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Abstract:  In previous studies afilm of hydroxylapatit e (HA) was coated onto the inner pore
surfaces of reticulated alumina for bone substitutes with the use of a so-called thermal
deposition method. In this process, the HA films must be sintered at high temperatures for a
strong adhesion to the alumina substrate. I t has been found that high-temperature sintering
inevitably changes the crystallinit y of the coated HA, and in tur n affects its bioactivity.
Therefore, in this study, in vitro experiments were carried out to investigate the effects of
structura l changeson the in vitro bioactivity . Thefactorsdominating in vitro bioactivity of HA,
including surface area, degree of crystallinity , and temperature, were identified. The activa-
tion energy for volume diffusion was calculated for different in vitro solution temperatures.
Also discussed is the underlying mechanism of growth and dissolution processes durin g the in
vitro test. © 2002 John Wiley & Sons, Inc. J Biomed Mater Res (Appl Biomater) 63: 71–78, 2002

INTRODUCTION

Among many bioactive ceramics and glasses, a particular
bioactive ceramic in the calcium phosphate system,1–6 hy-
droxyapatite (HA), [Ca10(PO4)6(OH)2], exhibitsgood biolog-
ical stability and affinity in in vitro tests at biological pH
values.7–13 It is believed that synthetic HA ceramic surfaces
can be transformed to biological apatite through a set of
reactions including dissolution, precipitation, and ion ex-
change. Following the introduction of HA to stimulated body
fluid (SBF), a partial dissolution of the surface is initiated,
causing the release of Ca21, HPO4

22 and PO4
32, and increas-

ing thesupersaturation of themicro-environment with respect
to thestable (HA) phase. A hydroxy-carbonateapatite (HCA)
layer can form with the calcium and phosphate ions released
from partially dissolving ceramic HA and from thebiological
fluids, which contain other electrolytes, such as CO3

22 and
Mg21. This polycrystalline HCA phase is equivalent in com-
position and structure to the mineral phase of bone. The in
vitro reactivity of HA is governed by a number of factors,
which can be considered from two aspects: in vitro environ-
ment and thepropertiesof HA material. It isworth noting that
most of the scientific publications deal with the former one.
Intensive investigation had been done on the factors such as
the type and concentration of the buffered or unbuffered
solutions; pH of the solution; and degree of saturation of the
solution. Fewer in vitro tests deal with HA material itself.

Extensive previous experiments have been focused on
bioresorbability, interfacegrowth, and surface-reaction kinet-
ics of those bioactive materials in animals and humans.15–22

Those studies have focused on (a) identifying the principal
mechanisms that operate the interface bio- and chemical
reactions between the implant material and soft/hard tissue,
(b) studying the factors, such as composition, porosity size,
and morphology, that dominate bioreactions, including
bioresorbability, reaction kinetics, intergrowth rates, and (c)
mechanical properties. Common characteristics of bioactive
materials are the formation of a Ca-P–rich layer at the inter-
face between the implant and bone.1 It has been established
that bioactivity occurs only within certain compositional lim-
its.23–28 Another factor that affects the bioactivity is the
surface area, as it directly determines the dissolution rates of
any solid materials. The porous structure of HA provides a
template for fibrovascular ingrowth, which, when followed
by osteoblast differentiation, results in the deposition of new
lamellar bone. In the development of bone substitutes high
porosity level is required for the following reasons:29 (a)
porous materials have large surface area, resulting in a high
tendency to bioresorb, which induces bioactivity; (b) inter-
connected pores can provide a framework for bone growth
into the matrix of the implant, and thus anchor the prosthesis
with the surrounding bone, preventing loosening of implants,
and (c) interconnected porosity acts like an organization of
vascular canals, which can insure the blood and nutrition
supply for the bone. To satisfy these requirements the dimen-
sion of the interconnected system must be at least 100mm in
diameter or a corresponding porosity of the order of 70%.
Only when a large amount of pores are introduced into the
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materials can reaction kinetics and intergrowth processes be
enhanced.

As a result of its good tissue response, HA has been
successfully used as bone filler, coating of orthopedic and
dental implants, fillers of inorganic/polymer composites, sub-
strate for the column chromatography of protein, and cellcul-
ture carrier. However, certain applications of porous bioac-
tive ceramics have been restricted as a result of their low
fracture strength and fatigue resistance. To overcome the
weak mechanical properties of HA, coating of HA films has
been attempted on the bioinert materials with high strength
and toughness, such as alumina, zirconia ceramics, titanium
metal, and titanium carbide. In evaluating HA coating meth-
ods, two factors are of primary importance. The first is
whether the composition and properties of the coating are
altered so that thein vivo performance of the coating is
compromised. The second is that the coating should be
strongly bonded to the substrate to maintain implant integrity
as well to facilitate proper transmission of load from the
implant to the surrounding bone. An HA coating that sepa-
rates from the implantin vivo would provide no advantage
over an uncoated implant and may be less desirable than no
coating at all. In a worst-case condition, a weakly bonded HA
coating may separate from the implant, and fragments of the
coating would cause a variety of medical problems.

Mechanical properties and interfacial adhesion behavior
are two important factors when one is considering the desir-
able properties of an implant coating. Therefore, in this study,
particular attention was directed to the investigation of these
two factors for the coated products. Fourier-transform infra-
red (FTIR) spectroscopy, X-ray diffractometry (XRD), scan-

ning electron microscopy (SEM), thermal analysis methods,
differential thermal analysis (DTA), and thermal gravimetric
analysis (TGA) were used to examine the chemical and
physical changes that occurred in the coating as a result of
immersion in simulated body fluid (SBF) solution.

The objective of this research is centered on the effects of
structural characteristics, particularly the effects of crystal-
linity and the surface area on the bioactivity and the reaction
kinetics of both commercial and synthesized HA coating on
a substrate of reticulated alumina. This work is a continuation
of previous research, which accomplished a major step by
establishing two HA coating techniques applicable for porous
substrates. These two methods include a suspension method
in which the ceramic substrates are first coated with a sus-
pension containing the HA powder followed by sintering with
a time–temperature cycle appropriate to the density of the HA
coating. The other synthesis route, namely, thermal deposi-
tion (TD), involves mixing calcium Z-ethyl hexonate with
bis(2-ethyhexl) phosphite stoichimetrically in ethanol. De-
tailed information about these two coating techniques on
porous Al2O3 substrates has been published previously.30–33

The study will also focus on the intent to obtain the funda-
mental knowledge about the temperature effect on bioactivity
as a function of time and the activation energies for the
different sintering temperatures of the HA specimens.

EXPERIMENTAL DETAILS

The in vitro tests were conducted to evaluate the bioactivity
of the synthetic HA produced by synthesis methods. All the
samples were tested in the powder form (Table I). For this
work commercial HA and synthetic HA prepared by thermal
deposition reported previously were tested. Table I summa-
rizes the different heat treatments used to obtain a varied
structural crystallinity in the materials. In HA700 three
groups of samples with different specific surface areas (SSA)
were tested.

The SBF solution that had ionic concentrations close to
human blood plasma, as shown in Table II, was prepared by
dissolving reagent-grade NaCl, NaHCO3, KCl, K2HPO4 z
3H2O, MgCl2 z 3H2O, CaCl2, and Na2SO4 in ion-exchanged
distilled water. The solution was buffered at pH 7.4 with 1M
HCl and tris(hydroxymethyl) aminomethane ((CH2OH)3CNH2)
at 37 °C. Powders were immersed into solution at a 1-mg/ml
ratio and maintained at 37 °C at periods ranging from 15 min
to 9 weeks. The calcium concentrations in the solutions were
measured by inductively coupled plasma (ICP). Subsequent

TABLE I. Specimens Used in the In Vitro Test

Name Source and Treatment
SSA

(m2/g)

HA Commercial 63.02
HA600 HA heated at 600 °C, 30 min 40.92
HA900 HA heated at 900 °C, 30 min 17.45
SHA700 Synthesized HA heated at 700 °C, 4 h 15.19
SHA800 Synthesized HA heated at 800 °C, 4 h 1.49
SHA900 Synthesized HA heated at 900 °C, 4 h 1.23

1
HA heated at 700 °C, 3.5 h; particle size:

40 ; 100 mesh 24.38

2
HA heated at 700 °C, 3.5 h; particle size:

100 ; 200 mesh 25.70

3
HA heated at 700 °C, 3.5 h; particle size:

,200 mesh 27.02

TABLE II. Ionic Concentrations of SBF in Comparison with Those of Human Blood Plasma

Concentration (mM)

Na1 K1 Ca21 Mg21 HCO3
2 Cl2 HPO4

22 SO4
2

Blood Plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5
SBF 142.0 5.0 2.5 1.5 4.2 147.8 1.0 0.5
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to immersion, the solutions were vacuum filtered. The pow-
ders were gently rinsed with alcohol and ion-exchanged dis-
tilled water, and then dried at room temperature. The surface
microstructures before and after immersion of SBF solution
were analyzed via scanning electron microscope (SEM).
XRD and FTIR determined the contents of the phases that
were present in the coatings. Measurements were obtained on
a Philips X-ray diffractometer with CuK radiation at 35 kV
and 23 mA.

RESULTS

Dissolution occurs from the bioactivity of the HA immersed
in the SBF; this commonly releases Ca12 among a few other
elements. Figures 1 and 2 show the calcium concentration
changes in the SBF solution as function of time. Both the HA
and HA 600 led to an immediate uptake of the Ca concen-
tration. Initially, there was a high rate of ion uptake, suggest-
ing a new phase growing on HA surface in the supersaturated
solution. After 24 h, with the depletion of supersaturation, the
reaction proceeded at a lower rate of uptake. For HA900,
there is an induction time of 60 min prior to a detectable

decrease in Ca concentration, and the initial rate of Ca uptake
is much lower than those of HA and HA600.

SHA700 behaved similarly to HA and HA600. However,
like HA900, the reaction rate was slow. The reaction of
SHA800 and SHA900 significantly differed from all above
samples. During the first hour, an increase of Ca concentra-
tion was measured indicating that dissolution of SHA800 and
SHA900 preceded the new phase formation. It was also noted
that the rise in supersaturation for SHA900 was greater than
that for SHA800. The ion uptake took place after this initial
dissolution. Another difference between HA series and SHA
series was that the latter took longer time to reach the solid/
solution equilibrium stage, suggesting a slower reaction rate
than that of HA series. These results indicate that the nucle-
ation and growth of HA crystals onto the coating surface is
critically dependent on the crystal structure developed in the
HA coatings.

Figure 3 represents the Ca concentration in the solution as
a function of immersion time for Samples 1–3. All these
samples are commercial HA heat treated at 700 °C for 30
min. Therefore, these samples are of the same structural
crystallinity but with different specific surface areas. They
were tested at a ratio of 1 mg/ml SBF. It is apparent in Figure
3 that the rates of precipitation are highly dependent on the
surface area. From these kinetic curves, the initial rate of
precipitation, the slope of the first two data points, determined
R0. As shown in Figure 4, there is a linear relationship
between the initial precipitation rate and the surface area.

Figure 5 is a plot of Ca concentration verses immersion
time for HA, HA600, and SHA800, SHA900. Samples of
each group have been selected to have the same surface area.
As can be seen, the initial rates of HAs and SHAs separate
into two branches. The HA group exhibits an initial gradual
decrease, whereas that of SHA group increases quite rapidly.
However, as can also be seen in this figure, calcium concen-
tration of SHA 800 initially increases, but reaches a peak at
3 h, and thereafter decreases. In SHA900, although with a
different rate, the calcium concentration always increases up
to 9 h. SHA700 behaves similarly to HA and HA600 with a
slow reaction rate, as can be seen in Figure 5. However, the

Figure 1. Ca concentration in SBF versus immersion time for the HA
group sintered at temperature indicated.

Figure 2. Ca concentration in SBF versus immersion time for the
SHA group sintered at temperature indicated.

Figure 3. Ca concentration in the solution as a function of immer-
sion time for Samples 1–3.
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reaction behaviors of SHA800 and SHA900 significantly
differ from the HA samples. During the first hour, an increase
of Ca concentration was measured, indicating that dissolution
of SHA800 and SHA900 may have surpassed the new phase
formation. It is noted that the rise in supersaturation for
SHA900 is greater than that for SHA800. The ion uptake
takes place after this initial dissolution.

Another difference between HA and SHA series is that the
latter took longer to reach the solid/solution equilibrium
stage, clearly indicating a slower reaction rate in the HA
series. These results suggest that the dissolution and precip-
itation rates are critically dependent on the crystal structures
developed in the HA samples.

DISCUSSION

Structural Effects

Based on the results, it is clearly seen thatin vitro behavior of
the HA coatings is strongly affected by the structural char-
acteristics induced by heat treatment. The SBF used in this
work represents human blood plasma, and it is supersaturated

with respect to HA. In this chemical environment, HA is the
most stable phase among all the calcium phosphate phases;
thus the HCA formation is thermodynamically possible.
However, only HA, HA600, and SHA700 have led to imme-
diate Ca ions uptake. HA900, SHA800, and SHA900 show a
partial dissolution prior to precipitation. The difference in the
dissolution ability of the HA samples is not the only factor in
bioactivity.

Figure 6 shows XRD spectra of HA sintered at different
temperatures in the range of 600–900 °C. The structural
evolution begins from an amorphous state in the commercial
HA. Crystalline phase started to form at 600 °C, and all peaks
were attributed to the HA phase. In addition, relative peak
intensities are in agreement with the expected values for HA.
Therefore, it can be decided that the structure consists pri-
marily of crystalline HA; no additional peaks were observed
to appear at any firing temperatures. However, the peak shift
could be noted by comparing with the standard XRD spectra
of HA. At lower temperatures the shift was considerable,
suggesting great lattice distortion. The breadth of the peaks
was used as an indicator of crystal dimension in the direction
perpendicular to the diffracting planehkl. The crystal sizeD
is inversely proportional to the peak breadth according to the
Scherer equation:

Dhkl 5
Kl

D~2u!cosu
(1)

where Dhkl is the crystallite dimension;K is the Scherer
constant (hereK 5 0.9); l is the X-ray wavelength in Ang-
stroms;D(2u) is the true broadening of the diffraction peak at
half-maximum intensity. The contribution to the peak breadth
from instrumental broadening was determined to be}0.12°
(0.002 radians), independent of 2u. This amount, subtracted
from the total experimental width, is the value of true broad-
ening, assuming the two contributions add linearly. The peak
breadth (D002) is given as a function of temperature in Figure
7. It can be seen that the peak breadth decreases with sinter-
ing temperature, indicating that the crystal size increases with
increasing sintering temperature, from 600 to 900 °C. On the
basis of the above analysis, it can be seen that the important

Figure 4. Initial reaction rate versus specific area for the samples
shown in Figure 3.

Figure 5. Ca concentration versus immersion time for some of the
typical HA and SHA samples.

Figure 6. X-ray diffraction spectra for various HA samples heat
treated at different temperatures.
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difference with annealing temperature was the size of the
individual crystals and the amount of crystal defects.

Based on XRD results shown in Figure 6 and 7 it can be
seen that the heat-treated HAs have a varied degree of crys-
tallinity.33 The smaller crystals (low degree of crystallinity)
would have higher surface energies compared to the large
ones. Nucleation on these high-energy surfaces generally
requires a smaller driving force or lower supersaturation than
that for the induction of nucleation on a low-energy surface
such as a well-crystallized surface. HA900, SHA800, and
SHA900, therefore, must undergo an initial dissolution to
reach the critical supersaturation at which it is possible for the
new phase precipitation to occur.

It is possible that the crystal growth rate is controlled by
more than one of the elementary rate-controlling mecha-
nisms. The rate-controlling process can change depending
upon particle size, solution concentration, and surface prop-
erties of the crystallites. The mechanisms of crystal growth
are usually interpreted from measured reaction rates at dif-
ferent driving forces or from the activation energies of reac-
tions. It is common practice to fit the data to an empirical rate
law, which is represented by simple empirical kinetics:34

Rg 5 kgssn (2)

wherekg is the rate constant for crystal growth,s is a function
of the total number of available growth sites, andn is the
effective order of reaction. A broad empirical test for growth
mechanism can be achieved from a logarithmic plot of Eq.
(2). From then value, the probable mechanism can be de-
duced. It is possible that the crystal growth rate is controlled
by more than one of the elementary rate-controlling mecha-
nisms listed above. Under these circumstances, the rate-
limiting steps may be dependent upon the jump frequency of
lattice ions: (a) through the solution for mass transport con-
trol; (b) to the crystal surface for adsorption control, or (c)
along the crystal surface or into a crystal lattice kink site for
spiral and polynuclear control. The rate-controlling process
can change depending upon particle size, solution concentra-

tion, and surface properties of the crystallites. A broad em-
pirical test for growth mechanism can be achieved by plotting
the data according to Eq. (2). An effective order reaction in
the range 0,n,1.2, n}2, or n.2.5 indicates that the rate-
controlling process is one of adsorption and /or mass trans-
port, surface spiral, or polynucleation, respectively. Experi-
mentally, it is found that the growth rates of the calcium
phosphates are insensitive to changes in fluid dynamics, in-
dicating surface controlling mechanisms rather than mass
transport of ions to the crystal surfaces.

Temperature Dependence of Activation Energy

Activation energies, obtained from experiments at different
temperatures, may be used to differentiate between volume
diffusion and surface-controlled processes. The activation
energy for volume diffusion, reflecting the temperature de-
pendence of the diffusion coefficient, usually lies between 16
and 20 kJ/mol, whereas for a surface reaction the value may
be in excess of 35 kJ/mol. If a reaction has activation energy
of less than 20 kJ/mol, it is safe to assume that it is over-
whelmingly controlled by volume diffusion. However, if the
activation energy is higher than 35 kJ/mol, it is quite certain
that an adsorption process predominates. In all other cases,
both adsorption and volume diffusion mechanisms may par-
ticipate for a first-order reaction.

Figure 3 represents the Ca concentration in solutions as a
function of immersion time at different surface areas. These
samples were the same kind of powders to ensure that they
had the same crystal structure and surface morphology;
whereas the ratio of surface area to volume of SBF was
different. It is apparent in Figure 3 that the rates of precipi-
tation were highly dependent on the surface area. Based on
the empirical kinetics [Eq. (2)], to build a relationship be-
tween the reaction rateRg and surface areas, the degree of
supersaturations should be kept at a constant value. The
corresponding reaction rates were calculated by a simple
fitting procedure from the above kinetic plots. As shown in
Figure 4, there was a linear relationship between the precip-
itation rates and the total surface area, which is in agreement
with the above empirical kinetics equation. This result also
showed that crystallization occurred only on the added seed
materials without any secondary nucleation or spontaneous
precipitation. Furthermore, the advantage of porous bioce-
ramics over dense bioceramics was proved by this relation-
ship.

The initial precipitation rate was not used here because of
the following considerations. First, the empirical fitting pro-
cedure used to calculateR0 is greatly affected by the slower
rates occurring after the initial fast stage of the precipitation
process. Thus, the fitting data could not represent the true
initial rate. Second, initial rate was a complicated factor.
Rapid adjustment of surface composition usually happened
when the solids were introduced into the growth or dissolu-
tion media. In the case of HA, initial uptaking surges were
observed, which might be attributed to calcium ion adsorp-
tion. Therefore, considerable uncertainties can arise if too
much emphasis is placed upon initial rates of reaction.

Figure 7. X-ray diffraction peak breadth versus temperature for the
HA synthesized in this study.
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Another important point is that, in this test, the different
surface areas did not originate from the distribution of parti-
cle sizes, considering that different particle sizes might bring
in the factor of surface morphology, which has great influ-
ence on the reaction rate. The effect of particle size would be
demonstrated later. In the current method, the same powders
were used, so that the factor of morphology was eliminated
and a linear relationship was obtained.

The particles of different sizes behaved differently under
the same SA/V test conditions. When the 40–100-mesh and
,200-mesh particles at SA/V of 0.02 m2/ml are compared, it
is apparent that the Ca adsorption rate is slower for the
smaller particles. This may be attributed to physical differ-
ences such as the radius of curvature and surface roughness.

Figure 5 is a plot of Ca concentration verses immersion
time for HA, HA600 and SHA800, SHA900. Samples of each
group were tested under the same SA/V ratio. As can be seen,
the initial rate of HA was greater than that of HA600; the
behavior of SHA800 differed from the one of SHA900.
Therefore, it can be concluded that the specific surface area
was not the only factor that affects the reaction behavior of
various HA powders—the degree of crystallinity played an
important role in their reaction rates.

Figures 8–11 show the calcium concentration as a func-
tion of time at different temperatures for samples of HA,
HA600, HA900, and SHA700. It was apparent that the reac-
tion rates were faster at higher temperatures.

The chemical reaction in this case—the process of nucle-
ation and crystal growth from solution—is described as an
activated process with temperature, which is represented by
the following relationship:

rate} expS2
Ea

kTD (3)

whereEa is the activation energy, so that reaction rate in-
creases exponentially with temperature increase. The reac-
tion-rate constantK is related to temperature by an Arrhenius
equation:

K 5 KoexpS2
Ea

kTD (4)

By keepings at a constant value, plot lnR versus 1/T, the
slope of the curve will beEa/k, and consequentlyEa can be
calculated.

According to the procedures described above, activation
energy for HA, HA600, HA900, and SHA700 was computed.
s was selected atDCa 5 28 mM for all the reaction tem-
peratures. The computed activation energy was listed in Ta-
ble III. The above results showed that the activation energy
increased with the sintering temperature for HA powders.
The activation energy of synthesized HA700 was much
higher than those of HA and HA600.

Figure 8. Ca concentration versus immersion time at the tempera-
ture indicated for HA.

Figure 9. Ca concentration versus immersion time at the tempera-
ture indicated for HA600.

Figure 10. Ca concentration versus immersion time at the temper-
ature indicated for HA900.

Figure 11. Ca concentration versus immersion time at the temper-
ature indicated for SHA700.

76 SHI, JIANG, AND BAUER



In vitro Biochemistry Behavior of HA

The formation of biological apatite on the surface of im-
planted synthetic calcium phosphate ceramics goes through a
sequence of chemical reactions. It has been shown that the
reaction ratein vitro appears to correlate with the rate of
apatite mineral formationin vivo. Therefore the laboratory
observations can be projected to thein vivo situation.

The in vitro behavior of bioceramics is determined by its
stability at ambient and body temperatures. Many factors
have significant influence on their stability, including the pH
and supersaturation of the solution, crystallinity, structure
defects, and porosity of the material.35,36Driessens37 showed
that, among the phases composed of calcium and phosphate,
hydroxyapatite is the most stable at room temperature when
in contact with simulated body fluid (SBF), which was used
to represent the ionic concentrations of plasma. Generally,
SBF will initiate a partial dissolution of the HA material,
causing the release of Ca21, HPO4

22, and PO4
32, and an

increasing in the supersaturation of the microenvironment
with respect to HA phase that is stable in this environment.
Following this initial dissolution is the reprecipitation. Car-
bonate ions, together with other electrolytes, which are from
the biological fluids, become incorporated in the new apatite
microcrystals forming on the surfaces of the ceramic HA.

Because any clinical use of calcium phosphate bioceram-
ics involves contact with water, it is important to understand
the stability of HA in the presence of water at ambient
temperatures. As Driessens showed, there were only two
calcium phosphate materials that were stable at room tem-
perature when in contact with aqueous solution, and it was
the pH of the solution that determined which one was the
most stable. At a pH lower than 4.2, the component
CaHPO4.2H2O was the most stable, while at higher pH
(.4.2), HA was the stable phase.

Therefore, in thisin vitro test, at biological pH value, only
HA can be found in contact with SBF. It is believed that
synthetic HA ceramic surfaces can be transformed to biolog-
ical apatite through a set of reactions including dissolution,
precipitation, and ion exchange. Following the introduction
of HA to SBF, a partial dissolution of the surface is initiated
causing the release of Ca21, HPO4

22 and PO4
32, and increas-

ing the supersaturation of the microenvironment with respect
to the stable (HA) phase. Carbonated apatite can form using
the calcium and phosphate ions released from partially dis-
solving ceramic HA and from the biological fluids that con-
tain other electrolytes, such as CO3

22 and Mg21. These be-
come incorporated in the new CO32 apatite microcrystals

forming on the surfaces of ceramic HA crystals. Thein vitro
reactivity of HA is governed by a number of factors, which
can be considered from the two aspects:in vitro environment
and properties of HA material.

CONCLUSION

In conclusion, structure characteristics, which are a combi-
nation of crystallinity and specific surface area, strongly
affect thein vitro bioactivity of HA coatings. The bioactivity
is reduced at higher degree of crystallinity, which is likely
related to the high driving force for the formation of a new
phase, and reaction rate is proportional to the surface area.
The suggested underlying mechanism is that highly crystal-
lized HA surface requires a high driving force for the forma-
tion of hydroxy-carbonate apatite (HCA) phase. The surface
morphology and temperature also has a direct affect on the
reaction rates of the HA coatings. The calcium absorption
rate is slower for smaller particles; this could be attributed to
physical differences including radius of curvature and surface
roughness. The activation energy has increased with the heat
treatment temperature for the HA powders.
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