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ABSTRACT

Only a few works have been devoted to thermodynamic studies of the lead-tin system by methods
including the volatile components evaporation process. When the binary system is separated into metals
by distillation, the volatile component is removed from the alloy and the low-volatile component
accumulates in the bottom products, that is, there are alloy composition changes over the entire
concentration range. It is necessary to know the boundaries position of the melt and vapor coexistence
fields on the state diagram, especially for solutions beneficiated with non-volatile metal to assess the
quality of the vapor phase by the content of the low-volatile component. In this regard, the study has been
completed with the purpose to clarify the values of the thermodynamic functions of the formation and
evaporation of lead-tin melts required to calculate the boundaries of the liquid and vapor coexistence
fields on the state diagram that enables us to judge the amount of a low-volatile component in the vapor
phase under equilibrium conditions. The thermodynamic activity of lead was calculated, as well as the
numerical integration of the Gibbs-Duhem equation using the substitution proposed by Darken is the
thermodynamic activity and pressure of saturated tin vapor Based on the values of the saturated lead
vapor pressure, determined by the boiling point method (isothermal version) for alloys predominantly of
the lead edge of the phase diagram. The thermodynamic constants thus obtained will add to the base of
physicochemical data and will be used to calculate the boundaries of the vapor-liquid equilibrium fields on
the phase diagram, allowing to determine the possibility and completeness of the distillation separation of
metals.

Keywords: Lead, tin, alloy, vapor pressure, thermodynamics, formation, mixing, evaporation, partial and
integral quantities, entropy, enthalpy.
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Introduction

The development of

The authors [4-11] have determined the
thermodynamic functions of formation by various
methods, [12-14] - the structure of melts and the

technology for tin refining from lead impurities with
subsequent industrial development [1-3] led to the
emergence of a significant number of studies in the
field of physical chemistry of lead-tin melts. Most of
them are devoted to the study of thermodynamics
and physical properties of the condensed phase.

a vacuum-thermal
associated  effects of homogeneity and
stratification.
Only a few papers are devoted to

thermodynamic studies of the lead-tin system by
methods including the process of evaporation of
volatiles. The authors of the [4] paper conducted a
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study of the thermodynamic properties of the lead-
tin system in the entire range of alloy compositions
at 730-790 °C based on the lead vapor pressure
determined by the modified Knudsen method with
the continuous weighing of the effusion cell. At the
same time, the values of the lead activity were
determined, and based on their thermodynamic
functions of the components and solution, a
conclusion about the molecular inhomogeneity in
liquid alloys was made.

A physicochemical study of the evaporation
process of the equimolar lead-tin alloy at
1,100 °C was performed in the [15] paper. The
authors studied the dependence of the
composition of the condensate on the evaporation
time and found that the composition of the vapor
above the solution and, therefore, the composition
of the condensate is determined by the
composition of the surface layer of the melt, which,
in turn, depends on the atoms movement speed of
the highly volatile component in the liquid alloy.

The thermodynamic study based on the values
of the lead vapor pressure determined at 873-1,073
K by the method of evaporation from an open
surface, was published in [16] paper. A positive
deviation of the system from the law of ideal
solutions was found, decreasing to the insignificant
one with the temperature rising.

The values of the excess functions of the lead-tin
system at 1,050 K, based on which it is possible to
calculate the value of the saturated vapor pressure
of the melt components under the assumption that
the indicated constants are independent of
temperature, are given in [17, 18].

Based on the results of all studies, as well as the
refined values of the saturated vapor pressure of
elemental tin and lead [19], it can be concluded
that there are no technological difficulties in the
distillation separation of alloys into separate
metals.

However, during the development of technology
to separate the multicomponent alloys, for
example, metal concentrates from waste
processing plants, during the distillation excreting
of volatile metals (zinc, cadmium, lead) and the
concentration of low volatile metals (copper,
aluminum tin) in the bottoms, a noticeable amount
of tin was found in the lead condensate.

When the binary system is separated into
metals by distillation, the volatile component is
removed from the alloy and the low-volatile
accumulates in the bottom residue, that is, the
availability of alloy composition changes over the
entire concentration range. In order to assess the

quality of the vapor phase by the content of the
low-volatile component, it is necessary to know the
position of the boundaries of the fields of
coexistence of the melt and vapor on the phase
diagram, especially for solutions enriched by non-
volatile metal.

In [20] paper, based on the results of the study
[16] at 873-1,073 K (600-800 °C), a calculation was
performed and the phase diagram of the lead-tin
system with fields of vapor-liquid equilibrium at
atmospheric pressure, 100 and 10 Pa, does not
correspond, however, to the cause of the increased
tin content in the condensate.

The processes of distillation separation of alloys
and refining of metals of the specified system occur
at temperatures of 1,000-1,350 °C (1,273-1,623 K)
and extrapolation of the vapor pressure values to
the indicated temperatures could lead to
inaccuracies in the calculations.

In this regard, a study aimed at clarifying the
values of the thermodynamic functions of the
formation and evaporation of lead-tin melts, which
are necessary to calculate the boundaries of the
fields of coexistence of liquid and vapor on the
phase diagram, which is indicative of the amount of
a low-volatile component in the vapor phase under
equilibrium conditions.

Study object, research methods, and
calculation methods

As an object of research, we used lead-tin alloys
of predominantly lead edge of the phase diagram
with contents of 93.93, 88.42, 83.08, 70.59, 50.65,
and 30.87 at. % (96.43, 93.02, 89.55, 80.73, 64.18
and 43.80 wt. %) Pb, and the rest is tin.

The alloys were prepared by fusing metals in
evacuated quartz ampoules with heating at
100 °C above the liquidus temperature, holding at
this temperature for 2 hours and stirring with
shaking, followed by quenching in water. Alloys
were prepared using lead, 99.999 wt. % and tin,
99.99 wt. % of the principal element.

The partial thermodynamic mixing functions was
the basis to find the activity value, defined as the
ratio of the partial pressure of the component over
the solution to the value of the saturated vapor

=P /p;

pressure over the elemental metal:

& s thermodynamic activity; Piis the
[o]

partial pressure of steam; i is component; Pi is the
saturated vapor pressure of the same component
over the elemental metal.

where:
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The boiling point method (isothermal version)
described in detail earlier [21] was used to
determine the value of the saturated vapor
pressure, the method is based on the significant
increase in the evaporation rate when the external
pressure and the saturated vapor pressure of the
test substance are equal with a decrease in
pressure above the melt at a given temperature.

Since the vapor pressure of elemental lead at
temperatures of 1,200 — 1,300 °C (1,473 -
1,573 K) according to [19] is (3.5 - 6.5) 10* times

higher than the tin vapor pressure, it was
considered that the total vapor pressure
determined by the boiling point method

corresponds to the saturated lead vapor pressure.
Argon was used as a volume filler gas in the boiling
point method.
The partial free energy of alloy formation was
AG™ =RTIna
calculated as i i

partial entropy of mixing -

(eAG™ 1aT) =-AS™

I mix __ A > mix . fmix
partialenthalpy—AHi =AG™ +T-AS, .

Aé'mix AS_.miX A|__|'mix )

From now on: P i i - partial free
energy, partial entropy, and partial enthalpy of
mixing is component, respectively. From now on, T
is the temperature, K.

Integral mixing functions are calculated as the
sum of the fractions of partial values.

Tin activity was found from the expression

Asn = Vsn 'XS”, tin activity coefficient (7/5“) by
numerical integration of the Gibbs-Duhem equation
using the auxiliary function proposed by Darken
[22]:

In __|n7pb'pr'X3n+ o INypy d
Vsn = 2 -0 2 Pb
XSn Yeo= (1_ XPb) and

then the partial functions of tin mixing during alloy
formation.

The partial free energy of evaporation is
determined based on the values of the partial
pressure of the saturated vapor of the melt
components as:

~evap _ D.
AG?® =—RT In pi[afm], and entropy and

enthalpy are similar to those in the formation of an
alloy.
The temperature dependences of the activity

(app) and the partial pressure of lead vapor ( pr)
for each of the compositions were described by

Arrhenius type equations. Then by approximating
the dependence of the coefficients in the equations
on the concentration of lead (xps) in the alloy, we
obtained the temperature-concentration
dependence of the activity (ass) and the partial

pressure of tin vapor ( Psn ).

The error in determining the thermodynamic
constants is taken to be equal to the error in
determining the values of the saturated lead vapor
pressure, as the sum of the errors of independent
measurements, %: temperature - 1; weighing - 0.1;
pressure 0.5; approximation of experimental data -
6.18, equal to 7.78.

Results and its discussion

The coefficients of the equations of the
dependence of the saturated lead vapor pressure
on temperature for each of the alloy compositions
are given in Table 1, for each of the alloy
compositions are given in Table 1, where the vapor
pressure of the lead itself was determined by us
earlier [23].

Table 1 - Coefficients of the equation of the dependence
of the partial lead vapor pressure on temperature

Lead content in the _ A
In ppy[/1a]l=—+B
alloy: T
atom. % | mass. % A B

100 100 -22165 22.521
93.93 96.43 -22216 22.490
88.42 93.02 -22291 22.475
83.08 89.55 —22388 22.469
70.59 80.73 —22705 22.493
50.65 64.18 —23458 22.606
30.87 43.80 -24476 22.725

The partial pressure of saturated lead vapor for
the entire concentration range of the Pb - Sn
system is represented by the expression:

In P, [77a] = (—708x3, —2368x2, + 743x,, —
—26525)-T * +0,197 x3, +1,884x2, —
— 4,737 Xpp, + 25177 + In X,

tin corresponds to the dependence:

In P, [I7a] = (708x%, —5554x2, +8408x,, —
—39759 +576In x,,)- T+ —-0,197x3 +
+2,77x5 — 4,572, + 26,085 + 0,622 In X,

—— g4 ——
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Figure 1 - Isoactivities of lead (1, 2) and tin (3, 4)
at temperature, K

The isoactivities of lead and tin at the boundary
temperatures of processing polymetallic raw
materials [1,000 — 1,300 °C (1,273 — 1,573 K)] are
shown in Figure 1. The system, in contrast to the
research data [16], is characterized by a slight
negative deviation from the law of ideal solutions,
which indicates some interaction between
dissimilar metals in liquid form. The dependence of
the activity coefficients of lead and tin depends
little on temperature, and at 1,573 K (1,300 °C) the
system is close to ideal.

The concentration dependences of the partial
and integral entropies and enthalpies of mixing of
lead-tin solutions are shown in Figures 2 and 3.

The integral entropy of mixing in the lead-tin
system differs significantly from that for an ideal
system, both in magnitude and in sign. This
indicates a negative value of the excess function.
The enthalpy of mixing is negative in the entire
range of melt concentrations, therefore, the
solutions are formatted exothermic, with the
release of heat.

The integral entropy of alloy formation is
approximated by the expression:

ASH, =—32,135x4, + 69,8073, —

— 47,627 X2, +9,955 J/(mol-K),

enthalpy —
AHI* =9,464x3, +25,607x2, —35,071, kJ/mol

The values of the thermodynamic functions of
evaporation of lead-tin system alloys are
summarized in Table 2.

Mixing entropy, J/(mol*K

0 0,2 0.4 086 0,8 1
Ph, moale fraction

1 —integral; 2 — lead; 3 —tin;
4 —for an ideal system

Figure 2 — Integral (1, 4) and partial (2, 3) entropies
of mixing in the lead-tin system.

'I -

14

Enthalpies of mixing, kj / mol
©

_1 g L ]- 1 L 1
] 0,2 0.4 0,6 0,8 1
Pb, mole fraction

Figure 3 — Integral (1) and partial (2,3)
enthalpies of mixing in the lead-tin system

The partial entropies of lead and tin evaporation
constant within the experimental error in the entire
range of alloy concentrations. The partial enthalpy
of metals evaporation is expected to increase as
the concentration of each of the constituents in the
system decreases. Integral functions are described
by concentration equations:

ASEE = -7,215x}, +10,499x2, —16,549%,, +104,43
J/ (mol K) and
AH Y, = ~38,599x3, —77,535%,, +300,95 | 5/ )

The values of saturated vapor pressure and
thermodynamic constants obtained in this way are
used to construct a complete phase diagram,
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Table 2 — Partial and integral entropies and enthalpies of formation and evaporation of lead-tin alloys

’

"7 evap
AH Pb
kJ/mol

’

Al'_| evap
Sn
kJ/mol

evap
AH Pb-Sn /
kJ/mol

184.29+14.34

184.29+14.34

185.13+14.40

335.06+26.07

200.12+15.57

186.69+14.52

326.09+25.37

214.57+16.69

188.93+14.70

319.36+24.85

228.06+17.74

191.80+14.92

314.00+24.43

240.68+18.72

195.28+15.19

309.74+24.10

252.51+19.64

199.33+15.51

306.42+23.84

263.58+20.51

203.92+15.86

303.95+23.65

273.94+21.31

209.00+16.26

302.25+23.52

283.60+22.06

214.56+16.69

301.27+23.44

292.60+22.76

Alloy C evap C evap evap

composition, ASPb , ASSn , ASPb—Sn'

mol. share. J/(mol K) J/(mol K) J/(mol K)
Pb Sn
1.0 0 91.42+7.11 - 91.42+7.11
0.9 0.1 91.06+7.08 | 105.57+8.21 92.51+7.20
0.8 0.2 91.00+7.08 | 106.03+8.25 94.00+7.31
0.7 0.3 91.20+7.10 | 105.45+8.20 95.48+7.42
0.6 0.4 91.61+7.13 | 104.69+8.14 96.84+7.53
0.5 0.5 92.16+7.17 | 104.01+8.09 98.09+7.63
0.4 0.6 92.74+7.22 | 103.54+8.06 99.22+7.72
0.3 0.7 93.13+7.25 | 103.32+8.04 | 100.26%7.80
0.2 0.8 92.88+7.23 | 103.39+8.04 | 101.29+7.88
0.1 0.9 90.58+7.05 | 103.75+8.07 | 102.43+7.97
0 1.0 - 104.43+8.12 | 104.43+8.12

300.95+23.44

300.95+23.44

including the fields of coexistence of melt and
vapor at atmospheric pressure and in a vacuum.

The partial entropies of evaporation of lead and
tin are constant within the experimental error in
the entire range of alloy concentrations.

The partial enthalpy of vaporization of metals is
expected to increase as the concentration of each
of the components in the system decreases.

Integral  functions are  described by
concentration equations:

ASE® = —7,215x, +10,499x%, —16,549X,, +
+104,43 1/ (mol K) and

AHS®.  =-38,599%3, —77,535x,, +300,95 kJ/mol.

Conclusions. As a result of the study conducted
by the boiling point method at processing
temperatures of metal concentrates from garbage
processing, the values of the saturated vapor
pressure of lead and its thermodynamic activity
were determined, based on which the partial and
integral entropies and enthalpies of formation of

evaporation of liquid lead-tin alloys were calculated
using known methods.

The values of saturated vapor pressure and
thermodynamic constants produced in this way are
used to construct a complete phase diagram,
including the fields of coexistence of melt and
vapor at atmospheric pressure and in a vacuum.

Similar works [24-28], performed at the
Institute earlier, showed the practical significance
and technological relevance.
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TYWNIHAEME

KypambIHaFBl YIIATHIH KYpayHIbUIAPBIHEIH —(KOMIIOHEHTTEpPiHIH) OylaaHy IpOIECiHeH TYpaThIH
omicTepMeH KOpFachIH-Kaaiibl XKYIeciH TepMOJMHAMUKAIIBIK 3epTTeyiaepre GipHelue KyMbICTap FaHa
apHanran. Koc okyfieHI muCTWUIILMS OficiMeH Meranmapra OenreHie, YMIATBIH KOMIIOHEHT
KOPBITIIA/IaH LIBIFApPbUIA/IBI )KOHE a3 YIIATBIH KOMIOHEHT TOMEHTT KaJIbIKTa KUHAIA/BI, SIFHU KOPBITIIA
KypaMmbl OVKil KOHIEHTpauus ayKbIMbIHOAa e3repedi. By asachlHBIH camachblH a3  YIIKBILI
KOMIIOHEHTTIH Meuuepi OofibiHIIa Oaranay YIniH OajKbIMAaHBIH JKOHE OYIBIH KaTap IKYPETiH
opicTepiHiH Ky [OuarpaMMachlHIaFbl LICKapajiblk OpHBIH, ocipece YIIMaWThIH MeTajlJapMeH
OaiibITBUIMAFaH epITIHIep YIUiH OpHANACYBIH, Oty KaxkeT. OchiFaH OailTaHBICTBI KOPFAChIH-Kasaiibl
GaJIKbIMaJIapBIHBIH Taiina 00mybl MeH OylaHYbIHBIH TEPMOAMHAMHUKAIBIK (QYHKUMSIAPHIHBIH MOH/EPIH
HAKThUIAYy MaKCaThIHIA 3ePTTeY XKYPIri3iii, oJap Kyil AuarpaMMachlHIaFbl CYHBIKTHIK IeH OyabIH Oipre
GonaThIH KaFdaiiiarel epiCTepiHiH IIeKapalapblH ecenTey YLIH KaXeT Tele-TeHAIK KaraaibiHaa Oy
(asachiHIAFBl a3 VIOKBIII KOMIIOHEHTTIH MOJILIEPiH aHbIKTayFa MyMKiHmik Oepemi. Kyit
MarpaMMAachIHBIH = HETi3iHEH KOPFAChIH OpHAJaCKaH O KAaFbIHIAFbl KOPBITIANAp YLIIH KaiHay
TeMIepaTypacsl OAiCiMEH (M30TEPMMSUIBIK HYCKA) aHBIKTAFAaH KOPFACHIHHBIH KaHBIKKAH Oy
KBICBIMBIHBIH MOHJEPIHE CYI€HE OTBIPBII, KOPFACBIHHBIH TEPMOAMHAMHKAIBIK OCICEHAUTIr ecenTenai
oHe JlapkeH YChIHFAaH ainMacThIpyIbl KoigaHaTelH ['HOGC-/[oXeM TeHaeyiH CaHIBIK HHTErpaniay
apKbUIbl KaJlailbIHBIH TEPMOJANHAMHKAJIBIK OCJICEHIUIINT MEH KaHBIKKaH Oy KbBICBIMBI €CENTeNIi.
Ocsburaiiiia ~ anplHFAaH —TEPMOJMHAMHKAIBIK TYPAaKThUIAp  (DH3HKAIBIK-XUMUSUIBIK  MAJIIMETTepIi
TOJNBIKTBIPAAbl JKOHE (hasamblK [uarpamMma OOMBIHIIA Oy-CYHBIKTBIK Tere-TeHIIK ©OpiCTepiHiH
IIeKapalapblH ecenTey YIIiH MaifaNaHbUIaThiH 00Iabl, Oy MeTangapAbl AUCTHIUIALHSUIBIK OOTyTiH
MYMKIiHIIKTEpi MEH TONBIKTHIFBIH aHBIKTAyFa MYMKIHIIK Oepe/i.

TyliiHOi ce3dep: KopFacblH, Kanaibl, KOpbITNa, By KbiCbiMbl, TEPMOAMHAMMKA, Naiiga 6oy, apanacy,
6ynaHy, napumanbai *KaHe MHTerpanabl Wamanapbl, SHTPOMMUSA, SIHTANbMNUA.
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AHHOTAUMUA

TepmMoAMHAMUYECKMM UCCNEL0BAHUAM CUCTEMbI CBUHEL, — OJIOBO METOAAMM, BK/KOYAIOLLMMM NPOLLEcC
MCNapeHUn NeTy4YnX COCTaBAAIOWMX, NOCBALLEHO NMLIb HECKObKO paboT. Mpu pasgeneHun agoiHon
CUCTEMbI Ha MeTaiNbl AUCTUANALMEN NPOUCXOAMUT yAaNeHWe /IeTyyero KOMMOHeHTa M3 cniasa u
HaKonieHne mano fieTydero B Ky6oBOM OCTaTKe, TO eCTb MMEeT MecTo M3MeHEeHMe CocTaBsa Criasa Bo
BCEM WHTEpPBase KOHLEHTpAUMi. [NA OLEHKM KayecTBa NapoBoit $asbl MO COAEPNKAHWIO Mano
NETYYero KOMMOHEHTa HEOBXOAMMO 3HAHWE NONOMKEHWA TPAHUL, NOJIEW COCYLLECTBOBAHUA pacniasa u
napa Ha gMarpamme COCTOAHMA, 0CO6EeHHO A/1A PacTBOPOB, 06OraleHHbIX He IeTyYum meTtannom. B
3TO CBA3M, BbINOAHEHO UCCNEA0BaHME, UMEIOLLEe Le/Iblo YTOYHEHME BENNUYUH TEPMOAMHAMMUYECKUX
bYHKLMIA 06pa3oBaHNA M MCNAPEHUA CBMHL0BO-0/I0BAHHbIX PacnaaBoB, HEOBXOAMMbIX ANA pacyeTa
rPaHUL, NONEN COCYLLECTBOBAHMA KUAKOCTU U Napa Ha AMArpamme COCTOSHWA, NO3BONAIOLLMX CYAUTb
0 KO/IMYECTBE Maso NIETY4ero KOMMOHeHTa B MapoBoit pase B paBHOBECHbLIX YCI0BUAX. Ha OCHOBaHMK
BE/MYMH [aBNAEHWA HaCbIWEHHOro napa CBMHLA, OMNPeaeNeHHOro MeTOAOM TOYeK KumeHus
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(M30TEPMUMYECKMIA  BapMaHT) AON18 CNJIaBOB NPEUMMYLLECTBEHHO CBMHLLOBOrO Kpas Amarpammbl
COCTOAHMA, pacCcyMTaHa TEPMOAMHAMMYECKas aKTMBHOCTb CBMHLA, a TaKXKe YUCNEHHbIM
MHTErpupoBaHuem ypasHeHus [M66ca-[llorema C MCNO/Mb30BaHWMEM MOACTAHOBKM, NPEANOMEHHOM
[apKeHoMm, - TepMOAMHAMMYECKAA aKTUBHOCTb M AaBNEHWE HACbILWEHHOro Napa 0/108a. MonyyeHHble,
TakMM 06pa3om, TEPMOAMHAMMUYECKME KOHCTAHTbl MOMOAHAT 6a3y GU3MKO-XMMUYECKUX AAHHbIX M
6yayT MCNONb30BaHblI ANA pacyeTa rpaHuL, nosnei NapoXKMAKOCTHOTO PAaBHOBECUA Ha Auarpamme
COCTOAHMA, MO3BONAOWMX ONPEAEIMTb BO3SMOMXKHOCTb M MOIHOTY AWUCTUANALMOHHOIO pasaeneHus
MeTasnos.

Knwoueevle cnoea: CBuHel, 0/10BO, CMAae, [AaBfeHWe napa, TepMoAMHAMMKa, 0b6pasoBaHue,
CMeLLeHNe, UCNapeHne, MapUManbHble U UHTErpanbHble BENNYMHBI, SHTPOMNUA, SHTANbNUA.
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