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In order to increase the value of radiopaque while preserving the unique biological
properties of bioactive ceramics and composites based on calcium phosphates, bioglasses
and glass-ceramics used for bone repair, the different kinds of doping have been analyzed.
By modified method of chemical precipitation the samples of doped hydroxyapatite (HAP)
were manufactured with 1 and 38 % calcium atoms substituted by ytterbium, as well as
similarly doped bioactive glass and glass-ceramics. The size of the elementary crystals in
the doped HAP is almost twice less than in undoped one (respectively 13 and 25 nm). By
IR, XPS and XRD methods the structure of the doped HAP have been studied as well as
valence state of ytterbium in it. The results revealed formation of homogeneous solid
solutions of HAP with ytterbium, where ytterbium ions occupy position of calcium in the
apatite crystal lattice being mainly in the trivalent state as Yb3*. Radiographs obtained
using a typical medical X-ray equipment, confirmed that doping even with 1 % ytterbium
significantly increases the radiopaque of the ceramic implants made of HAP. Doping with
lanthanide oxides may also significantly improve other properties of bioactive ceramics
which are important for their use in medicine and biology.

C 11esb10 YBeJTUUEHUSA PEHTTEHOKOHTPACTHOCTH TIPW COXPAaHEHWW YHUKAJIBHBIX OMOJIOTU-
YeCKWX CBOMCTB OMOAKTUBHON KepaMUKN U KOMIIOSUTOB Ha OcHOBe (ochaToB Kambiud,
6MocTeKJa 1 GMOCUTAIIOB, UCIOJIb3YEMBIX JIJIs BOCCTAHOBJIEHUA KOCTelH, MPOaHAJIN3MPOBAHBI
pasiauuHble TUNOLI JerupoBaHUs 5Toll KepaMuKu. Ha ocHoBe MogudmIinpoBaHHOTO MeToqa
XUMHUYECKOTO coocakaeHua ruapokcuanatuta (I'AII) mosryuenst obpasisl I'AIl, B KoTopeix 1
u 3 % aToMOB KaJbI[Ms 3aMeIll[eHbl UTTeporeM, a TAKIKe aHaJOTHUHO JIeTMPOBAHHBIE OMOaK-
TUBHOE CTeKJO M Ouocurtann. Pasmep sJeMeHTapHBIX KPHUCTAJNJIOB B JernmpoBanHom [AIl
TOUTH BABOE MEHLINIE UeM B HeJermpoBaHHOM (cooTBercTBeHHO 13 m 25 um). Mertomzamu IR,
XPS u XRD wuccaenoBansl cTpyKTypa Jeruposannoro I'AIl u BaleHTHOe COCTOAHME UTTepOUS
B HeM. IloyueHHBIE PeBYJbTATHI CBUETENLCTBYIOT 00 00pasoBaHUU OJHOPOAHBIX TBEPABIX
pactBopoB I'AIl ¢ urrepbuem, KoTopblil 3anuMaeT B ['AIl MOBUIIUI0 KANBIIUA, TPUUEM MOHBI
UTTEPOUA BCTPAMBAIOTCA B KPUCTAIIMUECKYIO PEIIETKY alaTUTa MPEeVMYIIeCTBEHHO B TPeX-
BAJIEHTHOM coCTOSHNHA Kak Yb3*. PeHTreHOrpaMMEI, TOIyUeHHbIE ¢ TIOMOIIBI0 TUIOBON Mefu-
IUHCKOM PEeHTTeHOBCKOM anmapaTypsl, MOATBEPAUNN, UTO JerupoBanme aaxe 1 % wurrepbus
3aMeTHO YBeIUUYMBAET PEHTTeHOKOHTpacTHOCTh, nMminanTaroB us I'All. JlermpoBanue okcupa-
MU JIAHTAHOMJOB MOMKET TaKiKe CYIIeCTBEeHHO YJYUYIIUTHL APYTHe CBOHCTBA OMOAKTUBHBIX
KepaMuK.

1. Introduction materials for bone tissue remodeling in the
modern medicine. They are also rapidly ex-

panding their usage in drug delivery sys-

confidently have gained the position of key tems, gene engineering and gene therapy, as

172

Functional materials, 20, 2, 2013



O.Dubok et al. / Lanthanides oxides usage to increase ...

well as in other fields of medicine and biol-
ogy [1]. In fact, nanoparticles of the bioac-
tive ceramics can be used as a window cre-
ated by nature for a dialogue with the inner
world of living organisms, testing, correc-
tion and restoration of many physiological
processes in organisms and it is obvious
that in this field we should expect much
more important results. Therefore, it is im-
portant to study a functionalization of
bioactive ceramics i.e. the ways of their tar-
geted modification in order to impart them
the new specific physical-chemical and bio-
logical properties, which greatly expand
usage of the bioactive materials. In particu-
lar, from the point of view of X-ray meth-
ods, calecium phosphates’ lack of radiopacity
is one of its drawbacks. The main advantage
of bioactive ceramics — the similarity of its
chemical composition to the bone’s biomin-
erals in this sense is turned into disadvan-
tage because after filling bone defect the
synthetic calcium phosphate is poorly dis-
tinguishable from the bone at the bone ra-
diographs and the bone remodelling proc-
esses cannot be controlled by X-ray meth-
ods. Due to this reason, the bone
remodeling is controlled by biopsies, which
is quite traumatic and painful for patients.

Similar drawbacks of the bioactive ce-
ramics have been also revealed in the usage
of fluorescent, EPR and NMR control of the
bioceramics behavior in living body, in neu-
tron capture therapy with the bioceramics
etc.

The ways of the bioactive ceramics prop-
erties modification in order to enhance ra-
diopacity cannot be considered as satisfac-
tory.

Increase of radiopacity is based on fun-
damental physical laws of X-rays absorp-
tion, which implies that X-rays absorption
coefficient (1) depends on the atomic num-
ber of the dopant (Z) and the wavelength

(A) of X-rays:

— 37 3
T = kpZ°A\°, (1)
where k£ — coefficient, p — density. For the
fixed measurement conditions (A = const)
and the fixed substance density (densities of
all selected bioceramics are similar) the ab-
sorption coefficient t is proportional to Z3.
For a chemical compound, the total absorp-
tion coefficient is equal to the sum of the
absorption coefficients of atoms that make
up the substance. Roughly it can be as-
sumed that the increase in the absorption
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coefficient of doped ceramiecs is expressed
by the formula

3

2 2
Ar/t=1+m£—lj, (2)
22
where m — atomic fraction of impurities,
Z, and Z, — atomic numbers of impurities

and the heaviest atom of the main substance
respectively [2]. For bioactive ceramics it is
extremely important to preserve its biologi-
cal properties, i.e. physical and chemical
properties and interactions of the material
with an internal environment of the body.
For example, as a radiopaque additive,
iodine (Z = 53) often have been used. The
study of synthesis of iodinated HAP re-
vealed that when ammonium iodide was
added to a solution of calcium nitrate, io-
dine doped the apatite crystal, replacing the
hydroxyl groups, but the properties of the
doped apatite differed significantly from
the CaHAP. Also, in order to increase ra-
diopacity the doping with barium (Z = 56)
or bismuth (Z = 83) has been used but these
elements are highly toxic and it was impos-
sible to add them into bioresorbable ceram-
ics. One of the most promising options is
use of cesium (Z = 55), which can partially
substitute sodium in the bioglasses or doped
HAP. Cesium is the typical trace element in
plants and animals. However, an instability
of compounds of this element and their high
volatility should be taken into account.
Analysis of other alternatives has shown
that some of lanthanide elements, especially
those that can be divalent and are chemical
analogues of calcium - samarium (Z = 62),
and ytterbium (Z = 70) are most promising
and effective in order to increase the ra-
diopacity of calecium phosphates. Calcula-
tions by formula (2) show that doping with
2.3 at. % of ytterbium results in twofold
increase in HAP radiopacity and it is quite
clear that this result can be affected neither
structural nor any other transformation of
the material. Ytterbium like other lantha-
nides can be easy embedded in apatite crys-
tal and therefore is a common impurity in
minerals with this structure, due to the
proximity of their ionic radii and electrone-
gativity with calecium, which is essential for
the formation of solid solutions of the sub-
stitution. Biocompatibility and valuable bio-
logical properties of ytterbium and other
lanthanides were proved by their use in
drugs to regulate blood clotting, wound
healing, etc. Ytterbium, like all other lan-
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thanides can also be used for the doping
bioglass and bioglass-ceramics. Increase of
the radiopaque of the doped bioglasses and
bioceramics is strictly the same as for HAP.

A comparative study of the biological
properties of pure and itterbium doped
HAP, bioactive glasses and glass-ceramics
by method of cell culture revealed complete
identity of results for doped and undoped
ones. Thus doping with lanthanides pre-
serves biological properties of the bioactive
ceramics and allows to control their resorp-
tion processes by X-ray methods, without
biopsies.

Presented arguments justify prospects to
study ways to increase radiopaque of bioac-
tive ceramies by doping it with some lantha-
nide oxides. In particular, ytterbium is the
most suitable for such application as Yb2+
ion is quite similar to calcium ion.

HAP, bioactive glass and bioactive glass-
ceramics selected for doping have been cur-
rently used in the medicine in Ukraine.
Their main application is to fill bone defects
and promote the restoration of the bone tis-
sue in various fields of surgery. Doped
bioactive ceramics with increased ra-
diopaque can improve the efficiency of such
application due to control of the biotrans-
formation of such material in the body
without biopsy surgery.

It should be noted that doping with spe-
cial combinations of lanthanides can also
significantly improve the luminescent, mag-
netic and nuclear properties of the bioactive
ceramics and therefore is useful for func-
tionalization of other applications of the
bicactive ceramics.

2. Experimental procedure

2.1. Sample preparation

Samples of pure HAP, labeled as HAPI1,
were synthesized by precipitation from
aqueous solution of calcium nitrate and am-
monium phosphate at pH = 10-12, followed
by aging for 72 h at room temperature
(22°C), with further washing, filtration and
drying. These samples were used as con-
trols.

To substitute 1 % and 3 % of calcium
atoms by ytterbium, in order to obtain the
most uniform product, the modified precipi-
tation method was used: the ytterbium
oxide and the above initial salts were dis-
solved in minimal quantity of nitric acid.
Then this solution has been added dropwise
to alkaline ammonia hydroxide solution dur-
ing vigorous stirring. The pure HAP
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(HAP2) has been also prepared by this
method.

Bioactive glass and bioglass-ceramics
have been prepared by thorough mixing and
grinding of dry initial salts followed by
melting in a platinum crucible. Doping of
the bioactive glass and bioglass-ceramics
has been achieved by adding ytterbium ni-
trate solution into the mixture of the initial
salts, then drying and melting.

2.2. Studying methods

FTIR. Functional groups available in the
prepared powders were identified by FTIR
(Thermo Nicolet NEXUS). The powders
were mixed and ground with potassium bro-
mide with the ratio of 1:10. The spectrum
was measured in the range of 400 to
4000 cm~! with resolution of 4 ecm™! and
the number of scans of 50.

XPS. X-ray photoelectron spectra were
measured with photoelectron spectrometer
JSPM-4610 (JEOL) using a non-monochro-
matic MgKa (1253.6 eV) X-ray source. Vac-
uum in the analysis chamber was 1077 Pa,
the accuracy of the electron binding energy
measurement was 0.1 eV. To neutralize the
charge accumulating at insulating sample
during the experiment, its surface has been
coated with a thin layer of gold. To cali-
brate the X-ray photoelectron spectra the
binding energy of Au 4f energy levels has
been used, thus providing a sufficiently
high accuracy of the binding energies meas-
urement for the elements of the samples.

XRD. The phase compositions of the
samples were studied by X-ray diffraction
with DRON-38M diffractometer, using CuKa
radiation at the wavelength of 1.5418 A in
20 range of 20-50° with a step size of 0.1°
and measuring time of 4 seconds per step.

Specific surface. Specific surface areas
of the synthesized powders were measured
by the BET method at the facility of Frant-
sevich Institute for Problems of Materials
Science, Kyiv.

3. Results and discussion

The main objective of this study was to
select such dopant that would provide maxi-
mal radiopacity and don’t affect the unique
biological properties of the selected materi-
als. The results of X-ray diffraction study
(XRD) of the synthesized HAP samples are
presented in Fig. 1. They should be dis-
cussed within the framework of the known
data that HAP powders produced by chemi-
cal precipitation have defected crystal
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Fig. 1. XRD patterns of HAP powder and
HAP doped with 1 and 3 % of ytterbium
after heat treatment at 500°C and 1000°C.

structure with broadened XRD reflexes.
This is due to water and other components
of the mother solution and carbonate ions
which were embedded into the nanocrystals,
the total quantity of the impurities being
up to 10 % of the synthesized product [3].
Calcination of the precipitate is accompa-

nied by loss of these impurities, gradual
ordering and recrystallization of the
nanocrystals.

The first stage of the ordering of HAP
crystal structure (the loss of most of the
water and components of the initial solu-
tion) ends approximately at 450-500°C, al-
though X-ray diffraction reflections re-
mains broadened, thus reveals that defect-
ness of the HAP are still significant.
Defective HAP admits a significant devia-
tion from stoichiometry, unlike the more
perfect crystals, so during further calcina-
tion and ordering other phases may be sepa-
rated, such as tricalcium phosphate [4].
Lost of carbonate groups in HAP occurs at
700-800°C, i.e. the arrangement of the
crystal structure of HAP is completed at
900-1000°C [4]. Therefore, to observe the
transformations of the synthesized doped
HAP all samples were calcined at 500°C and
1000°C for 1 h. According to data presented
in Fig. 1 all samples after synthesis and cal-
cination at 500°C have crystal structure of
defective HAP. Preservation of this struec-
ture and absence of lines of other phases
after calcination at 1000°C while a signifi-
cant narrowing of X-ray diffraction reflexes
due to ordering of crystal structure reveal
stoichiometry and thermal stability of the
synthesized product. Comparison of differ-
ent methods of the synthesis testifies that
the method of "acid synthesis™ used in this
study, which is more suitable to produce
homogeneous solid solutions, permits to
produce the same pure and perfect unal-
loyed HAP, as commonly used method of
salts co-precipitation. But after calcination
at 1000°C in HAP samples doped with 8 %
of ytterbium, a new reflex with low inten-
sity has appeared, which can be interpreted

l,a.u. O1s l,a.u.
i a P‘ZS b
O1s HAP2
|
HAP2 Yb3
1 1 1 1 1 1 1 1 1 1 ]
540 535 530 525 520 515 210 200 190 180 170 160 150

Binding energy, eV

Binding energy, eV

Fig. 2. XPS spectra of O 1s (a) and P 2s, Yb 4d (b) regions of HAP2 and HAP2_ Yb3 samples.
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Table 1. Calculated lattice constants and deviations for Yb:HAP (Ca,, ,Yb,(PO,)g(OH),) for dif-
ferent x values (0<x<0.03).

Samples a = b/deviation (nm) c¢/deviation (nm) Caleination Doping
temperature (°C) | concentration (%)
JCPDS 9-0432 0.9418 0.6884
HAP1 0.9413/0,0005 0.6833/0.0051 500 0
HAP2 0.9417/0.0001 0.6884/0.0000 500 0
HAP_Ybl 0.9414/0.0004 0.6877/0.0007 500 1
HAP_Yb3 0.9455/0.0037 0.6909,/0.0025 500 3
HAP1 0.9433/0.0015 0.6885,/0.0001 1000 0
HAP2 0.9409,/0.0009 0.6872/0.0012 1000 0
HAP_Ybl 0.9427/0.0009 0.6885,/0.0001 1000 1
HAP_ Yb3 0.9434/0.0016 0.6884,/0.0000 1000 3
as tetracalcium phosphate phase Table 2. Specific surface area of doped and
Ca4(PO4)20. pure HAP powders calcined at different

The appearance of this phase is the re-

sult of the fact that calculation of the in-
itial chemicals quantity for synthesis of Yb-
doped HAP have suggested that Yb ion in
solid solution with HAP should be doubly
charged Yb2*. However, the XPS-spectra of
the synthesized samples revealed (Fig. 2, b)
that most of Yb ions remain triply charged.
Thus the synthesized product contains an
excess of calcium relative to HAP
stoichiometry (which corresponds to the
Ca/P = 1.67), and leads to the appearance of
tetracalecium phosphate (Cay(PO,4),0 phase,
for which the Ca/P ratio equals 2. When
doping with 8 % of Yb to balance the cal-
cium excess the quantity of tetracalcium
phosphate should be about 11 % which is in
good agreement with experimental data. It
is well known that tetracalcium phosphate
cannot be synthesized directly by coprecipi-
tation and it is a result of transformation
of defective HAP during calcination.

Table 1 shows the calculated unit-cell pa-
rameters of the samples. All the XRD dif-
fractions of the samples can be well indexed
as a hexagonal phase (P6 3/m space group),
agreeing well with the values of the stand-
ard data (JCPDS No0.9-0432). The lattice pa-
rameters have not been modified signifi-
cantly after substitution. All calculations
have been performed using the Crystal Im-
pact Match and UnitCell [5] software.

The results of the measurements of spe-
cific surface area for doped and pure HAP
samples are presented in the Table 2. The
data reveal nanosized structure of the syn-
thesized powders as the specific surface
area of 150 m?2/g corresponds to particle
size of 13 nm and 80 m?2/g corresponds to
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temperatures
t, °C | Specific surface of | Specific surface of
HAP with 0 % Yb | HAP with 3 % Yb
(m?/g) (m?/g)
20 89.6 151.23
500 62.61 127.15
1000 6.05 22.23

particle size of 25 nm. The interesting fea-
ture of this data is the fact that the specific
surface area of Yb-doped HAP powder is
about twofold bigger than the one of the
undoped samples. This regularity can be ex-
plained by the appearance of particles of a
second phase which inhibits recrystalliza-
tion of the main HAP phase. This phenome-
non can be used in technology and medicine.

XPS survey scans (Fig. 8) have identified
oxygen, calcium, and phosphorus as the
major constituents of HAP doped and un-
doped samples, as it had been expected [6].
The spectra of these samples have revealed
the typical Auger resonance of O (KLL) or-
bital at ~750 eV and Ca (LMM) ~970 eV. In
the XPS spectrum of HAP and Yb-doped
HAP, the binding energies of Ca (2p,
348 eV), O (1s, 532 eV), and P (2p, 134 eV)
can also be found. The binding energies of
Au 4f7/2 at 83.8 and Au 4f5/2 at 87.45 eV
corresponding to the standard gold [7] were
used for calibration and they do not hinder
the interpretation of other parts of the
spectrum. The difference in the background
of Fig. 3a and 3b is caused by inelastic scat-
tering of photoelectrons, which is deter-
mined by working vacuum in the chamber
during this experiment, by the parameters
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Fig. 3. XPS survey scan spectra of HAP2 (a) and HAP2 Yb3 (b) samples.

of the sample surface as well as some other
factors that are poorly reproduced during
each subsequent experiment and is uninfor-
mative for this discussion. The energy posi-
tions and details of individual peaks are
better seen in the fragments near P 2s and
O 1s peaks of the same spectra presented in
Fig. 2 with higher resolution. Draw atten-
tion the shift of peaks P 2s and O 1s in the
direction of higher energies for the doped
sample compared to undoped, which is
about 1 eV. It can be explained by forma-
tion of solid solutions of HAP with ytter-
bium oxide, where the binding energy is
larger than for HAP. The peak of Yb3* (4d,
~185 eV, Fig. 2, b) agrees well with the lit-
erature [8, 9], while the peak Yb2* appears
quite weak. Thus the XPS results provide
the additional evidence for the successful
HAP doping with ytterbium and reveal that
the ytterbium ions enter into HAP struec-
ture mostly in the form of Yb3*. This also
implies that the other lanthanides’ ions that
are stable only when they are triply charged
also can be used to dope the HAP (that, by
the way, comes from the composition of
natural apatite minerals).

FTIR spectra of the HAP and HAP doped
with 8 % of Yb, calcined at 500°C and
1000°C for 1 hour contain all the typical
absorption bands or such spectra (Fig. 4).
For example, for all the samples the funda-
mental vibration modes of PO,3~ are ob-
served [10]. Very strong bands at
~1092 cm™! and ~1036 cm™! are associated
with the triply degenerated vs antisymmet-
ric stretching of P-O band. The 962 cm™!
band can be attributed to the v; non-degen-
erated symmetric stretching of P-O band.
The bands at 604 cm™1 and 560-580 cm™1
can be attributed to the triply degenerated
bending mode v, of O—P-O bond. The weak
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Fig. 4. Diffuse reflectance infrared spectra of
the pure HAP and HAP doped with 3 % of
Yb (calcined at 500 and 1000°C).

band at 474 ecm™! is the component of the
doubly degenerated bending mode, vy, of the
phosphate group. The characteristic bands
of hydroxyl groups in apatite environment
were observed at 8572 cm™1 and ~683 cm™!
for all samples [11]. For all the samples the
presence of stretching mode (v,) at
38572 em™! of the hydroxyl group can be
noticed. The peak at ~633 cm™! is assigned
to the librational mode (v;) of the hydroxyl
group. The broad bands in the regions
3200-3600 cm ! and 1600-1700 em ™1 in sam-
ples calcined at 500°C correspond to H-O-H
bands of lattice water. The presence of
0032‘ groups could be noticed at the sam-
ples calcined at 500°C. The bands at 1456—
1414 em™! correspond to the symmetric and
antisymmetric stretching mode vg of car-
bonate group and the band at 879 ecm™! can
be referred to the bending mode v, of car-
bonate group [12]. Thus, changes in the FT-
IR spectra due to calcination of the samples
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Fig. 5. Radiograph (negative, transmission) of
animal bone with inserted implants of HAP and
HAP doped with 1 % of Yb reveals significant

increase of radiopacity of doped HAP.

completely confirm the above concept on
loss of the mother solution component and
ordering of the HAP crystals with increas-
ing temperature of thermal treatment.

To check radiopacity of the synthesized
material two tablets of the same size (di-
ameter 18 mm and height 6 mm) made of
HAP and HAP doped with 1 % of Yb were
inserted into the spongy animal bone. Ra-
diograph (Fig. 5) was made with the typical
high-resolution medical equipment — USB
Radiology System (Visiodent) RSV-HD. It
revealed a significant change of radiopacity
of the doped sample, thus confirming the
expected results of doping. The same results
were obtained with the bioactive glasses and
bioglass-ceramics in accordance with the
fundamental laws of X-rays absorption.
Thus even 1 % of this impurity is suffi-
cient to distinguish the implanted material
against the bone, i.e. to control its biotrans-
formation.

4. Conclusions

Therefore, this study confirmed pros-
pects of synthesis of HAP solid solutions
with lanthanides by the so-called "acid syn-
thesis”, which apparently provides greater
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homogeneity of the synthesized product.
Doping HAP with ytterbium oxide results,
according to XPS data, in embedding the
impurity cation into the HAP crystal as
Yb3+, with the unit cell parameters remain-
ing almost unchanged. According to specific
surface area measurements, the size of the
primary nanocrystals in precipitate of the
doped material (13 nm) is almost twice less
than that of undoped (25 nm). When
amount of the initial chemicals was calcu-
lated based on the model of HAP solid solu-
tion with divalent ytterbium the non-
stoichiometric HAP have been synthesized
which was decomposed on HAP and tetracal-
cium phosphate after calcination at 1000°C.
HAP as well as bioactive glasses and bio-
glass-ceramics doped with ytterbium always
have increased radiopacity in accordance
with the fundamental laws of X-rays ab-
sorption, and the introduction of even 1 %
of this impurity is sufficient to distinguish
the implanted material against the bone,
i.e. to control its biotransformation. Doping
with lanthanides could be also promising for
other applications of orthophosphate bio-
materials.
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BuxopucraHHA OKCHUIIB JAHTAHOIAIB AJA 30iJbIIeHHSA
PEHTTeHOKOHTPACTHOCTI 0i0AKTHBHHUX KepaMik

0.lyoox, O.lllunrkapyx, €.By3anvosa

3 MeTOo0 30L/IbIIIeHHSA PEHTreHOKOHTPACTHOCTI IIpu 30epe:keHHi yHiKaapHUX Oilosorivamx
BJACTUBOCTell 0ioaKTHUBHOI KepaMiku i xomirosuTis Ha ocHOBi (ocharis KasabIfito, 6iockaa Ta
OiocuTaiB, 1[0 BUKOPHUCTOBYIOTBHCS [AJS BiZHOBJIEHHS KiCTOK, IIpOaHAaizoBaHO pisuHi Tumom
aseryBaHHs niei kepamixku. Ha ocHoBi momudiroBaHOro merony XimMiuxHoro ciriBocam:KeHHS
rizporcuanatuty (I'AIl) orpumano spasku 'AIl, B axux 1 i 3 % aromie raabpuino samimieni
iTepbiem, a Tako:k aHasioriuHo JeroBaHi OiocakTuBHe cKJO Ta Oiocuras. Poamip emxemeHTap-
HUX KpucraiiB y aeropamomy I'AIl maiiyxke BaBiui meHIine, Hi y HemeroBanomy (BimmoBimHO
13 rTa 25 mm). Merogamu IR, XPS u XRD mocaimeni crpyrrypy aeropamoro IAIIl i
BaJIeHTHHUI cTaH irepOiro y Hbomy. OTpumani pesyiabTaTu cBifdyaTh PO YTBOPEHHS OIHO-
pizaux TBepaux posuuniB I'AIl 3 itepbiem, axwuit 3aiimae y I'AIl mosuifirzo KaJabIliro, OpUYo0-
My ioHU iTepObil0 BCTPOIIOTHLCH YV KPUCTAJNIUHY PEIIiTKY aNaTHUTy IePeBAKHO y TPUBAJIEHTHO-
My CTaHi AK Yb3+. Penrtrenorpamu, orpumani 3a ZOMoOMOroi0 TUIIOBOI MeIWYHOI PeHTTeHiBCh-
KOl amaparypu, MiATBepAuUJH, 10 JeryBamusa HaBitTe 1 % iTepGilo momitHOo 836iabINyE
peHTreHokouTpactHicts immnanTtaris 3 I'AIl. JleryBanua oKcugaMM JaHTAHOIAIB MoOKe
TAKOM iCTOTHO TONININMUTH iHIII BJIACTUBOCTI Gi0aKTUBHUX KepaMiK, BAKJIMUBI Mg IX BUKO-
pPHUCTaHHA Yy MeAWIIMHI Ta Giojorii.
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