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The functional characteristics of hydroxyapatite, which has carbonate impurities inside the hydroxyapatite crystal lattice after
sintering in the temperature interval from room temperature to 1400 °C have been studied. It has been shown, that carbonate impurities
are present in hydroxyapatite up to 1000 °C. Hydroxyapatite has a mixed AB-type of carbonate substitution. It has been shown, that
all samples after the heating and sintering in the temperature interval from room to 1400 °C contain single phase hydroxyapatite. The
samples have density greater than 95% of the theoretical for hydroxyapatite at the temperature of 1200 °C. The active shrinkage of the
samples starts at temperature near 700 °C and reaches the maximum value at 1280 °C. The same tendency was demonstrated by the
dependence of Vickers microhardness on sintered temperature. The maximum Vickers microhardness of 5.5 GPa was obtained in this
work on the samples of hydroxyapatite after sintering at the temperature of 1100 °C. The mechanisms of the hydroxyapatite sintering
at 1150 °C have been studied.

It has been shown, that the diffusion during the sintering of the samples is realized by the mechanism of lattice diffusion from
the surface, as well as through the grain boundary diffusion in the polycrystalline hydroxyapatite. The microstructure of the
hydroxyapatite particles after heating at high temperatures was studied. It has been shown, that at the initial stage of the sintering of
hydroxyapatite, active mass transfer take place, which at the temperature of 1000 °C leads to the sintering of the particles with neck
formations between them. The Arrhenius plot of the size of hydroxyapatite particles as a function of the heating temperature was
obtained. The activation energy for diffusion processes in the particles at different temperatures was calculated. The obtained values
were 36, 83, 5.11 and 11.28 kcal/mol at different intervals for the heating of hydroxyapatite.

Key words: hydroxyapatite, phase composition, microstructure, shrinkage, density, microhardness, sintering, diffusion
processes.
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INTRODUCTION

Calcium phosphate materials represent a class of
compounds widely used in medicine, science and
technology. Hydroxypatite (HA) is a mineral component of
hard tissues of humans and animals. For this reason, it is
commonly applied in medical practice as an implant
material [1]. There are several ways for HA production [2—
5]. The simplest and cheapest is the HA synthesis by the
precipitation from an aqueous solutions [6]. The resulting
product is very often non-stoichiometric by the phase
composition, which leads to the complex dependences of
the functional characteristics on various factors. HA dense
samples are usually produced by pressing of the
synthesized powders after the purification them from
impurities and heating (sintering) at the definite
temperatures, holding time, heating and cooling rates. The
data in literature describes the dependences of functional
characteristics such as density, linear and volume
shrinkages, Vickers microhardness, compressive strength,
crack resistance and fracture toughness of HA samples on
the heating temperature [7—-12]. Most of these works
focused on the improvement of quantitative characteristics
using various sintering techniques, preliminary heat
treatment and sintering duration [13-15]. At the same
time, in these works little attention is paid to the impurities
in the samples. In addition, the mechanisms of sintering of
HA ceramics and calcium phosphates have been studied
not enough. Nevertheless, this aspect is very important
from the point of view of the understanding of the
fundamental physical principles of densification and
sintering of biomaterials used for medical applications.

The aim of this work was to study the functional
characteristics of HA samples with impurities after heating
in the temperature interval from room to 1400 °C, as well
as the diffusion mechanisms during mass transfer and
sintering of HA ceramics.

MATERIALS AND METHODS
HA was synthesized by the precipitation method from
the aqueous solution according to the chemical reaction

[6]:

10Ca(NO3)>+6(NH4),HPO4+8NH,OH= 1
Cai9(PO4)s(OH)>+20NH4NO3+6H,0.

The ratio of chemical reagents for the synthesis
reaction was chosen to obtain a stoichiometric Ca/P ratio
consist of 1.67. HA synthesis was carried out at 20 °C for
24 hours. The obtained precipitate was purified in distilled
water four times to remove nitrate impurities. The resulting
product was dried at room temperature for three days. The
dried samples were ground into powders and sifted through
a 100 um sieve. Cylindrical samples with a diameter of 7
and a height of 4 mm were produced from the resulting

powders by pressing in a steel mold under the pressure of
100 MPa. The obtained compacts were heated in a muffle
furnace in the temperature interval from room to 1400 °C
with holding at definite temperature for 1 h. XRD patterns
were collected from the resulting samples for phase
identification. They were recorded using DRON-2.0 X-ray
diffractometer in copper Ka radiation (accelerating voltage
40 kV, anode current 10 mA) in the interval of diffraction
angles 20: 25 — 50°. The XRD patterns of the samples were
compared with the standard samples from the ICDD
powder diffraction database [10]. IR spectroscopy of the
samples was carried out by mixing 1 mg of the sample with
100 mg of KBr, followed by pressing the mixture into
transparent tablets. The spectra were carried out using an
FTIR spectrometer SPECORD 75IR (Germany) in the
wavenumber interval 400 —4000 cm’'. The impurity
composition of the initial powder was studied using mass
spectrometry of the gaseous products produced by heating
of the samples in the temperature interval from room to
1000 °C. It was used MX-7304 mass spectrometer in the
interval of mass numbers M/Z: 1 — 100 a.m.u. Density,
linear and volume shrinkage, and Vickers microhardness
were measured on the samples after heating at different
temperatures. To study the diffusion processes occurring
during the sintering of the samples, the linear and volume
shrinkage were defined after the sintering of the samples at
1150 °C with different holding time.

The microstructure of the samples was studied using the
scanning electron microscope LEO 1530 Gemini SEM
(Germany) with accelerating voltage 30 kV. To ensure the
drain of electrons from the surface of dielectric materials,
the film consisting of Au and Pd were sputtered on the
surface of the samples.

RESULTS AND DISCUSSION
Fig. 1 shows XRD patterns of the samples sintered at
different temperatures.
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Fig. 1. X-ray diffraction patterns of the samples sintered
at different temperatures.
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They demonstrate that the initial samples have
broadened diffraction lines in the diffraction angle interval
20: 30 — 35°. Such XRD patterns are characteristic for
nanocrystalline calcium phosphate materials. While the
heating temperature increases, the full with at half
maximum (FWHM) of the lines on the XRD patterns
decreases. This give possibility to do the phase
identification. According to the obtained results, the
samples contain single phase HA (PDF Ne 9-432) [10].
The phase composition of the sintered samples does not
change drastically with increasing of heating temperature.
Figure 2 shows the IR spectra of the samples after heating
at different temperatures.
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Fig. 2. IR spectra of the samples after heating at different
temperatures.

The spectrum of the initial sample (20 °C) contains
absorption bands assigned to NOs™ ions at 1385 cm’!, as
well as bands in the interval 14001550 cm'!
corresponded to the COs* ions located inside the HA
crystal lattice in A — and B —positions [2]. The presence of
NOs  ions on the IR spectra is the result of the presence of
nitrate impurities in the initial (synthesized) HA samples.
These impurities arise from the HA synthesis [6]. They
decompose during the heating of the samples above
400 °C. COs* ions (Fig. 2) are present inside the HA
crystal lattice up to 1000 °C. These data are also confirmed
by the results of mass spectrometry of the gaseous products
releasing from the initial HA samples at heating in the
temperature interval from room to 1000 °C (Fig. 3).

The spectra contain the emission peaks of gaseous
products with mass numbers M/Z = 18 (H>0), 30 (NO) and
44 (COy). The intense release of water (H,O) from the
samples in the temperature interval from room to 400 °C is
associated with the desorption of HO molecules from the
surface of HA nanoparticles, as well as water chemically
bound to the surface of HA particles and water molecules
located inside the HA crystal lattice. In the temperature
interval 400 — 600 °C, an intense peak of NO release
(M/Z =130) is observed, which is associated with the

presence of nitrate impurities in the samples. These
impurities are NH4sNO3 (by-product) and Ca(NOs), which
was not reacted during the HA synthesis. The release of
CO; (M/Z = 44) occurs in three temperature intervals: from
room to 400, 400 — 550 and 700 — 1000 °C. The first two
maxima are associated with the desorption of CO;
adsorbed on the surface of HA nanoparticles.
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Fig. 3. Mass spectrometry of the release of gaseous
products from the initial HA samples at heating in the
temperature interval from room to 1000 °C.

The peak of CO; release in the temperature interval from
700 to 1000 °C is associated with the decomposition of
COs? ions and the release of CO; from the HA lattice. The
decomposition processes of impurities during the heating
of the HA samples lead to the non-monotonic dependences
of linear and volume shrinkage, as well as density and
Vickers microhardness of the samples on the sintering
temperature (Fig. 4 — 7).
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Fig. 4. Linear shrinkage of the samples after heating at
different temperatures.

The density of the studied samples (Fig. 6) reaches its
highest value of 3.05 g/cm?® at 1300 °C. In this case, the
Vickers microhardness of the samples (Fig. 7) become the
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maximum of 5.50 GPa at 1100 °C. The decrease in the
density and Vickers microhardness of the samples
(Fig. 6,7) could be explained by the formation of secondary
phases such as a- and B-tricalcium phosphate (o-, f-
Ca(POs),) as a result of the thermal decomposition of HA
at high temperatures [10]. The amount of secondary phases
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Fig. 5. Volume shrinkage of the samples after heating at
different temperatures.
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Fig. 6. Density of the samples after heating at
different temperatures.
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Fig. 7. Vickers microhardness of the samples after heating
at different temperatures.

formed is beyond the sensitivity of XRD phase
identification and therefore there are no diffraction lines of
the corresponding phases on the XRD patterns (Fig. 1). To
clarify the diffusion mechanisms responsible for the
densification and sintering of the samples, the sintering of
samples at 1150 °C with different duration of sintering
have been performed. The results were shown in Fig. 8 and
9. For this, the shrinkage curves were approximated (curve
fitting) by function:

y=a+bx, 2)

where y — linear shrinkage, x — time of sintering at constant
temperature, @, b, ¢ — constant parameters. The results have
demonstrated that the dependences of the linear shrinkage
of the samples are well approximated simultaneous by the
functions V't and Vt, where ¢ is the heating time.
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Fig. 8. Dependence of linear shrinkage of the samples on
heating time at 1150 °C (fitting as Vt).
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Fig. 9. Dependence of linear shrinkage of the samples on
heating time at 1150 °C (fitting as \3/t).

This indicates that the sintering of the samples
governed by the mechanisms of lattice diffusion from the
surface and grain boundary diffusion [16-19]. Fig. 10
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shows SEM image of the samples obtained after the
heating at different temperatures. It can be seen that the
initial powder consists of nanoparticles ranging in the size
from 10 to 50 nm. Mass transfer in the samples increases
(600 — 700 °C) with the heating temperature. Sintering
begins at temperatures of about 800 °C and at 950 °C the
contacts between particles are formed. Sintered HA
ceramics are formed at temperatures interval from 1000 to
1300 °C with the formation of closed isolated pores. The

increase in the heating temperature has results in the
increase in the sizes of crystallites in the samples (Fig. 11).
This give possibility to calculate the Arrhenius plot, which
represents the dependence of the log of the crystallite size
on the inverse heating temperature (Fig. 12). The activation
energies of the sintering process in the samples were
calculated by means of the Arrhenius plot. The obtained
values can be divided into three temperature ranges:
a) 600 — 790 °C, b) 790 —1100 °C, c¢) 1100 — 1400 °C.

Fig. 10. SEM image of the samples obtained after heating at different temperatures. a) 600, b) 790, c) 950, d) 1100,

e) 1300, f) 1350, g) 1400°C.
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Fig. 11. Dependence of crystallite sizes in the samples
after heating at different temperatures.
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Fig. 12. Arrhenius plot of the crystallite size in the
samples on the inverse heating temperature.

The calculated values of the activation energy in these
intervals were: 11.28; 5.11; 36.83 kcal/mol. These values
are in good agreement with similar results given in the
literature [6, 10].

CONCLUSIONS
1. The functional characteristics of hydroxyapatite samples
with impurities after heating in the temperature interval
from room to 1400 °C were carried out on.
2. The synthesized samples are nanocrystalline single
phase hydroxyapatite.
3. The impurities present in the samples are NHsNOs3 and
Ca(NOs),, as well as COs* ions located inside the HA
crystal lattice. These impurities are formed at the stage of
hydroxyapatite synthesis in the mother liquor.
3. Nitrate impurities are released from samples in the
temperature range from room to 600 °C. COs> ions is
stable in the HA crystal lattice up to the heating
temperature of 1000 °C.
4. It has been shown that the non-monotonic dependences
of linear and volume shrinkage, density and Vickers
microhardness are associated with the presence of the
impurities in the form of individual phases and in the form
of ions located in the HA crystal lattice.
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5. It has been shown that the sintering of hydroxyapatite
samples occurs through the mechanism of lattice diffusion
from the surface and grain boundary diffusion.

6. The activation energies of the growth of the
hydroxyapatite crystallite during the heating of the samples
were calculated. They were 11.28; 5.11 and 36.83
kcal/mol. The values of the activation energy are in good
agreement with the data given in the literature for the
growth of particles of calcium phosphate materials.
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Jocnimkeno (QyHKIIOHAJIBHI XapaKTEPUCTHKU 3pa3KiB TiPOKCHIIANIATUTY, SKi MICTATh KapOOHATHI JOMILIKH B
KPHUCTAJIIYHIM pelriTii micys Bianmamy B iHTepBani Temneparyp Bin kiMaatHoi no 1400 °C. Iloka3zano, mo xapOoHaTHI
JIOMIIIKH Y 3pa3Kax Tiapoxcmianatuty npucyTHi 1o temmneparypu 1000 °C. INapokcmianatut Mae 3Mmimanuii AB-tun

kapOoHaTHOTO 3aMminieHHs. [Toka3aHo, 0 BCi 3pa3Ku MiCIIs BiANady B iHTEpBai TeMrepaTyp Bij kiMHaTHOI 10 1400 °C

MICTATh OAHY a3y TiJpOKCHIIAIATHT.

3pa3kd TOCATAOTh IMITBHOCTI

Oinmpme 95 % Bix TeopeTHYHOT IS

rigpokcunanatuty npu temmeparypi 1200 °C. Ilpu 1ipoMy aKTUBHE YIIUTPHEHHS 3pa3KiB MOYHWHAETHCS 32 TEMIIEPATyp
ommmspro 700 °C 1 mocsrae makcumymy mipu 1280 °C. AHaATOTIYHHE Xil IEMOHCTPYE 3aJICKHICTh MIKPOTBEPIOCTI Bijg
TemIiepaTypu Biananry. MakcumansHa TBepaicts 5.5 I['Tla Oyna nocsarnyra y naniit poGoTi Ha 3pa3Kax TiJpOKCIanaTuTy
micis Bignaiy npu Temneparypi 1100 °C. JocnipkeHO MeXaHi3MHU CITiKaHHs 3pa3KiB 3a Temrieparypu 1150 °C.
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Functional characteristics of hydroxyapatite sintered at high temperatures

[MTokazaHo, mo qudys3is Npu CHIKaHHI B JOCIIDKYBaHUX 3pa3Kax 3/1iHCHIOETHCSI MEXaHI3MOM 1oBepxHeBoi audysii,
a TaKOXK Yepe3 MEXKi 3epeH B MOJIKPUCTATITHAX 3pa3Kax T'iApOKCHUIANATUTY. JJOCTiKEHO MIKPOCTPYKTYPY 3pa3KiB TiCIIst
BiTaly TIpH BUCOKUX Temmeparypax. [lokazaHo, IO Ha MOYATKOBIM CTamii MpoIecy CIIKaHHS TiAPOKCHIIAMIATUTY
BiIOyBa€ThCSl aKTMBHUM MacoliepeHoc, skuii npu Temneparypi Big 1000 °C mpu3BOIUTH 10 CIiKaHHS YacTHHOK 3
YTBOpEHHsAM Tepemuiiok. [loOymoBaHo Tpadik AppeHiyca 3aleXHOCTI pO3Mipy HYaCTHHOK TiAPOKCHIIANIATUTY Bil
TeMIiepatypu Biamamy. OOUHcIeHO eHeprito akTwBarlil Au(Y31HHUX TPOIECIB y 3pa3kax MPHU Pi3HUX TeMIepaTypax
Bigmamy. OTpumaHni 3HaueHHs ckiamm 36, 83, 5.11 ta 11.28 kkan/mMonb y pi3HHX IHTEpBaiax BiAmaiy 3pasKiB
T1IPOKCHIIANIATUTY.

Knrouogi cnoea: ciopoxcunanamum, azoeuti ckiao, MIKpOCmMpyKmypd, ycaokda, WintbHicmb, MIKpOmeepoicmb, CNIKaHHA,
oughysiiini npoyecu.
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