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ABSTRACT

Review and comparison of existing YO^.5 -BaO-CuO ternary 
phase relations revealed several chemical phase equilibrium 
discrepancies present in this system. Fifteen separate compo­
sition mixtures of 99.99% pure CuO, YgOg and 98.5% pure 
Ba(OH) 2 * 8H20 were sintered or melt processed between 700 and 
13 30 degrees Celsius for .1 to 8 hours, under standard atmo­
spheric conditions to determine ternary phase equilibrium rela­
tionships. X-ray diffraction techniques allowed identification 
of quenched mixture components. The experimental results were 
utilized to construct a new CuO-YO^e 5 binary diagram, a new 
Y01# 5 -BaO-CuO ternary diagram and several psuedo-binary sec­
tions depicting previously unconsidered 123 , 211, CuO, Y0le 5  
and BaCuO^ equilibrium relations. A new processing technique 
was developed to produce pure phase incongruent melting com­
pounds from a liquid melt. Pure (less then 2% impurities)
123 orthorhombic "A" type superconducting material with 
observed meissner effect was produced using this new process 
technique.
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Chapter I 
Introduction

High temperature superconductivity discovered in the new 
yttrium-barium-copper oxide ceramic material has escalated 
scientific research within the field of ceramic supercon­
ducting materials. Tremendous amounts of data have been 
produced over the last three years since the original dis­
covery of these new ceramic superconductors was made by G. 
Bednorz and K. Muller (1). Some data, specifically 
YO^e 5 -BaO-CuO ternary system phase relations, are deficient 
in completeness and need further investigation and verifi­
cation to become useful. Research completed at the Colorado 
Center for Advanced Ceramics provides new information and 
confirms some data about these YC^ ^-BaC-CuC ternary system 
phase relationships. An extensive literature data base 
compilation of pertinent information associated with the 
Y01 #5 -BaO-CuO ternary phase diagram and accompanying binary 
phase diagrams provided several preliminary phase compati­
bility triangle diagrams and a YO^ 5 -BaO-CuO system liquid 
phase field relations diagram. Unfortunately correlation 
between major research literature sources (2, 3, 4, 5, 6 , 10) 
was not unilateral? thus, several binary diagrams exist for 
each primary binary system associated with the ternary dia­
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gram and four separate subsolidus compatibility diagrams 

were identified for the ternary system at 950 degrees Cel­
sius. A majority of available data and information is con­
fined to phase equilibria at 950 degrees C, because standard 
YBa2 Cu3 0 7  fabrication is completed near this temperature. 
Liquidus surface phase equilibria data (5,6) in the 
YOi ^-BaO-CuO system is not abundant, and only investigated 
in detail by T. Asleage and K. Keefer (5). Separate pro­
cessing methods employed by differing research groups is a 
probable cause for some discrepancies that appear in the 
literature work; however, one accurate diagram must be con­
structed from which additional scientific advancement can 
proceed. New phase relationships defined from work com­
pleted in this study resulted in significant advancement 
towards accurate YO^ g-BaO-CuO ternary system liquidus phase 
field relations diagram development which is confirmed by 
comparison with some existing data.

The principle defect in existing research literature is 
an absence of sufficient equilibrium data verification 
between one or more research groups. Constructing an accu­
rate and confident phase diagram and extending known equili­
bria relations in this system from previously undetermined 

phase relations investigated by this work is the primary 
research objective. Additional experimental verification
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and correlation of existing data was completed to substanti­

ate some this work.
Several factors were incorporated to insure the research 

completed in these investigations accomplished this objec­
tive:

1) The new research is partially based on previous 
scientific work. Most research experimentation was con­
ducted under standard atmospheric conditions similar to pre­
vious work. Experimental predicted results were based on 
equilibria relations defined by earlier works, allowing this 
work and previous work to be compared. Parent compound 
chemicals were specified to avoid interferences previously 
reported by others.

2) Similar scientific guidelines and processing tech­
niques employed by previous investigator's (1 2 ) were adopted 

for the proposed research program; thus, the new data gener­
ated builds on a previously existing data base, while pro­
viding the opportunity to compare two separate sets of data 
produced from similar processing techniques.



T-3766 4

Chapter II 
Existing Phase Relationships 

in the Y0le5 -BaO-CuO Ternary System

Introduction:
Existing binary and ternary YO^ 5 -BaO-CuO equilibrium evalua­

tion was important to identify areas of discrepancy and pro­
vide general knowledge about current system investigators 
respective phase compatibility diagrams.

Initially the three primary binary diagrams BaO-CuO, 
Ba0 -Y0 le5 # and Y0li5 -Cu0 were examined. Several different 
system diagrams were found to exist for each binary system.
This study conducted investigations in the YO^ 5 -CuO system 
where significant disagreement of eutectic point composition 
existed between various research groups by 3 0 mole percent 
CuO. Comparison of the other proposed binary systems 
allowed additional modification to the BaO-CuO and BaO~YO^  ̂
diagrams.

Existing ternary compatibility diagrams at 950 C provide 
four separate subsolidus equilibrium diagrams. One accurate 
diagram will be constructed to alleviate current discrepan­
cies in these four system diagrams. A single liquidus phase 
field equilibrium diagram (5) comprises the only detailed
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information prior to this work regarding ternary liquidus 
system relations.

Evaluation of these binary diagrams provides insight to 
possible problems obtaining true equilibrium during exper­
imentation and its sensitivity associated with preparation 
of 123 superconducting materials with respect to temperature 
and composition variation. Slight shifts in composition 
and/or temperature during experimentation could shift an 
experimental point out of these relatively narrow phase 
field regions; thus altering true equilibria phase compo­
nents. Experimental uncertainty and deficiency occurs in 
both ternary and binary system diagrams. There are approxi­
mately twenty-five plus different phase species known or 
believed to be equilibria phase compounds in the YO^ e 5 -BaO-CuO 
ternary system. Table 1 lists system equilibrium and sus­
pected equilibrium compounds and their respective reference 
source. Many of these compounds are still questionable 
equilibria phase components, with some possibly belonging to 

the Y01 #5 -Ba0 -Cu0 -C0 2 quaternary system.
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Table 1.
Known or Suspected Equilibrium Components 
in the Y01 #5 -BaO-CuO Ternary Phase System.

Compound Binary / Ternary Reference
BaO (010) X
Ba2 Cu03 (021) X

BaCu02 (Oil) X
Ba3 Cu04 (130) X
Ba2 Cu2 02 (012) X

CuO (001) X
Cu20 (002) X
Y2 Cu2 0 5  (202) X
YCu02 (101) X

Y2 0 3 (100) X
Ba2 Y04 (120) X
Ba2 Y2 05 (220) X
Ba3 Y4Og (430) X
Ba2 Y4 07 (420) X
YBa3 Cu2 07 (123) 
Y2 BaCu05 (211) 
YBa4 Cu3Og (143)

YsBagCugO^g (385) 
YBa5 Cu2 0g (152)

2,3,4,5,6,7,10 
2,4,7,10 

2 ,3 ,4 ,5 ,6,7 
2 
10 

All
3, this work 

All
5,6,10, this work 

All 
2,3,4,6,10 

3,4,6 
3,6,10 

2,3,4, 6

X All
X All
X 10
X 10
X 10
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Binary System Diagrams:
BaO-CuO. Complete barium-copper-oxide relationships (see 

figure 1 ) are still succinctly undefined and more work is 
needed to determine all existing binary compounds and their 
respective phase field boundaries. Clarification of equili­
brium conditions under which Ba^Cu^C^ formation occurs is 
still required. Figure 1 demonstrates limited phase field 
relations reported by R.S. Roth et. al. (3). Eutectic com­
position location, for the reaction BaO + CuO ==> BaCuO^, at 
60 mole percent CuO along the BaO-CuO binary is suspect when 
compared to the CaO-CuO binary sister system, where the 
CaCu02 eutectic point occurs at approximately 90 mole per­
cent CuO. Related studies (5) places this eutectic point at 
approximately 85 mole percent CuO. Identification of 
BagCuO^ by K.G. Frase et. al.(2), near the BaO rich end of 
this Binary is not supported by others (3, 4, 6 , 7, 10).

BaO-YOi 5 . The calculated (3,7) BaO-Y01# 5  binary, shown 
in figure 2 , clearly shows the possible phase equilibrium 
relations complexity involved with relative sample mixture 
temperature and composition variations. This sensitivity 
makes existing equilibrium compounds difficult to reproduce. 
Several reported (2, 3, 4, 6 , 7) compatible phase compounds 
near this binary may be present as unequilibrated phase com-
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for the BaO-CuO binary system.

Figure 1.
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liquid

_  1400 m

1150
m

850

40 50 60 70 80 9010 20
BaD Mol 7. YD1.5

Phase equilibrium model calculated by (3) for the
BaO-Y0ls 5 Binary system.

Figure 2.
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ponents. Extrapolation of the binary phase fields into the 
Y0i#5 -BaO-CuO system demonstrates the difficulty in obtain­
ing true system equilibrium; thus a possible source of dis­
crepancy between actual compatible phases. No low tempera­
ture BaO-YOie 5  experimental data exists, thus the expected 
low temperature (below 1200 deg. C) existence of the equili­
brium compounds Ba^Y^O^ and Ba^Y^O-^ is based on calculations 
(3,7) and their reported existence between 900-1000 degrees 
Celsius by Kwestroo et. al (11). However DeLeeuw et.al.
(1 0 ) reports these two compounds form only when the barium 
parent compound is BaC03 and identified then as oxycarbo- 
nates. No binary or ternary equilibria analysis work was 
conducted at or near this system. Calculated system equili­
bria (3,7) was not utilized.

YOj 5 -CuO. This simple binary diagram in figure 3 shows 
the relatively low melting point of CuO (1230 deg. C), com­
pared to yttrium oxide (greater than 2400 deg. C). A 
Y2 CU2 O5  eutectic composition point location discrepancy 
exists between R.S. Roth et.al. (3,6) and work completed in 
this study and eutectic composition reported by T. Asleage 
et. al. (5). A Significant amount of additional research was 
conducted investigating this binary system to further 
develop Y0l e 5 -CuO binary phase relations accuracy, with
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liquid

1400

_1200

1135 1125

1026u

Y01.5 Mol % CuD

Phase equilibrium model by (3) for the
Y0 1.5 ” C u 0  Binary system.

Figure 3.
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specific attention to Y0le 5-CuO eutectic composition identi­
fication. Figure 3 positions the eutectic point at about 

60 mole percent CuO (3).

Ternary Phase compatibilities
Figures 4-7 show phase compatibilities developed by five 

research groups. Each compatibility diagram defines areas 
of equilibrated phase components outlined by alkemade lines. 
Equilibrated phase components are determined by the three 
compound composition points at each apex of a specific com­
patibility triangle. If a starting compound mixture, def­
ined by relative parent compound percentages, is located 
with in the CuO, 123, and BaCu02 compatibility triangle, 
then the final subsolidus equilibrated phase components will 
be CuO, 123, and BaCu02. Figures 4-7 are equilibrium compa­
tibility isothermal section diagrams at 950 deg. C. Suffi­
cient sample heating and reaction time to allow complete 

solid state kinetic reaction or precipitation from a liquid 
melt upon slow mixture cooling to maintain equilibrium sta­
tus is required to achieve system equilibrium. Mixture 
quenching from elevated temperatures freezes the reactions

&
at these elevated temperatures, thus allowing investigation
of high temperature reactions and equilibrium compositions.
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An incongruent melting compound's liquid composition is dif­
ferent from the initial solid compound.

Because the ternary liquidus surface at several points 
in the diagram is below 950 degrees Celsius these previously 
designated subsolidus diagrams are indeed representations of 
liquidus surface compatibilities near the 123 composition 
point.

Figure 4 phase relations constructed by K.G. Frase and
D.R. Clarke agrees with most subsolidus region work com­
pleted. The tribarium cuprate compound however, has not been 
verified by any other research team. The alkemade line from 
the 132 compound to dibarium cuprate represents a solid 
solution series between these two compounds because, no end 
member compound has been found to exist at the copper barium 
rich end, dashed tie lines were used in this region of the 
diagram. All authors (2, 3, 4, 5, 10) agree with the 132, 
211, and BaYgO^ compound compatibilities. The 211 ternary 
compound exists in equilibrium with seven compounds ; includ­
ing, the 123 superconducting phase, Y01#5, Y^Cu^C^, CuO, 
BaY2 0 4 , 132, and BaCu02. The 123 superconducting phase is 
in equilibrium with only three compounds at this tempera­
ture, CuO, BaCu02 and 211. The 132 compound is the yttrium 
rich end member to the solid solution series Ba4 _yYyCu2 Ox 
and also exists in equilibrium with The 211, BaCu02,
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66 60

123

40
132

211
80 80

BaD Ba4Y207 BaY2D4 YD1.5
60

Phase equilibrium model for the YO^e 5 -BaO-CuO system at
950 deg. C. by (2).

Figure 4.

CuD

Primary phase  
field: 123

00

900/ p artia l
melting

6060

Y2Cu2D5941

211

20 40 /  / 60
Ba4Y207 X  I 

Ba2Y2D5 Ba3Y409

80
BaY204 YDL5BaD

Phase equilibrium model for the Y01# 5 -BaO-CuO system at
950 deg. C. by (4).

Figure 5.
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Ba^YgO?, and BaY^O^ compounds. The 132 compound and its 
associated solid solution series component members has 
recently been reported as oxycarbonate complexes by R.S.
Roth et. al.(6 ).

The phase compatibility diagram in figure 5 completed by 

R.S. Roth, K.L. Davis, et. al is similar to the diagram com­
pleted by K.G. Frase et. al. (2) (figure 4), except in the 
barium oxide rich corner. In this region R.S. Roth et. al.
(3) isolated no equilibrated dibarium or tribarium copper 
oxide compounds. The dibarium copper oxide compound was 
fabricated but omission of this compound in their equili­
brium diagram indicates the authors (3) believed this com­
pound not to be an equilibrium component in the BaO-CuO 
binary system. The compatible phases with BaCu02 are 
Ba^YgOy, 123, and CuO. Additionally they added BagY^Og to 
the diagram which, is in equilibrium with Ba2 Y2 D^, 132, and 
BaY2 0 4 . They also report phase compatibility change between 
BaCu02, and the 211 compound at about 960 C, above this 
temperature 123 and 132 are in equilibrium. Variation in 
temperature and firing times probably cause this crossed tie 
line discrepancy in the diagram.

G. Wang et. al. (4) in figure 6 , closely resembles work 
completed by K.G. Frase et. al. (1) with one major differ­
ence appearing in the BaO rich region of the diagram. They
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CuO

CO

123

132
211

80
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Phase equilibrium model for the Y01 #5 -BaO-CuO system at

950 deg. C. by (3).
Figure 6 . 

CuO

0000

60

123
143

211152 385

40 CO 00
B<x3Y409 BaY204 Y0Î.5

20

Phase equilibrium model for the Y01 #5 -BaO-CuO system at
950 deg. C. by DeLeeuw e t . al. (10).

Figure 7.
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(4) identified BaO in all equilibrated ternary compositions 
in this part of the diagram; thus, the alkemade lines do not 
equilibrate barium rich yttrium compounds with barium rich 
copper compounds. The 132 Compound is compatible at this 
temperature with BaCuOg, ^ 4 ^2 0 7 , and the 2 1 1  ternary or 
green phase compound, after its green color.

DeLeeuw et.al (10), (see figure 7), reports several new 
ternary compounds (see Table II) which are related to the 
132 compound and its solid solution companions. DeLeeuw et. 
al. state however that some that Ba^y^C^ and BagY^Oy were 
only successfully fabricated in the presents of BaCOg and 
thus belong to an oxycarbonate compound system. Addition­
ally new compounds 385 and 438 are reported as modifications 
to the previously reported 132 disordered perovskite and 
ordered tetragonal crystal symmetry models. The two new com­
pounds are designated by DeLeeuw et.al. as fitting the 
tetragonal ordered and orthorhombic ordered symmetry systems 
respectively.

Licmidus Phase Relationships
Liquidus compatibility phase relations have been inves­

tigated in detail (5) and are displayed in figure 8 . A 
majority of the information focuses primarily on phase 
regions near the 123 phase field. Copper oxide deficient
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CuO
£3

123 Prim ary 
Phase Field

E2

60

BaCu02
40 40IL5

2020

BaO Y01.5

Liquidus phase equilibrium model for the YO^#5 -BaO-CuO 
system by (5). Open squares represent locations‘of experimen­
tal compositions (5). Filled triangles locate ternary reaction 
points. Compatibility triangles are for 950 degrees Celsius.

Figure 8 .
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regions in the ternary system were not investigated thus 
equilibrium relationships are omitted in these regions of 
their diagram. BagY^Og and BaYgO^ are the only two inferred 
stable barium-yttrium compounds in this diagram. The BaO 
- 132 ternary compound tie line, depicted by G. Wang et. al. 
(4) at 950 degrees C, is confirmed by DeLeeuw et. al. (10) 
and might result from the existence of relic BaO because of 
incomplete system equilibrium? however, because liquidus 
equilibrium between BaO and 132 offers a simplest compati­
bility solution for inferred phase field model relations in 
this region, the new ternary diagram incorporates this tie 
line. The BaOuO^-2ll alkemade line exists below and above 
subsolidus temperatures. The 132 and 123 alkemade line sug­
gested by (4) is unlikely to exist. This is a very impor­
tant relationship which still needs further investigation. 
Ternary reaction points determined by T. Asleage and K. 
Keefer (5) are displayed in figure 8 . A majority of the 
boundary curve lines, and eutectic and peritectic reaction 
point locations are inferred and only represent general 
liquidus phase field relations. Experimental control points 
by (5), designated by open squares, indicate where addi­
tional information will be most useful, what areas are of 
greater interest, and where further research investigations 
should be concentrated. Ternary experimental mixture
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compositions were designed to investigate the following 
reactions (see fig. 8 ):

EUTECTIC
El 123 + BaCu02 + CuO — > Liguid 890 C
E2 BaCuOg + CuO — > Liquid 920 C
E3 Y 2 CU2 O 5  + Cu20 — > Liquid 1 1 1 0 C
E4 211 + BaCu02 —  > Liquid 1 0 0 0 C

PERITECTIC

PI 123 + CuO — > 211 + liquid 940 C

P2 Y2 CU2 O5 + Liquid — > Y2 O3 1 1 2 2 C
P3 211 + CuO — > Y2 CU2 O5  + Liquid 975 C
P4 Y 2 CU2 O 5  + 211 ——> Y2 O3 + Liquid 1 0 0 0 C
P5 123 + BaCu02 — > 2 1 1  + Liquid 1 0 0 0 C

These are the main reactions that affect component 
equilibria relations during fabrication of "123" by melt 
texturing. Reaction chemistries were determined from phase 
compatibilities of melt textured experimental runs and dif­
ferential thermal analysis of selected parent compositions.
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Conclusions
Comparison of current research data gathered from vari­

ous publications provided essential information which pro­
vided a preliminary understanding of Y01 #5 -BaO-CuO ternary 
chemical and thermal system liquidus equilibrium conditions. 
There is enough evidence to substantiate the existence of 
Ba2 Cu0 3 ; although it is not clear if this compound exists at 
higher temperatures. K. G. Frase et. al. (2) and G. Wang 
(4) report that Ba^CuC^ is a compatible phase up to 950 C, 
which is probably a stable subsolidus component in this 
region. The reporting of C02 incorporation into various 
compounds by (6 ,1 0 ) may be responsible for the discrepan­
cies and difficulties associated with the isolation of spe­
cific ternary compounds near and at the 132 composition. 
Therefore, these alternate or new compounds will not be 
incorporated into the new equilibrium diagrams as confirma­
tion of these materials by alternate investigators has not 
been reported. These new compounds may not be true equili­

brium components as DeLeeuw et. al. (10) reported diffi­
culty obtaining equilibrated mixtures. These diagrams fur­
ther assisted research by identifying areas of uncertainty, 
interest, and providing predictions which enhanced speed of
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investigations. Standardizing the orientation of the pre­
sented diagrams, created by different researchers, has made 
diagram comparisons much easier.
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Chapter III 
Experimentation

Introduction
Subsolidus ternary system research investigations often 

require cooling and heating through eutectic and peritectic 
reaction points, subsequently preferential melting or preci­
pitation of various compounds occurs? thus care must be used 
when deciphering equilibrium phase components as relative 
starting compound parent mixture amounts and their respec­
tive heating and cooling paths controls system equilibrium.

Experimental Design
Sintering processes and heating and cooling path config­

urations were designed to determine new phase relationships 
and test liquidus equilibrium configurations as shown in 
figures 4-8. These experimental heating and cooling proce­
dures were partially determined from preliminary experiments 
that investigated heat soak time requirements to reach 
stable sample mix equilibrium. Detailed information regard­

ing heating and cooling path design for each experimental 
run is provided in appendix A.

Five separate mixtures were originally proposed; however 
fifteen were eventually investigated to assist in locating
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new phase field boundaries and isolate peritectic and eutec­
tic reaction compositions and temperatures. Table 2 lists 
the number of experiments conducted with corresponding tem­
perature range, and identified discrepancy or area of inter­
est to be resolved or investigated. Figure 9 shows exper­
imental run compositions and their respective composition 
locations with in the YO^e5 -BaO-CuO ternary diagram. Figure 
1 0  outlines a unique ternary diagram area or discrepancy as 
listed in table 2 that was investigated or resolved by the 
corresponding experimental runs. Each experiment is associ­
ated with a peritectic or eutectic reaction point and was 
used to isolate these reaction point locations and tempera­
tures i.e. experimental runs 19, and 20 in "area 6 " investi­
gated 2 1 1  and YO^ 5  phase field boundary extent and levels 
of temperature stabilities near the 2 1 1  composition point.

These investigations produced both new data which is 
utilized to construct previously undeveloped phase relation­
ships and accurately define peritectic and eutectic reac­
tions enabling the construction of a new YO^ # 5 -BaO-CuO equil 
brium diagram.

Initial experimentation determined crucible material 
types, and sintering and melt processing procedures. Cru­
cible material type selection was based on relative reacti­
vity with the experimental composite mixtures of BaO-CuO and
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Table 2.

System features investigated and 
discrepancies resolved.

Area Run Numbers Exper. Temp. Item of Investigation

1,2,3,6,7 25-1075 C

4,5,10,11,12,
23,24,39,41

875-1000 C

Locate 211 and YO^ e 5  
phase field boundary, 
define 2 1 1  phase field, 
isolate PI rx temp.
Define 123 Phase field, 
isolate El and PI reac­
tion points and temps.

13,14,15,16,27 8090-1100 C Locate EaCuO^~l23 phase
field boundary, isolate 
El rx temp., define Oil 
and 123 phase fields.

17,18,22,26 930-1200 C

20

19,21

25

1025 C

1000-1325 C

8 & 9 28-38,40

1200 C

870-1330 C

Define 211 phase field 
area, locate 2 1 1 - 1 0 0  
boundary, isolate PI rx 
temperature.
Verify CuO — > Cu^O 
reaction temperature.
Produce 211, define 
upper 2 1 1  temp, stabil­
ity.
Define 100 phase field, 
determine upper P4 rx 
limit temperature.
Define E3 point comp, 
isolate E3 and P2 rx 
temps., identify un­
known phase component, 
examine possible O2  
and compound segregation 
effects on equilibria.

10 8 880 C Produce BaCu02 (0 1 1 ).
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Composition locations of experimental mixtures with corre­
sponding investigation run numbers. Compatibility triangles 
are for equilibrium relations at 950 deg. C.

Figure 9.
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CuO
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Area 3 
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Area 10

BaCu02 5
<4040 1.5

20Area 620

BaO Y01.5

Ternary liquidus phase equilibrium as reported by (5). 
Filled circles locate this research's experimental composition 
points. Rectangular outline areas represent areas each 
enclosed experimental point will help to define equilibria 
relationships or resolve existing discrepancies as detailed in 
table 2 .

Figure 10.
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Y0le 5. Alumina crucibles were used as minimal reaction 
occurred with the CuO or BaO enriched sample mixtures.

Experimental Procedure
Several different ratios of CuO, Ba(OH)2 *8H2 0, and Y01 # 5  

powders, provided by Coors Ceramics Company with respective 
purities (see appendix D) of 99.5%, 99.99%, and 99.99%, were 
sintered or melt processed at varying temperatures. BaCOg 

was not used because of possible oxycarbonate compound for­
mations and reported slow reaction kinetics reported when 
this parent barium compound was used in previous work 
(5,6,10). Heating and cooling of the test mixtures was con­
ducted in a small vertical resistance tube furnace modified 
to allow atmospheric composition control by low pressure 
chamber flooding. Furnace thermocouple temperature calibra­
tion of the to +/- three degrees Celsius was completed by 
melting a pure gold contact wire and consequently setting 
the furnace temperature scale to the gold wire melting point 
by a one point calibration method.

After the desired ratios of yttrium oxide, barium oxide, 
and copper oxide are mixed by hand grinding in a standard 
alumina mortar and pestle, the resulting mixture was heated 
in aluminum oxide crucibles at specified temperatures for a
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minimum of one hour and up to 15 hours. Equilibrium was 
achieved after heating for one hour at desired quenching 
temperature. Several runs with eight hour heat soak times 
were compared to the phase components in the shorter 1 - 2  

hour runs and no measurable equilibrium difference was 
observed. It was observed that equilibrium in runs 1-3 was 
achieved in several minutes when a liquid was present. 
Subsequent regrinding and heat treating of the varied mix­
tures was not necessary to remove major contaminants and 
produce homogeneous products.

Typical techniques were utilized to process the various 
ceramic powders; however, to analyze high temperature 
equilibrium phase components at specified temperature lev­
els, most mixtures were quenched to room temperature by rap­
idly removing the sample from the furnace chamber into room 
temperature standard atmospheric conditions. Sample cooling 

rates are estimated to be 300-400 degrees Celsius per minute 
when initial sample temperature is above 800-900 degrees 
Celsius. Immediate grinding and x-ray analysis of the sample 
suppressed hydroscopic material formation by limiting any 
detectable hydrolysis reactions. There are many variables 
between various researchers i.e. oxygen furnace atmo­
spheres, mineralizers, carbonated starting compounds, many
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of which are not completely understood, that may affect 
reproducibility.

Equilibrium phase relations analysis is closely associ­
ated with liquid amounts present at experimental quenching 
and is discussed in chapter VI. Predicting final experimen­
tal mixture equilibrated phase components, using compatibil­
ity triangles in the preliminary diagram, has allowed ini­
tial diagram configuration comparison with experimental 
results. Comparison of these predicted phase component 
result with experimental observations enabled implementation 

of newly defined phase relations to eliminate discrepancies 
and produce a ternary equilibrium phase diagram.

Research Investigations
Experimental runs 4, 5, 10, 11, 12 and 23, 24, 39, 41,

42 ("area 2") investigate reaction El's location and the 
CuO, and 123 primary phase field boundary locations in the 
diagram. Runs 1, 2, 3, 6 , 7 and 17, 18, 22, 26 study the 
211 primary phase field boundaries and the PI reaction. 
Additionally runs 1, 2, 3, 6 , 7 were used to help construct 
a psuedo-binary along the 123-211 tie line. Experiments 13, 
14, 15, 16, 27 help define BaCu02 and 123 primary phase 
field area extent, and verify El reaction temperatures. Runs 
28-38, and 40 research the Cu0 -Y0 1 # 5 binary system phase
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relationships. Runs 19, and 25 were to check liquidus sur­
face levels and are subsolidus reaction mixtures which never 
obtained complete equilibrium. Mixtures 8,9, and 20 produced 
standard compounds used in the x-ray analysis work.

Conclusion
Scanning electron probe evaluation of potential contami­

nation of experimental mixture by reaction with the alumina 
crucibles, by particles from the alumina mortar and pestle, 
or impurities in the parent chemicals was investigated. No 
significant contamination was found to occur. Time and tem­
perature dependence of the experimental mixtures was 
examined and resulted in reducing soak times dramatically 
from previously conducted work. Equilibria of a unheated 
mixture is achieved within minutes upon heating to elevated 
temperatures if any liquid is present. During sintering 
equilibrium was achieved fairly rapidly < 1 - 2  hours near 
eutectic or peritectic temperatures ; however longer soak 
times tended to allow better crystal formation within the 
mixture and permit extended sintering of components reducing 
porosity and grain boundary area. Reaction with crucible 
walls was consistently observed at elevated temperatures (> 
950 C) when starting compounds had relatively high CuO mole 
percentages, typically greater then 60 percent but, was not
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significant to warrant attention. Experimental runs were 
designed to provided the most efficient means of resolving 
existing phase relations discrepancies. Utilization of the 
compiled preliminary diagram allows accurate comparison of 
experimental and existing diagram equilibrium relations and 
provide a acceptable reference to construct a new diagram 
based on investigations in this research.

Ternary phase ”123" component fabrication is well optim­
ized and standardized. The standard preparation and pro­
cessing procedure involves desired temperature sintering of 
the parent compounds copper oxide, barium (hydroxide, or 
peroxide, carbonate is not used because of its suspected 
Y-Ba-Cu-C02 compound complexes), and yttrium oxide in a 
non-reactive crucible for eight to twelve hours at desired 
equilibrium temperature (850-950 deg C), subsequent cooling 
the sample to room temperature (100 degrees Celsius/hour), 
grinding to achieve homogeneity, and reheating to with an 
oxygen atmosphere for an additional eight to twelve hours. 
The oxygen anneal is optimal, as the 123 compound is highly 
sensitive to oxygen diffusion into or out of the lattice 
structure. Small deviations in oxygen content greatly 

affect the 123 materials' characteristics, including its 
ability to achieve the superconducting state, its true value 
Tc , and the crystal symmetry of the final material. The
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process of reheating or annealing, in an oxygen atmosphere, 
is employed to optimize orthorhombic 123 "A" (8 ) formation 

and is usually required for solid state reaction kinetics.
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Chapter IV.
Analytical Techniques

Introduction
Accurate ternary diagram construction depends on accu­

rate equilibrium data collection, and data interpretation. 
Two types of equilibrium phase data was carefully obtained 
during experimentation.

1) Experimental mixture equilibrated phase components.
2) Equilibrated quench temperatures and detailed heat­

ing and cooling path time-temperature variations. Tempera­
ture data was recorded in a lab notebook for future refer­
ence and was taken from the preprogrammed digital display on 
the programmable furnace used for experimental mixture fir­
ing and quenching. Individual experiment heating and cool­
ing curves are presented in appendix A. Experimental mix­
ture phase component measurement was achieved by analog ana­
lysis of x-ray intensity scans completed for each standard 
reference and experimental mixture.

Sample Preparation and X-rav Scanning
After mixture quenching, a sample was removed from the 

crucible and ground to approximately 10 - 50 microns for 

x-ray diffractometer scanning. Usually less than one hour
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transpired between grinding and analysis, reducing reaction 
time for moderately strong hydroscopic material. Each 
sample was lightly packed in a sample holder and scanned at 
40 KV and 25 ma over a two theta distance not less than 45 
degrees. Usually from 15 degrees to 75 degrees.

Analog Identification of Mixture components
Unknown mixture intensity peaks were compared to known 

standard compositions. Overlaying standard peaks onto 
unknown intensity peaks allowed correlation between known 
and unknown phase compositions. Once one phase was identi­
fied its peaks were labeled and subsequent standard peak 
comparisons omitted these previously identified peaks (see 
figure 11.). Standard composition relative intensity data 
utilized in x-ray pattern analysis is tabulated in appendix 
B. Originally a program was developed to create standard 

intensity patterns but, high sensitivity to oxygen position­
ing and extensive time use developing accurate unit cell 
models warranted utilization of standard powders for stan­
dard intensity pattern development. A majority of these 
standards were fabricated in the lab and cross-referenced 
with patterns in literature (5,12). In addition to crystal­
line phase component identification, approximate relative
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liquid phase percentage amounts present in CuO rich quenched 
study mixture material could be determined. Percent liquid 
in CuO enriched (greater than 50 mole %) binary or ternary 
diagram areas is related to intensity scan background noise 
amplitude. This phenomena might be explained by the pres­
ence of very small CuO grains that form with rapid system 
cooling. These grains are only slightly larger than initial 
nucléation points. Copper, which fluoresces strongly under 
high continuous spectrum radiation near the copper absorp­
tion edge, in these grains causes an increase in apparent 
background noise. As these particles decrease in number or 
increase in size less fluorescence effect is observed as 
diffraction increases. This relative correlation between 
increased background noise and mixture liquid percentage at 
quenching was consistently observed during investigations 
that had similar CuO content and quenching processes.
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Chapter V.
Primary Binary System 

Review and Investigation

Introduction
This chapter will discuss work completed on the primary 

binary systems BaO-CuO, BaO-Y0le5 , and Y0 1 #5 -Cu0 . The first 
two system were closely examined and compared with sister 
systems to check general phase relations. Several areas of 
suspect configurations were observed. To alleviate these 
suspect areas all pertinent literature information was 
reviewed and a best approximation of true equilibrium rela­
tions was completed. Experimental investigations were con­
ducted on YOie 5 -CuO binary system diagram configuration to 
more accurately define this important binary system.

BaO-CuO Binary System
Figure 12 represents a modification and extension of 

work completed by R. S. Roth et. al. (3) as presented in 

figure 1. Extrapolation of the existing sister binary CaO- 
CuO system onto this binary diagram allows an inferred 
Ba2 Cu0 3  compound melting temperature of 1050 from similar 
binary compound Ca^CuO^ (1 1 ) and provides guidelines for 
Ba2 CuC2 compound liquidus and solidus lines inference which
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liquid 

in fe rre d  liquidus
1050

CuO

| V___950
Inf erred

900

ai□
u

CuO
A modified (this work) BaO-CuO binary diagram (3) including 

interpolation of BaCuoOo compatibility from the sister binary 
BaO-CaO (11).

Figure 12.
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were used to generate the BagCuOg liquidas and solidus ter­
nary surfaces. However, more information about this 
intermediate binary compound's liquidas and solidus configu­
ration would greatly enhance ternary liquidas phase field 
boundaries accuracies.

BaO-YOj e 5 Binary System
Because Ba^Y^O^ and Ba^Y^O-^ are reported oxycarbonates 

these two compounds are not incorporated into the binary 
diagram in figure 13. Comparison of the Ba0-Y01 # 5  system 
with previously investigated sister systems (1 1 ) SrO-Y2 0 3 , 
Ba0 -Dy2 0 3 , and Ba0-La2 03 support the existence of BaY2 04 and 
Ba3 Y4 0 g as stable phase compounds at temperatures in excess 
of 1200 degrees Celsius and probably are stable to 1000 and 
800 degree Celsius respectively. Figure 13 represents the 
Ba0-Y0le 5 binary diagram (18) with the BaY2 04 and 
Ba4 Y4Og compound stabilities extrapolated below 850 deg C, 
used to construct the ternary phase field relations and com­
patibilities in the new Y01 #5 -BaO-CuO system diagram.

YOj 5 - CuO Binary System

During phase investigation work in CuO rich ternary sys­
tem areas a discrepancy between existing binary diagrams 
(figs. 3 & 8 ) (3, 5, 6 ), was observed. The discrepancy
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BaO-YOi# 5  binary modified from (1 1 ) to include inferred 
extension of the Ba^Y^Og and BaY^O^ Phase fields to 800 and 
1000 deg C. respectively.

Figure 13.
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involved binary system eutectic point reaction location 

between CuO and Y0^e 5 . The ternary diagram in figure 8  

locates the Y^Cu^O^ + CuO ==> Liquid reaction eutectic point 
at 90 mole percent Y0ls 5  and 1135 degrees Celsius (5,11); 
however the binary diagram in figure 3 (2) positions this 
eutectic point at 60 percent YO^ e 5  and 1135 degrees Celsius; 
thus there is agreement in temperature but not in eutectic 
point composition.

Eutectic composition. Additional experiments were com­
pleted to resolve eutectic composition uncertainty. Thir­
teen separate experiments (runs 28-38,40) were fired and 
cooled to define phase and reaction point locations in the 
binary system. A new binary diagram derived from exper­
iments completed in work is detailed in figure 14. Individ­
ual experimental compositions are represented by circles. 
Approximate composition percent liquid present at quenching 
is proportional to amount of circle filled.

Liquid percentages were based on observation of sample 
liquid present at quenching. Excellent agreement between 
existing data (5) with this studies' data gives a high con­
fidence level in the completed binary diagram accuracy. 

Variation exists however between this diagram and existing 
diagrams in addition to the eutectic location. Appearance
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Figure 14.
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of an additional subsolidus phase, YCuOg, in all experimen­
tal mixtures has been observed during these investigations 
and while also observed by (12,13,17) was not a reported 
equilibrium component as reported by this work.

Oxvaen Potential and the YCuOo Phase. Problems with 
matching a standard Y^Cu^O^ pattern to a Y0le 5 -CuO binary 
mixture arose during early research but, was not addressed 
until this problem again appeared during experimental YO^ e 5  

- CuO binary system modeling. Furnace atmosphere control to 
this point in the investigations was not required, as exper­
imentation was to verify data (2, 3, 4, 5) completed in a 
standard atmosphere. However, because of complications 
associated with this unknown standard pattern and based on 
the assumption that this problem might be connected with 
furnace atmosphere oxygen potentials, an oxygen purge system 

was set up. An substantial data base created during inves­
tigations to determine the CuO-YO^ e 5 eutectic point composi­
tion. This data in all instances showed existence of two 
separate phases. In addition to standard YgCugOg (12) 
intensity peaks there also existed, at every composition 
regardless of quench temperature, and additional unknown 
phase. Assuming that this phase was dependent on oxygen 
potential several additional experiments were completed with
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firing and cooling cycles conducted in a pure Og atmosphere. 
This assumption was supported by the fact that CuO reduces 
further to Cu^O at around 1025 degrees Celsius? therefore: 

Y+ 3  + Cu+ 1  + 20” 2 ==> YCu02 above 1025 deg. C
The selection of YCu02 as the possible unknown phase 

was based on reports of this phase occurring in other 
studies (5,6) and from the above reaction. Verification 
by SEM composition mapping was not feasible because both 
phase compositions contain equal percentages of yttrium and 
copper.

Comparison of YCu02 relative intensities and Y 2 Cu2 C^ 
peaks indicate that the YCu0 2 phase is more predominant at 
temperatures above 1025 degrees Celsius and lower oxygen 
potential reaction atmospheres. The determination of dif­
ferent standard intensity peak data was resolved using pat­
terns similar to figures 15 & 16. Because a set of x-ray 
scan peaks for an individual phase will maintain constant 
relative intensities with respect to each other, peaks not 
maintaining a relative constant can be identified and will 
represent one or more alternate phase compositions present 
in the experimental mixture. The Y2 Cu2 05 peaks and YCu02  

peaks are labeled in figures 15 & 16. The Diagram in figure 
15 represents an experimental mixture with a higher percent­
age Y2 Cu2 0 5  present compared to YCu02. Comparing figure 15

MTMUB LAKES LIBRA1I 
COLORADO SCHOOL oé MINES 
G OLD BN, COLORADO S040B
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Relative x-ray intensity pattern of and YCu02 with

higher relative percentage of Y2 Cn2 O^ present.
Figure 15.
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Relative x-ray intensity pattern of Y2 Cu2 O^ and YCUO2 with 

higher relative percentage of YCuOg present. These standard 
reference peaks while, appearing in both patterns, have varying 
relative intensities with respect to the peaks labelled in fig. 
15; thus they represent a unique and different compound, 
thought to be YCu0 2.

Figure 16.
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with 16, differentiation between intensity peaks represent­
ing Y2 CU2 O 5 and peaks representing YCu0 2 occurrence is 
possible. YCuO2 equilibrium stability and problems with 
solid-state oxygen diffusion towards the powdered sample 
center explains existence of both phases in all experimental 
quenched mixtures. A mixture containing equal amounts of 
YO1 . 5  and CuO was heated under very low oxygen potential, 
the crucible was capped to reduce oxygen diffusion into 
sample, subsequently Cu+ 2  reduction to copper metal was 
observed in addition to existence of relative high YCu0 2  

amounts ; thus, indicating that greater than standard atmo­
spheric oxygen partial pressure is required to produce pure 
Y2 CU2 O5 , and that if enough oxygen is not available i.e. 
standard atmospheric process conditions, the equilibrated 
intermediate phase composition YCu02 will be present.

Conclusion
New Y0le 5  - CuO binary system diagram relationships and 

acceptable verification of these relationships were estab­
lished and utilized to construct a new Y01# 5 -CuO binary 
diagram and assist in new ternary diagram development. 
Additionally oxygen potential dependence of binary system 
phase species was investigated and determined to only 
slightly affect equilibrate phase components at any one spe­
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cified temperature and compositional point. YCu0 2 compound 

formation under moderate to low oxygen potentials during 
processing in this binary system suggests similar ternary 
system problems may occur.
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Chapter VI.

Y0le 5 -BaO-CuO Ternary Phase 
Equilibrium Diagram

Introduction
Copper enriched Y01 #5 -BaO-CuO ternary liquid phase chemical 

equilibrium relationships were determined and a new YO^.5 -BaO-CuO 
ternary diagram was completed. Previous data (5) gener­
ally supports these newly defined phase field relationships, 
peritectic, and eutectic reaction temperatures. The equili­
brium compatibilities and reaction chemistries determined by 
T. Asleage and K. Keefer (5) compliment this work and were 
subsequently partially utilized to verify or assist 
YOi 5 -BaO-CuO diagram construction. The new ternary diagram 
is depicted in figure 17. Phase field boundary areas and 
equilibria compatibilities determined in this research are 
confirmed by some original diagram relations, from previous 
works. Higher confidence in 123 and 211, Oil, 001, and 202 
compatibilities have been established over previous dia­
grams. This study completely identifies the 123 liquidus 
phase area and reactions with ternary composition mixtures 
having greater than 50 mole percent CuO. Partial melting in 
the CuO rich end of the ternary at 950 C (3) system shows 
some agreement with current liquidus surface modeling (5,
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CuO Phase Field 202 & 101 Phase Field

Oil Phase Field

123 Phase Field

Field
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132 Phase Field
BaCu203 Phase FieldBa2Cu03

BaO 20 40 60
Ba3Y409

80 Y01.5
New liquidus phase equilibrium diagram for the YO^^-BaO-CuO 

ternary system displaying the new 123 primary phase field area 
extent. The phase field locations in the copper oxide defi­
cient regions of the system are inferred (dashed lines).
Filled circles represent experimental compositional control by 
this research. Open squares identify experimental compositions 
by (5). Alkemade lines depict compatibilities at 950 deg. C.
The 132 phase field is shown equilibrated with BaO; however the 
Ba2 Cu0 3  phase field could connect with Ba^Y^Og liquidus region 
to eliminate this compatibility.

Figure 17.
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This work), as partial melting would be expected to occur in 
this region of the system. Ternary reaction points locations 

require further investigation; however, copper rich (CuO 
greater than 50 mole %) compatibility triangles and system 
eutectic and peritectic reaction temperatures have been well 
defined. Earlier work (2,3,4) was used to approximate 
the 132 phase field boundary and to locate possible 132, and 
intermediate barium-yttrium and barium-copper compound phase 
compatibilities. The 132 and associated barium rich yttria 
compounds, both reported oxycarbonates (6 ,1 0 ) are new sys­
tem discrepancies.

Phase component numbers and 
the phase rule

Several mixtures had more*than four phase components 
present violating the phase rule when mixtures are not 
eutectic or peritectic reaction points. The possible number 
of phases present is defined by the phase rule:

F + P = C + 1?
where pressure and vapor phase components are fixed and F 
is system degrees of freedom at any designated point, P is 
phase numbers present at any specified point in the system, 
and C is system parent components numbers i.e. Y0^e5 , BaO, 
and CuO for this ternary diagram. During normal sample
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cooling or heating two degrees of freedom exist in a ternary 
system. System temperature variance during mixture cooling 
or heating and system compositional change during component 
precipitation or melting upon system cooling or heating 

respectively comprise these two degrees of freedom. The 
possible number of phases present at any point in time, 
not at a reaction point, from the phase rule, must be less 
then or equal to three.

Ternary Eutectic and Peritectic Reactions
Figure 18 correlates experimental compositions and run 

numbers with distinct peritectic, eutectic, or liquidus 
phase field equilibria each separate mixture defines. The 
seven reactions depicted in figure 18 represent newly deter­
mined reaction chemistries and temperatures or verify pre­
viously reported reactions (5). Runs 1-27 were specifi­
cally designed to isolate peritectic and eutectic reaction 
temperatures while investigating related cooling path reac­
tions along phase boundary curves.
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New liquidus phase equilibrium diagram for the Y01 #5 -BaO-CuO 
ternary system showing eutectic and peritectic reactions det­
ermined by this research. Alkemade lines are for compound com­
patibilities at 950 deg C.

Figure 18.
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The following reactions were verified to exist at indi­
cated reaction temperatures :

El) 123+ CuO + BaCu02 ==> Liquid 875-890 deg. C
E3) Y2 CU2 O5  + CuO ==> Liquid 1127-1135 deg. C

E2) BaCu0 2  + CuO ==> Liquid 880-930 deg. C
PI) CuO + 123 ==> 211 + Liquid 950-960 deg. C
P2) Y2 CU2 O5 ==> Liquid + Y2 O 3 1135-1140 deg. C
P3) 211 + CuO ==> Y2 CU2 O5  + Liquid 950-1080 deg. C
P4) 211 + Y2 CU2 O 5 ==> Y2 O3 + Liquid < 1080 deg C

General quenched experimental mixture phase compatibili­
ties identified after heating or cooling along a suspected 
liquidus phase boundary curve were utilized to differentiate 
between reaction point locations and boundary curve posi­
tions. Table 3 list these identified equilibrate phase com­
ponents with their respective experimental run number, tem­
perature range, and original mixture composition. Phase 
field relations and areas were also inferred from this 
information. Phase field areas, boundary curve locations, 
and ternary reaction points require multiple experimental 
mixture to locate accurately; therefore only general rela­
tionships and approximate location of these entities could 
be determined from this research data and collect previous 
studies' data.
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TABLE 3.

Summary of Experimental Investigations Completed in the 
Y0 1 #5 -Ba-Cu0  Ternary System

r n o .
MOLE PERCENT

TEMP PATH

CuO BaO Y O i . s OBS. PHASES 
Decreasing Amts

&
QUENCH TEMP 
(deg. C)

i . 50.0 33.3 16.7 1 0 0 1075
2 . 50.0 33.3 16.7 2 1 1 ,0 1 1 , 0 1 2 1050
3 . 50.0 33.3 16.7 2 1 1 ,0 1 1 , 0 1 2 1 0 2 1

4 . 74.2 22.7 3 .1 001,012,123,011 925
5. 74.2 22.7 3.1 001,012,123,011 925-890
6 . 50.0 33.3 16.7 2 1 1 ,0 1 1 , 0 1 2 1 0 2 0

7. 50.0 33.3 16.7 123 940-25
8 . 47.5 52.5 0 . 0 0 1 1 880
9. 50.0 0 . 0 50.0 1 0 1 , 2 0 2 1135
1 0 . 74.2 22.7 3 .1 0 1 2 , 0 0 1 1 0 0 0

1 1 . 74.2 22.7 3.1 123,012,001,011 1000-708
1 2  . 74.2 22.7 3.1 012,123,001,011 1000-915
13 . 59.0 36.0 5.0 123,012,011 980
14. 59.0 36.0 5.0 123,(Oil),012 980-891
15. 59.0 36.0 5.0 012,123,011 1 0 0 0

16. 59.0 36.0 5.0 123,011,012 1000-800
17. 68.5 19.5 1 2 . 0 0 1 2 , (0 0 1 ) , 2 1 1 1050-950
18. 68.5 19.5 1 2  . 0 0 1 2 ,0 0 1 , 2 1 1 1050-930
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MOLE PERCENT
RUN NO.   TEMP PATH

&
CuO BaO Y01# 5 OBS. PHASES QUENCH TEMP 

_________________________________Decreasing Amts (deg. C)
*19. 29.0 19.3 51.7 2 1 1 1050-1000

*2 0 . 1 0 0 . 0 0 . 0 0 . 0 0 0 2 1050

*2 1 . 29.0 19.3 51.7 420? 1325

2 2  . 68.5 19.5 1 2 . 0 012,202,123,011,001 1080

23. 72.0 2 2 . 0 6 . 0 0 1 2 ,0 0 1 , 2 1 1 960
24 . 72.0 2 2 . 0 6 . 0 123,001,012,011 960-900
25. 6 8 . 6 11.4 2 0 . 0 0 1 2 ,2 0 2 , 0 0 1 1 2 0 0

26. 68.5 19.5 1 2 . 0 0 1 2 ,2 0 2 , 0 0 1 1 2 0 0

27. 59.0 36.0 5.0 0 1 2 ,0 0 1 , 0 1 1 1 1 0 0

*28. 50.0 0 . 0 50.0 1 0 1  & 2 0 2 1125
*29 . 67.0 0 . 0 33.0 1 0 1  & 2 0 2 1125
30. 67.0 0 . 0 33.0 1 0 1  & 2 0 2 1 2 0 0

31. 55.0 0 . 0 45.0 1 0 1  & 2 0 2 1130
32 . 55.0 0 . 0 45.0 1 0 1  & 2 0 2 1330
33 . 65.0 0 . 0 35.0 1 0 1  & 2 0 2 1130
34 . 65.0 0 . 0 35.0 1 0 1  & 2 0 2 1330

35. 85.0 0 . 0 15.0 1 0 1  & 2 0 2 1330
*36. 40.0 0 . 0 60.0 1 0 1  & 2 0 2  (0 2) 1075
*37 . 40.0 0 . 0 60.0 2 0 2  & 1 0 1  (0 2) 950
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TABLE 3. CON'T

MOLE PERCENT
RUN NO

CuO BaO YOi. 5  OBS. PHASES 
Decreasing Amts

38. 50.0 0 . 0 50.0 1 0 1  & 2 0 2

39. 72.0 2 2 . 0 6 . 0 123,012,001,011
40. 65.0 0 . 0 35.0 1 0 1  & 2 0 2

41. 72.0 2 2  . 0 6 . 0 123,001,012,001
*42. 72.0 2 2 . 0 6 . 0 123,011,001

TEMP PATH 
&

QUENCH TEMP

1135-870
950

1200
930
875

* All of these experimental runs had no observed liquid in 
equilibrated quenched mixtures.
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Similar work (5) agrees acceptably with this studies 
determination of the seven outlined peritectic and eutectic 
reactions. The eutectic reaction. Liquid ==> 123 + CuO + 
BaCu02 at 875-890 degrees Celsius, determined by runs 4, 5, 
10, 11, 12, 41, 42, is supported (5). The Binary reaction 
BaO + CuO ==> BaCu02 has been determined to exist below 930 
deg C and above 880 deg C. Extensive studies in the 
Y0 1 #5 -Cu0  binary system lead to a Y2 Cu2 O^ and YCu02 ==> 

yo1 . 5  + CuO incongruent melting reaction temperature compa­
rable to reported values of 1135-1140 degrees Celsius. No 
work was completed on the yttrium-barium compounds or the 
ternary 132 compound. Experimental run 21 however, did con­
tain an unknown phase suspected to be BaY2 O^.

Ternary Reaction Temperatures and 
Phase field areas

The pseudo-binary A-A' located along the section line in 
figure 19 and represented in figure 20 displays experimen­
tal control used to develop phase field locations along the 

ternary section. This diagram is a new psuedo-binary 
detailing accurate phase equilibrium relationships not 
previously considered.

Figure 21 is a pseudo-binary B-B' (see figure 19) 
detailing quench temperatures and equilibrated phase compo-
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CuO
CuO Phase Field

8080

6060

BaCuOS
40 40BaCu203 Phase 

Field —Ba2Cu03/ 132

211
2020

BaO Phase Field

40 8020 60
Ba3Y409

Ternary psuedo-binary section locations. Section A-A' 
figure 2 0 and section B-B' figure 21.

Figure 19.
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100

430 + LOO + L
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—  1100
(Run #l>

1050-1075
 1050/ o  (Run #2)

211 + 430 + 100
O  <Run #3) 1015

1000 —

123

950 -
(Run #7)

011+ L
123 900 -

cuOil + L

80 90 85Z*m
15% Bor

65% CuO 20 30
35% BaOA Mol % fa'

Psuedo-binary section A-A' details 123 phase field rela­
tions with Y0le g, 211, and BaCu2 0 2 . Open circles represent 
experimental control from this study with respective experimen­
tal run numbers.

Figure 20.
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100 + L

liquid
— 1050

Run #'s 4,5,10,11/12

—  1000
Run #'s 23,24,39,41,42

CuO +
- 9 5 0

211
123 + L

123 + CuO + L
123 + 211

\ CuO + BaCùu2 + L
— 850 CuO

123 + BaCu02 + CuO

77 % CuO Mo, •/ 50 % CuO
23 % BaO /m 20 % BaO

Psuedo-binary section B-B # details 123 phase field rela­
tions with Y01# 5, 211, CuO and BaCu^O^ and associated 
experimental control used to define these relationships. Open 
circles represent experimental control from this study with 
respective experimental run numbers.

Figure 21.
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nents review and examination for run numbers 4, 5, 10, 11, 
12, 23, 24, 39, 41, and 42 which were utilized to isolate 
123 + CuO ==> 211 + liquid peritectic reaction temperature 
and assist with 211, CuO and 123 phase field definition.
Each identifiable phase component at a specific temperature 
fixes that particular component's ternary phase field loca­
tion with in the diagram. Runs 4, 5, 10, 11, 12, 24, 39,
41, and 42 have no 211 phase present at their respective 
equilibrated quench temperatures; therefore, this 2 1 1  per­
itectic reaction must occur at temperatures above 925 deg C. 
Run 23 contains 211; thus, a chemical reaction occurs 
between run 23's quench temperature of 960 deg C and the 
highest quench temperature containing no 211 phase at 950 
deg. C. Similar arguments can be used to determine addi­
tional phase field regions depicted in figure 2 1  and with 
other experimental run compositions utilized to define other 
equilibria relations in the YO^#5 -BaO-CuO diagram.

Runs 23 and 24 also indicate that the 123-211 reaction 
boundary curve should be located further towards the BaO-CuO 
binary. Run number 23 at equilibrium contains 211 as a phase 
component at 960 deg C. This is explained by positioning 
the composition point at 960 deg C within the 211 primary 
phase field. This also relocates the;

211 + liquid ==> CuO + 123
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peritectic reaction point, which is intersected by the CuO 

primary phase boundary curve. Once below the peritectic 
reaction point temperature of 950-960 deg C the 211 phase 
should disappear as observed in run 24.

Presence of 202 or 101 in runs 17, 18, 22, 25, 26 
instead of the expected and YgOg primary phase is probably 
associated with the similar absence of YgOg in the CuO-YO^ # 5  

binary system for compositions cooling in the Y^O^ primary 
field. Yttrium ions in the liquid portion of the melt are 
more stable when complexed with monovalent copper, so that 
no free Y2 O 3 is observed in the ternary or binary systems 
when CuO contents exceed 50 mole percent.

Run No. 22 has five separate phase components some of 
which are unexpected compatible phase compounds in this area 
of the system. Equilibrium was probably never achieved in 

this sample for temperatures recorded in the laboratory.

The peritectic reactions :
123 + CuO ==> 211 + Liquid at 940 deg C

and
211 + CuO ==> 202 + L at 975 deg C. 

demonstrate possible component relations responsible for 
the presents of 123 and Oil in run 22.

The experimental final compositions suggest that 132 
compatibilities require parent mixtures with greater than 50
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mole percent BaO and less than 50 mole percent CuO but, can 
only be included as equilibrate ternary components if the 
132 and associated compounds do not belong to an oxycarbo- 
nate compound group.

Multivalent CuO Melts and BaCunOn Formation
Investigations 1-27 all contained an unidentified phase 

component. This unknown phase was finally identified to be 
BaCu^O^. Several BaCu^O^ experimental run x-ray patterns 
were averaged obtaining a representative diffraction pattern 
that was compared to several standard patterns. An excel­
lent match was found between the experimental BaCu^O^ 
patterns and a BaCu^O^ pattern reported by T. Asleage 
et. al. (12). Similar CuO multivalent system reaction caus­
ing YCuO2 formation in the binary system are responsible for 
BaCu2 0 2  existence in the ternary system. Unlike the YCu02  

phase, BaCu2 0 2  has been shown to be an unequilibrated system 
component. Liquid CuO apparently causes lower oxidized 
phase compound formation i.e. YCu02 v.s. Y2 CU2 O5 and 
BaCu2 0 2  v.s. BaCuO2.

During CuO melting it is believed (13, this work) that 
copper forms an divalent and univalent copper oxide melt 
(CuO + Cu2 0); therefore lower valence state copper atoms exist 
forming compounds with lower oxygen stoichiometreic ratios



T-3766 65

then normally expected with a pure CuO melt, subsequently 
BaCu2 0 2 and YCu02 will form in their respective chemical 
systems in addition to expected equilibrium phase species 
when copper liquid is present. System oxygen potential was 
investigated but, had insignificant effect on relative 
BaCu02 :BaCu2 0 2 ratios that formed when mixtures were heated 
above eutectic reaction points. To investigate liquid CuO 
effect on relative BaCu2 02 and BaCu02 formation, two 
mixtures, 41 and 42, were prepared with duplicate composi­
tions but processed with different heating paths. One mix­
ture was heated to hyper-eutectic temperatures, the other 
mixture remained below eutectic reaction temperatures.
Thus, a liquid formed in the first mixture but not in the 
second. Phase components examination of the two mixtures 
after quenching revealed that only the melted mixture con­
tained both a BaCu2 02 phase component and the expected 
BaCu02 equilibrated component.

Quenched Liquid Phase components
During quenching, some unexpected phase components 

appeared frequently in the analyzed mixtures. The phase 
components were consistently the same compound set or group 
and relative concentrations were observed to be dependant on 
liquid phase amounts present at sample quenching. These
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unequilibrated phase components BaCugOg, CuO and sometimes 
YCuO2 and BaCu0 2  represent a quenched liquid phase composi­
tion and are demonstrated to be unequilibrated compounds by 
the following arguments. These phases are compounds which 
require Cu ions to be both monovalent and divalent. As CuO 

melts into Cu1+ + Cu2+ + (02 ) ~ 2 ions, melt quenching 
initiates reaction of these copper-oxide ions with barium 
and yttrium ions. These reactions progress in the indicated 
order:

Liquid Crystalline solids
Cu^+ + Cu2+ + 0" 2 ==> 1) BaCU2 0 2

2) Y2 CU2 O5  + YCu02

3) BaCu02

4) CuO
The barium ions react first with monovalent copper ions, 

proceeded by yttrium ions, usually present below x-ray 
detection limits of 1-2%. Most of the yttria reacts next 
with divalent copper ions, after which remaining barium ions 
solidify by reaction with divalent copper ions followed by 
residual divalent copper ions crystalizing to form pure CuO 
solid. Most monovalent copper ions are extracted by reac­
tion with barium ions, thus residual divalent ions react 
with remaining barium and yttrium ions in the liquid melt 
forming normal equilibrated components if monovalent copper
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reactions have not shifted the initial starting compo­
sition out from the original compatibility triangle. The 
barium ions usually extract most of the monovalent copper 
ions from the liquid phase leaving only divalent copper ions 
to react with remaining yttrium and barium ions in the liq­
uid melt. The preferential reaction series phenomena 
explains Cu20 absence when liquids above the divalent copper 
reducing temperature of 102 6 degrees Celsius are quenched.
No Cu1+ ions are available because they have already reacted 
with liquid component barium and yttrium species.

Cu1+ reactivity and BaCu2 O2 and YCuOg compound 
stabilities retard system ability to achieve true ternary 
equilibrium when a multivalent copper-oxide liquid is pre­
sent. Because CuO melts to a multivalent component liquid 
an additional parent component Cu20 is now available to 
react in the system; therefore the previously designated 
ternary system is now a quaternary chemical system. Quater­
nary systems may have four separate phase components pre­
sent; thus explaining the existence of four phases present 
in an equilibrated quenched mixture.

Runs 13, 14, and 15 in Table 3. show this liquid quench 
reaction system explicitly. Run 15 with the highest quench 
temperature has a corresponding high relative liquid amount 
present represented by BaCu2 02 (012) when compared with

LMES UBRAKi' S ^ c S S S S  2S?
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decreasing relative 0 1 2  amounts in continued decreased 
quench temperatures in runs 14 and 13 respectively. There­
fore, mixtures containing greater than three phase compo­
nents identified, one or more of the previously mentioned 
compounds (BaCu2 0 2 , CuO, etc.) that form from a quenched 
liquid represent a singular liquid phase; thus the phase 
rule is obeyed for mixtures similar to run number 1 2  were 
four separate equilibrium mixture pounds were identified 
but, the 012, Oil and some 001 actually represent a liquid 
phase component at quenching indicating, true equilibrated 
phases at mixture 12 quenching include: Liquid, 123, and 
001, agreeing acceptably with the figure 14 diagram. Simi­
lar arguments can be used for other run mixtures.
Conclusions

Preliminary objectives to resolve existing discrepancies 
in literature and to construct a new equilibrium phase com­
patibility diagram has been achieved. These investigations 
provide accurate 123 primary phase field area location and 
delineated adjacent 2 1 1 , CuO and BaCu02 phase field boundary 
and eutectic and peritectic reaction chemistries and temper­
atures. Comparing work by T. Asleage et. al. (5), which is 
in reasonable agreement with data from this study provides 
additional confidence to the newly defined or verified sys­
tem relations. The new diagram developed from this research
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has significantly increased confidence and accuracy in the 
current liquidus phase equilibrium diagram. Further work is 

required to understand complete relationships along the 

Ba0 -Y0 l e 5  and BaO-CuO binaries, the phase field relations of 
these binary systems with ternary 132 and associated compa­
tible compounds, and to determine if these 132 and associ­
ated compounds are oxycarbonates. Oxygen potentials in this 
system appear to have insignificant effects on the equili­
brium component ratios when O2 partial pressures range from 
1 atmosphere to less then .2 atmospheres. Segregation of 
liquidus phase during processing was also determined to be a 
negligible effect when investigating equilibrium conditions. 
Importantly existence of more than three phase components in 
equilibrated mixtures has been explained, by formation of 
multivalent copper oxide liquid and preferential copper 
monovalent reaction with liquid barium and yttrium ions, 
permitting the accurate interpretation of the data.

123 phase relationships at the liquidus surfaces, espe­
cially the pseudo-binary shown in figure 15, permitted 
development of a new processing technique to form pure (less 
than 1-2 percent impurities), 123 superconducting material.
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Chapter VII 
Reaction Liquid Forming

Introduction
Development of a new processing technique has allowed 

123 superconducting material fabrication from a liquid 
phase. This new process produced 123 orthorhombic "A" (8 ) 
material with measured densities between 95 and 97 percent 
theoretical. Miessner effect response of these 123 materi­
als indicates that the sample is superconducting. Oxygen 
stoichiometric optimization equal to 6.5 in the 123 struc­
ture has not been attempted. Oxygen transport in the liquid 
phase during fabrication is sufficient to a permit most 
of the bulk 123 material to have an oxygen stoichiometric 
ratio of 7.0; thus some 123 material is not superconducting 
but this problem can resolved with slight adjustments 
to the fabrication procedure. This new technique, which 
allows fabrication of pure materials from a liquid state 
that normally form incongruent melts resulting in impure 
phase component contents, is also applicable to other cer­
amic oxide and composite material chemical systems.

During investigation of the YO^e 5-CuO binary system, 
concern that possible segregation of material as a cause of 
unequilibrated YCu02 phase composition formation in exper-
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intentai mixtures was investigated. A simple solution to 
examine segregation effects of liquid CuO in the mixtures 
entailed pre-separation of the parent compounds, YO^ e 5  and 
CuO, into separate layers. Stoichiometric ratios of lower 
melting temperature CuO was deposited on top of a lightly 

packed Y0l e 5  layer which has a much higher melting tempera­
ture. Subsequently the sample was heated until the CuO 
formed a reaction liquid and by gravitational and surface 
tensional forces wetted and infiltrated the Y01 # 5  layer 
reacting to form relatively pure YCuOg. After careful 
examination of the reacted products two separate systems 
were identified:

1) The upper portion of the experimental mixture, pre­
viously pure CuO powder had reacted with the lower Y^O^ 
under solid state conditions to form Y^Cu^O^.

2) The Y0l e 5 layer was very hard and dense indicating a 
solidified liquid had reacted to form mostly YCu0 2.

The x-ray diffraction patterns of these two systems is 
shown in figures 15 & 16. Higher oxygen potentials in the 
upper CuO layer micro system are responsible for Y2 Cu2 O^ 
formation and lower oxygen potential or diffusion rates in 
the compacted Y0 le 5  layer resulted in preferential YCu02  

formation.
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Application of this technique to 123 fabrication became 
immediately apparent. Thermodynamic and kinetic process 
control were considered and an experiment was designed to 
test the process on a different chemical system (see fig 2 0 ) 
and to fabricate pure 123.

Process Thermodynamic and Kinetic Criteria
Chemical reaction or geometrical change in a system will 

only occur if a sufficient diving force is present. The 
general driving force can be define as any system free 
energy decrease resulting from chemical or mechanical change 
to the system. However; this change in system free energy 
must be sufficient to over come any kinetically related bar­
riers which oppose the system tendency to reach a lower free 
energy state. These thermodynamic and kinetic criteria 
for the reaction liquid forming process are inferred as 
follows:

1) In any chemical system for which two or more compo­
nents are in contact and has reaction kinetics sufficient to 
allow reactions to occur, a chemical reaction will take 
place if an intermediate compound exists containing some 
elements of the parent unequilibrated components.
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2) The Young -Dupre equation (14):

^Iv * Cos 6  = (7sv — ^sl)
provides mechanistic relationships that express the poten­
tial for one phase to wet an adjacent phase at an interfa­
cial contact.

3) Assuming that the three components of our system are 
pure and that vapor phase reaction terms and change in vapor 
species concentrations can be neglected, tendency for wet­
ting or reaction spreading of the reaction liquid on the 
solid can be approximately defined by (15):

7sl = 9sl - I>islri

The relation between change in system interfacial sur­
face tensions (?si) and a change in free energy associated 
with chemical reaction is demonstrated in figure 2 2  and cor­
relates a drop in surface tension associated with an incre­
mental drop in free energy. This initial drop allows wet­
ting or reaction spreading at the reaction interface. As 
this reaction front migrates, the previously reduced sur­

faces tensions return towards their original status quo 

value as chemical equilibrium with this region has again 
been established.
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ing from an interfacial chemical reaction. As the interface 
returns to chemical equilibrium, after reaction, the surface 
tension returns to previous status quo values. The top curve 
represents absorption not reaction of one phase into the other 
This decrease in surface tension is responsible for promotion 
of reaction spreading or wetting of the adjacent phases.

Figure 22.
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Once system interfacial wetting or reaction spreading 
occurs infiltration kinetics (16) will cause the reaction 
liquid to penetrate the solid substrate, subsequently advan­

cing the reaction interface.

Reaction Liquid Forming Process Technique
This process is designed to allow control of reactions 

in a binary or psuedo-binary system to permit fabrication of 
near pure incongruent melting compounds from a liquid melt 
or permit limitation or preferential reactions through 
mechanical and chemical constraints. Figure 20 is a Y-Ba- 
CuO ternary diagram pseudo-binary section along the 123-211 
alkemade line and will assist demonstrating the basic prin­
ciples required for reaction liquid forming of a specified 
compound. When determining processing reaction criteria it 
is necessary to work out the logistics on a section diagram 

or binary system diagram.
1) To Fabricate a pure incongruent melting compound 

(ICMC) two adjacent compounds are selected (BaCuOg and 211), 
each in equilibrium with the specified ICMC (123) and 
located on opposite sides of the ICMC's composition. These 
two selected compounds are not in equilibrium along the 
binary or ternary section line however, they may have a com­
mon alkemade line somewhere within the ternary diagram.
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2) A precise ICMC (123) stoichiometric mixture 
made from the two selected non-equilibrated com­
pounds is then prepared. The individual compounds comprising 
the stoichiometric ratio of 123 compound are not blended.

3) The higher melting temperature compound (211) is 
then placed in the desired container and may be preformed or 
compacted if required. Precompaction upto 5 ksi may be nec­
essary to retard reaction kinetics for some systems. 
Subsequently the lower temperature melting compound (BaCu02) 
is placed directly on top of the higher melting compound 
but, not mixed.

4) The composite mixture is then heated slightly above 
the lowest eutectic or peritectic reaction temperature (930 
C) which contains the ICMC compound.

5) Reaction time will vary depending on reaction kinet­
ics but, optimum heat soak time should not exceed the time 
required for complete mixture reaction. Quenching of the 
final material may be necessary to retard continuing reac­
tions.

Conclusion
This technique has effectively reduced inherent melt 

textured incongruent melting compound impurities by 

form 10-15% to less than 1-2%, while producing components
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with 95 or higher percent theoretical densities. Signifi­
cant advantages in processing are realized including the 
ability to dope or add special additives into the fabricated 
material because of increased solubility associated with a 
reaction liquid present during fabrication. This phenomena 
was responsible for allowing pure 123 orthorhombic "A" for­
mation which previously could not be formed in sintered 
material with densities greater than about 85 percent theo­
retical because of oxygen diffusion restriction into the 
material.
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HEATING
APPENDIX A
COOLING PATH DIAGRAMS
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RELATIVE
APPENDIX B 
-RAY INTENSITY PATTERNS
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RELATIVE INTENSITY DATA 
for: CuO

Scan at 40 KV & 25 ma with Cu% alpha x-rays (1.541838)

LINE No. d-SPACING (A) 2 THETA(deg) RELATIVE INTENSITY

1.00 2. 75 32.51 7.52
2.00 2.53 35.49 87 .77
3 .00 2.47 36.38 6.09
4.00 2.33 38.65 100.00
5.00 2. 14 42.29 1. 99
6 .00 1.96 46.22 1.79
7 .00 1.87 48.61 31.07
8.00 1.78 51.30 1.77
9.00 1.72 53.41 9.67

10.00 1.59 58.16 14.41
11.00 1.51 61.42 26 .61
12.00 1.42 65.69 2.97
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RELATIVE INTENSITY DATA 
for: Cu20

Scan at 40 KV & 25 ma with Cu^ aipha x-rays (1.541838)

LINE No. d-SPACING (A) THETA(deg) RELATIVE INTENSITY

1 .00  
2.00
3.00
4.00

2.98 
2.23 
2.05 
1 .84

29 .98 
40.48 
44. 15 
49.57

2.85 
1 0 0 . 0 0  

3 . 37 
32.94
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RELATIVE INTENSITY DATA 

for:BaCu02

Scan at 40 KV & 25 ma with Cuk alpha x-rays (1.541838)

LINE No. d-SPACING (A) 2 THETA{deg) RELATIVE INTENSITY

1.00 3.56 25.00 6.37
2.00 3.42 26 .09 7 . 12
3.00 3.33 26.79 13.66
4.00 3.23 27.58 8.94
5.00 3. 16 28.24 85.93
6.00 3.11 28.74 19.87
7.00 3.05 29.31 100.00
8.00 2.97 30.13 52.81
9.00 2.89 30.93 18. 46

10.00 2.86 31.31 23.01
11.00 2.83 31.66 14.82
12.00 2.64 33.92 40.73
13.00 2.51 35.77 23.10
14.00 2.42 37 .11 8.77
15.00 2.33 38.70 15.98
16.00 2.29 39.41 13.82
17.00 2.25 40.09 23.76
18.00 2.16 41.76 30.63
19.00 2.15 42.11 30.46
20.00 2.07 43.73 8.44
21.00 2.04 44.31 7.04
22.00 1.99 45.52 5.63
23.00 1.98 45.87 9.93
24.00 1.96 46.35 9. 19
25.00 1.93 47. 16 15.65
26.00 1.85 49.27 31.04
27.00 1.81 50.29 10.60
28.00 1.77 51.49 40.81
29.00 1.71 53.65 18.13
30.00 1.69 54.44 10.43
31.00 1.63 56.36 9.11
32.00 1.61 57.40 10.35
33.00 1.58 58.31 20. 12
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RELATIVE INTENSITY DATA 
for: Y2 CU2 O 5  & YCu02

Scan at 40 KV & 25 ma with Cu^ alpha x-rays (1.541838)

LINE No. d-SPACING (A) 2 THETA(deg) RELATIVE INTENSITY

1.00 4.97 17.86 1.22
2.00 4.34 20.48 3.80
3.00 4.08 21.76 3.33
4.00 3.29 27.09 4.89
5 .00 3.06 29. 15 39.54
6 .00 2.94 30.45 5.37
7.00 2.86 31.26 19.09
8.00 2.70 33.20 18.82
9.00 2.68 33.49 11.01

10.00 2.65 33.84 11.96
11.00 2.53 35.54 3.33
12.00 2.50 35.96 2.99
13.00 2.47 36.45 7.61
14.00 2.39 37.57 2.04
15.00 2.32 38.77 4.01
16 .00 2.26 39.91 5.98
17.00 2.13 42.38 5.77
18.00 2.08 43.56 6.25
19.00 2.03 44.74 8.90
20.00 1.94 46.94 5.16
21.00 1.90 47.82 7.74
22.00 1.87 *48.56 26.22
23.00 1.83 49.80 1.22
24.00 1 .82 50.14 1.77
25.00 1.77 51.80 5.71
26.00 1.75 52. 33 4.01
27.00 1.72 53.23 3.74
28.00 1.65 55.65 4.48
29.00 1.64 56.24 2.79
30.00 1.60 57 .52 22.55
31.00 1.59 58. 19 3.40
32.00 1.56 59.04 4.62
33.00 1.56 59.24 3.94
34.00 1.53 60.49 3.40
35.00 1.52 60.81 7 . 27
36.00 1.51 61.45 3. 12
37.00 1.47 63.40 3.33
38.00 1.44 64.60 2.31
39.00 1.42 65.91 2.31
40.00 1 .38 68.07 100.00
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RELATIVE INTENSITY DATA 

for: YgBaCuOg

Scan at 40 KV & 25 ma with Cu% alpha x-rays (1.541838)

LINE No. d-SPACING (A) 2 THETA(deg) RELATIVE INTENSITY

1 .00 3.42 26.06 6 . 10
2.00 3.06 29.21 18.66
3.00 3.00 29. 78 100.00
4.00 2.93 30.53 72. 10
5 .00 2.83 31.57 45.49
6 .00 2.80 31.98 19.35
7 .00 2.70 33.14 27. 13
8.00 2.65 33.88 5. 12
9.00 2.57 34.96 4.73
10.00 2.51 35.81 14.83
11.00 2.42 37.11 13.84
12.00 2.33 38.64 5.42
13.00 2.30 39.14 15.31
14.00 2.21 40.78 30.87
15.00 2.18 41.36 14.32
16.00 2.15 41.96 7.52
17.00 2.07 43.64 14.70
18.00 2.03 44.75 12.60
19.00 1.99 45.6J 50.56
20.00 1.94 46.75 11.48
21,00 1.90 48.01 5.98
22.00 1.87 48.72 23.43
23.00 1.78 51.20 19.43
24.00 1.76 51.88 14.57
25.00 1.74 52.57 31.08
26.00 1.68 54.53 11.78
27 .00 1.66 55.39 27.09
28.00 1.65 55.82 26.53
29.00 1.62 56.99 7.44
30.00 1.60 57.45 8.04
31.00 1.60 57.77 10.45
32.00 1.56 59.27 28.03
33.00 1.54 60.10 6.71
34.00 1. 52 61.02 4.69
35.00 1.50 61.66 20.25
36 . 00 1.49 62.17 13.96
37 .00 1 .48 62.72 13.11
38.00 1.46 63.57 10. 40
39.00 1.43 65.04 12.08



T-3766 94

APPENIDX C
CHEMICAL ELEMENTAL ANALYSIS ON THE 

PARENT COMPOUNDS Ba(OH)2 *8H2 0, CuO and Y2 0 3



YTTRIUM OXIDE
Supplied by Molycorp, Inc 

Y2 O 3 /REO 99.99% min 
Specification

Ce02 < 1 0  ppm
Nd2°3 < 1 0  "
Pr6 °ll < 1  "
SHI2 O3 < 1 "
Eu 2°3 < 1 "
Gd2°3 < 1 0  "
Tb4 07 < 1 "
VY2°3 < 1 "
Ho 2°3 < 1 "
Er2 0 3 < 1 "
T1112O 3 < 1 11
YbgOs
CaO
Fe2°3Si02

< 1 " 
1 0  " 
1 0  " 
5 "
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BARIUM HYDROXIDE 
Supplied by Barium and Chemicals, Inc. 

Ba(0 H ) 2  e 8H20 98.0% min
Specification

BaCOg < 2 .0 %
Insol. HCL < 0 .0 1 0 %
Cl < 0 .0 0 1 %
S
Substance Not

<
ppt

0 .0 0 1 %
in H2 SO4 < 0 .2 0 %

Ca < 0.05%
Hvy Metals as Pb < 0.0005
Fe < 0 .0 0 1 %
Sr < 0 .8 %



COPPER OXIDE 
Supplied by Ceramic Color & Chemical MFG.

Specification
CuO 99.80 %
Total copper 80.00 %
Fe 0 . 0 2 %
Mg 0 . 1 0 %
Cr 0.05 %
Zn 0 . 2 0 %
A1 0 . 1 0 %
Acid Insols 0.30 %


