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The paper describes the analysis of two-component systems with low solubility of elements in the solid a-phase,
which includes calculations of the maximum solubility of the poorly soluble component using the laws of interphase
transformations and thermodynamic parameters of the components. Two different approaches to calculating the
limiting solubility of poorly soluble components in the solid a-phase are considered: under the assumption of ideal
behavior of the system and with deviation of the system from ideal dissolution, i.e. under the condition that the a-
phase behaves as a regular solution. Parametric expressions for determining the solubility of poorly soluble compo-
nents in the solid a-phase are described. The results of applying these expressions for calculating the solubility of
the second component in individual systems based on cadmium, zinc, and tellurium are given. The scatter values of
the obtained calculated data on the solubility of poorly soluble components in the solid a-phase when the systems

deviate from ideal dissolution are given.
PACS: 64.75.+¢; 82.60.Lf

INTRODUCTION

The analysis of known state diagrams (DS) of binary
metal systems [1, 2] shows that in many cases they form
eutectics or peritectics based on pure elements (simple
eutectics) from the main component. For some systems
the mutual solubility of the components in the solid
state is low (< 1 at.%), and complete insolubility of the
components in the solid state is a limiting case. The
solubility of components in the solid phase can be so
small that at the accepted scales of plotting state dia-
grams regions of solid solutions are not detected and
one gets the impression that not solid solutions but pure
components participate in phase equilibria (Figure).

For such narrow areas of primary solid solutions of
DS it is difficult to determine the ultimate solubility
(construction of solidification curves) experimentally.
Therefore, such areas of state diagrams remain either
not studied at all or considered in a limited area of com-
ponent concentrations.

Knowing the solubility regions in the solid state near
the ordinates of the components is also of practical
importance, especially for the processes of deep purifi-
cation of substances by crystallization methods as well
as doping of metals and semiconductors. Even a very
small solubility has a large and often exceptionally
strong effect on the electrophysical, mechanical and
technological properties of materials.

One of the ways to determine the solubility in the
solid phase can be a calculation method that takes into
account the thermodynamics of phase equilibria and
parameters of known liquidus lines of state diagrams as
well as the use of only thermodynamic parameters of
solution components.

The thermodynamic approach with the use of mod-
ern computational computer technology makes it possi-
ble to efficiently and with high accuracy calculate the
unknown regions of solubility in the solid state in a
wide range of concentrations.

FORMULATION OF THE PROBLEM

Consideration of the DS of eutectic systems allows
us to note a number of significant contradictions charac-
teristic of these diagrams. One of the contradictions is
related to the idea of the mandatory limited mutual
solubility of the components of eutectic compositions in
the solid state and the position of the solidus line on the
DS of those systems in which this solubility is very
small [3]. Although thermodynamics does not prohibit
the possibility of the existence of single-component
phases in heterogeneous systems, such processes as
thermal movement and diffusion provide a basis for
denying absolute insolubility [4].

Modern research methods reveal solubility of the or-
der of 102..10°% in systems in which the complete
absence of mutual solubility was previously assumed.
Systems with such low solubility can be attributed to
systems with “degenerate” eutectics (see Figure). It is
impossible to depict the region of primary solid solu-
tions in them on the usual scales on the DS (the imagi-
nary lines of the solidus coincide with the ordinate axis
of the pure components). Visual presentation of such
imaginary areas of limiting dissolution is possible when
transitioning to logarithmic coordinates of the image
[5, 6].
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State diagram of system A-B with “degenerate”
eutectic (schematic)
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In the literature there is limited information on the
solubility limit which characterizes state diagrams with
“degenerate” eutectics. The development of ideas about
the form of eutectic transformations of poorly soluble
components will contribute to the construction and
specification of DS of such systems.

The purpose of this work is to present the methods
of calculating the limiting solubility of poorly soluble
components in the solid a-phase of binary metal sys-
tems using the regularities of interphase transformations
and thermodynamic parameters of the components.

METHODS OF CALCULATIONS
AND THEIR DISCUSSION

Works [5, 6] describe the method of calculating the
limiting solubility of poorly soluble components in the
solid a-phase using the temperature dependence of the
equilibrium distribution coefficient kog which is deter-
mined by the ratio of the concentration of component B
in the solid xsg and liquid x, g phases under the assump-
tion of ideal system behavior. In works [7, 8] the fol-
lowing expression for determining Kog is given:

Inkop = In 52 = T K g — B (T2 — 1), (1)
where Koimg is the limiting coefficient of distribution of
component B in A; Tya is the melting point of the main
component A; T is the temperature at the liquidus line;
R — universal gas constant; ASyg is the melting entropy
of component B.

The issue of determining the limiting coefficient of
distribution Kgjimg for systems with extremely low solu-
bility of impurity elements in the solid state was solved
by the author and his colleagues [9, 10].

Using expression (1) and the value of the concentra-
tion of impurity component B at the liquidus line at a
given temperature, it is possible to determine the con-
centration of dissolution of the component in the solid
a-phase. Such calculations also make it possible to con-
struct solidus lines of DS for poorly soluble components
[5, 6].

It is of interest to determine the solubility of compo-
nent B in the solid a-phase for systems with low solubil-
ity using the regularities of interphase transformations
and thermodynamic parameters of the components. At
the same time two different approaches are considered.

In the first approach the case of ideal dissolution is
considered. The corresponding expression describes the
limiting concentration Xsg of component B using such
parameters as the change in enthalpy AHg during melt-
ing of component B, the melting temperature of Ty, of
the main component, the change in entropy ASg during
melting of component B, the universal gas constant R
and the temperature-independent limiting coefficient of
distribution kg;img 0f component B in based on A.

In the second approach the deviation of the system
from the ideal behavior is taken into account, that is,
under the condition that the a-phase behaves like a regu-
lar solution. In this case an expression is used to deter-
mine Xsg, Which includes the temperature-dependent
partial enthalpy of dissolution AHS of component B in
the solid a-phase.

The work [11] describes the proposed approach for

determining the dissolution enthalpy AHS, activity coef-
ficients yg and activity ag of binary metal systems with
low solubility of components in the solid a-phase.

Analytical expressions for determining the solubility
of components with low solubility in the solid a-phase
are given below [12]. The expressions are based on the
fundamental law of equality of chemical potential psa =
pLa in solid and liquid phases at constant temperature.
In conditions of equilibrium between solid and liquid
solutions the law describes, for example, the distribution
of impurities between the liquid and solid phases during
crystallization. This is effectively used for the purifica-
tion of materials by directional crystallization methods.

In [8] an expression for the solubility interval of
component B in the liquid and solid phases depending
on the temperature is given, taking into account the
ideal behavior of the system.

_ AHpma (1 1
X1p ~Xsp = T (; - _TMA)' )

where AHy, is the melting enthalpy of the main com-
ponent; Tya is the melting point of the main component
A; T is the temperature of interphase equilibrium; R is a
universal gas constant.

Solving (1) together with (2) and entering the appro-
priate parameters, the following parametric expression
for the limiting solubility of component B in the solid a-
phase is obtained [12]:

__ D(MetM
XsBp = 1—eC(T) * (3)

AHpa (1 1 T
where D(T) = %(; - m) ,C(T) = %lnkolimB -

AS% (T% — 1). All notations here have the same mean-
ings as in (1) and (2).

To determine the solubility of the second compo-
nent, taking into account the deviation from the ideal
behavior of the system, another approach is considered.
One of the values characterizing this deviation is the
activity of the second component which is related to the
partial enthalpy of dissolution of component B in the a-
phase [11].

Based on consideration of the thermodynamic prop-
erties of component A in the solid a-phase and in the
liquid phase, the following expression was given for the
solubility of component B in the liquid phase X,z in
[13]:

Inxpa = In(1 — x.5) = AHRMA (ﬁ - %) . @
where the notation is the same as in expression (2).
Equation (4) is the equation of the liquidus line for
equilibrium with the a-phase. In the same place, in [13],
under the condition of equality of chemical potentials
s = usg at equilibrium the following expression was
obtained for the ratio of concentrations of component B
in the liquid and solid phases:

lnXS—B _ AHMB—AHg _ ASmB (5)
XLB RT R '
where AH§ is the partial enthalpy of dissolution of the
component in the solid a-phase; other values are the
same as in expression (2).
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Expressions (4), (5) are obtained under the condition
that the a-phase behaves like a regular solution and the
liquid phase which is in equilibrium with the a-phase
above the eutectic temperature behaves like an ideal
solution. Regular solutions are characterized by the fact
that their enthalpy of mixing AHpyy is different from
zero and the entropy of mixing AS i is exactly the same
as for ideal solutions. Performing the same procedure as
above, marking the right-hand parts in equations (4) and
(5) with parameters D(T) and C(T), the following ex-
pression is obtained [12]:

Xsgp = eC(T)(l — eD(T)), (6)
AH 11 AHyp—AHg
where D(T) :% (m — E) ,C(T) = M;T B _
ASmp
—

The thermodynamic notations are those in (4) and
(5). Expressions (3) and (6) are solved using the math-
ematical package Mathcad. Work [11] describes the
developed calculation method for determining AHg both
for systems with known solubility and for systems with
low solubility of component B in the solid a-phase.

The resulting equations (3) and (6) have an exponen-
tial form and are parametric expressions for determining
the limiting solubility of component B in the solid a-
phase. Expression (3) characterizes the ideal behavior of
binary systems as it includes temperature-independent
parameters. Equation (6) characterizes the deviation of
the interaction of the components from the ideal due to
taking into account the temperature dependence of the
partial enthalpy of dissolution of the second component
in the solid phase. The interval of application of equa-
tions (3) and (6) extends from the melting temperature
of the pure component to the temperature of the eutectic
transformation.

The Table shows the calculated solubility data of the
B component in the A base for the indicated binary
systems which are obtained using expressions (3) and
(6). Calculations were made for the specified tempera-
tures T, limiting coefficients of distribution Kgjins and
partial enthalpies of dissolution AH§. Data on the values
of parameters Koimg and AHS are taken from works [9,
10] and [11] respectively.

Calculated solubility values of xsg components, at.% in the Cd-TI, Zn-Sn, Te-As, Te-Cu systems
and their relative spread 3, %

o 0, 0,
System T,°C i Kotimp XSB&;;' % XSB&g‘)t' A1 5x100, %
295.00 15010 0.25 0.23 8.7
Cd-TI 256.08 15570 0.05 05 0.44 13.6
222.55 16050 0.6 0.51 176
403.12 11830 0.21 0.25 16.0
Zn-Sn 356.93 14400 0.07 0.61 0.55 10.9
229.89 17940 0.66 0.52 26.9
443.35 32180 0.015 0.015 0.0
Te-As 440.21 32280 0.006 0.022 0.021 47
406.94 33370 0.071 0.064 10.9
240.88 24660 0.18 0.17 5.8
Te-Cu 415.37 25150 0.05 0.62 0.55 127
351.60 26380 12 0.95 26.3

As can be seen from the Table the values of the limit
concentrations of solubility for the studied systems and
the selected parameters which are obtained by different
methods differ among themselves. The concept of the
comparison criterion, %: Xsg/Xsg(T) = 1 £ & was used to
estimate the dispersion of the obtained data.

The value of & can be considered the “activity” of
the second component when dissolving it in the solid
phase when the system deviates from ideal dissolution.
The given relative dispersions of values of dissolution
concentrations d, % range from 0% to a maximum of
26.3% for the Te-Cu system and 26.9% for the Zn-Sn
system. It should also be noted that as the temperature
of the solution decreases the values of the deviations
increase significantly.

The dispersion of the obtained data on the solubility
of components obtained by different calculation meth-
ods is explained by the difference in the choice of equi-
librium conditions when deriving expressions of the
dependence of dissolution on parameters, the accuracy
of reference values of thermodynamic quantities, the

accuracy of experimentally constructed liquidus curves
of state diagrams, etc., but the main one is the deviation
from the ideal behavior of the systems. This can lead to
errors in the results obtained by calculation methods.

CONCLUSIONS

Parametric expressions for determining the solubility
of poorly soluble components in the solid a-phase are
described, which are obtained on the basis of the laws of
interphase transformations and the use of thermodynam-
ic parameters of the components. Two different calcula-
tion approaches are considered: under the assumption of
ideal behavior of the system and under the condition
that the a-phase behaves like a regular solution. The
results of applying these expressions for calculating the
solubility of the second component for such systems as
Cd-Tl, Zn-Sn, Te-As, Te-Cu are given. It is shown that
the solubility of the second component in the studied
systems is < 1 at.%. Values of limit concentrations of
solubility for different approaches differ among them-
selves. As the temperature of the solution decreases the
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deviations increase. The main reason for the dispersion
of calculated data on solubility is the deviation from the
ideal behavior of systems, which must be taken into
account when performing such calculations.
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ABOKOMIIOHEHTHI CUCTEMMH 3 MAJIOIO PO3YNHHICTIO EJIEMEHTIB
Y TBEPIIM a-PA3I

O.1L. ll]epoans

OmnucaHo aHali3 JBOKOMIIOHEHTHHX CHCTEM 3 MAJIOI0 PO3YMHHICTIO €JIEMEHTIB Y TBep/iil a-a3i, sSIKuii BKIItoYae
PO3paxyHKH MaKCHMalbHOT PO3YMHHOCTI MaJOPO3UYMHHOI'O KOMIIOHEHTY 3 BUKOPHCTaHHSIM 3aKOHOMIPHOCTEH MiX-
(ha3HMX TMEepeTBOPEHb 1 TEPMOJMHAMIYHUX MapaMeTpiB KOMIOHEHTIB. PO3risiHyTi ABa pi3HUX MiIXOIU PO3PaXyHKIB
IPaHUYHOI PO3YMHHOCTI MAJIOPO3YMHHHUX KOMIIOHEHTIB Y TBEepiil a-(a3i: y MpuIylleHHi i/jeanbHOi MOBEAIHKU CHC-
TEMH 1 3 BIIXWICHHSIM CHCTEMH BiJI 1/leaJlbHOr0 pO3UYMHEHHS, TOOTO NPH YMOBI, 1110 0-(ha3a Beae cede sk peryisip-
HUH po3unH. OnKcaHi NapaMeTpUyHi BUPa3u IJisi BU3HAYCHHS PO3UYMHHOCTI MaJOPO3YMHHUX KOMIIOHEHTIB Yy TBep-
niif a-¢asi. HaBeneHo pe3yapTaTi 3aCTOCYBaHHS JaHUX BUPA3iB I PO3PAXyHKY PO3UMHHOCTI JPYroro KOMIIOHEHTA
B OKPEMHX CHCTEMaxX Ha OCHOBI KaJMil0, IMHKY i Tenypy. [IpuBe/icHi BENMYMHN PO3KHIY OTPHMAHUX PO3PaxyHKO-
BHX JIaHUX MIOA0 PO3YMHHOCTI MAJIOPO3YMHHUX KOMIIOHECHTIB Y TBEpIiil o-(ha3i Mpu BiAXIICHHI CHCTEM BiJ iealb-
HOTO PO3YMHEHHS.
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