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The carbonated hydroxyapatite powder was obtained by reaction of calcium carbonate
with ortho-phosphoric acid. The compacted powder samples were sintered in the 800-
1000°C range in dry carbon dioxide atmosphere under atmospheric pressure. It is revealed
that ceramics synthesized in such conditions is the AB type carbonated hydroxyapatite.
The carbonization kind varies from mainly B type (at relatively low sintering tempera-
tures) to mainly A type (at high ones). The carbonic gas atmosphere did not allow to
suppress disintegration of a carbonated apatite at a sintering temperatures above 1100°C,
a partial decomposition of the B type apatite occurs with calcium oxide release. As a
result, porosity of the ceramics increases and its mechanical properties drop sharply.
However, at temperatures below 1100°C, the carbon dioxide favors the activated shrinkage
of compacts due to accelerated diffusion migration of the powder particles. In particular,
the maximum density of ceramics (~94 % from the theoretical value) is reached at 1000°C.

ITopomiox kap6OHM3UPOBAHHOIO I'MAPOKCUIAIATUTA IIOJYyUYeH IIyTeM IIPOBEJEeHUs PeaKIInu
MeXay KapOoHaToOM KaJablusd U opTOodochOopHOIl KucaoTol. M3rorosjieHHbIE U3 HEro IPEeCcCOB-
KU cuekajuch B uHTepBajse Temnepatryp 800—-1000°C B aTmochepe cyXxoro yIJIEKUCJIOTO rasa
(mpu HOpMAaJbHOM AaBjeHUM). KepaMuKka, mojsyueHHasd TAKUM CIIOCOOOM, SABJAETCA KapOOHU-
3UPOBAHHBIM TuUApoKcujamatuToM AB-tuma. Bug xapOboHU3anuu u3MeHAETCSA OT IIPeuMYyIIe-
CTBEHHO B-Tulla Ipm OTHOCUTENHLHO HUBKUX TeMIepaTypax A0 MPEeNMYIecTBEHHO A-THla —
IPU BBICOKHX TeMmileparypax crnexkanusd. Beime 1100°C mpoucxoauT yacTUUYHBINA paciaj ama-
Tuta B-Tuna u BelfeseHue okucu Kauabnud. IIpy 9TOM IIOPHUCTOCTH KEPAMUKU YBEJIUYUBAETCA U
PesKO IajgaioT ee MexaHuUuecKue cBoiicTBa. IIpu Temmepatypax Humke 1100°C, atmocdepa yrie-
KHCJIOTO Tasa CHOCOOCTBYeT aKTHMBUPOBAHHOI ycaJKe IIPECCOBOK Osaromapsd ycKopeHuio ruddy-
SMOHHOM MUTpAaIlUM YaCTHUI] IIOPOIIKA. B YacTHOCTH, 9TO NPUBOAUT K JOCTUIKEHUIO BBICOKOM
mwrorHoctu Kepamuku (~94 % ot Teopermueckoro sumaueHusi ['A) mpu remmeparype 1000°C.
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The mineral component of bone tissues is
finely dispersed hydroxyapatite (HA) which
contains numerous impurities. Therefore,
the chemical composition of bone implants
should be consistent as much as possible to
that of biological apatite in order to im-
prove the biological response of organism to
the HA implants. Since the impurities are
very different in chemical nature, it is fea-
sible to introduce only impurities present in
bone at highest concentrations when study-
ing systematically the bone implants in
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vivo. First of all, these are carbonate ions
having concentration in the bone 5-8 wt. %
[1, 2]. The carbonate ions may have occu-
pied two kinds of positions in the HA strue-
ture [3—5]. The first are the sites occupied
by POi‘ ions forming the frame of erystal
lattice (so called B type substitution), the
other are sites of OH™ groups (A type sub-
stitution). The substitution of the both posi-
tions is not isomorphous in the balance of
ion charge and size. Thus, various kinds of
structural defects appear during formation
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of a carbonated HA, which may affect con-
siderably the mechanism of linkage at the
implant/tissue interface and, consequently,
the bioactivity of the implant.

The biological implants are usually ce-
ramic and not powder products. This is due
to the fact that powders are easily washed
out of the bone defect by body liquids while
the ceramics are resistant against those.
However, some difficulties arise in the ce-
ramics preparation from carbonated HA
(CHA) powder, caused by the fact that the
active sintering temperature exceeds the
CHA decomposition temperature. The final
product in this case is usually oxyhydroxya-
patite which is bioactive but has a rather
low resorption rate in biological environ-
ment. Therefore, to prepare an appropriate
functional ceramics, the processing condi-
tions should hinder the decomposition proc-
ess or at least decelerate it. One of the sim-
plest decisions was found to be the sintering
in CO, atmosphere [7-9].

Wet and dry carbon dioxide atmospheres
were tested. A complex relation of the im-
purity composition of the initial powder and
the kind of gaseous atmosphere on the one
hand and the sintering characteristics and
the properties of the ceramics on the other
one. So, it was shown [9] that the tempera-
ture dependence of the compact shrinkage is
independent of the sintering atmosphere
(whether being air or wet or dry carbon

dioxide). When the compact contains CO%

groups, the carbonization extent of HA
powder in a compact effects decisively the
process acceleration while the atmosphere
plays a stabilizing part. However, the
mechanism of the densification has not been
clarified up to now.

The aim of this work was to study the
effect of temperature conditions on the sin-
tering of compacted CHA in CO, atmos-
phere and to find and explanation of the
sintering mechanism.

The precipitate was prepared by reaction
of caleium carbonate (special purity grade,
Merck) and ortho-phosphoric acid (analyti-
cal purity grade). The ortho-phosphoric acid
solution was poured rapidly into a aqueous
calcium carbonate suspension under con-
tinuous stirring. The synthetic reaction pro-
ceeded at 45°C for 24 h until neutral pH
value was attained. The precipitate was
then isolated by centrifugation, dried in an
oven at 90°C, grounded in a porcelain mor-
tar, and sieved through a 100 pm sieve. The
compacts for sintering were prepared by
single-axial pressing in a steel mould, the
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Fig. 1. Diffraction patterns of ceramic sam-
ples sintered at temperatures (°C): 800 (I),
900 (2), 1000 (3), 1100 (4), 1200 (5) in carb-
on dioxide atmosphere. CaO phase is marked
by ().

compacting pressure being 120 MPa. The
samples were sintered in dry carbon dioxide
for 2 h at 800-1200°C at a 100°C steps.
Five series of the samples (10 pieces in
each) were prepared.

X-ray measurements were carried out
using a Philips APDW40C diffractometer in
CuKo radiation in the 20 angle range 20—
70° with scanning pitch of 0.01° and scan-
ning time 0.6 s. IR spectra were measured
using a BIO-RAD FFS 175 spectrometer
(Germany) with 2 em™1 resolution and accu-
mulation of 200 scans. The samples were
compacts of CHA ceramics and chips of KBr
single crystal powdered in an agathic mor-
tar. Electron microscopic measurements
were performed using a ESEM Quanta 400
scanning microscope (Germany). Dilatomet-
ric measurements were carried out by a
laboratory dilatometer at the measurement
absolute error of 1 %. The temperature was
controlled by a chromel-alumel thermocou-
ple at 1°C accuracy. Specific weight of the
ceramic samples was measured by Archimed
method and averaged for 10 samples in each
series. Microhardness was determined by
Vickers method under 2 N maximum load
and compressive strength, using a labora-
tory testing machine.

The diffractometric data have shown that
the samples sintered at 800-1000°C have
the crystal structure of HA (Fig. 1). The
diffraction patterns of the samples sintered
at 1100-1200°C revealed, beside the main
apatite reflection, an additional one which
is usually associated with the principal
maximum of calcium oxide. The lattice con-
stants a and ¢ of the compact material in-
crease steadily with increasing sintering
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Fig. 2. Dependence of the lattice constants a
(a) and ¢ (b) of ceramics on sintering tem-
perature.

temperature (Fig. 2), where the a value is
smaller than that of stoichiometric HA at
sintering temperatures lower than 1000°C
and higher above this temperature value.
The ¢ value in the wide temperature range
was higher than in HA. It is difficult to
judge the nature of these alterations basing
only on X-ray data. Therefore, the IR spec-
tra of the same samples (Fig. 3) must be
taken into consideration. The absorption
bands of carbonate ions (875 cm™!, 1400-
1550 em 1) are present in all the spectra.
Consequently, the samples are carbonated
hydroxyapatites. As for the kind of substi-
tution, the samples sintered at tempera-
tures lower than 1000°C manifest mainly
the bands of B type substitution which cor-
relates well with the lattice constant values
(the a value of a CHA is smaller than that
of HA) [10]. The samples sintered at tem-
peratures above 1000°C show an additional
absorption at 1545 em ™!, which is associ-
ated with A type substitution. Simultane-
ously, the both lattice constants increase
considerably; this also is consistent with the
known data [4, 11]. The A substitution be-
comes predominant as compared to the B
sites at those temperatures. It is to note
that a slight splitting of phosphate bands in

the 570-602 cm™! range is seen, i.e. the
short-range environment of P $  ions is
distorted strongly by the carbonate substitu-
tions. The samples are in the strained
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Fig. 3. IR spectra of ceramic samples sintered
in carbon dioxide atmosphere. Designations
as in Fig. 1.

states, which may result in improved bio-
logical properties of the implants prepared
from such ceramics (due to the expected
increased the resorbtion rate). Hence, sin-
tering the compacts of CHA in the dry carb-
on dioxide atmosphere in the whole studied
temperature range results in AB formation
of AB type ceramics, where the A type sub-
stitution extent increases as the sintering
temperature rises. As a consequence, com-
pacts of predominant B-type CHA during
sintering decompose with formation of cal-
cium oxide (Fig. 1).

These variations in the phase composi-
tion affect the mechanical characteristics of
the ceramics (Table ). All the characteristics
increase as the sintering temperature rises
up to 1000°C, and drop sharply above the
temperature. The ceramics density is 94 %
of the theoretical value for HA and then
decreases down to 70-72 %. The compres-
sive strength and the micro-hardness also
decrease with reducing density. Such peculi-
arities were not observed before when sin-
tering CHA compacts in air [12] when the
density, compressive strength, and micro-
hardness steadily increased with rising sin-
tering temperature. This is due to the fact
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Table. Density (p), Vickers microhardness
(Hy) and compression strength (t,) of car-
bonated hydroxyapatite ceramics sintered
at various temperatures

Ty °C | p, g/cm? Hy, T, (210 %),

10 %), MPa
MPa

800 2.65+0.01 127 219
900 2.88+0.01 156 224
1000 | 2.97+0.01 171 200
1100 | 2.28+0.01 118 14
1200 | 2.26+0.01 126 25

that the final product in the study [12] was
an HA and in our case, a CHA. Thus, the
sintering atmosphere of CHA compacts has
a stabilizing effect on the phase composition
and properties of the ceramics.

The presence of the carbon dioxide at-
mosphere contributes to both the maintain-
ing of the initial carbonization to a certain
degree and the sintering acceleration. This
is confirmed by the dilatometric measure-
ments conducted during sintering the com-
pacts in air and carbon dioxide (Fig. 4). The
comparison of the shrinkage curves in these
two media (the heating rate in the both
cases is 5°/min) shows that the shrinkage
rate in the carbon dioxide atmosphere at
temperatures close to 1000°C sharply in-
creases and a significant densification in
compacts occurrs. However, the densifica-
tion process in air occurs in a wider tem-
perature range.

The fracture surface microstructure of
ceramics sintered at 800-1000°C in carbon
dioxide shows (Fig. 5a—c) that an apprecia-
ble densification already occurs at 800°C.
The fracture surface microstructure of a ce-
ramics sintered at 1000°C in air is pre-
sented in Fig. 5d for comparison. Despite
the much higher sintering temperature (by
200°C) it is clearly seen that such a ceram-
ics is less dense and its sintering process
only starts in those conditions.

The above results enrich the information
on the activation effect [7, 9]. The effect of
the shrinkage acceleration in the carbon di-
oxide atmosphere may be associated with
the fact that the main mass transport
mechanism during the compact densification
is based most likely on the sliding the pow-
der particles into the voids therebetween.
This process is activated because the
boundaries of all particles taking part in
the process became rather mobile, providing
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Fig. 4. Dilatometric measurements of shrink-
age of compacts in air (1) and carbon dioxide
(2) atmosphere.

thus a low value of the boundary diffusive
viscosity and, as a consequence, a higher
shrinkage rate. The mobility of the bounda-
ries may be caused by the presence of carb-
on dioxide atmosphere due to following cir-
cumstances: the carbonate ions are weakly
kept by the CHA lattice at high tempera-
tures (sintering) and could easily migrate
from B positions to A positions and vice
versa, because the CO, atmosphere prevents
their removal from the sample. Chaotic al-
terations in the lattice constants occur dur-
ing that motion which could result in slight
shortening and/or expansion of the particles
(at least near their surfaces), having sizes
of a few hundred of nanometer as those at
the shrinkage onset, Fig. ba. Such a
"breathing” particle in the diffusive slip-
ping could more easily find an appropriate
position in the densification process. Hence,
the sintering acceleration in carbon dioxide
atmosphere occurs mainly according to the
gas-activated shrinkage mechanism, during
which the main mass transport occurs by
moving a particle as a whole. In the proc-
ess, the centers of the slipping and vibrat-
ing particles move in arbitrary directions,
thus providing maximum densification of
the entire ensemble.

Thus, the formation and properties of
products in the sintering process of carbon-
ate substituted HA powder compacts in the
dry carbon dioxide atmosphere in the 800—
1000°C temperature range have been stud-
ied. As a result, carbonated hydroxyapatite
ceramics of AB type substitution has been
prepared. The type of substitution is
changed from mainly B type to primarily A
type as the sintering temperature increases.
The B type carbonated apatite is partly de-
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Fig. 5. Microstructure of surfaces of fractured ceramics sintered at (a) 800°C, (b) 900°C, (¢) 1000°C

in carbon dioxide atmosphere and (d) 1000°C in air.

composed into a biphasic mixture of apatite-
calcium oxide at sintering temperatures
above 1100°C. In the process, the carbon
dioxide sintering atmosphere stimulates an
activated shrinkage of the compacted pow-
der due to accelerated diffusive slipping of
particles, which results in a very high ex-
tent of densification of about 94 % attain-
able already at 1000°C.
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Bnius ymoB cnmikanHA Ha (Pi3MYHI BJIACTHUBOCTI
KapOOHI30BaHOI TiIPOKCHIANMATHTHOL KepaMiKu

M.B.Tkauenkxo, 3.3.3uman

ITopomiok kKapOOHiZ0BAHOrO riAPOKCHUIANATUTY OTPMMAHO pPeakIiclo Mimk KapbomaTom
KaJbI[il0 Ta OpTO(OCHOPHOIO KHUCJIOTO. BUroToBieHi 3 HLOIO IPECOBaHI 3pas3KU CHIKaJIMUCS
B inTepBasi Temneparyp 800-1000°C y armocdepi cyxoro miokcuay ByrJieiio (Ipu HOPMAJb-
HOMY TucKy). Kepamika, orpumaHa y Takuii crmocid, € KapboHIZ0BaHUM TiIPOKCUJIAIATUTOM
AB-tuny. Bupg kap6onisanii samiHO€ThCS Bij mepeBaskHO B-Tumy nmpu BiJHOCHO HUBBKUX
TeMIlepaTypax IO IIepeBaKHO A-TUIy — @IPU BHUCOKUX TeMIlepaTypax CcHikaHHA. Bumge
1100°C BizmOyBaeTnhcsa 4acTKOBHUII posmaj amaTuTy B-Tuily Ta BUAiIeHHS OKHCY KaJbliio. Ilpu
IbOMY IIOPHCTIiCTH KepaMiKm 3pocTae Ta pisko magaroTb 11 mexamiumi Bamacrusocrti. Ilpm
Temneparypax Humkdue 1100°C atmocdepa mioKcumy BYIJIEII0 CIPHUSAE aKTUBOBaHiNl ycapmii
IIPECOBOK B3aBAAKMN IIPUCKOPEeHHIO AudysiiiHol Mirpaiii 4acTMHOK MOPOIIKY. 30KpeMa, Iie
IIPUBOJAUTE IO AOCATHEHHs BUCOKOI IiJbHOCTI Kepamiku (~ 94 % Big TeopeTMUHOro 3HAUeH-
ua 'A) npu temneparypi 1000°C.
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