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The paper considers issues related to the ultimate content of impurity elements in metals in the processes of their
refining by evaporation and distillation in vacuum, zone recrystallization and electromigration. It is shown that at all
refining methods, with an increase in the number of refining cycles and the duration of the process, a “saturation
effect” arises, associated with the achievement of the ultimate concentrations of impurity elements in refined metals.
The reasons for the impossibility to produce absolutely pure metals have been discussed.

In a high-purity state, metals acquire qualitatively
new, previously unknown properties, what cause their
widespread use both for fundamental research and for
practical purposes. There are various methods for deep
refining of metals, which are continuously being
expanded and improved [1-5, 8, 9]. In the purest
chemical elements (silicon, germanium, gallium,
mercury), the content of the total impurity elements is
around the 10°at.%, and a number of individual
impurities — 10”...10° at.% [6].

An increase in purity is associated with an increase
in material costs which grow nonlinearly in the area of
ultimate cleaning [7]. Therefore, issues almost always
arise, which related to the determination of the ultimate
content of impurity elements in the processes of metal
refining, the possibility of assessing this content, and the
establishment of external factors affecting the content of
impurities. These and other issues are considered in the
article concerned refining metals by the methods of
evaporation and distillation in vacuum, directed
crystallization and electromigration.

The simple way to remove volatile impurities from a
metal is to evaporate them in a vacuum. The time
dependence of the distillation rate of highly volatile
impurities in a binary alloy was considered in [1]. The
main conclusions from this consideration are as follows.
First, the content of the volatile component during
vacuum distillation decreases exponentially with time,
and, second, the complete distillation of the volatile
impurity in a finite time (t — o) from the alloy is
impossible.

With an increase in the number of refining cycles or
the duration of the process, the purity of metals, as a
rule, increases, but at the same time, for all methods, the
so-called “saturation effect” is observed, that is, the
achievement of the ultimate content of an impurity
element.

The issue remains undecided, namely can the
concentration of the volatile component reach an
ultimate value during evaporation and will not change
further with an increase in the distillation time?
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In the case of a binary alloy consisting of the main
nonvolatile component A and an impurity volatile
component B, the total equilibrium pressure of the melt
(Pyt) according to Dalton's law will be equal to the sum
of the partial pressures of components A and B.

Pyt = Pp+ Pg, Where P, and Py — are the equilibrium
partial pressures of components A and B.

According to Raoult's law, the equilibrium partial
pressures for real systems are expressed by the ratios:

0
Pa=7.PaN, and Py =7,PN,,
where y, and vy are the activity coefficients; p,(l and

0 ay- .
P, are equilibrium vapor pressures of pure components

A and B; N, and Ng are mole fractions, respectively, for
components A and B.

As the distillation proceeds, the mole fractions of
components A and B will change, and the mole fraction
of the volatile component (Ng) will change faster. With
a change in the molar fractions of components A and B,
their equilibrium partial vapors pressures will also
change, which, upon reaching certain (final)
concentrations of the components, will be equal to each
other, that is, P4 = Pg. In this case:

Pa=7,PANY and Py =7, PsNy,
where Nf and N, are equilibrium mole fractions of

components A and B, the ratio of which will not be
changed with increasing sublimation time.

Achieving equality of the partial vapor pressures of
the main and impurity components makes it possible to
estimate the final (ultimate) content of the volatile
component in the process of distilling the melt.

A number of assumptions can be made for estimated
calculations. Let us assume that during the evaporation
of a highly volatile impurity, the mass of the main
component does not change. In this case, from the
equality condition

Pa :}/ApiNA and pB :7/BpgNl[;'
the final value of the molar fraction of the volatile
component has the form:


mailto:gkovtun@kipt.kharkov.ua

NBK _ 7AP£NAl

0
7ePs
For dilute solutions (y,—1) and taking into account
that N, =1-Np, then
Py
VB PBO + P/S
For the case of an ideal system (yz— 1), the final

(ultimate) content of the molar fraction of the volatile
component will be determined by the expression
L
P+ P

In the process of multiple distillation, there will be
occur also a change in the partial pressures of the
impurity element and the main component. When
equality between them is reached, the content of the
volatile component will not change either in the melt or
in the condensate.

The process is more complex where during the
evaporation of a highly volatile component, partial
evaporation of the main component also occurs. In this
case, we can use the expression to calculate the change
in the concentration of alloy components during
evaporation [8].
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Here C2 and C, are the concentration of a highly

volatile impurity, respectively, before and after
evaporation, M, and My are molecular weights of

components A and B, W,f and W, are the masses of the

main component before and after evaporation. The
expression (1) makes it possible to estimate the content
of volatile impurity in the melt taking into account the
mass loss of the main component.

In the case of directional crystallization of metals, a
“saturation effect” is also observed. After multiple
passes of the liquid zone, the distribution of impurities
along the length of the ingot approaches the steady-state
final state which characterizes the maximum attainable
separation of impurities [9].

Fig. 1 shows an approximate distribution of the
concentration of impurity C with a distribution
coefficient K < 1 after one pass and multiple passes.
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Fig. 1. Distribution of impurity concentration C, with
the distribution coefficient K < 1 along the length of the
ingot L, after one pass (1) and multiple passes (2).
C, is the concentration of impurities in the charge.
The zone moves from left to right

Additional passes make the start section deeper,
heighten the end section and shorten the length of the
horizontal part of the curve. As a result, all three areas
are encompassed by a single, relatively smooth curve.
After multiple passes through the zone, the distribution
of the impurity approaches to the steady state which
characterizes the final, maximum attainable separation
of the impurity.

In this case, the convection flow of the impurity,
caused by the crystallization action of the zone, meets
the equal opposition of the reverse flow due to the
accumulation of the impurity in the final section.

A similar (final) distribution of impurities is
observed in the process of refining metals using the
method of electromigration — the movement of ions of
impurity elements in solid or liquid metals under the
applied a constant electric field [5]. The movement of
the impurity ion is carried out under the action of the
force F = ZgE, where Zg is the effective charge of the
ion; E is the electric field strength.

The quantitative characteristic of the refining
process during electromigration follows from the
relationship between the speed of movement of the
impurity under the applied electric field and its reverse
movement in consequence of diffusion caused by the
appearance of a concentration gradient.

To describe this process, one uses the equation of
the matter flow (I) generated by an electric field [5].

1% L uce, @
dx
where C is the impurity concentration at a distance x
from the beginning of the sample; D is a self-diffusion
coefficient of impurity ion; U — ion mobility; E is the
electric field strength.

For a sufficiently long time of electric field
application, the first term of the flux, characterizing the
reverse diffusion, and the second term, due to the action
of the electric field, balance each other, giving zero flux
and, consequently, the maximum achievable degree of

purification (Fig. 2).
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Fig. 2. Distribution of impurities along the length of the
sample L under the influence of a direct current for
different periods of time t

The “saturation effect” is inherent in other methods
of deep cleaning of metals. In this regard, the question is
natural — is it possible to obtain an absolutely pure
substance? In our opinion, it is impossible.

The “saturation effect” at the refining of metals is
conditioned by the mechanisms of separation of
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impurity elements, or rather, their limiting ability in
deep refining of metals.

On the other hand, the impossibility to obtain an
absolutely pure substance is associated with technical
difficulties due to contamination of the substance to be
purified by construction materials and the environment.

The impossibility to obtain an absolutely pure
substance is, apparently, of a fundamental nature. The
realization of any process in the system is associated
with a decrease in the Gibbs energy. The basic Gibbs
energy equation is G = H — T-S, where H — enthalpy;
S —entropy, T — temperature. The process in the system
is possible at AG < 0. The achievement of absolutely
pure substance in the process of refining metals can be
considered as an approximation to the state of matter
with zero entropy, which is impossible in principle.
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K BOITPOCY O MPEJEJBbHOM OYUCTKE METAJLJIOB
I'.1I1. Koemyn, /1. A. Cononuxun, A.I1. Illlepoans

PaccMOTpeHBl BONpPOCHL, CBSI3aHHBIE C IMPEAENBHBIM COJEPXKAHUEM HPHMECHBIX JIIEMEHTOB B METaUlaX B
nporeccax X papMHUPOBAHMs, METOAAMH MCIAPEHUS U JUCTHIULSIIIMU B BaKyyMe, 30HHOW MepeKpHUCTaUIN3alui U
anekTponepeHoca. [lokazaHo, 4YTO TpU BCeX MeToJax padUHUPOBAHUS C YBEJIMYEHHEM 4YHWCIA IMKIOB
paduHMpOBaHMS M UIMTEIBHOCTH IIpOLleCcCa BO3HUKAET «3(D(EKT HACHILEHUSA», CBSI3AHHBIH C JOCTHIKEHHEM
Npe/IeNbHBIX KOHIEHTpAMH IMPUMECHBIX 3JIEMEHTOB B paUHUPOBAHHBIX MeTauiax. OOCyXIeHbl MPUYMHBI
HEBO3MOKHOCTH MOJIyUSHHUsI aOCOJIIOTHO YUCTHIX METAJLIOB.

JO IIMTAHHSA IPO T'PAHUYHE OYULIEHHSA METAJIIB
I'.Il. Koemyn, /1.0. Cononixin, O.I1. Ill]epoans

Po3rnsiHyTi nUTaHHA, NMOB'A3aHI 3 IPaHUYHUM BMICTOM JIOMIIIKOBHUX €JIEMEHTIB y MeTajaX y Ipolecax ix
padinyBaHHS, MeTOZaMU BHUIIAPOBYBaHHS Ta JUCTWIALII Yy BakyyMi, 30HHOI TepekpucTaiizamii Ta
eneKTporiepeHeceHHs. [lokazaHo, 10 MpH BCiX MeTojax padiHyBaHHs 31 30UIbIIEHHAM YKCIa HUKIIB padiHyBaHHs
Ta TPHUBAJIOCTI MPOLECY BHHUKAE «Ee()EKT HACHUYCHHS», TOB'SI3aHUI 3 JOCATHEHHSM TPAHMYHHMX KOHIIEHTpaLlii
JIOMIILIKOBHX €JIEMEHTIB y padiHoBaHMX MeTasaX. OOroBOpEeHO MPUYMHHM HEMOXIIMBOCTI OJICpP)KaHHS abCOIIIOTHO
YHCTHX METaJIB.
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