The activation energy can be obtained from
equation (3) as the slope of a plot of (In k) against (1/T).
This plot is shown in Fig. 5 for the minor and major tem-
perature of every domain. The average activation ener-
gies obtained are 30.33 and 77.78 k]J/mol for the lower and
higher temperatures, respectively.

*)

Table 2: Constant growth rate in each domain.

Time range [s] Rate constant [nm?2/s]

600-2700 0.002
2700-5400 0.2623
5400-7200 1.5088

It has been mentioned that for nanoscale materials, grain
growth is accompanied by a reduction in diffusion rate
and increase of activation energy of diffusion 23. It is un-
clear what happens in the growth process of HAp dur-
ing heat treatment. F. Liu and R. Kirchheim 24 introduced
a new empirical relationship using the Gibbs adsorption
equation and McLean’s grain boundary segregation mod-
el. This approach states that in systems with high segrega-
tion energy, decreasing grain boundary energy to zero is
possible. In addition, the decrease of activation energy can
be described with this equation. The grain size is propor-
tional to the inverse exponential part of temperature with-
in their relation:

D=y ®)
B-exp ('T)

where A, B, C, are const coefficients and T is tempera-
ture.

Therefore this relationship can present a better fitting for
the HAp growth profile. Itis well known that at high tem-
perature (about 1673 K) the Hand O atoms leave the HAp
crystalline lattice, giving rise to the formation of tricalcium
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phosphate, TCP. According to E Liu and R. Kirchheim,
the mobility of H and O atoms may increase at high tem-
perature, which causes the crystallites to overcome the en-
ergy barrier at the grain boundary. This can be described as
a “semi-segregation” phenomenon during heat treatment
and explains corresponding changes in rate constant and
activation energy at high temperatures. It should be noted
that the constants in the F. Liu and R. Kirchheim relation
are not known for HAp.
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Fig. 4: Growth profile of HAp for n=3 in equation (5).
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Fig.5: Arrhenius plot of logarithm of the rate constants versus
reciprocal heat treatment temperature.

IV. Conclusions

Hydroxyapatite powder with nanoparticles was success-
fully prepared with the solution-precipitation technique
from Ca(NO3),-4H,0O and (NH,),HPOy, solutions as
starting materials. Heat treatment was performed on hy-
droxyapatite samples at different temperatures. The hy-
droxyapatite grain sizes gradually increased when the
sample was heated from 100°C to 1200°C. According
to observed growth investigation, growth rate constants
increased with increasing time range. Average activation
energy obtained was in the range of 30.33-77.78 KJ/mol.
Considering F. Liu and R. Kirchheim’s proposed new re-
lationship, the mobility of H and O atoms may increase
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at higher temperatures leading to semi-segregation and
may also explain the behaviors of growth rate constant
and activation energy.
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