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EXPERIMENTAL AND THERMODYNAMIC STUDY OF NONSTOICHIOMETRY I N  
<YBa2 Cu3 O7 -*> 

T. B. Lindemer, J .  F. Hunley, J, E. Gates, A. L. Sutton, Jr., 
J. Brynestad, C. R. Hubbard, and P .  K. Gallagher 

ABSTRACT 

* The dependence of the nonstoichiometry of <YBa2Cu307-x> 
has been studied over five orders of magnitude in oxygen 
pressure and from 573 to 1173 K.  These data were used to 
derive a chemical thermodynamic representation that correlates 
the experimental variables. The data were also compared with 
several other investigations to identify the self-consistent 
sets of data. Hydrogen-reduction methods for determining the 
absolute oxygen-to-metal ratio were developed. The effects of 
carbonate and hydroxide equilibria were also investigated 
briefly . 

1. INTRODUCTION 

There are discrepancies in the literature data for the temperature 

and oxygen pressure dependence of the nonstoichiometry of <YBa2Cu307-x>, 

called "123,"  which is one of the recently discovered superconducting 

oxides. Also, there is no reported expression relating the interdepen- 

dence of these experimental variables. 

There are three primary objectives in this paper. First, data 

extracted from the literature will be reviewed to demonstrate the extent 

of the discrepancies. Second, we will present an extensive experimental 

determination of the nonstoichiometry over the ranges 573 G T c 1173 K 

and 10-5 < p$2 c 1.0. 

standard-state pressure, 0.101 ma.) Third, chemical thermodynamic repre- 

sentations will be derived to relate the interdependence of T, x, and the 

chemical potential of oxygen, RT l n (p8  or  oxygen potential, in which R 

is the gas constant, 8.314 J'mol-1 * K - l ,  and T is temperature in Kelvins. 

(p;, i s  the oxygen pressure in MPa divided by the 

2 

These symbols, < >, { } , and ( ) are used to indicate a solid, liquid, 
and gas, respectively. 

* 

1 
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2. SYNOPSIS OF PREVIOUS STUDIES 

Severa l  thermogravimetr ic  a n a l y s e s  (TGA) have been made of t h e  depen- 

dence of oxygen per  s i x  metals (0/6M) on temperature  and oxygen p a r t i a l  

p ressure .  The f i r s t  a u t h o r s  of e x t e n s i v e  s t u d i e s  are GaLlagher,l  Kishio,2 

Specht , S t r o b e l  ,4 and Yamaguchi - 5  I n  a d d i t t o n ,  Takayama-Muromachi ' s 

second a r t i ~ l e ~ , ~  g i v e s  l i m i t e d  d a t a .  These i n v e s t i g a t i o n s  have been sun- 

marized i n  a previous  r e p o r t 8  t h a t  i n c l u d e s  a numerical  d a t a  base f o r  each  

of the i n v e s t i g a t i o n s .  Very r e c e n t  work has been r e p o r t e d  a t  973 t o  

1073 K by Tetenbaum e t  

and Iwase e t  a l . l l  appear  so d i f f e r e n t  from t h e  o t h e r s  t h a t  t h e i r  r e s u l t s  

were no t  considered f u r t h e r .  

Addi t iona l  i n v e s t i g a t i o n s  by Marucco e t  a1.lo 

Some of t h e  l i t e r a t u r e  d a t a  are compared i n  Figs .  1 and 2. The 0/6M 

v a l u e s  near 773 K and 1073 K are p l o t t e d  i n  Fig.  1 v s  log(pZ2),  whi le  i n  

Fig.  2 ,  d a t a  a t  p62 = 1, 0.01, and 0.0001 are p l o t t e d .  

convenient  way t o  p l a t  d a t a  and f i t s  of d a t a  because i t  i l l u s t r a t e s  t h e  

Benrian l i n e a r  behavior  as 0 / 6 M  approaches t h e  lower l i m i t  of 6 and t h e  

upper l i m i t  of 7. 

E q s .  ( 3 )  and ( 4 ) ,  which are developed l a t e r . ]  These p l o t s  c l e a r l y  

demonstrate  t h e  d i s c r e p a n c i e s  i n  t h e  d a t a ,  which w i l l  be considered i n  

d e t a i l  i n  t h e  d i s c u s s i o n  s e c t i o n .  However, i t  is  immediately apparent  

from t h e  f i g u r e s  t h a t  t h e  d a t a  d i s a g r e e  more as p: 

l a r l y  a t  low tempera tures ,  which sugges ts  t h a t  e q u i l i b r i u m  may be more 

d i f f i c u l t  t o  e s t a b l i s h  a t  t h e s e  condi t ions .  The experimental  d e t a i l s  of 

t h e  previous i n v e s t i g a t i o n s  were summarized i n  our ear l ie r  r e p o r t  

However, t h e r e  w e r e  no apparent  f a c t o r s  c o r r e l a t i n g  t h e  experimental  

methods w i t h  the  d i s p a r i t i e s  i n  t h e  da ta .  

[F igure  2 i s  a 

The a b c i s s a  f o r  t h i s  f i g u r e  r e s u l t s  from ml=m2=2, 

i s  lowered, p a r t i c u -  
2 

Severa l  i n v e s t i g a t i o n s  repor ted  t h e  maximum 0 / 6 M  value.  Gal lagher  e t  

a1.12 determined t h i s  r a t i o  by reduct ion  i n  (N2-15% H2)  t o  a maximum t e m -  

p e r a t u r e  of 1273 K and obta ined  a maximum 0 / 6 M  of 6.98 + 0.01. The 

reduced material  contained only b a r i a ,  y t t r i a ,  and copper;  they a l s o  noted 

r e t e n t i o n  of water, probably as hydroxides ,  a t  r e d u c t i o n  temperatures  

below 1200 K. Kishio e t  a1.2 us ing  iodometr ic  t i t r a t i o n ,  ob ta ined  a 

maximum 0/6M of 6.93 ? 0.02. Thei r  maximum v a l u e s  seem markedly lower 
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than those from all other investigations. 

in pure hydrogen at 923 K, assuming baria, yttria, and copper as final 

products, and a sample cooled slowly in 1 atm oxygen obtained 0/6M = 

6.97 t 0.02. Strobe1 et al.4 reported a maximum 0/6M of 7 from neutron 

diffraction, which was also used to indicate a single-phase material, 

Takayama-Muromachi et a1.6,7 estimated the maximum 0/6M to be 7.0 based on 

hydrogen reduction at 1173 K; reduction at 923 K led to water retention, 

with barium hydroxide being suggested. Inert gas fusion gave 6.7, while 

an unspecified analysis gave 6.89.  Yamaguchi et ale5 used a pellet that 

was slowly cooled to ambient in oxygen, then reduced at 2973 K, giving an 

0/6M of 6.95 to 7.01. They subsequently assumed that treatment at 473 K 

in oxygen gave 7.00, which was consistent with their observation of log(x) 

vs log(p$ ) being linear at low x (see their Fig. 2). 

Specht et al.3 using reduction 

2 

3 .  EXPERIMENTAL 

3 1. MATERIALS 

Several different sources of "123" materials were used. One of the 

authors (PKG) provided 3 g of powder, which was part of a 100-g batch, 

R4784-F25, made from yttria, CuO, and barium carbonate. Another author 

(JB) provided "123" powders made from these same materials. He also made 

the specimens used by Specht et al.3 

were protected from moisture by storage in sealed bottles containing 

Drierite (the dessicant calcium sulphate) and Ascarite (finely distributed 

NaOH to combine with carbon dioxide). 

All powders and subsequent pellets 

Pellets were made from these materials and were used for the TGA 

studies, About 1 to 2 g of powder was ground in an alumina mortar and 

pestle under toluene until no grittiness was felt. The toluene protects 

the material from interaction with laboratory air and moisture and 

dissolves <0.5 mg/L quantities of "123."13 

the scanning electron microscope demonstrated a particle size of (5 um. 

The toluene was evaporated to remove most of the liquid, the powder was 

pressed very lightly into a l-cm-diam pellet, additional toluene evapo- 

rated in flowing nitrogen in a quartz tube furnace at 373 K, and then the 

Examination of this powder in 
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p e l l e t  w a s  f i n a l l y  heated t o  1173 K i n  flowing oxygen f o r  a few hours. 

The e n t r a n t  gases  w e r e  f i r s t  passed through Ascarite and Drierite t o  

remove water and carbon d ioxide .  This  procedure gave an  -0.8-cm-diam, 

-1.0-cm-long p e l l e t  of about 65% of t h e o r e t i c a l  d e n s i t y .  

used i n  t h e  TGA f o r  a series of s t u d i e s ,  then  s l i c e d  under to luene  i n t o  

-0.8-cm-diam, -0.1-cm-thick d i s c s  t o  g i v e  a f i n a l  d a t a  se t .  

This p e l l e t  w a s  

P e l l e t s  f o r  ceramography were made from about 150 mg of the  powder 

t h a t  w a s  p ressed  i n t o  a r i g h t  c i r c u l a r  c y l i n d e r  a t  about 30,000 p s i  

(207  MPa) and hea t  t r e a t e d  as above t o  g ive  about 90% of t h e o r e t i c a l  

d e n s i t y  . 
3.2. TGA SYSTEM AND PROCEDURE 

A Cahn 1000 balance w a s  p a r t  of t h e  TGA system t h a t  w a s  used pre-  

v i o u s l y  f o r  an e x t e n s i v e  study of nonstoichiometry i n  t h e  u ran ia -gado l in i a  

system.14 The Cahn readout of weight change w a s  c a l i b r a t e d  and i t  w a s  

heavy by 0.3%, thus  the  d a t a  were c o r r e c t e d  f o r  t h i s  change. The t r u e  

specimen temperature w a s  determined du r ing  s e v e r a l  c a l i b r a t i o n s  t h a t  

employed both  o p t i c a l  pyrometry and thermocouples. 

A commercial oxygen m e t e r  con ta in ing  a s t a b i l i z e d - z i r c o n i a  c e l l  w a s  

used as the  p r i m a r y  i n d i c a t i o n  of oxygen p a r t i a l  p re s su re  i n  t h e  TGA. The 

meter reading  w a s  compared t o  gases  mixed by c a l i b r a t e d  flow meters  and 

found t o  be r e l i a b l e  wi thout  c o r r e c t i o n .  A t o t a l  gas  flow rate of 

0.4 L / m i n  (STP) w a s  used and t h e  gas  was passed through Ascarite and 

I l r i e r i t e  immediately before  e n t e r i n g  t h e  TGA furnace.  The oxygen p a r t i a l  

p r e s s u r e  was measured i n  both  the  furnace  inlet and o u t l e t  gas ses  and 

always agreed w i t h i n  <0.02 l og  u n i t s .  Data were taken a t  1og1o(po2) * 
v a l u e s  a t  approximately 0 ,  -1, -2,  -3, - 4 ,  and -5.  This  permi t ted  ease 

of v i s u a l  comparison of t he  d a t a  wi th  the  f i t t e d  behavior ( a s  shown i n  

F ig .  3)  dur ing  d a t a  a n a l y s i s .  

A t y p i c a l  run  began by p l ac ing  t h e  1- t o  2-g p e l l e t  i n  a 1.8-g alumina 

ho lde r  suspended from the  Cahn balance on a platinum wi re  i n  t h e  c e n t e r  of 

t h e  fu rnace .  The Cahn u n i t  works on a n u l l  weight b a s i s ,  and the  weight 

i n  q (wi th in  about 20.01 mg, which is  equ iva len t  to  0/6M = _+0.0003) t o  
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n u l l  t h e  specimen a t  zero  gas flow w a s  recorded on a 25-em-wide c h a r t  

r eco rde r .  For convenience, t he  n u l l  c o n d i t i o n  w a s  def ined  as t h e  weight 

needed t o  b r ing  the  r e c o r d e r  pen t o  mid-chart when t h e  Cahn w a s  configured 

t o  g ive  one mg f u l l  scale on t h e  c h a r t .  The specimen temperature w a s  

t aken  t o  1173 K i n  oxygen t o  remove any r e s i d u a l  ca rbona te s ,  hydroxides,  

e tc . ,  that may have been in t roduced  dur ing  handling. It w a s  l e f t  a t  t h i s  

temperature u n t i l  t h e  specimen e q u i l i b r a t e d ,  and t h e  zero flow weight 

(ZFW) noted. The specimen temperature w a s  then taken  t o  773 K ,  e q u i l i -  

b r a t e d  i n  oxygen, and the  ZFW recorded;  t he  la t ter  became t h e  s t anda rd  

r e f e r e n c e  ZFW and a l l  specimen weight changes a t  o t h e r  cond i t ions  were 

c a l c u l a t e d  r e l a t i v e  t o  i t ,  Prom time t o  t i m e  t h e  specimen w a s  r e tu rned  t o  

t h e  s tandard  r e f e r e n c e  ZFW c o n d i t i o n ,  t hus  ensur ing  t h a t  any exper imenta l  

c o n d i t i o n  l ead ing  t o  long-term d r i f t  i n  t he  r e fe rence  ZFW was noted and 

a d j u s t e d  accord ingly .  

Buoyancy e f f e c t s  were determined and were  e s s e n t i a l l y  e q u i v a l e n t  t o  

those  c a l c u l a t e d  from t h e  i d e a l  gas  law, The p resen t  d a t a  were co r rec t ed  

f o r  buoyancy, a l though  the e f f e c t  is  s m a l l .  For example, w i t h  a 1.8-g CuO 

sample heated i n  pure oxygen, t he  weight change w a s  e q u i v a l e n t  t o  an O/Cu 

change of 0.0003 as temperature w a s  v a r i e d  from 1166 t o  571 K. Without 

t h e  buoyancy c o r r e c t i o n ,  t h e  O/Cu would have changed by -0,0005 from 1166 

t o  571 K. 

3.3 HYDROGEN REDUCTION 

Absolute oxygen-to-metal r a t i o s  were determined i n  "123" and o t h e r  

ox ides  by hydrogen r educ t ions .  This  procedure provided r e fe rence  0/6M 

va lues  f o r  "123" t h a t  could be compared with o t h e r s  determined from t h e  

d a t a  ana lyses  t o  be presented  la ter .  Here, argon con ta in ing  4% hydrogen 

( A r b %  !+) w a s  used i n  the  TGA t o  determine t h e  amount of oxygen removed 

a t  a g iven  temperature dur ing  the  reduct ion of oxide t h a t  had been e q u i l i -  

b r a t e d  i n  pure oxygen a t  t h e  same t e m p e r a t u r e .  The r e s u l t s  permi t ted  cal- 

c u l a t i o n  o f  t h e  oxygen-to-metal r a t i o s  i n  s e v e r a l  m a t e r i a l s .  Experience 

r evea led  t h a t  r educ t ions  of ba r i a -con ta in ing  materials a t  1163 K removed 

a l l  the r educ t ion  product w a t e r ,  whi le  r educ t ions  a t  lower tempera tures  

inc reased  the  p o s s i b i l i t y  t h a t  some water  might be r e t a i n e d  (probably as 
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barium hydroxide)  p a r t i c u l a r l y  a t  tempera tures  below 1073 K. S i m i l a r  

obse rva t ions  were noted by Gal lagher  e t  a l .  '15 and Takayama-Muromachi 

e t  a1.6*7 Since  Ba(OH)2 melts a t  681 K, l i q u i d  Ba(OH)2-based s o l u t i o n s  

may be a p o s s i b i l i t y ,  and they  may r e q u i r e  h ighe r  temperatures  f o r  

complete water removal. 

The b a s i c  procedure s t a r t e d  w i t h  e q u i l i b r a t i o n  of 0.3 t o  1. g of e i t h e r  

l oose  o r  p e l l e t i z e d  oxide  powder i n  an oxygen flow of 0.4 L/min a t  1163 K. 

The ZFW at 1163 K w a s  no ted ,  t h e  TGA w a s  f l u shed  w i t h  n i t r o g e n ,  and then  

0.4 L/min of ( A A %  H2) w a s  used f o r  t h e  reduct ion .  

was assumed upon no f u r t h e r  l o s s  of weight ,  and the  second ZFW w a s  

recorded.  The d i f f e r e n c e  between t h e  two ZFW va lues  w a s  t he  oxygen l o s t  

du r ing  r educ t ion .  The sample w a s  cooled t o  room temperature  i n  the  TGA i n  

f lowing n i t r o g e n ,  a p rocess  t h a t  r equ i r ed  4 h, du r ing  which the  sample w a s  

p a r t i a l l y  reoxid ized  by about  a mi l l ig ram of tramp oxygen. I n  o rde r  t o  

g e t  t he  t r u e  weight  of the  reduced sample, a second r educ t ion  i n  f lowing 

(AI+% %) w a s  c a r r i e d  o u t  i n  a q u a r t z  muff le  a t  1163 K. The muff le  and 

sample were then  removed from t h e  fu rnace ,  which quenched the  sample t o  

room temperature  i n  about  10 min, and r e s u l t e d  i n  a f u l l y  reduced sample  

at room tempera ture .  The 0/6M of t h e  sample a t  1163 K w a s  then c a l c u l a t e d  

from t h e  oxygen l o s t  dur ing  r educ t ion  i n  t h e  TGA and by assuming t h a t  t he  

f u l l y  reduced sample c o n s i s t e d  of y t t r i a ,  e lementa l  copper ,  and b a r i a ,  

w i t h  the  Y/Ba/Cu va lue  known from t h e  i n i t i a l  composition of t h e  "123." 

Complete r educ t ion  

Reduct ions w e r e  performed on <CuO>, <Y2BaCu05>, and <BaCu02> t o  

demonst ra te  t h e  a p p l i c a b i l i t y  of the  method. Commercial "<CuO>" of 99.96% 

p u r i t y  w a s  e q u i l i b r a t e d  i n  oxygen a t  1163 K and i t  gained a weight  equiva- 

l e n t  t o  an O/Cu of 0.2, sugges t ing  t h a t  i t  w a s  i n i t i a l l y  a mixture  of 

<CuO> and <Cu,O>. 

specimen w a s  s l i g h t ,  e q u i v a l e n t  t o  an O/Cu change of 0.0003, over  t he  

tempera ture  range 571 t o  1166 K. Reduct ions of 0.4-g samples gave O/Cu 

v a l u e s  oE 1.0004, 1.0002, and 1.0008. A 0.26-g sample of <Y2BaCu05>, 

which w a s  shown t o  be single-phased by ceramography, w a s  e q u i l i b r a t e d  i n  

oxygen a t  940 t o  1290 K and e x h i b i t e d  no v a r i a t i o n  i n  s to i ch iomet ry ;  

r educ t ion  at 1173 K gave O/M = 1.2533. 

from <CuO> and <BaC03> and known t o  inc lude  some r e s i d u a l  carbonate ,  

A f t e r  t h i s  e q u i l i b r a t i o n ,  the  weight  change i n  a 1.8-g 

A sample of "<BaCu02>," prepared 
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demonstrated an O/M v a r i a t i o n  of about 0.05 from 673 t o  1163 K ,  which i s  

c o n s i s t e n t  w i t h  t h e  l i t e r a t u r e .  E q u i l i b r a t i o n  i n  oxygen a t  1163 K, 

followed by r e d u c t i o n ,  gave O/M = 1.027. These r e s u l t s ,  p a r t i c u l a r l y  

those  f o r  <CuO> and <Y2BaCu05>, are those expected from t h e  l i t e r a t u r e  and 

sugges t  equal  v a l i d i t y  i n  a p p l i c a t i o n  t o  the  "123" compound. 

Two r e d u c t i o n s  of t h e  J B  "123" material  at 1163 K gave 0/6M va lues  of 

6.416 and 6.408. Ceramography, which can r e a d i l y  d e t e c t  less than  one 

volume percent  second-phase material, r evea led  none. These O/M va lues  

compare w i t h  about 6.388 (Table 1, 890 and 892OC) r e s u l t i n g  from t h e  mathe- 

matical a n a l y s i s  t o  be g iven  i n  Sec t .  4 .  Reduction of t h e  PKG material 

w a s  a l s o  accomplished a t  1163 K and gave an 0/6M of 6.430. Q u a n t i t a t i v e  

ceramography r evea led  about 0.7% of <CuO>, and t h e  e f f e c t  of t h i s  w a s  

t aken  i n t o  account.  

3.4. 0/6M VALUES FOR "123" 

The 0/6M v a l u e s  f o r  t h e  "123'* specimens were c a l c u l a t e d  from t h e  

exper imenta l  TGA d a t a .  With t h e  weight changes and t h e  i n i t i a l  weight of 

t h e  specimen, t h e  0/6M change r e l a t i v e  t o  t h e  r e fe rence  c o n d i t i o n  of 773 K 

and p t 2  = 1 w a s  c a l c u l a t e d  wi th  a computer program, which a l s o  c o r r e c t e d  

f o r  buoyancy e f f e c t s  and con t r ibu t io r i s  from any second phase. The l i t e ra -  

t u r e  i s  i n  reasonable  agreement t h a t  the 0/4M a t  t h e  l a t t e r  c o n d i t i o n  i s  

about  6.92, which w e  have a d j u s t e d  t o  6.924, as expla ined  later.  Thus, 

t h e  O/GM of t h e  specimen a t  cond i t ions  o t h e r  than  t h e  r e f e r e n c e  cond i t ion  

i s  t h i s  va lue  p l u s  the  exper imenta l  change in 0/6M. It i s  be l i eved  t h i s  

method i s  unique when compared w i t h  t h e  l i t e r a t u r e  because a l l  t h e  p re sen t  

exper imenta l  0/6M va lues  have t h e  common 773 K r e fe rence .  Thus, i f  t h e  

6.924 r e f e r e n c e  were t o  be changed i n  t h e  f u t u r e ,  a l l  our  o t h e r  0/6M 

va lues  would be changed by the  same amount. 

L a t e  in t h e  course  of t h i s  i n v e s t i g a t i o n ,  it w a s  found t h a t  t h e r e  w a s  

a d i f f e r e n c e  i n  0/6M r e s u l t s  when us ing  a p e l l e t  o r  a similar weight of 

s epa ra t ed  d i s k s  c u t  from t h e  same p e l l e t .  [The dimensions are g iven  i n  

Sec t .  3.1.1 

c l o s e s t  t o  t r u e  e q u i l i b r i u m  because oxygen would have t o  d i f f u s e  over a 

It appeared reasonable  t h a t  t h i n  d i s k s  would g i v e  r e s u l t s  
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Table 1. Experimental data f o r  <YBa2Cu307-x> 

OC 0/6M OC O/ 6M 

896 
500 
552 
601 
6 49 
502 
697 
7 46 
797 
846 
892 
304 
3 50 
400 
450 
5 00 
499 
5 03 
547 
596 
6 46 
695 
7 94 
890 
5 00 
5 00 
5 48 
597 
696 
7 94 
8 89 
499 

0 000 
os00 
0.00 
0.00 
0.00 
0.00 
0.00 
0 000 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

-0.99 
-1.01 
-1 -01 
-1.01 
-1 001 
-1.01 
-1.01 
-1.01 

0.00 
-1.99 
-1.99 
-1.99 
-1.99 
-1 099 
-1 099 
-3 . 00 

6.3864 
6.9251 
6.8661 
6.7924 
6.7036 
6.9240 
6.6182 
6.5529 
6.4917 
6 . 4366 
6.3856 
6.9971 
6.9921 
6.9835 
6.9629 
6.9240 
6.8423 
6.8319 
6,7460 
6 -6294 
6 5333 
6.4539 
6.3183 
6.2177 
6.9240 
6.6938 
6.5598 
6.4542 
6.2841 
6.1766 
6.1014 
6.4983 

548 
596 
69 5 
794 
456 
890 
500 
447 
398 
348 
319 
455 
407 
307 

348 
695 
69 5 
503 
595 
697 
444 
348 
402 
309 
405 
547 
309 
346 
35 1 
40 1 
446 
499 

380 

-3.00 
-3.00 
-3.00 
-3.00 
-4.00 

0 .oo 
0.00 

-1 -00 
-1 .oo 
-0.99 
-0.99 
-2.00 
-1.99 
-1.99 
-1.99 
-1.99 
-4.01 
-5 -00 
-4 . 00 
-4.00 
-3.99 
-3.00 
-3.01 
-3.00 
-3 .OO 
-3.99 
-5.00 

0.00 
0.00 
0 so0 
0.00 
0.00 
0.00 

6.3796 
6.2785 
6.1527 
6.0802 
6.4557 
6.3908 
6.9240 
6.9207 
6.9650 
6.9872 
6.9933 
6 . 8058 
6.9047 
6.9884 
6 . 9433 
6.9684 
6.0883 
6.0335 
6.3079 
6.1507 
6.0817 
6.6730 
6.9202 
6.8045 
6.9605 
6.6480 
6.1237 
6.9991 
6.9959 
6.9954 
6.9851 

6.9240 
6.9655 
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s h o r t e r  d i s t ance .  Thus, d i s k s  of t h e  J B  material were used t o  gene ra t e  

t h e  0/6M r e s u l t s  g iven  i n  T a b l e  1. These d a t a  are l i s t e d  i n  F igs .  3 and 4 

i n  the  o rde r  they were taken and were obta ined  i n  one continuous TGA run 

of about s ix  weeks du ra t ion .  The curves  i n  t h e s e  f i g u r e s  were c a l c u l a t e d  

from t h e  chemical thermodynamic r e p r e s e n t a t i o n  t o  be g iven  i n  Sec t .  4 .  

The r e f e r e n c e  0/6M va lue  of 6.924 w a s  determined w i t h  the  a i d  of p l o t s  

s imi l a r  t o  Fig.  4.  It can be shown t h a t  i s o b a r i c  d a t a  on such a p l o t  

become l i n e a r  as x approaches 0; t h i s  r e s u l t s  from the  Henrian behavior of 

s o l u t i o n s  as t h e  l i m i t i n g  composition i s  approached. Thus, success ive  

p l o t s  were made w i t h  d i f f e r e n t  va lues  of t h e  r e fe rence  0/4M u n t i l  t h e  

lower-temperature d a t a  near 0/6M = 7 became l i n e a r .  All of t h e  a d d i t i o n a l  

i n v e s t i g a t i o n s  r epor t ed  below used the  r e f e r e n c e  va lue  of 6.924. 

One of our e a r l y  i n v e s t i g a t i o n s  w a s  a b r i e f  comparison of r e s u l t s  

from t h e  PKG and J B  specimens. Low-density p e l l e t s  of each material were 

made as desc r ibed  i n  r e f .  1. These were g iven  t h e  s t anda rd  1173 and 773 K 

pre t r ea tmen t  i n  t h e  TGA i n  oxygen and then  run a t  772  t o  776 K and 1061 t o  

1063 K over a range of oxygen p a r t i a l  p re s su res .  The results are shown i n  

F ig .  5 and were e s s e n t i a l l y  the  same f o r  both materials, However, compari- 

son of t h e  PKG d a t a  i n  F igs .  1 and 5 i l l u s t r a t e s  t h a t  t he  p re sen t  r e s u l t s  

d i f f e r  from t h e  ear l ie r  work r epor t ed  by Gal lagher  e t  a l . ,  p a r t i a l a r l y  a t  

773 K. Th i s  probably r e s u l t s  from the  d i f f e r e n c e  i n  exper imenta l  t echn i -  

ques.  Gal laher  e t  al.1 used a 1 K/min ramp ra te ,  whi le  t h e  p re sen t  d a t a  

were developed i so the rma l ly .  A l s o ,  i t  can be seen t h a t  1062 K d a t a  from 

t h e  p e l l e t s  l i e  above t h e  curves  c a l c u l a t e d  from the  d a t a  genera ted  from 

t h e  d i s k s .  This  can be i n t e r p r e t e d  t o  i n d i c a t e  t h a t  use of p e l l e t s  g ives  

a f a l s e  equ i l ib r ium at  l o w  tempera tures .  

The J R  p e l l e t  w a s  a l s o  used i n  a second TGA system t h a t  d i f f e r e d  only 

i n  t h a t  t h e  furnace  had a much l a r g e r  ho t  zone. The pel . le t  was given  the  

s t anda rd  1173 and 773 K p re t r ea tmen t  i n  t h e  TGA i n  oxygen, then  taken t o  

973 K. These d a t a  are g iven  i n  Fig. 5 and a g a i n  i n d i c a t e  t h a t  d a t a  from 

the p e l l e t  l i e  above the  curve based on d a t a  from d i s k s ,  bu t  t h a t  t h e r e  

i s  no d i f f e r e n c e  r e s u l t i n g  from the  equipment. 
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Fig. 4 .  The data of Table 1 and the fit of the data (lines) calcu- 
lated from Eq. (9). The orthorhombic-to-tetragonal transition (0 .. T, 
dashed line) is from Specht et 
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Fig. 5. 
samples at 772 to 776 K and 1061 to 1063 K, and comparison with the fit of 
the data (lines) from d i s k s  of the JH samples. 
da ta  from a JH pellet treated in a second TGA with a much larger hot zone. 

Comparison of OUT results from pellets of J B  and PKG "123" 

Also shown at 973 K are the 
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3.5 DECOMPOSITION OF "123" 

It was noted during the course of this investigation that the "123" 

sample would consistently begin to decompose if held at 1173 K and 

p;, = 10-3, whereas it was stable at 1073 K at this pressure. 

was thus equilibrated at both 1173 K and 773 K in oxygen to establish that 

the specimen behaved as all others in this study, then decomposed at 1223 K 

and p;, = 

giving an overall 0/6M of 5.21. Subsequent X-ray analysis of the green- 

colored pellet indicated the phase CY2BaCu05>; in addition, about 10 to 

15 lines could not be identified. 

One sample 

It was held there until equilibrium was attained, 

3.6 REACTION OF "123" W I T H  (C02) f (02) 

The "123" compound was treated at 1223 K in oxygen, then in an atmo- 

sphere of (0,-2% CO,), then (02-70% CO,). 

equilibrate in both (C02)-containing atmospheres. 

gain was equivalent to 60% of the barium oxide component of the "123" 

being converted to a barium-carbonate-containing compound, while treatment 

in 70% (CO,) resulted in complete conversion to a barium carbonate form. 

X-ray analysis indicated (Y2BaCu05>, the orthorhombic form of <BaC03>, 

<CuO>, and a fourth unidentified phase, but not "123.'n Similar work by 

Gallagher et al. ,16 detected instead <Y2Cu205>, <BaC03>, and <CuO>. 

The specimen appeared to 

In 2% ( G O , ) ,  the weight 

4 .  CHEMICAL THERMODYNAMIC REPRESENTATIONS 

There are a number of objectives in developing a chemical thermo- 

dynamic representation of the nonstoichiometry of the "123" compound. The 

data indicate that the chemical formula can be written as <YB~,CU~O~~), 

with O<x<l. One objective is an accurate representation of the absolute 

value of the slope, sl, of the experimental ln(x)-ln(p; ) data as x 

approaches zero. A plot of these variables is commonly used for non- 

stoichiometric systems and the slope usually approaches a constant value 

as x becomes small. At small values of x, the representation to be devel- 

oped here reduces to the simple expression 

2 
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l n ( p & )  = a / T  + b - s1 h ( x )  . (1 )  

A second o b j e c t i v e  i s  the  analogous r e p r e s e n t a t i o n  of t he  In (  1-x)- 

l n ( p 5  ) d a t a  as x approaches u n i t y ,  which w i l l  reduce to  the  simple 
2 

expres s ion  

l n ( p 6  ) = c / T  f d I- s2 ln(1-x)  . ( 2 )  2 

The gene ra l  approach has been developed by the  au tho r s  f o r  o t h e r  

nons to i ch iomet r i c  oxides,14,17-22 and w i l l  thus  be descr ibed  here  i n  

abbrev ia t ed  fash ion .  

Seve ra l  cons ide ra t ions  lead  t o  t h e  f i n a l  r e p r e s e n t a t i o n .  The start- 

i n g  po in t  i s  a chemical equ i l ib r ium involv ing  oxygen and, i n  t h e  present  

c a s e ,  two "mass parameters"  t h a t  are analogous t o  chemical s p e c i e s  i n  a 

s o l i d  s o l u t i o n ,  the  only d i f f e r e n c e  i s  t h a t  mass parameters  may be com- 

posed of non-integer numbers of atoms. For the  p re sen t  system, the  

exper imenta l  0/6M d a t a  permit  one t o  w r i t e  two independent mass-balance 

equa t ions ,  one fo r  the  t o t a l  mols of oxygen (7-x) and one f o r  the  t o t a l  

m o l s  of metal ( 6 ) ;  and thus  the  mols of two independent mass parameters  

may be determined. 

achieved by assuming t h a t  one of t he  mass parameters has an 0/6M of 6 and 

t h e  second m a s s  parameter has an 0/6M of 7. These cons ide ra t ions  l ead  t o  

the  equ i l ib r ium used h e r e ,  

S ince  the  0/6M values  range from 6 t o  7 ,  t h i s  can be 

S1<M12/S1012/Sl> + ('2) 52a12/S2014/S2> (4 )  

The lef t -hand mass parameter has the  oxygen-to-metal r a t i o  a t  x = 1, .L.e., 

0/6M = 6,  and the  right-hand one t h a t  f o r  x = 0, where 0/6M = 7. The mols 

o f  each were des igna ted  as ml and m 2 ,  r e s p e c t i v e l y ,  and were c a l c u l a t e d  

from the  mass-balance equa t ions  f o r  t he  me ta l s  
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Upon s o l v i n g  f o r  the mols, one o b t a i n s  

and 

ml = 0.5 s1 x 

m2 = 0.5 s2 (1-X) 

These equa t ions  were used t o  c a l c u l a t e  t h e  m o l  f r a c t i o n s  N1 and N2. 

e q u i l i b r i u m  c o n s t a n t  f o r  t h e  e q u i l i b r i u m  of E q ,  ( 3 )  l e a d s  to:  

The 

RT l n ( p z 2 )  (J/mol) = AHOrxn - TdSO,,, 4- s2 RT ln(N2) - s1 RT l n ( N 1 )  . (9) 

This  equa t ion  was used i n  a l e a s t - s q u a r e s  f i t  of t h e  exper imenta l  d a t a  f o r  

each  c r y s t a l l i n e  s t r u c t u r e  of t h e  "123" compound and gave t h e  va lues  of 

t h e  en tha lpy ,  en t ropy ,  and t h e  two s lopes .  Here, a l f n e a r  l ea s t - squa res  

method w a s  used by i t e r a t i n g  over  assumed va lues  of sB and s2 and f i t t i n g  

for the en tha lpy  and en t ropy  terms a t  a g iven  va lue  of s1 and s2, w i t h  t h e  

b e s t  f i t  being t h a t  w i t h  t h e  smallest r e s i d u a l s .  The r e s u l t i n g  v a l u e s  f o r  

the d a t a  of Table  1 are g iven  i n  Table 2 a long  w i t h  t h e  corresponding 

Table 2. F i t t e d  v a l u e s  f o r  E q .  (9)  

T h i s  study 
G a l  l a g  h e r  
Kishioa 
Specht 
S t robe1  
Y amaguchi 

Th i s  s tudy  
Gall aghe r 
Kish io  
Specht 
S t robe1  
Y amaguc h i  

2.4 
4.0 
5.0 

6.0 
3.0 

2.5 

4.0 

4.0 
6.0 
2.5 
5.0 

6.0 

Orthorhombic Phase 

4.0 -171523 
3.5 -225300 
2.0 -290800 
3.0 -160700 
2.0 -151800 
2.5 -167000 

Tet ragona l  Phase 

2.8 -163067 
3.0 -205300 
3.0 -185700 
2.0 -146300 
2.0 -163100 
2.5 -168100 

-161.34 
-213.4 
-206.5 
-152.8 
-147.3 
-166.8 

-156.28 
-196.1 
-173.9 
-144.6 
-157.5 
-170.2 

aData below 500°C were n o t  f i t t e d  because t h e  0/6M v a l u e s  approach 
6.93 i n s t e a d  of 7. 
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d a t a  f o r  each of t h e  prev ious ly  publ ished d a t a  sets. For t h e  othorhombic 

d a t a ,  t h e  minimum r e s i d u a l s  occurred a t  s1 = 2.5 and 4.0 < s2 < 4.3. The 

f i t  a t  s1 = 2.4 and s2 = 4.0 l e d  t o  7% g r e a t e r  r e s i d u a l s ;  bu t  i t  w a s  

s e l e c t e d  because i t  gave i n t e g e r  s u b s c r i p t s ,  i , e  * ,  M 5 0 5 ,  f o r  t he  lef t -hand 

mass parameter of Eq.  ( 4 ) .  For t h e  t e t r a g o n a l  phase,  t h e  mi-nirnum r e s i d u a l s  

occur red  a t  s1 = 4.8 and s2 = 2.6. 

a t  s1 = 4.0 and s2 = 2.8 w i t h  r e s i d u a l s  0nI.y 10% g r e a t e r .  I n  a d d i t i o n ,  

t h i s  f i t  gave t h e  b e s t  match of the orthorhombic f i t  t o  t h e  t e t r a g o n a l  f i t  

a t  t h e i r  boundary. C a l c u l a t i o n s  demonstrated,  however, t h a t  t h e  match 

could be improved t o  +400 J/mol by adding -720 J/mol t o  t h e  en tha lpy  tern,  

which l e d  t o  t h e  va lue  given i n  Table 2. 

I n t e g e r  s u b s c r i p t s  could be obta ined  

A l l  t h e  d a t a  sets were f i t t e d  u s i n g  t h e  d a t a  for t h e  orthorhomic-to- 

The va lue  of x a t  t h e  t e t r a g o n a l  t r a n s i t i o n  obtained from Specht et a l e 3  

t r a n s i t i o n ,  xtr, can be approximated by 

x t r  [ 1  -I- exp(2.409 - 1636Ttr-1)]-1 ( 10) 

i n  which Ttr is t h e  t r a n s i t i o n  temperature  i n  Kelvins.  

oxide-oxygen e q u i l i b r i a ,  t h e  oxygen p o t e n t i a l  f o r  t h e  t r a n s i t i o n  should be 

n e a r l y  l i n e a r  w i t h  temperature ,  which l e a d s  t o  

A s  w i t h  most oxide- 

10929Tt,-l . 
The p a r t i a l  molal  Gfbbs f r e e  energy e x p r e s s i o n s  €or t h e  two mass parameters  

were a l s o  c a l c u l a t e d .  I n  g e n e r a l ,  what i s  needed f i r s t  is t h e  va lue  of 

AGF f o r  0/6M = 6 and 7. 

f o r  <YBa2Cu306.5> o r ,  from t h e  component ox ides ,  -143 k,J/mol, which i s  

e q u i v a l e n t  t o  a very reasonable  -23.8 kJ/(mol  meta l ) .  The va lue  f o r  

 AS^^^ 
h e a t  c a p a c i t y  has been measured from near 0 K t o  298 K. Since these  d a t a  

were given only i n  r e l a t i v e l y  i n a c c u r a t e  g r a p h i c a l  form, i t  w a s  assumed 

h e r e  t h a t  S f P z g 8  w a s  the sum of t h e  component ox ides ,  315.305 J0mol-1*K-1. 

( T h i s  compares favorably  w i t h  t h e  va lue  of 321.16 3*mol-1 *K'-1 from an 

i n t e g r a t i o n  of Cp/T provided by F i s h e r z 4  from h i s  review of Cp d a t a 2 5  f o r  

specimens es t imated  t o  have 6.8 G 0/6M C 7.0.) 

t h e  elements  i s  thus  -616.82 J"rno1-1'K-l. As Kuhaschewski and Alcock26 

n o t e ,  a good approximation to t he  Gibbs f r e e  energy of formation a t  T i s  

0 Morss e t  g i v e  AHf,298 = -2675 kJ/mol 

0 f o r  t h e  compound has  no t  been r e p o r t e d ,  even though t h e  requi red  

0 

The r e s u l t i n g  ASf,298 from 
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0 
(J/mol) = -2675000 + 616.82T . llGf ,Q06 -5  

The value of AG; for MO,/, can now be calculated. 

Leibowitz's27 Eq. (19) demonstrates the technique for integration of 

oxygen potential over x to obtain the Gibbs free energy of formation per 

metal atom for a composition having a higher O/M value; this leads to 

Green and 

Since the oxygen potential is given by Eq. ( 9 1 ,  integration over the 

limits of x leads t o  

in which A = s2(1 - x), B = [s2 4- (sl - s2)x] ,  C = slx, and x = 0.5/6. 

For  example, with the AH rxn and AS rxn given i n  Table 2 for the present 

data for the tetragonal phase, the integration of the oxygen potential 

term gives 

0 0 

The integration for the orthorhombic phase i s  

- 7147 + 9.99T . (16) 
0 0 

AGf,M07/6(ortho)(J/mo1) = AGf,M06 

The partial molal Gibbs free energy, G,  can now be derived for each of the 

two mass parameters. For the orthorhombic phase, the equilibrium i s  

2.4<M,O,> + ( 0 2 )  = 4<M303.5> 

~30305(Ortho)(J/mol) = -1358888 + 338.39T + RT ln(N2) . 

(17) 

Equation (16) for 3 mols of metal plus the ideal term give 
- 

(18) 

The enthalpy and entropy terms from this equation, the analogous terms 

given in Table 2 for the reaction, and the product-reactant difference 

for the equilibrium of Eq. (17) give 
- 
G ~ I  0 (ortho)(J/mol) = -2193346 + 496-7611 + RT ln(N1) . (19) 5 5  

Similar considerations for the tetragonal phase, i n  which the equilibrium 

is 
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l e a d  t o  

- 
0 (tet-(J/mol) = -1939759 -k 486.92T -I- KT ln(N2) (21)  

%12/**8 5 

and 

- 
%,03( t e t ) ( J /mol )  = -1317044 4- 301.78T + RT l n ( N 1 )  . 

These par t ia l s  can be used i n  any thermodynamic ca l .cu la t ion  invo lv ing  t h e  

orthorhombic o r  t e t r a g o n a l  phases. 

5. GENEKAL DISCUSSION 

5.1 SUMMARY OF THE x-T-pt2 DATA 

The parameters g iven  i n  Table 2 f o r  t h e  p r e s e n t  study were used t o  

c a l c u l a t e  t he  f i t t e d  behavior f o r  comparison w i t h  t h e  d a t a ,  and t h e s e  

r e s u l t s  are given i n  Figs.  3 and 4 .  Figure  5 i l l u s t r a t e s  t h a t  t h e  p re sen t  

d a t a  from the  PKG and J B  p e l l e t s  were e s s e n t i a l l y  t h e  same and t h a t  t he  

r e s u l t s  are not  dependent on t h e  o r i g i n  of t h e  sample.  Data from t h e  JB 

specimen t r e a t e d  i n  t h e  second TGA system were aga in  e s s e n t i a l l y  the  same 

and demonstrated t h a t  t h e  r e s u l t s  are no t  dependent on the  equipment. 

The p r e s e n t  r e s u l t s  were compared w i t h  t h e  l i t e r a t u r e  d a t a  i n  F igs .  1 

arid 2 ,  Figure 2 c l e a r l y  demonst ra tes  t h e  d e v i a t i o n  of t he  d a t a  of Kishio 

e t  a1.2 r e s u l t i n g  from t h e i r  l i m i t i n g  0/6M v a l u e  of 6.93. 

t h e  low-pressure d a t a  appear too h igh  i n  0/6M a t  a given temperature.  The 

d a t a  of Yamaguchi e t  a l . 5  are similar t o  the. p re sen t  d a t a ;  i f  they were 

d i s p l a c e d  about 0.006 O/hM u n i t s  and 20 K h ighe r ,  they would ag ree  very 

c l o s e l y  wi th  t h e  p re sen t  d a t a .  The low-pressure d a t a  of Gallagher e t  ale1 

are appa ren t ly  d i sp l aced  too  high i n  0/6M a t  a g iven  tempera ture ,  poss ib ly  

because equ i l ib r ium w a s  no t  a t t a i n e d  w i t h  tile 1 K / m i n  hea t ing  rate. The 

d i f f i c u l t y  i n  e s t a b l i s h i n g  equ i l ib r ium at low p$ w a s  appa ren t ly  overcome 

i n  t h e  p re sen t  experiments by (1) g r i n d i n g  t h e  material t o  <5 urn, ( 2 )  use 

of t h i n  d i s k s ,  and ( 3 )  i so the rma l  t rea tment  t h a t  permi t ted  a t t a inmen t  of 

equ i l ib r ium.  Times  approaching a few days were needed a t  low p r e s s u r e ,  

low t empera tu re  c o n d i t i o n s ,  

I n  a d d i t i o n ,  

2 
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It thus  appears  t h a t  t he  p re sen t  d a t a ,  t h a t  of Specht e t  a1.,3 and 

t h a t  of S t robe1  e t  al.4 are the  most c o n s i s t e n t  over t h e  e n t i r e  experimen- 

t a l  range of v a r i a b l e s .  

w i t h  the  p re sen t  d a t a  i f  ad jus t ed  0.006 O / 6 M  u n i t s  and 20 K h igher .  

d a t a  of Tetenbaum e t  a1.9 are a l s o  i n  agreement a t  log(p$ ) >-2.8, bu t  

appear  t o  d ive rge  s l i g h t l y  below t h a t  condi t ion .  The l i m i t e d  d a t a  of 

Takayama-Muromacahi7 a l s o  appear  c o n s i s  t e n t .  

The d a t a  of Yamaguchi e t  al .5 would a l s o  agree  

The 

2 

5.2 OXYGEN POTENTIALS I N  THE Y-Ba-Cu-0 SYSTEM 

The oxygen p o t e n t i a l  p l o t  shown i n  Fig.  6 i s  an e x c e l l e n t  way t o  

i l l u s t r a t e  t h e  complex r e l a t i o n s h i p s  i n  t h i s  system where t h e  oxygen 

p o t e n t i a l  c o n t r o l s  t he  ox ida t ion  state of s e v e r a l  of t he  elements .  It is 

u n f o r t u n a t e  t h a t  t h e r e  is a g e n e r a l  d e a r t h  of thermodynamic informat ion  on 

t h i s  o r  analogous systems,  bu t  some e q u i l i b r i a  can be p l o t t e d .  

I n  t h e  metal-oxygen b i n a r i e s ,  s e v e r a l  e q u i l i b r i a  can be shown. The 

<Cu>-<Cu,O> ,*8 <Cu,O>-<CuO> ,28 and <Ba0>-<Ba02>26 e q u i l i b r i a  w i t h  oxygen 

are well-known and w e r e  p l o t t e d  on Fig.  6. 

s t a b l e  ox ides ,  and the  oxide-meta l  e q u i l i b r i a  were below -800 kJ/mol on 

t h i s  p l o t ,  w i t h  y t t r i a  t h e  more s t a b l e . 2 8  

Both <BaO> and <Y203> are very 

Consider next  t he  b ina ry  oxide systems. 

e x i s t ,  as do <BaCu02>, <Ba2Cu03>, and <Y2Cu205>. 

one can estimate thermodynamic d a t a  from t h a t  f o r  t he  La-Cu-0 system. 

Chandrasekharaiah e t  a 1 . 2 9  r e p o r t  A G €  f o r  CLaCu02> and <La2Cu0,,>, which 

l e a d s  t o  t h e  t h r e e  e q u i l - f b r i a  shown i n  Fig.  6 f o r  t h e  La-Cu-0 system. I n  

a d d i t i o n ,  the  d a t a  l ead  t o  

Severa l  <BaO>-<Y203> compounds 

For t h e  l a t te r  compound, 

0 

and 

a t  1100 t o  1300 K; here  AG:yox is  the  Gibbs f r e e  energy of formation from 

t h e  component oxides.28 The compound <La2Cu205> has not  been r e p o r t e d ,  

b u t  one can c a l c u l a t e  an approximate AGf,ox and use t h a t  f o r  t h e  analog 
0 
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F i g .  6. The oxygen p o t e n t i a l s  f o r  several e q u i l i b r i a  i n  t h e  
Y-Ra-Cu-0 and La-Ba-Cu-0 systems, Data from ref.  32 ,  as d i scussed  i n  
Sect. 5.2,  are as fo l lows .  
l o s e s  oxygen; C ,  s y n t h e s i s  of <RaCu02.5>; D, <BaCu02.5> decomposes; 

G ,  s y n t h e s i s  of <LaCu03> and <YCu03>.  
(02) = 2<Y2Cu205> i s  reported30 t o  be c l o s e  t o  that f o r  2<Cu20> 4- ( 0 2 )  = 
4<cuo>. 

A ,  c o n d i t i o n  f o r  <BaCu02e1>; B ,  <BaCu02.1> 

E ,  <BaCu02> + 0.33(0,) .$. <BaCu02.66>; F ,  <BaCu02> 0 . 2 5 ( 0 2 )  + <BaCU02.5>;  
The equ i l ib r ium 2<Y203> + 2<Cu20> + 
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<Y2Cu205>. 

r e a c t e d  t o  form the  compound l y i n g  between them, namely, 

Two r e a c t i o n s  were cons idered  i n  which two oxide compounds are 

<La203> + <La2Cu205> = 2<La2Cu04> (25) 

and 

<La2Cu0,+> + <CuO> = <La2Cu205> . (26) 

The Gibbs f r e e  energy f o r  each  r e a c t i o n  is  <0, but  one can add an incre-  

ment t o  each t o  b r i n g  i t  equa l  t o  zero .  Upon assuming t h a t  t h e  increments  

are i d e n t i c a l  f o r  bo th  r e a c t i o n s ,  one can d e r i v e  A G f , o x , ~ a 2 c u  0 

AGf , o x , ~ a 2 ~ u ~ q .  

t h e  1000 t o  1300 K range,28 one o b t a i n s  

= 1 . 5  
2 5  

0 0 0 
Upon adding AGf y 0 and 2AGf ,cue t o  t h i s  , aga in  i n  

' 2 3  

AG; ,y2cu205 (J /mol)  = -2333024 + 441.76T . (27) 

This  estimate pe rmi t s  one t o  c a l c u l a t e  t h e  s i n g l e  e q u i l i b r i u m  shown i n  

Fig.  6 f o r  t he  Y-Cu-0 system. A more r e c e n t  study30 of t h e  oxygen poten- 

t i a l  of t he  <Y2Cu205>-<Y203>-<Cu20> equ i l ib r ium w a s  n e a r l y  i d e n t i c a l  w i th  

t h e  oxygen p o t e n t i a l  of t h e  <Cu20>-<CuO> e q u i l i b r i u m ,  and it  was not  clear 

which equi l ibrum was a c t u a l l y  s tud ied .  I f  i t  w a s  the  former,  then 

<Y2Cu205> i s  much less s t a b l e  than t h a t  g iven  by Eq. (27) .  

I n  t h e  absence of thermodynamic in fo rma t ion  f o r  t h e  <BaO>-<CuO> and 

<BaO>-<Y203> systems, one can only state t h e  r a t h e r  obvious conclus ion  

t h a t  t he  <BaO>-<Y203> compounds would be i n  e q u i l i b r i u m  w i t h  copper 

metal a t  oxygen p o t e n t i a l s  ranging from s l i g h t l y  below the  <Ba>-<BaO> 

e q u i l i b r i u m  t o  those  approaching the  e q u i l i b r u i m  shown i n  F i g .  6 for t h e  

Y-Cu-0 system. Above t h i s ,  t h e  oxygen p o t e n t i a l s  f o r  t h e  s e v e r a l  poss ib l e  

e q u i l i b r i a  i n  t h e  <Ba0>-<Y203>-<Cu20>-<CuO> system cannot be c a l c u l a t e d .  

Equat ion ( 9 )  was used t o  c a l c u l a t e  t he  oxygen p o t e n t i a l s  shown i n  

Fig.  6 f o r  bo th  the  orthorhombic and t e t r a g o n a l  "123" phases.  Note t h a t  

t h e  p a r t i a l  molal  en tha lpy  of oxygen, AG(o2), i s  AHrxn g iven  i n  Table 1 

f o r  Eq. (9) .  

i s  ASrxn - s P R  ln (N2)  + s l K  ln (N1) ,  as can be seen from Eq. ( 9 ) .  

obse rva t ion  of decomposition presented  i n  Sect. 3.5 is  shown as a shaded 

band a t  1100 t o  1200 K,  and i t  is a reasonable  assumption t h a t  t h i s  band 

0 

The p a r t i a l  molar en t ropy  of oxygen, AT(02), a t  a g iven  0/6M 
0 

The 
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can be extended in temperature a t  approximately t h e  same s lope  as those  

shown f o r  t h e  o t h e r  e q u i l i b r i a .  Th i s ,  i n  t u r n ,  permi ts  one t o  estimate 

t h e  minimum 0/6M a t  decomposition of t h e  t e t r a g o n a l  "123" phase. However, 

t h e s e  obse rva t ions  a r e  somewhat d i f f e r e n t  from those  of Toth et a1.,31 who 

repor t ed  a s imilar  decomposition i n  a i r  a t  1273 K t o  g ive  <Y28aCuO5>, 

<CuO>, and probably <BaGuO2>. It can be seen  from Fig.  6 t h a t  a t  1273 

and -16200 J/mol ( i - e . ,  pc2 = 0.21), t h e  p r e s e n t  r e s u l t s  i n d i c a t e  t h a t  

" 123" should s t i l l  be s t a b l e  ,. 

K 

the  

Some fragmentary informat ion  on t h e  Ba-Cu-0, La-Cu-0 , and Y-Cu-0 

systems i s  a v a i l a b l e  from t h e  work of Arjomand and M a ~ h i n . ~ ~  

r e s u l t s  are shown i n  Fig. 6 as p o i n t s  A-G. Some i n c o n s i s t e n c i e s  i n  t h e s e  

resu l t s  are appa ren t ;  "A" and "B" e x h i b i t  O/M va lues  less than t h a t  f o r  

p o i n t  "C",  whereas t h e  oppos i t e  would be expected. It i s  a l s o  i n t e r e s t i n g  

t o  no te  t h a t  "D", t h e  decomposition of < B ~ C U O ~ . ~ > ,  occurs  e x a c t l y  a t  t h e  

<BaQ>-<Ba02> e q u i l i b r i u m ,  which sugges t s  t h a t  t h e  compound i s  weakly 

s t a b l e  r e l a t i v e  t o  t h e  <BaO>-<BaO,>-<CuO> components. 

Thei r  

The p r e s e n t  r e s u l t s ,  Eq, (9), do n o t  s p e c i f i c a l l y  r e f l e c t  t he  presence 

of  t h e o r e t i c a l l y  p red ic t ed  phase assemblages. 

two-phase reg ion  l y i n g  a t  6.75 6 0/6M G 7.0, but the tempera tures  and 

oxygen p res su res  f o r  t h i s  s i t u a t i o n  were only schemat i ca l ly  desc r ibed .  Our 

r e s u l t s  can be i n t e r p r e t e d  t o  i n d i c a t e  t h a t  no two-phase reg ion  was ind i -  

ca t ed  by the  exper imenta l  d a t a .  

phases ,  bu t  t he  wide two-phase, orthorhombic S-orthorhombic I1 r eg ion  w a s  

below 500 K,  which is  lower t h a n  our t empera tu re  range, and thus  not 

i n v e s t i g a t e d .  A p r e d i c t e d  second-order t r a n s i t i o n  between t h e  two o r t h o r -  

hombic phases w a s  e s t ima ted  t o  occur below -700 K and -6.55 G 0/6M G -6.7, 

bu t  w a s  no t  d e t e c t e d  i n  our r a t h e r  coa r se  exper imenta l  d a t a .  However, t h e  

d a t a  of Yamaguchi e t  a l . 5  was taken over smaller increments and may r e v e a l  

such  behavior. 

C u r t i s s  et a l  .33 p r e d i c t  a 

Wille e t  a l .34  p r e d i c t  two orthorhombic 
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5.3 EQUILIBRIA WITH (Cop) AND (M2O) 

Several calculated and observed equilibria in the oxide-carbonate and 

oxide-hydroxide systems are given i n  Fig. 7. The compilation by Chang and 

Ahmad35 was a particularly useful source of carbonate thermodynamic data, 

while a JANAF ~upplement~~ was used for the hydroxide data. 

illustrates the general interrelationship of the several experimental 

variables that are relevant during the synthesis of "123" from carbonates, 

or ,  conversely, that could lead to conversion of "123" to other phases 

upon exposure to atmospheres (such as air) that contain ( C 0 2 )  and (H20). 

Section 3 .6  reported the conversion of "123" in (02-C02)  atmospheres, and 

the experimental conditions are plotted on Fig. 7. It is a reasonable 

assumption that these conditions can be extrapolated to lower ternpera- 

tures, as shown in Fig. 7. This extrapolation permits one to conclude, 

e . g . ,  that "123" would, in the absence of kinetic limitations, convert to 

<BaC03>-containing phases in air below 970 K. 

to lead to Ba(OH)2-containing phases below about 870 K. 
Gallagher et a1.16 supports this view. 

complete conversion of the bulk material, the distinct possibility remains 

that carbonate and hydroxide surface films would form and possibly 

adversely affect interpretation of fundamental scientific measurements, 

as well as interfere with electrical connections. The figure also illu- 

strates that, during the hydrogen reduction of "123" to obtain <RaO>, 

< Y 2 0 3 > ,  and <Cu>, the temperature needs to be held well above the 

<BaO>-{Ba(OH)2) equilibrium in order to ensure that barium is present only 

as <BaO>. These conditions are in agreement with the the experimental 

observations discussed in Sect. 3.3. 

This figure 

Humid air would appear 

Recent work by 

Even if kinetic factors prevented 

We did not consider carbonate-containing solutions because of the 

lack of thermodynamic data. However, it is well known that the liquid 

solution of barium oxide and barium carbonate above 1333 K is to be 

avoided during synthesis of either "123,"  <BaO>, or <Ba02> from <BaC03>. 

The work of Roth et a1.37 on the Y-Ba-Cu-O-C02 phase diagram clearly indi- 

cates the possibility of several carbonate-containing solid and liquid 

solutions as well as eutectics as low as 1173 K. 
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