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Nanocrystalline powder of ZrO, (6 % Y,03, 3 % CeO,) has been synthesized. The
powder is developed for manufacture of ceramic implants for bone surgery. Physico-
chemical properties of the powder and its radioactivity have been examined. It is shown
that the proposed technology allows to produce the nanocrystalline ZrO, based powder of
high chemical purity and high activity for sintering. Ceramics made of the powder
provides the high reliability and assures long term service in the aggressive environment
of a living organism. The specific radioactivity of the powder is (1.310.4) Bq/kg and is
caused by the presence in the powder of natural radionuclide ??°Ra. Radioactivity of the
synthesized powder is more than 100 times below the norm accepted by the international
standards for ceramic materials based on T-ZrO, for surgical implants.

CunTesupoRaHo HaHOKpHcTaLIudeckuit moporok ZrO, (5 % Y505, 8 % CeO,). Ioporrok
npegHasHaAueH [IJ USTOTOBJEHUS KepaMUYeCcKUX WMILJIAHTATOB JJd KOCTHOM xupypruu. He-
cJIe[OBaHBl (PUBUKO-XMUMUYECKNE CBOVICTBA MOPOIIKA U ero PafuoakTUBHOCTEL. IloKasaHo, uTo
WCIIOJIb30BAHHAA TEXHOJOIUS TO3BOJNAET TMOJYUYATh HAHOKPUCTAJJIWNYECKUM MOPOIIOK HA OcC-
HoBe ZrO, BHICOKON XMMMUYECKO# UMCTOTHI U BEICOKOH aKTMBHOCTM IpH cloeKaHuu. Kepamu-
K&, U3TOTOBJIEHHAS U3 TOTO IMOPOIIKA, 00ecmeynBaeT BHICOKYIO HAJeKHOCTh U MHOTOJIEeTHU
CPOK CJIY?KOBI B ATPECCUBHOM cpefie JKUBOTO OpPraHuaMa. ¥aeJbHas PaguoaKTUBHOCTL CHHTE-
3UPOBAHHOTO mopotiKa paBHa (1,310,4) BK/Kr 1 o6ycioBjieHa TPUCYTCTBUEM B HEM TPUPOJ-
Horo paguonykauaa 220Ra. Takas pagMoaKTHBHOCTL Oojiee yem B 100 pas HMIKe HODPMBI,
JOTMYCTUMOM MeKIYHAPOAHBIMU CTAHAAPTAMHU s KepaMUYeCKUX MaTeprajioB HA OCHOBE
T-ZrO, pns XUPYPrudecKUxX MMILIAHTATOB.

CuHTEe3 HAHOKPUCTATIYHOTO MOPOIIKY Ha OCHOBI JiOKCHAY IMHPKOHIIO AJA Xipypriuamx
iMnaanTaTiB i JocxigkeHHd BMicTy pagionykxiniB y Heomy. O.B.Illesuenko, B.B./IawHnesa,
B.Alybox, O.BQyonix, B.B.Ilyxpenro, O.K.Py6an, B.B.Tpuwun, I.A.Manwxk.

Cunresorano HaHokpuceTaniunmit mopomtok ZrO, (5 % Y503, 8 % CeO,). Ilopomior mpusHa-
YeHU# [AJ8 BUTOTOBJEHHS KepaMiuHMX iMIUIaHTaTiB Aas KicTkoBol xipyprii. Hocrimsxeno ¢hism-
Ko-xiMiuHi BJacTMBOCTI TOPOMIKY Ta Horo pagioakTuBHicTh. ITokasano, 110 TexHoJOTiA, AKY
3aCTOCYBaJIM, [OB3BOJIAE OTPUMYBATH HAHOKPHUCTaliuHMIl mopomok Ha ocHoel ZrO, Bucokoi
ximiumol umcToTH TA BMCOKOI akTMBHOCTI npu ciikanui. Kepamika 3 mporo mopoiky sabesmeuye
BUCOKY HamilHicTh i GaraTopiuHuili TepMiH eKcILIyaTalii y arpeCUBHOMY CEPEIOBHIIIL KLBOTO
oprauismy. IluTomMa pagioaKTHBHICTE CHHTE30BAaHOro HOPOINKY cranoButh (1,310,4) Br/kr i
0OyMOBIIeHA HAMBHICTIO B HBOMY I[IPUPOLHBOrO pasionmykainy 22°Ra. Taka pasioakTHBHICTH
Ginmpm mixk B 100 pasip HuiKUe HOPMM, SKA IPUAHATA MIXHAPOAHMMU CTaHAAPTAMH [IJIA
KepamiuHnx Martepiani Ha ocroBi T-ZrO, mna xipypriuvamx immnanraris.
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1. Introduction

Ceramics based on zirconium dioxide
(ZrOy) is a very perspective material for va-
riety medical applications due to superposi-
tion of such properties as high biological
and chemical inertness, increased strength,
hardness, the highest among oxide ceramics
fracture toughness, wear and corrosion re-
sistance. Since the end of the last century,
this material is widely used in dentistry,
orthopedics and traumatology to produce ce-
ramic implants, such as pins, crowns, ce-
ramic heads for joints and other devices
that run in aggressive environment of a liv-
ing organism under significant loads [1].

High strength of the ZrO, based ceramics
are achieved due to martensitic phase tran-
sition type of the tetragonal zirconia (T—
ZrO,) into monoclinic phase (M-ZrO,) [2].
Among various classes of materials based on
ZrO, the highest strength and fracture
toughness inheres to zirconia partially sta-
bilized in the tetragonal phase by 2—8 mol. %
yttrium oxide (Y-TZP). These materials
have fine grain structure and the highest
values of flexural strength (> 1500 MPa)
[3, 4]. However, the record strength values
are Dbadly reproducible and are often
achieved at the expense of other important
characteristics, such as fracture toughness,
stability and other properties.

To produce ceramic implants the Y-TZP
ceramics with composition ZrO, (8 mol. %
Y503) is mainly used which characterized by
high mechanical and aesthetic properties. In
particular, its flexural strength is 900-—
1200 MPa, compressive strength —
2000 MPa and the fracture toughness K;,
— 9-10 MPa-m1/2 [5].

However, the operational reliability of
the implants made of this material is not
sufficiently high. This is due to the fact
that the highest possible content of metas-
table tetragonal phase in the ceramics ZrO,
(3 mol. % Y503), on the one hand, deter-
mines the high strength characteristics of
the material and, on the other hand, due to
metastability of T-ZrO, this ceramics is
prone to low temperature degradation of the
mechanical properties ("aging”) in humid
and corrosive environments, as interaction
with the aggressive environment stimulates
the phase transformation T-ZrO, — M-ZrO,
in the surface layer of the ceramics. This
process is accompanied by increase in vol-
ume and occurrence of microcracks, which
in turn leads to the increased surface
roughness, increase of wear, deterioration
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of the mechanical properties and ultimately
to the implant destruction [6, 7]. This phe-
nomenon is a common cause of destruction
of ZrOy-ceramic femoral head of the hip
joint [8].

At Frantsevich Institute for Problems of
Material Science NASU to produce ceramic
implants the new ceramic material of ZrO,—
Y,03-CeO, system has been proposed,
namely zirconia doped with yttrium oxide
(4.5-5.4 %) and cerium dioxide (2-8 %)
(herein after, % by weight) [9]. Cerium di-
oxide is non-toxic and biocompatible mate-
rial. Ceramics based on zirconia stabilized
with ceria shows fracture toughness up to
20 MPa-ml/2, but it is rarely considered as
a ceramic biomaterial [5].

Due to cojoint ZrO, stabilization with yt-
tria and ceria, the developed material has
high strength, optimal microstructure and
improved phase stability in the humid envi-
ronment. Flexural strength of this material
is not less than 600 MPa, density — above
6.0 g/cm3, an average grain size — less than
0.4 pm, the phase composition — T-ZrO,, con-
tent of M=ZrO, — not more than 3 % . Wear
of this ceramics in a mobility knot with the
high molecular weight polyethylene "Chiru-
len", which is currently used almost in all
pairs of friction of hip prosthesesis, is com-
parable to the wear in the friction pairs
with alumina ceramics and CoCrMo alloy —
the main materials for heads of the modern
hip prostheses.

Primary raw material to produce the de-
veloped ceramics is zirconium oxychloride
which is synthesized from minerals zircon
(ZrSiO4) and baddeleyite (ZrO,), reserves of
which in Ukraine are ranked third in the
world after Australia and South Africa [10].
The main impurities in these minerals are
hafnium (a few percent), silica, iron, cal-
cium, titanium, rare earth elements, nio-
bium, tantalum and others. In some depos-
its impurities of radionuclides such as ura-
nium (1 %), thorium (0.2), et al. also are
present, due to which the zircon and bad-
deleyite display weak radioactivity [11]. To
produce high purity zirconia and zirconium
salts the raw material is subjected to com-
plex processes of purification from impuri-
ties, as well as the radionuclide, it is still a
fear that a part of radionuclides remains in
the final product. Furthermore, the stabiliz-
ing additives in the ZrO,ceramics — Y503
and CeO, can also contain radioactive impu-
rities inherited from ores.

The objects of the present work are syn-
thesis of high-purity nanocrystalline zir-
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conia powder with composition of 92 %
ZI’02 +5 % Y203 +3 % C602 and Study of
radionuclide content in it.

2. Materials and methods

As initial materials we used zirconium
(IV) oxychloride 8 water (ZrOCl,-8H,0), TU
6-09-3677-74 "Zirconium oxychloride 8-
aqueous” made by the State Research and
Production Enterprise "Zirconium”,
Dneprodzerzhinsk, Ukraine ; yttrium ni-
trate 6-water (Y(NOg3)3-6H,O) TU 6-09-4676-
78 "Yttrium nitrate 6-water” powder, LLC
"Himstatus”, Kharkiv, Ukraine; cerium ni-
trate 6-aqueous (Ce(NOjz)3-6H,0), TU 6-09-
4081-84 "Cerium (111) nitrate 6-aqueous
(cerium (111) nitrate), pure for analysis "
powder PE " Svit", Kharkiv, Ukraine; dis-
tilled water GOST 6709-72 "Distilled water.
Specifications”™, IPM NASU; hydrochloric
acid (HCl) GOST 3118 "Hydrochloric acid.
Specifications, Scientific-Production Enter-
prise "Alfarus”, Kyiv, Ukraine; isopropyl
alecohol (CH3CH(OH)CHy), Scientific-Produc-
tion Enterprise "Alfarus”, Kyiv, Ukraine.
Reagents purity corresponded to the mark
"Analytical grade”.

The nanocrystalline powder of selected
composition have been prepared in two
stages. First, by high temperature hydroly-
sis in acid medium the nanocrystalline pow-
der of M-ZrO, was synthesized, and then
through mechanochemical and thermal
treatments Y,0; and CeO, were imple-
mented in it. Combination in the process of
synthesis of stabilized nanocrystalline T-ZrO,
the benefits of hydrothermal method and
mechanochemical processing allows to pro-
duce the high-purity, active for sintering
powder with complex composition and con-
trolled dispersity [12, 13].

For hydrothermal treatment (HTT) in
acidic medium the initial aqueous solution
of zirconium oxychloride with concentration
of ZrO, 85 g/l was prepared by dissolving
the calculated amount of zirconium oxychlo-
ride in boiling distilled water at constant
stirring until complete dissolution of the
salt. The resulting solution was cooled to
the room temperature, filtered, and placed
into a cooling chamber for settling at tem-
perature of 10 °C for at least 20 h. After
settling, during which a precipitate of un-
dissolved impurities was formed, the solu-
tion was separated from the deposit and
placed in a laboratory autoclave. Hydrother-
mal treatment was carried out at tempera-
ture of 170 °C for 6 h. The suspension
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formed after the HTT was poured into a
glass beaker and protractedly asserted until
the precipitate formation. The resulting
precipitate was separated from the mother
liquor, washed repeatedly first with hydro-
chloric acid (pH < 2) and then with distilled
water (pH = 7) and dried at the room tem-
perature in the azeotropic mixture of dis-
tilled water with isopropyl alcohol (87.9 %
isopropyl alcohol).

For implementation of the stabilizing ad-
ditives the dry powder of M-ZrO, was im-
pregnated with the aqueous solutions of re-
quired amounts of yttrium and cerium ni-
trates. The resulting mixture was
comminuted and homogenized for 2 h in a
planetary mill produced by the Design De-
partment of IPMS NASU with cylinder and
milling bodies made of zirconia ceramics at
frequency of 200-300 rpm. Then the mass
was transferred intoc a corundum crucible,
placed into electric furnace and calcined for
2 hours in air at 600 °C. To prevent intense
discharge of water vapor and nitrogen ox-
ides, which accompanied by loss of the pow-
der particles with them the temperature in
the furnace at a ranging from 20 to 200 °C
was increased at a rate not exceeding 1 °C/min.
The further increase up to the final caleina-
tion temperature carried out arbitrarily.
After isothermal holding the powder was
cooled together with the furnace to the
room temperature.

Physico-chemical properties of the syn-
thesized powder were studied by wet chemi-
cal analysis, atomic emission spectrometry,
X-ray diffraction and electron microscopic
analyzes. X-ray studies were performed
with DRON-1.5 (CuK, radiation, scanning
rate 1-4 °C/min). Size of the primary parti-
cle was calculated by the Scherrer formula.
Electron microscopic studies were per-
formed with Camebax SX-50. The specific
surface area was determined by the method
of nitrogen adsorption at the liquid nitro-
gen temperature (BET).

Radioactivity was investigated by radi-
ometry and high resolution gamma-spec-
trometry with a gamma-spectrometry com-
plex firm CANBERRA. As a sample for
study the synthesized zirconia powder sam-
ple was used weighing 100 g.

3. Results

According to X-ray and electron micro-
scopic measurements results the powder
produced by hydrothermal treatment con-
sists of monoclinic zirconium dioxide with
specific surface area — 98.2 m?2/g and
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Fig. 1. Structure of M-ZrO, nanocrystalline
powder obtained by hydrothermal treatment
in acidic medium.

pycnometric density — 8.75 g/cm3. The
powder consists of agglomerates with
spherical shape, and size from 2.1 um to
7.5 um. Average size of the powder primary
particles is about 11 nm (Fig. 1).

After mechanochemical and thermal
treatment of the mixture the M-ZrO, pow-
der with yttrium and cerium nitrate solu-
tions the zirconia powder doped with oxides
of yttrium and cerium was produced. Ac-
cording to the wet chemical and atomic
emission spectrometry analyzes the content
of main components (ZrO,, Y,O03, CeO,) in
the synthesized ZrO, (Y,03, CeO,) powder
is not less than 99 %. The content of
Y503 = 5.0 %; CeO, = 8.0 % . The total con-
tent of other impurities (Al,O3, SiO,, CaO,
MgO, NayO, Fe,03) does not exceed 1 %.
By the phase composition the powder is a
mixture of two low-temperature ZrO, modi-
fications: metastable cubic (F-ZrO,) and
tetragonal (T-ZrO,). Pycnometric density of
the powder is 5.56 g/cm3, specific surface
— 94.5 m2/g. The size of the powder ag-
glomerates is 5—10 um, with some agglom-
erates being with the size of 15—20 um. The
average size of the primary particles is
12 nm. The structure of the powder after
mechanochemical treatment and calcination
at 600 °C is shown at Fig. 2.

Radiometric and gamma-spectrometric
studies identified in the synthesized zir-
conia powder sample the radium-226 (22°Ra)
natural radionuclide with a specific activity
(1.30 + 0.40) Bq/kg. Activity of other ra-
dionuclides, in particular, uranium-238
(338U), and thorium-232 (232Th) is below
sensitivity of the employed apparatus.

4. Discussion

The presented data reveal that after hy-
drothermal treatment of zirconium oxychlo-
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Fig. 2. Structure of the synthesized powder
ZrO, (5 % Y505, 8 % CeO,) after heat treat-
ment during 2 h at 600 °C.

ride solution the nanocrystalline agglomer-
ated powder of monoclinic zirconia M-ZrO,
was produced. The primary particles and ag-
glomerates in the powder are rounded.

After mechanochemical and thermal
treatments of the M-ZrO, powder mixture
with solution of yttrium and cerium ni-
trates the rounded form of the primary par-
ticles and agglomerates, and sizes of the
primary particles in the synthesized powder
retained substantially the same as for in-
itial M-ZrO, powder after hydrothermal
synthesis. However, the agglomerates size
increases up to 5-10 wum and the separate
agglomerates of 15-20 pum are observed,
specific surface area slightly decreases from
98.2 m2/g to 94.5 m2/g, pycnometric den-
sity increases from 3.75 g/ecm3 to
5.56 g/cm3. Phase composition of the doped
powder consists of a mixture of two metas-
table low-temperature modifications of
ZrO,. During the subsequent sintering of
ceramic made of the powder the tetragonal
zirconia is formed.

Using the hydrothermal treatment of zir-
conium oxychloride solution it was yielded
the monoclinic zirconia powder with "soft”
agglomerates which upon further calcina-
tion at 600 °C do not form hard aggregates
of the nanocrystalline particles, and it can
be easily broken during pressing. The zir-
conia powder synthesized by this method
does not require additional grinding and re-
tains high activity for sintering during pro-
longed storage.

The results of the chemical and spectral
analyzes reveals that the produced powder
consists of ZrO, (5 % Y503, 8 % CeO,) and
has high chemical purity, with content of
the main components (ZrO,, Y,03, CeO,)
corresponding to the calculated value. The
high purity of the powder was achieved due
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to purification of zirconium oxychloride
aqueous solution from the suspended solids
by filtration, and then continuously asserted
at the low temperature (not above 10 °C).
During this process the most of insoluble
and little soluble impurities went to precipi-
tate, which was separated by decantation.
Thus it permitted to reduce in the synthe-
sized powder the content of such impurities
as S|O2, CI’203, A|203, Na2o, Fe203, CaO,
and others, including radionuclides. Wash-
ing of M-ZrO, precipitate, produced during
hydrolysis, first with hydrochloric acid (pH < 2)
and then distilled water (pH = 7) allows to
clean the precipitate out of impurities sol-
uble in these liquids (Fe*3, AI*3, Cr+3, Na*
etc.). Drying of the precipitate in the azeot-
ropic mixture of distilled water with isopro-
pyl alcohol (87.9 % isopropyl alcohol) af-
forded to remove the remaining amount of
H,O. This prevents formation of the hard
agglomerates, reduces the interval of ag-
glomerate size distribution, increases mono-
dispersity of M-ZrO, powder, and also pro-
vides the increase of density of green com-
pacts made of the powder by pressing.
Besides mentioned above it takes places de-
crease of pore sizes in this compact, in-
crease of pore monodispersity and thus im-
provement of quality and reliability of ce-
ramics made of this powder.
Implementation of the stabilizing additives
in the high purity nanocrystalline powder of
M-ZrO, by prolonged grinding in a plane-
tary ball mill provides a uniform distribu-
tion of Y,05 and CeO, at nanolevel in all
volume of the powder, i.e. uniform chemical
and phase composition of the produced
T-ZrO,. It provides also avoiding of the loss
of the stabilizing oxides during co-precipita-
tion of yttrium and cerium salts and in-
creasing the chemical purity due to reduced
amounts of the impurities, which would fall
into the precipitate during precipitation.
The formation of the solid solution occurs
in the process of grinding and ends in the
heat treatment.

Natural radionuclides 226Ra identified in
the synthesized zirconia powder by radio-
metric and gamma-spectrometric methods is
the most long-lived among the radium iso-
topes. Its half-life is about 1600 years [14,
15]. Radium is a chemical element in Group
II of the Periodic System, has chemical prop-
erties similar to alkaline earth elements and
is a chemical analog of barium. 226Ra in hu-
mans behaves like Ca. The average content of
226Ra in humans is 0.85 Bq/kg Ca that corre-
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sponds to a specific activity of 0.17 Bq/kg
bone muscle — 0.092 Bq/kg [16].

The synthesized powder is developed for
the manufacture of ceramic implants, in
particular the heads of total hip endopros-
thesis, which should be implanted into the
body to replace broken or destroyed by bone
disease hip joint, as well as dental implants
(artificial tooth root) which are used as sup-
port for installation of the removable and
fixed dental prosthesis. Weight of the ceramic
head made of ZrO, ceramics is about 50 g, the
dental implant — not more than 1 g.

In accordance with the requirements of
international standards for materials using
for implants, radioactivity of the ZrO,-
based ceramics, defined as the sum of the
specific activities of 238U, 226Ra and 232Th,
should not exceed 200 Bq/kg [17, 18]. The
specific activity of 226Ra in the synthesized
powder is (1.3 £ 0.4) Bq/kg, the activities of
238 and 252Th are below the sensitivity of
the employed apparatus. Thus, the radioac-
tivity of the synthesized powder is in more
than 100 times less than the allowable
level. In addition, the ceramic head in the
implanted endoprosthesisis partially
screened by polyethylene liner with thick-
ness of about 5 mm and a titanium cup with
thickness of about 1.5-2 mm. Besides men-
tioned above there is screening of inner
parts of the ceramic head due to absorption
by the outer layers of the head. For these
reasons, the acting dose of radiation is re-
duced by another 2—8 orders of magnitude.
Natural radioactivity of the removed for
implantation part of the bone is bigger.
Thereby implantation of hip endoprosthesis
with ZrO,-based ceramic head (made of the
ceramics powder described here) in fact does
not change the natural background radia-
tion of the body.

5. Conclusions

High purity nanocrystalline zirconia-
based powder with chemical composition
92 % ZrO, + 5 % Y03+ 3 % CeO,, syn-
thesized by the deseribed route consists of
soft uniform agglomerates with predomi-
nant size of 5-10 um, ensures reliability
and durability of the ceramics made from it
in the aggressive environment of a living
organism, preserves increased activity for
sintering even after prolonged storage .

Radioactivity of the powder defined as
the sum of the specific activities of 238U,
226Ra and 232Th in fact consists mainly of
226Ra activity and is in more than
100 times below the norm acceptable by in-
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ternational standards for ceramics based on
tetragonal zirconia for the surgical im-
plants.

The synthesized powder can be beneficial
for medical applications, in particular to
produce the ceramic implants for dental and
orthopedic surgery.
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