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ABSTRACT
Mathematical principle and method for the calculation of subsolidus phase refation diagrams of the
quasi—ternary system YO, ;-BaO—CuO were developed, and the corresponding mathematical model was es-
tablished. Subsolidus phase relation diagrams of this system at different temperatures were calculated from
thermodynamic data. The calculated results showed that in Y~Ba—Cu~O system BaCuO, and Y,BaCuO; are

stable at

and Y,Cu,0; and YBa,Cu,0, s also become stable at tem-

peratures higher than 300C and 750C respectively. The calculated results are in good agreement with those

from experiments.
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1 INTRODUCTION

Y—Ba—Cu—O system is of major impor-
tance among the high T, superconductor
oxide systems. A number of complicated phase
transformations occur in the synthesis of so-
called 123 superconductor phase (YBa,Cu,
0,_,). A lot of binary and ternary complex ox-
ides exist in the system. Mathematical princi-
ple and method for the calculation of subso-
lidus phase relation diagrams of Y—Ba—Cu—O
system were developed in present work, and
the subsolidus phase relation diagrams of the
quasi-ternary system YO, ;—BaO—CuO at dif-
ferent temperatures were calculated with the
thermodynamic data of the compounds
Y,Cu,05, BaCuO,, YBa,Cu;O 5, and Y,BaCu
Oxli.e. the so-called 211 phase) evaluated from
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system, phase diagrams

calorimetric determinations and entropy esti-
mations by the authors. The work is helpful to
people not only in understanding the forma-
tion and the structural chemistry of the YBCO
single phase (123 phase) but also in intro-
ducing an auxiliary phase such as the 211 one
into YBCO in order to increase its current ca-
pacity.

2 PRINCIPLE AND METHOD FOR
CALCULATION

According to thermodynamic principle
the general condition for thermodynamic equi-
librium at constant temperature and pressure
is that total free energy G of the system should
be at a minimum!"’, namely:

Gy =minimized (G) 1

Let n,g, nyy and ny, represent respectively
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the initial molar numbers of YO, 5, BaO and
CuO in the quasi-ternary system YO, s—BaO
—CuO; n; and G, (where i= 1, *+, 7) represent
respectively the molar number and Gibbs free
energy of YO,;, BaO, CuO, Y,Cu,Os
BaCuO,, YBa,Cu;04s and Y,BaCuOs.

Considering that Gibbs free energy G, of
the solid compound i at a certain temperature
and normal pressure is approximately equals
to its standard Gibbs free energy G| at the
same temperature, and the change of pressure
produces no significant effects on Gibbs free
energies of condensed phases, and assuming
that there is no solid solution formed in the
system, the total Gibbs free energy of the sys-
tem is:

. 7

G=Y¥n,G,=YnG, @

imt =

Based on the principle of minimizing
Gibbs free energy and on the materials equili-
bria we obtain the mathematical model for the
calculation of subsolidus phase relation dia-
grams of the quasi-ternary system YO, ;— BaO
—CuO:

PR o o o
minimize (n, G| +1n,G; + - +n,G])(3)

subjecct to the constrains

n +2n,+n,+2n =n, @)
n,+n,+2n, +n,=n, (5)
n,+2n, +n, +3n, +n, =n, (6)
0,0, >0 )]

(0,0, 20

Where formula (3) is the equation of
minimal Gibbs free energy, formulas (4), (5)
and (6) are respectively the material equilibri-
um equations of YO, BaO and CuO. Re-
placing n;, n, and n; in (2) with those solved
from equations (4) to (6), formula (2) can be
simplified and rearranged as follows:

o o ° o
G =G, +n,AG] +nAG; +n,AG,
o
+n,AG, ®)
where Gy, is the standard Gibbs free energy of
the initial mixture of YO, 5, BaO and CuO:
o o o
Gm =n\K)GI + nZDGZ i n]l)G\
AGS, AGS, AGS and AGS are respective-

ly the changes of standard Gibbs free energy of
the following four reactions:
1 2YO,, +2Cu0=Y,Cu,0, ©
AG; =G, - 2G| —2G,
2 BaO+ CuO =BaCuO, (10)
G;=G{-G;~G;
3 YO, +2BaO +3Cu0
=YBa,Cu,0, an
G, =G, -G, —2G, —3G,
4 2YO ,+BaO+CuO=Y,BaCuO, (12)
G,=G,—2G, -G, —G
Minimizing the value of formula (8) and
considering the Gj, being a constant, the
mathematical models (3)—(7) can be written
as a typical form of linear programmingm (see
equations (13) to (15) ).
minimize (n,AG| +n ,AG +nAG,
+n,AG)) 13)

subject to the constrains

nl
n] n\o
nS
n, (+A (=] 0y a4
n
.
n.\ nlﬂ
n7
np o0, >0 as)

with matrix A being
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The elements of matrix A in the first row
represent respectively the numbers of the for-
mula YO, ; contained in Y,Cu,Os, BaCuO,,
YBa,Cu;O¢5 and Y,BaCuOs, and the ele-
ments in the second and the third row repre-
sent the contained BaO and CuO respectively.
Equations (13) to (15) can be solved with
simplex algorithm for linear programmingm.

3 SELECTIONS OF THERMODYNAMIC
DATA

Expressions of AG{—AG] in (9)—(12) as
the functions of temperature should be ob-
tained prior to the calculation of subsolidus
phase relation diagrams of the quasi—ternary
system YO, —BaO—CuO.

The standard enthalpies of formation for
the compounds Y,Cu,0s, - BaCuO,,,,
YBa,Cu;0,, and  Y,BaCuOj; were
mined calorimetrically by the authors through

deter-

designing proper thermochemical circles, and
their heat capacities were determined both
with the dropping method of calorimetry and
the DSC scanning method. Also the standard
entropies of these compounds were estimated
with the entropy estimation method for com-
plex oxides developed by the authors in
reference to the literature. The results are listed
in Table 1. Polynomials of AG{—AGY as
functions of temperature were derived accor-
ding to the thermodynamic principle based on
the data in Table 1, and were further changed
by regression into their more commonly used
forms (Table 2):

AG’ =a+bTInT +cT

Such an equation can be used for calcula-
tion at temperatures properly extrapolated
such as at 950C . For comparison, equations
of AG; from different authors are listed in
Table 2 and shown in Fig.1.

Lee et al. obtained their results by opti-
mazation calculation from some known phase
relations in Y=—Ba—Cu—O system based on the

Table 1 Thermodynamic data of related compounds in Y—Ba—Cu-0 system

2 e kJAv{E;xJ;];’ Jomonext A £ - 2 ::::; Re:r;':
YBa,Cu,0, 4 ~2659.31 ]
YBa,Cu;0, 49 —2652.04 321.16° 33397 -454.43 41836 794.18 298-973 [4,°5]
YBa,Cu,0, ,; —2641.78 (4]
YBa,Cu,04 ¢ —2627.90 (41
YBa,Cuy04 5 -2619.93 31678 327.98 —45527 42171 79418 298-973 4
Y,Cu,0, —2198.64 219.19 149.82  113.02 0 0 298-973 (.41
Y,BaCuO, ~2656.44 239.58 32909 -361.56 —4275 34143 298-973 “
BaCuO, 5, ~788.59 f 41
BaCu0, ,, ~796.19 77.628 —14.018 18.141 130.85 289973 “
BaCuO, ~760.72 103.59 71337 —14.897 18493 130.85 289-973 “
0(e) 0 205.04 29957  A.184  —1.674 298-3,000 (6]
Y,0, ~1.905.39 99.16 12385 5021 -2000 0 2981330 O]
BaO ~553.54 7029 53304 4351 8301 0 298-1270 O]
Cu0 ~155.85 4259 43832 16765 5883 0 298-1359 61

Temp. Range in K is the temperature range withi
€, =A+Bx10 'T+Cx10'T "+Dx 10"

TJ - mol

hich the Cp formula can be applied,
il
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Table 2 Standard Gibbs free energy changes of reactions 1 to 4 (J.mol )

Reaction AG"=f(T)

Temp.range K Authors

T 2Y0”+zc\xo Y.Cu,0,

298-1,223 present work
Lecetal.”
9731173 Fan(7]
1,097-1,292 Pankajavalli et al.[8]
973-1,223 Wiesner et al[9]
2 aCu0,
56,644-12.616 TInT+98.15T 298-1,223 present work
17,620-10.472 T Leeetal.”
9=—43.900+7.3 T 973-1,173 Fan[7]
3 YO, +2BaO+3Cu
AG! 298-1,223 present work
Leeetal.”
973-1,173 Fan[7]'
4 s S48
i =—41.966-1.635 TInT —17.316 T 2981223 present work .
AG§=-76,023+11.3391 T etal.”
AG{=-44.892-28.50 T 973-1173 Fan(7]

+Lee BJ, Lee D N. Thermodynamic Evaluation for Y-Ba —Cu —O Systein. private communication, (1989) .

Temperature, K.

Fig. 1 Comparisons of AG? by different authors
1—AG, 2—AG, 3—AGS, 4—AGS
present work :

‘Leeetal.”s —— —Fan';

©— - — Pankajavallietal®; — - - —Wiesner et a1

sub-lattice model of ionic solutions, and both
' and Pankajavalli et al®¥. obtained their
results through solid electrolyte method. It is
demonstrated in Fig.l that the results of
AG" for reaction 1 from different authors ex-
cept Wiesner et al. are close, and for reactions
2 to 4 the results of Fan and the present work
are very close too. Yet there exist great differ-

Fan'

ences between the results of Lee et al. and
those of both Fan and the present work. The
largest deviations between Fan’s results and

those of the present work do not exceed 10
kJ - mol™ within the temperature ranges of
Fan’s experiments. This proved the coinci-
dences{t‘md the reliabilities of the results ob-
tained by the two authors. Consequently the
equations of AG’ in the present work will be
used for the calculation of the subsolidus
phase relation diagrams of the Y—Ba—Cu—0
sysytem.

4 RESULTS AND DISCUSSION
A computer program for the calculation
of the

quasi—ternary system YO, ~BaO—CuO was
coded with simplex algorithm for linear pro-

of i phase relation di;

gramming. One can consult the program flow
chart and its list for reference'®’.

Figs. 2—4 show the calculated subsolidus
phase relation diagrams of the quasi-ternary
system YO, s—BaO—CuO at different tempera-
ture ranges with an interval of 50C . The calcu-
lated results show that in Y—Ba—Cu—O system
the complex oxides BaCuO, and Y,BaCuOj
are thermod, stable at r -
perature (Fig. 2) and that Y,Cu,0 and
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YBa,Cu,O, 5 also become stable at tempera-
tures higher than 300C and 750C respectively
(Fig. 3 and Fig. 4). The phase transformation
regularity shown by the calculated results
agrees fairly well with the literatures """\

a0

BaCu0)

VO Bao

Fig2 Calculated subsolidus phase relation diagram of the
quasi-ternary system
YO, ~BaO-CuO in the temperature range of 25-250C
Cu0

Y,Cu;0s BaC 10,

Y,BaCuOg
m BaO

Fig.3 Calculated subsolidus phase relation diagram of the

quasi-ternary system

YO, ~BaO~CuO in the temperature range of 300—

700C

Although there might exist slight differ-
ences between the calculated diagrams and the
experimental results at low temperature be-
cause the existence of some complex oxides
which might appear at low temperature in the
Y—Ba—Cu—O system have not been taken into
account in the present work for lack of
thermodynamic data thus far, however, the
calculated subsolidus phase relation diagrams
at high temperature agree with the experimen-
tal results fairly well. The calculated phase re-
lations of YO, ;—BaCuO,—CuO in Fig.4 are
completely the same as those determined by

Hinks et al. "Pand the Philipps lab'". The cal-
culated results of the present work show that
the temperature must reach 750C or even
higher for sintering and synthesizing the com-
pound YBa,Cu;O4 s from the raw materials
YO, 5, BaO and CuO with their molar ratios
being 1: 2: 3 in the quasi-ternary system
YO, s~BaO—CuO. Therefore the sintering
temperature should be as adequately high as
possible for the preparation of single phase
YBa,Cu;0;._, compound.

Cu0

Yo, BaO

Fig.4 Calculated subsolidus phase relation dingram of the
quasi-ternary system
YO, ~BaO~CuO at a temperature higher than 750C

5 CONCLUSIONS

In the research of high T, superconductor
oxide materials, the phase relation diagram is
important for understanding the changes dur-
ing the preparation process and for selecting
its optimum conditions. However, it is difficult
to construct a phase diagram experimentally,

pecially for the multi

phase dia-
gram. Based on the thermodynamic theory
and mathematical method. the principle and
method for the calculation of subsolidus phase
relation d}agrams of the quasi-ternary system
YO, s~BaO—CuO were developed. Using the
thermodynamic ~ data from  authors’
calorimetric experiments and other previous

work, the subsolidus phase relation diagrams
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of this system at various temperatures were
calculated and constructed. From these phase
diagrams, the relationship among the equilib-
rium phase in various temperature ranges can
be dertermined clearly and it agrees fairly well
with the experimental results. Therefore, our
calculation method and the phase relation dia-
grams from this method are valuable for con-
sultation and application, especially when ex-
perimental phase diagrams are not available.
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