Journal of Thermal Analysis, Vol. 42 (1994) 521-338
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Abstract

R-function method for predicting the ternary thermodynamic properties from its binary ones
was applied to the ternary system Pb-Bi—Mg. Activities, activity coefficients, partial and integral
molar quantities for Pb, Bi and Mg for the quasibinary sections Pb-X (X = B, C, D, E, F) in
the investigated ternary system Pb-Bi-Mg calculated by means of R-function method are given
in this paper. Also, it was determined that results obtained by R-function method reach a good
agreement with the experimental results obtained by Oelsen calorimetry.
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Introduction

Many formulae for predicting ternary thermodynamic properties from bi-
nary ones has been reported by several investigators, such as Kohler, Muggianu
[1], Colinet [2], Toop [3], Hillert [4] and Chou [5-7]. These methods are spe-
cially useful in cases of experimental difficulties, such as: elevated tempera-
tures, corrosive atmosphere, etc.

Investigated ternary system Pb-Bi-Mg is of the practlcal interest for the ex-
tractive metallurgy of lead [8]. During the refinement of lead from bismuth by
magnesium, many processes in the ternary system Pb-Bi-Mg are occurring. In
spite of the great importance of the thermodynamic determination of this sys-
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tem, there are just a few articles dealing with thermodynamic behaviour of the
ternary system Pb-Bi-Mg [9-11]. The presence of magnesium, which oxidize
easily, makes experimental measuring difficult (especially in the magnesium
corner of the investigated system). That was the main reason for thermodynamic
prediction applying. '

2 3

Fig. 1 The geometric representation of the R-function method

Pb 0,0 03 05 ' 0.7 ' 09 Bi
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Fig. 2 Ternary system Pb-Bi-Mg
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Fig. 3 The plot of o function vs. mole fraction at 973 K (A - system Pb-Bi, B - system Bi—
Mg, C - system Mg-Pb)

Table 2 Polynominal coefficients of o function for Pb-Bi, Bi-Mg and Mg—Pb binary systems
at 973K /Jmol™

System a, a ap as
Pb-Bi —4330 -3278 4838 -1742
Bi-Mg ~-50604 58166 —401304 340639
Mg-Pb 41789 29147 0 0

In this paper, R-function method for predicting thermodynamic properties
from binary ones, proposed by Chou [5—7], was used for the thermodynamic
investigation of the ternary system Pb-Bi-Mg. This method was chosen for its
simplicity as compared with other methods of predicting.

According to Chou [5-7], the ternary molar excess free energy, AG" can be
expressed by the following equation

AG”™ = x;AGY / (1—x1) + x;AG;% / (1—X2) + 0AGH /(1-X3) (1)

where AGT; , AG3 , AG31 indicate the binary molar excess free energies for
the 1-2, 2-3, 3-1 binary systems respectively. The geometric representation is
shown in the Fig. 1.

Equation (1) can be rewritten in the following form in terms of a function

AG™ = X107 + X2X30123 + X3X1031 2)

J. Thermal Anal., 42, 1994



525

ZIVKOVIC et al.: TERNARY SYSTEM Pb-Bi-Mg

09—

9576~ €8LIT— 89E8Y~ 68SH— €60 €000 9950 €€'T 8200 6690 Y¥89 68887 ¥68T- 64
80T0T— 9SOt~ LESOT- €6SES— 96TS— LT0 1000 61570 6S€'1  LIOO TTLO €8VT €91€E~ 8€97- 89
8€SOI— 9SLE~ 6Tv8— 681SS— 1859 €SE'0 1000 €990 9LI'T 9100 $OL'O IIEl 6L9¢€~ v¥8T- LA
88601~ 99€€- SESO-  8TISS— 9178~ 9%P'0 1000 T9£°0 PIT'T  L100  1L9°0 LL8  698T¢- 1€Te~ 94
6186~ L68T- 0964~ 98YSS— €v10T- TS0 1000 S8T'0 €80°'T 1200 $€9°0 L¥9 TSTIE- $89E-  ¢d
9588~ 0967~ 099¢— 166vS— 68€TI~ 9¢9°0 1000 91T°0 90T 8200 1090 €LV TS68T- STI~  vE
YOSL—  ELLI- ¥LST- 6VEVS— 8LOST- LTL'0 1000 SSI°0 POl 0V0'0  PLS'O T1€  €86ST— L8¥y~ €4
0£LS— T~ €91 096ES— 89S8I- 918'0 1000 101°0 0T $E9°0 6550 €91  PIETT- 969 4
6YPE-  LSS— S08-  bPISS— €SIpT- $060 1000 150°0 900'T  601'0 1950 8y I68LI- #L9v 1€
—luos.h ~|~OE.M -I—OE.H -i—OE.—.

IOV IxDV /%O /Mo /HEo W Wy  p adb WL vk /45 /Mo /¥o uonoog

sonnusnb srwwuipowsoy ],

SN-1g—qd waysks Areum) sy up poypw uoyouny-y Aq Surimd stweukpounoyy ay; Jo s)Nsoy ¢ IAqEL

Thermal Anal., 42, 1994

J.



g

ZIVKOVIC et al.: TERNARY SYSTEM Pb-Bi-M

526

80781- I£11I—- THOL— 86YST- 95891 610 €¥0°0 ¥CI°0 L81'y 8S1°0 861°0 ¢8S1T 906¥1- 6IIET— 6D
189L1— 0896~ 68FL— 0€9TE~ vievi— 96£°0 8100 8S1°0 186'T #L0'0 ¢€8C°0 0€SS  S8OIT- +CTOI- 8D
19991 1978~  €L89~ 6TT9¢~ 89THI- 8Th'0 1100 1L1°0 STK'l  $S0°0  6¥E°0 9987  PO9ET~ L6¥8— LD
€8CST— €L89— OLLS™ 8¥T8¢~ 00SVI— 06¥'0 6000 L91°0 STTT 6¥0°0 L6EO €91 9LEYT- T8YL— 90
66SEI— 1TSS~  TLSY LIS6E~ 68EST~ 895°0 8000 6¥1°0 LET'T  050°0 9Tv'0 9€01  OLIYT— 9689 150
SE9II— ¥IT— OSPE~ 6ZYOT— PESII- €99°0 L000 STIO 880’1 950°0 9t+v0 789  LLTET 9¢S9— ¥
P6€6~ OL6T—  BSYT~ EPTII— 9881~ 8¢€L'0 9000 L60°0 $SO'T  890°0 T9v°0 Lty VYOLIT O¥T9- [20)
LS89~ OTBI—- 98SI— 6LE€Ty 69LIT T80 S000 8S0°0 870'T 680°0 ¥84°0 0TT  6LS61— 985~ [49]
£€6€— 608 88L- €96y~ S8L9T- L06'0 +00°0 9t£0°0 800'1 6C1°0 175°0 9 L6S91—~ €LTS- 19
| Jowf  Jow.g (Jow-f (Jow-f
WOV 1OV 12 /o /j0 Wp Ko iEp qdb 3L gk /4o /o /o uomddg
sannuenb srweuipourzoyy
panunuoy) € AqEL

J. Thermal Anal., 42, 1994



527

ZIVKOVIC et al.: TERNARY SYSTEM Pb-Bi-Mg

LOLYC~ 160L1- T686~ OLYSI— OLELE- v6Z°0 810 6000  vP6'T 8IE'D TIOO SEL8 0106~ 1160~ 64
8967C~ YEVPI- 1TS8— STIIT- I€STE- 6Y€'0 690°0 0200  vHL'T TLI'O 1500 66vy 9ITYI- 611y~ 8d
S6L0T- 6T611- PESL— 6LSST~ SBLELT- P6E'0  THO'O PEO'0  EIET IZI'0 L60°O 907C 980LI- 9881~ LA
TUP8I- €196~ 99€9~ 1ST8T— 899VT- SSP°0  0£0°0 LPO'O  8EI'T 1010 8SI°0 LYOT  11$81- 6T6v1- 9d
116S1- 00SL~ T60S— OPTOE~ 6ITET- £6S°0 $T0°0 LSOO  990'1 S60°0 LITO SIS S006I- $00ZI-  sA
TLTEI- $S8SS— 8EBE— EV6IE~ POGTT- 779'0 6100 6500  LEO'T 9600 S6T0 S6T  $T68I- ¥886~  vA
v8YOI— 198¢-  689C~ 699€€- 9LIET- LIL'0O 9100 ¥S0'0  STO'T #OT'0 LSEO 961  TTEsI- 67€8- €A
10SL- T€€C-  S891— 1T8SE~ 60LST- TI8'0 7100 THO'O  SIO'T 6110 LI¥O 1T ¥6ILI- T80~ T
PITy—  €201- 608~ £796E~ 0600~ S06'0 LOD'0O 200 SO0l 610 S8Y°0 EF  68£SI— 958  1d
—I—OE.H _l—oe.h ~1_0_‘—-.—. T—Oﬂu.h

IwOV 1OV 1o 1Mo Ifo Wdp  Wp p adtl Bk 1k /40 /o /@ uondng

sannuenb srwsudpounioy L

penunuoy ¢ AqEL

Thermal Anal., 42, 1994

J.



ZIVKOVIC et al.: TERNARY SYSTEM Pb-Bi-Mg

528

8E9VT— ISOLI~ SI9TT~ LLS8- €£C€9-  690°0 9PE'0 0000 1690 6vs'0 10070 8867~ 6€8— IvoTs- 63
09S€ZT- 8SSSI— LOSST— 6€Z€1~ ISEpS—  LPI'O ¥61°0 1000  SEL'O 8YE'0 SO0'0 L8YT~ 6vS8— 9087y~  8d
L7912~ LTTEI- 11811~ TI0LI- TThov-  TELO TTI'0 €000  ¥LL'O 6YCO SIOO TL0T- 1HTII- LeLEE- LA
LET61- 8TBOI- 6VO6— POIOZ- 95866~  LTEO €80°0 LOOO  LIS'O 8610 000 L€91- 980€1- §865T- 9
L6S9T- 6IS8~ T8L9- T9LIT- 6I6vE-  TEV'O 6500 €100  S98°0 ILI'O 6800 pLIT- 69TPI- 78561~  ¢H
86LE1— LLE- 098K 6€IST- 68LIE~ 8PS0 PYO'O 6100  vI60 8SI'0 $91°0 8TL~  TrEYI- LEOYI-  ¥E
LSSOI- €€V PPTE~ PIBLT- SOSOE-  699°0 TE0'0 €200  LS6'0 ESI'0 9STO 6sc~ 68151~ 97011~ €3
LELL~ 00LT- 1761~ S060€- 11TIE-  68L°0 1700 1200 9860 LSI'0 TSEO 911~ 000SI- Tsv8~ 4
STEr—  10Z1-  §98—  SSLSE- SO8yE-  668°0 TIOO  $I00 8660 TLI'O ISHO T~ epTvl- 69~ 14
—I—OE.H —I~®E.h ~I~OE.H _|~OE.—.

IOV OV %0 /Mo /o “Wp  Wp  wp t  Bwk ok /Yo /Mo /o uomeg

saynuenb stureufpowsoy ]

ponuUnUOD € KL

J. Thermal Anal., 42, 1994



529

ZIVKOVIC et al.: TERNARY SYSTEM Pb-Bi-Mg

8EPYI— THP6~ TO6YOY— SLTE- T9I6S8— 000 L99°0 (] 1900 $T8°0 €000°0 99817~ OLST— €399~ 64
$9¢91~ €T1¥0I- EvP8T— 9819— 18708~ 6200 S9YV°0 0 6V1°0  9¥9°0 90000 E€TPST— 67SE~ 6V86S— 84
LOOLT— +TTOT— €8€0T— €2€6~ 1691L- 0800 91£0 10000 89T°0 10$°0 7000 €V901— 6866~ 6L10S— LA
LESPI~ ST6L— T8001- POBSI— £69€S— 882°0 TYI°0 1000 SLS'0 SIE0 9700 SL¥— vve6— 6SP6T- S
66LTI— €0£9— 8IL9— 9€I6I— P669Y— 9¢v’'0 $60°0 £00°0 9ZL'0 1970 SLO'O 9867~ 1L801—- SS60T- vd
[€€0I— 0094 LLIVy— OL9TT- OLSTY— L6S0 1900 S00°0 7S8°0 STTO 991°0 1621~ 8LOTI— vOSPI— €4
88vL— V16T~ 86TT— €SL9T— €OLIV— €6L°0 LEO'O 900°0 I¥6'0 €070 88T'0 €6y~  I88CI— LSOOI—- T4
9ETY—  EPEI— TS6—~  0T9TE— 68T 688°0 8100 #0000 8860 L61°0 6140 001- IvI€l— S€0L—- 14
jJow-g | jourg (low-f ,Jourg
WOV 1edDV /%5 /Mo /Yo Wp Wy o 9t BWh gk /%0 /’Mo  /@p wuonpog
sonnuenb orwsuipounsoyy
penunuo) ¢ IAqe],

J. Thermal Anal., 42, 1994



ZIVKOVIC et al.: TERNARY SYSTEM Pb-Bi-Mg

530

Qd,

S0

L0

60

qd 6

L0

(4-9d - @ ‘G-Pd - P ‘A-9d - @ “0-9d - 9 ‘€-9d - ¥) N £L6 18 UOHORI] O[ow 'S4 G 10} SIAINO AYATOY p ‘Big

Gdx

SD £0 10

4d 60

L0

S0

€0 0 3

ad 60

Lo

Qdx
]

£0

1o

a

-

Qd

14

!

7

(p
a4 60 L0

S0

(>
9d 60 L0

50

10

€0

S0

qd
Lo

160

€'
s
ad,,

L0

60

J. Thermal Andl., 42, 1994



ZIVKOVIC et al.: TERNARY SYSTEM Pb-Bi-Mg

where
ap=AGH /xi(1 - x1)
0 = AGy 7 x(1 = x2)

531

31 = AG31 / x3(1 — x3) 3)
R-function is defined as [5-7]
R=AG" /(1 - x) =x(1 = y)arz + (1 = x)y(1 ~ y)ozs + xyos;  (4)
where
y=x/(1-x1) (%)
Mg
S 2
Qr\f % o-R - function method
e -expertmentat
o
Vo
Pb — . L i . ) A B;
0.1 0,2 0.3 0.4 0,5 06 07 0,8 09

__-)(Bi

Fig. 5§ Isoactivity curves for Pb in the ternary system Pb-Bi-Mg at 973 K
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Substituting o function expressions fitted by third degree polynom

A = a, +aiX + ax + ax’

(©6)

into Eq. (4) will obtain the value of R-function. The excess partial molar free
energies Gy, Gy, G5 can be calculated then

G? = (1 - x))(oR / oxy)y

1
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Fig. 6 G¥, GY., G, vs. molar content at 973 K (J/mol) (1- Pb-B; 2- Pb-C; 3- Pb-D; 4- Pb-

E; 5- Pb-F)
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Gy =(0R/y) /o(1 -y, —x:GT /(1 —x1)
Gy=0R/(1-y)/c(1 /1=y -0Gr/(1-x1) (M)

Results and discussion

In intention to cover the whole concentration area of the ternary system Pb—
Bi-Mg, five quasibinary sections, Pb-X (X = B, C, D, E, F), were investi-
gated and that is presented in the Fig. 2.

Composition of the chosen alloys in the investigated quasibinary sections is
given in the Table 1.

The excess free energies of three binary systems Pb-Bi, Bi-Mg and Mg-Pb
are taken from Hultgren et al. [12]. The plots of a function of three binary sys-
tems vs. mole fraction x at the temperature 973 K are shown in Fig. 3.

Mg

o-R - function method
e — experimental

Pb 0.1 0.2 0,3 0.6 0,5 0,6 0,7 08 09 Bi

X

Fig. 8 G} in the ternary system Pb—Bi~Mg at 973 K (J/mol)
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o-R-function method
o - experimental

Pb \ i

0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 090

Fig. 9 Gpb in the ternary system Pb-Bi-Mg at 973 K (J/mol)

o functions have been fitted by third degree polynom and the fitting coeffi-
cients are listed in the Table 2. :

Results of activities, activity coefficients and other partial and integral molar
quantities for Pb, Bi and Mg for the investigated quasibinary sections Pb—X
(X = B, C, D, E, F) in the ternary system Pb—Bi-Mg predicted by means of
R-function method are given in the following Table 3.

Activity curves for Pb at 973 K for all investigated sections in the ternary
system Pb-Bi-Mg are given in the Fig. 4. Sections Pb-B, Pb-C and Pb-D show
positive deviation from Raoult law, and the other sections Pb-E and Pb-F show
negative deviation. ‘

Isoactivity curves for Pb in the ternary system Pb-Bi-Mg at 973 K are
shown in Fig. 5. Experimental values of lead activity at the same temperature
obtained by Oelsen calorimetry [11] are also presented in the Fig. 5 and show

J. Thermal Anal., 42, 1994
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a good agreement with the predicted values calculated by means of R-function
method.

Dependence of the partial molar free energies of mixing for Pb, Bi and Mg
vs. molar content at 973 K for all investigated quasibinary sections is presented
in the Fig. 6. Partial molar excess free energies curves for Pb, Bi and Mg vs.
molar content under the same conditions are given in the Fig. 7.

Values of partial molar free energy of mixing and partial molar excess free
energy for lead in the ternary system Pb-Bi-Mg at 973 K are given in the Figs 8
and 9, respectively. Experimental values for G and G obtained by Oelsen
calorimetry [11] are presented at the same figure and show a good agreement
with the calculated values.

The ternary molar excess free energy and ternary molar free energy of mix-
ing vs. molar content for the ternary system Pb-Bi-Mg at 973 K are also pre-
sented (Fig. 10).

Figures 4 and 9 confirm the fact that quasibinary sections Pb-B, Pb-C and
Pb-D shows positive deviation from Raoult law, which can be also concluded by
positive values of Giws and ym>1 (Table 3). That points out on lead dividing
from the solution in this part of the ternary system Pb-Bi-Mg. Thermodynamic
behaviour of lead in the other sections can be determined in the same way. Fig-
ures 4 and 9 show negative deviation from Raoult law for quasibinary sections
Pb-E and Pb-F, as well as negative values of G and y<1 (Table 3). That points
out on a good miscibility between components in this part of the ternary system
Pb-Bi-Mg.

Also, results obtained by R-function method predicting reach a good agree-
ment with the experimentally ones, which illustrates that calculated values are
good consistent.

X x ¥

The above study has originated in the former cooperation within the Pentagonal states and is
now continued under separate projects of Serbia and the Czech Republic (No 210128 supported
by Academy of Sciences).
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Zusammenfassung — Am terniren System Pb-Bi-Mg wurde die R-Funktionsmethode zur Ab-
schiitzung der terndren thermodynamischen Eigenschaften anhand der bindren angewendet. Vor-
liegend werden fiir die quasibiniren Abschnitte Pb-X (X= B, C, D, E, F) des untersuchten
terniren Systemes Pb—Bi—-Mg die mittels der R-Funktionsmethode berechneten Aktivititen, Ak~
tivititskoeffizienten, partiellen und integralen molaren Grofien von Pb, Bi und Mg angegeben.
Auflerdem wurde ermittelt, dafl die mittels der R-Funktionsmethode erhaltenen Resultate in guter
Ubereinstimmung mit den experimentellen Ergebnissen nach der Oelsen-Kalorimetrie stehen.
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