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The basic mechanisms of impurity ions migration in the liquid and solid metals under the influence of direct electric current have
been stated. The estimations for the ultimate distribution of impurity elements in metals at application of direct current have been
presented. It has been shown that the separation of interstitial impurities (oxygen, nitrogen, hydrogen and carbon) is achieved most
effectively in solid metals during electrotransport. Particular attention was focused on the process of refining metals by zone
recrystallization under electrostatic field. It was established experimentally that the impurity flow arising owing to electrotransport
prevails over the flow due to the effect of zone recrystallization, and effective distribution coefficients of impurity elements may
decrease, increase, or change sign, depending on the direction of the field. A new method for deep refining of refractory metals by
zone melting under electric field was proposed. Prospects to use electrotransport for the refinement of metals have been discussed.
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EJIEKTPOIIEPEHOC SIK CIIOCIb PA®IHYBAHHSA METAJIIB
I'.Il. KoBTyH
Hayionanvnuii naykosuil yenmp « XapKieécvokuil Qizuxo-mexHiunuLl iHCImumymy»
6yn. Axaoemiuna 1, 61108 Xapxis, Yrpaina
Xapxiecvruii Hayionanvruil ynieepcumem im. B.H. Kapasina, gizuxo-mexuivnuii paxyiomem

np. Kypuamosa, 31, Xapxie, 61108, Ykpaina
BuknaneHo OCHOBHI MeXaHi3MH Mirpallii JOMIIIKOBUX i1OHIB B TBEPIUX 1 PiAKUX METajax Mij BIUIMBOM MOCTIHHOTO €IEKTPUYHOTO
cTpyMy. HaBeZeHO OLHKM A7 TPaHUYHOTO PO3MOALTYy NOMILIKOBHX €JIEMEHTIB y MeTanaXx MOpH MPONMyCKaHHI MOCTIHHOTO
eJlekTpuuHoro crpymy. IlokaszaHo, o B TBepIMX MeTajaxX y MpPOLECi €NeKTPOIepeHoCy HalOimbpIl e(eKTHBHO IOCITaeThCs
PO3IiIEeHHs TOMIIIOK MIPOHUKHEHHS (KHCHIO, a30TY, BOJHIO 1 Byriewio). Oco0nuBy yBary NpuAIICHO mporecy padiHyBaHHS METaliB
30HHOIO IMEPEKPHUCTATI3AI€I0 B MOCTIHHOMY €IeKTPUYHOMY I0Ji. EKcriepuMeHTalbHO BCTAHOBJIEHO, IO JOMILIKOBHI MOTIK, IO
BUHMKA€ BHACHINOK EJIEKTPOIEPEHOCy, MepeBakac Haj MOTOKOM 3a PaxyHOK edekTy 30HHOI mepekpucranmizamii, a edexTuBHI
KOe(II[ieHTH PO3NOALTY INOMIINIKOBHX E€JIIEMEHTIB MOXKYTh 3MEHIIYBAaTHCS, 301IbLIyBaTHCS a00 MIHATH 3HaK B 3QJICKHOCTI Bif
HalnpsMKy I0JIsl. 3alpONOHOBAHO HOBHHU cIoci® rimOoKoro padiHyBaHHS TYroIUIaBKHX METAJIiB 30HHOI IIABKOIO B €JIEKTPUIHOMY
noii. OGroBOpeHo NMepCreKTHBY BUKOPUCTAHHS IEKTPOIepeHocy s padiHyBaHHS METAiB.
KJIFOYOBI CJIOBA: enexrponepeHoc, OCHOBHI 3aKOHOMIPHOCTI, padiHyBaHHs METaliB, 30HHA IUIaBKa B €JICKTPUYHOMY MOJI

SJIEKTPOIHEPEHOC KAK CITIOCOB I''IYBOKOI'O PAOUHUPOBAHUS METAJIJIOB
I'.Il. KoBTyH
Hayuonanvruvlii Hayuubvlil yermp «XapbKoecKuil (pusuKo-mexHuiecKutl UHCmMumymy»
yn. Akademuueckas 1, 61108 Xaporos, Ykpauna
Xaporosckuil hayuonanvhuiil ynusepcumem um. B.H. Kapasuna, ¢puzuxo-mexnuueckuii gpaxynomem
np. Kypuamosa, 31, Xapvros, 61108, Yxkpauna
W3n0’keHbl OCHOBHBIE MEXaHW3MBl MHUTPAlMU NPHUMECHBIX HMOHOB B TBEPJBIX M KUAKAX METajulax I10J[ BIMSHHEM IOCTOSHHOTO
NIEKTPUIECKOro ToKa. [IpuBeIeHbI OLIEHKH IS IPEISIBHOTO PacIIpe/IeNICHUs TPUMECHBIX JIEMEHTOB B METaJUIax MPH MPOITYCKAHUH
MOCTOSIHHOTO 3JIEKTPUYECKOro Toka. IToka3aHo, YTO B TBEpPABIX METa/UIax B IpoLecce IEKTporepeHoca Hambosee 3PdHeKTHBHO
JIOCTHTAeTCs pa3/ielieHhe mpuMecedl BHeApeHus (KHCIopoaa, a3oTa, BoAopoaa u yriepoaa). Ocoboe BHUMAaHUE YAEIEHO MPOILEcCy
paduHEPOBAaHHUS METAIIOB 30HHOH MEPEKPUCTAIIN3AINEH B MOCTOSIHHOM DJIEKTPUUECKOM TI0JIe. DKCIEPHMEHTAIbHO YCTAaHOBICHO,
YTO NPHUMECHBIH MOTOK, BO3HHMKAIONIWK BCIEJCTBHE JIIEKTPONEpeHoca, NpeodiagaeT Hag MOTOKOM 3a cdeT 3ddexTa 30HHOM
MePEKPUCTALIN3AMN U 3()(PEeKTUBHBIE KO3(Q(OUIUESHTHl paclpeeneHus IPUMECHBIX JJIEMEHTOB B 3aBHCHMOCTH OT HaIlpaBJICHUS
TIOJISI MOTYT YMEHBIIAThCsl, YBEITMIMBATHCS HIIM MEHATH 3HaK. [IpeioxkeH HOBBIH cocob riay0oKoro padMHUPOBAHMS TYTOIUIABKHX
METAUIOB 30HHOW IUIABKOH B 3yieKTpuuyeckoM moiye. OOCYXIEHbl IEpCHeKTHBBl HCIIOIb30BAHUS OJEKTPOIepeHoca IS
padUHUPOBAHUS METAILIOB.
KJIOUEBBIE CJIOBA: »snekTpornepeHoc, OCHOBHbIE 3aKOHOMEPHOCTH, pauHHpOBaHHE METaIOB, 30HHAs IUIaBKa B
INEKTPUIECKOM T0JIE

An electrotransport takes a certain place among various methods of deep refining metals. By the concept of
electrotransport (electrodiffusion, electrical migration) it is meant the range of phenomena associated with the direction
of movement of the solution components in solid or liquid metals under the action of direct electric current (DC). When
electric field applying, ones of the solution components are moved toward the anode, the others - to the cathode. Power
efficiency of the electrotransport is low and to achieve significant degree of metals purification it is required large
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current densities and significant times. The electrotransport is used mainly for high purity metal production in small
amounts and especially in the cases where other purification methods are not effective. However, as a method of metals
deep cleaning, the electrotransport has its advantages: the method is relatively simple in the equipment design, you can
use small amounts of source metal for the refining process, and, very importantly, the method makes it possible to
achieve very deep cleaning of metal. Electrotransport is most prevalent method mainly to remove impurities of oxygen,
nitrogen, hydrogen, carbon from almost all the rare earth metals (Y, La, Ce, Tb, Lu, Nd, etc.) and from a large
refractory group (W, Mo, Ta, Nb, V, Hf, Zr, etc. ) in a solid state. Removal of these impurities by other methods is
difficult. Recent studies have shown that the degree of separation of impurity elements during zone recrystallization of
metals increases significantly if it is carried out under an electric field and it opens up new opportunities for deep
purification of metals. In spite of the advances on deep cleaning of many metals involving electric field, it should be
noted that as a method of refining metals the electrotransport has been developed still insufficiently in the scientific and
technological terms.

The aim of this paper is describing the main achievements in the field of deep cleaning of metals using
electrotransport and the determination of its opportunities for future use.

THE MAIN LAWS OF REFINING METALS BY ELECTROTRANSPORT
Theoretical postulates of refining metals under electric field effect were considered in a number of books and
articles, both in the solid and liquid phases [1-12].
Application of direct electric current to metal sample leads to moving both the matrix ions and impurity ones in a
certain direction. The description of the ions motion is based on the proportionality of ion drift velocity v to the external
force F acting on the ion:

v=UF, (1

where U is the ion mobility. External force F, acting on an ion, is the sum of the force F, exerted by the electric field
and the force F, due to the scattering of conduction electrons by the ion («electronic wind"), i.e. F=F,+F,. The force
acting on the ion by the electric field is expressed as:

F =:zE, )

where z is the ion charge; E is the electric field strength.

The strength of "electron wind» F,, is calculated based on quantum representations, according to which the interaction of

ions with the conduction electrons is considered as elastic scattering of electrons by the ion [1]:
F, = |e|nIaE, 3)

where e is the electron charge; n is the concentration of conduction ion; I is the mean free pass of electron; o is the

cross-section for scattering of electrons.

The total force acting on the impurity ion in a metal:

F= (z - |e|n10') =z,4FE, @)

where z.4= z - |e|nlo is the effective ion charge.
Besides the «electronic wind», the existence of "hole wind" is possible also in the presence of mixed electron-hole
conductivity. And then
Zyp =2 |e|njfo'7 + |e|n+[+0'+, . (5)

where the indices (-) and (+) refer to electrons and holes, respectively.

Depending on the sign of z., the resultant force can be directed to the cathode (z.¢> 0), to the anode (z.g <0) or to
be equal to zero (z.g = 0).

The magnitude of effective charge z.¢ can be determined from the expression [8]:

_U AT

eff D e :

Here D is the ion self-diffusion coefficient, T is the temperature, k is the Boltzmann constant.
The value of the impurity ion mobility is dependent on the properties of system and the temperature. In general,

the relative mobility of ions is determined by the expression [7]: AU = (v; — v,)/E, where v, and v, are the movement

speeds of the impurity ions and a main component, respectively. In the case of dilute solutions the speed of solvent
movement v, is actually equal to zero, and the expression for the impurity ion mobility becomes:

z

(6)

Vl

Quantitative characterization of the refining process during electrotransport follows from the relationship between
the rate of motion of the impurity under the electric field and its reverse motion because of diffusion due to the
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appearance of a concentration gradient. The equations of material flow generated by the electric field are used to
describe this process. In the case of electrotransport in the rod the flow equation has the form [7]:
1= —D£+UCE , (8)
dx
where C is the impurity concentration at a distance x from beginning of the sample.

When electric field applying for sufficiently long time, the first term of flow characterizing diffusion and a second
one caused by the presence of electric field balance each other out, giving a zero stream and hence maximally
achievable degree of purification (Fig. 1). If t, - start time corresponding to the initial concentration C, and the duration
of electrotransport t; <t, < t,, then the considerable refinement is observed in the left part of the rod. Maximum
purification is achieved at the electrotransport duration, when there comes an equilibrium state according to the
equation (8).

=

Fig.1. Impurity distribution along the sample length under applied DC current for various time periods, t.

The degree of purification is estimated by the ratio C/C, from the expression
L2
2
C,/Cy=—— [Clx,1)dx. ©)
CoL?

0

In this expression C; is the average concentration in that half of the sample, where the less impurity remains after the
time t; Cy is the initial concentration; C(x, t) - the impurity concentration depending on the distance at the time t; L is
the rod length. The joint solutions of the equations (8) and (9) allow obtaining approximate expressions for calculating
the distribution of impurities concentrations along the length of the rod, depending on the electrotransport parameters.
Assuming U, E, and D do not depend on the concentration and position in the rod, Verhoeven [7] proposed an
expression for the average impurity concentration in the pure part of the rod in dependence on time:

Coy 1= & . . (nz) .,
G, ’2{1_65 IR Y| (10)
32— (-1) e > D U

where Cn = ; ﬂn = (n272' 2 +S—)—2; s=——EFL; Cmq 1s the average concentration of
(S2 + 41427Z2)Z 4" L
impurity in the purified part of the rod; C, is the initial concentration of impurity; L is the length of the rod; E is the
electric field; U is the mobility of impurity ion; D is the diffusion coefficient of impurity ion.

Although the above equation does not allow determining explicitly how different variables affect the cleaning process,
it is used to calculate the minimum impurity concentrations achieved by the electrotransport. In particular, the Table 1
shows the calculated values of the relative changes in the concentrations of carbon C,,/Cy for some metals, made for the

first half of rod with length of 10 cm by the field E = 0.2 V/cm and different time of electrotransport [7].
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It can be seen from Table 1 that the full separation of metals from the carbon impurity at U/D > 12 occurs after 5
days. Since the degree of refinement is directly proportional to the ratio U/D then it has to increase with decreasing
temperature. However, as the temperature decreases, the diffusion coefficient decreases and therefore increases the time
required to achieve the deep purification.

Table 1.
The average relative concentration of carbon C,,/C, (C,, - the average concentration of carbon for the first half of rod,
C, - the initial concentration of carbon) in metals after electrotransport, calculated at different times [7]

1 C./Co
System T, °C U/D, B’
1 day 5 days o0

Th-C 1675 19 45-10° 1.10-10°® 1.1-10°®
Fe-C 1400 44 4.2.10™ 1.5-107" 1.5-1077
Ni-C 1400 12 7.3-10! 6.5-10 1.2:10°
Ta-C 2600 52 49-10% 49105 3.9-10%
W-C 2800 5.7 7.5-10" 1.410" 6.7-10°

The equation (10) was also used to evaluate the efficiency of vanadium purification of interstitial impurities [10].
Impurity concentration was calculated in a clean part at a distance of 2 cm from the end of the sample having total
length of 20 cm. With electrotransport temperature of 1650°C, the process duration of 200 h, and the electric field of
0.27 V/em, the content of oxygen impurity in the vanadium can be reduced by 3-10° times, N - by 2-10° times and
carbon - by 1-10 times.

A more simple expression was proposed in [11] giving the value of the impurity concentration at the point x along
the rod in time ¢ —> o0 :

C(x,0) . UEL UEx
=ln—-——~. (11)
C, D D

In this equation, Cy and C(x, o) - the initial and maximum allowable concentration of impurities at an arbitrary point x
of cleaning rod with length of L; E is the electric field; U is the electric mobility; D is the diffusion coefficient of
impurity. In the steady state at infinite time of refining the ratio of impurity concentration at the ends of the sample is
equal to €', where the dimensionless parameter s=UEL/D. Thus, the degree of purification can be enhanced by the using
of longer sample, increasing of electric field, and optimizing the relationship U/D. In practice, the actual values of
relative changes of impurity elements at cathode and anode are much smaller than calculated ones. This discrepancy
may be due to several reasons: pollution from the electrodes or the environment during electrotransport, nonuniform
temperature distribution along the sample, decreasing the mobility of impurities resulting from their capture by
vacancies, etc.

In

THE REFINEMENT OF METALS IN THE SOLID PHASE BY ELECTROTRANSPORT

For the purposes of refinement, the metals samples are used in the form of rods, wires, strips, which are connected
through the holders to the current feedthroughs built in the walls of the working chamber (Fig. 2).

Direct electric current, applied to the sample, heats it to the desired temperature and performs a redistribution of
the impurities, as shown in Fig. 1. Depending on the metal vapor pressure, the refining process is carried out in a high
vacuum or in an environment of high-purity inert gas.

The electrotransport in solid phase has been used most widely for deep refinement of rare earth metals (REM).
Practically all of REM (Y, Sc, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Lu) were subjected to refining by this method
[11-21]. Apparently, this was due to the need of producing high-purity metals samples to determine their true
properties, in particular, the different nuclear constants. Electrotransport method allowed them to produce small
quantities of samples of high-purity metals sufficient for research.

The samples in the form of rods by length of 8-20 cm and diameter of 4-6 mm were commonly used to REM. A
certain problem is the sample holders which can contaminate the sample being refined. Different approaches are used to
solve this problem. One of them is the removal of sample contaminated areas and continuation of the refining process.
The second approach is the use of specimen holders of high-purity refractory metals. For example, the authors of [18]
concluded that it would be better for the REM to use a holder made of tantalum at the cathode and one made of
zirconium — at the anode.

Achievement of maximal degree of purification at lower time requires carrying out the electrotransport process at
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high temperatures close to the melting point. However, this approach is not always possible for many REM due to their
high volatility. For example, for La, Ce, Pr having a low vapor pressure of (~ 10” - 10™* Pa) at the melting point, the
electrotransport can be carried out in vacuum for several hundreds of hours to achieve theoretical redistribution of
impurities. Refinement of Nd, Gd, Tb, Lu, Y, having a higher vapor pressure of (~10°~10 Pa) at the melting point, by
the electrotransport is possible only at low temperatures in a vacuum. Refinement of Sc, Er, Ho, Dy, Yb, Sm, Tm,
relating to the volatile REM (vapor pressure > 100 Pa at the melting temperature) is possible only under an inert gas.
Current feedthroughs Refining process of REM by the electrotransport method proceeds
into chamber very long and refinement objects have a high chemical activity. Therefore,
it is necessary that the working environment in the chamber was ultrapure,
M regardless of whether a high vacuum is created in chamber or working
environment forms by predetermined pressure of inert gas. In any case, the
Anode vacuum system should provide a residual pressure of 10® Pa and below
{: and the inert gas should maintain high level of purity during the refining
process. Elimination of REM contamination can be minimized by pre-
high-temperature heating of the working chamber and refining samples
under ultrahigh vacuum.

When refining REM by the electrotransport, the emphasis was made
Sample mainly on the removal of impurities of oxygen, nitrogen, hydrogen,
carbon, i.e. those impurities, separation of which from these metals by
other methods is difficult because of the large negative values of formation
free energies of oxides, nitrides, carbides, and hydrides. Typically, all the
interstitial impurities in REM have a high mobility, effective charge
Connectors Z.;<0 and migrate to the anode part of the sample. High mobility is
typical for many of substitution impurities in REM. Therefore,
electrotransport can be an effective way to separate the REM not only
from O, N, C, H, but also from such impurities as Fe, Ni, Al, Ag, Cu, etc.
{ There is a certain correlation between the rate of migration of
Cathode substitutional impurities and their atomic size. It should be noted that
electrotransport method is effective only for the dissolved impurities.
Therefore impurities, which do not form solid solutions, must be removed
by other methods before the formation of solid solutions.

Some reactive refractory metals (Ta, Nb, Mo, V, Zr, Hf) [22-28] and several others [29-31] also were subjected to
refining by electrotransport. The degree of separation of the impurity elements mainly depends on the current density
and the time. As an example, Fig. 3 shows the change in the R, (ratio of resistivity at room and helium temperatures)
along the length of vanadium samples, depending on the time of electrotransport [23]. Studies have shown that the DC
flow in vanadium with density of 5-10° A/cm? forces the interstitial impurities to migrate to the cathode side, i.e.
effective charges of these impurities are positive. It follows from calculated estimates that at 1650°C for 200 hours at a
current density of ~5-10° A/em” the reduction of oxygen, nitrogen and carbon, respectively, by 3-10°, 2:10° and
1-10 times is expected as a result of refinement by electrotransport. It was shown experimentally that the value Ry of
vanadium increases from 50 to 1600 [23] as a result of the refinement by the electrotransport.

Fig. 2. Schematic diagram of refining metals
by the electrotransport in solid phase.

Ro/Rs Researches on refining of vanadium with use of
b~ electrotransport were carried out in [22]. The anodic part

1500 / N\ 3 of the sample had R,,=1000+1100 at a current density of

o _\__ 2150 A/cm? after 220 hours. Prepurified vanadium rod

\ was welded to the anode part of the sample to eliminate

1000 [ \ the migration of impurities from the cold part. In this

s \ case, the anode part of the sample had values
o . \ R.s = 1800-2000, and in isolated case the value was

s 4/ \‘Q_ equaled about ~2850. At that the high-purity part of

500 [ oSN\ material was one third of the entire length of the sample.
\\\\\'T A similar scheme has been used for refining zirconium

\\\\\\ [27]. After exposure during more than 1000 hours at

[ ) s ._Qs\:-%‘,._g ~1600° C the middle part of the zirconium rod had

0 3 6 9 2 15 18 R,es = 650, which is the maximum value for zirconium

L, cm [27]. At that, all the interstitial impurities (O, N, C, H) in

Fig. 3. The change in R, of vanadium along the length L of a a B-Zr shifted to the anode under the influence of electric
sample after electrotransport at T = 1650°C; field. At the same time the sign of Z.y for interstitial

c_ 2, . e . .

1=2500 A/em? 1100 h, 2-200 h, 3 — 400 h. impurities in Nb varies with temperature, Z > 0 for
interstitial impurities in Mo [25, 26]. For substitutional impurities it is noted a relationship between the sign of Z.¢ and
atomic number of dissolved metal. Table 2 shows the values of R, for a number of metals subjected to refining by the
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electrotransport method in solid phase. Basing on the values R, the purity of metals shown in Table 2 have a higher
degree of purity compared to that, achieved by other methods of refining.

Table 2.
High-purity refractory metals and rare earth metals subjected to refining by ET in solid phase, and the known values of
Ryes [11-28]
Metal | Sc Y La | Ce Pr Nd | Sm | Eu | Gd Tb | Dy | Ho | Er | Yb | Lu \Y Zr | Hf | Cr Th
Ryes 520 | 1200 | 260; 250; | 120 | 300 340; | 400 | 124 | 90 | 46 150 | 1880; [ 650 | 15 | 700 | 1000
400 400 405 2850

Despite the possibility of deep purification of metals, the electrotransport in the solid phase has disadvantages also.
Pollutions of refining metals from the side of electrodes and surrounding atmosphere are observed. The high current
densities (up to 10* A/cm?) and long times are needed, and the amount producing high-purity metal is small.

REFINING METALS IN LIQUID PHASE BY THE ELECTROTRANSPORT

Electrotransport of impurity ions in liquid metals is mainly governed by the same laws as in solid ones. Current
theory of electrotransport in liquid metals considered in the monographs Belashchenko [2,3], Mikhailov [5] and others
[7-9]. When current flowing through the liquid metal, the different types of convective mixing (heat, concentration,
electrokinetic and magnetohydrodynamic convection) have a strong influence on mass transfer. Convective effects
prevent the formation of high impurities gradients in a metal; therefore the problem of their as much as possible
complete suppression is set always during refining.

During calculations the presence of convective effects is taken into account by replacement of the molecular
diffusion coefficient Dy by an effective diffusion coefficient D = Dy, + D., where D, is the convective diffusion
coefficient. It is impossible to get rid of convective phenomena completely, but their effect can be significantly reduced
if the electrotransport of liquid metals is implemented in tubes with sufficiently small cross section (d <3 mm).

Theoretical estimates of the limits of liquid metals refinement by electrotransport were attributed usually to
specific devices.

The estimates of theoretical limits of liquid metals refinement in the devices that are most favorable for metal
purification by the electrotransport method have been made. In particular, such a device may consist of a tube closed at
one end and filled with liquid metal, and the other end is inside a container filled with a large quantity of molten metal.
In this case, the impurity concentration in the metal at the end of the tube contacting with the reservoir remains
essentially constant. The calculated relative changes in the concentration of impurities C;/Cy (Cy, C; - initial and final
contents of the impurity element) at the first two centimeters of ten-centimeter-long tube under an electric field of E =
0.1 V/em depending on the time of electrotransport are shown in Table 3 [5].

Table 3.
The relative concentration of impurities (C;/C,) under electrotransport

System: metal — U/D. B’ C;/Cy at the first two centimeters of the tube

impurity element ’ 1 day 5 days 10 days o0
Cd-Ni, Co, Ag, Au 23 9.4-10™ 2.2:107 2.2-107 2.2-107
In-Ni, Co, Te, Ag 14 0.036 6.9-10° 6.9-10° 6.9-10°
Sn-Ni, Co, Ag, Au 12 0.068 6.4:10° 2.6:107 2.6:107
Pb-Co, Te, Ag, Au 1.9 0.53 0.14 0.053 0.037

It is seen from Table 3 that all dissolved metals at U/D > 12 should be well removed after 5 days of
electrotransport. However, it is valid under the conditions that there is no convective motion of the melt and no
interaction of the refined metal with tube material. In real conditions, the use of long capillary cells proved to be highly
effective for deep cleaning of small amounts of a number of liquid metals (e.g., gallium, cadmium, zinc). This process
was studied most fully as applied to gallium [4]. The purest gallium (R,; = 100000) was currently produced just by the
method of electrotransport.

The main limitation for the widespread application of electrotransport for refinement of liquid metals is the low
productivity (~0.5 g/day for a single cell). You can improve performance if soak the porous medium or a group of
capillaries by the liquid metal and apply a large current to a system. Description of the devices for deep cleaning liquid
metals by electrotransport is given in [4,32,33].

COMBINATION OF ZONE MELTING WITH ELECTROTRANSPORT (ZMET)

Electrotransport phenomenon in liquid metals can be used to improve the efficiency of zone purification.
Unlike conventional zone recrystallization of metals, during ZMET the direct electric current of certain strength is
applied to refining sample. Migration of impurity ions under an electric field occurs in the liquid zone, although not
excluded that appreciable electrotransport of impurities can be observed in the rest (solid) part of the sample at high
current densities and long duration of process.

It is assumed in the theory of zone recrystallization [34] that there is the diffusion layer of thickness 3, enriched (or
depleted) by impurities in a liquid at the boundary to the solid phase (liq - sol). If you apply a direct electric current to
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the interface, then the effect of electrotransport within the fixed boundary layer contributes to the overall flow of
impurities.

Character of changes in effective distribution coefficient under the influence of electric field was considered by
Pfann and Wagner [35]. In the absence of electric field the effective distribution coefficient is described by the
expression [34]

1

K: B
(1 J ( vaj (12)
I+ ——1|exp| ——
K, D

where K is the equilibrium distribution coefficient; D is the impurity diffusion coefficient in a liquid phase; § is the
thickness of diffusion layer in a fluid at the interface; v is the speed of crystallization front. If DC which creates
movement of ions dissolved at the interface and applies to the interface (liq - sol), the equation (12) takes the form

1-v'/v

) 1+ L; (1+'/v) — 1} exp{— % (1+ v'/v)} |

0

(13)

In this equation, notation K, D, o, v are the same as in equation (12); v’ = AUE is the speed of impurity ions motion; E
is the electric field; AU is the difference between mobility of ions and impurity ions of the refined metal.

As can be seen from equation (13), the effective distribution coefficient is determined mainly by two flows of
impurities: one flow leads to ousting of impurities by advancing crystallization front (which is proportional to v,
difference 1 - Ky and concentration), the other flow is caused by electrotransport (which is proportional to v' and
concentration). It may coincide with the first flow or have an opposite direction depending on the direction of the
electric field. If v’ > 0 (flow of impurity ions is directed from the liquid to the boundary), the electric field increases K,
if v' <0, the electric field decreases the K. It concerns both to the case Ky <1, and the case Ky> 1.

Under the influence of an electric field, the effective distribution coefficient K can be changed, that in principle allows
obtaining the following results:

1) K factor close to unity, can be changed so that it would be significantly different from unity, and thereby the

efficiency of the zone melting can be increased,;

2) impurity elements coefficients of different «sign» (K> 1) and (K <1) can be modified so that they will be either

greater or less than unity, and this allows to concentrate impurity elements in one end of the ingot;

3) the coefficient K can be made close to unity and eliminate segregation of impurities along the ingot.

It should be noted that the derivation of equation (13) does not include a number of other effects at the interface of
lig-sol that may affect the magnitude of K, in particular a Peltier effect which is the release (or absorption) of additional
heat at the boundary lig-sol. Since electric current applies to the lig-sol and sol-liq boundaries in the liquid zone, the
value of Peltier heat is doubled, and an additional temperature gradient, caused by the heating of one phase boundary
and cooling of another, is arisen in the liquid phase. Due to this, an additional impurity flow, caused by diffusion under
a thermal gradient field, arises in liquid zone and increases or decreases "zone effect" of purification degree in
depending on the direction of the electric field [6].

The mechanism of metal purification by ZMET method was studied insufficiently, although the positive influence
of the electric field was noted by many researchers. Improvement of purification by ZMET method compared with the
conventional floating-zone melting may result from combined action of various factors: electrotransport in stationary
diffusion layer; electrotransport in the solid phase; improving conditions of zone refining by reducing the thickness of
the diffusion layer as a result of thermal and magnetohydrodynamic convection; Peltier effect leading to change in K for
impurities especially at low current densities.

Apparently, one of the first studies on the use of ZPEP was the work on refining tungsten [36]. Results of tungsten
purification by ZMET are shown in Fig. 4.

As seen from Fig. 4, application of an electric field improves the refining of tungsten in comparison with zone
melting without field. Moreover, a positive purification effect increases with increasing electric field intensity. ZMET
was used for refining beryllium [37], molybdenum [38], ruthenium, rhenium [23,39,40] Os [41], niobium [42], yttrium,
cerium, lanthanum, [43], and other metals [44-46 ].

Performed researches made it possible to reveal a number of features of refining by zone melting method
combined with electrotransport. First, redistribution of impurities caused by electrotransport prevails over impurity flow
due to the effect of zone recrystallization. A similar effect is observed for almost all metals when cleaning them by
ZMET. For many refractory metals (W, Mo, Re, Ru, Os), most impurity elements have Z.; < 0 and migrate towards the
anode. In most cases, a maximum purification effect is achieved when the electric field is opposite to the direction of
floating zone movement. As an example, Fig. 5 shows the results of refining rhenium by ZMET.

It is seen from the Fig. 5 that the maximum redistribution of impurities along the length of the ingot is achieved,
when the electric field is opposite to the movement direction of the floating zone (curve 1). When the directions of
electric field coincide with zone movement, the redistribution of impurity elements along the ingot has the opposite
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character (curve 3). Table 4 shows the comparative measurement results of ruthenium R, after zone melting without
electric field, and under electric fields of different directions relative to the zone movement. It can be seen (Table 4) that
the highest degree of purification achieved in that case where zone melting is performed under an electric field whose
direction is opposite to the movement zone.
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Fig. 4. Changing in R, of tungsten depending on the number Fig. 5. R, change along the length L of rhenium single crystals
of zone's runs through the sample during ZMET [36]. after 10 runs of the zone without an electric field and under an
1-E=0;2- E=0.125 V/cm, 3 - E = 0.260 V/cm; zone electric field of different direction [40].

1 - ZMET, field is opposite to zone movement; 2 - floating zone
melting without a field; 3 - ZMET, field coincides with the
direction of zone motion; 4 - melting in vacuum.

moving speed is 2.5 mm/min; the directions of field and zone
movement are opposite.

Table 4.
Effect of the electric field on the degree of Ru purification (E = 0.15 V/em; I = 1200 A/em’; V = 3 mm/min)
. Rocm
Kind of process
Starting part of sample Middle End part of sample
Zone melting (10 runs) 1300 1000 900
Zone melting + field ETTV 1080 1100 1260
Zone melting + field ETVV 2000 1600 650

Os refining by zone melting in combination with electrotransport eliminates nonmonotonic distribution of
impurity elements, which observed in osmium sample during refining by zone melting in the absence of the field
(Fig.6).

Apparently, this is primarily due to the change in carbon effective distribution coefficient K which for zone
melting without a field has K> 1, and for zone melting in combination with electrotransport it acquires value K <1.

For refractory metals most of substitutional impurities have Z.; < 0 and migrate towards the anode. However,
interstitial impurities (O, N, H, C) can have both positive and negative values of the effective charges and their
influence on the process of metals purification in some cases can be decisive. For example, when refining molybdenum
by ZMET, then Z. for carbon and hydrogen has negative values, and for the oxygen and hydrogen — positive ones.
According to estimates, the admixture of tungsten in molybdenum also has Z.s > 0. As a result, the distribution of
impurity elements in molybdenum may vary substantially in dependence on the direction of the field (Fig. 7).

The complicated character of changes in magnitude of R is observed also in niobium during ZMET [42].
According to the authors of [42] for oxygen and carbon at the melting point of niobium the values of effective charges
are near zero, and for nitrogen Z.r = +1.7. As a result, the average areas of niobium crystals are the most pure
(Ries ~ 2600), if the directions of electric field and zone movement coincide. The authors also noted that under the
influence of electric field the structural perfection of niobium single crystals is improved, too.

Thus, at the refining of metals by ZMET, the character of impurity distribution along the ingot will depend on both
direction of the electric field and qualitative and quantitative content of impurities in the source metal.

Investigations of refining Mo, Re, Ru, Os and other metals by means of zone melting and zone melting in
combination with electrotransport allowed developing a new way of deep refining of refractory metals, in which the
increase of the metals purity is achieved by intensification of evaporation, band separation and electrotransport.
Refining process was carried out in two stages. In the first stage, a zone melting in combination with electrotransport
was performed at the highest possible current densities and high speeds of liquid zone movement. As a result of
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intensive mixing of liquid zone, the effective removal of volatile impurities was achieved due to their evaporation. In
the second stage, the refining was carried out for parameters which have been by 5-10 times lower than initial values. In
this case, the mechanism of impurities separation along the ingot length is realized most fully due to optimizing the
values of K.
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Fig. 6. The change in R, along the length L of osmium Fig. 7. Change in R, along the length L of molybdenum single
specimens crystals after 6 runs of floating zone during ZMET [38];
1 - after zone melting, 2 - zone melting in combination with 1 - the field coincides with the direction of zone movement; 2 -
electrotransport [41]. the field is opposite to zone movement; zone movement speed is

4.5 mm/min; the field strength is 0.15 V/em.

As a result, in a series of refining of refractory metals in the most favorable scenario there is a combination of
complex of physical refining methods: evaporation, zone separation of impurities, electrotransport. The proposed
method not only improves the purity of metals, but also reduce the refining time by 1.5-2 times. Application of this
refinement scheme allowed to get high-purity and structurally perfect single crystals W, Mo, Re, Ru, Os, having the
magnitude R.; > 70000, 30000, 60000, 4500 and 3000 respectively.

CONCLUSION

Effect of electric field on the migration of impurity ions is known a comparatively long time, but the use of this
method for refining metals is not widespread compared with other refining methods. This is mainly due to the long
duration of the refining process and its low productivity. Promising way is the use of electric field during zone
recrystallization of metals. Such combination allows you to increase the degree of metals refining, reduce the refining
time and, if necessary, to eliminate the heterogeneity of impurity elements in the ingot. To further understand the
mechanisms of the electric field effect it is important to determine the correlation between the physicochemical
properties of refined metal as well as impurity element and the main electrotransport parameters: migration rate of
impurity ion and the direction of its movement. Performing similar research will help to determine the character of the
redistribution of impurity elements in the metal under the influence of electric field and increase the efficiency of
electrotransport for refining metals.
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