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The role of the effect of electroosmosis in the process of electrochemical deposition of a biocompatible coating on the inner
surfaces of porous nanostructured ceramics, a material used to make endoprostheses and implants in medicine, is discussed.

The biocompatibility of endoprostheses and implants with the human body is ensured by applying a special coating on the
internal and external surfaces of the base material. The commonly acepted chemical compound used to form this coating is
hydroxyapatite Ca;o(PO,4)s(OH),. Multicomponent ceramic materials, from which the basis of endoprostheses and implants are made,
are usually obtained by the traditional method of powder metallurgy - sintering, i.e., exposure of a mixture of powders at an elevated
temperature under pressure. The material obtained in this way is a polycrystal. In addition, the structure of such a material contains a
certain amount of voids in the form of individual pores or their associations (capillaries).

The paper shows that the use of nano-structured ceramic materials with a characteristic average size of structural elements
(grains, pores and their aggregations) of the order ~(10°~10")u as a material for the manufacture of implants may determine the
greater efficiency of the process of electrochemical application of a biocompatible coating on them, since the resulting large
electroosmotic pressure in the capillaries leads to a greater degree of filling of the porous system with electrolyte.

The magnitude of the electroosmotic pressure can be increased by increasing the strength of the acting electric field or by
decreasing the dielectric constant of the electrolyte € when additional chemical additives are introduced into the electrolyte.

The maximum degree of hollow channels (capillaries) filling with electrolyte, and, consequently, the efficiency of applying a
biocompatible coating to the internal surfaces of ceramics using the electrochemical method, is achieved with the capillary system of
the material being completely open.
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EnexTpoocMOTHYHME TUCK Y MPOIIEC] HAHECEHHS 010CYMICHOTO MOKPHUTTS

Ha BHYTPIIIHI TOBEPXHI HAHOCTPYKTYPOBAHOI KEPAMIKH
10.1. boiixo, B.B. bornanos, P.B. Bosk, B.®.Kopmiax

Xapriecvkui nayionanvnuil ynieepcumem imeni B.H. Kapasina, m. Ceoboou 4, 61022, Xapxis, Yrpaina

OOroBOpIOETECS POIB €(PEeKTy EeNeKTPOOCMOCY B TIPOIECi EeNEKTPO-XIMIYHOTO HaHECEHHS Oi0CYMICHOTO IOKPHTTS Ha
BHYTDIIIHI TOBEpXHI IMOPUCTOI HAHO-CTPYKTYPOBAaHOI KepaMiKM - MaTepialy, L0 BHKOPHCTOBYETbCS [UIS BHTOTOBIICHHS
€HJIOTIPOTE3IB 1 IMIIAHTIB B MEIUIIUHI.

BiocyMicHICTh €HIOMPOTE3iB 1 IMIUTAHTIB 3 JIFOJCHKHM TUJIOM 3a0€3MeUyeThCs HAaHECEHHSM CICIiallbHOTO MOKPHUTTS Ha
BHYTpILIIHI Ta 30BHILIHI ITOBEPXHI MaTepially-OCHOBH. 3arajJbHOBHU3HAHOI XiMIYHOIO CIIOJYKOIO, IO BHKOPHCTOBYETHCS IS
(bopMyBaHHs 3a3HAUCHOrO MOKPHUTTS, € rigpokcuanatut Ca;o(PO,)s(OH),. TlomikoMmOHEHTHI KepamiuHi MaTepiaam, 3 SKHX
BUTOTOBIISIIOTH OCHOBY CHJIONMPOTE3iB 1 IMIIAHTIB, 3a3BHYail OTPUMYIOTh TPAOULIifHUM METOJOM IOPOILIKOBOI MeTtamyprii —
CNiKaHHAM, TOOTO BUTPUMKOIO CyMillli HOPOIIKIB NpPH IiJBUILEHIH TeMneparypi B ymoBax Aii BceOGiyHOro THcKy. OTpUMaHUH y
Takui croci6 Mmarepiain, € momikpucragoM. OKpiM I[bOTO, B CTPYKTYpi TaKOTO Marepially € MeBHa KiTBKICTh IyCTOT y BHIVISAL
OKpeMHX Iop abo iX 00'eHaHb (KamiIsapiB).

B po6oTi mokaszaHo, 10 BUKOPHCTAHHS SK MaTepiaja JJs BHIOTOBJICHHS IMIUIAHTIB HAHO-CTPYKTYpPOBAaHMX KepPaMidHHX
MaTepialliB 3 XapaKTePHHM CEpeHiM PO3MIPOM CTPYKTYPHHX eIEMEHTIB (3epeH, Top Ta ix cKymueHb) mopsaky ~(10°-107")m mosxe
3yMOBUTH Oiblly e(pEeKTUBHICTb MPOLECY ENEKTPOXiMIYHOTO HAaHECeHHs O0IOCYMiCHOTO MOKPHUTTS Ha HHX, OCKIUIBKH BEJIHKHIl
CJIEKTPOOCMOTIYECKiH THCK, IO BHHHMKAE B KamiIsipax, NMPHU3BOJUTH 0 OINBIIOTO CTYIEHS 3allOBHEHHS MHOPUCTOI CHCTEMH
CIICKTPOIIITOM.

BenuuuHy eneKTpOOCMOTHYHOIO THUCKY MOXKHA 30UIBLIMTH LUISXOM IiABHILNEHHS HAIPYXXEHOCTI AII0YOTO EJIEKTPUYHOIO
noist abo IUIIXOM 3MEHIICHHsS 3HAYEHHS AICJICKTPUYHOI IMPOHUKHOCTI ENEKTPONITY € NpH BBEJACHHI B €IEKTPONIT JOJATKOBHX
XiMIYHHUX 100aBOK.

MakcUMaJIbHAI CTYIIHb 3allOBHEHHS IIOPOXHIX KaHAIB (KalIsIpiB) eIEeKTPONITOM, a, OTKE, 1 e(eKTUBHICTE HAHECCHHS
610CyMICHOTO NMOKPHUTTS HA BHYTPIIIHI IIOBEPXHI KEPaMiK{ IPU BUKOPHUCTAHHI EJICKTPOXIMIYHOTO METOJY, HOCATAETHCS TIPH MOBHIH
BIZIKPUTOCTI KamiIsIpHOI CUCTEMHU MaTepiaiy.

KurouoBi ciioBa: CrikaHHsI TOPOIIKOBUX MPECCOBOK, HAHO-CTPYKTYPOBaHi MaTepiaiu, HaHECEHHs 0i0CYMICHOTO MOKPHUTTS,
€JIEKTPO-OCMOTHYHUI THUCK.
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DIIEKTPOOCMOTHYECKOE TABJICHHUE B TPOLECCE HAHECCHUS
OMOCOBMECTUMOTO MOKPBITUSI HA BHYTPEHHUE MOBEPXHOCTHU

HAHOCTPYKTYPUPOBAHHOW KEPAMUKHU
1O.U. boiiko, B.B. boraanos, P.B. Bosk, B.®.Kopiak

Xapvrosckuil nayuonanvhwlil ynusepcumem umeny B.H. Kapasuna, m. Ce0600wb1 4, 61022, Xapvros, Ykpauna

Ob6cyxaaercs poib 3ddeKTa MeKTPoocMOca B MPOLECCe ANEKTPO-XUMHUUECKOTO HAHECEHHUsI OOCOBMECTHMOTO MOKPHITHS Ha
BHYTPEHHHE MOBEPXHOCTH IOPHCTON HAaHO-CTPYKTYPUPOBAaHHOW KEpaMUKH — MaTepuaia, HCIONb3YIOMIErocs A M3TOTOBICHUS
SHJOIPOTE30B U UMILIAHTOB B METUIINHE.

BrocoBMecTHMOCTS SHIONPOTE30B ¥ UMIUIAHTOB C YEJIOBEYESCKUM TEJIOM O0ECIeYrBAEeTCs IyTeM HaHECEHUS CIEHanbHOTO
MOKPHITUST HAa BHYTPEHHHE W BHEIIHHE IOBEPXHOCTH MaTeprana-oCHOBBL OOIIENpH3HAHHBIM XHMHUYECKUM COEAUHEHHEM,
HCTIONIB3YIOIIUMCST TSl OPMHUPOBAHKS YKa3aHHOTO MOKPBITHSA, siBisiercs: Tuapokcranatut Cayg(PO4)g(OH),. TTonrkoMmoHEHTHEBIE
KepaMHUYeCKHe MaTepHallbl, U3 KOTOPHIX M3TOTABIMBAIOT OCHOBY SHJOMPOTE30B M MMILUIAHTOB, OOBIYHO MOJYYalOT TPAAUIHOHHBIM
METOJIOM MOPOIIKOBOH METAJLTypTHH — CHEKaHHEM, T. €. BBIAEPKKOH CMECH IOPOIIKOB MPY HOBBIIICHHOH TeMIlepaType B YCIOBHAX
JICHCTBUSI BCECTOPOHHETO naBiieHMs. [loTydeHHBI TakuM CIocoOOM MaTepual, SBISETCA MOMMKpUCTALIoM. Kpome sToro, B
CTPYKTYpe TaKOro MaTepHala COAEPKHUTCA ONpeAeTIeHHOE KOIMYECTBO IyCTOT B BHAE OTACIBHBIX MOP HIM HX OObeIUHEHHUI
(KanmuLIsIpOB).

B pabote mokazaHo, 4TO HCIOJIB30BAaHUE B KayeCTBE MaTepHasa Ul M3TOTOBJICHHUS MMIUIAHTOB HAHO-CTPYKTYPHPOBAHHBIX
KEepPaMHUYECKHX MaTepHajoB C XapaKTepPHBIM CPEAHHM Pa3MepOM CTPYKTYPHBIX 3JIEMEHTOB (3€peH, IOp M MX CKOIUICHHH) Mopsiaka
5(10’9710’7)M MOXET OOYyCIOBHTH OONBIIYI0 3(P(PEKTUBHOCTH MpoIecca 3ICKTPOXMMHUECKOTO HAHECCHUS OHOCOBMECTHMOTO
MOKPHITUSI HAa HUX, ITOCKOJBKY BO3HHUKAIOIIEEe OOJNBIIOE 3IEKTPOOCMOTHYECKOE AABICHHE B KaMLIApax MPUBOAUT K OONbIIeH

CTCIICHHU 3aII0JTHCHHUA HOpHCTOﬁ CHUCTEMBI DJICKTPOJIUTOM.

BenanHy 3JICKTPOOCMOTHYECKOI'O MAaBJICHUA MOXHO YBCJIWUYUTH IIYTEM IIOBBINICHUA HAMNPSKECHHOCTH HCﬁCTBy}OHlCFO
QJICKTPUYECKOTO MOJA WA IMYTEM YMCHBIICHUA 3HAYCHUA Z[I/ISJ]eKTpPI‘{CCKOﬁ MPOHUIAEMOCTH DJJICKTPOJIMTA € IIPU BBECACHUU B

QJICKTPOJIUT JONMOJIHUTEIIbHBIX XUMHYCCKUX ,Z[OﬁaBOK.

MakcumanbHas CTEIEeHb 3allOJIHCHHS TOJIBIX KaHAJIOB (KaHHJ’IJ’[HpOB) QJICKTPOJIUTOM, a, CJICA0BATCIbHO, U 3(1)(1)8KTI/IBHOCTI:
HaHECEHHsT OMOCOBMECTHMOIO TIOKPBITHA Ha BHYTPCHHHUE MNOBEPXHOCTH KEPAMHUKHU IIPHU HUCIIOJIB30BAHHUU IBJICKTPOXUMHUYECKOTO
METOoZia, 1OCTUTaCTCA IpHU TTOJTHOM OTKPBITOCTH Kal'[PIJ'IJ'[S[pHOﬁ CHUCTEMbI MaT€puaa.

KiroueBbie cJioBa: Cnekanne TIOPOIIKOBBIX

1. Introduction

One of the important areas of modern materials
science is the synthesis of mechanically durable and wear-
resistant materials having biocompatibility with the
human body (bone and fabric). The relevance of obtaining
such materials and of their physical, chemical and
biological properties study are due to the vital need for
producting for medical purposes of orthopedic
endoprostheses and various implants [1-5]. As the main
material in the making of such products traditionally used
metals Ti, Ni or their alloys [6]. However, in recent years,
the possibility of using for this purpose other materials, in
particular, various multicomponent ceramics, has been
actively studied. Such materials include, for example,
ceramics based on the so-called MAX phases; ceramics
made of refractory oxides Al,Os, Y,0; (oxide ceramics);
"Amorphous" ceramics (Si, B, N, C), obtained by
polycondensation [7] and others. Biocompatibility of
endoprostheses and implants with the human body
provided by applying a special coating on the inner and
outer surfaces of the base material. The generally
accepted chemical compound used to form this coating is
hydroxyapatite Ca;q(PO,)s(OH), [3-6].

The multicomponent ceramic materials of which are
made the basis endoprostheses and implants are usually
obtained by traditional powder metallurgy method —

MPECCOBOK,
6MOCOBMECTHMOTO MOKPBITHS, 3IEKTPO-OCMOTHIECKOE TaBICHHE.

HAHO-CTPYKTypHPOBAHHBIE  MAaTepHAIbl, HAHECCHHUE

sintering, i.e. by exposure of powder mixture at elevated
temperature under the action of hydrostatic pressure [8].
The material obtained in this way is a polycrystal. In
addition, the structure of such material contains a certain
amount of voids in the form of individual pores or their
associations (capillaries). At sufficient value of porosity
of the material >30%, the capillaries, intersecting with
each others, form a whole network of cavities that
penetrate through it, i.e. open porosity is formed. In
essence, such ceramic material is a specific membrane
through which the liquid can penetrate through the hollow
channels.

In recent years for the synthesis of ceramics began to
use other methods that differ from the traditional method
of the high-temperature sintering of powders under
pressure. A distinctive feature of these methods is a short
exposure time at elevated temperatures: sintering in the
plasma discharge, sintering by passing high-current short-
duration pulses of electric current (method of electro-
consolidation), sintering by the method of pulsed heating
and cooling etc. [9,10]. Herewith, powders with an
average size of ~(10°~10")m (nano-sized powders) are
used as the initial material for sintering by the listed
methods. As a result of using these sintering methods, so-
called nano-structured ceramics is obtained — material
with average size of structural elements (grains, pores and
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their clusters), which coincides with the average size of
the initial powders.

Material with such a small size of structural elements
is characterized by special mechanical properties. In
particular, such a material has a high plasticity, which is a
very important factor for the process of endoprostheses
and implants producting from these materials, since these
products usually have a complicated geometric shape.

The heightened plasticity of nano-structured ceramics
is due to the fact that the main mechanism limiting the
rate of material transport during deformation is not a
classical dislocation mechanism, but a more efficient and
energetically facilitated mechanism of grain-boundary
sliding (Ashby—Ferral mechanism) [11]. In this case, the
rate of plastic deformation is determined by the point
defects reactions (by the generation and annihilation of
vacancies) as the dislocations slip directly at the grain
boundaries. The effectiveness of this material transport
mechanism is due to the movement of grains as a whole
in distinction to conventional coarse polycrystals, in
which the rate of plastic deformation is controlled by the
movement of dislocations or of their clusters in the
volume of grains.

It should be noted that in addition to the increased
plasticity of the ceramic material synthesized from nano-
powders, this material is also characterized by high crack
resistance. This is due to the fact that the grain boundary
network development is a factor contributing to blocking
of the formation of main cracks leading to the material
destruction [12].

In addition to the special mechanical properties of
nano-structured ceramics, the presence in it of a
developed grid of nano-sized hollow channels
(capillaries) is also a factor determining the preferential
use of the material as compared to conventional micro-
structured ceramics in the production of prostheses and
implants. Indeed, the biocompatibility of the material
used for these purposes is provided for coating the
hydroxylapatite layer on its external and internal surfaces.
In the case of nano-structured ceramics, hollow capillaries
significantly increase its total internal surface compared
to conventional coarse grained ceramic materials. This
fact, as well as the very small average size of the
capillaries cross-section, can significantly contribute to
improving the quality of the applied hydroxyapatite layer.
Let’s ground this assumption.

One of the well-known and widely used methods of
applying a coating of hydroxyapatite, is the method of
electro-chemical deposition [13]. It lies in the fact that the
original ceramic material is placed in an aqueous solution
prepared from a mixture of compounds Ca(NO3), and
NH4H,PO,. In fact, this solution is a liquid mixture of
ions with opposite electric charges (electrolyte).
Formation of the coating occurs under the action of a

constant electric field at a voltage on the electrodes of a
few volts and exposure for some time. To maintain of a
homogeneous distribution of ions Ca?* and (H,PO,)*
used solution is mechanically mixed. At the final stage the
samples are dried at the temperature of ~100°C what
ultimately leads to the formation of an amorphous or
crystalline hydroxyapatite layer on the inner and outer
surfaces of the base material sample. Obviously, in the
process of implementing the above-described method of
applying a coating on the internal surfaces of porous
ceramics, conditions arise for development of the so-
called electrokinetic effects, in particular, of the
electroosmosis effect [14]. This effect is due to the
interaction of an external electric field with the double
charged layer of thickness 8~10°m, formed at the
interface of the liquid electrolyte and the solid phase. The
electric field directed along the boundary interface causes
the liquid flow relative to the solid phase with a velocity
v. It is this effect is directly related to the process of a
biocompatible coating applying on the internal surface of
the ceramic material. In this case, the most interesting is
the nano-structured porous material., i.e. the material
containing a network of hollow channels (capillaries), the
radius of which has the value of r =~ (10®-10") mand a
network of crystal grains of the same size.

This paper is devoted to the consideration just of the
electroosmosis effect role when using the electro-
chemical method of a biocompatible coating applying on
the internal surfaces of porous nano-structured ceramics.

2. Electroosmotic pressure in porous nano-structured
ceramics

The To simplify the analysis, all the consideration will
be applied to a defect in the form of a hollow channel
(capillary), having the shape of a cylinder of radius r,
penetrating through the ceramic sample, placed in the
liquid phase (electrolyte). We also suppose that a constant
electric field of strength E acting along the axis of the
capillary. The applied electric field, as already mentioned,
causes the liquid to move relative to the capillary walls
(electroosmotic effect). The direction of liquid flow is
determined empirically by the rule, according to which a
phase with a higher dielectric constant is characterized by
an excess positive electric charge compared to another
(neighboring) phase, which is negatively charged. This
effect has been studied theoretically and experimentally
and has been described in many papers (see, for example,
[14-16]). Herewith, the studies carried out were done
with materials containing capillaries, the radius of which
o was characterized by the size range of ~(10°-10°)m
(micrometric systems).

According to the theory of electroosmosis, the
movement of the electrolyte in the hollow capillary under
the influence of the electric field occurs until the force
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acting from the electric field is balanced by the friction
force, which is determined by the viscosity of the liquid
and by the liquid flow velocity gradient, directed
perpendicular to the velocity vector. At steady state, the
hydrodynamic flow of electrolyte, caused by the action of
an electric field, is balanced by the liquid flow in the
opposite direction, due to the emerging of the so-called
electroosmotic pressure P..

Essentially, the P, value characterizes the maximum
possible degree of the capillary filling with electrolyte.
The equation connecting the magnitude of the
electroosmotic pressure P, with the geometric parameters
of the capillary and the voltage U is [14]

P.=8Ucd 4. (1)

Here o is the surface density of the electric charge
directly at the “solid phase — electrolyte” interface, & is
the thickness of the double electric layer formed in the
electrolyte, r is the radius of the capillary.

From relation (1) it follows that the magnitude of the
electroosmotic pressure P., which determines the
maximum possible degree of the capillary filling with
electrolyte (on reaching of the stationary state),
significantly depends on the capillary radius ro. Note that
in such a record the value of P, does not depend on the
capillary length, which allows using (1) to describe the
filling with liquid electrolyte not only of a single
capillary, but also of a capillary system, i.e. of the porous
material (membrane) as a whole.

From (1) it follows that by ceteris paribus, a decrease
in the radius of capillaries from the value ~10°m
(micrometric system) to ~10®m (nano-sized system) can
lead to an increase in electroosmotic pressure by=~10*
times. Thus, the use of nano-structured porous material
can lead to greater efficiency of the process of
electrochemical deposition of a biocompatible coating
during the production of endoprostheses and implants,
since the higher value of electroosmotic pressure
corresponds to the higher degree of filling of the porous
system with electrolyte. At the same time, it should be
emphasized that the conclusion made is valid only when
the required condition of the electroosmotic pressure
theory is fulfilled: r>>3.

In the case when the radius of the capillaries reaches
the thickness of the double charged layer, i.e. r>8=~10"°m,
the physical description of the discussed effect is
completely changed. [18]. In addition, it should have in
mind that the estimated change in the value of
electroosmotic pressure during the transition from micro-
to nano-structured ceramics has a maximum value. In real
conditions in equation (1) it is necessary to take into
account an additional coefficient (factor) characterizing
the degree of capillary openness. Quantitatively, this

coefficient y<1 is a complex function of the material
porosity. As a rule, its value is measured experimentally.

3. Conclusions

The above discussion suggests that nano-structured
ceramic materials are characterized by the much higher
electroosmotic pressure P, compared to micro-sized
ceramics. The increased value of electroosmotic pressure
contributes to a greater degree of filling of the internal
surfaces of ceramics with electrolyte.

The maximum degree of hollow channels (capillaries)
filling with electrolyte, and, consequently, the
effectiveness of biocompatible coating applying on the
inner ceramic surfaces using the electrochemical method
achieved with full openness of the capillary system of the
material.

For crystallization of hydroxyapatite from a liquid
solution (electrolyte) in the pores of the ceramic material
at the final stage of coating, it is necessary to carry
through heat treatment (drying). The temperature and time
of heat treatment must be selected experimentally.
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