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Abstract

The known data for the phases Sr¢Bi,O,, Sr;Bi,Oq, Sr,Bi,0;, Sr,4Bi,,04,, St¢Bi,;,0,,,
SrBi, 04, Sr,BisO, ,, StBi,0,, SrgBi, ,0,;, SrgBi,0,,, SrsBisO,,, Sr¢Bi,0,,, SrBi,O, s and
Sr,,Bi,,O5, have been revised and corrected, unknown data have been estimated. The values of
AHY ., 83,4, Hyg,-Hy, the T and AH values for the phase transformations, C,(T) for the
crystalline state, C,at T> T, and also the polynomial approximating a reduced Gibbs are

ph.tr’
presented.
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1. Introduction

The properties of double oxides in the SrO-Bi,O, system are of interest in
connection with the synthesis of ceramic superconductors in the SrO-Bi,0,-CuO
system. These oxides can also be considered as materials for other purposes.

According to Refs. [1-5], the following double oxides can also exist in the SrO-
Bi,0; system: SrBi,Og4, Sr3Bi,0q, Sr,Bi,0,, Sr,4Bi,,0,, Sr¢Bi; ,0,,, StBi,O,,
Sr,Bi Oy, SrBi,0,, SryBi, ,0,,, S1gBi,0,,, Sr;Bi O, ,, SrsBi,0,,, Sr,Bi,O,; and
Sr,,Bi, ,Os,.
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All the oxides, except Sr¢Bi,0,,, Sr¢Bi,O, and Sr,,Bi,,05,, can be described
according to a common formation reaction

xSrO + yBi,O; = Sr,Bi, O, ;, (1)

where x and y are the number of moles of simple oxides in the complex oxide.

For three oxides the number of oxygen atoms in the compounds are more than the
number given by reaction (1). Their formation can be described by a combination of
reactions (1) and (2)

erBiZyOx+ 3y + nOOZ = erBi2y0x+ 3y +no02 @

where n, is the number of surplus oxide moles.

The literature data (Table 1) are not complete: H9y, for 6 phases [3], and
the temperatures and types of phase transformation for 5 phases [5—7] are available.

The goal of this work is the revision and correction of known data, estimation of the
unknown thermochemical properties of the above-mentioned phases, and also the
transformation of the information obtained into a form suitable for application in
thermodynamic simulations [8]. These problems have been solved using known data
on complex oxides [2—7], simple oxides [ 9], various calculation methods [10,11], and
the program ASTRA - 4 [12].

Table 1
Known thermochemical properties of some complex oxides in the SrO-Bi, 0, system

Oxide Standard enthalpy of formation according to Ref. [3] T of phase trans-
formation in K
AHY55/k] mol ! AHSg5(0x)/k] mol~ 1 HO(f)* AHSo4(0%)/ and type of
from elements from simple oxides n/kJ (g atom) ! transformation
SrBi,0, —4668.0 —540.6 —31.8 1250, DCS [6]
1238, DCS[7]
SreBi, 04 —2470.0 —104.5 —-95 1263,DCS [5],
1253,DCS [6]
1483 IM [7]
Sr,Bi, O —1885.2 —115.2 —12.8 1210,DCS [5],
1223,DCS [6]
1213,IM [7]
Sr,4Biy 05,  —17968.0 —882.7 —-97 -
SreBi;,0,, —8132.0 —441.8 -9.4 -
SrBi, O, -1797.0 —57.6 —438 -
SrBi,0, - - - 1063, DCS [5],
1213, IM [7]
SrBiO,, - - - 1213, CM [5]

#In Rel. [3], this value is marked as AH,.
Key: DCS, IM and CM represent decomposition in the crystalline state, and incongruent and congruent
melting, respectively
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2. Revision, correction and calculation of properties
2.1. Standard enthalpies of formation (SEF ), AHY,,

For all double oxides, except Sr¢Bi,0,,, Sr¢Bi,O,s and Sr,,Bi,,0,, the AH%y
values were calculated using the equation

AHZ44(j) Z" AH3,4()) + AHY 208(0%); (kJ mol ') 3)

where n; is number of the ith simple oxide in the jth double oxide AH$ y4(i) is the SEF of
the ith 51mple oxide and AH? 208(0%); is the SEF of the jth double oxide from simple
oxides. The first member of Eq. (3) was calculated on the basis of oxide composition
and reference data [9]. The analysis and estimation of the AH 298(ox) values were
carried out using the following various methods.

2.1.1. With application of the data [ 3 ] and empirical dependence [13]

Experimental AH44(0x) values for 6 double oxides [3] (in kJ (g atom) ™!, Table 1)
were revised and corrected with the help of the linear approximation rule (LAR) for
related double inorganic compounds [13]

HY(f); = AHSy5(0x)/n;  (kJ (g atom) ™) o

where H? (f ); is the SEF of the jth double oxide from simple oxides presented in kJ (g
atom) ’ ,and n; is the number of atoms in a molecule of double oxide

A, = Yx(i) HO()  (KJ (g atom)™?) 5)

where x(i) is the molar fraction of the ith simple oxide in a jth double oxide, and H2(i) is
the SEF of the ith simple oxide (in kJ (g atom) !

HY(i) = AH44(i)n; (kJ (g atom)™?) (6)

where n, is the number of atoms in a molecule of ith simple oxide. The essence of the
LAR is the dependence

Ha(N); =f[HY@, HL()] (kI (gatom) ") 7

which for related double compounds has an Hg,(f); minimum value. The H3(f); values
are described by linear equations between H (i) and HY(f); (min) w1th average
deviations from reference data of not more than + 5% [13]

Results of the LAR application are shown in Fig. 1. It can be seen that the data [3],
except H2(f) for SryBi,O, (point 2), agree satisfactorily with the LAR (average
difference between linear dependences and experimental data [3] is + 12.3%).

The linear equations for determining HY(f); according to Ref. [13] are

HY(f);= — 57.6746 — 0.1949 HY(j) (k] (g atom) ') (between points 1 and 4') (8)
HO(f);=11.1032 4+ 0.09731 HS(j) (kJ (g atom) ™ *)(between points 4’ and 8) (9)

Egs. (8) and (9) are consequently used for correction of known data and for calculation
of unknown SEF data for the double oxides, see Table 2.
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Fig. 1. Application of the linear approximation rule (LAR) [13] for the revision and correction of the
standard enthalpies of formation from simple oxides (Hfl(f)j in kJ (g atom) ™! for some double oxides in the
SrO-Bi, 05 system: 1 SrO [9]; 2, Sr¢Bi,04 [3]; 3, SryBi, 0, [3]; 4, Sr,Bi, 05 [3]; 5. Sr,Bi,, 05, [3];
6, SreBi ,0,, [3]; 7, SrBi,O, [3]; and 8, Bi,O; [9]. The HJ(f); values based on the LAR for: 1, SrO;
2, SrgBi,0g; 3" S13B1,04; 4/, Sr,Bi,04; SrBi,,05,; 6, Sr¢Bi; 0,4 7', SrBi,O; and 8, Bi,O;. Point 2’
corresponds to the AHp (Sr¢Bi,O,,) calculated by Eq.(28). It follows that HJ(f),=

J

—57.6746 —0.1949 HS(j) in kJ (g atom)™ ! between points 1 and 4; and HS(f); = 11.1032 + 0.09731 AS(j)
in kJ (g atom) ™! between points 4’ and 8.

2.1.2. According to the empirical dependence [14]
AHY4g(0%);~ —29.274my(j) (kJ mol™") (10)

where m, is the number of oxide atoms in the complex oxide molecule. The results
of calculation by Eq.(10) are given in Table 2. It can be seen that the differences
between the calculated and experimental data are considerable, and they have a
constant sign of deviation, except SrgBi,O,. It is possible to conclude that the
application of Eq. (10) carried out against more negative SEF values, and the asso-
ciated numerical coefficient in Eq. (10) must be corrected. For this group of double
oxides, the AH ggs(ox)j values calculated with the help of Eqgs. (8) and (9) are taken as
reliable (see Table 2). For Sr¢Bi,O4, the SEF according to Ref. [3] is considered
erroneous.

2.1.3. SEF values of Sr¢Bi,0,,, Sr¢Bi,0, and Sr,,Bi, ,05,

First, the AH9,(0x) values for Sr,Bi, O, , ,calculated using Eqs. (8) and/or (9) were
employed. Then AHY,, values were determined taking into account Eq. (3). Finally,
AH3,4(Sr,Bi, 0, , 5, + no) values were calculated using reaction (2). The molar en-
thalpy of joining n oxygen molecules (AH®) is taken as 184 kJ (mol O,) ! [15].
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Using Sr¢Bi,0,, as an example, the procedure is as follows

FIS: = x(Sr)(— S[AH398(SrO)]/HSro + x(Bi,05;) [AHggs(Bizos)]/"Bizog

=(6/7)(— 591.8)/2 + (1/7)(570.5)/5 = — 269.92kJ (g atom) ! (11)
For (Sr,Bi,,0,, ;,) or SrBi,0,, according to Eq. (8)
HO(f)= — 57.6746 — 0.1949( — 269.92) = — 5.067kJ (g atom) ~* (12)

and according to Eq. (6)
AH3,4(0%) = HY(f);n;= — 5067 x 17 = —86.14kJ mol ™! (13)
Then, with the help of Eq. (3)
AH$44(St¢Bi,04) = 6(— 591.8) + 1(— 570.5) + (— 86.14)
= —4207.44kJ mol ~* (14)
Finally, for Sr,Bi,,0,, ,,,,, according to Eq. (2)
AH44(SreBi,011) = AH2,4(Sr¢Bi,0,) + 1LAH,,,
= —4207.44 + (— 184.0)= —4391.44 kJmol™! (15)
Results of calculations are given in Table 2.

For estimation of other properties of these oxides, we did not take into account the
presence of surplus oxygen besides reaction (1). Consequently for Sr¢Bi,O,;,
Sr¢Bi,O, 5 and Sr,,Bi,,05,, we proceed in the same way.

2.2. Standard entropy

Three methods have been used:
(1) The additivity method

5%0s(J) zZni S9s()) (JK 'mol ') (16)
where n; is the number of moles and S$9,4(i) is the standard entropy of the ith simple
oxide. (i) The Gertz method [16]

Sg9s(j) ~ kg [M;/Cp(298);] 3n,

; UK 'mol™) {an
where kg is a constant taken as 19.2 according to Ref. [16], M ; is molecular mass for the
jth oxide and n; is the number of atoms in the double oxide molecule.

(i11) The method of increments [17]
S995(j) = ASycng + AS,ny, (J K 'mol™!) (18)

where AS; and AS, are standard entropies of the cation and anion respectively {17]
(the values for Sr?*, Bi** and O?~ are 43.0, 52.8 and 11.7 J K~ ! mol ™, respectively).

The results of calculations by Eqs. (16)—(18) agree. The average arithmetic value of
S9,5(j) was taken as a reliable value (Table 3).
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Table 3

Calculated standard entropies for 14 double oxides in the SrO-Bi,0, system

Oxide §944/J mol ! K ™! calculated by §94s/Y mol 1K1

taken as reliable

Eq. (16) Eq.(17) Eq.(18)

SreBi, 04 482.230 461.780 468.900 471.0

Sr3Bi, 04 316.00 309.810 304.800 310.2

Sr,Bi, 0, 260.580 258.930 250.100 256.5

Sr,Bi; 05, 2644.740 2644.080 2532.300 2607.0

SreBi, ;05 1380.770 1403.290 1313.100 1365.7

SrBi, O, 354.930 364.190 336.100 3517

Sr,BigO, 560.095 572.030 531.500 554.5

SrBi, 0, 205.169 207.800 195.400 202.8

SrgBi; 40,4 1192.080 1192.570 1141.100 11753

SrgBi, 0y, 593.050 562.820 578.300 578.1

SrsBigO,, 704.400 700.200 695.600 700.0

SrBi, 04, 482.230 461.78 468.900 471.0

SreBi, O 5 632.000 619.620 609.600 620.4

Sr,,Bi,O;, 2378.187 2321.000 2297.700 23323

2.3. Heat capacity

The temperature dependence of the heat capacities of the double oxides in the form
Cp(j)=a+bx10°T—cx10°T"> (JK ' mol™}) (19)

in the interval -from 298K to the temperature of the phase transformation was
calculated in two ways:
(i) The additivity method of Neimann and Kopp

Co(T)y=TnCyM; (TK *mol™?) (20)

where C (7); is the temperature dependence of the heat capacity of the ith simple oxide,
and n, is the number of moles of the ith simple oxide in the complex one.
(i) The method described in Ref. [18]
The coefficients a, b and ¢ calculated using both the above-mentioned ways agree.
The mean arithmetic values a, b, and ¢ are taken as reliable and are listed in Table 4.
The heat capacities of the double oxides at T> T (phase transformation) were
considered constant and were calculated by the equation [19]

C(j) at T>T, = Cp(j)T,,h" +0.25A8 ., UK~ I'mol™ 1Y) (21)

24. Enthalpy increments Hyg4—HY, T and AH of the phase transformations

The enthalpy increments have been calculated by the empirical dependence [20]

(H3og—H 3) 2 216 8555 (j)exp [ — 6905(j)/17] (cal (g atom)™*) (22)
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where

5298(j) = S(2)98(j)/nj (cal K™ ' (g atom) )

For some oxides, the temperature and types of phase transformation are known
(Table 1). It can be from Table 1 that data from different investigators are not always in
agreement. For Sr,Bi,0,, Sr;Bi,O, Sr,Bi,0, and SrBi,0,, the data [ 7] are taken as
being reliable. According to Ref. [5], SrsBi,O,, melts at 1213 K without decomposi-
tion. For estimation of T, , of complex compounds in Ref. [10], an empirical
dependence was assumed

Tph.tr o KZX(I) Tmell(i) (23)

where K is an empirical correlating coefficient for a group of related substances and
similar types of phase transformation, x(i) is the molar fraction of the ith simple oxide in
a complex compound, and T, (i) is the melting/decomposition temperature of the ith
simple oxide.

For an analysis of T, , of complex oxides in the Y-Ba—Cu-O system [11], it was
found that for various types of phase transformation, the K values can be represented
as

Koy =0944003, K, =06973+0006 and Kp.=0582+005  (24)

where CM, IM and DCS indicate congruent and incongruent melting, and decomposi-
tion in the crystalline state respectively.

Results of the calculations of T, ,, with the use of Eq.(23) and K, values according to
Eq. (24) are given in Table 5. For Sr¢Bi,0,, Sr3Bi, O, Sr,Bi,0, and SrBi,0, the
calculated and experimental data agrees with the mean deviation equal to + 14.5%.
The supposition about the CM-type of transformation for SrBigO, , give the devia-
tion equal to + 62.6%; the supposition about the IM-type gives + 20%. These results

Table 5
Temperatures and types of phase transformations for some double oxides in the SrO-Bi, 0, system

Oxide T, /K Tonu/K 0/% Ton/K 8/%
and type of calculated difference calculated difference
phase with the between with the between
transform. use of experimental use of experimental
by experiment  Egs. (23) and calculated  Eqgs. (23) and calculated
and (24) data and (25) data
SrgBigO, 1238,DCS* [7]  1439,DCS +162 1304, DCS +53
Sr3Bi, 0O, 1483,1IM" [7] 1603,1IM +8.1 1439, IM -3,0
Sr,Bi, 04 1213,IM [7] 1510,IM +24.5 1343,IM +10.7
SrBi,0, 1213,1IM [7] 1322 IM +9.0 1151,IM -5t
SrsBigO,, 1213,CM* [5] (1972,CM) (+62.6) 1295, 1M —6.8
1463,IM +20.6
o= +157 0= 162

*DCS, IM and CM indicate decomposition in the crystalline state, and incongruent and congruent
melting, respectively.
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give an average deviation, between calculated and experimental data, equal to +15.7%
for 5 double oxides.

We made the corresponding correction for K; values in the Eq. (23) and took the
following revised values:

Koy~ 079242, K, ~0.58782 and Kpes~ 049063 (25)

As can be seen from Table 5, application of the K coefficients in Eq. (23) gives an
average deviation between the calculated and experimental data of + 6.2%. Assuming
that all the double oxides, besides those presented in Table 5, have a similar type of
phase transformation (DCS), T, can be calculated using Eg.(23) and
Kpes & 0.49063. After additional study of the phase diagram for SrO-Bi, 0, the types
and temperatures of the phase transformations can be corrected.

Estimation of AH values were carried out from the known dependence

ph.tr.
Ath‘lr(j) = ASph.tr(j) Tph‘lr,(j) (26)
where the entropy change was calculated from the dependence [10]
ASph‘lr(j) ~ ZniASph.tr(i) (27)

where n;, is the number of moles of simple oxide in a complex one, and AS_, (i) is the
entropy change during melting/decomposition of a simple oxide.

The T and AH phase transformation data for the simple oxides were taken from
Ref. [9].

3. Discussion

The properties of 14 double oxides in the SrO-Bi, O, system are collected in Table 6.
The reliabilities of the different properties are not identical. The $%4,, H34s—Hg and
C,(T) values for all the substances are estimated correctly enough. The SEF values were
determined on the basis of experimental data [ 3] only, and in the future, SEF values can
be corrected. The information on T and AH for phase transformations for the majority
of the double oxides and also the C, data at T> T, . were deduced by empirical
approximations and various suppositions. These data must be checked by experimen-
tal investigations.

The AHg(j) values in Ref. [3] are equal to the H;’,(f)j values used in this article. The
revision of AHg(j)data from Ref. [3] using the LAR [13] shows (see Fig. 1 and Table 2)
that for S phases the AH(j) data obey the LAR with a mean deviation of + 12.3%. But
the AHy for the composition “Sr,, ,sBi, ,5” [3] (or by our interpretation the H(f) for
phase SrBi,0g) does not agree with the LAR. The difference, however, is considerable:
AHp = —31.8k]J (g atom)™ ' [3] and HY(f) = — 5.067kJ (g atom) ' according to the
LAR (see points 2 and 2’ on Fig. 1). A possible explanation is the following. According
to Refs. [1-6], in the SrO-Bi,0, system SrBi, O, (stoichiometric double oxide) and
Sr¢Bi,0,, (double oxide with the surplus oxygen) can exist. If in Ref. [3] the composi-
tion “Sr, 55Bi, ,5” means the phase Sr¢Bi,O, , then according to reactions (1) and (2)
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and our suppositions
AHg(Sr¢Bi,0,,)= Hf[(f) (SrBi,O4) = IAHOZ/nj
= — 5067 + (184/19)= — 14,751 (kJ (g atom)™ ') (28)

As can be seen, the absolute value of AHy in this case is also 2.16 times less than AH,
given in Ref. [3] (see p.2” and 2 in Fig. 1). It is also interesting that in the other
investigation [3] of 13 complex oxides containing Sr and Bi, the AH(j) values were not
lower than — 13kJ (g atom)™'. Therefore, we can conclude that the AHy value of
—31.8kJ (g atom) ! for the composition “Sr,, -Bi, ,5” [3] is incorrect.

On the basis of the analysis of known T, together with the use of the
empirical dependences (23)—(25), we conclude that for SriBi O, the type of phase
transformation is incongruent melting, although congruent melting was reported in
Ref. [5].

Assuming that for the 11 stoichiometric double oxides, the AHY,4(0x);
values are reliable, we can proceed to revise the numerical coefficient in Eq. (10)
(Table 7). The initial data are given in columns 2 and 3. The average difference between
those calculated by Eq. (10) and those taken as reliable AH3,4(0x); is 119.5%, i.e. all
deviations have the same sign and show that the use of Eq. (10) gives a more negative
AH ggs(ox)j. To estimate a new numerical coefficients (K'), we have to find how much
the result differs on average (X"/X'= —4929/-—2702.16 = 1.8241), changing
K= —29274kJ mol™! (K'= K/1.8241) to — 16.0485k]J mol~!. The average differ-
ence of the AH3 45 (0x); data calculated with the help of K and taken as reliable is equal

Table 7
Data for correction of the numerical coefficient K in the equation H3gg(0x); = Kmg(j) [14]
Oxide AH 344 (0x)/kJ mol = o/%difference  AHJg4(0x)/ 8/%
between kJ mol ™! difference
By Eq. (10) Taken as reliable calculated by corrected between
and reliable Eq. (29) corrected
data and reliable
data
SrgBi, 0, —263.5 —86.14 —2059 — 1444 —67.7
Sr3Bi,0¢ —175.6 —97.50 —80.1 —953 +1.2
Sr,Bi,0; —146.4 —106.20 —37.8 —80.2 +244
Sr,4Bi,;05, —1494.0 —1001.00 —492 —8182 +182
SreBi, ,0,, —790.4 —383.28 —106.2 —4333 —-13.0
SrBi, O, —204.9 —70.68 —189.9 —1123 —589
Sr,Bi 0, —3220 —134.45 —139.5 —176.5 —313
SrBi,0, —117.1 —6192 —-89.1 —64.2 —-37
Sr, 4B, ;055 —6733 —446.16 —509 —369.1 +173
SrgBi, 0, —3220 —82.63 —289.7 -176.5 —113.6
SrsBicO,, —409.8 —232.20 —76.5 —224.7 —3.2

7= —49290, 3= —2702.16, 5= +119.5 0= 1320
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to + 32.0%. Consequently, after revision
AH344(0%); = (— 16.0485 + 5.145)my(j) (kI mol™ 1) (29)

For further thermodynamic simulation [12] for all the double oxides in question, the
temperature polynomial approximating the temperature dependences of the reduced
Gibbs energy in the interval from 298 to 6000 K was calculated

O*(T); =@, + @,Inx + @3x >+ @, x 7' + @sx + @ x* + ¢, x> (kJK ™ "mol ) (30)

where ¢, are numerical coefficients and x = 10~* T(K) (Table 8).
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