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In this work the computation of the equilibrium ko and limiting koims distribution coefficients (DC) of the components according to
the state diagrams of binary metal systems Mg—-Ag, Ag-Mg, Al- Mg, Mg—Al, Ni-Ga, and Nb—Ge was achieved. These systems
belong to systems with limited solubility and for them the approximating equations of the solidus and liquidus lines are obtained in
the form of second-order polynomials in the temperature range from the melting point of the main component Tma to the eutectic
temperature Tea. A mathematical analysis of the obtained equations for calculating DC is performed. For the first time by calculated
and graphical methods the values of the limiting distribution coefficients koiims for such systems as Mg — Al, Mg — Ag, and Al — Mg
were determined. The complete coincidence of the koimp values obtained by different methods is confirmed. For the Ag—Mg, Nb—-Ge
and Ni—Ga systems adjusted values of the limiting coefficient were obtained, which are in good agreement with the reference values.
The dependences of the equilibrium distribution coefficients on temperature and concentration for the investigated systems are
constructed. In the studied temperature range from Tma to Tka, a linear dependence of the distribution coefficients on temperature
and concentration is observed.

KEY WORDS: equilibrium and limiting distribution coefficients, binary metal systems Mg—Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga,
Nb-Ge

Crystallization from melt is an important process that most materials undergo during their manufacture, refining,
and shaping. Directional crystallization is especially significant in the production of ultrapure materials, primarily in
semiconductor technology. The most important parameter of the crystallization process for the targeted use of its
refining action and the formation of solid solutions is the interphase distribution coefficient (DC).

The distribution coefficient characterizes the ratio of the concentration of components in various phases in
thermodynamic equilibrium. By their physicochemical definition, DC differ for each concrete pair of a base -
component. In this work, the distribution coefficient is used only to describe the concentration ratio at the liquid — solid
interphase equilibrium, in this case it is determined by the concentration ratio in the solid and liquid phases. The general
expression for equilibrium DC has the form of dependence: ky = x5/ x;. In the following considerations, the existence of
binary metal systems consisting of two components A - B is assumed.

The following distribution coefficients are considered in the literature [1-4]: effective DC kg, equilibrium DC ko
and limiting DC koimp. There are various both experimental and computational methods for determining the distribution
coefficients. In turn, the choice of the determination method of DC depends on the nature of the solubility of the second
component in the base: low solubility, limited and unlimited solubility. In [3], an analysis was made of the methods for
determining distribution coefficients depending on the type of solubility of the second component in the base.

FORMULATION OF THE PROBLEM

The effective distribution coefficient kg during directional crystallization is the ratio of the impurity concentration
in the initial and final part of the ingot (zone melting, the Bridgman method), or the ratio of the impurity concentration
in the ingot and the residue in the crucible (Czochralsky method). The kg coefficient varies over a wide range from
values less than 1 - 1073 to values greater than 10, which depends on the solidification conditions — crystallization rate
and degree of mixing of the liquid. The kg values determined in different experimental methods and conditions of
directional crystallization cannot be compared with each other and cannot be operated on to construct any dependencies,
correlations, etc. The kg values can be used only for a rough estimate of the behavior of the components during
crystallization. The kg experimental values for a wide range of binary systems are given in [1].

The limiting distribution coefficient koims is based on the value of the equilibrium distribution coefficient kog upon
extrapolation of the content of the second component to zero concentration. The calculation methods for determining
koiimp depend on the type of solubility of the impurity in the base and are described in [3, 5, 6]. In these works, the
calculated values of the limiting distribution coefficient are given for many systems with different solubilities of the
components in the solid state. The temperature and concentration parameters were established there to achieve the
limiting values of koims: xrg <0.1 at. % and ATma <1 K. Below the specified parameters koims is defined uniquely and
assumes its constant value.

The equilibrium distribution coefficient of the impurity kog is equal to the ratio of the equilibrium concentrations
of this component in two adjacent phases, and not concentrations in general. Although in practice, equilibrium
© A.P. Shcherban, O.A. Datsenko, 2020
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solidification is rarely achieved, because the rate of diffusion in the solid state is usually low; to estimate the
distribution of the second component during crystallization of a substance from a melt, it is precisely the kop
equilibrium DC that have the main practical value as a reference material.

In the reference literature, experimental and calculated values of kog are given [1, 6]. As a rule, these values are
given for one concentration value of the second component, or even without indicating concentration. The equilibrium
distribution coefficient ko, by definition, characterizes the ratio between the concentrations of components in two
phases that are in equilibrium with each other under isothermal conditions. Based on the binary state diagram, the
dependence of this coefficient on temperature and concentration is determined in general terms by the formula:

kos (T, x) = f (xsp(T)/xLa(T)). (1)

Thus, the distribution coefficient can be considered as a function of temperature and concentration. If the liquidus
and solidus lines of the state diagram (SD) are known with sufficient accuracy, then it is possible to determine the
dependence of the equilibrium distribution coefficient functions on temperature and concentration for a fragment of the
SD, for example, on the melting point of the main component to the singular points on the diagram (minimum point ,
maximum, eutectics, etc.). The literature data of the dependence of the equilibrium distribution coefficient kog on
temperature and concentration for binary metal are very limited, therefore, research in this direction is of interest.

The aim of the work is to study the dependence of equilibrium distribution coefficients on temperature and
concentration for individual metal systems with limited solubility of components in the solid a-phase.

CALCULATION METHOD
In this work, we studied the following binary metal systems: Mg — Ag, Ag — Mg, Al — Mg, Mg — Al, Ni — Ga, and
Nb — Ge. The choice of these systems is due to the fact that they relate to systems with limited solubility and they were

——1
investigated for calculating such thermodynamic quantities as the partial dissolution enthalpy AH s, activity

coefficients ]/f; , and component activity ag in these systems [7].

An analysis of the state diagrams of the explored systems [8] showed that their solidus and liquidus lines in the
temperature range from the melting point of the pure component to the eutectic temperature are not linear and therefore
kog is a function of temperature and concentration in this interval according to expression (1).

To calculate the dependence of the equilibrium DC kos on temperature and concentration, we used the method for
determining the equilibrium distribution coefficients from binary state diagrams described in [6, 9]. This method
consists in the mathematical expression of the shape of the solidus and liquidus lines of state diagrams in the form of
second-order polynomials:

*2 *

Ty = popXep + qspXss + Ty (@)
*2 *

T, =pipXip 49X + Ty, 3

where Ts and T}, — solidus and liquidus temperatures, 7T).4 — melting point of the main component A, X, X, — molar

fractions of component B in the solid and liquid phase, expressed in at.%, pss, gss, prs, qis - regression coefficients of
approximating equations.

Since equilibrium DC is an isothermal concentration ratio x; / xz , equality have been observed
AT¢ =AT, =T,, -1, =T,,-T, =AT,,. 4)
Considering condition (4), from expressions (1) and (2), it is possible write the equality:
*2 £ _ *2 £ 5
Pss¥sp Y 9spXsp = PreXis + 918%X15 - (%)
From this expression it is possible to derive the obvious expression kog as a function of the impurity concentration:
C * £
ko = (pLBxLB +4q.s )/(pSBxSB t4qs3 ) (©)

In the same way, excluding concentration, it is possible to obtain an expression for the temperature dependence of the
equilibrium distribution coefficient:



65

Dependence of Interphase Distribution Coefficients on Temperature... EEJP. 4 (2020)

, Pis (i\/ qu —4puAT,, _qSB)
R .
Psp (i\/ qzs - 4PLB ATMA 4. )

The degree of temperature influence is determined by the specific properties of the considered pair of substances.

(M

The regression coefficients pg;, P,g, qg5. 4,5 Were determined by the least squares method using the pairs of

values taken from the state diagrams: Ts), Xss(i) and Twg), XLg). It should be noted the scope of the regression equations
(2) and (3). Their application is limited in the range from the melting temperature of the Tua of the main component to
the maximum temperature equal to the eutectic temperature Tmax = Tra.

As noted above, the limiting distribution coefficient koimg is determined by extrapolating the content of the second
component to zero concentration xg — 0 or at T — Twma. This value can be obtained from formula (6) for

* *

X =X =0.

Koims =418/ 455 - (¥

Table 1 shows the values of the regression coefficients of the approximating equations of the solidus and liquidus
lines of the investigated systems and the temperature range of applicability of the equations, as well as the first
calculated values of the limiting distribution coefficients koimg for such systems as Mg—Al, Mg—Ag, Al-Mg. For the
Ag— Mg, Nb — Ge, and Ni — Ga systems, the refined values of the limiting coefficient were obtained, which are in good
agreement with the reference values [6].

Table 1.
The values of the regression coefficients of the equations of the solidus and liquidus lines in the AB investigated
systems, the temperature range of the equations applicability and koimp values

System Ps gs pL qu ATwa, °C KolimB Koiim [6]
Ag-Mg | 0,0394 -8.3938 20,0458 46347 202 0.55 0.56
Mg - Ag 13,8307 -92,5442 -0,2139 -6,5556 178 0,07 -
Mg - Al 0,0799 -18,8156 -0,0917 -4,2488 212 0,23 -

Al - Mg 0,3810 -17,8458 -0,0210 -4,7629 210 0,27 -
Nb - Ge 3,7895 -89,9375 -0,4615 -15,4285 569 0,17 0,3
Ni -Ga 0,2098 -15,9277 -0,1198 -4,2990 243 0,27 0,4

Figure 1 shows the dependences of the equilibrium distribution coefficients kOTB depending on the ATwma
constructed by expression (7) for Ag—-Mg, Ni-Ga, Al-Mg, Mg—Al, Nb-Ge, Mg—Ag systems.
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Figure 1. Dependences of equilibrium distribution coefficients on ATma for systems
Ag-Mg, Ni-Ga, Al-Mg, Mg—Al, Nb-Ge, Mg-Ag.

An analysis of the obtained dependences shows that for the investigated systems, a linear dependence kOT g from ATma

is observed in the temperature range from the melting point of the main component Tma to the eutectic temperature Tga.
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The nature of the concentration, as well as temperature, dependence of the equilibrium distribution coefficient is
determined by the topology of the phase diagram drawing: the mutual disposition of the liquidus and solidus lines. To

determine the concentration dependence of equilibrium DC koc 5 » €xpression (6) is used. Table 2 shows the calculated

values koc » and kOT p in the investigated systems obtained from expressions (6) and (7) for the same ATwma values. As

can be seen from the table, either a complete coincidence of the obtained values is observed, or a slight deviation (<1%)

Table 2.
The calculated values of distribution coefficients koc B ,kOT » obtained for the same values ATma
Ag-Mg Nb-Ge Mg-Al
kop | kop | AT | ks | kgy | ATW ) ks | kg | AT
0.61 0.608 38.93 0.203 0.207 90.756 0.252 0.252 23.97
0.635 0.635 57.93 0.231 0.236 168.55 0.275 0.275 48
0.662 0.664 78.93 0.231 0.236 168.55 0.298 0.298 75.7
0.703 0.703 106.93 0.269 0.269 248.93 0.353 0.353 150.16
0.748 0.745 136.93 0.299 0.298 313.756 0.386 0.385 200
Mg-Ag Al-Mg Ni-Ga
ks | kip | AT ] ki | kg | AT ] kg | kg | AT
0.089 0.09 41 0,29 0.293 42.322 0.306 0.306 19.776
0.103 0.104 71 0,302 0.304 58.822 0.393 0.393 75
0.12 0.121 99 0.345 0.345 109.572 0.482 0.482 134.27
0.146 0.145 129 0.364 0.364 127.452 0.532 0.531 164.45
0.195 0.21 157 0.384 0.387 146.452 0.573 0.573 188.388

From the obtained coinciding values kOT g and koc » for the same ATwa values (table 1), it is possible to conclude

that the concentration dependence of the distribution coefficients will have, as well as the temperature, a linear
dependence.
From the expressions (2) and (3) it follows that the distribution coefficient can be represented as:

koy = f(x;); 9)
koy = f(xg). (10)

The extrapolation of these functions as xg — 0 allows us to determine the value of the limiting coefficient.
Figure 2 shows the dependence curves kOA s =1 (x 1>X B) for the binary systems studied in this work. To build the

concentration dependences, atomic percentages (at.%) of the components concentrations of the corresponding lines of
liquidus and solidus were used.

0,90
] Ag-M o
0,85 - |
1 0,18
0,80 )
] 1 2
1 2
0,75 0,15
=4 0,70 e J
1 0,12 -
0,65
0,60 - 0,09 -
| Me _. |
As - 0,55 K im 43007
0limMg | 0,06
0)50 T T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40 2 4 6 8 10 12 14 16 18 20
XX, s at.% Mg XX, at.% Ag

Figure 2. Dependences of equilibrium coefficients on the concentration of the second component in solid kg, = f(x;) - 1 and liquid
koy = f(x) - 2 phases for binary systems Mg-Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga, Nb-Ge.
(Continued on next page)
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Figure 2. Dependences of equilibrium coefficients on the concentration of the second component in solid kg, = f(x;) - 1 and liquid

ki =f (xL) - 2 phases for binary systems Mg—Ag, Ag-Mg, Al-Mg, Mg—Al, Ni-Ga, Nb-Ge.

The curves have a different character depending on the curvature of the solidus and liquidus lines. However, they
have a common intersection point as B — 0, which characterizes the limiting value koAlim 5 - The above calculations can

be considered an additional graphical method for determining the limiting DC, and (or) use it to refine and verify the
values of the limiting coefficients obtained by other methods.

CONCLUSIONS
By approximating the solidus and liquidus lines of the state diagrams in the form of second-order equations, the
parameters for determining the equilibrium distribution coefficients in the Mg — Ag, Ag — Mg, Al - Mg, Mg — Al, Ni —

Ga, Nb — Ge systems depending on the interfacial temperature equilibrium kOT 5 and concentration of components kOC 3
are obtained.

The dependences of the equilibrium distribution coefficients on temperature kOT 5 and concentration kOC » for the
investigated systems are constructed. In the temperature range from the melting point of the main component of Tma to
the temperature of the eutectic Ta, a linear dependence of k_, and kJj are observed.

By method of the analysis of binary state diagrams, the limiting distribution coefficients koimp for such systems as
Mg — Al, Mg — Ag, and Al — Mg were first determined. For the Ag — Mg, Nb — Ge, and Ni — Ga systems, refined values
of the limiting coefficient were obtained, which are in good agreement with the reference values.

Based on the constructed dependences, the limiting distribution coefficients koimg Were obtained for the Mg — Ag,
Ag— Mg, Al— Mg, Mg — Al, Ni — Ga, Nb — Ge systems, whose values coincide with the calculated values.
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3AJIEXKHICTH MIK®A3ZHUX KOEPIIMIEHTIB PO3MOJLTY BIJIl TEMIIEPATYPH I KOHIEHTPAIIIT
KOMIIOHEHTIB Y MOABINHUX METAJIEBUX CUCTEMAX
O.I1. Illep6ansb, O.A. Jauenko
Hayionanenuii Haykosuti yenmp XapKiecvoKuil Qisuxo-mexHiuHull iHcmumym
eyn. Akademiuna, 1, 61108, Xapkis, Ykpaina

B po06oTi BUKOHAHO pO3paxyHOK PiBHOBAXHHX Ko i rpaHndHHX Koim KoediuieHTiB po3noninenHs (KP) koMIoHeHTIB 1o miarpamax
CTaHy MOJBIMHMX MeTaneBUX cucteM Mg-Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga, Nb-Ge. Lli cucremu BiZHOCATBCS /O CHUCTEM 3
00MEKEHOI0 PO3UMHHICTIO 1 ISl HUX OTPUMaHi ampoOKCUMYIOUi PiBHSHHS JIiHIH cojiayca i JMKBiAyCcy y BHIJISIAI MONIHOMIB JAPYyroro
MOPSZIKY B 1HTEpBaJli TEMIEPATyp BiA TOUKH IUIABICHHS OCHOBHOTO KOMITIOHEHTa Tma 10 TemIepaTypu eBTEKTHKH Tea. BukonaHo
MaTeMaTHYHUI aHalli3 OTPHMAaHMX DiBHAHB A po3paxyHkiB KP. PospaxyHkoBuM i1 rpadiyHIM MeETOZaMH BIepIIe BH3HAYEHO
3HAUCHHS TPaHMYHUX KoedilieHTiB posnominy koims st Takux cucreM sk Mg-Al, Mg-Ag, Al-Mg. IlinTBepmkeno noBHuil 36ir
3HAUCHb KolimB, OTPUMaHMX pi3HUMHU MeTomamu. [l cucrem Ag-Mg, Nb-Ge, Ni-Ga orpumaHi yTOYHEHI BEJMYHHU T'PaHUIHHX
Koe]ilieHToM, sIKi 100pe 30iraroThCs 3 TOBIIKOBUMHE 3HaUCHHAMH. [100y10BaHO 3aJIC)KHOCTI PIBHOBAXHUX KOS(IIIEHTIB PO3MOALTY
BiJl TemIepaTypH i KOHIEHTpauil JuIs JOCHIDKyBaHMX CHUCTeM. Y JOCHiJDKyBaHOMY iHTepBaii Temmeparyp Bif Tma 10 Tea
CIOCTEepIraeThest JIiHIHHA 3aJIeKHICTh KOS]iLieHTIB PO3MOAiTY Bill TeMIiepaTypH i KOHIEHTpauil.

KJIIOUYOBI CJIOBA: piBHOBaxkHi i rpaHuyHi Koe(illieHTH pO3MOAiTy, MOJBiHHI MeraneBi cucremu, Mg-Ag, Ag-Mg, Al-Mg,
Mg-Al, Ni-Ga, Nb-Ge

3ABUCUMOCTDb MEX®A3HBIX KOO®PUIIUEHTOB PACIIPEAEJTEHUSA OT TEMIIEPATYPBI 1
KOHITEHTPAIIMM KOMIIOHEHTOB B IBOMHBIX METAJIIMYECKUX CHUCTEMAX
A.IL. lep6ansb, O.A. lanenko
Hayuonanvnorit Hayunwiii [Jenmp Xapbko6ckuil (huzuko-mexHuueckutl UHCmumym
ya. Akademuueckas, 1, 61108, Xapvros, Yxpauna

B paboTe BBINONHEH pacueT paBHOBECHBIX Ko M mpenenbHbIX Kolimp Kod(hduunentos pacnpenenenust (KP) koMnoHeHTOB Mo
JUarpaMMmaM COCTOSIHMSI BOMHBIX MeTaiulnueckux cucteM Mg—Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga, Nb-Ge. DTu cucremsl
OTHOCATCSL K CHCTEMaM C OrpaHHYCHHOW PACTBOPUMOCTBIO M U HUX OBUIM HOJYHYCHBI AMIIPOKCHUMHPYIOIIUE YPABHEHUS JUHUH
CONUJyCa M JINKBUIYCa B BHJIC IIOJIMHOMOB BTOPOT'O MOPS/IKa B MHTEPBAJIC TEMIIEPATYP OT TOYKH IIJIaBICHHS OCHOBHOI'O KOMIIOHEHTA
Twma 10 TeMHepaTypsl 9BTeKTHKH Tra. BrlnmonHeH MaTeMaTnueckuii aHamu3 MOJyYeHHBIX ypaBHeHHH 1t pacdetoB KP. Pacuernsim
1 rpaduuecKkuM METOAaMH BIICPBBIE ONPEeICHBI 3HAUSHUS TIPEETbHBIX KOd((GHUIMEHTOB pacpeesIeHUs! Kolim JUI TAaKHX CHCTEM
kak Mg—Al, Mg-Ag, Al-Mg. IToaTBepxJICHO TOJIHOE COBMAJICHUE 3HAUCHHUN KolimB, TIOJIyUYCHHBIX Pa3HBIMU MeToAaMmu. J[is cuctem
Ag-Mg, Nb—Ge, Ni-Ga mnoiy4eHbl YTOYHEHHBIC BEIHYHMHBI IPEEIBHBIX KOI((GUIMEHTOM, KOTOPHIE XOPOIIO COBHANalOT CO
CIPaBOYHBIMH 3HA4YEHUSAMH. [IOCTPOCHBI 3aBHCHMMOCTH DPaBHOBECHBIX KOI(Q()HUIMEHTOB paclpeiesieHHs OT TeMIepaTypsl H
KOHIIEHTpaLlMK JUIS HCCIIeNyeMbIX cucTeM. B unccnenyemom mHTepBane Temmeparyp ot Tma no Tea HaGmonaercss nuHeiiHas
3aBHCHUMOCTb KO3()(HHUIIEHTOB pacipe/iesIeHNs OT TEMIIEPaTypbl U KOHICHTPALIUH.
KJIIFOUYEBBIE CJIOBA: paBHOBecHBIE W TpelenbHble KOI(D(OUIMEHTH pacHpeleNieHHs, IBOWHBIC METAUTHYECKHE CHCTEMBI,
Mg-Ag, Ag-Mg, AI-Mg, Mg—Al, Ni-Ga, Nb-Ge



