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Hydroxyapatite (HAP) and tri-calcium phosphate (TCP) powders and coatings with a Ca/P
molar ratio from 1.56 to 1.77 were prepared by the sol-gel technique using calcium
2-ethylhexanoate (Ca(0,CgH1s)2) and 2-ethyl-hexyl-phosphate as calcium and phosphorus
precursors, respectively. The structural evolution and phase formation mechanisms of HAP
and tri-calcium phosphate in calcined powders and coatings on Si wafer and Ti-alloy
substrates (Ti-30Nb-3Al and Ti-5Al-2.5Fe) were characterized by X-ray diffraction, Fourier
transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). The
elimination of organics was studied by differential thermal analysis (DTA) and
thermogravimetry {TGA). Two different formation mechanisms of crystallization are
proposed. In sols with Ca/P < 1.67, B-tricalcium phosphate is formed as the major phase
and hydroxyapatite as a minor phase by calcination at 700°C. At 900°C these phases react
to form AB-type carbonated hydroxyapatite (Caqo-2x/3[{PO4)e—x{CO3)xII{OH)2_x/3-2,(CO3)y]).
A release of CO, substituting PO?{ occurs between 900°C and 1100°C yielding carbonate
apatite, Ca1o(PO4)s[(OH)2_2,(CO3),1, whereas CO; substituting OH~ groups in the apatite
structure is released above 1200°C. In sols with Ca/P > 1.70, rather than carbonate apatite,
B-carbonated hydroxyapatite Cajo_2x/3l(PO4)s-x({CO3)x1{OH), is formed, which subsequently
decomposes into HAP and CaO above 1200°C. The optimum sintering conditions for
coatings on Ti-alloys are found to be 600°C for 10 minutes, since, at higher temperature,
oxidation of titanium and the formation of rutile (TiO;) occur. Dip coating and sintering in
two cycles yielded a homogeneous and dense coated film with a thickness of 250 nm.

1. Introduction

Hydroxyapatite bioceramic (HAP) (Ca;(PO4)s(OH)2)
has attracted world-wide interest in both the
orthopaedic [1] and dental fields [2], owing to its ex-
cellent biocompatibility and tissue bioactivity, Because
of the low fracture toughness and modulus of elastic-
ity of HAP ceramics [3], their application is generally
restricted to non-load-bearing areas, unless combined
with other materials offering greater mechanical prop-
erties. Therefore, nearly all bone and tooth implants
are presently made from metal alloys coated with HAP
to improve the rate of implant fixation and prolong its
longevity. The concept of coating metal implant sur-
faces with HAP ceramic films combines the mechan-
ical benefits of metal alloys with the biocompatibility
of HAP. Commercial HAP coatings, commonly pro-
duced by plasma spraying [4, 5], have been shown to
exhibit clinical problems such as delamination, which
leads to the premature wear of implants [6]. To improve
adhesion between coatings and implants, new synthetic
approaches are currently being developed, such as sput-

* Author to whom all correspondence should be addressed.

tering [7], pulsed-laser deposition [8], thermal dissoci-
ation of calcium-EDTA chelates under hydrothermal
conditions [9], biomimetic processes [10] and liquid
immersion techniques [11, 12]. The sol-gel process pro-
vides an attracive alternative to these methods. It has
been widely used in the preparation of various inorganic
materials because of the easy formation of crystalline
films at relatively low temperature, the possibility to
tailor microstructures and its convenience for complex-
shape coatings [13]. In the sol-gel process, the metal
alkoxides M(OR),, used as starting materials are con-
verted through hydrolysis and condensation reactions
to amorphous gels of metal oxides, which are further
transformed to ceramics when heated at relatively low
temperatures.

Calcium phosphate compounds such as hydroxy-
apatite (Cayp(PO4)s(OH)}2), or tri-calcium phosphate
{Cas(PO4)2, (TCP)) have only recently been synthe-
sized by sol-gel processes as bulk powders [14, 15] or
as coatings [16, 17]. Brendel ef al. [16] prepared HAP
by the so-called polymeric route using calcium nitrate
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and phenyldichlorophosphine (C¢HsPCly) as precur-
sors and acetone as a solvent. Hydrolysis and subse-
quent oxidation with bubbling air led to the formation
of the viscous sol used for coating metal substrates. The
sol transforms into a rigid gel upon drying and to hy-
droxyapatite upon calcination at 900 to 1000°C. Weng
and Baptista | 18] used P2Os dissolved in ethanol as the
phosphorus precursor and calcium nitrate as the cal-
cium precursor. The latter authors pointed out that the
alcoholic solution of P Os contains the P species mainly
in the form of PO(OH), (OR) and PO(OH)(OR);, which
hydrolyse faster than PO(OR)3. Lopatin ef al. [19] and
Russell er al. [20] used n-butyl acid phosphate and cal-
cium nitrate tetrahydrate as the phosphorus and calcium
sources, respectively. The reaction was performed at
room temperature in a solvent of 2-methoxyethanol.
Sauer et al. [21] recently prepared coatings on Ti-
alloys using sol-gel derived hydroxyapatite infiltrated
in surface-modified HAP particles.

In this paper, we describe the preparation of cal-
cium phosphate powders and coatings using calcium
2-ethylhexanoate (Ca(O2CgH 5)2) as the calcium pre-
cursor and 2-ethyl-hexyl-phosphate as the phosphorus
precursor. Si-wafer and Ti-alloy substrates (Ti-30Nb-
3Al and Ti-5A1-2.5F¢) were dip coated with obtained
stable sols. Both organic precursors were used by
Hosonuma e¢ al. {22] for the preparation of calcium
phosphate coatings on titanium, titanium alloys and
stainless steel alloys. The authors [22] pointed out that
the coatings may contain, in addition to hydroxyapatite
and/or tricalcium phosphate, other calcium phosphates
formed as by-products of the firing process or coatings-
substrate reactions. Therefore, the aim of this work was
to study the formation mechanism of the crystalline
phases in the firing processes of coatings with different
Ca/P molar ratios. Special attention was devoted to the
incorporation of CO; in the apatite structure, since car-
bonate apatite closely resembles the mineral phase of
bone and gained recently considerable attention due to
enhanced dissolution and resorption properties [23].

2. Experimental procedure
2.1. Sol-gel synthesis and coating
procedure

2.1.1. Preparation of sols

74 g of calcium hydroxide (98%, Merck, GmbH) was
suspended in 150 ml ethanol (>99% Fluka, GmbH) and
stirred vigorously. To this suspension 433.5 g ethylhex-
anoic acid (EHA) was added dropwise. The molar ra-
tio of calcium to EHA equaled 1:3. The suspension
was stirred for another 3 h at 50°C, then cooled to
room temperature and diluted with 90 ml ethanol to
reduce the viscosity of the solution. The turbid solu-
tion was then filtered by pressure filtering (pore di-
ameter 2 pwm) to obtain a clear sofution of calcium
2-ethylhexanoate. The amount of Ca was determined
by ICP-AES to be 5.67 wt%. The CaEHA-solution was
subsequently diluted with EHA to a Ca/EHA molar ra-
tio of 1:8. 2-cthylhexyl-phosphate (99.2 wt%, Merck,
GmbH, mixture of 45% mono- and 55% di-ester of
phosphoric acid) was added in various amounts to ob-
tain solutions with Ca/P molar ratios of 1.60, 1.67, 1.70,
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1.75 and 1.80. After adding ethanotl to reduce the over-
all calcium phosphate concentration to 5 wt%, the solu-
tions were stirred at 25°C for 4 h before being used for
coating. Furthermore, sols were dried at 130°C for 4 h
and the resulting gels were heat treated at temperatures
in the range from 400 to 1400°C,

2.1.2. Coating procedure

Ti-alloys and single-crystal silicon wafers were coated
with prepared sols. Circular titanium-alloy plates (Ti-
30Nb-3Al and Ti-5A1-2.5Fe) with |5 mm diameter and
1 mm thickness were polished with 15 um diamond
paste, cleaned in an ultrasonic bath, washed with dis-
tilled water and acetone and dried at 80°C before coat-
ing. Si wafers (20 x 10 mm) were rinsed in acetone and
dried at 80°C.

Coating was performed by dipping the substrates into
sols at 25°C, and pulling them out with a speed of
I mm/s, drying them in air at 130°C for 4 h and sub-
sequently calcining them for 10 minutes in a preheated
furnace at temperatures between 400 and 900°C.

2.2. Characterization of sols and coatings

Elemental analysis of dried and calcined gels was car-
ried out using ICP-AES (ISA, JY24). Thermal be-
haviour and phase analyses were accomplished by
differential thermal and thermogravimetric analyses
(DTA/TGA) (Baer, Model STA-501, heating rate:
10 K min~!), X-ray diffraction analysis (XRD)
(Siemens D5000, CuK, radiation) and by Fourier
transform infrared spectroscopy (FTIR) in transmission
mode (Brucker IFS25). For the phase characterization
of coatings on substrates by XRD, a thin-film acces-
sory was used at an offset angle @ = 1.5°, FTIR analyses
were performed on powders prepared by the KBr-pellet
technique (KBr/samples = 150/1) and on coatings de-
posited on Si single-crystal wafers (thickness of Si
wafer = 500 pm). The microstructure and morphology
of coatings on Si wafers and Ti-alloys were determined
by scanning electron microscopy (JEOL, JSM 6400F).

3. Results

A flow chart of sol preparation and substrate coating
is given in Fig. 1. Sample notation and both nominal
and determined Ca/P molar ratios of prepared sols are
given in Table L

TABLE I Sample notation and nominal and measured Ca/P molar
ratios of sols

Measured (ICP) Ca/P

Nominal Ca/P ratio of gels calcined

Gel molar ratio of sols at 1000°C
EHPI 1.60 1.55
EHP2 1.64 1.59
EHP3 1.67 1.62
EHIP4 1.70 1.66
LIPS 1.75 1.70
ElP6 1.80 1,77
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3.1. Thermal behavior of prepared sols
Prepared sols dried at 130°C transformed in 4 hours
into transparent sticky gels. The latter were subjected
to differential thermal (DTA) and thermogravimetric
(TGA) analyses. DTA/TGA scans of the EHP3 gel
(Ca/P=1.62) dried at 130°C for 4 howrs (Fig. 2) are
typical for the thermal analyses performed on these
samples.

The first weak endothermic peak seen in the DTA
scan at about 260°C can be attributed to the evapora-
tion of residual solvent, while the subsequent strong
exothermic peak at about 400°C results from the com-
bustion of organic material. The weight loss seen in the
corresponding TGA scan is 73.05% at 500°C, and be-
tween 500°C and 1490°C the gel lost a further 1.20%
of its original weight. Additionally, small exothermic
peaks are observed in the DTA scan at 512, 582 and
1199°C (see overlay in Fig. 2). To define these peaks
with certainty, the majority of organic material was
burned off at 400°C for 5 minutes, and the rest of pow-
der was again subjected to thermal analysis.

In this case, the heating of the sample was stopped
successively at higher temperatures and the sample was
rapidly cooled down and analysed by XRD. DTA/TGA
and differentiated TGA (DTGA) scans of EHP3 gel
calcined at 400°C for 5 min. are shown in Fig. 3, and
XRD patterns of samples quenched in the DTA appa-
ratus from the indicated temperatures are displayed in
Fig. 4.

While the sample quenched from 400°C is still
amorphous, at 535°C S-tri-calcium phosphate (8- -TCP)
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Figure 3 Dilferential thermal and thermogravimetric anadyses (DTA/TGA) of sol EHP3 (Ca/P = 1.062) calcined at 400°C for 5 minutes,
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Figure 4 XRD patterns of the gel with Ca/P=1.62 (EHP3) quenched
from temperatures marked in Fig. 3. (—{1—) 8-TCP; (—B—) hydroxy-
apatite; (—'0—) carbonate apatite, (—@—) ¢-TCP.

and hydroxyapatite (HAP) begin to crystallize, and at
700°C the former is the predominant phase, and the
latter a minor one. A third crystalline phase, carbonate
apatite (Ca;n(P0O4)sCO3) appeared at 1120°C, but was
absent in the sample quenched from 1280°C, in which
only well-crystallized HAP and 8-TCP were observed.
The latter transforms into o~ TCP above 1280°C, result-
ing in a mixture of well crystallized HAP and «-TCP
in the sample heated to 1400°C.

The same crystallization path was observed in the
other gels having Ca/P <1.66 (EHPI, EHP2 and
EHP4). However, a different crystallization path was
found in the gels with Ca/P =1.70. XRD patterns of
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the gel with Ca/P = 1.77 (EHP6) quenched from var-
ious temperatures in the DTA apparatus are given in
Fig. 5. The first crystalline phase to form is HAP with
B-TCP appearing as minor phase at 700°C. No carbon-
ate apatite appears as a distinet phase, but at 1060°C
some splitting of HAP peaks is observed. At 1280°C
and 1500°C, in addition to HAP, a small amount of CaO
was found. A segment of the XRD pattern between 30—
357260 is shown in Fig. 5B for the sample quenched at
1060°C. The theoretical 26 peak positions of HAP and
carbonate apatite are also included.

Further evidence for the formation of carbonate ap-
atite as a separate phase in the gels with molar ratio
Ca/P<1.66 is found in XRD patterns of gels heat
treated at 1000°C for 3 hours (Fig. 6a—d). Compar-
ing the XRD patterns of the same gel subjected to two
different heat treatments (Fig. 6b and c¢), we see that
pre-treatment of the sample has a decisive influence on
carbonate apatite formation.

FTIR spectra corresponding to the XRD patterns of
Fig. 4 are displayed in Fig. 7. The spectrum at 400°C
exhibits featureless bands at 1060 cm™! and 570 cm™!,
which can be assigned to non-separated v, and vs vi-
brations, and to vy vibration modes of PO?{ groups, re-
spectively [24]. The FTIR spectrum indicates an amor-
phous state [25] of the gel at 400°C. Absorption bands
in the range of 1400 to 1570 cm™' can be attributed to
C—0 and C=0 stretching vibrations of organic residu-
als. Bands at 3400 and 1634 cm™! arise from adsorbed
molecular water. As the temperature increases, the ab-
sorption bands resulting from P—O deformation (570,
601 ecm™") and valence vibrations (1046, 1090 cm™})
separate and become stronger and sharper. The band at
1419 cm™!, which could be due to CO; incorporation
at the PO?,” position in the apatite structure, becomes
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Figure 5 (A) XRD patterns of the gel with Ca/P=1.77 (EHP6 gel)
quenched in the DTA apparatus from the indicated temperatures; (B) a
segment of the XRD pattern between 30-35° 26 and the theoretical
positions of HAP and carbonate apatite peaks in the given range.

intense at 700°C. At 900°C, the bands at 1545, 1460
and 1419 em~! attributed to CO3™ groups in the ap-
atite structure are well defined [26, 27]. The carbonate
bands at 1545 and 1460 cm™! correspond to incorpo-
ration of CO%‘ groups at the OH™ position (A-type)
and those at 1460 and 1419 cm™! to the occupation of
PO?[ sites in the apatite structure (B-type). The band
at 876 cm—! is assigned to both types of incorporation
[26, 27]. At a quenched temperature of 1120°C, the in-
tensity of the band at 1419 cm™" decreases. This could
be interpreted as a release of carbonate from POf’f po-
sitions in the apatite structure. With further temperature
increase to 1280°C, the carbonate bands become less
intense, and the OH™ bands assigned to the stretching
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Figure 6 XRD patterns of gels with various Ca/P molar ratio:
(a) Ca/P = 1.56, (b) Ca/P = 1.62, (d) Ca/P =1.66, (e} Ca/P = 1.70 and
() Ca/P = 1.77 heat-treated at 1000°C for 3 hours, and (c) Ca/P=1.62
pre-heated at 400°C, cooled down to room temperature and treated in a
second step at 1000°C for 3 hours. (—J—) B-TCP; (—HB—) hydroxy-
apatite; (—®-—) carbonate apatite.

and librational frequencies of hydroxyapatite (3571 and
631 cm~ 1) [24] are observed.

The temperature dependence of the FTIR spectra of
the gel with Ca/P = 1.77 is shown in Fig. 8. The OH~™
band at 3571 cm ™! is observed even at 590°C, which
is in accordance with the XRD analysis (Fig. 5). The
bands at 1545, 1460, 1410 and 877 cm™" arising from
the CO%" groups at the PO?,_ positions, as well as at
the OH™ positions, are well defined in the samples
quenched from 900 and 1060°C.

FTIR spectra of gels with various Ca/P molar ratios
sintered at 1000°C for 3 hours are shown in Fig. 9.
All of the gels except that with Ca/P=1.56 exhibit
the absorption bands characteristic of OH™ groups in
hydroxyapatite (3571 cm™! and 631 cm™"). The ab-
sorption bands attributed to CO%" groups incorporated
at the OH™ positions are stronger in the spectra of sam-
ples with CA/P < 1.66, whereas the bands attributed to
CO%“ groups substituting POi‘ tetrahedra are stronger
in the gels with molar ratios Ca/P > 1.70. Additionally,
in the EHP6 gel (Ca/P = 1.77), the band at 3643 cm™!
attributed to Ca(OH), [28] is also observed.

3.2. Dip-coatings on Si wafers
and Ti-alloy substrates

Titanium alloy substrates (Ti-30Nb-3Al and Ti-5Al-
2.5Fe) and the Si single-crystal wafers were dip coated
with the prepared sols and isothermally heat treated at
temperatures between 400°C and 900°C for 10 min-
utes. XRD patterns of EHP3 (Ca/P =1.62) coatings on
Si wafers and on Ti-5Al-2.5Fe substrates sintered in air
are shown in Fig. 10. HAP started to form at 500°C
either on Si wafer or on Ti-alloy substrate. Further in-
crease in heat-treatment temperatures induces the for-
mation of small amount of -TCP, which disappears at
800°C. Ti-alloy substrate started to oxidize at 700°C. At
800°C rutile (TiO,) is the major phase, and small inten-
sity peaks at 36.68°, 42.68° and 62° 26 (see Fig. 10C)
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Figure 8 FTIR spectra of EHP6 gel (Ca/P = 1.77) quenched in the DTA from the marked lemperatures.

on XRD pattern of the sample could be assigned tothe  peaksinthe XRDpatterns (see Fig. 11A) are very broad,
intermediate phase TiO, with x 2 1. At 900°C, thereis ~ which suggests the existence of small primary particles.
no other titanium oxide phase but rutile. In the coating with Ca/P = 1.56 (pattern c), §-TCP is

Fig. 11 disptays XRD patterns and FTIR spectra of the main phase, with small amounts of HAP and carbon-
dip-coatings on Si wafers sintered at 600°C in air. The  ate apatite. However, in the coating with Ca/P == 1.62
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Figure 9 FTIR spectra of BHP1, EHP3, EHP5 and EHP6 gels heat
treated at 1000°C for 3 hours.

(pattern b), HAP is the major phase and B-TCP is
present in a smaller amount, and for Ca/P = 1.77 (pat-
tern a), the former is the only phase formed at 600°C.

In the FTIR spectra of Fig. 11B, no absorption bands
of OH™ groups characteristic for the presence of hy-
droxyapatite are observed. Small carbonate bands at
1455 and 1410 cm™'—attributable to B-type substitu-
tion of CO%_ groups—are found in the EHP6 coating
(spectrum a). In EHP1 coating (Ca/P =1.50) (spec-
trum c), POf{" bands characteristic for B—TCP at 947
and 974 cm~! are evident [29], and bands belonging to
organic residuals as well as to carbonate ions incorpo-
rated into the structure are also visible.

SEM micrographs of coatings on a Ti-5Al-2.5Fe sub-
strate and a Si wafer are shown in Fig. 12A and B,
respectively. They reveal that homogeneous and dense
films with thickness of 250 nm are obtained by dip
coating and sintering in two cycles.

4. Discussion

4.1. Thermal behavior of prepared sols
Thermoanalytical investigations performed on as-dried
gels having Ca/P molar ratios between 1.56 and 1.77
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Figure 10 XRD patterns taken from the surface of sol-gel derived coatings: (A) on Si wafers, (B)- on Ti-5Al-2.5Fc alioys (TAF) sintered at the indicated
temperatures, (C) XRD pattern of coating on TAF at 800°C in the 26 range of 24—-80°. Rutile and TiO,;(x = 1) are formed at the coating/substrate
interface, (—[J—) B-TCP; (—Hl—) hydroxyapatite; (—%—) rutile (TiO2); % TiO, (x =~ 1); o Ti.
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Figure 11 (A) XRD patterns and (B) FTIR specira of dip-coatings with different Ca/P molar ratio sintered at 600°C for [0 minutes on Si-walers:
(a) Ca/P = 1.77; (b) Ca/P = 1.62; (c) Ca/P = 1.56 and (d) spectrum of as-dried gel with Ca/P = 1.56.

reveal that the organic component of the gels decom-
poses nearly completely at about 400°C, exhibiting a
strong exothermic DTA peak (Fig. 2) that is charac-
teristic of burn-off processes. However, when the gels
are momentarily brought to a sintering temperature of
400°C and held there for only 5 minutes, the organic
is burned off only partially. When such a pre-heated
sample is submitted to thermal analysis, the organic
rest decomposes in three different temperature ranges
(500-700°C, 900—1120°C and 1120-1280°C) (Fig. 3).
The samples quenched at 400°C are amorphous, but
crystallization of calcium phosphates (and carbonate
phosphate) takes place upon annealing at higher tem-
peratures. These crystallization reactions occur simul-
taneously with the above mentioned organic burn-off
processes, since the samples quenched from 400°C are
still amorphous, and all of the small exothermic peaks
seen in DTA scan at higher temperatures (Fig. 2) are
accompanied by weight loss as is evident in the TGA
curve of Fig. 3.

Whether solely HAP or a mixture of HAP and 8-TCP
crystallize during the heat treatment of gels depends on
the Ca/P molar ratio. We expected to find the formation
of HAP with a small amount of TCP in the system with
Ca/P = 1.62, however, the powder calcined at 700°C
contained 8-TCP as the major phase and poorly crys-
talline HAP as a minor one (Fig. 4). The unexpectedly
large amount of B-TCP likely results from the different
decomposition rates of calcium and phosphorus precur-
sors. Since the Ca/P molar ratio of TCP equals 1.50, it
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is necessary to assume, for stoichiometric reasons, that
the HAP has a Ca/P molar ratio distinctly greater than
1.67, suggesting the incorporation of foreign anions
in the HAP structure. FTIR spectra provide an impor-
tant due to the nature of these anions, since all spectra
recorded on the calcined gels (in the temperature range
500-1280°C) show some absorption bands of carbon-
ate (Figs 7 and 8). The formation of carbonate ions can
be attributed to the presence of organic residuals in the
system, which oxidize and form carbonate ions within
the HAP lattice.

Above 900°C and at Ca/P < 1.67 molar ratios, car-
bonate apatite (Cajp{PO4)CO3) forms as an addi-
tional intermediate phase (Figs 4 and 6). There ex-
ists an ambiguity regarding the molecular formula of
carbonate apatite [26]. We assume that some OH™
groups can be incorporated in its structure and that
the formula Ca;g(PO4)s[(OH); —2,(CO3),] better de-
scribes carbonate apatite. It is stable in a rather narrow
temperature range between ~900 and ~1200°C under
the experimental conditions described above, since, at
900°C the largest peak of carbonate apatite is evident
in an XRD pattern as a shoulder on the left side of
hydroxyapatite diffraction peak at 26 =31.7° (Fig. 4).
At 1120°C, the peaks of carbonate apatite are easily
identifiable, and at 1280°C, they completely disappear.
Varying the heat-treatment of gels at 1000°C also in-
fluences the amount of carbonate apatite in calcined
powders (Fig. 6). Calcining the gel with Ca/P = 1.62 at
400°C for 1 h before heat-treatment at 1000°C caused



a decrease in the amount of carbonate apatite, because
of a decrease in carbon content at 400°C.

In the gels with Ca/P > 1.70, no carbonale apatite
forms as a separate phase above 900°C, but some split-
ting of HAP peaks is found in the XRD pattern at
1060°C (Fig. 5B). The first set of peaks corresponds
well to the theoretical values for HAP (JCPDS 9-432),
whereas the second set is shifted to smaller 26 values
(Fig. 5B). This suggests the presence of an intermediate
HAP phase with a lower crystal symmetry than that of
stoichiometrical Ca;((PO4)s(OH)a.

The FTIR spectra presented in Figs 7-9 provide fur-
ther detail regarding the structure of investigated pow-
ders. According to Refs. {26, 27], CO%‘ can substitute
OH™ groups in hydroxyapatite (A-type sites), or CO_%_
can be incorporated at the positions of PO?[' tetrahedral
groups in the apatite structure (B-type sites). The dif-

by Layrolle ez al. [29] using the formula Cajp-2x/3
[(PO4)e—,(CONLI(OH)a—y/3-2y(CO3)y]. The Ca/P
molar ratio of AB-carbonated hydroxyapatite is greater
than 1.67 for any value of x(0 < x < 6), i.e., regardless
of the amount of carbonate that replaces the phosphate
groups, We assume the same formula for carbonate con-
taining and for AB-carbonated HAP, but with different
x values. For stoichiometrical reasons the latter phase
should have a lower Ca/P ratio than the former one, be-
cause the relative amount of 8-TCP decreases with tem-
perature. This process ends with the formation of car-
bonate apatite Cal()(PO4)6[(OH)Q_zy(CO3)y] follow-
ing reaction (2). At T ~ 1200°C carbonate apatite be-
gins to decompose into HAP accerding to reaction (3).
(In the FTIR spectrum at 1280°C inFig. 7, distinct OH™
vibrations are observed at 3571 em™! and 631 cm™!).
At T > 1280°C B-TCP transforms into o-TCP [30].

B-Casz(POy); + nanocrystalline, carbonate-containing hydroxyapatite ———>

700--900°C

_ Cal 0-2x/3 [(PO4)(,_,\- (CO::,)X ] [(OI’I)Z__\-/3_2y (CO:;)},] .................................... (1 )

AB-carbonated HAP

Cajo-2:/3[(PO4)6—x (CO3), JI(OH)2— y/3-2y(CO3)y]

900—1100°C

AB-carbonated HAP

~1200°c

Ca o(PO4)s[(OH)2-2,(CO3)y] - —
carbonate apatite —CO,(in y position)

+H,O(atm.)

ferentiation between these two sites is possible through
infrared studies, with principal bands of CO%‘ groups
occurring at 1460 and 1540 cm~! for A sites, and 1460
and 1410 cm~! for B sites. The band at 876 cm™! is
assigned to both types of substitutions.

These results suggest that the incorporation of CO»
in the HAP formed below 700°C is not well defined
(Figs 7 and 8). We refer to this HAP as carbonate-
containing HAP. The incorporation of CO; at distinct
PO.~ and OH™ positions of HAP is well defined at
900 and 1060°C. According to Ref. [29], this HAP
is referred to as AB-carbonated hydroxyapatite. If
carbonate apatite is determined by XRD as a distinct
phase (the gels with CaP < 1.67), the predominance of
CO, incorporation in the OH™ positions of apatite is
observed (Figs 4 and 6). On the other hand, in the gels
with Ca/P > 1.70, CO%" incorporation at the POi' po-
sitions is dominant, although some OH™ groups are
also replaced by CO%“ anions (Figs 8 and 9).

On the basis of the thermal behaviour of the
investigated systems, we propose the following
crystallization path in the gels with molar ratio
Ca/P < 1.67: 8-TCP and nanocrystalline carbonate-
containing hydroxyapatite crystallize above 500°C.
At T =700°C both phases react with each other,
forming AB-carbonated hydroxyapatite, follow-
ing reaction (1). The latter phase has been described

—~COQO,(in x position)

Cajg(PO4)s[(OH)2-2,(CO3)y]1-+ CO24
carbonate apatite (A substitution)

@)

Cam(PO4)(,(OH)z -+ COz\l, ......................... (3)
HAP

In the systems with excess calcium (Ca/P > 1.70), the
presence of AB-carbonated hydroxyapatite—with
CO%‘ predominantly incorporated on POi_ posi-
tions and only partially on OH™ positions—should
be assumed at 700°C. (OH™-stretching vibrations at
3571 cm™! characteristic of hydroxyapatite are ob-
served at 700°C; Fig. 8). The 8-TCP content is smaller
than in the systems with Ca/P <1.67. Its decrease
with temperature is accompanied by a decrease in the
Ca/P molar ratio of AB-carbonated hydroxyapatite and
by some evolution of CO; from A positions in the
HAP structure. We assume that this process ends with
the formation of an intermediate phase, referred to as
B-carbonated hydroxyapatite (Caig—2,/3[(PO4)6—x
(CO3)xJ(OH)2_2x3 [29]), following the reaction (4).
(CO%_ ions are seen at POi_positions even at 1060°C;
Fig. 8 spectrum e). The transformation of B-carbonated
hydroxyapatite into stoichiometrical HAP is proposed
in reaction (5). The splitting of the XRD peaks of HAP
seen in Fig. 5B could be explained by lower symmetry
of B-carbonated hydroxyapatite. Since the overall Ca/P
molar ratio is higher than 1.67, after total evolution of
CO, at T > 1280°C, the excess Ca ions crystallize as
calcium oxide (Fig. 5). Absorption of atmospheric wa-
ter through CaO after cooling down explains the OH™-
stretching bands at 3643 cm™! in the FTIR spectra of
calcined powders (Fig. 9).
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Cajn-2x/3[(PO4)6— 1 (CO3) J[(OH)z- 1 /3-2y(CO3)y 1

>7000C

AB-carbonated HAP —CQO, (in yposition)
+H,O (atm.)
> Cag-2,/3[(PO4)s—x (CO3), [(OH)22, 3+ COy | @
B-carbonated HAP
>12000C

Cayg-2:/3[(PO4 )65 (CO3), [(OH)2_2./2
B-carbonated HAP

A)

B)

Figure 12 SEM micrographs of: {A) coated surlace of Ti-5A1-2.5Fe
substrate and (B) fracture surface of EHP6 film on Si.

4.2. Coatings on Si wafers

and Ti-alloy substrates
It is quite obvious that the evolution of crystalline
phases in coatings is somewhat different (Fig. 10) than
in the same gel heated without a substrate (Fig. 4), since
the coatings are brought rapidly to the sinter tempera-
ture and are densified in a short time, in order to avoid
deterioration of the mechanical properties of the sub-
strates. Generally, it can be said that there is no differ-
ence in the crystallization path of coatings on Si wafers

and on Ti-alloy substrates, except that the oxidation of

the latter occurred above 600°C. Small amount of rutile
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—~CO,(in x position)

Ca o(PO4)s(OH), +CO, | + CaO (5)
HAP

(TiO;) was detected at 700°C, and at 800°C that is the
major titanium oxide phase.

Three small peaks at 267, = 36.68, 42.68 and 62.00
(Fig. 10C) could be attributed to TiO, phase (with
x = 1.04). Compared with the standard peaks of T1O| g4
(JCPDS 43-1296) these peaks are shifted downward by
about 0.7°20 (Cu K,), which could be due to a dif-
ference in stoichiometry of this cubic phase. The for-
mation of TiO, (x = 1.04) as a major phase rather than
rutile was observed by Park and Condrate [31]. They
also observed shift of peaks downward by about 0.5 20
(Cu Ky) in the comparison to TiOj g4 phase. As the
difference to our experiment (sintering in air) they pre-
pared coatings by plasma spraying using inert/reducing
primary gas, consequently, they greatly reduced the ox-
idation of substrate and rutile formation. The formation
of TiO.(x =~ 1) in our experiment is observed only at
800°C and the end product of the substrate oxidation
is rutile. Changes in the amount of -TCP from 500
to 700°C (seen in coatings on Si-wafer, as well as on
TAF) are explained by reaction (1), while changes in
the phase composition at T > 800°C are induced by re-
actions of substrate with the coating phases, such as
the reaction of rutile with hydroxyapatite (6), which
explains the formation of 8-TCP at 900°C:

TiO; + Cao(PO4)s(OH2)

>700°C
> CaTiOz + 3Ca3(PO4); + H,O  (6)

A similar reaction may occur between Si0O,, formed
by the oxidation of the Si wafer, and the HAP coating.
Sintering at 600°C for 10 minutes was found to be the
optimum for coatings on the Ti-alloy substrates.

Although a carbonate apatite could not be deter-
mined in the coatings, as a distinct phase, the absorp-
tion bands characteristic of CO2 anions incorporated
at OH™ positions are small but dlscermb]e and indepen-
dent of Ca/P ratio (Fig. 11). The only phase detected
in a coating of EHP6 (Ca/P =1.77) is B-carbonated
HAP, whereas in an EHP3 (Ca/P = 1.62) coating AB-
carbonated HAP and #-TCP are observed, and in a coat-
ing of EHP1 (Ca/P = 1.56)8-TCP is found along with
traces of HAP.

The microstructural observations (SEM micrographs
in Fig. 12A and B) clearly demonstrate that sol-gel-
derived HAP coatings provide very uniform and homo-
geneous films on substrates, the thickness of which can
be controlled by the number of dip-coatings. InFig. 2B



the thickness of two dip-coated films on a Ti-5A1-2.5Fe
substrate sintered at 600°C amounts 250 nm.

5. Conclusion

(1) HAP powders prepared by the sol-gel technique us-
ing calcium 2-ethylhexanoate (Ca(O,CyH5)2) as cal-
cium precursor and 2-ethyl-hexyl-phosphate as phos-
phorus precursor always contain a certain amount of
carbonate anions, which can be incorporated in the
structure of hydroxyapatite at two different positions.

(2) The position of the carbonate anions depends on
the Ca/P molar ratio and the sintering temperature of
the gels.

3) If Ca/P<1.67, CO_%“ groups substitute both
POi—tetrahed ra and OH™-groups in the HAP structure
forming so called AB-carbonated HAP. Carbonate an-
ions substituting POZ— groups in the structure are re-
leased between ~900 and ~1200°C, forming carbon-
ate apatite. The latter phase further transforms into HAP
above 1200°C.

(4) If Ca/P = 1.70, CO%‘ groups substitute predomi-
nantly the POi" positions in HAP and to a lesser ex-
tent, the OH™ positions, forming an AB-carbonated
hydroxyapatite with a greater CO§~ occupancy of B
positions. Formation of intermediate B-carbonated hy-
droxyapatite rather than carbonate apatite explains the
splitting of hk! reflections observed by XRID. After total
evolution of CO, from the structure at 7T >1280°C,
the excess calcium is present as calcium oxide or as
Ca(OH),.

(5) The gels form very uniform and homogeneous
films on substrates, the thickness of which is controlled
by the number of dip-coatings. The thickness of two
layers on a Ti-5Al-2.5Fe substrate sintered at 600°C
amounted to 250 nm.
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