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Abstract

Powder mixture of Ca(OH),-P,Os-CaF, were milled in planetary ball mill. A carbonated fluorhydroxyapatite, FHA
Cao(PO4)|-,(CO3),(PO4)s(OH),_»,1(F)2, was formed after 5h of milling and carbonated fluoroapatite Cao(PO4);— ,(CO3),(PO4)s(F)»
was formed after 9 h of milling. Complete transformation of the carbonated form of FA into then single phase of FA occurred after 9h
milling and thermally treating. The various experimental techniques like X-ray Diffraction (XRD), Differential Thermal Analysis
(DTA), Infrared Spectroscopy (IR), Transmission Electron Microscopy and Scanning Electron Microscopy (SEM) were used to

characterize the synthesized powders and to postulate reaction mechanisms’ steps- transformations of reactants involved.
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1. Introduction

Calcium apatites, also known as hydroxyapatite (HA),
Ca;o(POy4)s(OH), and fluoroapatite (FA), Ca;o(POy4)sF>,
are the main sources of inorganic phosphorus in nature
[1]. Their chemical compositions, biocompatibility and
bioresorbility is roughly equivalent to inorganic matrix
of the bone [2-4], and hence the HA is accepted as a
potential bone substitute material in orthopedics and
dentistry. The inorganic matrix of the bone is based on
HA doped with different quantities of cations as Na ™,
K" and Mg®", and anions as CO3~, SO7 and F~.
Among them, CO3~ and F~ play one of the leading roles
because of their influence on the physical and biological
properties of HA [3,5,6]. Namely, fluorine as a micro-
element is necessary for the normal dental and bone
formation in the body [7].
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Solubility of carbonated fluorapatites increases with
increasing CO3~ concentration in chemical and biologi-
cal media [4]. This is very important since the solubility
of fluorohydroxyapatite (FHA) decreases with increas-
ing F~ concentration down to the minimal solubility,
characteristic of FA [8,9]. In this way lower solubility of
FHA/FA can be compensated. Namely, an increase of
F~ concentration in FHA, up to that in FA, results in
better chemical and thermal stability of FHA compared
to HA [7-10]. So, the designed carbonated fluoro-
hydroxyapatite/fluoroapatite system, its phase contents,
could be easily optimized to meet the requirements set
for the reparation of bones, teeth, etc. [7-10].

Because of these characteristics, HA, FA, carbonated
HA/FHA/FA, as well as their combinations have been
extensively studied, applying different synthesis methods
(precipitation, sol-gel, solid-state, hydrothermal preci-
pitation) [11-23]. Unlike mechanochemical synthesis of
HA, reported in Ref. [24-29], the mechanochemical
synthesis of FHA, FA, and carbonated FA/FHA have
not yet been investigated. Therefore, the aim of this
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article was to study the mechanochemical synthesis of
carbonated FA/FHA and FA/FHA, its mechanism, and
the crystallization of phases obtained in the process.

2. Material and methods

Calcium hydroxide, Ca(OH),, phosphorous oxide,
P,Os, and calcium fluoride, CaF,, powders (all p.a.,
Merck) were used for the synthesis of carbonated FHA/
FA and FA. The appropriate amounts of the starting
materials were mixed. The mole ratio of calcium
hydroxide to phosphorous oxide and calcium fluoride
was 9:3:1. The powders were put into agate vials with
alumina balls, 1cm in diameter. Mechanochemical
reaction was performed in a planetary ball mill
(RETCH) at a rotating speed of ~230rpm. The mass
ratio of balls to reactants was 34, whereby the overall
ball mass was 452 g. Milling time varied from 1 to 9 h.

Synthesized products were analyzed by X-ray diffrac-
tometry, XRD (Philips PW 1050), using CuKa;, Ni-
filtered radiation. The patterns were registered in the 20
range 9°—67° with a scanning step size of 0.02°. For
structure refinement, the Reitveld full profile method
[30] was applied, using the Koalariec computer software
[31] to model diffraction maxima by combining funda-
mental parametric approach with modern algorithm.
Crystalline structure and operating X-ray diffractometer
parameters were used for the purpose.

The morphology and the agglomerate size distribu-
tion of the milled powders were studied by scanning
electron microscopy, SEM (JEOL JSM-5300). Prior to
SEM analysis, the as-prepared samples were suspended
in ethanol and dispersed ultrasonically for 10 min.
Subsequently, the powder samples were coated with
gold using PVD. Diameter of over 200 particles/
agglomerates was measured and obtained results were
statistically treated to estimate the average particle/
agglomerate size distribution characteristics. Chemical
homogeneity of samples was analyzed using Energy
Dispersive Spectrometer, EDS, with a Si (Bi) X-ray
detector. Analysis is done by QX 2000 system (Oxford
Instruments, UK) connected to scanning electron
microscope and computer multi-channel analyzer. The
measurements were performed to detect: P, Ca and F.
This equipment was used to analyze X-rays from 0.5 to
20keV with 10eV per channel. Semi-quantitative
analyses show that these elements are present in
different ratios in various parts of the sample. The
YAF (Link Company) software package was used to
compare intensities of reflected X-ray light from the
surface of the analyzed sample and the surfaces of the
corresponding standards (the package contains stan-
dards for elements with atomic numbers equal to or
higher than 8). Good results were obtained for elements
with atomic numbers greater than 10.
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Fig. 1. XRD-patterns of untreated and mechanochemically treated
mixture of Ca(OH),—P,0s—CaF,.

In addition to EDS analysis, F~ ions were also
analyzed by Ion Selective Method (Orion fluoride
electrode, model 94-09A) with Corning Model 10
Expanded pH meter.

The powder morphology was studied thoroughly by
transmission electron microscopy, TEM (JEOL JEM
2000 FX). As for the SEM, the samples were dispersed
ultrasonically in acetone. The suspensions were placed
on transparent carbon foils, supported by copper grids.

Mechanochemically treated samples were further
investigated by differential thermal analysis, DTA
(AMINCO). The analysis was done in air, with a
heating rate of 10°C/min, and by infrared absorption
spectroscopy. IR spectra of powder samples were
recorded on a PERKIN ELMER 983G instrument,
using KBr pastille technique.

3. Results
3.1. X-ray powder diffraction

Fig. 1 shows the XRD patterns of Ca(OH),—P,Os—
CaF, powder mixture, mechanically alloyed for 1-9h.
An XRD-pattern of the mixture before milling is given
in the same figure for comparison. The X-ray pattern of
the sample, milled for 1h, shows the most intense peaks
for CaF, [(111) at 20 = 28.2°; (220) at 20 = 47.1°],"
while the most intense ones for Ca(OH), disappeared.’
The X-ray patterns of the samples milled for 2-4h
confirm a continuation of the mechanochemical process.

'JCPDS File No. 35-0816 (CaF,), International Center for
Diffraction Data.

2JCPDS File No. 04-0733-Ca(OH),, International Center for
Diffraction Data.
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Table 1
Ton positions and refinement parameters
x y z B (A%
F~(6) 0 0 1/4 3.7(0.4)
Ca’" (6h) 0.2385 (4) 0.9888 (5) 1/4 1.31 (7)
Ca®" (4f) 1/3 2/3 0.5005 (8) 0.9 (1)
P> (6h) 0.3984 (6) 0.3699 (6) 1/4 1.6 (1)
0%~ (1) (6h) 0.3229 (11) 0.4802 (10)  1/4 3.1 (3)
07(2) (6h) 0.5878 (11) 0.4683 (10) 1/4 2.5(2)
0%~(3) (12i)  0.3338 (7) 0.2529 (8) 0.43175(8) 3.1 (2)
Ryp =9.5% Rp =7.8%

First, weakly defined peaks for FA® appeared for the
sample milled for 5h. The clear resolution of all
characteristic diffraction peaks for FA can be seen for
the sample milled for 6h. Further increase in milling
time up to 9h resulted in further increase in crystalline
order of the FA phase—further sharpening of the
principal diffraction peaks (Fig. 1).

3.2. Structure refinement

The XRD data were used for additional refinement of
the sample structures by analyzing the space group
P63/m (No. 176) with the following ion positions (30):
F~ is located at the crystallographic position 2a [001/4]
with the local symmetry 6; P>" is located at the
crystallographic position 64 [xyl/4] with the local
symmetry m; Ca>" is located at two crystallographic
positions—one at 6/ [xy1/4] with the local symmetry m
and the other is at the position 4f[1/3 2/3 z] with the
local symmetry 4f; O>~ is located at two different 6/
positions [xy1/4] with the local symmetry m, and at the
general crystallographic position 127 [xyz] with the local
symmetry 1. Error R factors (R, = 9.5%, Rg = 7.8%),
as shown in Table 1, verify quality of refinement as their
values are below 10%. Atomic parameters, fixed atomic
positions and those obtained by refinement are given in
Table 1. The structural parameters were refined with
individual thermal factors and occupation factors.
Thermal B factors (A42) given in Table 1 show no
unusual behavior. They are in agreement with their
ionic/atomic diameter for different ionic species (lighter
ions have greater B factors and heavier ions have smaller
B factors).

Fig. 2a shows the nearest neighbors of F~ ion in the
carbonate fluoroapatite/fluoroapatite structure. It can
be seen that there are three Call’” in the immediate
neighborhood of F~ ion at the distance of 2.3 A. These
Call’" ions form the vertices of an equilateral triangle
with the F~ ion at the center. In the outer coordination
sphere there are three of each Call**, P°", and O*~
ions mutually forming the vertices of a triangle. The

3JCPDS File No. 15-876 (FA), International Center for Diffraction
Data.

distance between F~ and P°" is 3.6 A, and between P°*
and 0>~ (1) is 3.9 A. There are 0% (3) ions below and
above plane containing F~ and Call*". Oxygen ions
occupy vertices of a dodecahedron. The distances
between F~ and O*~(3) ions are 3.1 A, while it is 1.5A
between P> and 0% (3). Fig. 2b shows a fragment of
the crystal lattice compared with the unit cell.

Analysis of microstructural parameters shows that
there is a difference in the crystallite size (21 and 31 nm,
respectively) and in the microstrain (0.3(1)% and
0.0(1)%, respectively) for samples milled for 6 and 9 h.
According to Panda et al., CalI** has higher atomic size
compared to Cal’" [19]. When OH™ ions were
substituted with F~ there is more distortion in the
structure because of the larger ionic radii of F~. At the
end of the process, the F~ ion occupies a large space in
the center of the lattice, thus forming stable FA
structure.

Observed and calculated XRD-patterns of mixture
Ca(OH),—P,05s—CaF, mechanochemically treated for
9h are given in Fig. 3.

The unit cell parameters a and ¢ of FA/FHA for the
samples milled for 6 and 9h, are given in Table 2.
According to the results summarized in Table 2,
prolonged milling caused a decrease in a and an increase
in ¢ lattice parameters.

The increase in ¢ is negligible, which is in agreement
with the literature data, while the decrease in a indicates
that only partial fluorination took place during mechan-
ochemical treatment leading to the formation of FHA
(for the milling time of 6h, a = 0.9414nm).* For the
sample milled for 9h, the a value agrees with the
literature data, indicating formation of carbonated FA
(Table 2).

3.3. IR spectroscopy

IR spectra of the samples milled for 1h compared
with the IR spectrum of the starting mixture reveal a
substantial change in the system phase composition
which occurred during that first hour of milling. All
characteristic bands corresponding to the system com-
ponents, at wave numbers 565, 875, 918, 1090, 1442, and
1626cm™", are of different shape. Also, appearance of
new bands at 726 and 758 cm ™', and disappearance of
the band at 818 cm ™' is evident (Fig. 4).

The bands at 565 and 1090cm ™' correspond to the
asymmetrical v4 and v3 stretching vibrations of the
phosphate group, while the band at 1442cm™" corre-
sponds to the v3 starching vibrations of the carbonate
group [32,33].

The band at 1626cm™' corresponds to the bending
vibration of the hydroxyl (OH™) group, In the case of

4JCPDS File No. 31-0267—carbonate fluorohydroxyapatite Interna-
tional Center for Diffraction Data.
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Fig. 3. Observed and calculated XRD-patterns of mixture
Ca(OH),-P,05-CaF, mechanochemically treated for 9 h.

Table 2
List of crystallite size and cell parameters of FA calculated from the
XRD data

Cell parameters Sample
and crystallite
size FA FA FA FA JCPDS

(t=4h) (t=5h) (=6h) (t=9h) 15876

A (nm) 0.9467 09441  0.9414(4) 0.9379(2) 0.9368
C (nm) 0.6821  0.6873  0.6879(3) 0.6885(1) 0.6884
¢d (nm) 5 10 2 31

samples milled for 4 h or longer, a new band appears at
603cm™', which corresponds to the asymmetric vy
vibration of the phosphorus group (PO3") [32,33].

For the samples milled for 5h or longer, a doublet
appears at 1420 and 1455cm™" that corresponds to v3
vibrations of the carbonate group (CO3"). The band at
875cm ™! assigned to the HPO3  group vibration
[32,33], disappears after 4h of milling. The band at
918 cm ™! ascribed to HPOZ~ disappears for the samples

milled for 5h or longer. In the case of samples milled for
6 and 9 h, the band at 963 cm ™' corresponding to the v4
vibration of the PO;~ group appears as a result of the
HPO3 ™ group deprotonation (Fig. 4, Table 3).

Also, for samples milled from 2 to 6h, the band at
726cm™ ! corresponds to the shifting OH™ liberation
mode (see Fig. 4). This is caused by the increase of F~
content of in the (OH ", F) chain of apatite with
predominant configuration of ...FHO:OHF... [34].
According to literature [34], this configuration is typical
for samples in which almost 50% of OH™ ions being
replaced by F~ ions. In addition to this, the obtained
mixture of calcium hydroxyapatite and fluoroapatite is
approximately equimolar for all the samples in which
only the band at 726 cm ™' is observed. Besides the band
at 726cm™', for the sample milled 6h and after
thermally treated at 1100°C, the band at 758cm ™'
appears, while for sample milled 9h and thermally
treated at 1100°C, only the band at 758 cm ™' appears.
Fig. 5a and Table 3 compares the IR spectra of
mechanochemically treated products before and after
the thermal treatment. According to literature, appear-
ance of the band at 758 cm ™' shows that the configura-
tion ...FHOF... is predominant [34].° This is also in

5 According to the literature [34] the (OH™, F~) chain of apatite
should contain at least three types of [OH ] and a possible fourth one
with distinguishable vibrational energies: (1) the “normal” [OH ] in an
extended [OH ] chain (configuration ...OHOHOH...), (2) “tail to
tail” configuration HO:OH, (3) the F~ bonded [OH7] in the
symmetrical configuration ...OHFHO..., and finally (4) in F~ rich
chains containing only a few [OH ], in which the F~ bonded [OH™]
has an asymmetrical configuration ... FFOHFF....

In general H, F apatite chains have ... FHO(OH)nHO:OH(OH)-
nOHF... configuration where n depends on OH™ and F™ ratio within
the apatite. n decreases with increasing F~ ion content, and there is a
...FHOHO:OHOHF... configuration for n = 0. With further increase
of F~ vs. OH™ ion content in apatite, the chain reduces the number of
OH™ ions until the formation of ...FHO:OHF... and ...FOHF...
chain configuration.
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Fig. 4. The IR spectra of the untreated and mechanochemically
treated mixture of Ca(OH),~P,0s—CaF,.

Table 3
Assignment of IR absorption bands
Mode Sample
FA FA FA FA
(t=6h) (t=9h) (r=6h, (1=9h,
1100°C)  1100°C)
v3(O-H) 3430 3430 3430 3430
2926 2926 2926 2926
5(0-H) 1626 1626 1626 1626
v3(CO37) 1455 1455 — —
v3(CO3) 1420 1420 — —
v3(PO37) 1092 1092 1093 1093
v3(PO3") 1046 1042 1043 1043
v (PO37) 963 962 963 963
v (FHOOHF") 726 726 — 726
v (O-H) — — 630 —
v4(PO37) 603 603 603 603
v4(PO37) 571 571 571 571
v, (PO37) 473 473 473 473

agreement with the curent study, showing that almost
pure fluorapatite was obtained.

Also, besides the band at 726cm™! an additional
vibration at 630 cm ™' appears for the samples milled for
6h and thermally treated up to 1100°C. As seen in the
literature [23-29], this vibration originates from the
OH™ liberation vibration mode and shows that hydro-
xyapatite is still present in the sample and thus showing
the incompleteness of fluoroapatite formation. Also, the
absence of the band at 630cm ™' and the appearance of
the band at 758cm ™! in the samples treated mechan-
ochemically for 9h and then thermally (Fig. 5b and
Table 3), indicates complete transformation of carbo-
nated fluorhydroxyapatite (FHA) into fluoroapatite
(FA).
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Fig. 5. The IR spectrum of the mechanochemically treated mixture of
Ca(OH),—P,0s5—CakF, for different milling time: (a) 6h and (b) 9h,
before and after the thermal treatment process.

3.4. Scanning electron microscopy

Morphology of the starting powder components used
for the mechanochemical treatment is illustrated in
Fig. 6. As evident from microphotographs, the CaF,
powder consists basically of large, prismatic/cubic
agglomerates/particles, 10-20 pm in size. Ca(OH), con-
sists of two types of agglomerates/particles: polygonal
ones similar in size to fluorite particles, and particles
1-3 um in size bonded into clusters (Figs. 6a and b).

No significant changes in size distribution and
morphology of the agglomerates/particles can be ob-
served in microphotographs of the samples mechan-
ochemically treated between 1 and 9 h (Figs. 7a—d). This
is especially valid for the largest particles. Only
accumulated fine particles and laminae of polygonal
shape are visible on the surfaces of larger particles.

As evident from Figs. 7a—d, agglomerates of all
samples are sized from 5 to 25um. Fine agglomerates
consist of significantly finer agglomerates/particles
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Fig. 8. SEM micrographs of characteristic details of the fine agglomerates and particle gatherings: (a) samples after 5h milling and (b) samples after

9h milling.

(Figs. 8a and b) that cannot be seen individually in
microphotographs because of their exceptionally small
sizes. Very fine accumulated particles, 1-5 um in size, are
also evident. In addition, the micrographs give us an
idea about fine agglomerates of particles interconnected,
in different ways, into structures of different forms,
morphology and distribution.

No significant differences in the particle size distribu-
tion can be observed in microphotographs of the
samples milled for the given period of time. Even the
particles agglomerated into larger blocks at the begin-
ning of the milling (Fig. 7a), bonded during further
milling finer particles to themselves, forming round
agglomerates (Fig. 7d), which, compared with the 2h
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milled sample, exhibit higher degree of cohesion. As also
evident from microphotographs, outside surfaces and
edges of grains are not crushed.

Homogeneity of composition is determined by EDS
and F~ Ion selective electrode analysis by measuring
concentration ratios of Ca, P and F from various parts
of sample. This confirmed that a very homogeneous
distribution of components is formed during mechan-

Fig. 9. TEM micrograph of the Ca(OH),~P,0s—CaF, mixture milled
for 9h shows agglomerates of small particles.

(a)

ochemical treatment in all parts of the sample. It was
found that there are no side effects, such as migration of
F~ ions, even in systems which were thermally treated,
because in the previous step (mechanochemical treat-
ment) F~ ions were built into the FA lattice. Possibly
only a redistribution of F~ ions between CaF, and FA
takes place, while the total content of F~ remains
constant through the end of the process.

3.5. Transmission electron microscopy

Fig. 9 illustrates a detailed insight into the morphol-
ogy of the powder obtained by milling for 9h. The FA
powder is highly agglomerated. Agglomerates, 540 um
in size, have frequently polyhedron shapes with curved
corners and geometrically well defined surfaces.

At higher magnifications, it is evident that agglomer-
ates consist of smaller particles, from approximately 25
to 100nm in size (Fig. 10a). The electron diffraction
pattern recorded for the region of small particles
(Fig. 10b) corresponds to the fluoroapatite structure.

The electron diffraction pattern of the experimentally
selected area was composed of reflections (spots)
originating from individual particles. All of the reflec-
tions could be indexed according to the fluoroapatite
structure. The reflections of the experimental pattern are
connected to rings at the positions where the calculated
powder electron diffraction pattern shows the highest
intensity: (210), (211) and (213). Those positions are
marked on the experimental diffraction pattern in
Fig. 10b. The reflections are broadened and diffuse,
due to the small particle size.

3.6. Differential thermal analysis
The DTA curves of the constituent phases of

Ca(OH),—P,0s—CaF, powder mixture for 6 and 9h of
milling are shown in Fig. 11.

(b)

Fig. 10. TEM micrograph (a) and corresponding electron diffraction pattern (b) of the small particles in the Ca(OH),—P,0s—CaF, mixture milled for
9h. The electron diffraction pattern was indexed on the basis of fluoroapatite structure.



2572 L Nikéevic et al. | Journal of Solid State Chemistry 177 (2004) 2565-2574

(@ 6h

(T

(b) 9h

W

0 200 400 600 800 1000

Temperature ("C)

Arbitrary units

Fig. 11. DTA curves of the Ca(OH),—P,0s—CaF, mixture milled for
different duration: (a) 6h, (b) 9h.

The DTA graph for the mixture milled 6h shows a
peak at 1050°C, which corresponds to the pyrolysis of
carbonate from calcium hydroxyapatite. It is not seen in
the sample milled for 9 h. However, in this sample, there
are two new endothermic peaks at 120°C and 200°C, for
the sample milled for 9 h, which correspond to the loss
of physically adsorbed water.

4. Discussion
4.1. Reaction mechanism

According to considerations given in previous chapter
concerning the data obtained by IR spectroscopy, DTA
and XRD analysis, and SEM microscopy for the
mechanochemically treated Ca(OH),, P,Os and CaF,
powders, the following reaction mechanism steps
(transformations of the reactants involved) have been
postulated.

After the beginning of milling (during the first hour of
milling):

Ca(OH),_,,(CO;), + (1 — y)H;PO,4
—Ca(HPO,),_,(CO;), + (2 - 2y)H,0, (la)

CaF, + H3PO, —»CaHPO, + 2HF. (1b)

From 1 up to 4-5h of milling:
6Ca(HPO,),_,(CO,), +3Ca(OH), + 5yH;PO4 + xHF
_)Ca9(HPO4)17y(C03)y(PO4)5(OH)lfx(F)x
+ 5yH,CO;3 + (5 + x)H,0. (1)

During 4-6h of milling:
Ca9(HPO4)lfy(CO3)y(PO4)5(OH)lfx(F)x
+CaF,_« + (1 —x)H,0+ (y —x)H
_)Calo(PO4)lfy(CO3)y(PO4)5(OH)Zfzx(F)Zx
+ (2 - 2x)HF. (2)
During 4-9h of milling:
CalO(PO4)l—y(CO3)y(PO4)5(OH)272X(F)ZX + (2 - 2X)HF
—>Cam(PO4)17y(CO3)y(PO4)5F2 + 2(1 — X)Hzo.
3)

Suggested reactions mainly proceed with incomplete
stoichiometry, wherein the value x defines the deviation
from the complete stoichiometry, within the interval
(x1;x%); X1 <x<Xxi, where x; can have the maximum
value of 1, and x; the minimum value of 0.

Calo(PO4)l—y(COS)y(PO4)5(OH)2—2X1 (F)le
+(2 = 2x1)HF - Ca o (PO,),_,(CO;),(PO,)s(OH),_,, Fa,
+ (2 = 2x¢)HF + 2(x; — x1)H,0. 4)

Consequently, the stoichiometry for the overall reaction
of mechanochemical synthesis will be,

Ca(OH),_,,(COy), + (3 — »/2)P,0s + 8Ca(OH),
+ CaF; + 3y/40, - Ca o (PO,),_,(CO;),(PO,)sF>
+(9—-»y)H,0; x=1. (5)

It can be concluded, based on XRD data, that partial
amorphyzation of the system occurred already after 1 h
of milling. Namely, the exceptionally high mechanical
stress concentration over a very small contact area
(contacts between the balls on their impacts, or on
impacts of the balls against inner walls), provides
conditions for the generation of a high strain gradient
over a relatively small contact surface area. The
deformation strain depends primarily on the radii of
the balls used for mechanochemical treatment and the
impact velocity. The deformation penetrates through the
particle/particle assembly by means of dislocation
mechanisms (sliding and climbing) of high velocity,
i.e., via impact waves [35]. During mechanochemical
process chemical and phase changes occur due to the
transfer of deformations with high elastic flow. Due to
high elastic flow, the prevailing mechanism is creeping,
while the specified changes can be completely irrever-
sible. Critical creeping strain in the milling materials
depends on the time the system was exposed to
deformation (for example number of ball impacts or
number of stress cycles applied on the material).
Therefore, the strain, which provokes the critical
deformation and fractures that form new surfaces, will
decrease gradually as the process proceeds, leading to a
highly amorphous system. The process of mechano-
chemical activation of the systems, which generates
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water as a reaction product, is additionally accelerated
by an alleviated transport of the corresponding ions to
the reaction zone. This minimizes the Gibbs free energy
of the overall reaction of mechanochemical synthesis.

Due to very high hydrophilicity of P,Os, phosphoric
acid (P,Os5+3H,0—2H;P0O,) is formed immediately
upon addition of P,Os to the reaction mixture. The
H;PO, then reacts with Ca(OH),_,,(COs), according to
reaction (1).

The presence of carbonated calcium-hydrogen phos-
phate Ca(HPOy),_,(COs3), is confirmed by bands at 875
and 918cm ™' in the IR spectrum of the milled product
(band for HPO3~ group). In addition, another simulta-
neous reaction occurs:

CaF, + H;PO4 — CaHPO, + 2HF. (6)

After 2 h milling the appearance of the band at 726cm ™!

indicates that the configuration FHO:OHF is predomi-
nant in (OH™, F7) apatite chains. In accordance to this,
almost half of the OH™ ions are replaced with F. The
propagation of the reaction is very slow which is shown
by the presence of the band in the same place for 2
and 6h.

After 2h (and especially after 4h) of milling,
characteristic bands for HPO3~ become less and less
intense, disappearing completely after Sh. Also, the
appearance of a new band at 963cm™' indicates
formation of carbonated calcium-deficient hydroxyfluor-
oapatite  Cag(HPOy);_(CO3),(PO4)s(OH);_ «(F)., ac-
cording to reaction (2). This reaction becomes
dominant, replacing the reaction of Ca(HPOy),_,(COs3),
formation. The apatite subsequently reacts with the
remaining Ca(OH),_,,(CO3),, according to reaction (3),
forming Ca;o(PO4);-)(CO3)(PO4)s(OH), »(F)ay. This
reaction is accompanied by HPO3~ deprotonation, as
confirmed by disappearance of the band at 918 cm™' and
appearance of the band at 963cm ™.

Dissociation of CaF, takes place during the whole
mechanochemical process, generating F~ ions, which
react with stoichiometrically deficient calcium-hydroxy-
fluorapatite. Dissociation of calcium-fluoride results
from the chemical reaction within the system defects
(open surfaces, corrosion pits, dislocations, dislocation
loops, vacancies, etc.). The corrosion tears the Ca®”"
ions away, leaving bare F~ ions, which are carried by
water molecules to the places that correspond to the
given concentration gradient at the local surface.
Therefore, it is realistic to assume that any of the
involved reactions advance differently in larger and
smaller initial particles of the reactants, reaching
equilibrium in different times.

The band at 963 cm ™' appearing after 5h of milling
indicates continuous deprotonation of HPO3 ", although
reaction (3) becomes dominant after 4 h of milling.

There are no bands at 1420 and 1455cm™' (ascribed
to CO37) for the powder mixtures mechanochemically

treated for 6 and 9 h and then thermally at 1100°C. But,
a new band at 630 cm ™' appears, for the mixtures milled
for 6 h, indicating incomplete exchange of the hydroxyl
group for fluorine. The band at 726 cm ™', present all the
time for all milled powders, probably indicates no
significant changes in F~ coordination during F~
transfer from CaF, into calcium-hydroxyfluorapatite.
Also, consequently to considerations in the previous
chapter, it appears that almost half of mixture is
transformed into the fluoroapatite in samples milled
4h and more.

The rate of HPO3~ deprotonation and of OH™ and
F~ exchange controls the rate of fluoroapatite formation
throughout the milling process. As the mechanical
alloying progresses, calcium fluoride dissociation be-
comes its main limiting factor.

Reaction products on the surfaces of larger particles
probably form soon after the process started, while the
particles deep inside, remain unchanged. The morphology
of particles is the same, even after longer milling times
(4-6h), confirming that the chemical process in each
single particle or particle group advances independently.

In smaller particles, the mechanochemical process
advances rapidly and after reaching equilibrium it
continues infinitely slowly. Among regularly sized
particles and especially in large ones the mechanochem-
ical process proceeds with full intensity along the new-
opened reaction fronts (new surfaces, crystallite edges
and mosaic block rims).

As soon as reactions (2) and (3) become dominant in the
studied system, crystallites start to grow becoming the
main building blocks for the mechanochemically treated
particles. This stage of the process commences after
approx. 4h (see the XRD pattern in Fig. 1) and then
continues with increasing intensity, yielding (after 6h)
clearly distinguished crystallites, approx. 20nm in size.
Later on, these crystallites coalesce by means of surface
interactions (clusters of vacancies) and dislocations [36,37].

The FHA/FA crystallization probably begins at the
highest local deformation providing conditions for the
formation of cell substructures. The nucleation and
subsequent particle growth of the synthesized product
correspond to the stoichiometry of the interactive ion
species [36,37].

Assuming that the deformation process propagates at
a velocity of approx. 190-950m/s [35], the crystallite
sizes, calculated by the Scherer formula, have values in
the range from 5 to 31 nm. Similar values of approx.
10 nm were also confirmed by TEM analysis.

5. Conclusion
The experimental results obtained for the mechan-

ochemical synthesis of carbonated calcium-fluoroapatite
led to the following conclusions:
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The synthesis proceeds in several steps. In the first step
Ca(HPO,),_,(COs3), is formed, as confirmed by IR bands
at 875 and 918cm™' for HPO3Z . This reaction is
dominant during the first 4h of mechanochemical
treatment. The synthesis progresses via partial dissocia-
tion of calcium fluoride, during which Cay(H-
PO4)i_(CO3),(PO4)s(OH),_(F), is generated, followed
by disappearance of IR bands for HPO;~ and appearance
of the band at 963cm™! for PO;~, and the band at
726cm~" which is characteristic for equimolar hydro-
xyapatite/fluoroapatite mixture.

After 5h of milling, the formation of Ca;o(PO4),_(CO3),
(PO4)s(OH),_»(F),, becomes dominant, followed by
complete disappearance of the band characteristic of
HPO; ™.

Prolonged milling time increases the content of F~
substituted in calcium hydroxyapatite. This causes the
appearance of the band at 758cm™'. For sample
mechanochemically treated for 9h followed by uni-
sothermal treatment up to 1100°C, only the band at
758 cm ™! appears thus confirming complete exchange of
OH™ ions for F~.

After 4h of milling, stoichiometrically deficient
carbonated hydroxyfluorapatite—Cao(HPOy);_,(CO3),
(PO4)s(OH); _,(F),—was formed. By subsequent me-
chanochemical treatment up to 9h, crystallites grew
through a coalescence mechanism to the size of 31 nm.

The calculated values for the lattice parameters
deviate insignificantly from one another as well as from
the standard lattice parameter values.

The process of mechanochemical milling advances
differently in larger and smaller particles due to different
accessibility of the respective reactive surface areas.

Taking into account the estimated crystallite size of
FHA and FA synthesized by mechanochemical process,
it can be concluded that the mechanochemical synthesis
depends mainly on the rate of particle deformation and
the velocity of impact waves.
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