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Accomplishments Summary

As an integral part of a DOE R&D program (1987-2007), we have determined phase equilibria data and phase
diagrams for the three generations of superconductor materials: 1% generation, (Bi,Pb)-Sr-Ca- Cu-O systems
(e.g J. Mater. Res., 15 (2) 296-305, 2000); J. Am. Ceram. Soc. 81(7), 1829,1998); 2" generation, Ba-R-Cu-O
systems (R=lanthanides and yttrium) (e.g Physica C, 439(2) 93-100, 2006); and 3™ generation, MgB;
systems (e.g. IEEE Trans. Appl. Superconductivity, 15 [2], pp. 3227- 3229 (2005). During the course of this
work, we developed extensive collaborations with several DOE laboratories. Our studies involved bulk
materials, single crystals (e.g. Phys. Rev. B 41, 4220, 1990) and thin films (e.g. Appl. Phys. Lett, 88 102507,
2006; Appl. Phys. Lett. 90,102508, 2007). In addition, we also studied the interactions (phase equilibria and
kinetics) of superconductor phases with buffer layers and substrates of the coated conductors (e.g. J. Solid State
Chem., 470(5-6) 345-351, 2010).

Various experimental challenges were successfully dealt with, including atmospheric contamination, substrate
reaction, gas- phase interactions, and the complexity of multiphase products. Results were used to guide
materials processing for optimal onset T, critical current density, high-field behavior, mechanical properties,
and cost/performance ratio, including the development of novel flux-pinning techniques.

In addition, we have studied the theory and phenomena of phase transformation of the high T, BaR,CuzOg.x
phases; the explanation of the trend of melting temperature of BaR,Cu3Og.x as a function of the size of the ionic
radius of R; phase formation studies of the (Pb,Bi):Sr:Ca:Cu (2212 and 2223) oxide phases.

This work resulted in a number of awards and more than 150 publications. In the course of the project we were
awarded the highest rating three times during the required annual DOE peer reviews. We were also given the
Department of Commerce bronze awards in 2002 and in 2008.

The list of publications as a result of the partial support of the DOE program is summarized in the following
pages. Fifteen selected papers are attached.
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Phase relationships in bulk and thin film Ba-Y-Cu-O high-7, superconductor system were

c

determined at processing conditions relevant for industrial production of coated conductors. Our
results demonstrated that the absence of BaY,CuOs (which has a critical effect on flux pinning) at
735 °C—a typical temperature employed in production of coated conductors—in thin films
processed in situ from the BaF, precursor is caused by the sluggish reaction kinetics rather than by
the presence of fluorine in the system. Thermodynamic calculations combined with annealing
experiments confirmed that BaY,CuOs is thermodynamically stable but forms at temperatures
higher than 735 °C. © 2009 American Institute of Physics. [DOI: 10.1063/1.3127222]

Since the discovery of high-7,. superconducting oxides
in 1986, extensive research has led to a variety of prototype
applications. In particular, the low-cost second generation
high-T, wire and tape (coated conductor) technologyz_5 is
promising for large-scale commercialization of supercon-
ductors. The coated-conductor materials are based on
Ba,YCu3Oq,, (Y-213) and its lanthanide variants,
Ba,RCu;0q,, (R-213, R:lanthanides).6’7 Major techniques
for processing biaxially textured templates include the
rolling-assisted  biaxially textured substrate (so-called
RABITS)*® and ion-beam-assisted deposition‘"5 methods.
The BaF, ex situ process is among the leading candidates for
producing long-length tapes with high performance.g_11 In-
formation on phase relationships in the Ba—Y—-Cu-O system
is critical for manufacturing of coated conductors, particu-
larly for flux pinning applications.

Previously, we used in situ high-temperature x-ray dif-
fraction (HTXRD)""'? to establish phase relations in high-T.
superconductor Ba—-Y-Cu-O and Ba-R-Cu-O films grown
on SrTiOj; via the “ex situ BaF,” ip ocess (e-beam evapora-
tion and spin coating techniques). 12 phage assemblages for
both BaO-Y,0;—CuO, and BaO-R,0;—CuO, systems in
thin films at typical processing conditions (7=735 to
750 °C, po,= 100 Pa) were found to be different from those
reported for the bulk at 810 °C and po, ~100 Pa. The
“brown-phase” structure BaNd2Cu05 readlly formed in
thin films, whereas the “green phases” BaY,CuOs,
BaGd,CuOs, and Ba(Nd,;Eu,3Gd,;3),CuOs™* have never
been observed. In the absence of the green phase, the stabil-
ity field of Ba,YCu30Og,, in thin films expands considerably
compared to the bulk system, yielding tie-lines
Ba,YCu30¢,,—Y,03 and Ba,YCu;30¢,,—Y,Cuy,Os5. Simi-
larly, in thin films a tie-line is found between Ba,GdCu;O,.,
and Gd,0j5 in the BaO-poor region of the Ba—Gd- Cu—O dia-
gram, whereas this tie-line is absent in the bulk." These
stability considerations are important and could affect the
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type of pinning centers present in thin films relative to
bulk."

The factors that could contribute to the observed differ-
ences in thin film and bulk phase equilibria include presence
of fluorine (due to the nature of the BaF, process), different
processing conditions, strain, interfacial reactions, and tex-
ture. In the present study, we used compositional spreads
(combinatorial libraries) deposited on rolling-assisted biaxi-
ally textured substrates (RABIiTS) and polycrystalline
SrTiO; (on Si substrates) to identify the principal factors that
control phase assemblages in thin films. RABITS consisted
of the metal-alloy substrate (from 50 to 75 wm) followed by
layers of Y,0; (=75 nm), yttrium-stabilized ZrO, (=75
nm), and CeO, (=75 nm). SrTiOs-coated substrates were
prepared by depositing layer of polycrystalline SrTiOs
(=0.5 um) on commercial 3 in. Si substrates.'® Composi-
tional spreads were prepared by pulsed laser deposition
(PLD) using a KrF excimer laser (wavelength of 248 nm)
and ceramic Y,03, CuO, and BaCuO, as targets. BaCuO,
was prepared from a stoichiometric mixture of BaCO; and
CuO using conventional solid-state synthesis at temperatures
between 850 and 950 °C in air with intermediate grindings.
The CuO target was prepared by sintering CuO powder in air
at 1000 °C for 5 days. A single deposition cycle involved
sequential laser ablation of the three targets, while the sub-
strate was rotated by 120° between the ablations. This pro-
cess was repeated hundreds of times to achieve thicknesses
of ~200 nm."” The deposition was conducted at two sub-
strate temperatures of 550 and 700 °C (the maximum tem-
perature attainable in our deposition system).

Phase assemblages were determined using XRD in a
Bruker D8 diffractometer'® equipped with a submillimeter
beam capability, an XYZ translation stage, and an area detec-
tor. This instrument enables high-throughput, spatially re-
solved characterization of combinatorial libraries. The re-
sulted phases on the PLD-fabricated compositional spreads
were corroborated by in situ HTXRD studies of a phase for-
mation sequence in the BaF,-based films’ (prepared by

© 2009 American Institute of Physics
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FIG. 1. HTXRD patterns of a “BaF,” film with nominal composition of
Ba:Y:Cu=~1:2:1 (green phase) as a function of time at 800 °C. It is seen
that the green phase does not form at around 735 °C but begins to form at
a higher temperature of 800 °C.

e-beam evaporation) with the nominal Ba:Y:Cu ratios of
1:2:1. These studies were conducted in a -6 Siemens D5000
X-ray diffractometer'® equipped with a high-temperature fur-
nace, a position sensitive detector, and a gas flow system that
enables emulation of the BaF,-based ex sifu processing of
coated conductors. The details of the HTXRD experiments
were described in our previous papers.11 12

A series of diffraction patterns recorded in situ during
the conversion reaction from the BaF,—Cu-Y films in the
temperature range between 100 and 820 °C confirmed the
formation of the barium oxyfluoride phase Ba(F,_,,[1,)O,
(O represents anions vacancies)," along with CuO, Y,O0s3,
and Ba,YCu;0¢,, at T<<800 °C (Fig. 1). However, at
800 °C, the green phase crystallized and continued to grow
at the expense of Y,03 and CuO; concurrently, a decrease in
the amount of Ba,YCu;0g,, was observed. Thus, tempera-
tures significantly higher than those used in the conventional
BaF,-conversion processing are required to induce formation
of the green phase.

Experiments conducted on the fluorine-free combinato-
rial libraries deposited on different substrates further proved
that formation of the green phase is controlled by
the reaction kinetics rather than by the presence of fluorine or
other factors specific to thin films (e.g., strain, texture, etc.).
In particular, XRD data on the combinatorial PLD
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FIG. 2. XRD pattern of a typical PLD composition spread combinatorial
film prepared using targets of BaCuO,,,, Y,03, and CuO on SrTiO; as a
substrate (experiment at PLD =~ 550 °C).
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FIG. 3. XRD pattern of a typical PLD composition spread combinatorial
film prepared using targets of BaCuO,, Y,03, and CuO on SrTiO; as a
substrate (experiment at PLD=~700 °C).

films deposited on SrTiO; at low temperature (550 °C)
displayed no sign of the green phase and instead suggested
the existence of tie-lines between Ba,YCu;Og,,, Y,Os,
Y,Cu,05, BaCuO,, and CuO, as was observed in the
BaF,-based films processed at 735 °C. Figure 2 presents a
typical XRD pattern from this film, which reveals a coexist-
ence of Ba,YCu3Og,,, Y,03, and Y,Cu,Os. In con-
trast, XRD patterns for the film deposited at high tempera-
ture (700 °C) reveal the green phase (because of the
interactions between the energetic laser plum and the sample
surface, the deposition temperatures are known to
correspond to higher conventional furnace temperatures).
The phase regions BaY,CuOs5—CuO,-Ba,YCu;Oq,,,
BaYZCuO5—Y2Cu205—Y203 (Flg 3), and BaY2Cu05
-Y,Cu,05—CuO, deduced from the XRD analysis of the
700 °C film match those observed in the bulk. Similar re-
sults were obtained for the films deposited on RABITS. Fig-
ure 4 illustrates an XRD pattern from the compositional li-
brary deposited at 700 °C on RABITS. Tie-lines between
BaY,CuOs, CuO,, and Ba,YCu;0g,, are verified.

A thermodynamic stability of the green phase
BaY,CuOs relative to the compositionally equivalent two-
phase mixture of Y,05; and BaCuO, can be calculated from
the data by Azad et al.’ according to the reaction Y,O5
+BaCuO,—BaY,CuOs with AG(kJ))=-9.1-0.0268 T.
These estimates yield AG=-17.1 kJ and AG=-39.2 kJ for
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FIG. 4. XRD patterns of a typical PLD composition spread combinatorial
film prepared using the targets of BaCuO,, Y,03, and CuO on RABITS
(experiment at PLD =700 °C).

Downloaded 10 Jan 2011 to 129.6.153.168. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



171910-3 Wong-Ng et al.

Ba0

BaCu0

2+x

Ba,YCu,0q,

BaY20u05

A2

AVA
0 40 60 80 100
Mol fraction, % Cu0,

0 2
1/2(Y,05)

FIG. 5. Phase relationships constructed based on results from the combina-
torial synthesis approach (BaCuO,, Y,03, and CuO as targets on substrates
SrTiO; and RABITS), HTXRD experiments on a BaF, film with nominal
composition of Ba:Y:Cu=1:2;1, XRD studies of the BaY,CuOs bulk
sample, and our previous work? . dotted lines (7<800 °C, Po,
~100 Pa) and solid lines [7=~800 to 850 °C (po, ~100 Pa)].

298 and 1123 K, respectively. Thus, BaY,CuOs is thermody-
namically stable in the temperature range typically used for
solid-state processing. We annealed a pressed pellet contain-
ing a mixture Y,03+BaCuO, at 735 °C (po,~ 100 Pa) for
2 days with intermediate grinding; however, no reaction was
observed under these conditions. Yet, further annealing at
800 °C induced partial reaction accompanied by formation
of BaY,CuOs. Subsequent annealing at 735 °C for 3 days
(with one intermediate grinding) produced no changes in the
fraction of BaY,CuOs. These experiments along with the
thermodynamic calculations suggest that the absence of
BaY,CuOs in the films heated at 7=735 °C could be caused
by the sluggish kinetics of the reaction Y,03+BaCuO,
— BaY,CuOjs rather than by thermodynamic reasons.
Application of the second-phase precipitation method for
flux pinning in coated conductors requires accurate knowl-
edge of the nature of phases that are compatible with
Ba,YCu;Og,, under relevant processing conditions. Figure 5
summarizes phase relationships for the Ba—Y-Cu-O system
as deduced from the present combinatorial experiments on
compositional spreads, in situ XRD experiments on
BaF,-based films, XRD studies of the BaY,CuOs bulk
sample, and our previous work.” In this diagram, dotted
tie-lines refer to 7<<800 °C (po,~ 100 Pa), whereas solid
lines correspond to the temperature range between 800 and
850 °C (po,~100 Pa). Clearly, a processing temperature
appears to be the most critical parameter that controls forma-

Appl. Phys. Lett. 94, 171910 (2009)

tion of the Ba—Y—Cu-O phases exhibiting flux pinning prop-
erties in both thin films and bulk materials. Therefore, for the
BaF, process, our research suggests that temperatures above
800 °C (po,~100 Pa) are necessary for the formation of
BaY,CuOjs flux pinning centers. This correlates well with the
studies concerning the temperature effect on the flux pinning
structures (for example, planer and columnar defects”' and
stacking fault densityzz) in Ba, YCu;0g,,.

This work was partially supported by the U.S. Depart-
ment of Energy.
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Phases that are in equilibrium with BaR,CuQOy,, (R =1anthanides and Y), such as the
“green-phase” and “brown-phase” structural variants of BaR,CuOs in bulk samples,
are attractive choices for flux-pinning for coated conductor applications because of the
guaranteed chemical stability. In films, high-temperature x-ray diffraction studies of
Ba,RCu;0,, superconductor deposited on SrTiO5 substrate using the trifluoroacetate
solution method demonstrate that while BaNd,CuOs (‘“brown-phase” structure)
develops at 735 °C and 100 Pa p,, neither BaGd,CuOs nor Ba(Nd, 5Eu,;Gd, 5),CuOs (both
green-phase structure) form at these conditions. As a result, Ba,(Nd, 5sEu, 5Gd, 5)Cu;0q,.,

in thin films is in equilibrium with the brown-phase, and Ba,GdCu;0,, is in
equilibrium with Gd,O5 in the Ba—Gd—Cu-O system, in contrast to the bulk systems.
Different phase relationships in the vicinity of the Ba,RCu,0q,, phase imply different
phases are available for flux-pinning applications. These differences will need to be
considered carefully in designing optimized superconducting coated conductors.

. INTRODUCTION

Coated-conductor technology for fabrication of
second-generation superconductor wire/tape holds sig-
nificant promise for the superconductor industry, partly
because of a lower production cost. The key feature of
the coated-conductor process is the deposition of biaxi-
ally textured superconducting films onto metallic sub-
strates (usually Ni or Ni-alloy). Currently the principal
techniques for preparing coated conductor templates are
the rolling-assisted biaxially textured substrate technique
(RABITS)'~ and the ion-beam-assisted deposition tech-
nique (IBAD).** Extensive global research activities us-
ing these two techniques are continuing, with the goal of
facilitating the entry of second-generation wire/tape tech-
nology into the market place to meet the high demand for
improved electrical power distribution.

The principal high-T_ superconductors used for coated
conductor technology are in the Ba,RCu;Oq, . series
(R = lanthanides and Y). Although the main focus of
research in the past has been on the Y-containing system,

® Address all correspondence to this author.
e-mail: winnie.wong-ng@nist.gov
DOI: 10.1557/JMR.2008.0273
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in recent years, much research work has also been con-
ducted in lanthanide-substituted Ba,RCu;Oq,, (R-213)
systems, in both bulk materials and films.®® Extensive
phase equilibria data are available for the bulk Ba-R-
Cu-O systems under atmospheric-controlled condi-
tions'®1°; however, little information is available for the
phase evolution and relationships in the Ba—R-Cu-O
films. In our previous study,'® we found that the phase
relationships of the Ba,YCu,;0Og,, superconductor phase
are different in the bulk and in the film form. For ex-
ample, the green-phase, BaY,CuOs, which is commonly
used for flux pinning purposes to improve the supercon-
ducting properties, is absent in the film. As flux pinning
investigation of high-7, materials is an important area for
coated conductor processing, the goal of this paper is to
describe the phase evolution and phase relationships
of Ba,(Nd,,sEu,,5Gd,,5)Cu;0¢,, and the related
BaNd,CuOs and BaGd,CuOs thin films based on high-
temperature x-ray diffraction (HTXRD) data. The
Ba,(Nd, 3Eu,,5Gd,,5)Cu;04,, system was chosen be-
cause of its promising J, properties.®

Il. EXPERIMENTAL

Films of Ba,(Nd, ;Eu,,;Gd,,;)Cu;0q,,, BaNd,CuOs,
and BaGd,CuO5 were prepared by the spin coating

© 2008 Materials Research Society 2067
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technique.'” To prepare the spin-coating solution,
Ba- and Cu-acetate were first dissolved in distilled water,
followed by the addition of trifluoroacetic acid. The lan-
thanide oxides were dissolved in a trifluoroacetic acid/
water solution, which was mixed subsequently with the
Ba—Cu solution. The total solution volume was reduced
by heating and stirring. For spin-coating application, it
was determined that a final volume resulting in a solution
with a viscosity similar to that of a syrup was nearly
ideal. A commercial, programmable spin coater with a
vacuum chuck substrate holder was used to prepare the
films. A SrTiO; substrate, approximately 10 x 10 x
0.5 mm in size, was mounted on the vacuum chuck,
flooded with a viscous solution prepared as described
above, and accelerated at 400-3400 rpm. A preliminary
heat treatment designed to remove organics from the pre-
cursor film while minimizing Cu loss was completed in
100% O, using a thermogravimetric analyzer (25-190 °C
at 1 °C/min; 190-300 °C at 0.1 °C/min). Gravimetric es-
timates using density data suggested film thickness on
the order of 500 nm.

To compare phase relations in the Ba—(Nd,Eu,Gd)-
Cu-O films with the corresponding bulk materials, we deter-
mined whether bulk samples of Ba,(Nd, sEu, 5Gd, 5)Cu;0q,.,
and the phases in close compositional proximity,
Ba(Nd, ;Eu,,3Gd, /3),CuOs, Ba(Nd,;Eu,,3Gd,/3),0,,
and (Nd, 5Eu, 5Gd,3),Cu0,, formed single-phase mate-
rials. These bulk samples were prepared using conven-
tional solid-state synthesis. Stoichiometric amounts of
BaCO;, Nd,O5, Gd,05, Eu,05, and CuO were mixed,
palletized, and annealed at 850 °C overnight. Further an-
nealing was conducted between 930 and 950 °C for about
two weeks with intermediate grindings.

HTXRD was used to study phase evolution and
phase relations of the Ba,(Nd,,;Eu,,;Gd,;)Cu;0q,,,
BaNd,CuOs, and BaGd,CuOs films. A 6-0 geometry
Siemens D5000 x-ray diffractometer (Germany),
equipped with a high-temperature stage and a position
sensitive detector (PSD), was modified by adding a gas
flow apparatus. This apparatus included a series of bub-
blers containing NaCl-saturated water at room tempera-
ture and an oxygen analyzer. Helium gas containing
=1000 wl/1 (or ppm) O, by volume was flowed through
the bubblers and passed directly over the sample in the
enclosed furnace chamber. Cu K, radiation was used for
the x-ray analysis. The x-ray patterns were recorded con-
tinuously for ~10 min each. The three films were ramped
from room temperature to 735 °C in ~150 min.

lll. RESULTS AND DISCUSSION

The Ba(Nd, ;sEu, ;Gd, 5),CuOs, Ba(Nd, sEu,;Gd,5),0,,
(Nd, 3Bu,,3Gd, 3),Cu0,, and Ba,(Nd, ;Eu,,5Gd,3)Cu30,
bulk samples were all found to be single phase and were
isostructural with BaEu,CuOs, BaNd,0,,'° Nd,CuO,,"'°

and Ba,NdCu,;0O,, (“brown-phase,” R-121), respec-
tively. BaR,CuOs phases crystallize with two distinct
structure types,'® depending on the ionic size of the
R-cation: (i) a tetragonal P4/mbm brown-phase (R = La
and Nd) and (ii) an orthorhombic Pbnm green-phase
(R = Sm, Eu, Gd, Dy, Ho, Y, Er, Tm, Yb). Figure 1
displays the x-ray diffraction (XRD) pattern for the bulk
Ba(Nd, 5Eu,,;Gd, 5),CuOs,which evidently exhibits a
green-phase structure presumably because the R sites in
this compound are predominantly occupied by Eu and
Gd, which promote formation of the green-phase.

A sequence of HTXRD patterns (not shown) of
Ba,(Nd, sEu,,;Gd,,;)Cu;04,, as a function of tempera-
ture indicated formation of CuO, the Ba(F,_,,[ ])0,
superstructure phase'® (] represents a vacant site), and
the Ba,(Nd, sEu,,5Gd,3)Cu;0q,, phase, as temperature
increased from 25 to 735 °C. XRD patterns recorded as a
function of time at 735 °C are shown in Fig. 2. We ob-
served the disappearance of Ba(F,_, [ ],)O, and CuO
after about 120 min, and the gradual growth of
Ba,(Nd,,;Eu,,5Gd,,5)Cu;04,,, BaCuO,,,, and the
brown-phase BaR,CuQOs. These XRD patterns also indi-
cate that the Ba,(Nd, 5Eu, ,5Gd,5)Cu;0q,, is somewhat
Cu-deficient [due to Cu loss during the trifluoroacetate
(TFA) annealing stage]. The green-phase solid solution,
Ba(Nd, sEu,,;Gd, 5),CuOs, which was found to be stable
in the bulk form, was absent in the film; instead, forma-
tion of the brown-phase, BaR,CuQO,, was observed. This
result agrees with the absence of the green-phase
BaY,CuOys in the thin films of BaO-Y,0,—CuO system,
as reported previously.'® In the thin-film version of the
BaO-Y,0;,—CuO system, the Y-213 phase is in equilib-
rium with Y,05, Y,Cu,0s, and CuO, instead of the
green-phase, BaY,CuOs.

The HTXRD patterns of the BaNd,CuOs5 (Nd-121)
film (brown-phase) are shown in Fig. 3. At 700 °C, for-
mation of both the barium oxyfluoride-type phase,
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FIG. 1. X-ray diffraction pattern for a bulk single phase of
Ba(Nd, 5Eu,5Gd, 3),CuOs; Miller indices are shown for selected dif-
fraction peaks.
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FIG. 2. High-temperature XRD patterns of the nominal (Cu-
deficient) Ba,(Nd,;Eu,,3Gd,,;)Cu;0¢,, composition taken as a
function of time (minutes) at 735 °C. Phases that produce diffrac-
tion peaks are indicated by numbers: (1) Ba(F,_,._,)O, superstruc-
ture, (2) Ba,(Nd,;Eu,,3Gd,;3)Cu;0q,,, (3) BaCuO,, (4) CuO, and
(5) brown-phase BaR,CuOs. The absence of the green-phase
Ba(Nd, 3Eu,,5Gd, 5),CuOj is illustrated.
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FIG. 3. High-temperature XRD patterns of a BaNd,CuOs film (te-
tragonal, P4/mbm) heat-treated as a function of temperature. Phases
that produce diffraction peaks are indicated by numbers: (1)
Ba(F,_,,_,)O, superstructure, (2) Nd,CuO,, (3) BaR,CuOy (brown-
phase), (4) Pt, and (5) SrTiO;.

Ba(F,_,.[ 1)0,, and Nd,CuQ, is observed. At 735 °C,
the brown-phase, BaNd,CuOs,, started to form and per-
sisted throughout a prolonged annealing at this tempera-
ture. Clearly, the brown- phase is stable in the thin film
form under the present processing conditions, and it is
compatible with the Nd-213 superconductor solid solu-
tion, Ba,_.Nd,,.Cu;0q,,.

Figure 4 shows a sequence of high-temperature XRD
patterns for the green-phase composition BaGd,CuOs
(Gd-121) as a function of temperature up to 735 °C. This
series of patterns reveals the presence of Ba(F,_,,[ ].)0,
at a relatively lower temperature followed by the forma-
tion of Gd,05 and Ba,GdCu;0g,,. The XRD pattern that
was recorded after a 48 min exposure to 735 °C reveals
no sign of the green-phase, BaGd,CuOs. Figure 5 illus-
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FIG. 4. High-temperature XRD patterns for a BaGd,CuO; (ortho-
rhombic, Pbnm) film as a function of temperature up to 735 °C. Phases
that produce diffraction peaks are indicated by numbers: (1)
Ba(F,_,,_,)O, superstructure, (2) Gd,05, (3) Ba,GdCu;0q,,, (4) Pt,
and (5) SrTiO;.
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FIG. 5. Phase relations of the BaO-poor portion of the BaO-
2Gd,05-CuO, region in films (dotted line) with equivalent data for
the bulk equilibrium system'? (solid lines). A tie-line is found between
BaGd,CuOs and Gd,Oj5 in films.

trates different phase relations for the BaO-poor region of
the BaO-'2Gd,0,—CuO, diagram in the film as com-
pared to the bulk equilibrium diagram.'? A tie-line is
found between the BaGd,CuO5 and Gd,O; in the films.
Thus we demonstrated that the green-phase BaGd,CuOs
does not form in the Gd-121 thin films deposited on
SrTiO5 using a spin-coating technique and annealed at
735 °C and 100 Pa pg,.

These findings are relevant to Ba—R—Cu-O-coated
conductor research for the following reasons. Phases that
are in equilibrium with the R-213 phase are attractive
choices for flux-pinning because of the guaranteed
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chemical stability. Therefore, as an alternative to the
widespread use of the green-phase as a flux-pinning
agent, one can propose the use of R,0; or R,Cu,Os
phases as flux-pinning agents in the BaO-poor region for
systems with R = Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, and
Lu. In the systems with larger R-cations, the R-213 is
compatible with BaR,CuQOs (brown-phase), and there-
fore R,CuO, and CuO are the possible candidates for
flux-pinning applications. In general, phases in the BaO-
rich region are sensitive to the presence of moisture and
CO, and are therefore difficult to handle.

There are various possible reasons for different phase
relationships in thin film and bulk materials, including
strain, texturing, interactions between film and substrate,
and kinetic factors that are determined by the substrate,
film thickness, and the processing conditions. In the BaF,
ex situ process, the difference in phase relations could
also be due to the presence of fluorine. We plan to further
investigate the causes of these differences by analyzing
phase formation in fluoride-free Ba—Y—-Cu—O films on
SrTiO5 using a high-throughput combinatorial ap-
proach.?® These experiments will determine the effect of
fluorine on phase assemblages.

IV. SUMMARY

Since information on phase evolution and phase rela-
tions can facilitate the development of processing blue-
prints, our results are important for research and devel-
opment on Ba—R—-Cu—O-coated conductors. Phases that
are in equilibrium with the Ba,RCu;0q, . superconduc-
tors are candidates for flux-pinning agents for improving
superconducting properties, and it is important to under-
stand phase relationships in the vicinity of the
Ba,RCu;0q,, phase. We found that contrary to the
bulk systems, the green-phases, BaGd,CuO5 and
Ba(Nd,Eu,Gd),CuQOs, do not form in the Gd-121 and
(Nd,Eu,Gd)-121 thin films that were deposited on SrTiO,
substrates and annealed at 735 °C and 100 Pa p,. Dif-
ferent phase relationships in the vicinity of the
Ba,RCu;0g,, phase imply different phases available for
flux-pinning applications in bulk versus thin-film form.
These differences will need to be considered carefully in
designing optimized superconducting coated conductors.

To determine the effects of the presence of fluorine
and different processing conditions, we plan to continue
studies of phase relations in the Ba—R—Cu-O films using
a combinatorial library approach. The complex phase
compatibilities in the CuO-deficient region of the dia-
gram will also be addressed in future work.
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The conventional isotropic Debye temperature fails to account for the trend of melting temperatures
for the high T, superconductors, RBa,Cu;0;_s (R-123), as a function of the ionic radius of R**. We
overcame this problem by calculating Debye temperatures using mean sound velocity along the ¢
axis that features an anisotropic layered structure. Using the “improved” Debye temperature, the
trend of derived melting temperatures based on the “Lindemann law” matches well with
experimental data. This trend is also confirmed by comparing theoretical and experimental Raman
active modes corresponding to the Cu—-O (plane copper and apical oxygen) and Ba—O (in-plane)
bonds in R-123 series. © 2007 American Institute of Physics. [DOI: 10.1063/1.2799242]

In recent years, there has been a growing interest in both
bulk and multilayer RBa,Cu;0,_s (R-123, R=yttrium and
lanthanides) cuprate superconductors,l’2 particularly in
coated-conductor applications.Bf6 To improve the properties
and application range of R-123, prior knowledge of the phase
stability of these compounds based on phase diagrams, in-
cluding melting temperatures, is required. Understanding
melting is important for both materials processing and for
thermodynamic modeling. Osamura and Zhang7 have sys-
tematically studied the change in melting temperature of
R-123 superconductors (processed using “artificial air”) as a
function of the size r of R ions. Although a monotonic trend
of melting temperature with r for the R-123 family has been
experimentally observed, a detailed understanding of this
trend at the atomic scale is not available due to the complex-
ity of the structure of R-123. Poirier® found a correlation
between the melting temperature and the Debye temperature
for 15 compounds with the simple ABO; perovskite-type
structure. This correlation stimulated us to carry out a sys-
tematic study of the dependence of melting temperature of
R-123 on the ionic radius of R3* or r(R**) based on the
“Lindemann law.””

To confirm the melting trend with ionic size, as well as
the variation of melting temperature of selected R-123
samples of interest under different atmospheric conditions,
we prepared five R-123 samples (R=Nd, Sm, Gd, Y, and Er)
using the solid-state technique. Stoichiometric amounts of
BaCO;, R,03, and CuO were well mixed, and heat treated at
850 °C overnight. Subsequent heat treatments were con-
ducted in air at 950 °C for 5 days with intermittent grind-
ings. For the melting studies, two series of experiments were

pleted using the @/ B quartz transition (571 °C) and the melt-
ing points of NaCl and Au (801 and 1064 °C, respectively).
In the first series, samples were annealed in oxygen to con-
stant mass at 500 °C followed by slow cooling in oxygen to
room temperature in order to ensure the maximum oxygen
content of 7 in RBa,Cu;0,_ 5.10 Then DTA/TGA experiments
were conducted in oxygen at 10 °C/min up to 1300 °C. In
the second series of experiments, samples were also annealed
in oxygen to constant mass at 500 °C followed by slow cool-
ing, however the DTA/TGA experiments were conducted in
purified air. We found that while the absolute values of the
melting temperatures of these series of samples differ from
each other, the general trends agreed well with each other,
namely, the larger the size of R*, the higher the melting
temperature. The difference in melting temperature for a
given member of the series is due to the fact that melting
temperature is higher under a higher oxygen partial pressure.
These two sets of melting data are tabulated in Table 1.
From thermodynamic considerations, the melting condi-
tions of a compound can be obtained by equating tempera-
tures, pressures, and Gibbs free energies of both solid and
liquid phases. The traditional difficulty of such a thermody-
namic melting theory arises from the complex relationship

TABLE 1. Experimental melting temperatures of Ba,RCu;0,_, measured
under 0.1 MPa O, (or 100% O,) and purified air. 7(R)** is the ionic radius
(A) of R* taken from Shannon by assuming a VIII-coordination environ-
ment (Refs. 13 and 14).

Melting temperature

0.1 MPa O, (or 100% O,) purified air

carried out using differential thermal/thermogravimetric R r(R)** °C (K) °C (K)

analysis (DTA/TGA). Calibration of the system was com- Sm 1,079 1097.0(1370.16) 1075.5(1348.66)
Eu 1.066 1089.6(1362.76) 1067.3(1340.46)

“Electronic mail: hbsu@ntu.edu.sg Gd 1.053 1069.7(1342.86) 1049.1(1322.26)

PElectronic mail: dwelch@bnl.gov Y 1.019 1039.8(1312.96) 1021.0(1294.16)

9Electronic mail: winnie.wong-ng @nist.gov
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FIG. 1. (Color online) Calculated and experimental melting temperatures of
RBa,Cu;0; as a function of r(R*) (Ref. 13 and 14). Solid circular symbols,
linked by a solid read line, stand for experimental melting data under
0.1 MPa pO, (100% O,). The data represented by down triangles, linked by
a dot blue line, are calculated using the Debye temperatures by isotropic
approximation. The data represented by up triangles, linked by a dash black
line, are computed by selecting sound waves propagate along ¢ axis.

between the free energy of the liquid phase and the inter-
atomic forces. It is often necessary, especially for complex
compounds, to resort to sim%)le and conceptual methods,
such as the Lindemann law.”"" The Lindemann theory as-
sumes that at certain temperature the amplitude of vibration
of solids is so large that the energy of the solid phase rises
significantly. This temperature is the melting temperature of
the solid. In 1950s, Gilvarry gave a firmer microscopic basis
to the Lindemann law.’ Instead of assuming that melting oc-
curs when neighboring spheres collide, he stated that the root
mean square amplitude of atomic vibrations at fusion r,, is a
critical fraction of the distance of separation of nearest
neighbor atoms. By substituting the root mean square ampli-
tude of atomic vibration into Debye’s approximation, we ob-
tained the formula of melting temperature as

T, =0.00322MV*30?, (1)

where M is the mean atomic mass of a solid, V is the mean
atomic volume, f is the Gilvarry critical ratio, which is about
0.11 for perovskite oxides,® and O, is the Debye tempera-
ture. If we simply proceed in this fashion using the @, com-
puted by an isotropic approximation, the calculated trend of
melting temperature disagrees with the trend of measured
data (Fig. 1). In order to explain the experimental results, it
is necessary to examine carefully the structure of R-123 (see
Fig. 1 in Ref. 20) and the elastic constants associated with
the structure. There exists a notable anisotropic feature in
this structure, namely, the elastic constants [Css,(Cyy,Css)]
are 50% smaller than [(C};,C»,),Ces)."* In fact, this layered
structure can be approximated better by an anisotropic hex-
agonal model rather than the isotropic one. Note that the
sound velocities are much smaller if the sound wave propa-
gates along the ¢ axis of the structure. If we calculate the
Debye temperature by the mean sound velocity along the ¢
axis, we can obtain better insight about melting since the
vibrations along the ¢ axis have larger amplitudes than those
along the a and b axes. Hence, we first approximated the
R-123 structure by a hexagonal one, then we computed the

Appl. Phys. Lett. 91, 172510 (2007)
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FIG. 2. (Color online) Raman Spectrum of RBa,Cu;0; as a function of
radius of R3*. Solid points stand for the calculated data; open ones for
experimental data.” Squares are for A, mode and triangles for B,, mode.

sound velocities using a longitudinal/transverse wave along
the ¢ axis by

_\[C
P o’

|C
v, = 44+ Css’ )
. —2p

where p is the density. The mean sound velocity v,, can be
computed by 31/3[(1/v;)+(2/v§)]‘1/3. The Debye tempera-
ture is then given by

h 3NA)”3
Op=—|—2] v, 3
D k3<47TV Um ( )

where / is Planck’s constant, kz is the Boltzmann constant,
N, is Avogadro’s number, and V is the molar volume. By
using the melting temperature of Y-123 as a reference
(scaling factor), the melting temperatures of the remaining
R-123 were computed. Since the key feature, when compar-
ing theoretical and experimental data, is strikingly similar for
experimental data under both 100% O, and purified air, we
plotted only the computed data in Fig. 2 along with the cur-
rent experimental melting data under 100% O,. The trend of
the calculated melting temperatures agreed well with that of
the experimental ones, although our calculated data were
somewhat overestimated when compared with the experi-
mental ones.

The trend of melting temperature dependence on r(R**)
was corroborated by the calculations of selected Raman-
active modes in RBa,Cu;0,;. We assessed the accuracy of
our calculations by comparing the calculated and experimen-
tal A, and B,, Raman-active modes. The detailed calculation
procedure of Raman modes was elaborated in Ref. 12. The
A, mode was assigned as the apical stretching mode due to
the Cu-O bond (d,) (planar copper and apical oxygen along
the ¢ axis). The B,, mode is a result of an in-plane
Ba-O stretching vibration. The frequency of the A, mode
[584<¢ (503°") cm™" for Y-123] and the B,, mode [335¢
(388%Y) cm™! for Y-123] were plotted, respectively, against
r(R*?) in R-123 (Refs. 13 and 14) in Fig. 2. The experimental
data were taken from the work by Rosen et al.”> The fre-
quency of the Ag mode increases linearly with increasing
r(R*3) by approximately 2.28% 4 (1.60%°) from Y-123 to
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Sm-123. At a first glance, this result appears to be inconsis-
tent with the assignment of this mode to the apical oxygen
bridging stretch vibration since the dimension of the unit cell
in the ¢ direction increases with increasing ionic radii. This
expansion might be expected to lead to increasing bond
lengths and decreasing force constants and therefore vibra-
tional frequencies. However, neutron diffraction data show
that despite the ¢ axis increases, the Cu-O (d,) (chain-copper
and apical-oxygen) distances remain approximately
constant'® while the d, bond length decreases as the r(R*)
increases.' !¢ Therefore the d; bond presumably controls
the apical oxygen stretch frequency. The nice agreement be-
tween calculated and experimental d; bond lengths versus
the r(R3*) is shown in Ref. 12. On the other hand, the By,
stretching mode [335°4¢ (388°*P) cm™! for Y-123] decreases
in frequency with increasing ionic radius. This change is
substantial and corresponds to an approximately 4.64%°¢
(=5.07%°**") shift in the vibrational frequency. This shift is
consistent with the identification of this mode as an in-plane
Ba-O stretching vibration, since structural data indicate that
the in-plane Ba—O bond lengths increase with the ionic ra-
dius of the rare earth.'?

The sources of strain can be either host-lattice-
nonconserved or host-lattice-conserved defects. One typical
example for the former type is the strain field generated at
R-123 grain boundaries, which strongly determines the seg-
regation of calcium, consequently, affects passivating of dis-
order at the boundalry.l7 Our work clearly demonstrates that
the latter case, internal lattice strain, which occurs to accom-
modate the different ionic radii, has significant anisotropic
effects on the trend of melting temperatures. As the ionic size
of R increases, the distance of the Ba—O block between the
barium layers becomes shorter along the ¢ axis due to the
shortening of the d; bond length. Due to the complexity of
R-123 structure, one surprising consequence is that the cor-
responding increase of the separation between adjacent
CuQ, layers results in the remarkable reduction in the coher-
ent interlayer single-particle hopping strength.]8 These re-
sults reveal the importance of the electronic origin of the
rare-earth ionic anisotropic effect on T, in this family.lg In
this study, this shortening in d; distance will increase the
elastic constants [Cs3,(Cyy,Css)] such that the melting tem-
perature rises ug with increasing ionic size of R. From pre-
vious studies,zo’ ! it was found that while the formation en-
ergy of Schottky defects, which provides an unambiguous
measure of the average cohesive strength (volumetric strain),
is proportional to B{) (where B is the bulk modulus and (2 is
the mean volume per atom) for elemental and binary crys-
tals; this relationship is violated in the R-123 series. In other
words, the smaller the Schottky defect formation energy is,
the lower is the melting temperature of simple elemental and
binary crystals. Despite the fact that the Schottky defect for-
mation energy of Sm-123 is smaller than that of Y-123, Sm-
123 has the higher melting temperature, indicating that it is
the internal strain due to the inhomogeneous changes of the
bond distances within the unit cell for R-123 rather than the

Appl. Phys. Lett. 91, 172510 (2007)

volumetric strain that controls the melting temperature of
R-123. This intriguing finding is consistent with the melting
systematics viewed from dislocation-mediated melting
model, where the melting temperature is proportional to BQ)
directly. The internal strains arising from the complex R-123
structure have significant anisotropic effects on the melting
of these compounds. The dependence of melting tempera-
tures on r(R**) that we report herein also provides a useful
guide to estimate as well as to manipulate melting tempera-
tures of RBa,Cu3;0,_s and of mixed lanthanide systems,
(R,R")BayCuz04_s.
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Interfacial reactions between the Ba;YCu30g,, superconductor and the CeO,
buffer layers employed in coated conductors have been modeled experimen-
tally by investigating the kinetics of the reaction between BasYCu3Og.., films
and CeO; substrates. At 810°C, the Ba;YCu30g,,-CeOs join within the BaO-
Y503-Ce05-CuO, quaternary system is nonbinary, thereby establishing the
phase diagram topology that governs the Ba;YCu30g,,/CeO5 reaction. At a
mole ratio of BasYCu30g,,:CeO; of 40:60, a phase boundary was found to
separate two four-phase regions. On the BayYCu3Og.,-rich side of the join, the
four-phase region consists of BagYCu3Og .., Ba(Ce;_,Y,)O03_,, BaY5CuOs;, and
CuO,; on the CeOs rich side, the four phases were determined to be Ba(Ce,_,Y.)
O3, BaY,CuO5;, CuO, and CeOs. The BasYCu304,,/CeQOs reaction is limited
by solid-state diffusion, and the reaction kinetics obey the parabolic rule,
x = Kt'2, where x = thickness of the reaction layer, ¢ = time, and K = a constant
related to the rate constant; K was determined to be 1.6 x 107 um/s? at
790°C and 4.7 x 1073 um/s? at 830°C. The activation energy for the reaction
was determined to be E,.; = 2.67 x 10° J/mol using the Arrhenius equation.

Key words: Coated conductor, kinetics of interfacial reactions,
BayYCu30g,,-CeO5 system, activation energy

INTRODUCTION

With increased demand for electrical power,
energy shortages and electricity outages have be-
come common global problems. Consequently, there
are pressing needs for improvements in electrical
distribution grids and for more efficient utilization
of energy resources. High-temperature supercon-
ductors have demonstrated potential for meeting
these needs,! leading to an accelerated effort within
the high-T. community on research and develop-
ment of coated conductors for wire and tape appli-
cations.?® These coated conductors are based on
BayYCus0, (Y-213) and BasRCus0O, (R = lantha-
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nides) as the principal superconductors. They can be
deposited on flexible metallic tapes using various
deposition techniques, and the resulting materials
show excellent current-carrying capability.
State-of-the-art substrates and buffer layers form
the basis for coated conductor fabrication. The two
promising technologies for producing biaxially tex-
tured buffers or substrates are commonly known as
ion-beam-assisted deposition (IBAD),%® developed
at Los Alamos National Laboratory, and rollin
assisted biaxially textured substrate (RABiTS),*"
developed at Oak Ridge National Laboratory. Typ-
ically, the architecture of a RABITS film includes a
number of buffer layers of different materials
deposited on the biaxially textured metallic sub-
strate. These layers are the seed layer, barrier lay-
er, and lower cap layer beneath the superconductor
layer, and an overlayer on top.° The seed layer
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provides a thin epitaxial layer to protect the sub-
strate from oxidation during deposition of the
barrier layer. The barrier layer is a thick epitaxial
layer to provide a physical/chemical barrier to sub-
strate oxidation and substrate reaction with the
superconductor layer. The lower cap layer provides
additional protection for the superconductor film
from chemical reaction, and also provides a texture
for crystallographic alignment. The overlayer on top
of the superconductor, typically Ag, helps provide
thermal and electrical stability. Examples of lower
cap layer materials include CeO,, LaMnQO3, SrTiOs,
GdsNbO;, and SrRuOs. The two most extensively
used materials have been CeOy and SrTiOs.

Despite many benefits of the use of buffer layers,
including the promotion of epitaxial growth of
BayYCu30g.,,, there may be unavoidable reactions
at the interfaces between layers. Understanding of
interfacial reactions of Y-213 phase with the buffer
layers will provide information about how to avoid
and/or control the formation of secondary phases.
Phase equilibrium data will also allow better
interpretation of the results of transmission elec-
tron microscopy (TEM) analysis of coated conductor
interfaces.

This paper summarizes the equilibrium data
for the multi-component systems representing the
interaction of BaysYCu30g,, with CeO,,'° and
describes a kinetic study of phases formed at the
Y-213/CeO, interface.' The kinetic studies reported
herein were completed by depositing the Y-213
superconductor on polished CeO, pellets using
pulsed laser deposition (PLD). X-ray diffraction and
TEM were used for characterization of phase for-
mation and to determine the thickness of the prod-
uct layer.

EXPERIMENTAL*

Kinetic studies were conducted by depositing the
BayYCusOg,, superconductor on highly polished
polycrystalline CeOs pellets (obtained from Alfa
Aesar, 99.9 wt.%, metals basis) using pulsed laser
deposition (PLD) at NIST.

Preparation of the Y-213 Target

The target Y-213 for PLD was prepared by the
reactive sintering technique using a mixture of the
two binary phases BaCuO, and Y,CuyOs. These
compounds were prepared by heating a mixture of
BaO, and CuO, and Y03 and CuO, respectively,
under purified air (COs- and Hy0-scrubbed). The
BaO starting material was produced from BaCO;
(99.99 mass%, metals basis) by vacuum calcination

*Certain trade names and company products are mentioned in
the text or identified in illustrations in order to adequately
specify the experimental procedures and equipment used. In no
case does such identification imply recommendation or endorse-
ment by the National Institute of Standards and Technology
(NIST).

Cook, Wong-Ng, Schenck, Yang, Levin, and Frank

in a vertical tube furnace. The following heating
schedule was used to produce high-purity BaO:
room temperature to 1300°C in 20 h; isothermal at
1300°C for 10 h; 1300°C to room temperature in
20 h. Compositions for production of BaCuO5 and
Y5Cus05 were weighed out, well mixed, and cal-
cined in an atmospherically controlled high tem-
perature furnace first at 850°C, followed by
repeated calcinations at 930°C with intermediate
grindings, for about two weeks. After single-phase
materials of BaCuOs and Y,CusOs were success-
fully synthesized (as evidenced by powder X-ray
diffraction), a mixture of the two phases was pre-
pared to give a Ba:Y:Cu stoichiometry of 2:1:3, pel-
letized, and then placed inside the atmospherically
controlled furnace at 950°C for three days. The
X-ray diffraction pattern of the resulting well-
sintered pellet indicated the material to be a single-
phase Y-213.

Pulsed Laser Deposition

Y-213 was deposited using the NIST PLD system,
which is based on an excimer laser (1 = 248 nm).
The laser energy and frequency were 100 mdJ, and
10 Hz, respectively, yielding a deposition rate of
~11.5 nm/min. The background oxygen pressure in
the chamber during deposition was 6.7 Pa. The
resulting Y-213 film thicknesses were approxi-
mately 570 nm.

Kinetic Studies

To study the reaction kinetics, preliminary
experiments to obtain the appropriate temperature
range for heat treatments in air were carried out on
four of the seven films prepared by PLD. Heat
treatments were subsequently conducted on the
other three films in air at 790°C, 810°C, and 830°C.
For each film, successive heat treatments were in
general planned so as to approximately double the
cumulative time. X-ray diffraction was used to
obtain intensities of selected reflections of these
samples. The intensity values are assumed to be
proportional to the amount of a particular phase, or
the thickness of the reaction layer. Transmission
electron microscopy (TEM) studies were carried out
to obtain the microstructure, including identifica-
tion of phases and thickness of the reaction layer.
Cross-sectional samples for TEM were prepared by
mechanical polishing and dimpling followed by ion-
thinning in a GATAN PIPS system at ambient
temperature until perforation. From these obser-
vations, a kinetic model describing the progress of
reaction could be determined using the Arrhenius
equation.'?

RESULTS AND DISCUSSION

Summary of Phase equilibria between
Bas;YCu30g,, and CeO,

Figure 1 illustrates the phase equilibria along
the BayYCu30g.,.-CeO, join in the context of the
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Cu0,

(1/2)Y,03
Fig. 1. The BaO-Y,03-CuO,-CeO, tetrahedron showing the two

subvolumes  Ba,YCuz0g.x-Ba(Ce,Y)O3 ,-BaY,CuOs-CuO, and
BaCeOs-BaY,CuO5-Cu,0-CeO,, within which the compositions of
the BasYCu3z06.,-Ce0; join lie. “BaCeO3” is a solid solution with
the formula Ba(Ce;_,Y;)Os_,. The “X” indicates the intersection of
the BayYCu3z0e.4-Ce0, join with the BaCeO3-BaY,CuOs-CuOy
plane.

Ba0O-1%.Y503-Cu0,-CeOy framework. It is seen
clearly that two tetrahedral volumes (four-phase
regions) corresponding to BayYCus3Og,,-BaCeOgs-
BaY5;CuO5-CuO, and BaCeO3-BaY;CuO5-CuO,-
CeO, are mutually consistent and do not overlap.
These two tetrahedra share a common plane defined
by BaY,CuOs (commonly referred to as the green
phase), CuO,, and BaCeO3. In other words, as a
(Ce05)-(Y-213) composition vector passes through
the two tetrahedra, only three phases are observed
at equilibrium at the plane forming the boundary
between the two tetrahedra. This phase boundary
exists at a of BagYCugOg,.:CeO5 mole ratio of 40:60.
On the BayYCuszOg,,rich side, the four phases
possible as a result of equilibrium chemical inter-
action were found to be BasYCuszOg,,, BaCeOsg,
BaY,CuOj, and CuO,; whereas on the CeOs-rich
side, the four phases were BaCeOj;, BaYsCuOs,
Ce0,, and CuO,. CuO, designates either CuO (air)
or CupO (po,=100Pa), depending on the oxygen
partial pressure; for our kinetic experiments in air,
CuO was observed, in agreement with calculated
CuO/Cu,0 equilibria.’

Cerium is known to possess various oxidation
states (+2, +3, and +4), and CeO,_, undergoes a
complex oxidation/reduction chemistry leading to
other phases under different oxygen partial pres-
sures. However, under the conditions of the present
study, CeO, was the only stable form of cerium
oxide. The BaCeO3 phase is a solid solution and is
more appropriately written as Ba(Ce;_,Y,)O3_,. This
solid solution is the only new multicomponent phase
found in the system. The range of Ba(Ce;_,Y,)O5_,
was determined to be rather small, namely,

CeO, (right).

0 <z <0.13.1° We have studied the structure of a
solid solution member of Ba(Ce;_.Y,)Os_, using
neutron diffraction.'® The structure of Ba(Ceg oy
Yo.06)02.84 was found to be of the perovskite type. Y
was found to substitute for the Ce site with an
occupancy of 0.06(2), giving rise to the unit cell
content of Bay(Ces76Y0.24)01136, or the chemical
formula of Ba(Ce 94Y0.06)02.84, With Z = 4, (space
group of Pmcn, g =8.7817(4) A, b = 6.2360(4) A,
and ¢ = 6.2190(3) A, V = 340.57 A3, and a density of
6.236 g/cm?).

Kinetic Study of Ba;YCu30g,,/CeO,

Figure 2 shows optical images of two substrates,
CeOy (uncoated) and CeO, coated with BasY
Cu30g,, using PLD. The substrates, prepared by
finely polishing densely sintered CeOs pellets, had
optically smooth surfaces, as evidenced from high-
magnification reflected light microscopy.

Figures 3 and 4 show the X-ray patterns of sam-
ples heat-treated at 810°C and 830°C as a function
of the annealing time. The decrease in intensity of
the 031 reflection of the BasYCu3Og,, phase is
accompanied by an increase in reflection intensities
for the phases Ba(Ce_,Y,)O3_, (reflection 213), and
BaY,CuO5 (reflection 131). A similar trend was
observed for the 790°C experiments. The changes in
intensity of the peaks as a function of time are
interpreted as due to the progressive formation of
Ba(Ce;_.Y,)O3 . and the green phase, by reaction
of BagYCus30g,, with CeOs.

In many solid-state reactions there is a well-
defined interface between reacting phases.'* The
overall process involves: (1) transport of material to
the interface, (2) reaction at the interface to produce
a new product phase, and (3) for some situations,
transport of reaction products away from the
interface. The two general classes of heterogeneous
reactions are those controlled by transport rate, and
those controlled by phase-boundary reaction rate.
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Fig. 3. Sequential X-ray diffraction patterns of a Ba,YCu30s,,/CeO, pellet heat-treated at 810°C for increasing cumulative time (minutes).
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Fig. 4. Sequential X-ray diffraction patterns of a Ba,YCu30e,,/CeO, pellet heat-treated at 830°C for increasing cumulative time (minutes).

For a reaction in which a compound is formed as a
planar reaction layer and the rate of product for-
mation is controlled by diffusion through the product
layer, then a parabolic rate law, x = K¢'2, is ob-
served, where x = thickness of the reaction layer,
t = time, and K = a constant related to reaction rate.

Under the present conditions, parabolic rate
behavior was observed at all three temperatures
studied. Plots of X-ray diffraction peak intensity
versus tV2 for the experiments at 810°C are shown
in Fig. 5. For the product phases Ba(Ce;_.Y.)O3_,
and BaY,CuOs;, the intensity curves are rather
similar. The curves show a linear increase to the
longest reaction times, after which further increases

in intensity are dramatically less. For the Y-213
reactant phase, intensities showed a concomitant
linear decrease with increasing reaction time. The
intensity versus ¢2 plots for the product phases of
the experiments at 790°C and at 830°C are similar
to those at 810°C.

When one compares the phase formation of
Ba(Ce;_.Y.)O3_, at the three temperatures (Fig. 6),
different rates are clearly evident. For example, at
the highest temperature of 830°C, the formation of
Ba(Ce;_.Y,)O3_, exhibits the fastest kinetics, as
expected. At this temperature, the formation of
Ba(Ce;_.Y,)O3_, was complete after about 180 min.
At 810°C the corresponding time to completion was
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Fig. 5. Plots of integrated intensity versus cumulative (time,

minutes)2 (a) Ba(Ce;_,Y,)Os , (reflection 213), (b) BaY,CuOs

(reflection 131), and (c) Ba,YCusOg,« (reflection 031) for samples

heat-treated at 810°C. cps: counts per second.

530 min. At 790°C, the reaction was continuing,
even after 3600 minutes.

A bright-field TEM image of a cross-section of a
sample heat-treated at 830°C for 123 minutes is
shown in Fig. 7. Electron energy-loss spectroscopy/
energy-dispersive spectroscopy (EELS/EDS) mea-
surements in TEM confirmed existence of a mono-
phasic reaction layer about 0.4 ym thick, comprised
of Ba(Ce;_,Y,)O3_,. A mixture of Y-213, green phase,
and CuO was observed in the immediate vicinity of
Ba(Ce;_,Y,)O3_,, whereas the outer part of the film
consisted primarily of unreacted Y-213. Using a
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Fig. 6. Plots of integrated intensity versus cumulative (time, min-
utes)'? of Ba(Ce;_,Y,)Os x (reflection 213) at three different tem-

peratures: (a) 830°C, (b) 810°C, and (c) 790°C. cps: counts per
second.

thickness of 0.40 um, the parabolic equation gives a
value of 4.7 x 1072 um/s¥? for K at 830°C.

The activation energy for the reaction was deter-
mined using the Arrhenius equation:'?

K /Ky = [Ae<—Eact/RT1> / Ae<—Eact/RTz>} (1)

where K; and K, = constants relating to the reaction
rate at temperatures 77 and Ty (Kelvin), respec-
tively; A = an empirical pre-exponential factor, E, =
activation energy, and R = gas constant. K; and K,
were obtained from the parabolic law x = K¢?, as
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treated at 830°C for 123 minutes.

discussed above. From the experiments at 790°C
(1063 K) and 830°C (1103 K), K; = 0.0016 um/s"?
and K5 = 0.0047 ,um/sl/2, and

E.=2.67 x 10°J/mol

The standard uncertainty (tyﬁpe B) for the above
activation energy is +0.23 x 10° J/mol. The activa-
tion energy is similar in magnitude to activation
energies reported for reactions between other mul-
ticomponent ceramic oxides.!®6

The fact that a monophasic product layer of
Ba(Ce;_.Y,)O3_, was formed adjacent to the CeO,
suggests that the reaction occurred primarily
by diffusion of Ba into the CeOs. This process left
behind products of green phase and CuO, as indi-
cated by Fig. 7.

Since the present study was completed using
polycrystalline substrates, it gives an average
reaction rate summed over all crystallographic ori-
entations. The data presented here provide a first
approximation to the actual reaction rates expected
for highly textured CeOs cap layers with the over-
lying superconductor. A parallel study using epi-
taxial CeO; is underway.

SUMMARY

We have studied the kinetics of reaction of the
BayYCu30g.,, superconductor phase with CeOs, one
of the most promising buffer layers for coated
conductor architecture. The reaction involves two
four-phase fields and the reaction products are
Ba(Ce;_.Y,)O5_,, BaYoCuOj5, and CuO. We followed
the kinetics of reaction by monitoring the product
phases Ba(Ce;_,Y,)O3_, and BaY,CuOj5 as a func-
tion of time and temperature. The reaction kinetics
obey a simple parabolic rate law, characteristic of
diffusion-limited processes. The activation energy
for the reaction between Ba;YCusOg,,, and CeOs has
been estimated using the Arrhenius equation to be

Cook, Wong-Ng, Schenck, Yang, Levin, and Frank

2.67 x 10° J/mol. Studies of interfacial reactions of
BayYCusOg,, with other important substrate
materials for coated conductor applications, such as
SrTiO5; and GdsNbO,, are planned.
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For applications ranging from phase equilibria to the processing of second-
generation high T. superconductor-coated-conductors, phase diagrams con-
structed under carbonate-free conditions are needed. Subsolidus phase
equilibria of BaO-R;03-CuO, (R = Ho) have been investigated at py, = 100 Pa
(810°C), 21 kPa (875°C) and 0.1 MPa (850 and 930°C) by applying controlled
atmosphere methods to minimize the presence of carbonate and CO, and Hy,O
contamination. Under carbonate-free conditions, most of these phase dia-
grams are different from those reported in the literature. In this paper, we
also review and compare the phase diagrams of ten BaO-R;03-CuQ, systems
(R = Nd, Sm, Eu, Gd, Dy, Y, Ho, Er, Tm and Yb) that were previously
determined in this laboratory under py, =100 Pa. Among these diagrams, a
distinct trend of phase formation and tie-line relationships is observed.

Key words: Superconductors, phase equilibria, BaO-R,03-Cu0O,
(R = lanthanides and Y), second generation coated conductors,

carbonate-free conditions

INTRODUCTION

Phase diagrams are considered blueprints for
improving };)rocessing of second-generation coated-
conductors.’™ Currently this state-of-the-art con-
ductor technology holds the most promise for com-
mercial electric utility and high magnetic field
applications. Second-generation superconductors
are based on epitaxial films of BaZRCu306§z R =
lanthanides) and BayYCusOg,, materials®® sepa-
rated from the underlying flexible, textured metallic
conductor by one or more layers of epitaxial oxide
buffer. The two most promising technologies for
preparing coated metallic substrates suitable for
deposition of high T, superconductors are known as
the rolling-assisted biaxially textured substrate
method (RABIiTS)'® and the ion beam-assisted
deposition method (IBAD).*%

It is essential to have a database for the phase
diagrams of the entire BaO-R,03-CuO, series as a

(Received February 7, 2007; accepted April 3, 2007,
published online September 21, 2007)

guide for superconductor processing using the
RABITS and IBAD technologies. The goal of the
present paper is twofold. The first goal is to sum-
marize and compare the phase diagrams of the ten
Ba0-Ry03-Cu0, systems (R = Nd, Sm, Eu, Gd, Dy,
Y, Ho, Er, Tm and Yb) that were previously
prepared in our laboratory under carbonate-free
conditions (7' = 810°C, pp, =100 Pa).®'* This set of
experimental conditions was chosen to match the
processing conditions of the IBAD and RABITS
films. Although various phase diagrams of the BaO-
R503-CuO, systems are available in litera-
ture,7’15_22z the majority of these diagrams were
prepared using BaCOs as one of the starting re-
agents, undoubtedly because of the difficulty in
handling BaO. Those few studies that reported
using BaO were not carried out entirely under
atmospherically controlled conditions. The second
goal of our work is to study the effect of different
temperatures and oxygen partial pressures on the
Ba0O-R;03-Cu0, phase equilibria under carbonate-
free conditions. For this purpose, we have chosen to
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concentrate on the BaO-Ho,03-CuO system at
Po, =100 Pa (810°C), pp,=21kPa (purified air,
875°C), and at pp, =0.1 MPa (850 and 930°C).

The crystal chemistry and crystal structure of
most of the compounds of the BaO-R,03-CuO, sys-
tems have been reported extensively elsewhere and
will not be discussed in detail here, except for the
selected few which are relatively new phases.

EXPERIMENTAL*

The experimental details for the BaO-R,03-CuO,
systems at pg, =100 Pa (0.1% Oz volume fractlon in
Ar, 810°C) have been discussed previously.?** The
experlmental procedure for the study of the BaO-
Ho,05-CuO, system under purified air (pg,=
21 kPa, or 21% O, by volume fraction in Ar, 875°C)
and 0.1 MPa pg, (100% Og by volume fraction at 850
and 930°C) is given below.

Preparation of BaO

BaO starting material was produced from BaCOg
(99.99% purity, metals basis) by vacuum calcination
in a specially designed vertical tube furnace. An
MgO crucible containing ~15 g of BaCO3; was sus-
pended in the hot zone of the furnace, and the fur-
nace was evacuated to a pressure of ~1.33 Pa or less
by a high capacity mechanical pump. The following
heating schedule was used: room temperature to
1300°C in 20 h; isothermal at 1300°C for 10 h;
1300°C to room temperature in 20 h. During the
vacuum calcination the pressure typically increased

0 ~200 um Hg as CO5 was evolved, and then rap-
idly returned to ~10 um Hg or less as the decom-
position of the BaCO3 was completed. After cooling,
the BaO was lowered through an interlock into a
transfer vessel. It was then transported to an
Ar-filled glovebox equipped with a recirculating
purifier, which continually removed atmospheric
contaminants from the Ar to <107*% (1 ppm) by
volume.

Sample Preparation

All sample weighings, homogenizations and pellet
pressings were performed inside a glove-box. Pel-
letized samples were placed inside individual MgO
crucibles for annealing in a horizontal box-type
controlled-atmosphere furnace. Transfer from the
glove-box to the box furnace and vice versa was
achieved via a second transfer vessel and an inter-
lock system attached to the furnace. Samples were
prepared using the solid state sintering method
(Table I). Stoichiometric amounts of BaO, Hos03
(99.99% purity, metals basis), and CuO (99.99%
purity, metals basis) were mixed and pressed into

*Certain trade names and company products are mentioned in
the text or identified in illustrations in order to adequately
specify the experimental procedure and equipment used. In no
case does such identification imply recommendation or endorse-
ment by National Institute of Standards and Technology.
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pellets, and annealed in an atmospherically
controlled box furnace. During the annealings, the
oxygen pressure of Ar/O; mixtures was controlled
using a mass flow meter and monitored at both the
inlet and outlet of the furnace using a zirconia
oxygen sensor. Samples were annealed at 875°C for
the experiments at py, =21 kPa (at 875°C) and at
Po,=0.1 MPa (at 850 and at 930°C). Intermediate
grindings and pelletizations took place until no
further changes were detected in the powder X-ray
diffraction patterns. Samples were processed for
about 2 weeks each.

X-ray Powder Diffraction

X-ray powder diffraction was used to identify the
Ba0O-Ho,03-Cu0, phases synthesized and to con-
firm phase purity. Spemmens were loaded into a
hermetically sealed cell?® inside an Ar-filled glove
box. Data were collected using a computer-con-
trolled automated diffractometer equipped with a
theta-compensation slit; CuK, radiation was used at
45 kV and 40 mA. The radiation was detected by a
scintillation counter and a solid-state amplifier. A
Siemens diffraction software package and reference
X-ray diffraction patterns of the ICDD Powder
Diffraction File (PDF)** were used for phase
identification.

RESULTS AND DISCUSSION

Phase Diagrams of the Ba-Ho-Cu-O System
as a Function of Oxygen Partial Pressure

The phase diagram of the BaO-Ho,03-CuQO, sys-
tem that was prepared at 100 Pa pp, was reported
earlier,'® and is shown in Fig. la for comparison
purpose. The three phase diagrams of the BaO-
Ho,03-CuO, systems prepared under purified air
(875°C) and 0.1 MPa py, (at 850 and 930°C) are
shown in Fig. 1b—d.

BaO-CuO,

A review of the crystal chemistry and crystallog-
raphy of the phases in the BaO-CuOZ system was
given by Wong-Ng and Cook.?® In the present study,
we have observed a total of two binary compounds:
BayCuOs,, and BaCuO.,.,262° whereas under
Po, =100 Pa, the BaCuy0,,. phase (Fig. 1) is also
observed. The BayCuOs,, phase is atmospherically
sensitive and cannot be prepared in the presence of
moisture and carbonate; this phase has not been
reported in several previous studies of the BaO-
CuO, binary. The oxygen content of the BaCuO,,,
series has been reported to vary between 2.0 and
2.5. Three structure types of BaCuOs,,, are known,
with 0 <z < 0.12, 0.29 < z < 0.36, and z = 0.5. The
most commonly recognized structure is cubic, with 0
< z < 0.12. Phase compositions with z greater than
0.12 have been reported by Petricek et al. 3° We
found no evidence for the existence of the Bas.
Cu30s,, or BasCus0sg,. phases? under the current
conditions. The BasCuQO,4 phase, reported by Frase
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Table I. Compositions (Mole Fraction, %) of Samples Prepared for Studies in the BaO-Ho;03-CuQ, System at
Po, =21 kPa (T = 875°C), 0.1 MPa (T = 850°C and 930°C)

# Ba Ho Cu # Ba Ho Cu
1 60 10 30 2 50 17 33
3 65 17.5 17.5 4 70 5 25
5 58 3 39 6 54 8 38
7 52 12 36 8 40 40 20
9 49 11 40 10 40 20 40
11 35 60 5 12 20 70 10
13 25 25 50 14 40 5 55
15 25 5 70 16 10 35 55
17 10 65 25 18 50 25 25
19 45 10 45 20 35 53 12
21 42 14 44 22 45 45 10
23 58 11 31 24 45 15 40
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Fig. 1. Phase diagrams of the BaO-Ho,03-CuQ, system prepared at (a) po,=100 Pa (T = 810°C),"® (b) 21 kPa (T = 875°C), (c) 0.1 MPa
(T = 850°C), and (d) 0.1 MPa (T = 930°C). Eutectic melting of the system takes place at 925°C (po, =0.1 MPa) in the region bounded by

BasHoCu30g,,, CuO, and BaCuO,, ,.

and Clarke®! and Abbattista et al.>?>3® to be stable
only under extremely reduced conditions, was not
detected in the present study.

BaO-H0203

BaszHo409 and BaHo,0,4 were the only two phases
formed under the three processing conditions

investigated in this study. BaHo,0O4 was reported to
crystallize in the orthorhombic Pnam system, which
is 1isostructural with other BaR,O4 phases.34’35
There was a controversy about the definitive struc-
ture of BagR40y. Kovba et al.,*® Spitsyn’ and Wong-
Ng et al.?® reported the symmetry of the structure to
be Rm; however, according to Miieller-Buschbaum
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and Scheikowski,?® Miiller-Buschbaum and Schv-
andt,*® and Krueger and Mueller-Buschbaum,**?
BasR40y is trigonal with an R3 space group (a =
6.098 A, ¢ = 25.136 A; Z = 3%9). The R3 structure of
BasR, 09 consists of corner-shared planar HoOg
octahedra and HoOg trigonal prisms connected as a
Kagome-network. The Ba sites have a (6 + 3) coor-
dination.?%*° The Ba-rich Ba,HoR507; and BayHo0,05
phases were found to be absent in the BaO-Ho203
system. These two phases, which are in fact the
oxycarbonates BasHo,05 - CO,; and BasHo,07 - 2
CO, respectively,*? are present when BaCOj is used
as a starting material, and dissociate according to
the following reactions:

3B3.2H0205 . COQ — 2BaH0204
+ Ba4H0207 . 2002 + COZ

2Ba4H02O7 . 2002 — Ba3H0409 + 5Ba0O + 4002

As carbonate appears to be essential for their
formation, it is logical that they were not observed
under the conditions of our experiments.

H0203-CuOZ

In the binary Ho,03-CuO, diagrams, only the
Ho,Cus05 phase was observed under all three pro-
cessing oxygen partial pressures.’®> The reported
Ho,CuO,4 phase was prepared using the aqueous
solution route via high pressure processing** and is
not stable under current conditions. Similarly, the
reported reduced phase of the RCuOy structure
type*® was not found.

BaO-Hos03-CuO,

A total of four ternary oxides (BasHoCusOg,.,
(213), BasHoCu30, (413), BagHoCu30O, (613), and
the ‘green phase’ BaHo,CuOj5 (121)) were found
in the BaO-Ho,03-CuO, system. The occurrence of
the compounds Ba;HoCu30, and BagHoCu30, in the
BaO-rich part of the diagram is similar to that of the
Ba0-Y,05-Cu0,'! system. The structure of Ba Ho-
Cus0, was reported to be of the cubic oxygen-defect
perovskite type (a = 8.08236(5) A when prepared in
oxygen).*® The orthorhombic BagHoCu30, phase is
of the SrTi,04-type (layered perovskite structure).*’
The BaHo,CuOs5 “green phase” is isostructural with
BaY5CuO05.%87%° Similar to BasYCus0g,., the BasHo
Cu30g,, phase is a stoichiometric compound with
respect to the cation content.

There is a significant difference in tie-line con-
nections under different processing conditions.
These differences mainly occur in two regions. The
first one is bounded by BaHo,CuOs5, BasHoCu3Og,.,,
BaCuOs,,., and Ba;HoCu30,, and the second one by
Ba,HoCu30,, BaHo,CuO5, BasHo,09 and BagHo-
Cu30,. It was reported previously that under 100 Pa
Po,, the tie-line in the first region occurs between
BasHoCu304,. and Ba,HoCusO,, and in the second
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region it is between BasHo,Og9 and BaHoCus3O,.
However, under the oxygen-rich conditions, namely
under purified air as well as under 0.1 MPa pg_, the
tie-lines in both regions are between BaH02(23u05
and BaCuOs,, in the first region, and between Ba-
Ho,CuO5 and BagHoCus0O, in the second region,
respectively. It is apparent that both oxygen partial
pressure and the ionic size of R have a significant
influence in the tie-line relationships.

Under 0.1 MPa p,, at 850°C, we observed an
additional BaoHoCu,Og,, (214) phase in the CuO-
rich region. The 80 K Ba;YCu,Osg,, phase®! was first
observed as an intergrowth in Bay,YCu3Og,, and
forms a planar defect in which a second CuO layer is
introduced between BaO layers, thereby increasing
the Y-Y distance from 11.7 to 13.6 A. Because the
positions of Cu in the Cu-O layers differ by a/2 along
the a-axis, ¢ is doubled to about 27.2 A.

Eutectic melting of the BaO-Ho,03-CuO, system
under 0.1 MPa p,, takes place at around 925°C
according to

BasHoCu30g,, + BaCuOy + CuO, — L (Liquid)

At about 930°C, BagHoCu30Og,., is relatively more
stable than the Ba;HoCu4Og,, phase. BagHoCu,
Og., decomposes according to

BazHOCU.408+Z i BazHOCU.306+Z + CuOZ + 02 T

The Trend of the BaO-R,03-CuO, Diagrams
(R = Nd, Sm, Eu, Gd, Dy, Ho, Y, Er, Tm and Yb)
as a Function of the Ionic Size of R** Under
100 kPa p,

The ternary phase compatibility diagrams of
the BaO-Ry03-CuO, systems, where R = Nd, Sm,
Eu, Gd, Dy, Ho, Y, Er, Tm and Yb, are shown in
Fig. 2a—j.9_f4 For ease of comparison, the diagram
for R=Ho (Fig. 1a) is repeated here as Fig. 2f. Since
exact tie-line connections would require detailed
lattice parameter determinations, the tie-lines con-
necting the solid solution series in this report are
schematic only. Proceeding from the Nd-system,
which has the largest ionic size of R in the current
series, towards the Tm system with a smaller ionic
size, a general trend in phase formation, solid
solution formation, and phase relations is found to
be correlated with the ionic size of R. Several fea-
tures of the progressive changes in the appearance
of these ternary diagrams will be discussed below.
In brief, these features are the following: (1) the
Nd-system has the largest number of ternary com-
pounds and solid solution series; this number
decreases as the ionic size of R decreases; (2) the
superconductor phases, Ba;RCu3QOs,., for the first
half of the lanthanide elements, i.e., R = Nd, Sm,
and Eu, which are relatively larger in the ionic size
of R, exhibit a solid solution of Bas_ . R{,,CusOg,.,
with a range of formation which decreases as the
ionic size of R decreases; this solid solution region
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Fig. 2. Phase diagram of the BaO-R>03-CuQ, systems prepared at po, = 100 Pa (T=810°C): (a) R=Nd, (b) R=Sm, (c) R=Eu, (d) R=Gd, (e)
R=Dy, f R=Ho, (g) R=Y, (h) R=Er, () R=Tm, and (j) R = Yb.5"*

terminates at Gd and beyond, where the supercon-
ductor phase assumes a point cation stoichiometry;
(3) a trend is observed regarding the tie-line con-
nections between BaR,CuOj;, CuO, Ba,_.Ri,.Cus
Og.», and the binary phases RyCuQOy, or RyCusOs.
The binary phase RyCuQy is replaced by RoCus0s5
after the tie-line connection changes.

Phase Formation
(1) BaO-R203

Under 100 Pa pg,, two phases (BaR;O4 and
BasR,0g) were successfully prepared in the BaO-

R,03 system. Depending on the ionic size of R, there
is a trend in formation of these two phases. The
BaR;0,4 phase forms in the systems with relatively
larger R (Nd, Sm, Eu, Gd, Dy, Ho, Y, and Er), while
BasR,09 forms in the relatively smaller R systems
(Ho, Y, Er, Tm, Yb and Lu).

(2) R203-Cu02

While all the Ry03-CuO, systems contain only one
binary compound, there exist two distinctive com-
positions. Binary compounds of 2:1 composition with
general formula R,CuQOy4 can be prepared with the



1284

BagCu .30;
Baluls,,

&ﬁg‘u’Cu 130842

BG‘:‘UZ?}BZ

Wong-Ng, Yang, Cook, Frank, Loung, and Huang

AYa

o 5

" ’/\‘5 ~ N =
/20203

o
[e
&k)<

Mol fractio

=

i

v
i A3 Y 50008 & 80 1606

0
Zul, 1/2(Ery03) Mol fraction, % Cu0,

sk

AV} v
20 40 EryCuy0s 60 100

BgC

810 °C
100 Po

l 8020034,

Il BoCuy,,

1)

BogYbCuis0,

Baz¥byCy

bl % 40 TrnpCuyidy 50 an o0
1/2Trglig) ol froction, % ),

Fig. 2. Continued.

0 20 40 YoyCuy0s 60 80 100

1720203} Mol froction, % Cud,

lighter and larger ionic size of R, for example with
R =Nd, Sm, Eu and Gd, whereas oxides in the
second half of the lanthanide series tend to form a
R503:2Cu0 binary compound RyCu,0O5 (R = Dy, Ho,
Y, Er, Tm, Yb, and Lu). Not all R,CuO,4 phases in
the lanthanide series are isostructural. For exam-
ple, while NdyCuO4, SmyCuO,, Eu,CuO4 and
GdyCuO, are tetragonal with space I4/mmm,>?
LayCuOy is orthorhombic with space group Cmeca
and has distorted KoNiF,-type structure.’® Struc-
ture determination of RyCusO5 have been contro-
versial in the past 25 years. The structure and X-ray
diffraction patterns of seven RyCusOs compounds
were later re-examined by Lambert and Eysel in
1981 and 1982;%* they were found to be isostructural
and have the HoyCuyOs5-type structure with space
group Pna2,.'3

(3) BaO-R503-CuQ, system
Bag «R;.,Cu30s..

The high T, superconductor solid solution, Bay
R1..Cu30g.., is of technological importance because
one can tailor the superconductor and melting
properties by varying the content of x. The members
of this solid solution (R = Nd, Sm, and Eu), exhibit
different solid solution extent. The tendency of the
solid solution formation is particularly great for the

Nd—analo% because of the close match of the ionic
size of Nd®* and Ba?*.%° As a result, the formation of
BayNdCusOg,, is rather difficult to control and
single-phase material is difficult to prepare. The
range of solid solution is smaller as the oxygen
partial pressure decreases. The extent of x in Bag_,
R1.,.Cu30g,, encompasses a range of 0 < x < 0.3 for
Nd, 0 <£x <0.2 for Sm, and 0 < x < 0.1 for Eu. The
BayGdCus0g,. phase does not form solid solution at
P0,<100 Pa, whereas when the sample is prepared
in air, a narrow solid solution region of 0 < x < 0.1
can be obtained.”

BaZﬂcRxCHOS:z

When R is relatively large, the Ba-rich Ba;CuOs,,
phase can form solid solution, with R (R = Nd, Sm,
and Gd) substituting at the Ba site, giving rise to
Ba, R, CuOs,,. The value of x was found to be 0 < x
< 0.3 for Nd; 0 <x <0.2 for Sm; and 0 <x < 0.15 for
Eu. This solid solution is only stable in an essen-
tially carbonate-free system. According to Abbat-
tista et al.,’® Ba,_Nd,CuOs,, undergoes a phase
transition at 740°C, with the high-temperature form
being tetragonal with a K;NiF4-type structure, and
the low-temperature form being orthorhombic with
a structure derived from that of SroCuQOs. We found
that the Bas_,R,CuQOs;,, samples (prepared under
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100 Pa pg,) can be indexed as orthorhombic, Immm.
The lattice parameters of the orthorhombic Bay_,
Sm,CuOs,, phases were found to be: a = 12.995(6)
A, b=4.0962) A, ¢ =3.9042) A, and V (volume) =
207.77 (13) A3 for Bay,CuOsg,, (x = 0); a = 12.890(21)
A, b=4.0356) A, c =3.880(5) A, and V = 201.8(3) A®
for (Ba; 9Smg 1)CuOg,, (x = 0.1); and a = 12.797 (32)
A, b =4.048(10) A, ¢ = 3.843(11) A, and V = 199.1(6)
A3 for (Ba; §Smg )CuOs,, (x = 0.2). Substitution of
the smaller Sm>* into the larger Ba®* site causes the
contraction of the unit cell.

BaRZCuO5

The commonly known “green phase”, or the
BaR,CuOj5 (121) phase, can be prepared for R = Sm,
Eu, Gd, Dy, Y, Ho, Er, Tm and Yb. Among the oxides
with a stable R®** valence state, there is a size range
of R for which this phase forms. However, this phase
does not form with lanthanides of larger ionic size.
For example, the formation of green phases for
R = Nd®* does not take place. The material formed
in this case is brown and is found to have a com-
pletely different crystal structure from that of the
“green phase”. While all green phase materials are
orthorhombic with space group Pbnm, the “brown
phase” tends to form a solid solution with formula
B3.2+2de4_2xCll2_x010_2x (00 <x < 01), and with a
tetragonal space group P4/mbm. The framework of
the Nd “brown phase” is principally built from edge-
and face-sharing RO;9 and ROg polyhedra. These
octahedra and decahedra provide large enough
space to accommodate the Nd3* ions. On the other
hand, in the green phase structure, each lanthanide
ion is surrounded by seven oxygen neighbors. The
framework can be considered as being built from
distorted monocapped trigonal prisms, RO;, which
share one triangular face forming R,O;; blocks.
There is an apparent upper size limit, bounded by
Sm, beyond which stability of the monocapped tri-
gonal prism, RO7, is unattainable.

Ba4R2Cu209_Z

Within the BaO-Ry03-CuO, systems, the BasRo.
Cuy0g_, phase only exists in those with relatively
large R**, namely, R = Nd and Sm. The Ba,Nd,.
Cuz0g . structure is tetragonal with a space group
of P4n2 (a = 11.9505(8) A and ¢ = 3.8556(2) A by
neutron diffraction).'® This semiconductor phase is
one of the first cuprate phases reported which pos-
sesses the unusual 1-dimensional chains of CuOj
units. The (001) projection of the BayR,CusOg_,
structure is shown in Fig. 3a, and the one-dimen-
sional chains of CuOj5 are shown in Fig. 3b. These
distorted and isolated CuOjs units form corner-
shared infinite chains running parallel to the c-axis.
The CuOs5 chains are connected via Ba®* and R3*
cations, which themselves adopt distorted mono-
capped trigonal prismatic configurations (RO; and
BaOy). Octagonal tunnels are found throughout the

@ 5 CuO

Fig. 3. (a) Crystal structure of the Ba;R.Cu,Og phase showing the
(001) projection; (b) Crystal structure of the BasR.Cu,Og phase
showing the one-dimensional corner-sharing chains of CuOs square-
pyramids along the c-axis.'®

structure. The R3* environment in Ba,RyCuy0q., is
rather different from that of the “brown phase”
BaNd,CuOs5 in which the Nd has an eightfold coor-
dination,®* but is similar to that of the “green
phase” BaSmyCu05.1° The structure of Ba,Sms,
Cuy09_, was, however, found to be orthorhombic
with a space group Pnn2 (a subgroup of P4n2).*°
The lattice parameters determined using powder
X-ray diffraction are a = 11.9718(7) 1&, b =11.8884(7)

A ¢ =3.8465 (2) A, and V = 547.47 A3,
BagRCus0, and Ba,RCus30,

There are two additional ternary oxide phases in
the BaO-rich region of the BaO-R,03-Cu0, systems,
namely, the BagRCuszO, (613) and Ba,GdCusO,
(413) phases. The BagGdCusO, phase exists in the
systems with relatively smaller R, namely, Gd, Dy,
Ho, Y, Er, Tm, and Yb. The structure of the 613
phase was reported by Zhang and Osamura®’ to be
perovskite-related and is tetragonal with the space
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group I4/mmm (a = 4.074(4) A and ¢ = 21.696 A for
the Gd-analog when prepared in air). BagErCusO,
was reported to be orthorhombic and with the
SrTiy04-type structure (layered perovskite).*” The
difference of these two structures lies in the distri-
bution of oxygen atoms on the (R,Cu)-O layers. The
Ba,RCu30, (413) phase can be prepared under 100
Pa py, in the systems with R = Dy, Ho, Y, Er, and
Tm. The structure of 413 was reported to be of the
cubic oxygen-defect perovskite type (a = 8.08236(5)
A) for Ba,ErCu30, when prepared in oxygen®®).

Tie-line Relationships

In general, the tie-lines determined in the CuO-
and Ry03-rich part of the BaO-Ry03-CuO, phase
diagrams are in agreement with most literature
reported diagrams, whether prepared using BaCOs,
BaO,, BaO, or Ba(NO3),. However, the region of
the diagrams near the BaO corner is substantially
different.

The tie-line distribution appears to be the most
complicated in the Nd- and the Sm-systems where
three solid solution series were determined. The
solid solution range is the greatest in the Nd-sys-
tem, as revealed in the width of the tie-line bundles.
Since the Eu-system does not have the Ba;RoCus0q.
> phase, the tie-line relations are not totally the
same as those in the Nd and Sm systems. The tie-
line relations in the Dy, Ho, Y, Er, and Tm systems
are rather similar, despite the fact that the Dy and
Tm systems only have one BasR,Og9 binary phase
instead of two. In all these systems except for the Yb
system, the tie-line relations involving the four
phases, Ba;RCu30g,,, BaR,CuOs, BaCuO,,,, and
Ba,RCus0,, are rather similar, and are different
from the literature data. The BasRCu3Og,, phase is
found to be compatible with the Ba,RCu30, phase,
whereas the literature reports indicated a tie-line
between BaCuOs,,. and BaRyCuOj. 1116722

In the Yb-system; however, a tie-line was found
between BaYbsCuO5 and BaCuOs,.,, instead. It ap-
pears that the presence of CO5 and the ionic size of
the R cation both affect the tie-line relationships.

IMPLICATIONS FOR PROCESSING
OF Ba;RCu30¢.. SUPERCONDUCTORS

For applications of phase equilibria to coated
conductor processing, phase diagrams constructed
under carbonate-free conditions should be em-
ployed. From examination of the BaO-Ry,03-CuO,
diagrams included in this paper, there is a signifi-
cant difference in the tie-line distributions occur-
ring under carbonate-free conditions, relative to
those occurring in the phase diagrams based on
BaCOgs-derived starting materials. Under carbon-
ate-free conditions at py, =100 Pa, the tie-line
BasRCus0g,.(barium-rich phase) replaces the
BaCuO,,,-BaRyCuOj; tie-line in a majority of our
Ba0O-R,03-Cu0O, diagrams; here the (barium-rich
phase) refers to the Bay_,R,CuOs3,, solid solution in
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the R = Nd, Sm, and Eu systems, to the BagRCu30,
phase in the Gd-system, and to the BasRCus30,
phase in the R = Dy, Ho, Y, Er, and Tm systems. The
net effect of this tie-line change is to expand the
field of stability of R-213 toward the BaO-rich cor-
ner of the phase diagram. However, it is question-
able as to whether this expansion is an advantage
for the R-213 processing. The barium-rich phases
are known to be atmospherically more sensitive
than BaR,CuOs. As a result of the difference in the
tie-line relationships, these atmospherically unsta-
ble phases can coexist with R-213, and their pres-
ence in R-213 materials could be deleterious. It may
be important during the RABITS and IBAD pro-
cesses to avoid BaO-rich phases.

SUMMARY AND CONCLUSION

We have investigated the phase relationships of
the BaO-Ho0303-CuO, system at pg,=100Pa
(810°C), 21 kPa (875°C), and 0.1 MPa (850 and
930°C) under COs-free conditions. We have also
reviewed and compared ten BaO-R,03-CuQO, sys-
tems prepared at pp, =100 Pa (810°C). We found
that the oxygen partial pressure, ionic size of R3*,
and the presence of CO, affect the phase formation
and the tie-line relationships. There are significant
differences in the tie-line distributions occurring
under carbonate-free conditions relative to those
occurring in the phase diagrams based on BaCOs-
derived starting materials. For applications ranging
from phase equilibria to coated conductor process-
ing, phase diagrams constructed under carbonate-
free conditions should be employed.

Since phase diagrams of the BaO-R,03-CuO,
(R = lanthanides) systems are important for second-
generation coated-conductor development, system-
atic studies of diagrams of the remaining lanthanide
analogs (i.e., R = La, and Lu) under atmospherically
controlled conditions are further needed to augment
the data presently available.
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The phase transformation between the
orthorhombic and tetragonal structures of
six high-T, superconductors, Ba,RCu30,_g,
where R =Nd, Sm, Gd, Y, Ho, and Er, and
6=0to 1, has been investigated using
techniques of x-ray diffraction, differential
thermal analysis/thermogravimetric analy-
sis (DTA/TGA) and electron diffraction.
The transformation from the oxygen-rich
orthorhombic phase to the oxygen-defi-
cient tetragonal phase involves two
orthorhombic phases. A superlattice cell
caused by oxygen ordering, with a' = 2a,
was observed for materials with smaller
ionic radius (Y, Ho, and Er). For the larger
lanthanide samples (Nd, Sm, and Gd), the
a' = 2a type superlattice cell was not
observed.

The structural phase transition tempera-
tures, oxygen stoichiometry and character-
istics of the T, plateaus appear to correlate
with the ionic radius, which varies based
on the number of f electrons. Lanthanide
elements with a smaller ionic radius stabi-
lize the orthorhombic phase to higher
temperatures and lower oxygen content.
Also, the superconducting temperature is
less sensitive to the oxygen content for
materials with smaller ionic radius. The
trend of dependence of the phase transfor-
mation temperature on ionic radius across

the lanthanide series can be explained
using a quasi-chemical approximation
(QCA) whereby the strain effect plays an
important role on the order-disorder transi-
tion due to the effect of oxygen content on
the CuO chain sites.

Key words: ac magnetic susceptibility;
orthorhombic/tetra-gonal transformation;
oxygen ordering; phase transformation of
Ba,RCu;0,_g (R=lanthanides); strain
effect on phase transition; transition tem-
perature.

Accepted: January 3, 2006

Available online: http://www.nist.gov/jres

1. Introduction

nologies for producing textured coated conductors

Recent advances in coated conductor science and
engineering have brought commercial high-T7, super-
conductor technology closer to reality [1]. It is now
likely that many potential large-scale industrial applica-

tions will soon be realized. Three state-of-the-art tech-

41

show promise: Ion Beam Assisted Deposition (IBAD)
[2-5], Rolling Assisted Bi-axially Textured Substrate
(RABITS) deposition [6-11], and Inclined Substrate
Deposition (ISD) technique [12,13]. Good quality tex-
tured conductors, which are based on the Ba,YCu;0,_5
superconductor, have been successfully produced with
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both film deposition and open-air solution techniques
[14-22]. To further optimize the superconducting prop-
erties of long-length coated conductors for practical
applications, recent research has also included the use
of lanthanide-substituted variants, Ba,RCu;0,
(R=lanthanides with stable 3+ oxidation state). Phase
equilibrium research pertaining to Ba,RCu;0,_, includ-
ing a thorough understanding of phase transition phe-
nomena, is therefore important for processing.

The progressive reduction in size of the lanthanide,
which is known as the lanthanide contraction, allows
systematic study of the trend of crystal chemistry, solid
solution formation, and phase equilibria in the systems
Ba0-R,0,-Cu0, as a function of the size of lanthanide
ion, R** [23-29]. Numerous investigations pertaining to
the crystal chemistry, and the effect of oxygen stoi-
chiometry on properties of Ba,RCu;0, 5 have been
reported [30-35]. The present paper is part of our con-
tinuing effort to understand the effect of lanthanide
substitution on the properties and processing parame-
ters of the high-T, superconductors BaR,Cu,0, 5 [23-
29,36-39]. Since our preliminary reports [36-38] on the
structural phase transitions of Ba,RCu;0,; for R=
Sm, Gd, Er, Y, and Ho, we have completed studies of
the Nd series, including additional characterization of
some of these materials using electron diffraction tech-
niques. We have also improved our understanding of
the phase transition in Ba,RCu;0, 4 as related to the
size of ionic radius of R* by using a quasi-chemical
approximation to describe the effect of oxygen order-
disorder [40].

After annealing the Ba,RCu;0,_s compounds at vari-
ous temperatures and then rapidly quenching to liquid
nitrogen temperature, we have made several observa-
tions concerning the phase transitions in these materi-
als. Most interesting is the presence of 7, plateaus
(annealing temperature ranges over which 7, remains
approximately constant, even as the oxygen content
changes). Examples are given of the existence of a 90
K and a 60 K T, plateau in the Y, Ho, and Er materials
[36-38,41-42]. Although there are extensive literature
reports [43-49] describing the experimental observa-
tions or theoretical predictions of a single phase 60 K
material in the Y system, very little information has
previously been reported describing the lanthanide-
substituted materials. Furthermore, most of the report-
ed Y materials were prepared using processing routes
different from our quenching methods [46-49].
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2. Experimental

Since Nd,O, reacts with atmospheric moisture to
form Nd(OH),, the Nd,O; powder was heat-treated at
600 °C overnight prior to sample preparation. A single
phase master batch of Ba,NdCu;0,_swas prepared from
a stoichiometric mixture of CuO, Nd,O; and BaCO,.
Before firing and annealing, the powder was pressed
into pellets and placed on MgO single crystals. The
pellets were reground and annealed several times until
the presence of a single-phase material was confirmed
by x-ray powder diffraction analysis. Annealing was
carried out at temperatures of 850 °C, 870 °C, and
900 °C each in air for 1 d, followed by firing in
air at 940 °C for 2 d. Analysis by scanning electron
microscopy and energy dispersive x-ray analysis
(SEM/EDS) showed absence of substitution of magne-
sium in these samples.

A total of 10 barium-neodymium-copper-oxide sam-
ples were prepared for this investigation from the
single-phase master batch. Batches of the other
Ba,RCu,0,_5 phases were prepared in similar fashion,
using the appropriate lanthanide oxides [36-38]. To
investigate the phase transitions, specimens weighing
about 200 mg to 500 mg were annealed in an MgO cru-
cible for up to 2 d in air at temperatures between 400 °C
and 900 °C. The temperature was measured using a
Pt/Pt10Rh thermocouple calibrated against the melting
point of gold. Temperature of the Pt-wound resistance
furnace used in these experiments was controlled to
+ 2 °C by using a Wheatstone bridge type controller.
After annealing, the samples were quenched into a lig-
uid nitrogen-cooled copper cold well, through which
liquid nitrogen-cooled helium gas was passed at a rapid
rate (Fig. 1). Rapid cooling under these conditions pre-
vented the oxygen gain that would normally occur for
samples cooled in air.

Samples studied by electron microscopy are listed in
Table 1, together with their processing conditions and
oxygen content (all were quenched in liquid nitrogen-
cooled helium). Specimens for electron microscopy
were prepared by crushing small pieces of the sample
material and then following one of two procedures:
either the powder was dispersed in ethanol and drops of
the liquid were placed on a carbon-coated copper grid,
or a grid was scooped through the powder to avoid pos-
sible reactions with the alcohol. These two techniques
produced samples with no detectable differences
between them. Conventional electron microscopy and
electron diffraction were carried out at 120 keV and
300 keV, and exposure times up to 50 s were used to
record the faint superlattice diffraction spots.
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Fig. 1. An experimental setup showing a liquid nitrogen cooled cop-
per cold well into which liquid helium was rapidly flowing through
as an annealed sample that was contained in a MgO crucible was
quenched.

Table 1. Samples investigated by electron diffraction techniques in
the transmission electron microscope

Sample Chemical Annealing Time Oxygen
notation formula temperature content
(7-6)
Nd6.90 Ba,NdCu;307_5 620 °C 20h 6.90
Sm6.75 Ba,SmCu;0,_g 580 °C 40 h 6.75
Gd6.79 Ba,GdCu;30,_g 620 °C 20 h 6.79
Y6.85 Ba,YCu307_5 502 °C 36h 6.85
Y6.63 Ba,YCu30,_g 635°C 23 h 6.63
Y6.55 Ba,YCu30,_g 675 °C 21 h 6.55

The oxygen content of the Ba,RCu;0, s compounds
was determined by thermogravimetric analysis (TGA)
from measurements of the weight change as a function
of temperature in both air and in an oxygen atmosphere.
An MgO sample holder was used for the yttrium com-
pound and a platinum sample holder was used for the
other four samples, since the temperatures of the TGA
curves were below those at which any reactions with
platinum were observed. The ground powder was heat-
ed from 50 °C to 850 °C at a rate of 2 °C per min to
measure the change of weight, and thereby oxygen
uptake and loss. The maximum observed weight was
assumed to correspond to full oxygenation of seven
oxygen atoms, or Ba,RCu;0,;. The weight loss at a
given temperature was then used to compute the oxy-
gen content. The correspondence between oxygen con-
tent and quenching temperatures was thus established.
Due to the difficulty of applying a precise correction
for the buoyancy effect, oxygen content established in
this way may have an estimated relative uncertainty of
+ 5% (k=2).
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Digital x-ray data were collected at room tempera-
ture on a computer-controlled powder diffractometer
equipped with a focusing graphite crystal monochro-
mator and a theta-compensating slit. Copper radiation
(CuKo,, A=1.5405981 A [50]) was employed for all
studies. Two certified d-spacing standards: silicon,
SRM640b [51], and fluorophlogopite, SRM675 [52]
were used as internal standards for calibration [53].
Sample preparation, mounting methods and data pro-
cessing followed those described by McMurdie et al.
[54].

The flux exclusion of these powders was studied by
using a computerized ac magnetometer. A sample pow-
der of 10 mg to 20 mg was packed in a small, non-mag-
netic holder and mounted on a stage containing a cali-
brated silicon diode thermometer. The ac susceptibility
was measured as a function of temperature from 300 K
to 20 K for most samples in a Hartshorn type bridge cir-
cuit at a frequency of 1.68 kHz. The magnitude of the
applied ac field was about 0.5x 10* T. The relative
Meissner effect was detected by observing the real part
of the signal arising from the diamagnetism of the sam-
ple. We define the superconducting onset temperature,
Tco, as the temperature at which the ac susceptibility
deviates from the near zero value of the normal state.

3. Results and Discussion

The x-ray spectra of Ba,RCu;0,_5(8 from 0 to 1) are,
in general, similar to the yttrium analogs [24]. The pro-
gressive changes of shape and the indexing of peaks in
the five main regions of the Bragg angle, 26, around
32°to 33°, 38° to 39°, 45° to 49°, 57° to 60°, and 68° to
70° reveal the crystallographic phase transition from
orthorhombic to tetragonal for all compounds. Figure 2
illustrates the diffraction patterns of the Ba,NdCu;0,_5
samples quenched from various temperatures at
401 °C, 545 °C, 570 °C, 578 °C and 592 °C. These dif-
fraction patterns demonstrate a gradual reduction in
orthorhombicity as evidenced, for example, by the peak
shape changes for the 200 and 020 reflections at 46° to
48° 26 and the 213 and 123 reflections at 57° to 59° 26.

3.1 Lattice Parameters

Using the least-squares refinement results [55], the
transition from orthorhombic to tetragonal symmetry
was estimated to take place between 570 °C and
578 °C. No doubling of cell parameters along either the
a or b axes has been observed for Ba,NdCu,0,_; by x-
ray powder diffraction. Based on a similar analysis, the
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Fig. 2. X-ray diffraction patterns (CuKa;) from Ba,NdCu;0,_ssam-
ples quenched from 401 °C, 545 °C, 570 °C, 578 °C, and 592 °C,
showing progressive changes of peak shapes. Selected Miller indices
(hkl values) of the diffraction peaks for the sample quenched from
401 °C are indicated.

structural transition temperature for the other lan-
thanide analogues were found to be as follows: Sm:
625 °C to 650 °C, Gd: 650 °C to 660 °C, Y: 708 °C to
720 °C, Ho: 748 °C to 761 °C, and Er: 750 °C to
770 °C [36-39,41-49]. The tetragonal-orthorhombic
structural transition temperatures are summarized in
Table 2 along with ionic radii of the lanthanide ions, R*
[56] and the estimated oxygen composition.

Table 2. Shannon’s ionic radii [56] for R (VIII-coordination),
tetragonal orthorhombic phase transition temperature and oxygen
content, (x = 7-9), for selected Ba,RCu30,_g

Shannon’s
Compound ionic radius Temperature Oxygen
R¥ (A) [56] (°C) content
Ba,NdCu;0,_g 1.109 570 to 578 6.82-6.84
Ba,SmCu;0,_g 1.079 625 to 650 6.65-6.69
Ba,GdCu;30,_g 1.053 650 to 660 6.75-6.76
Ba,YCu;30,_g 1.019 708 to 720 6.47-6.49
Ba,HoCu307_g 1.015 740 to 760 6.46-6.47
Ba,ErCu;0,_g 1.004 750 to 770 6.38-6.41

Table 3 gives the cell parameters of Ba,NdCu,;0, 4
calculated from the x-ray patterns. Figures 3(a) to 3(f)
depict the convergence of the a and b axis dimensions
as the annealing temperature rises for these six com-
pounds. While the merging curves exhibit similar shape
and form, the different positions of the convergence of
these curves can be related to the size of the lanthanide
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ion R*. The a and b axis dimensions (a,, b,) in the
orthorhombic structure and the @ axis dimension (a,) in
the tetragonal structure remain the largest for
Ba’NdCu,0; 5 across the entire annealed temperature
range. Correspondingly, those of Ba,ErCu;0,_; are the
smallest.

Table 3. Least-squares cell parameters for Ba,NdCu;0-_s as a func-
tion of quenched temperatures (°C). Number in parenthesis indicates
one standard deviation from results of least-square refinements [37]

Quenched a(A) Bb(A) c(A) V(A%
temperatures
401 3.8681(11) 3.9180(3)  11.7623)  178.26(7)
464 3.8676(14) 3.92238)  11.7792)  178.69(6)
501 3.8724(7)  3.9237(12) 11.781(2)  179.00(5)
556 3.882(2)  3.9180(12) 11.792(4)  179.30(9)
570 3.8870(2)  3.9115(5)  11.797(2)  179.35(8)
578 3.9034(a) 11.799(1)  179.78(3)
592 3.9029(6) 11.8103(14)  179.90(5)
697 3.9051(4) 11.8336(11)  180.46(3)
800 3.9025(3) 11.8511(12)  180.48(3)
900 3.9000(3) 11.8564(12)  180.34(3)

The variation with annealing temperature of the ¢
axis cell dimension and the cell volume of these six
compounds is illustrated in Fig. 4. Although these
curves show, in general, the expected trend of increas-
ing value as the temperature increases, the
Ba,GdCu,;0,_s compounds behave somewhat different-
ly. For example, the c-dimension did not fall in the
expected order relative to the other compounds. By
analogy with the yttrium system, the elongations along
the ¢ axis of these compounds are considered to be due
to the increased number of oxygen vacancies. At
400 °C the relative ¢ axis cell dimensions of these com-
pounds are as expected: cyg > Cgm > Coq > Cy ~ Cho > Chre
At higher temperature the trend alters and becomes
Cng ™ Csm > Cho = Cy > Cpp > Cge- The volume plots in
Fig. 5 illustrate the expected trends in volume expan-
sion as the annealing temperatures increase, namely,
Ma™ Vem > Voa> Vy ~ Vi > Ve

Figure 6 shows the first derivative of the TGA curves
against temperature for the six compounds. While the
weight change curves (not shown) are continuous, the
first derivatives show relatively abrupt changes in
slope. The temperature at which this abrupt change in
temperature takes place can be considered as due to a
phase transition, presumably the orthorhombic/tetrago-
nal transition, and the trend of this behavior therefore
parallels that listed in Table 2, namely, the lanthanide
elements with a smaller ionic radius stabilize the
orthorhombic phase to higher temperatures.
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Fig. 4. The c axis cell parameter as a function of annealing tempera-
ture for Ba,RCu30;_g with R = Nd, Sm, Gd, Y, Ho, and Er.
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3.2 Chain-Oxygen Order-Disorder Transition

Figure 7 shows the structure of Ba,RCu;0,_s with the
labeling of atoms and the oxygen sublattice site. Curve
(a) of Fig. 8 shows a plot of these experimental transi-
tion temperatures as a function of the ionic radius of the
R* ions. An obvious trend is observed. Lanthanide ele-
ments of smaller ionic size stabilize the orthorhombic
phase to a higher temperature as well as to lower oxy-
gen content. This trend can be understood in terms of
order-disorder theory.

-

IEKngmh Nd
g I
< T Gd
L]
g
2 - Ho
&)
5
B ~ Er
=

B Y

| 1 ] | | 1 | 1 |
[+] 100 200 300 400 500 600 700 800 900 1000

Temperature ('C)

Fig. 6. Thermogravimetric analysis of Ba,RCu30;_s showing the
slope of the heating curve.
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Fig. 7. Crystal structure and atom labels for Ba,RCu;0,_5 The
repulsion energy, v, between the oxygen atoms on two sublattice sites
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Fig. 8. Chain-oxygen order-disorder experimental (curve (a)) and
theoretical (curve (b) [40]) phase transition temperatures vs.
Shannon’s ionic radius of R3+(VHI—coordinati0n) [55]. The theoreti-
cal data are calculated by using the transition temperature of
Ba,YCu;30,_g as a reference.

Theoretical studies aimed at understanding the phase
transformation in the Ba,YCu;0, s system have been
carried out extensively by Wille et al. [44], Bakker et al.
[57], and Herman [58]. Recently, the similar approach
has been applied by Su et al. to the lanthanide-substitut-
ed systems [40]. In brief, the formation energies of
Frenkel pair defects as a function of volumetric strain
for Ba,RCu;0; 5, and for Ba,RCu;0; under hydrostatic
pressure were calculated. These theoretical calculations
show good agreement with experimental observations
in that increased pressure favors ordering of the CuO
chains. For example, the Frenkel pair formation energy
indeed increases significantly (around —0.25 ¢V/0.01
volumetric strain) under compression.

Based on a quasi-chemical approach (QCA) by
Bakker et al. [57], the orthorhombic/tetragonal transi-
tion temperatures for Ba,RCu,0,_s have been computed
by scaling the effective oxygen-oxygen short-range
repulsive energy in the CuO chain. At a given tempera-
ture 7, a simplified relation [Eq. (1)] can be obtained to
express the oxygen-oxygen repulsion energy, v, on two
sublattice sites o and [3, as a function of the long range
parameter (S), the short range order expressed by the
fraction (p) of near-neighbor pair sites occupied by
oxygen-oxygen pairs, and the fractional site occupancy
averaged over both sublattices (c).

] . (1)

The fraction p is equal to Ny/4N, where N is the num-
ber of sites on each of the sublattice, and N, is the num-
ber of oxygen-oxygen near neighbor pairs. In

v/kT=ln((c(l+s)_l’)(c(l—5)—p)
p(1=2c+ p)
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Eq. (1), k is the Boltzmann constant. The long-range
order parameter is defined such that the fractional site
occupancy of oxygen on one of the two sublattice site
B is ¢(1+S), while that on sublattice o is ¢(1-S). In
Ba,YCu,0,_;, ¢ is assumed to be 0.5 when dis zero, and
6=1-2c. The order-disorder transition temperature
(orthorhombic to tetragonal), T, ;, is therefore related
to the oxygen-oxygen repulsion energy, v, on the two
sublattice sites and the value of the average site occu-
pancy ¢ by

kT, , =vIn{16(1—c)/[1 -4(1-207]}. (2)

The trend of dependence of the ionic radius across
the lanthanide series using the QCA is summarized in
Fig. 8. The upper curve (a) represents the experimental
data taken from this work while the lower one (b) rep-
resents the theoretical results using the current data
(i.e., experimental phase transition temperatures) [40].
The theoretical data are calculated by using the transi-
tion temperature of Ba,YCu,;0,_s as a reference (transi-
tion takes place at an oxygen content of 6.5). The cal-
culated results agree with experimental data in that the
larger the ionic size of R, the lower the
orthorhombic/tetragonal phase transition temperature.
The observable difference in these two curves is partly
because the orthorhombic to tetragonal transition in the
R-systems takes place at an oxygen content different
from that of the reference Y-system, namely, 6.4 (Er) to
6.83 of Nd. The formation energy of Frenkel pairs is
altered because of the difference of oxygen content
(which affect lattice parameters and atomic positions).
This formation energy of Frenkel pairs decreases as
anisotropy in the ab plane [(b—a)/a] decreases.

From a simple point of view, if an assumption is
made that the orthorhombic phase (absence of oxygen
on the a axis) is favored at lower temperatures, then as
the size of the lanthanide ion decreases, so does the dis-
tance between neighboring basal oxygens; the repul-
sion energy, v (Fig. 7), between these oxygens increas-
es correspondingly. The transformation temperature,
according to Eq. (2), is directly proportional to the
repulsion energy, and is therefore higher the smaller the
size of R.

3.3 T,Dependence of Oxygen Content

Figure 9 shows a typical plot of the rationalized ac
susceptibility of Ba,RCu;0,_, [31] as a function of tem-
perature. The annealing temperatures are indicated
from 400 °C to 708 °C. A bulk sample exhibiting
100 % flux exclusion would have an ac susceptibility
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Fig. 9. A plot of the rationalized ac susceptibility as a function of temperature. The
annealing temperatures are indicated. All samples were fully packed fine powders.
Samples annealed at 750 °C and above did not exhibit any flux exclusion.

of —1 (dimensionless). Finnemore et al. [59] has shown
that 100 % flux exclusion is not expected for fine pow-
ders of a completely superconducting material. It is
thus not possible to determine exactly the fraction of
the sample that is superconducting from the curves of
Fig. 9. However, these curves have the approximate
shape and magnitude expected for a ratio of particle
diameter to superconducting penetration depth between

2 and 10 [59]. The decrease in the magnitude of the flux
exclusion seen in Fig. 9 for the samples annealed at
higher temperatures can be due either to a decrease in
the fraction of the materials that is superconducting or
to an increase in the superconducting penetration depth,
or likely, to a combination of both.

Figure 10 shows plots of the superconducting tem-
perature onset, 7, obtained from flux exclusion meas-

90
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Fig. 10. Dependence of the superconducting transition temperature, as determined by ac
magnetic susceptibility, on the annealing temperature in Ba,RCu30,_g with R =Nd, Sm,

Gd, Y, Ho, and Er.
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urements as a function of the annealing temperature for
all six compounds. Two apparent plateaus in T, were
observed for the materials with yttrium, holmium and
erbium substitution: one at 83 K to 92 K and the other
at 58 K to 60 K. Narrower and somewhat lower
plateaus were detected for the gadolinium, samarium
and neodymium compounds. Although, in general, the
orthorhombic structure is superconducting whereas the
tetragonal is not, this structure correlation does not
appear to be exact. For example, the tetragonal yttrium
material annealed at 719 °C is superconducting, where-
as the orthorhombic Er compound annealed at 750 °C
is a non-superconductor. Furthermore, despite reports
from literature that even in the Ba,YCu;0O, 5 system
alone, one can achieve plateau features varying from

broad plateaus at 60 K and 90 K to complete absence of
plateaus depending on how samples were prepared
[60], our samples were all prepared under similar con-
ditions, therefore it is possible that one should be able
to correlate the features of these plateaus with size of R.

Figure 11 depicts the oxygen content dependence of
the transition temperatures of these six compounds as
derived from thermogravitmetric analysis/differential
thermal analysis (TGA/DTA) data. It is noteworthy that
a correlation exists between the size of the R** ion and
both the phase transition temperatures (or oxygen com-
positions) and 7, values for these plateaus, as is sum-
marized in Table 4. Compounds with a smaller size lan-
thanide 3+ ion have a tendency to have both a wider
90 K plateau in 7, and a wider and relatively higher T,
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Fig. 11. Dependence of superconducting transition temperature, as determined by ac
magnetic susceptibility, on the oxygen content in Ba,RCu30,_g with R =Nd, Sm, Gd, Y,

Ho and Er.

Table 4. Characteristics of the low temperature 7, plateaus for Ba,RCu30,_g with R = Nd, Sm,

Gd, Y, Ho, and Er

Lanthanide Approximate Approximate anneal
R compositional range temperature range T,
(x=7-96) in air
Nd 6.83 <x<6.88 40 °C (460 °C to 500 °C) 55K
Sm 6.82 <x<6.83 70 °C (550 °C to 620 °C) 52K
Gd 6.77<x<6.81 70 °C (580 °C to 650 °C) 38K
Y 6.62 <x<6.80 100 °C (600 °C to 700 °C) 58 K
Ho 6.62<x<6.77 80 °C (580 °C to 660 °C) 60 K
Er 6.58 <x<6.80 120 °C (600 °C to 720 °C) 60 K

49



Volume 111, Number 1, January-February 2006
Journal of Research of the National Institute of Standards and Technology

in the 50 K to 60 K range. The Nd, Sm and Gd samples
behave otherwise. They lack any obvious 90 K plateau,
and they also play a narrow low T, plateau (55 K, 52 K
and 38 K, respectively). The observed trends appear to
differentiate the early and later members of the lan-
thanide series.

3.4 Structural Features of Ba,RCu;0, 5

The behavior of the curves of T, versus annealing
temperature (Fig. 10) and 7, versus oxygen content
(Fig. 11) suggests the presence of more than one struc-
tural phase. X-ray results indicated both to be
orthorhombic and they are designated here as O(A) and
O(B). Other studies such as that of Cava et al. [41] have
suggested that the second plateau region indicates the
presence of a second orthorhombic phase. The presence
of an O(B) phase in the yttrium sample has been con-
firmed by electron diffraction studies, which gave
information about the degree to which ordering of the
oxygen ions had occurred in the specimens. Diffraction
patterns from the yttrium specimens (Y6.85, Y6.63,
and Y6.55, as defined in Table 1) contained elongated
superlattice reflections (streaks) lying along the [100]
direction and centered on positions g + %400 in recipro-
cal space (where g is a reciprocal lattice vector of the
conventional orthorhombic structure).

A typical image of a crystallite in the yttrium speci-
men, Y6.55, together with a diffraction pattern from the
crystallite, are shown in Fig. 12. The image, Fig. 12(a),
shows an approximately regular arrangement of twins.
From the diffraction pattern, Fig. 12(b), we can deter-
mine that the habit plane of the twins is (110), as
expected, and that the orthorhombicity (b/a) of the
material is 1.01, which agrees with the value of 1.008
obtained previously [37]. Diffuse scattering spots were
also observed in the diffraction patterns, as indicated by
the arrows. Despite the twinning, by a careful examina-
tion of the diffraction pattern far from the transmitted
beam where the splitting of the orthorhombic matrix
spots was greatest, it was possible to determine that the
superlattice streaks were at g + %200 and not g + 0%40.
This corresponds to a doubling of the unit cell dimen-
sion along the a axis, suggesting that the oxygen atoms
of every other CuO chain, running along the b axis, are
removed. These results agree with those reported by
Alario-Franco et al. [42], who observed diffuse scatter-
ing in a Ba,YCu;0,_5 6= 0.5 sample. For the yttrium
specimen, Y6.85, the streaks at 200 were particularly
faint and long, as is expected as the oxygen content
increases. In all cases where superlattice streaks were
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observed, there was variation in both the intensity and
length of the streaks between different grains from the
same specimen, indicating that the oxygen content was
not constant throughout the specimen and that the dif-
fusion of oxygen through the lattice is slow at these
temperatures. However, on average, the lengths of the
streaks for specimens Y6.63 and Y6.55 corresponded to
short range order on the 5 nm to10 nm (50 A t0100 A)
scale.

Although short range ordering was observed in the Y
sample using electron diffraction, long range ordering
was not observed using either electron diffraction or
powder x-ray diffraction. Neutron scattering studies on
a 60 K yttrium material annealed at 640 °C also showed
no evidence of long range ordering. The results agreed
with those of the x-ray powder diffraction and indicate
the absence of any doubling of the cell parameters
along either the a or b axis. The nature of supercell
ordering in Y-123 Ba,YCu,O, ; have been studied
extensively by Beyers et al [61], Zeiske et al. [62], and
Ourmazd and Spence [63]. De Fontaine et al. [64] sug-
gested that this supercell is stabilized at low tempera-
ture. It is now generally agreed that the degree of
plateau behavior of Ba,YCu,0;,_sdepends on the degree
to which the ordered 2a x b X ¢ supercell is stabilized
[65].

The gadolinium specimen was unique in that there
was very little twinning in the crystallites studied; all
the other lanthanide specimens were twinned.
Diffraction patterns from the neodymium, samarium
and gadolinium specimens (Nd6.90, Sm6.75 and
Gd6.79) showed no evidence of superlattice formation
of the type corresponding to the doubling of the unit
cell dimension along the a axis. It is conceivable that
the O(B) phase in compounds with smaller size R, has
a doubling of the unit cell dimension along the a axis,
corresponding to the absence of oxygen in every other
Cu-O chain along the b axis. For the larger size R, the
compositions with lower 7, plateau that we investigat-
ed correspond to those deviating significantly from the
oxygen content of 6.50. We postulate that these lower
T, plateau regions of 55 K, 52 K, and 38 K in the Nd,
Sm and Gd samples may result from another
orthorhombic phase with a superlattice cell of the type
corresponding to different oxygen vacancies. A super-
lattice cell other than the type with @' = 2a has also been
reported. For example, Alario-Franco et al. [42] report-
ed a superlattice type in the Y compound corresponding
to an oxygen content of 6.85; this superlattice can be
indexed on a unit cell of 2\/551C ><2\/5ac x3a,, where
a, is the basic cubic perovskite cell dimension.
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Fig. 12(a). TEM micrograph of Ba,Y Cu;0,_g grain annealed at 675 °C for 21 h showing
typical twin boundary arrangement.

Fig. 12(b). Electron diffraction pattern from the grain shown in Fig. 12(a). The diffuse
spots (indicated by arrows) correspond to a doubling of the a axis (a superlattice index-
able with a cell of a' = 2a). Twinning is demonstrated by the splitting of the diffraction
spots.
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Oxygen stoichiometry is an important parameter
affecting the T, depression and the presence of T,
plateaus. The CuO chain in the basal plane and the CuO
plane [66-69] can be considered as an interacting elec-
tronic unit. Tokura et al. [70] and Cava et al. [41,71]
have suggested that the chains function as a charge
reservoir which controls the electron density on the
Cu-O planes. By applying this concept to our samples,
when oxygen atoms are removed from the chains, the
electrons which were bound to them are transferred to
the lowest unoccupied energy level. When the total
oxygen content is near 7, the 7, value of 90 K is due to
the coupling of the chains and the planes. As illustrated
in Fig. 13, when oxygen atoms are removed from the
chains, the chain copper-bridging oxygen distance,

Cu(1)-O(1), becomes shorter and the plane copper-
bridging oxygen distance, Cu(2)-O(1), becomes longer,
with the result that the chains and the planes become
decoupled. The distance Cu(1)-O(1) first shortens grad-
ually in the orthorhombic O(A) region, then changes
rather sharply in region B [36,72]. In the tetragonal
region it resumes a much smaller slope. The Cu(2)-
O(1) bond elongates in a similar way in these materials.
It appears that the decoupling effect of the chains and
the planes takes place much more dramatically in
region O(B). The observed superconductivity at the
lower T, regions of 60 K, 60 K, 58 K, 38 K, 52 K and
55 K in the Er, Ho, Y, Gd, Sm and Gd compounds,
respectively, is probably due to sufficient decoupling of
the chain-plane unit, and the different 7, are intrinsic
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Fig. 13. Illustration of the bond lengths, Cu(1)-O(1) and Cu(2)-O(1), as a function of

oxygen content in the Ba,YCu30,_g samples.
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values of the plane. When the capacity of the CuO
chain-reservoirs to hold charge is exhausted, charge is
transferred from the chains to planes, and superconduc-
tivity disappears. This charge transfer is equivalent to a
decrease in the hole concentration in the planes [41,70].

4. Conclusions

The structural phase transformation that occurs in the
high-7, ceramic superconductors is of considerable
importance in the processing of these materials. We
have found that the temperature of this structural phase
transition, its oxygen stoichiometry, and characteristics
of the associated 7, plateaus follow a trend depending
on the ionic radius of the lanthanide ions. Lanthanide
elements with a smaller ionic size stabilize the ortho-
rhombic phase to higher temperatures, or lower oxygen
content. The superconducting temperature is less sensi-
tive to the oxygen content for materials with smaller
ionic radii.

Electron microscopy studies indicated that the O(B)
phase in the Y compound has a doubling of the unit cell
dimension along the @ axis, corresponding to the
absence of oxygen in every other Cu-O chain along the
b axis. While not yet investigated, this type of superlat-
tice can probably also be found in Ba,RCu;0, ;5 com-
pounds with smaller size R. This is most likely short-
range ordering as both the x-ray and neutron diffraction
data indicate a lack of evidence for a long-range order-
ing of oxygen in samples quenched around the “lower”
T, plateau region. For the lanthanide samples with larg-
er size of R (i.e., Nd, Sm, and Gd), the lower 7, plateau
is postulated as corresponding to a different superlattice
resulting from different oxygen stoichiometry.

Our study also illustrates the importance of strain
effects on the orthorhombic/tetragonal phase transition
in the Ba,RCu;0,_5 compounds. The formation energy
of Frenkel pair defects as a function of volumetric
strain for Ba,RCu;0,5 and for Ba,YCu;O; under
hydrostatic pressure show good agreement with exper-
imental observations that pressure favors ordering of
the CuO chains. For example, the Frenkel pair forma-
tion energy indeed increases significantly (around
—0.25 eV/0.01 volumetric strain) under compression.
Based on a quasi-chemical approach, the orthorhom-
bic/tetragonal transition temperatures for Ba,RCu,0,
have been computed by scaling the effective oxygen-
oxygen short-range repulsive energy in the CuO chain
using the Frenkel pair formation energy. The calculated
results agree with experimental data in that the larger
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the ionic size of the lanthanide, the lower the
orthorhombic/tetragonal phase transition temperature.
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Abstract

For applications of phase equilibria to second-generation coated-conductor high-7, superconductor processing, phase diagrams con-
structed under carbonate-free conditions are needed. Using a procedure for preparing carbonate-free precursors based on BaO, the phase
diagrams of three BaO-R,03-CuO. systems (R = Eu, Dy, and Ho) were determined at 810 °C and p,, = 100 Pa (0.1% O by volume). The
three phase diagrams are substantially different from one another. Among the three systems, Eu®" has the largest ionic radius and there-
fore most closely matches the ionic size of Ba?". Two solid solution series, namely, Ba, ,Eu,CuOs,, and Ba,_.Eu,,Cu;Oq.. were found
in the BaO-Eu,0;-CuO. system. The BaO-Dy,0;-CuO, and the BaO-Ho0,03;-CuO. systems do not contain solid solution phases. In
these systems, which contain the smaller R = Dy, and Ho rare earths, the Ba,_Eu,CuOs. solid solution and Eu,CuQOy4 phases of the
Eu-system are replaced by the BagRCu;0. (613) phase and the R,Cu,05 phase, respectively. Additionally, the Ba;RCu30. (413) phase
appears in systems with smaller R (Dy and Ho) but not in the Eu-system. The Ho-system contains the Ba;R409 phase, as well. Conse-
quently, the tie-line relationships are substantially different in these three systems. Among the three diagrams, the diagram for R = Ho

is most similar to that of the R =Y system.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Phase diagrams are considered as blueprints or road-
maps for improving the processing of superconducting
materials. In particular, second-generation high-7, super-
conductor tapes fabricated by deposition on flexible
coated-conductors have received increased attention
recently [1-5]. Currently this state-of-the-art technology
holds the most promise for commercial electric utility and
high magnetic field applications. Second-generation super-
conductors are based on epitaxial films of BaO-R,O;-

* Corresponding author. Address: Ceramics Division, Materials Science
and Engineering Laboratory, National Institute of Standards and
Technology, Gaithersburg, MD 20899, United States. Tel.: +1 301 975
5791; fax: +1 301 975 5334.
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0921-4534/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.physc.2006.03.001

CuO. and BaO-Y,03-CuO. materials (R = lanthanides)
[6-8] separated from the underlying flexible, textured
metallic conductor by one or more layers of epitaxial oxide
buffer. The two most promising technologies for preparing
coated metallic substrates suitable for deposition of high-
T, superconductors are known as the rolling-assisted biax-
ially textured substrate method (RABITS) [1,2], and the ion
beam-assisted deposition method (IBAD) [3,4].

The entire family of Ba,RCu30¢. [213] materials is of
interest for the development of coated-conductor super-
conductors. This family of materials is important partly
because a number of 213 phases have higher T, values
than the Y-analog, and also because thin films of certain
of the 213 phases have better surface properties than the
Y-analog [9]. It is essential to have a data base for the
entire BaO-R,03;—CuO. series as a guide for superconduc-
tor processing using the RABITS and IBAD technologies.
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The phase diagrams reported previously by us for the
BaO-R,03-CuO. systems (R =Nd [10], Sm [11], Y [12],
Gd and Er [13]) were determined under carbonate-free
conditions to better match RABITS and IBAD processing
conditions. The goal of the present study is to extend our
phase diagram determinations to the R = Eu, Dy, and
Ho systems under similar experimental conditions
(T =810 °C, poy, = 100 Pa, BaO as a source for Ba). This
particular set of experimental condition was chosen in the
current and earlier studies [10-13] to match the processing
condition of the IBAD and RABITS films. Although var-
ious phase diagrams of the BaO-Eu,O;-CuO. [7,14-16],
BaO-Dy,0;-CuO; [7,17,18], and BaO-Ho0,03-CuO. [19-
21] systems are available in literature, the majority of
these diagrams were prepared using BaCO; as one of
the starting reagents, undoubtedly because of the difficulty
in handling BaO. Those few studies which reported using
BaO were not carried out entirely under atmospherically
controlled conditions. In this paper, emphasis will be
placed on phase formation and subsolidus phase compat-
ibilities. The crystal chemistry and crystal structure of
compounds of the BaO-R,0;-CuO. systems have been
reported extensively elsewhere and will not be discussed
in detail here. This project is part of an intensive Depart-
ment of Energy research and development program
focused on high-7, wires and cables for high-impact com-
mercial applications.

2. Experimental details’
2.1. Preparation of BaO

BaO was prepared in this laboratory by vacuum calci-
nation of BaCO;3 (99.99% purity, metals basis) in a spe-
cially designed vertical tube furnace. An MgO crucible
containing ~15 g of BaCO; was suspended in the hot zone
of the furnace, and the furnace was evacuated to a pres-
sure of ~10 um Hg or less by a high capacity mechanical
pump. The following heating schedule was used: room
temperature to 1300 °C in 20 h; isothermal at 1300 °C
for 10 h; 1300 °C to room temperature in 20 h. During
vacuum calcination the pressure typically increased to
~200 ym Hg as CO, was evolved, and then rapidly
returned to =10 um Hg or less as the decomposition of
the BaCO; was completed. After cooling, the BaO was
lowered through an interlock into a transfer vessel, and
then transported to an Ar-filled glove-box continually
purged with a recirculating purifier, which removed atmo-
spheric contaminants from the Ar to <1 ppm by volume.
X-ray powder diffraction showed only the characteristic
peaks for BaO.

! Certain commercial equipment, instruments, or materials are identified
in this paper to foster understanding. Such identification does not imply
recommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.

2.2. Sample preparation

All sample weighings, homogenizations and pressings of
pellets were performed inside the glove-box. Pelletized sam-
ples were placed inside individual MgO crucibles for
annealing in a horizontal box-type controlled-atmosphere
furnace. Transfer from the glove-box to the box furnace
and vice versa was achieved via a second transfer vessel
and an interlock system attached to the furnace.

Samples of 34, 32, and 40 compositions, for the BaO-
R,03;-CuO. (R = Eu, Dy, and Ho) systems, respectively,
were prepared using the solid state sintering method
(Tables 1-3). Stoichiometric amounts of BaO, R,0;
(99.99% purity, metals basis), and CuO (99.99% purity,
metals basis) were mixed and pressed into pellets, and
annealed in an atmospherically controlled box furnace.
During the annealings, the oxygen pressure of Ar/O, mix-
tures was controlled using a mass flow meter and moni-
tored at both the inlet and outlet of the furnace using a
zirconia oxygen sensor. Samples were annealed at 810 °C
for the experiments at p,, = 100 Pa (0.1% O, by volume).
Intermediate grindings and pelletizations took place until

Table 1
Samples prepared for studies in the BaO-Eu,0;-CuO, system at
T=810°C and py, = 100 Pa

# Ba Eu Cu

1 33.33 16.67 50

2 31.67 18.33 50

3 30 20 50

4 28.33 21.67 50

5 50 25 25

6 44 20 36

7 65 15 20

8 50 40 10

9 40 40 20
10 45 27.5 27.5
11 63.33 3.33 33.33
12 60 6.67 33.33
13 56.67 10 33.33
14 53.33 13.33 33.33
15 48.75 26.25 25

16 47 8 45
17 40 20 40
18 40 5 55

19 25 5 70
20 10 70 20
21 20 70 10
22 32 11 57
23 27.5 47.5 25
24 22.5 52.5 25
25 27 33 40
26 51.25 23.75 25
27 31 30 39
28 10 40 50
29 60 10 30
30 45 23 32
31 55 5 40
32 42.86 57.14 0
33 35 15 50
34 70 3 27
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Table 2
Samples prepared for studies in the BaO-Dy,03;-CuQO. system at
T=2810°C and Po, = 100 Pa

Table 3
Samples prepared for studies in the BaO-Ho,03;-CuO. system at
T=2810°C and Po, = 100 Pa

# Ba Dy Cu # Ba Ho Cu
1 60 10 30 1 50 16.67 33.33
2 50 17 33 2 31.67 18.33 50
3 65 17.5 17.5 3 30 20 50
4 70 5 25 4 50 25 25
5 58 3 39 5 44 20 36
6 54 8 38 6 65 15 20
7 45 15 40 7 50 40 10
8 40 40 20 8 40 40 20
9 60 35 5 9 45 27.5 27.5
10 40 20 40 10 63.33 333 33.33
11 35 60 5 11 60 6.67 33.33
12 20 70 10 12 48.75 26.25 25
13 25 25 50 13 47 8 45
14 40 5 55 14 40 20 40
15 25 5 70 15 40 5 55
16 10 35 55 16 25 5 70
17 10 65 25 17 10 70 20
18 50 25 25 18 20 70 10
19 45 10 45 19 32 11 57
20 35 53 12 20 22.5 52.5 25
21 50 40 10 21 27 33 40
22 35 20 45 22 51.25 23.75 25
23 33.33 16.67 50 23 31 30 39
24 31.67 18.33 50 24 10 40 50
25 63.33 3.34 33.33 25 60 10 30
26 33.33 66.67 0 26 45 23 32
27 50 50 0 27 55 5 40
28 66.67 33.33 0 28 42.86 57.14 0
29 42.86 57.14 0 29 48.75 13.75 37.5
30 10 50 40 30 47.5 15 37.5
31 50 12.5 37.5 31 46.25 16.25 37.5
32 0 50 50 32 59 11 30
33 58 12 30
34 57 13 30
35 43 11 46
no further changes were detected in the powder X-ray dif- 36 43 16 41
fraction patterns. Samples were processed for about 3 37 55 13 32
weeks each. All X-ray patterns were obtained using a her- 38 33 9 38
. . . .- . 39 62 12 26
metic cell designed for air-sensitive materials [22]. 10 4 Z 29

2.3. X-ray powder diffraction

X-ray powder diffraction was used to identify the BaO-
R,05-CuO. phases synthesized and to confirm phase pur-
ity. Specimens were loaded into a hermetically sealed cell
[22]. Samples were loaded inside an Ar-filled glove box.
Data were collected using a computer-controlled auto-
mated diffractometer equipped with a theta-compensation
slit; CuK,, radiation was used at 45kV and 40 mA. The
radiation was detected by a scintillation counter and a
solid-state amplifier. A Siemens diffraction software pack-
age and reference X-ray diffraction patterns of the ICDD
Powder Diffraction File (PDF) [23] were used for phase
identification.

3. Results and discussion

Figs. 1-3 give the phase diagrams of the BaO-Eu,05—
Cu0O., BaO-Dy,05—CuO., and BaO-Ho0,03—CuO. sys-

tems. These diagrams appear to be relatively simple, but
are different from each other and also from those prepared
using BaCOj [7,14-21], particularly in the Ba-rich region.

3.1. Phase equilibria of the BaO-R,03;—CuO. systems

All three systems have in common the BaO-CuO. bin-
ary. A review of the crystal chemistry and crystallography
of the phases in the BaO—CuO. system was given by Wong-
Ng and Cook [24]. In the present study, we have observed a
total of three binary compounds at pg, = 100 Pa: the
reduced phase BaCu,0,;., Ba,CuO;s;. [25-28] and
BaCuO,.. The Ba,CuOs,. phase is atmospherically very
sensitive, and cannot be prepared in the presence of mois-
ture and carbonate; this phase has not been reported in sev-
eral previous studies of the BaO—CuO; binary. The oxygen
content of the BaCuO,.. series has been reported to vary
between 2.0 and 2.5. Three structure types are known, with
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Ba0

BGZ_XEUXCU03+Z
(05x£0.15)

BaEu,04
BaEu,CuOsg

Bag-xEu14,Cu30g4,
(0sx<0.1)

N
20 EuyCuQ4 40 60 80 100
Mol fraction, % Cu0,

0
1/2(EU203)

Fig. 1. Phase diagram of the BaO-1/2Eu,03;-CuO. system prepared at
~810 °C, po, = 100 Pa, with BaO starting material.

Ba0

BagDyCu30. (
BaDy,04 /
BGDyzCUO5
Vi
20

0 40 Dy,Cug05 60 80 100
1/2(Dy,03) Mol fraction, % Cu0,

Ba,DyCu30g4,

Fig. 2. Phase diagram of the BaO-1/2Dy,03-CuO. system prepared at
~810 °C, po, = 100 Pa, with BaO starting material.

0<z<0.12, 0.29 <z<0.36, and z=0.5. The most com-
monly recognized structure is cubic, with 0<z<0.12.
Phase compositions with z greater than 0.12 have been
reported by Petricek et al. [29]. We found no evidence for
the existence of the Ba,Cu3Os4. or BazCusOg,. phases
[24] under the current conditions. The Ba;CuO, phase,
reported by Frase and Clarke [30] and Abbattista et al.
[31,32] to be stable under very reduced conditions, was
not detected in the present study. In contrast to the
BaO-Nd,O3;-CuO. [10] and the BaO-Sm,O;-CuO.
systems [11], as the ionic sizes of Dy and Ho [24] are rather
different from that of Ba (1.42 A (VIII-coordination for
Ba’") vs. 1.027 A for Dy*", and 1.015 A for Ho®") [33],
no solid solution of the (Ba, R),CuOs.. type was observed.

Ba0
100 Pg
BagHoCu30, «
(10212
BaHoCuj30, '
BaHo,Cu0s

BOzHOCU305+z

20 40 HOQCU205 60 80 100

0
1/2(Ho,03) Mol fraction, % CuO0,

Fig. 3. Phase diagram of the BaO-1/2Ho0,03;-CuO. system prepared at
~810 °C, po, = 100 Pa, with BaO starting material.

3.1.1. BaO—Eu,03;-Cu0. system

3.1.1.1. BaO-FEu;0; The BaEu,04 phase was the only
compound found in the binary BaO-Eu,O; system.
BaEu,04 was reported to crystallize in the orthorhombic
Pnam system [18,34], which is isostructural with the
BaNd,Oy structure [35]. The BazR409 type phase (rhombo-
hedral R3m) which exists in systems with smaller R*" (for
example, R =7Y) [12] cannot be prepared with the rela-
tively larger Eu*". Similar to the other (R = Nd, Sm, Y,
Gd, and Er) analogs, the BayR,O;- and Ba,R,Os-type
phases were found to be absent. These two phases, which
are actually the oxycarbonates Ba;,R,05 - CO, and BayR»-
05 - 2CO, [36], respectively, dissociate according to the fol-
lowing reactions [27,32]:

3B32R205 . C02 — 2BaR204 + Ba4R207 . 2C02 + C02
2Ba4R207 . 2C02 — Ba3 R409 +5BaO + 4C02

As carbonate appears to be essential for their formation, it
is logical that they were not observed under the conditions
of our experiments.

3.1.1.2. Eu;03Cu0O.. In the Eu,O3—CuO. system,
Eu,CuQy4 (tetragonal I4/mmm symmetry [37]) was con-
firmed to be the only compound formed. Apparently,
under 100 Pa py, , the reduced rhombohedral RCuO; phase
reported by Ref. [38] is not stable. Luce and Stacy [26]
reported an ooxidized monoclinioc phase EuCuy04 (I2/a,
a=>5.763803) A, b=9.6422(4) A, ¢=35.686413) A, f=
92.350(2)°), which was prepared from hydroxide melts.
However, this phase is not expected to be stable under
reducing conditions.

3.1.1.3. BaO-FEu,03-CuQO.. There are a total of three
phases in the ternary BaO-Eu,05;-CuO, system. Among
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them, two form solid solutions. These three phases are
Ba,_,Eu;,Cu3O¢:: (0<x<0.1), (Bay_ Eu,)CuOs,.
(0 < x<0.15), and BaEu,CuOs. The BayR,Cu,Og_.
phase, which we have successfully prepared in the
Nd- and Sm-systems [10,11], cannot be prepared in the
Eu-system. The BagEuCuz0. (Eu-613) [39,40] and BasEu-
Cu30g5+. (Eu-413, cubic perovskite-related) [40,41]
phases, which were stable under more oxidized conditions,
were found to be unstable under 100 Pa p,,. In addition,
according to Osamura and Zhang [21], the perovskite-
related phase, BagEuCu;O. (I4/mmm, a=4.0656(2) A
and ¢ =21.7101(1) A) [39], which exists in air, was not
observed under 100 Pa po,. Two structural types of R-
613 (orthorhombic and tetragonal) were reported, depend-
ing on the distribution of oxygen atoms on the (R, Cu)-O
layers in the structure. Apparently, when the size of R is
small, such as for Y, the 413 phase is stable at 100 Pa
Po, [12]. The ‘green phase’ BaEu,CuOs (121) is isostruc-
tural to BaY,CuOs [42-44], but has a different structure
from that of the Nd-‘brown phase’, BaNd,CuOs (Nd-
121) [10]. While Nd-121 is tetragonal I4/mmm, Eu-121 is
orthorhombic Pbnm [42].

3.1.2. BaO-Dy,03;-CuO. system

3.1.2.1. BaO-Dy,0;. The BaDy,0,4 phase was the only com-
pound found in the binary BaO-Dy,Oj3 system. BaDy,0;, is
isostructural with BaEu,0O4[34]and was reported to have the
lattice parameters of a = 10.4274(14) A, b = 12.1550(11) A,
and ¢ =3.4730(6) A [45]. Similar to the Eu-system, the
BasR4O9-type phase [46,47] cannot be prepared with the rel-
atively larger Dy®>" under reduced conditions, and the
Ba;R,07 and Ba,R,Os type phases [20,27,32,36] were found
to be absent under carbonate-free conditions.

3.1.2.2. Dy,03-CuO.. In the Dy,03-CuO, system, a 1:1
phase Dy,Cu,05 was found [48]. The Dy,Cu,O5 was deter-
mined by Garcia-Munoz and Rodriguez-Carvajal from
neutron diffraction to ‘Qe orthorhombic, Pna2y, with
a=10.830A, h=3514A and ¢=12465A [48]. The
R,CuOy type phase usually exists when R is relatively large
(ry” > rby). The Dy,CuOy4 phase as reported by Okada
et al. [49] was prepared under high pressure. The oxygen
partial pressure of 100 Pa p,, used in our experiments is
presumably not low enough for the reduced RCuO, phase
[38] to be stable. Luce and Stacy [26] reported a monoclinic
phase DyCu,O4 (I2/a, a=5.7049(3) A, b=9.5912(4) A,
¢ =5.6248(3) A, B =92.448(2)°), but it was prepared from
a hydroxide melt and was not observed under the condi-
tions of our experiments.

3.1.2.3. BaO-Dy,0;-Cu0O.. A total of four ternary
oxides (Ba,DyCusO¢4, (2:1:3), BayDyCu;O, (4:1:3),
BagDyCu30, (6:1:3), and the ‘green phase’ BaDy,CuOs
(1:2:1)) was found in the BaO-Dy,05;-CuO, system. The
(Ba,_,R,)CuOs;.. solid solution phase, found in some ana-
logs near the BaO corner, is absent here. Instead, com-
pounds Ba;DyCuz0, and BagDyCu3;0, were found. The

BaO-Dy,0;-CuO, phase diagram is rather similar to the
BaO-Y,03-CuO, system reported by Wong-Ng et al.
[12], Abbattista et al. [31], and Osmura and Zhang [21].
A number of different phases reported near the Ba-rich
end are apparently a result of the use of barium carbonate
[7,14-16,18-21,36].

The Ba,DyCu;O¢, phase is a cation stoichiometric
compound. By contrast, a solid solution was reported in
the lanthanide-containing Ba,_,R4,Cus0¢;. phases with
relatively larger size of R (R = La, Nd, Sm, Eu, and Gd)
[16], where the Shannon ionic radius of Ba (1.42 A (VIII-
coordination [34])) and R are more comparable for lighter
lanthanides (1.079-1.160 A from Sm to La, VIII-coordina-
tion). The Ba,DyCu3Og;, phase is tetragonal P4/mmm
when quenched from 810 °C. The structure of BayDy-
Cu;3044, was reported to be of the cubic oxygen-defect
perovskite type [39,50], and that of the orthorhombic
BagDyCu30¢., phase is of the SrTi,O4-type (layered
perovskite structure) [39,41]. The structure of the BaY,-
CuOs “green” phase, orthorhombic with space group
Pnma, has been studied extensively [42—44].

3.1.3. BaO—Ho,03;-CuO. system

3.1.3.1. BaO-Ho,0; BazHo409 and BaHo,0,4 [51] were
both formed at py, = 100 Pa in the BaO-Ho,0; system.
The structure of BaHo,04 [S1] is similar to that of
BaEu,0, [37] and BaDy,Oy4 [45]. There appears to be con-
troversy about the definitive structure of Ba3;R4Oq type.
For example, Kovba et al. [52], Spitsyn [53] and Wong-
Ng et al. [54] reported the structure to be R3m, however,
according to Miiller-Buschbaum and Scheikowski [55],
Muiiller-Buschbaum and Schrandt [47], and Krueger and
Miiller-Buschbaum [56,57], BazR409 is trigonal with an
R3 space group (a =6.098 A, ¢ =25.136 A; Z=3 [55)).
The R3 structure of Ba;R4Oy consists of corner-shared pla-
nar HoOg octahedra and HoOg trigonal prisms connected
as a Kagome-network. The Ba’s have a (6 + 3) coordina-
tion [47,55].

3.1.3.2. Ho,O3-CuO.. In the binary Ho0,03;-CuO. dia-
grams, only the Ho,Cu,Os phase was observed at
Po, = 21 kPa [20]. The R,CuO, type phase exists only
when R is relatively large (1" > ). As the ionic radius
of R*" decreases beyond Eu’" (from Dy** to Lu*"), the
R,Cu,Os5 type phase (orthorhombic, Pna2,) was found
instead [13]. The reported Ho,CuO4 phase has been pre-
pared using the aqueous solution route via high pressure
processing [49]. Similar to the Dy-system, the HoCu,Oy4
[26] was not stable under current conditions. The reduced
phase of the RCuO, structure type [38] also was not found.

3.1.3.3. BaO-Ho,03;-CuO.. A total of four ternary oxides
(BayHoCuz04+. (213), BagHoCu30. (413), BagHoCus0.
(613), and the ‘green phase’ BaHo,CuOs (12 1)) was found
in the BaO-Ho,03;-CuO. system. The occurrence of
the compounds BayHoCu3;O. and BagHoCu;O. in the
BaO-rich part of the diagram is similar to that of the
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BaO-Y,05;—CuO. [12] and the BaO-Dy,05;-CuO. systems.
The structure of BayHoCu;0. was reported to be of thoe
cubic oxygen-defect perovskite type (a = 8.08236(5) A
when prepared in oxygen) [58]. The orthorhombic Bag-
HoCu30, phase is of the SrTi,O4-type (layered perovskite
structure) [39]. The BaHo,CuOs “green phase” is isostruc-
tural with BaY,CuOs [42-44]. Similar to Ba,YCu30Og;., the
Ba,HoCu30¢. (2:1:3) phase is a stoichiometric compound
with respect to the cation content.

3.2. Comparisons of phase equilibria of BaO—R>03;-CuO.
(R = Eu, Dy, and Ho)

The phase formation of the BaO-R,03-CuO. (R = Eu,
Dy, and Ho) systems follows a general trend in that the lar-
ger the size of lanthanide, the more solid solutions there are
present, which in general agrees with our observations in
the BaO-R,03-CuO. analogs, as prepared in air [16].

In the binary systems, the phase formation in the R,O;—
CuO. and the BaO-R,0; systems are the same for R = Eu
and Dy, but different from the R = Ho system. In the Ho-
system, in addition to the BaR,O,4 phase, it also has the
Bas;R,;09 phase. While the Eu-system contains Eu,CuOy,
(tetragonal I4/mmm symmetry [37]), the Dy- and Ho-sys-
tems have the Dy,Cu,0s5 and Ho,Cu,Os phases (ortho-
rhombic, Pna2; symmetry [48]) instead.

The tie-line distribution in the BaO-Eu,O;—CuO,
system, as shown in Fig. 2, is in general similar to that
found in the BaO-Sm,03;-CuO. system [11]. Due to the
greater mismatch of the Ba®>" and Eu®™ (142A vs.
1.066 A (VIII-coordination)) as compared with the Ba’t
and Sm>" (1.42 A vs. 1.079 A), while there is a single phase
range of the ternary solid solutions Ba,_ . Sm;; Cu3Og -
(0<x<0.2) in the BaO-Sm,03;—CuO. system, the
Eu-213 phase has a smaller single phase region, with
x < 0.1. As a result, there is only a narrow tie-line bundle
connecting the Eu-213 phase to the ‘green phase’, BaEu,-
CuOs, and to the CuO. phase. The Dy-213 and Ho-213
phases are stoichiometric compound with respect to the
cation content. The Dy- and Ho-systems contain the 613
and 4 1 3 phases while the Eu-system includes the solid solu-
tion region of (Ba, Eu),CuOs... All ternary oxides are
compatible with at least four other phases. In the case of
BaR,CuOs, six tie-lines were found to originate from it.
In the BaO-rich region of the BaO-Eu,03-CuO. system,
tie-lines are found between (Ba,_,R,)CuOs;. and BaEu,-
CuOs, and between BaO and (Ba,_ R,)CuOs;.. The tie-
lines determined near the CuO. and R,0; regions of all
these systems are in agreement with most other diagrams,
whether prepared using BaCOj3, BaO,, BaO, or Ba(NO3),.
However, the diagrams near the BaO region are substan-
tially different. The tie-line relationships around the R-
213 phase are also different from the literature data. For
example, in the present study, the Ba,HoCu3O044. phase
is found to be compatible with the BasHoCu;0O. phase.
The formation of the tie-line between Ba,RCu;0¢.. and
BayRCu30, was also found in our previous studies of the

Nd-, Sm-, Y-, Gd-, and Er-systems [10-13]. However, most
literature phase diagrams reported to date involve a tie-line
between BaCuO,,, and BaR,CuOs [59-66]. The majority
of literature studies were not conducted entirely under
atmospherically controlled conditions, and it is clear that
the presence of CO, affects the tie-line relationships.

4. Summary and conclusions

We have investigated the phase relationships of the BaO—
Eu,03-Cu0., BaO-Dy,03-Cu0O., and the BaO-Ho,05-
CuO:. systems at 810 °C, p,, = 100 Pa. Sample preparation
and handling were accomplished using a glove box filled
with argon and an atmospherically controlled furnace and
apparatus. Among the three systems, only the Eu-system
has two solid solution series, namely Ba,_ Eu;4, Cu3O¢..
(0 < x<0.1) and (Ba,_Eu,)CuO;34. (0 < x < 0.15). Simi-
lar to the Nd-, Sm-, Gd-, Y-, and Er-systems that we have
reported previously [10-13], the presence of CO, affects
the tie-line relationships. For example, the tie-line relation-
ships among the phases, BaR,CuOs, Ba,RCu;0¢;.,
BaCuO,.., Ba4RCu;0. and BagRCu30. are different from
the literature data. Most literature phase diagrams reported
to date involve a tie-line between BaCuO,,. and BaR,-
CuOs. A comparison of the three systems indicates that
due to the absence of the Ba;R40O9 phase in the Eu- and
Dy-systems, the formation of R,CuOy4 type phase instead
of R,Cu,0O5 phases in the Eu-analog, and the absence of
R-413 and R-613 phases in the Eu-system, the tie-line rela-
tions are different in the three systems.

For applications of phase equilibria to coated conductor
processing, phase diagrams constructed under carbonate-
free conditions should be employed. From examination
of Figs. 1-3, there are significant differences in the tie-line
distributions occurring under carbonate-free conditions,
relative to those occurring in the phase diagrams based
on BaCOs-derived starting materials. Under carbonate-free
conditions at a po, of 100 Pa, the Ba;EuCu30¢+.—BagEu-
Cu;0. tie line replaces a BaCuO,;.—BaEu,CuOs tie line
in the BaO-Eu,03;-CuO. system; the Ba,DyCu;O¢i.—
BagDyCu;0. tie line replaces a BaCuO,;.-BaDy,CuOs
tie line in the BaO-Dy,03;—CuO. system; and the Ba,Ho-
Cu;3044+-—BagHoCu30. tie line replaces a BaCuO,y.—
BaHo,CuOs tie line in the BaO-Ho,03;—CuO. system.
The net effect of the difference in the tie-line relationships
is to expand the field of stability of the Eu-213, Dy213,
and Ho-213 superconductors toward the BaO-rich corner
of the phase diagram. For example, the Ba;HoCuz0. phase
can coexist with Ho-213. Because BasRCu;0. is atmo-
spherically more sensitive than BaR,CuQOs, its presence in
R-213 materials could be deleterious. It may be important
during the RABITS and IBAD processes to avoid bulk
compositions in this region.

Phase diagrams of the BaO-R,0;-CuO. (R =lantha-
nides) systems are important for second-generation
coated-conductor development: systematic studies of dia-
grams of other analogs (i.e., R=1La, Pr, Tm, Yb, and
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Lu) under atmospherically controlled conditions are
needed to augment the data presently available.
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Nature of the transient BaF,-related phases in the “BaF,” processing of
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Transient BaF,-based oxyfluoride phases are thought to play a critical role in the formation of the
c-textured Ba,YCu;30,_, layers of coated conductors. In sifu high-temperature x-ray diffraction
from the precursor films containing pure BaF, as well as pseudobinary BaF,-Y, BaF,—Cu, and
Y—Cu mixtures and heat treated in water vapor under reduced conditions revealed that the transient
BaF,-based superstructures, similar to those observed during formation of Ba,Cu;0,_,, develop
even from the pure BaF, precursor. These superstructures results from the dissolution of oxygen in
BaF, leading to formation of the oxyfluoride phase, Ba(F,_,,[1,)O,, with an ordered arrangement of
O, F, and F vacancies. © 2006 American Institute of Physics. [DOI: 10.1063/1.2184757]

The ex situ “BaF,” process,l’2 which is one of the most
successful processes for manufacturing of long-length
Ba,YCu30,_, (Y-213) coated conductors, involves a low-
temperature deposition of precursor layers onto a substrate
using either a fast rate e-beam deposition or solution meth-
ods. High quality films/tapes have been produced using both
SrTiO; substrates and rolling-assisted biaxially textured
substrates.”® Detailed understanding of the phase formation
sequence during the ex sifu “BaF,” conversion process is
important for producing homogeneous tapes with reproduc-
ible properties.

The overall process of formation of the Y-213 phase
from the (BaF,+Y+Cu) amorphous mixture can be ex-
pressed as (2BaF2+Y+3Cu)(amorphous)+2H20(g)+(2%
—%)C)Oz(g)—>BazYCu3O7_x(s)+4HF(g);7’8 that is, the pro-
cess consists of a series of oxidation/hydration reactions in-
volving BaF,, Y, and Cu. The cubic BaF,-like (BF) oxyfluo-
ride Ba(F, ,,[0)0, (agr=6.2 A)’ crystallizes from the
amorphous precursor around 7=300 °C. Further heating
above T=550 °C, produces a BaF,-related superstructure
(SS) having lattice parameters (ag=~app|6/2, by
~agpy2/2, and cy~agpy/3)'""? and a signature x-ray dif-
fraction reflection at 26~ 25°. Wu et al.'* attributed the for-
mation of this superstructure to the dissolution of Y in the
BaF, with the 2:1 ordering of Ba and Y. Based on the simi-
larity between the ¢ and the ¢ parameter of Y-213 phase,
Wu et al.'™'* suggested that the (Ba,Y)F,O, superstructure
provides a template for the nucleation of Y-213 phase and is
therefore essential for the epitaxial growth of the supercon-
ducting phase. The goal of the present work is to clarify the
origin of the transient BaF,-based superstructure through in
situ studies of phase formation in the precursor systems
BaF,-Y, BaF,—Cu, BaF,—Cu, and BaF,.

Four different films, 0.7 um thick, were used in these
studies: Film No. 1 (BaF,+Y[Ba:Y=2:1]), Film No. 2
(BaF,+Cu[Ba:Cu=2:3]), Film No. 3 (Y+Cu[Y:Cu
=1:3]), and Film No. 4 (BaF,). The cation ratios were se-
lected according to Ba:Y:Cu=2:1:3. The precursors were
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deposited at ~100 °C by electron beam evaporation of Cu
(metal), Y (metal), and BaF, on single crystal SrTiO;
substrates.” The compositions were derived from calibrated
readings of the evaporation rate monitors and inductively
coupled plasma (ICP) analysis. The details of the experimen-
tal setup for the ex sifu conversion anneal were reported
previously.7 X-ray diffraction confirmed that two of the as-
deposited films were amorphous (Film Nos. 1 and 3),
whereas two others (Films Nos. 2 and 4) contained a crys-
talline BaF, phase. The films were relatively stable in air;?
however, as a precaution, the films were kept in a dry box
prior to the high-temperature x-ray diffraction experiments.

In situ studies of phase formation were conducted in a
Siemens D5000 6-6 x-ray diffractometer'? equipped with a
high-temperature furnace, a position sensitive detector, and a
custom-designed gas flow appalratus.7 Cu K, radiation was
used. The sample, mounted on a Pt heating band using alu-
mina paste, was ramped from room temperature to 700 °C
and the x-ray diffraction patterns were collected every 50 °C
in the 14°-40° 26 range for 6 min per scan. Finally, the
temperature was elevated to 735 °C and multiple x-ray
scans, each 6 min long, were collected until no further
changes in the diffraction patterns could be observed. The
experiments were conducted under a flow of (He
+0.1%0,) bubbled through the saturated aqueous NaCl so-
lution (9.9 mol % NaCl at 22 °C) to avoid condensation. Se-
lected samples were examined in a transmission electron mi-
croscope operated at 200 kV. The cross-sectional specimens
were prepared by conventional sectioning, polishing and
dimpling (both sides) to a thickness of 25 um. The thinning
was continued in a Gatan PIPS (5 kV, 4.5°)" until perfora-
tion occurred.

In the BaF,-Y-H,0 system (Film No. 1, Fig. 1), the
onset of crystallization for the BaF,-like phase occurs around
250 °C as inferred from the appearance of the 111y reflec-
tion. The formation of a BaF,-related superstructure, similar
to that observed in the BaF,-Cu-Y precursors at 7T
~600 °C, is evident from the signature diffraction peak at
260~=125°; this peak is present through 735 °C. At 700 °C,
the peaks indicated in Fig. 1 as 2’ and 2 can be indexed
according to the pseudo-orthorhombic (8=90°) cell with

© 2006 American Institute of Physics
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FIG. 1. X-ray diffraction pattern of Film No. 1 (BaF,—~Y-H,0) as a func-
tion of temperature (1-Y,03;, 2-cubic BaF,-like Ba(F,_,[1,)0,, 2'-
Ba(F,_,,[1,)O, superstructure, 3-SrTiO5).

a=~agp|6/2=73 A, b=~agp/ (2~43 A, and c=~agp 3
~109 A, (k,=1/6[112]", k,=[110]", and k;=1/3[111]",
where the asterisk refers to a reciprocal space). The 111g
reflection is indexed as the 003 reflection of the superlattice.
The barium oxyfluoride can be described using the general
formula Ba(F,_,,[,)O,, where [J denotes F vacancies that
are generated to maintain charge balance. The formation of
Ba(F,_,,[1,)0, occurs via an overall reaction: BaF,+Y
+20,+xH,0 — Ba(F,_5,[1,)0,+5Y,05+2xHF].

The BaF,-Cu films, as deposited, contained a crystalline
BaF,-like phase. Heating these films above 600 °C in the
presence of H,O produced a Ba(F,_,,[1,)O, superstructure
similar to that observed in the BaF,—Y system (see peaks 2’
in Fig. 2). At T=700 °C, BaCuO, forms. Interestingly, the
low angle diffraction peak at 26 around 12° is missing in the
BaF,—Cu film (Fig. 2) at 735 °C and occurs at 700-735 °C
for the BaF,—Y system (Fig. 1). The overall reaction in this
system can be described as 2BaF,+2Cu+3/20,+xH,0

Intensity

2-Theta

FIG. 2. X-ray diffraction pattern of Film No. 2 (BaF,—-Cu—H,0) as a func-
tion of temperature (1-BaCuO,, 2-cubic BaF,-like Ba(F,_,,[1,)0,, 2'-
Ba(F,_,,[1,)O, superstructure, 3-CuO, 4-SrTiO5, 5-Cu,0).
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FIG. 3. X-ray diffraction pattern of Film No. 3 (Y-Cu-H,0) as a function
of temperature (1-Y,Cu,0s5,2-Cu0,3-Cu,0,4-SrTiO3).

—Ba(F,_,,[0,)0,+BaCu0,+CuO+(2+2x)HFT.

As expected, annealing the Y—Cu precursors under water
vapor (Film No. 3) produced Y,Cu,0O5 at T=650 °C (Fig.
3). No x-ray reflections at 20=25° were observed in the
Y—Cu films, which suggests that the superstructure giving
rise to this reflection in the two previous precursors is asso-
ciated with the BaF,-based phase.

Annealing the pure BaF, precursor film in water vapor
(Film No. 4) yielded a similar superstructure with the same
signature diffraction peak at =25° 26 (Fig. 4). These results
confirm that the BaF,-based superstructure observed in the
BaF,-Cu-Y, BaF,-Cu, and BaF,-Y films is associated
with the ordering of F, O, and anion vacancies in the oxy-
fluoride phase Ba(F,_,,[1,)O, rather than with the ordering
of Ba and Y/Cu. The representative electron diffraction pat-
tern for the BaF, film quenched from 600 °C is shown in
Fig. 5. This pattern was recorded from a single grain along
the (110)gp zone axis orientation. The superlattice reflections

at k=3[ 111]3~10.7 A are indicated. The diffraction can be

Intensity

T T T N S B TR S

12 16 20 24 28 32 36 40
2-Theta

FIG. 4. X-ray diffraction pattern of Film No. 4 (BaF,—H,0) as a function
of temperature (1-SrTiO;, 2-cubic BaF,-like Ba(F,_,[1,)0,, 2’-
Ba(F,_,,[1,)O, superstructure).
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FIG. 5. Representative (110)gp zone axis electron diffraction pattern re-
corded from the single grain (Film No. 4) in the BaF, film quenched from
600 °C after annealing in water vapor. The superlattice reflections at k
=%[1 1 I]EF (BF represents barium fluorite) are indicated.

described according to a hexagonal unit cell with the lattice
parameters ag=agg/ |2 and ci=agpX |3, and P3m1 (No.
164) symmetry (Fig. 6). The ordering, which occurs along
the [111]gp direction (ordering vector k=%[111]]*3p), can be
attributed to the alternating double layers of [(F/[J)Ba,] and
[OBa,] tetrahedra (a disordered distribution of the F vacan-
cies in the [(F/J)Ba,] layers is assumed). Similar O/F or-
dering has been reported previously for a stoichiometric
YOF phase;14 however, in YOF, the 1:1 ratio of O and F
required doubling of the ¢ lattice (cy =2 X ag X |3; “dis”
stands for disordered). Increasing both oxygen and
F-vacancy concentrations in Ba(F,_,,[1,)O, with increasing
temperatures likely induces additional ordering of the F va-

cancies, causing further symmetry reduction from P3m1 to

OBa,
\ (F/O)Ba,

F/iO F/iO

FIG. 6. Structural model of the Ba(F,_,,[1,)O, phase showing the alternat-
ing double layers of [(F/J)Bay] and [OBa,] tetrahedra. The ordering occurs
along the [111]y: direction (ordering vector k=2[111]5p). A disordered dis-
tribution of the F vacancies is assumed.

Appl. Phys. Lett. 88, 102507 (2006)

P2y/m (ag=apg\6/2, by=agg/ |2, cx=agpX |3, B=90°)
or lower.” For example, at 735 °C, one observes additional
low angle diffraction peaks. The formation of Ba(F,_,,[1,)O,
in this system can be described as BaF,+xH,O
—Ba(F,_,,0,)0,+2xHFT.

The Ba(F,_,,[1,)O, phase is metastable since it cannot
be obtained in the bulk form."> Our results demonstrate that
the formation of the transient BaF,-based superstructures
during the “BaF, process” is related to the anion ordering in
the oxyfluoride Ba(F,_,,[1,)O, and occurs even in the ab-
sence of Y and Cu. The O/F ratio in this phase increases
continuously during processing. The O/F/ ordering is
similar to that observed in the stoichiometric YOF; however,
the periodicities of the resulting superstructures are different
due to the different anion ratios in the Ba- and Y-based com-
pounds. The details of anion ordering in the barium oxyof-
luorides require further investigation, as does their role in the
nucleation of the c-textured high-7. superconductor Y-213
phase.

The authors acknowledge the partial support from the
US Department of Energy (DOE), and the valuable discus-
sions with Dr. Mas Suenaga of Brookhaven National
Laboratory.
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Abstract

In order to understand low-temperature melting during the ‘BaF, process’,
equilibria in the quaternary Ba, Y, Cu//O, F reciprocal system have been
investigated using a compositional model which can be represented as a
trigonal prism. This prism is comprised of three tetrahedra:
BaF,-YF;-CuF,-CuO,, BaF,~YF;-3 Y,03-CuO,, and
Ban—BaO—%Y203—Cqu. Systematic differential thermal analysis (DTA)
studies of compositions spaced along compositional vectors extending from
the fluoride end of the prism to the oxide end gave evidence of low-melting
liquids (<600 °C) near the fluorine-rich region in the
BaF,-YF;-CuF,—CuO, tetrahedron. In the intermediate
Ban—YF3—%Y203—Cqu tetrahedron, a low-temperature DTA peak
(550-570 °C) was also identified; this has been shown to be due to a
reversible phase transformation in crystalline YOF. In the oxide-rich
Ban—BaO—%Y203—Cqu tetrahedron, where, in the presence of water
vapour, the principal defluorination process is generally thought to occur, the
lowest melting temperature observed was 815 °C at po, = 20 Pa and

pm,0 = 2.1 kPa. However, published observations on films undergoing the
BaF, process have suggested the presence of an amorphous phase thought to
be a liquid at <735 °C. Based on our results, the low-melting liquids
reported in the literature do not appear to exist as a stable liquid phase in the
Ban—BaO—%Y203—Cqu—H20 system under the conditions of our
experiments. Rather, the formation of low-melting liquid in Ba—Y-Cu-O-F
films at <735 °C may require (a) relatively fluorine-rich compositions,

(b) metastable melting, (c) formation of hydroxide- or
hydroxyfluoride-based liquids, or (d) some combination thereof.

field. Three successful technologies for producing textured
substrates for coated conductor applications have been
developed: (1) ion-beam-assisted deposition (IBAD) [1, 2],
(2) rolling-assisted bi-axially textured substrate (RABiTS) [3—
5], and (3) inclined substrate deposition (ISD) [6, 7]. As with
all high-T, applications, the issues of cost and performance are
closely linked to the optimized processing of these materials.

1. Introduction

With the advent of coated conductor technologies for
processing high-7. superconductors for wire and cable
applications [1-7], there has been a renewal of interest
in superconductors based on Ba,YCu3;O, (Y-213) and
Ba;,RCu30, (R-213, R = lanthanides). Relative to (Bi, Pb)-
2223 (Bi(Pb):Sr:Ca:Cu:O = 2:2:2:3) superconductors, which

are normally processed by the powder-in-tube method [8-
10], Ba;YCu3Og,, can be more readily deposited on
metal tapes, and the resulting materials show substantially
improved current-carrying capability under applied magnetic

0953-2048/05/040442+12$30.00 © 2005 IOP Publishing Ltd  Printed in the UK

An important requirement for commercial applications is the
production of long-length tapes.

The ‘BaF, ex situ’ method, investigated by a number
of laboratories [11-34], is one of the promising methods
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for producing long-length coated conductors. This process
involves the low-temperature deposition of precursor layers
using either high-rate e-beam evaporation of Y, BaF,, and Cu
onto a substrate, or the use of solution/sol-gel techniques to
deposit equivalent compositions, followed by a post-annealing
at high temperature in the presence of H,O vapour under
reduced oxygen partial pressure. The ex situ method has
the potential for producing high-quality, long-length, high-J,
high-7, Ba, YCu3O, superconductors on textured substrates
prepared by any of the three principal methods mentioned
above. The separation of the deposition and post-processing
steps inherent in this method may lead to increased throughput.
An advantage of using the e-beam technique for precursor
deposition is the elimination of carbonate contamination from
the deposition stage, as all the barium is present as BaF, from
the beginning.

The BaF, process dates back to 1987, when Mankiewich
et al [11] reported the use of BaF, to prepare evaporated
precursor films. In the following year, a trifluoroacetate (TFA)
sol—gel method for preparing the precursor was demonstrated
by Gupta et al [12]. In the same year, Chan et al [13]
described a reaction model using H,O to decompose the BaF;.
They also emphasized the importance of removing the product
HF for speeding up the reaction. In 1990, a research group
at Massachusetts Institute of Technology (MIT) successfully
produced high-J., c-axis-aligned Y-213 coatings by the TFA
method [14, 15]. Some beneficial effects of processing under
reduced oxygen partial pressure were also noted. The TFA
ex situ method was further developed during the 1990s [17-19].
In 1991, Feenstra et al [16], who worked with the e-beam ex situ
method, reported on the phase stability of Y-213 at reduced
oxygen partial pressure down to 10~* atm. Use of reduced po,
allowed lowering of the processing temperature to 700-750 °C.
By 1999, Feenstra et al [20] had demonstrated high-J.. c-axis-
oriented Y-213 on CeO, buffer layers. This represented the
first successful ‘coated conductor’ result. At about the same
time, Solovyov and Suenaga [21] achieved success in preparing
thicker (5 wm) Y-213 coatings with high J. on single-crystal
substrates. In 2001, Lee et al [22] showed the feasibility
of a continuous process for producing long coated conductor
tapes using the e-beam BaF, ex sifu approach. Over the past
decade, additional groups have pursued refinements in the
BaF, process, using both sol-gel and e-beam techniques, to
obtain tapes with improved texture and properties [23-31].
Recently, Ichinose et al investigated YBCO film growth by
post-annealing of precursor films containing BaF, at low po,,
but without the presence of water vapour [32-34].

A major requirement for advancement of the BaF, ex situ
process, so that the rate of conversion may be increased, is
an improved understanding of the reaction process by which
fluoride-containing precursors are converted to Ba, YCu30,.
The overall conversion reaction of oxidized precursors can be
approximated by

2BaF, + 1Y,0;3 + 3Cu0 + 2H,0(g) + 1x0,(g)
— Bap YCu304 5., (8) + 4HF(g). (1)
On the left-hand side of reaction (1) the first three
substances are present in the as-deposited oxidized film as

a nano-scale mixture. As shown in figure 1, the conversion
process can be considered as compositional migration of

BoF,

172(Y203) -

Figure 1. Schematic drawing of the quaternary system

Ban—%YQ 03;-YF;—CuO,. In the presence of water, the
composition of the precursor film migrates through the interior and
becomes Ba, YCu;0,.

the precursor from the Ban—%Y203—CuOX plane to the
bottom BaO—%Y203—CuOX plane in the presence of water
vapour. This migration occurs during the ex situ step, when
water vapour is introduced at elevated temperatures to cause
the defluorination reaction to occur. Since gaseous HF is
present on the product side, it must be removed to a level
lower than the equilibrium value of pyp at a given pp,o
for the reaction to proceed. One of the major issues is
the role of low-temperature melting. A liquid has been
inferred, by the Brookhaven research group, on the basis
of transmission electron microscopy observations on reacted
specimens processed below 735°C [31].

In order to make the ‘BaF, process’ commercially viable,
it is critical to be able to fully control the process. A complete
understanding of the details of the process, including the
intermediate phases formed, is essential for controlling film
properties. Since itis possible that the growth of the Y-213 film
could be assisted by the presence of a low-temperature liquid,
several investigations have been conducted (including the use
of high-temperature x-ray diffraction (HTXRD)) to understand
the intermediate phase formation mechanism, and to search for
evidence of intermediate low-melting liquid [17, 24, 31]. An
amorphous layer (with a Ba:Y:Cu cation ratio of ~2:1:1.5)
situated between the Y-213 product and the untransformed
precursor has been observed on intermediate ex situ films
(designated as the BNL films) deposited on SrTiO; and
CeO, substrates at 735°C [24, 31]. The presence of a
low-temperature liquid could be important for enhancing
the formation of Y-213 through chemical mobility and for
improving texture of the Y-213 films. On the other hand, too
much liquid could have a detrimental effect on properties [35].

Our overall research objectives are to provide phase
equilibrium diagrams needed to optimize processing of
Ba—Y-Cu-F-O materials and to assist in the application
of this information to coated conductor processing issues.
In particular, it is important to understand the influence
of low-temperature melts on the formation of the Y-213
superconductor, as well as the role of liquid phase epitaxy [36—
38]. Regardless of whether any observed processing
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liquids are stable, metastable, or transient non-equilibrium
phases, the equilibrium phase relations serve as an important
frame of reference. Preliminary studies of the presence
of low-temperature liquids have been reported from our
laboratory [39, 40]. This paper presents further description
of our investigations in the Ban—BaO—%YzO:;—CU.OX—HQO
system and in the related fluoride-rich systems, including both
subsolidus phase assemblages and melting events.

2. Experimental details®

2.1. Approach for multi-dimensional phase equilibria studies

As noted above, evidence for an amorphous phase with
Ba:Y:Cu & 2:1:1.5 has been reported in the literature [31].
We have examined melting of this composition by preparing
2:1:1.5 bulk compositions and investigating their behaviour
as a function of temperature in the presence of water
vapour. For comparison, we have also examined compositions
with Ba:Y:Cu = 2:1:3, corresponding to the idealized bulk
composition of a precursor film, under similar conditions.
During the ex situ conversion process, the F/O ratio of the
precursor film decreases as the conversion takes place. Under
certain conditions, films may initially have greater F/O ratios
than would normally be prepared by the e-beam method using
BaF,, Y, and Cu sources, for example through use of the
TFA method [41]. To model the complete range of F/O
ratios potentially possible during the BaF, ex situ conversion
process, it is necessary to consider phase equilibria in the Ba,
Y, Cu//O, F quaternary reciprocal system. Our preliminary
work [40] illustrated the use of a triangular prism to represent
this reciprocal system (figure 2). The oxides are represented
at the base, and fluorides at the top. On the basis of Gibbs
energy minimization computations involving the prism end
members [42], the prism can be divided into three constituent
tetrahedra. The Ban—BaO—%Y203—Cqu system forms the
lower tetrahedron (within which the final defluorination of
the precursor film takes place). The other two tetrahedra are
BaF,-YF;~CuF,-CuO, and BaF,-YF3~1Y,0;-CuO,. The
two Ba:Y:Cu ratios of interest, 2:1:1.5, and 2:1:3, correspond
to vertical lines extending through these tetrahedra from the
base to the top of the prism. We have prepared compositions
for melting studies with different F/O ratios at regular intervals
along these two Ba:Y:Cu compositional vectors, or isopleths.

For most precursor compositions prepared using the e-
beam method, the Ban—BaO—%Y203—CuOX tetrahedron is
where the conversion into the Y-213 phase occurs, as described
by equation (1). Consequently, further studies on melt
occurrence in this system were conducted. In addition to
samples prepared along the two isopleths, as described above,
a more detailed exploration of the eutectic phase relationships
of the ternary BaO—%Y203—Cqu subsystem, which forms
the basal plane of the quaternary Ban—BaO—%YQOrCuOX
tetrahedron, was completed. The latter were conducted as a
function of oxygen partial pressure, and also with the addition
of BaF, and H,O.

3" Certain commercial equipment, instruments, or materials are identified in
this paper in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it intended to imply that
the materials or equipment identified are necessarily the best available for the

purpose.
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Figure 2. Triangular prism used to represent the full reciprocal Ba,
Y, Cu//O, E. Two compositional vectors with Ba:Y:Cu = 2:1:3 and
2:1:1.5 are illustrated. Letters refer to compositions discussed in the
text.

2.2. Sample preparation

2.2.1. Compositions along the Ba:Y:Cu = 2:1:3 and 2:1:1.5
vectors.  Several of the components of the Ba, Y, Cu//O,
F system, most notably BaO and CuF,, are atmospherically
sensitive, and so all materials preparation was conducted in
an argon-filled glovebox (<0.1 Pa contaminants) to prevent
atmospheric reaction. Starting materials for the experiments
were reagent grade BaCO;, Y,03;, CuO, CuF,, YF;, and
optical quality single-crystal BaF, (which was ground to
powder). The BaCOs; was used to prepare BaO by vacuum
decomposition. All starting materials were verified as single
phase by powder x-ray diffraction (XRD). All materials were
weighed as fine powders and thoroughly mixed repeatedly
with a mortar and pestle. Two master batches of fluoride with
Ba:Y:Cu of 2:1:3 and 2:1:1.5, and two batches of oxides with
the same cation ratios, were prepared. Using these master
batches, 20 compositions with different mole fraction ratios of
the fluoride and oxide end members (F%: 5, 10, 15, 20, 25,
30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100) were
then prepared along each of the two iso-cationic vectors. Each
sample was thus a mixture of three oxides and three fluorides.
The samples were then intimately mixed and homogenized.
Figure 2 shows the two compositional vectors that correspond
to the cation ratios Ba:Y:Cu = 2:1:3 and Ba:Y:Cu = 2:1:1.5.
From the base triangle to the top, compositions vary from the
oxide-rich to the fluoride-rich end.

2.2.2.  Eutectic melting in the BaO—Ban—%Y203—Cu0x
system, with addition of BaF, and H,O.  Materials
preparation was also conducted in an argon-filled glovebox to
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Figure 3. The eutectic melt region of the system
BaO—%Yzog—Cqu. The symbols 213, 413, and 613 refer to the
Ba:Y:Cu ratios of relevant Ba—Y-Cu—O compounds.

prevent atmospheric reaction. A single starting composition
in the system BaO—%Y203—CuOX was chosen for this study,
corresponding to BaysYsCuzO,. This composition was
prepared by calcination at 800 °C in CO,- and H,O-scrubbed
air, and was found to consist of a three-phase mixture of
BaCuO,,,, Ba; YCu30, and CuO. It lies in the lowest-melting
region of the system BaO—%Y203—Cqu near the eutectic [43]
(figure 3). To study the effect of BaF,, a second composition
was prepared from the first by adding 20% mole fraction BaF,
and mixing it thoroughly with a mortar and pestle. The sample
was calcined at 800 °C in scrubbed air for several days.

2.3. Choice of container

An important experimental issue for the study of the Ba,
Y, Cu//O, F system concerns container reaction. Although
we have generally used MgO crucibles for oxide high-T;
experiments to minimize container reaction [44], the presence
of fluorides presents a different set of problems. For example,
MgO reacts with CuF, or YF; to form MgF, and CuO, or
Y,05. Platinum, frequently a container of choice for fluorides,
is known to react with base metal oxides under reducing
conditions, and to react with BaO under oxidizing conditions.
While there is no perfect container material, platinum appears
to be the best compromise under the conditions of our
experiments. To monitor the reaction of our Pt differential
thermal analysis (DTA) cells, we followed the weight change
of the crucibles after each use (figure 4). It was observed
that although the crucibles experienced a slight weight gain
during the first usage, subsequent experiments produced only
negligible weight change, indicating that after the initial
saturation with Ba—Y-Cu there was essentially no further
compositional interaction.

2.4. Differential thermal analysis/thermogravimetric analysis
(DTA/TGA)

Simultaneous differential thermal analysis and thermogravi-
metric analysis (DTA/TGA) were used to study thermal events
and to perform annealing of samples under atmospherically
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Figure 4. Weight change of a representative Pt DTA crucible after
each use.

controlled conditions. Most experiments utilized primarily the
DTA signal; the TGA signal was useful primarily in following
oxygen gain/loss associated with the CuO, component.
DTA/TGA experiments were performed using an
electronically upgraded Mettler TA-1 system fitted with an
Anatech digital control and readout system enclosed in an
argon-filled glovebox, a feature which eliminated atmospheric
contamination during loading of the samples. The DTA/TGA
apparatus was calibrated against the «/f-quartz transition
(571°C) and the melting point of NaCl (801°C), and
temperatures reported in this study have a standard uncertainty
of £5°C. Event temperatures were determined as the
intersection of the baseline with the extrapolated linear portion
of the rising DTA peak. Oxygen partial pressure during
DTA/TGA was controlled using analysed Ar/O, mixtures,
except as noted. During the experiments of type (2), below, gas
mixtures were continuously passed through the sample region
at a rate of 150 m¢ min~!, and the oxygen pressure at the
outlet of the DTA/TGA system was periodically checked with a
zirconia sensor described in 2.4.2. Oxygen pressures reported
in this study have a relative expanded uncertainty of 10% in
the 1 kPa—0.1 MPa range and +20% in the 10 Pa—1 kPa range.

2.4.1. DTA/TGA of compositions along the Ba:Y:Cu = 2:1:3
and 2:1:1.5 vectors. Because the oxidation/reduction state
of CuO,-containing samples changes with temperature as well
as by interaction with ambient po,, the net effect is that under
the relatively low po, of interest in this set of our experiments
the samples effectively controlled the ambient pp,. Most
samples contained CuO as starting material. The experiments
along the two compositional vectors were completed in flowing
argon (except as noted); given the slow kinetics of dissociation
of CuO to Cu,0O, the oxygen partial pressure of samples
in these experiments was effectively that of the CuO/Cu,O
equilibrium. After several exploratory experiments, a three-
step DTA program was chosen for all 40 compositions and
the end members: (1) 25-950°C at 10°C min~! (pre-
reaction); (2) 950450 °C at 10°C min~' (cooling); (3) 450~
1150°C at 10°C min~! (measurement). This program resulted

445



W Wong-Ng et al

in reaction of the unstable, energetic starting combinations
during step 1, as evidenced by strong exotherms at <500 °C
for most compositions. During cooling step 2, exotherms
were interpreted as indicating either the presence of melt,
or phase transformation of a solid component, which was
then generally confirmed by corresponding endotherms on
subsequent heating during final step 3.

2.4.2. DTA/TGA of eutectic melting in the BaO—BaFg—% Y, O5—
CuO, system, with addition of BaF, and H,O. DTA/TGA
experiments were carried out by allowing the finely powdered
sample (~50 mg) to equilibrate in the given atmosphere at
700 °C until no further weight change was observed (generally
1 h was sufficient), followed by ramping through the melting
point at 10°C min—!. For experiments at po, > 1 kPa, a
TGA effect (mass loss), which correlated with the DTA effect
produced by melting, was generally observed. At lower po,,
the TGA effects were very weak or absent entirely. Water was
introduced into the DTA/TGA system by tapping a portion of
the inlet flow of the Ar/O, mixture and passing it through a
two-stage bubbler containing an aqueous solution saturated
with NaCl. The first stage of the bubbler served to pre-
saturate the gas prior to the second stage, where a very fine
dispersion of bubbles was produced, with a long path through
the solution, assuring an equilibrium value of py,o. At 22°C
this value corresponds to py,0 = 2.1 kPa. After passing
through the bubbler, the H,O-saturated Ar/O, mixture exited
through a Pt tube positioned in the hot zone directly over
the sample, which was contained in an 8 mm diameter MgO
crucible. Experiments were conducted at various flow rates
and, by noting that above a certain flow rate there was no
additional effect on the melting points by further increases
in flow rate, it was assumed that for the proper range of
flow rates the value of pp,o at the sample was essentially the
saturated value of 2.1 kPa. Based on these experiments, a flow
rate for the H,O-saturated gas of 50 m¢ min~! was used for
all experiments. To confirm selected DTA/TGA data points,
isothermal experiments were performed at 5°C intervals,
followed by cooling and visual observation of products. This
allowed an independent determination of melting points, which
agreed well with DTA/TGA data.

2.5. X-ray diffraction

X-ray powder diffraction was used to identify the phases
synthesized and to confirm phase purity. A computer-
controlled automated diffractometer equipped with a 6-
compensation slit and Cu Ko radiation was operated at 45 kV
and 40 mA. The radiation was detected by a scintillation
counter and solid-state amplifier. The Siemens software
package and later the MDI Jade software package were used
for data collection. Reference x-ray diffraction patterns of
the Powder Diffraction File (PDF)* were used for performing
phase identification.

A high-temperature Siemens 5000 x-ray diffractometer
equipped with both a scintillation counter and a position
sensitive detector (PSD) was modified for the present study
by adding a gas flow apparatus. This apparatus includes a

4 Powder Diffraction File (PDF), produced by International Centre for
Diffraction Centre (ICDD), Newtown Square, PA 19081.
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Figure 5. DTA temperatures as a function of mole fraction (%) of
fluoride end-member along the Ba:Y:Cu = 2:1:3 composition
vector. The numerical labels ‘1, 2, and 3’ in each section refer to the
volumes of Ban—BaO—%YQO:;—Cqu, Ban—YF3—%Y203—Cqu,
and BaF,-YF;-CuF,-CuO,, respectively.

series of bubblers containing NaCl-saturated water at room
temperature and an oxygen analyser. Helium gas containing
~100 uf £~' O, (100 ppm by volume) was flowed through
the bubblers, resulting in a gas stream with py,0 = 2.1 kPa,
and passed directly over the sample in the enclosed furnace
chamber. Because of the 6—6 geometry, the specimen
remained fixed in a horizontal position during the experiments.
Cu Ko radiation was used for the studies.

3. Results and discussion

Results of phase equilibria of the reciprocal system Ba, Y,
Cu//O, F will be described systematically according to the
three subsystems: BaF,—CuF,-YF;-CuO,, Ban—%Y203—
YF;—CuO,, and Ban—BaO—%Y203—Cqu. The discussion
includes phase relations of phases participating in melting
reactions, as well as crystal chemistry and phase relations of
phases of interest. A discussion of the implications of the
results to the ‘BaF, process’ will follow.

3.1. Phase equilibria of the Ba, Y, Cu//O, F system

Figures 5 and 6 show the plots of the minimum DTA
temperatures (which may or may not correspond to the
minimum melting temperatures of these samples) versus
mole fraction of the end-member oxide and fluoride for
Ba:Y:Cu = 2:1:3, and for Ba:Y:Cu = 2:1:1.5 respectively
(under 100% Ar).  With progression along the 2:1:3
composition line, the bulk compositions pass successively
through each of the constituent tetrahedron of figure 2.
For example, the compositions in section 1 of figure 5
correspond to the compositions in the tetrahedron BaO-BaF,—
%Y203—Cqu. The DTA temperatures of the compositions
in section 1 are relatively high, in the 800-900 °C range.
However, in sections 2 and 3 (BaFQ—%Y203—YF3—CuOX and
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Figure 6. DTA temperatures as a function of mole fraction (%) of
fluoride end member along the Ba:Y:Cu = 2:1:1.5 composition
vector. The numerical labels ‘1, 2, and 3’ in each section refer to the
volumes Ban—BaO—% Y,0;-CuO,, Ban—YF3—% Y,0;-CuO,, and
BaF,-YF;-CuF,-CuO,, respectively.

YF;—CuF,-BaF,—CuO, tetrahedra), an abrupt lowering of
the DTA temperatures to less than 600°C was observed.
In figure 6, a similar trend of the DTA temperatures
along the Ba:Y:Cu = 2:1:1.5 composition line (approximate
composition of the amorphous layer of the BNL film) was
observed. Further experiments were undertaken to determine
if these events represented generation of low-melting liquids,
or were due to solid state phase transformation.

3.1.1. The BaF,—CuF,-YF3;—CuO, system

(i) BaF,—CuF, subsystem. The phase equilibria of the binary
BaF,—CuF, subsystem of the BaF,—CuF,-YF3;—CuO, system
was investigated by Samouel in 1970 [45], and a low-melting
eutectic liquid was reported below 620°C at 27.5% mole
fraction BaF, (composition (a) in the eutectic region of the
BaF,—CuF, subsystem (figure 2)). Our experiments have
confirmed the existence of this low-melting liquid: a DTA
event at 617°C in Ar was observed using a composition
of 27.5% mole fraction BaF,. The optical micrograph of
composition (a) which was heat treated at 620 °C in Ar in the
DTA apparatus is shown in figure 7. There is clear evidence
of melting. The melting reaction was determined to be

B3.2CU5F14 + Ba6Cu7F26 — L.

According to Samouel [45], the four binary fluoride phases
present in the phase diagram of the BaF,—CuF, system were
Ba,CuFg, BaCuF,, BasCugF,,, and Ba,CuyF;g. In a later re-
port on the BaF,—CuF,—FeF3 system [46], the composition of
BasCugF»>, was redetermined to be BagCusF,¢ (PDF 39-983),
which is triclinic, with lattice parameters of a = 15.562(4) A,
b = 12.027(5) A, ¢ = 5.9502) A, @ = 90.952)°, 8 =
91.28(4)°, and y = 90.05(2)°. Based on the structure of

Figure 7. Optical micrograph of composition (a) in figure 2
(BaF,:CuF, = 27.5:72.5) heated at 620 °C. Melting was observed.

the Zn analogue [47], it was predicted that the structure of
BagCu;F»g also consists of a three-dimensional network which
can be described as layers containing intergrown rutile and
perovskite units. Currently, a structural investigation of this
phase is underway in our laboratory. In 1986, another paper
from the same research group [48] reported that instead of the
previously reported Ba,Cu;F;g (predicted based on the com-
pound Ba,Zn;03), the correct formula of this phase should be
Ba,CusF 4 (PDF 39-1291). Ba,CusF4 is monoclinic (C2/c¢),
a = 18.1702) A, b = 8.652(1) A, ¢ = 10.328(1) A,
B = 117.10(1)°. The structure consists of complex layers
of infinite edge-sharing chains of bi-octahedral units parallel
to the (100) plane. Jahn—Teller distortion is associated with all
Cu octahedra.

(ii) BaF,~YF5—CukF; subsystem. The initial melt temperature
for composition (b) in the BaF,:YF;3:CuF, system (end point
of the Ba:Y:Cu = 2:1:3 composition line) was determined
by DTA to be 592 °C (under Ar atmosphere). As expected,
these temperatures are somewhat lower than the binary eutectic
temperature of 617 °C as reported in the BaF,—CuF, system.
The melting reaction in this region appears to involve the
phases Ba,CusF4, BagCu;F,6, and YF3 (subsolidus phases
present in composition (b) when annealed at 550 °C).

(iii) YF3—CuF>—BaF,—CuO, system. Within the YF;—CuF,—
BaF,—CuO, tetrahedron, the temperature of the DTA thermal
event for composition (c) along the 2:1:3 composition line
(oxide/fluoride ratio of 15/85) further lowers from 592 to
579°C, a temperature that corresponds to melting. From
results of x-ray diffraction studies of samples annealed at
550°C, the reaction which produces melt in the vicinity
of composition (c) involves the four phases: YFs;, CuO,
BaZCu5014, and B36CU7F26 [46—48]

From a number of observations, it appears that the melts of
the interior fluoride—oxide systems are not as easy to observe
as the cuprate type liquids in the BaO—%Y203—CuO,C system,
which are dark and readily creep up the sides of the crucible.
Figure 8 shows an optical micrograph of the Pt crucible that
contains a sintered sample from loose powder of composition
(c) at 700°C. Surrounding the pellet in the corner of the
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Table 1. Phase assemblages of selected compositions before and after annealing at 500 °C, 100 Pa (0.1% O,) within the

BaF,-1Y,0;-YF;-CuO, subsystem.

Vol. no  Phase assemblage (before) Phase assemblage (after)

1 YzCUzOS—%Y203—B33Y2F12—BaF2 Y2Cu205—YOF—Ba4Y3F17(ss)—BaF2

2 YzCUzOS—%Y203—B3Y2F3—Ba3Y2F12 Y2Cu205—YOF—Ba4Y3F17(ss)—BaYng
3 Y2Cu205—%Y203—YF3—BaY2Fg YzCUzOS, YOF—Ba4Y3F17(ss)—CuOX

4 Y2Cu205—CuOX—Ba3Y2F12—BaF2 Y2Cu205—CuOX—Ba4Y3F17 (ss)—Ban

5 YZCuQOS—CuOX—BaYng—Ba3Y2F|2 YQCUZO5—CUOX—B3Y2F8—B3.4Y3F|7 (SS)
6 YzCllz OS—CUOX—YF3—B3Y2F3 Y2Cu205—CuOX—YF3—BaY2F3

Figure 8. Optical micrograph of composition (c) in figure 2 (in the
YF;—CuF,-BaF,—CuO, subsystem) heated at 700 °C. Evidence for
melting can be observed.

crucible, an area interpreted as recrystallized melt can be
detected.

3.1.2. The BaF>-3Y,05-YF3~CuO; system. In general,
low-temperature DTA events were observed between 500 and
600 °C in this system. The next-higher-temperature events
all take place at above 900 °C. Based on an observed DTA
event at 576°C, a sample with an oxide/fluoride ratio of
45/55 along the 2:1:1.5 vector was homogenized at 950 °C,
cooled to 450 °C, reground and annealed at 650 °C. At that
temperature, a somewhat sintered sample is observed but no
melting was visible. The x-ray diffraction patterns of the
sample annealed after 500 °C and after 650 °C did not show
substantial differences that could be attributed to either melting
or phase transformation. Both patterns indicated the presence
of YOF, BaF,, CuO, and Ba, Y3F7. We did not find compelling
evidence of sample melting at 725°C, 825°C, and even up
to 925°C; only continuous shrinkage of the sample due to
sintering was observed.

To determine if reduced copper may affect the presence
of liquid, we performed a DTA experiment using composition
(d) but replacing CuO with Cu,O. While the DTA onset
temperature was also observed at around 567 °C, the size of the
DTA peak appeared to be larger. However, no visible melt was
observed. Figure 9 shows the optical micrograph of the interior
of the Pt crucible after completion of the melting experiment
with the Cu,O-based starting material at 1150 °C. The white
scale seen peeling from the crucible walls and encrusting the
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Figure 9. Optical micrograph of composition (d) in figure 2 (in the
Ban—%Y203—YF3—CuOX subsystem) heated to 1150 °C (using
Cu,0).

residual crystalline material is believed to be the result of a
small amount of melt present at 1150 °C. The textural features
suggest that the liquid had a relatively low surface tension.

In order to understand the nature of the low-
temperature DTA event, we studied in more detail the
subsolidus phase relationships in the Ban—%Y203—YF3—
CuO, subsystem. For convenience, the tetrahedron was
divided into six regions as shown in table 1, namely, Y,Cu,Os—
%Y203—B33Y2F12—B3F2 (VOl. 1), YQCU205—%Y203—B3.Y2F3—
Ba;Y,Fy; (vol. 2), Y>CuyO5-1Y,03-YF3-BaY,Fs (vol. 3),
Y2Cu205—CuOX—Ba3Y2F1Q—BaFg (VO]. 4), YQCU.205—CU.OX—
BaYng—Ba3Y2F12 (VOI. 5), and YQCUQOS—CUOX—YF3—
BaY,Fg (vol. 6). According to the binary phase diagram
of the BaF,—YF3 system [49, 50], Ba3;Y,F,, was reported
to be the end member of a trigonally distorted fluorite solid
solution [45]. Equi-molar mixtures of the boundary phases
were prepared for each region and were equilibrated (with
two regrinds) at 500 °C. The equilibrium phases found in
these six volumes after the annealing were established by x-ray
diffraction and are listed in table 1. These four-phase volumes
are consistent with each other and do not overlap. Schematic
drawings of these equilibrium volumes are shown in figure 10.

Results of DTA experiments under 0.1% O, confirmed
that, among the six regions, a low-temperature event was
found in regions 1, 2 and 3 at around 570-580 °C. A more
detailed study was conducted of the composition in the selected
region 3. After equilibration, this composition was found to
lie in the four-phase field: Y,Cu,0s—YOF-Ba,Y3F;; solid
solution [51]-CuO, (Cu,O). However, no visible melting
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Figure 10. A schematic diagram of the six equilibrium phase
assemblages prepared inside the Ban—%Y203—YF3—CuOX
subsystem. Volumes 1, 2, and 3 show the presence of YOF.

was observed with the sample after an annealing at 650 °C.
The x-ray patterns obtained at 500 and 650 °C did not show
substantial differences. Subsequently, high-temperature x-ray
diffraction study was used to further investigate the source of
the DTA peak.

Figure 11 shows the results of high-temperature x-ray
diffraction study of composition 3 at 550 and 600°C. It
illustrates the merging of the two sets of diffraction peaks
into one between these two temperatures. These peaks were
identified to be due to the presence of YOF [52-56]. The
observation of peaks merging, together with the fact that among
the six volumes that we studied volumes 1, 2 and 3 are the
ones that contain the YOF phase, suggests the low-temperature
DTA event is probably due to the phase transformation of YOF.
YOF has been reported to have both the rhomobohedral and
tetragonal structures; both are superstructures based upon the
fluorite structure type [57]. Zachariasen [53] reported that the
homogeneity range for the tetrahedral phase extends from the
ideal composition YOF to 60% mole fraction of YOF and 40%
mole fraction of YF3. The rhombohedral phase corresponds
to the exact composition YOF.

In order to understand in more detail the nature of the
phase transformation of YOF, a single-phase sample of YOF
was prepared for high-temperature x-ray diffraction and high-
temperature neutron diffraction study. Infigure 12, areversible
transformation occurring between 550 and 575°C [58] is
shown by the high-temperature x-ray diffraction data. In
parallel to the diffraction experiments, we also performed

Int

20 25 30 35 40 45 50
26 (°)

Figure 11. Merging of the two sets of diffraction peaks of
composition 3 (corresponding to the phase YOF [52-56]) into one at
a temperature between 500 and 600 °C.

Intensity

L T=550°C

45 455 46 46.5 47 475 48
26 (°)

Figure 12. High-temperature x-ray diffraction study of YOF
showing the changing of peaks from a doublet into a single peak
between 500 and 600 °C.

(This figure is in colour only in the electronic version)

quenching experiments [59, 60]. Samples were annealed
at 500 and 630°C, and then quenched into a liquid-
nitrogen-cooled copper cold well through which helium
gas was rapidly passed.  Subsequent x-ray diffraction
patterns (figure 13) of the helium-quenched samples showed
similar patterns for both quench temperatures, with only
the rhombohedral phase present. The higher-temperature
phase was not preserved even by rapid quenching. A
detailed study of the phase transformation of YOF and
a structure determination using high-temperature neutron
diffraction showed the transformation to be of the order—
disorder type [S8].

3.1.3. The BaFg—BaO—%YZOrCuOX system

(i) Compositions along the 2:1:3 and 2:1:1.5 vectors.
As shown in figures 5 and 6, the lowest DTA events
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Figure 13. X-ray diffraction patterns of quenched YOF samples at
500 and at 630 °C. The split peaks near the 26 region of 40° are
retained in these patterns.

of the compositions along the vectors corresponding to
Ba:Y:Cu = 2:1:3 and Ba:Y:Cu = 2:1:1.5 are at rather high
temperatures (>800 °C). Along both the 2:1:3 and the 2:1:1.5
vectors, compositions with an F:O ratio of 20:80 (compositions
‘e’ and ‘f” in figure 2, respectively) were annealed at 800 °C.
Results of x-ray diffraction studies show these compositions to
be inside different phase fields. Composition ‘e’ was found to
lie in the Ba, YCu30¢,,—CuO,—BaY,CuOs—BaF, four-phase
region, while composition ‘f> was found to lie close to the
Ba, YCu30g,,—BaCuO,,,—BaF, tie-plane.

Results of DTA/TGA experiments conducted under
po, = 100 Pa indicated the lowest-temperature events for
compositions ‘e’ and ‘f* to be 848 and 880 °C, respectively,
in the anhydrous samples. We have also studied the effect
of water on the melting temperatures of these samples, to
determine if the initial melting temperatures are substantially
lowered by the presence of water vapour at py,0 = 2.1 kPa.
Although the presence of water vapour lowered the melting
temperatures significantly in both cases (from 848 to 8§28 °C in
composition ‘e’, and from 880 to 867 °C in composition ‘f”),
melting temperatures did not extend as low as 750 °C, where
BaF, ex situ processing typically occurs.

(ii) Effect of addition of water and BaF, on eutectic melting
in the BaO—%Y203—Cu0x system as a function of pp,. The
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composition that we chose for this specific study was confirmed
to be inside the eutectic region of the basal BaO—% Y,03-CuO,
system. The x-ray diffraction pattern of this composition (with
added BaF,) calcined at 800 °C showed the presence of BaF,
BaCuO,,,, Ba,YCu30, and CuO, (figure 3), indicating that
no additional solid phases were formed due to the presence of
fluoride.

Results for different sets of experiments as a function
of oxygen partial pressure are plotted individually in
figures 14(a)—(d). In these temperature versus log po, plots,
we have included as a reference the CuO/Cu,O equilibrium,
calculated from literature data. Data for the eutectic melting
without BaF, or H,O are shown in figure 14(a). With
decreasing po,, the melting point shows a regular decrease,
from 917°C at po, = 0.1 MPa to 838°C at po, = 1 kPa.
Below po, = 1 kPa there appears to be no further decrease
in melting temperature down to po, = 20 Pa; instead, there
may actually be a slight increase. The melting point data can
be approximated as two linear segments (presumably there is
slight curvature, as for CuO/Cu,0). Also shown in figure 14(a)
is a weak thermal event, which occurs prior to melting.
This was also observed in the experiments of figures 14(b)—
(d), which leads us to postulate an additional equilibrium,
represented by the short unconnected line. Figure 14(b),
which includes the data of figure 14(a) for comparison, shows
the effect of adding BaF, on the eutectic melting. The
melting curve with BaF,, while sub-parallel, shows the same
abrupt change in slope at po, = 1 kPa, and is consistently
displaced to lower temperatures by ~5-15 °C over its length.
In figure 14(c), the effect of water at py,o = 2.1 kPa is shown.
Although the scatter in the data is somewhat greater, there is
an unambiguous lowering of the melting point. This lowering
effect is somewhat greater at higher po, than at lower po,, but
the curve fitted to the data corresponds to, on average, a melting
point lowering of ~10-20°C. The curve shows a change in
slope similar to that observed for the previous experiments.
The combined effects of BaF, and H,O are shown in the data
of figure 14(d).

As figures 14(a)—(d) indicate, the amount of eutectic
melting point depression caused by the addition of BaF,, H, O,
or a combination, while consistent, is relatively small and does
notexceed 30 °C, and the abrupt change inslope at po, = 1kPa
is preserved. This suggests that only small amounts of BaF,
and H,O enter the liquid phase, perhaps no more than a few
% mole fraction. The curves in figure 14(d) summarize the
melting temperature of the samples without H, O or BaF, (from
po, = 0.1 MPa to 20 Pa) (curve a), and with the presence of
both H,O and BaF, (curve b). Even with the presence of both
BaF, and H,O, the lowest melting temperature was found to
be 815 °C at po, = 20 Pa, which is substantially above 735°C,
the temperature at which the amorphous phase was observed
in BNL films [31]. Therefore the low-melting liquid suggested
by observations on the BNL films does not appear to exist as a
stable phase in the Ban—BaO—% Y,03—CuO, system under the
experimental conditions described. There are several possible
explanations. It may be that metastable melts are involved in
processing [39]. If so, it would be expected that these would
have a relationship to the equilibrium melts in the system
Ban—BaO—%Y203—Cqu—H20. This relationship could be
controlled by the extrapolation of equilibrium curves such as
those in figure 14(d).
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Figure 14. Eutectic melting in the system BaO—%YZOrCuOX at various oxygen partial pressures: (a) without BaF, or H,O; (b) with BaF,;
(c) with H,0; and (d) with BaF, and H,O (curve a without BaF, or H,0, and curve b with BaF, and H,O). The CuO/Cu,0 equilibrium is

shown for reference.

3.2. Implications for processing

We have described evidence for low-temperature melting. The
low-temperature melts that have been determined so far appear
to lie in the BaF,—CuF,-YF;-CuO, system (upper tetrahedron
in figure 2), and therefore have a greater fluorine content
than compositions on the Ban—%Y203—CuO plane. Ideally,
ex situ precursor films, especially those prepared by the e-
beam process, would have a composition plotting on this plane;
however, if the film stoichiometry varies, it is conceivable that
oxide/fluoride phase compatibilities in the central or upper
portions of the prism of figure 2 could come into play, if
only in a transitory manner. A precursor film deviating
locally in composition from this plane towards the fluorine-
rich direction in figure 2 could produce a low-temperature melt
due to local inhomogeneity. It is possible that the amorphous
layer observed in the BNL film was produced by a liquid that
was originally relatively fluorine rich, and was subsequently
defluorinated during reaction with H,O.

For precursor films prepared by the TFA process, it is
likely that initial compositions would be fluoride rich relative
to the Ban—%Y203—CuO plane [41]. TFA films therefore
seem to offer an increased potential for the generation of
low-temperature liquids, relative to e-beam-produced films.
Consequently, there is the possibility that presence of low-
temperature melts could be controlled, by careful selection of
processing routes.

Other routes for generation of low-melting liquids include
metastable melting, surface-stabilized liquids, and hydroxy-
or hydroxyfluoride-stabilized liquids. Metastable melting is
not unlikely, given the highly unstable nature of the fine-
grained precursor films in the presence of water at elevated
temperatures. Metastable melting is related to the equilibrium
thermodynamics of the system, and would be expected to
bear a predictable relation to the stable equilibria. Surface
energetics are known to be important in the ex situ process, and
are largely responsible for the formation of textured films—
hence, it is likely that surface stabilization could also play
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a role in the generation of low-temperature melts. Finally,
Ba(OH), has a low melting point, and so the generation of
hydroxy- or hydroxyfluoride-stabilized liquids at relatively
low temperatures must also be considered [61]. The role
of Ba(OH), in low-temperature melting is currently being
investigated in our laboratory. It is also possible that given the
multiplicity of processing routes and the variation in starting
precursor compositions there could be multiple mechanisms
for the production of low-melting liquids.

4. Summary and future work

We have presented evidence for liquids melting below
600 °C on the fluorine-rich side of the Ban—%YQC)}—CUOX
plane in the Ba, Y, Cu//O, F reciprocal system; these
melts occur in the fluorine-rich BaF,—CuF,-YF;-CuO,
subsystem. The low-temperature DTA events (500-600 °C)
which we observed in the intermediate Ban—%Y203—YF3—
CuO subsystem were determined, using high-temperature
x-ray and neutron diffraction studies, to be due to a
rapid reversible phase transformation in the YOF phase.
In the oxide-rich Ban—BaO—%Y203—Cqu subsystem, in
which the conversion of e-beam-deposited ‘BaF,’ precursor
films to the Ba, YCu30O, superconductor phase ideally takes
place, all observed melting events occurred above 800°C
at 100 Pa O,, even with the presence of water vapour at
pmo = 2.1 kPa. We conclude that low-melting liquids
postulated to form at temperatures <735 °C under BaF, ex situ
processing conditions are not related to equilibrium melts in
the BaF,-B aO—%Yg 03—CuO, subsystem under the conditions
of our experiments. The role that the thin-film processing
environment plays in the generation of liquids, perhaps through
kinetically favoured metastable or transient melting routes, or
through energetically favoured surface stabilization, needs to
be considered.

Also, due to the presence of water, there is a possibility
that Ba(OH), may play a role in the phase equilibria that
gives rise to low-melting liquids [61]. Future work will
investigate phase equilibria in the Ba(OH)z—BaFQ—%YZO:;—
CuO, system. Furthermore, in order to fully understand the
origin of liquids in the complex Ba, Y, Cu//F, O reciprocal
system, a more detailed understanding of the phase equilibria
of the subsystems, including those with mixed anions, is
important.
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Thermodynamics of MgBo—by
Calorimetry and Knudsen
Thermogravimetry

L. P. Cook, R. Klein, W. Wong-Ng, Q. Huang, R. A. Ribeiro, and P. C. Canfield

Abstract—The vapor pressure of MgB,, corresponding to the
reaction, 2 MgB,(cr) — MgB,(cr) + Mg(g), has been
measured by Knudsen effusion vacuum thermogravimetry. The
vapor pressure over the range 600°C-850°C can be expressed
as: log pmg(Pa) = —1.129141 (10000/T) + 7.328161,
where T is the temperature in Kelvin. By extrapolation, the 0.1
MPa decomposition temperature of MgB, is estimated to be
1268°C. In a separate calorimetric investigation on the same
material, using the isoperibol solution method, we measured the
enthalpy of formation of MgB,, AtHy, 5, (298.15), to be
—(155.9 4 14.2) kJ - mol~". By combining the vapor pressure
data and the enthalpy data, the Mg-rich part of the Mg-B phase
diagram can be calculated. The measured vapor pressures are
approximately an order of magnitude higher than those derived
from published thermodynamic data. The lower limit of Mg
pressures for the deposition of high-purity MgB,, thin films at
any given temperature may therefore be at a higher value than
previously thought.

Index Terms—Enthalpy of formation, MgB,, phase diagram,
thermodynamics, vapor pressure.

1. INTRODUCTION

HE MgB, superconductor, with a nominal 39 K onset

T. [1], offers promise because of reduced weak link be-
havior [2] and the possibility of relatively low-cost wire produc-
tion by a powder-in-(Fe)tube method [3]. Various dopants are
being explored to improve the flux pinning characteristics [4].
As a basis for further investigations of this type, it is helpful
to have detailed knowledge of the intrinsic properties of un-
doped MgB,, including thermodynamic properties. Vapor pres-
sure and enthalpy of formation are two of the most basic proper-
ties, and have direct application to the physical vapor deposition
of MgB, thin films, and to the construction of an equilibrium
Mg-B phase diagram.

II. PREVIOUS WORK AND GOAL OF PRESENT STUDY

To date, White [5] has apparently made the sole determina-
tion of the enthalpy of formation of MgB,. As the description
of the experimental procedures and the original data were not
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available to us, it was not possible to accurately assess the data
from [5]. Therefore, one of the goals of the present study is to
make a measurement of the enthalpy of formation of MgB,(cr),
A¢Hyy, o (298.15), for comparison with this early work.

An Mg-B phase diagram, with estimated fields of stability
for MgB,, MgB, and MgB, was published in [6]. More
recently Liu et al. [7] calculated an Mg-B phase diagram
using available thermodynamic data, and also estimated a
log pmg—temperature stability field for MgB,. As these cal-
culations were based in part on the early thermodynamic data
mentioned above, a second goal of the present study is to
directly measure the vapor pressure of MgB,, for purposes of
comparison.

III. EXPERIMENTAL PROCEDURES!

The MgB, sample investigated in this study was prepared by
combining elemental Mg and isotopically pure !B in a sealed
Ta capsule and heating to produce Mg vapor, which completely
reacted with the B to produce MgB, [8]. The material was
removed from the Ta capsule in an Ar-filled glovebox (<1 ppm
contaminants), comminuted, and loaded into containers for
calorimetry and thermogravimetry in the glovebox. The X-ray
pattern of this material indicated its single phase nature, which
was substantiated by neutron Rietveld refinement. There was
no indication in the neutron refinement of nonstoichiometry or
of oxygen in solid solution.

The vapor pressure of MgB, was determined by the Knudsen
effusion method [9] using a MgO cell with a 0.5 mm orifice.
Rates of mass loss as a function of temperature were determined
thermogravimetrically using a Mettler TA1 thermoanalyzer
with Anatech instrumental control firmware and data acquisi-
tion electronics. Uncertainty in mass loss rates was < +1%
(standard error of estimate). During the experiments, back-
ground pressure was maintained at ~2.7 mPa by dual diffusion
pumps and a liquid nitrogen cold trap. The thermoanalyzer
thermocouple was calibrated against the melting point of Au;
reported temperatures have < =+5°C uncertainty (standard
error of estimate). The operation of the Knudsen effusion cell
apparatus was checked using Mg metal, and the vapor pressures
obtained over the temperature range 350°C to 550°C agreed
within experimental error with vapor pressures calculated from
generally accepted thermodynamic data for Mg [10].

ICertain commercial equipment, instruments, or materials are identified
in this paper to foster understanding. Such identification does not imply
recommendation or endorsement by NIST, nor does it imply that the materials
or equipment identified are necessarily the best available for the purpose.

U.S. Government work not protected by U.S. copyright.
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The enthalpy of formation of MgB,(cr) was determined by
isoperibol solution calorimetry, using an LKB 8700 calorimeter,
as described in [11]. The calorimeter accuracy was checked
by measuring the enthalpy of reaction of tris(hydroxymethyl)
aminomethane, NIST standard reference material 724a, with
0.IN HCI. The value obtained was in excellent agreement
with the certified value. Calorimetric measurements of the
enthalpy of reaction of Mg(cr), B(amorphous), and MgB, (cr)
with 5.5 dm™" HNOj were combined via a Hess cycle to
establish the value of ArHyy,p, (298.15). Literature data for
the conversion of B (amorphous) to B(cr) [10] was used to
complete the Hess cycle.

IV. RESULTS

The measured vapor pressures of MgB, are shown in
Fig. 1, where they have been fit by the following expression:
log pmg(Pa) = —1.129141 (10000/T) + 7.328 161, where T
is the temperature in Kelvin. While there is some scatter, the fit
is reasonably good, with R? = 0.98. The scatter may be due in
part to the fact that data were collected on both increasing and
decreasing temperature steps, with temperatures selected in
semi-random fashion, in order to average out thermally-induced
kinetic effects associated with the vaporization process. There
does not appear to be any indication in the data of a compo-
sitional effect, i.e., as the vaporization process continued, it
generated pressures described by the fitted curve of Fig. 1, even
as the composition became progressively depleted in Mg. If
there were solid solution present in MgB,, then it would be
expected that the data in Fig. 1 would have a broader spread,
and could be best fit by several semi-parallel lines, each cor-
responding to a different solid solution composition produced
by progressive Mg loss. However no such grouping of the data
according to amount of Mg lost was observed. The vaporization
process was terminated after a mass loss of 17%, which would
correspond to a product with 2% (mole fraction) MgB, + 98%
(mole fraction) MgB,. X-ray powder diffraction of the product
showed it to be a mixture of predominantly MgB, and minor
MgB,, with no other phases detected, indicating that the vapor-
ization process occurred according to the equilibrium reaction:
2 MgBy(cr) — MgB,(cr) + Mg(g). In other samples, in-
cluding some obtained commercially, presence of MgO among
the vaporization products is thought to indicate entry of oxygen
into the MgB, during its synthesis. Results of vapor pressure
measurements on these materials will be published elsewhere
[12].

Our experimental calorimetric data? for the reaction of
Mg(cr), B(amorphous), and MgB,(cr) with HNOj3; were
combined with literature data for the amorphous/crystalline
transition in B according to the reactions below, where A, H
designates the enthalpy per mole of solid reactant:

Mg(cr) + HNO3(5.5 mol - dm ™) = products,

A Hy, = —(625.9 + 3.4) kJ - mol* (1)
B(amorphous) + HNO3(5.5 mol - dm™*) = products,
A Hy = —(464.3 £ 6.3) kJ - mol™* )

2Measurement uncertainties are expressed as = one standard deviation of the
mean.
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Fig. 1. Vapor pressure of MgB,, as measured by Knudsen effusion vacuum
thermogravimetry.

B(cr) = B(amorphous), A, Hy, = (3.8 £ 5) kJ - mol *[10]
3
MgB, (cr) + HNO3(5.5 mol - dm™) = products,
AcH,y, = —(1391.0 £ 13.9) kJ - mol ™' )

These reactions define the enthalpy of formation
of MgBy(cr), by application of the appropriate Hess
cycle: —AH,(4) + 2AHnL(2) + 2A.Hn(3) +
ArHm (1) =AsHypgps (298.15) = —(155.9+14.2) kJ.mol ™.
A more complete data set will be published elsewhere [13],
together with measurements on other samples with lesser
purity.

V. DISCUSSION

The vapor pressure data can be combined with the measure-
ment of A¢Hy,p, (298.15) to produce a calculated phase dia-
gram [14] at 0.1 MPa for the Mg-rich part of the Mg-B phase
diagram, as shown in Fig. 2. This diagram indicates a decom-
position temperature of 1268°C for MgB,, significantly lower
than that estimated in [6] and calculated in [7]. Calculation of
Fig. 2 has required adjustments in the thermodynamic proper-
ties of MgB, as published in the literature [10], to allow pro-
duction of a diagram consistent with our data for MgB,. Our
value of A¢Hyp g, (298.15), —(155.9 + 14.2) kJ - mol ™%, is
more than twice the literature value of —(74.8+3.8) kJ-mol ™
[51, [10]. Without access to a complete description of the earlier
work, a full explanation of the difference is not possible. How-
ever, based on our calculation of Fig. 2, it is also likely that the
enthalpy of formation of MgB, is significantly more negative
than reported in the literature. Fig. 2 was calculated assuming
negligible solubility of MgB, in the Mg/MgB, eutectic. This
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Fig. 2. Calculated phase diagram for the Mg-rich part of the Mg-B system at
0.1 MPa total pressure.
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Fig.3. Comparison of literature data on MgB, stability with the present study.

assumption was supported by our observation that there was no
detectable lowering of the melting point of Mg in the presence
of MgB,.

Our measured vapor pressure curve is plotted together with
literature data in Fig. 3, where it can be seen that our data are
approximately an order of magnitude higher than the curve cal-
culated from the literature data [10] for the MgB, /MgB, equi-

3229

librium. Our measurements are also significantly higher than the
calculated curve of [7]. The practical implication is that, for pro-
duction of high purity MgB,, higher Mg pressures must be em-
ployed than would be suggested by the literature data. However,
if less pure MgB, is desired, as is currently sought for some ap-
plications requiring improved flux pinning, then it is possible
that successful processing may be achieved at lower Mg pres-
sures than the curve in Fig. 1, in the presence of suitable dopants.

VI. SUMMARY

Using well-characterized, stoichiometric MgB,, with no
detectable oxygen impurities, we have measured the Mg pres-
sure over MgB,(cr) as a function of temperature over the
range 600°C to 850°C. From this data, we have developed
an expression that can be extrapolated to give an MgB, de-
composition temperature of 1268°C at 0.1 MPa. We have
performed calorimetric studies on the same material, resulting
in a new determination of A¢Hyy,p, (298.15), which differs
significantly from the literature value. The thermodynamic
properties of other Mg-borides will require reevaluation before
a reliable phase diagram can be constructed for the complete
range of Mg-B compositions.
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Strain effects on point defects and chain-oxygen order-disorder transition
in 123 cuprate compounds
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The energetics of Schottky defects in 123 cuprate superconductor RBegCu;O; (where R
=lanthandiesand YA,CuzO; (A=alkali earth$, were found to have unusual relations if one considers only the
volumetric strain. Our calculations reveal the effect of nonuniform changes of interatomic distances within the
R-123 structures, introduced by doping homovalent elements, on the Schottky defect formation energy. The
energy of formation of Frenkel pair defects, which is an elementary disordering event, in 123 compounds can
be substantially altered under both stress and chemical doping. Scaling the oxygen-oxygen short-range repul-
sive parameter using the calculated formation energy of Frenkel pair defects, the transition temperature be-
tween orthorhombic and tetragonal phases is computed by quasichemical approxin@@érs. The theo-
retical results illustrate the same trend as the experimental measurements in that the larger the ionic radius of
R, the lower the orthorhombic/tetragonal phase transition temperature. This study provides strong evidence of
the strain effects on order-disorder transition due to oxygens in the CuO chain sites.

DOI: 10.1103/PhysRevB.70.054517 PACS nuniber74.25.Bt, 64.60.Cn, 61.10i

I. INTRODUCTION ducting temperatur€, depends on the oxygen stoichiometry.
As an example of a generic doping curve in cupréteshen
It is well known that during the fabrication process of sis larger than around 0.7, the crystal loses superconductiv-
superconductor materials, a variety of point defects, such agy. However, if 5 is smaller than 0.7, the compound is su-
substitution and interstitial impurities, vacancies, and cationperconducting. It is generally believed that higher oxygen
disorder are involved. These defects have a large effect ogontent can create more holes in the structure. Whes
the properties of superconductdrin type-Il superconduct- petween 0.1 and 0.7, the crystal is in the underdoped region,
ors, high critical current densities can be achieved by theind T, increases with increasing hole concentration. When
presence of high-density defects which will provide suitablethe oxygen content is in the proper rande,is above the
pinning centers for the magnetic flux lines. The ideal size ofoiling point of liquid nitrogen. However, if more holes are
defects for flux line pinning should be comparable to thecreated, théT, value decreases instead, and the crystal is in
superconducting coherence length. For cuprates such as overdoped region.
YBa,Cus07-5 (Y-123), the coherence lengths are in the order  Oxygen ordering in the Cu-O chains of the 123 structure
of tens of A while the conventional superconductors have Jjives rise to further complex structuré®.Even when the
coherence length of several thousand A. Thus atomic-scalgverage occupancies of oxygen sites remain constant, the
structural inhomogeneities such as point defects and colunpccupation at chain and antichain sites can vary. Jorgestsen
nar defects can play an important role in flux-line pinning. al.1° observed that the superconducting transition tempera-
An increasing number of applications of the 123-type high-ture in Y-123 changes as a function of time following the
T Superconductors use materials other than Y-123. For e)ﬁuenching experiment while the oxygen content is fixed.
ample, in many bulk forms and multilayer applications, Y is This demonstrates that the specific ordering of the oxygen
replaced by Nd, Sm, or other rare-eaf®) elements . Dop-  atoms in the basal plane is another important parameter that
ing YBa,Cu;0;_5 with Ca, Sr, or other alkaline eartfh)  controlsT, in the Y-123 system! The ordering process in
elements has also been shown to improve bulk and graithe Cu-O chain is the origin of the structural transition be-
boundary transport and other properties. tween tetragonal and orthorhombic phases in the 123 struc-
Since it is well known that strain effects are important inture, which has been extensively studied since the discovery
the studies of point defects, it is expected that studies obf Y-12312-15 Structural transition of Y-123 is strongly af-
strain effects on point defects for series RBa,Cu;0;_5  fected by external pressure as wélt°In addition, there are
(R-123) compounds will be important for practical applica- systematic results reported by Wong-Ng and co-wofRet$
tions of superconductivity. In particular, the concentrationshowing that the orthorhombic/tetragonal phase transition
and ordering of oxygen vacancies have significant effects otemperatures iflR-123 can be scaled approximately linearly
the superconducting properties. For Y-123, the superconwith the ionic radius oR**. The above experimental obser-
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vations indicate that lattice strain may play an important roleutility lattice program”(cuLp),3® which integrates the above
in phase transition, which has not been investigated theoretmodeling methods at an atomistic scale, to study lattice en-
cally and systematically so far. ergy, elastic constants, and lattice dynamic properties. In
In this paper, we plan to study the effects of homovalentsummary, our calculations are based on short-range poten-
substitutions at Y and Ba sites, and hydrostatic pressure dirls of the Buckingham-type, long-range Coulomb poten-
the order-disorder transition theoretically. Considering largdials, and displacement-induced deformations of the elec-
stress fields due to dislocations around grain boundaries, thisonic charge density in the framework of a shell model.
study will also provide valuable information for understand-
ing the transport properties in the vicinity of grain bound- IIl. SCHOTTKY DEFECTS IN 123 COMPOUNDS
aries. First we briefly explain methods used in atomistic
simulations. Secondly, we focus on the effects of strain on Any deviation in a crystal from a perfect structure is an
Schottky defects and related phenomena for a series of hamperfection. The simplest imperfection is a lattice vacancy,
movalent substitutions at Y and Ba sites of %Ba;0;,_5,  which is a missing atom or ion, known as a Schottky defect.
Although the 123 structure is not stable in the Ca and SiSchottky defects involve “multiple” vacancies while preserv-
analogs under ambient presséte?®partial substitution of Sr  ing electrical neutrality. Regardless of how a Schottky defect
on the Ba site has been reportet:26-28Finally, strain ef- is created, it is necessary to expend a certain amount of work
fects on chain-oxygen order-disorder transition ofper atom to take it to the surface. We calculated point defect
RBa,Cu;0,_5 will be investigated. energy by the Mott-Littleton approa¢f*' Some vacancies
are at anionic sites and others at the cationic sites. For Y-213,

the defect reaction is given as follows:
Il. ATOMISTIC SIMULATION METHODS

_ , YBa,CuyO; — V2 + 2Vg2 + 3V + 7V 1
Since the parent compounds of hifjheuprate supercon- 27 = Wy Ba ™ =rcu” 70 @

ductors can be considered as charge-transfer insulators, ionidhereV represents a vacancy. According to mass action law,
bonding can be assumed to have a large contribution to thée equilibrium constantK) at a finite temperature can be
lattice energy. Methods used to study atomistic phenonmenaritten as
in conventional oxides can therefore be applied to study cu- 3 )

— 2 2\3 13/N7 — 13
prates. The cuprates become superconductors at a proper K= c(Vy)e(Vea) (V) eV ™)'= ¢, )
doping level and temperature. However, the charge carrigfherec is the equilibrium concentration of vacancies and
density is very low compared with that of conventional met-is the average concentration of vacancies. The equilibrium

als. In addition, the charge carriers are confined withinggncentration of the vacandy c;, can be computed from
copper-oxygen planes. Consequently, the screening effect oltzmann statistics as )

not as strong as that of conventional metals. The lattice en-

ergy calculated from ionic models is somewhat overesti- -E,
mated. The point defect's energy is also slightly overesti- ¢ =N;ex KT /" 3)

mated due to the omission of screening effect in metallic

region of the phase diagram, which can be improved by inwhereN; is the number of atom per unit volume and,  is

cluding polarization effects in the shell mod@IMany pre-  the energy required to take atgnfrom its lattice site inside

vious theoretical investigations are based on this type othe crystal to a site on the surface. Substituting the equilib-

ionic model(for example, see Refs. 30334 rium concentraions of vacancies into K@), we obtain the
Several pair-potential sets of shell model parameters havexpression for the average concentration of vacancias

been determined for Y-123 by Baetzdfef? To systemati- follows:

cally study homovalent substitutions on Y and Ba sites, a _

consistent set of shell model parameters using the data set for — ~ Eschottky

YBa,Cu;0, (Ref. 31) was further developed to account for c=Nex kT '

the dependence of the Born repulsion of the two ions on their ) ] ]

net charges, on outer electronic configurati®i,and on whereN is the number of formula units per unit volume and

the common 2 law” between polarizability and radis. Eschottky IS given, in terms of the formation energy of indi-

The “virtual crystal method” is applied here to interpret ex- vidual vacancy(an ion is removed to infinity instead of the

perimental data of mixing two types of elements on one sitesurface of crystajsand lattice energy@ce, as

This method essentially is, for the purpose of calculating _

average structural and elastic properties, to approximate the — Ei Ejacancyy glatice

mixture of two ions distributed over one sublattice by iden- Eschottky™ 13 : ©)

tical average “virtual ions.” It allows the incorporation of

compositional changes at the atomic level, but ignores ex- In R-123, the absolute value of site potential decreases

plicit effects of disorder. For instance, whenB&s partially ~ continuously with increasing ion radius at the Y site, which

replaced by St in experiments, the composition-weighted is consistent with applying external tensile pressure. Usually,

average value of the two ions’ radii is taken to approximatethe change of short-range repulsion is less significant than

that of each virtual divalent ion. After constructing a consis-that of the Madelung site potential. In general, the smaller

tent interatomic pair potential s&,we used the “general absolute site potential value is favorable for lowering va-

(4)
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FIG. 2. Schottky defects formation energy vs volumetric strain.
The volumetric strain is defined d¥%-Vy)/V,, whereV is the
volume of Y-123 compound. All volumes are obtained by optimiz-
ing cell parameters and internal coordinates to minimize the total
energy. The solid solutions are treated by the “virtual crystal
method.”

pected from the change of short-range repulsionReD.
However, even when the entire cell volume increases as the
Rion becomes larger, some parts of unit cell contract such as
interlayer separations between GiiCu2-BaO and BaO-
CuQ(Cul) (or, bond lengths of Cu2-0O4 and Cul-PD€on-
sequently, the average energy of the point defect only de-
creases slightly because of the existing compressive blocks
within the structure as plotted in Fig. 1. In thel123 series,
when B&" is (partially) replaced by smalleA?*, the vari-
ances of external and internal strains are of the same sign,
reflecting a somewhat “even” expansion of the entire struc-
FIG. 1. Crystal structure of YB&u;0;. ture. The difference betwedt123 andA-123 is reflected by
the changes oA-A and Cul-Cu?2 distances. Unlike those in
cancy energy, and vice versa. Furthermore, an increase of tie 123, for A-123 both distances become larger with increas-
total volume leads to the expansion of effective relaxatioring A size. The different changes of internal strains due to
space so that the vacancy energy can further decrease dued@ping at either Y or Ba sites governs the absolute value of
the relaxation of the atoms. In the shell model, the electroniglope of Schottky defects &-123 andA-123(see Fig. 2 In
polarization due to the electronic relaxation also lowers thehe previous studie® they found interesting correlations be-
defect energy. In ¥,Cu30; (A-123), as the radius of the ion  tween dopant radius and energy of solution in YBaO-.
at A sites becomes larger, a similar phenomenon is observe@he trend of subsituting divalent cation for barium matches
In both RBa,Cuw;O; and YA,CuzO5, the lower Schottky de-  well with that in the Schottky defect energy ofA¥CusO-.
fects formation energies are always associated with the larg@fowever, there exist clear different trends between replacing
volume. This indicates that the volume of formation of yttrium by trivalent ions in YBaCu;O; and that in the
Schottky defects is positive, or the volume of the entire crys-Schottky defect energy d¥Ba,Cu;0,. The reason is that the
tal expands during the formation of Schottky defects. parent structure is fixed for former case, so that the trivalent
As shown in Fig. 1, the complex structure of 123 com-jon larger than yttrium leads to more energy of solution. One
pounds can be roughly divided into six layers along the the other hand, the Schottky defect has to consider all the
axis direction:R-CuO,(Cu2-BaO-Cu@Cul)-BaO-CuQ-R.  atoms in the unit cell. Unless the structures change more or
For the sake of simplicity, the distances between planes ardess “homogeneously,” the energy of solution at one specific
represented by the separations of cations projected along tlsite may evolve differently from the Schottky defect energy.
¢ axis. The external and internal strains are computed with Recall that the relation between cell volume, bulk modu-
Y-123 as a reference. Replacing™by largerR®* ions leads  lus of R-123, and the trend of thermal expansion coefficients
to positive external strains, indicating the dimensions of theare also the manifestation of the complexity of the 123
cell expand as increasirigsize. The more interesting obser- structure®® There is an “unusual” relation between Schottky
vations are the changes of internal parameters within the uniefects formation energy arigf) (where B is bulk modulus
cell. The variance of internal strains provide direct informa-and(} is the mean volume per atgrof R-123 in Fig. 3. As
tion of the changes of layers’ separationsRrseries. The reported by Varotso® the Schottky defects formation en-
interatomic distances vary quite differently with ionic radius ergy is proportional t@B() for elemental and binary crystals.
in the R-123 andA-123 series? For instance, the distance of While this relation appears to be obeyed by #&23 series,
R-CuO, becomes larger with increasimigsize, which is ex- it is violated by theR-123 series. The possible reason is still
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460 L ' ' ing) of oxygen atoms among the atomic sites strongly affects

485  —a—REBaCuQ, AT T.. The order-disorder transition of chain oxygen has been
£ asf  TTYAECUO, vsr G ] extensively studied both experimentally and
% ads| S ] theoretically®®12-1>Raman studies show that there exists a
;2 asol s ] pressure-induced ordering phenomefdiThe strain effect
3 assl 7 Ba, St 1 on this transition has not been investigated theoretically in a
2 systematic fashion. Here we focus on the effects of homo
z ot valent substitutions at Y and Ba sites, and hydrostatic pres-
2 4Br by, ] sure on the order-disorder transition.
o oawp Ty G s ] In the quasi chemical approximatioQCA),'>15 the

L | A

4.15 L 1 1
140 145 15.0 15.5 16.0 16.5 17.0

BOQ(eV)

short-range order is characterized by the fraction number of

near-neighbor pair sites occupied by oxygen-oxygen pairs

p=N,o/4N, whereN is the number of sites on each of the
FIG. 3. Schottky defects formation energy BE) of 123 com-  sublatticew and 8, andN,, is the number of oxygen-oxygen

pounds B is the bulk modulus an€ is the mean volume per atom near neighbor pairs. The long-range order param8tés

of 123 compounds. BotB and() are calculated from the optimized defined such that the fractional site occupancy on sublattice

structures with minimal total energy. The solid solutions are treate3 is c(1+S), while that on sublatticer is c(1-S) wherec is

by the “virtual crystal method.” the fractional site occupancy averaged over both sublattices.
the non-uniform changes of the interatomic distances Within(_’\llo_tez(:ﬂ)]at for YBaCuOr-, ¢ is 0.5 whendis zero; i.e.,0

the unit cell forR-123. We have studied the trend of melting ~
temperature oR-123 by “Lindemann law*4°> and found
that the vibrations along the axis are the most important _ ~W(R,,.0,,,) KT

modes to determine the melting temperatures while the iso- Zm=22 9(RwQac)® ! ' )
tropic approximation fails to yield correct resutfsHere, we
take another approach to investigate the relation betweewhereR,=N(1+S)/4,q,, is the probability of pairsra, and
melting temperatures and formation energies of Schottky deg(R,,q,,) iS proportional to the total number of ways one
fects. Kurosaw¥ gave a direct correlation between them, can divideN entities into four groups oftar, a3, Ba, and B
which is listed in Table 1. While it appears that a smaller pairs. The configuration energy is denoted®® ,,q,,.). As
Schottky defect formation energy can lower the melting temy,syal, we may replace each sum by its maximum term in the

perature of simple binary sig_nificantly, it has not been provedy;mmation for the system of a great many assemblies.
to be true for compounds with complex structure. Note thalyece we have

the predominant point defect could be Frenkel defect rather
than Schottky defect in some complex structures. However, Z(T) = g(R,, Orp) € W Rw b KT 7)
Schottky defect energy provides an unambiguous measure on R,
the average cohesive strength. For example, despite the . — . .
Schottky d%fect formation engrgy of Sm—123F;s smallgr thal;Ln which the most probable valug, of q,, is determined
that of Y-123, Sm-123 has a higher melting temperature. It i
necessary to study internal strains rather than volumetric J o W(R,,, )
strains in order to obtain a detailed analysis of the thermo- ol In 9(Re doe) = T =0.
dynamic properties of compounds with complex structures. ac
In general, we found that the signs of the slopes There are three unknowns for a given value of tempera-
(dEschotiky/ de,) Of R-123 andA-123 in Fig. 2 are the same. ture T and oxygen partial pressuf,: ¢,S,p. Three equa-
The difference between these two slopes and the “unusuations involving these three unknowns are obtained by requir-
relationships between Schottky defects formation energiemg that (1) the chemical potential of oxygen atoms is the
and BQ) and melting temperatures & 123 compounds all same on both sublatticeg) the chemical potential of oxy-
reflect the complexity of the crystal structure. gen atoms is the same in the solid and in the gas phase
V. CHAIN-OXYGEN ORDER-DISORDER TRANSITION (which consists mostly of diatomic molecules but has an
: equilibrium concentration of atomic oxygemnd(3) the free
The oxygen content is an important parameter for superenergy of the system is a minimum with respect to the frac-
conductivity in cuprates. In addition, the distributicorder-  tional number of oxygen-oxygen pairs. The following deri-

The partition function is given by

Raf Yoa

(8)

TABLE |I. The Schottky defects formation energy and melting temperature of binaryRel2B com-
pounds. The data of binary compounds are from Ref. 46. The melting temperature &ai2®fare from
Ref. 47.

Crystal NaF NaCl NaBr MgO CaO SrO Crystal YBCO GdBCO EuBCO SmBCO

Eschongl€V) 25 22 20 63 55 50Eg .(ev) 422 421 420 416
TmetingK) 1259 1073 1018 3070 2850 2700TneundK) 1250 1290 1300 1325
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vations follow the similar procedure as described in Ref. 48. .l ' ' " —a—RE123 C ]
Using the above conditions, QCA vyields —v—AE-123
<C(1+S)—p)_§In<(1+S)[1—c(1—S)]> © 20}
c1-9-p/ 4 \1-9[1-c(1+9]/)’ 3 sl
In[(l_c(1+5)>3<c(1+S)—p>4] Tl
c(1+9 1-2c+p
05 B
_anPoz)”z 1 1 cHUEs o
- e 714 - ! 1 1 ! I ! ! !
f (kT) kT 00 003 002 001 000 001 002 003 004
Volumetric Strain
v, [c(1+9 -pllc(1-9 -p] 11
KT~ n p(1-2c+p) ' (11) FIG. 4. Frenkel pair formation energy vs volumetric strain for

123 compounds. The energy corresponds to moving one chain oxy-
where € is the energy to remove an oxygen atom from thegen into an antichain site. All volumes are obtained by optimizing
gas and place it in the lattice, is the repulsion energy be- cell parameters and internal coordinates to minimize the total en-
tween near-neighbor oxygens, is the dissociation energy ergy. The solid solutions are treated by the “virtual crystal method.”
of one oxygen molecule, ¢ is equal to 4.144

X 10" PgeV)~"2 The desired values af,S, andp are ob-  tjon temperature of YBLwO,_, was used as a reference.
tained for given values of andPg,, by simultaneously solv-  The results are plotted in Fig. 5 with the experimental data
ing the above equations. We note that the order-disorder tranaken from Refs. 20-22. There exists observable difference
sition temperatureT,q is related to the oxygen-oxygen (around 100 K between theory and experiment in the
repulsion energy and the value of the average site occu-Nd-123 systend? It has been determined experimentally that

pancy c at this temperature by the orthorhombic-to-tetragonal phase transition in the
v 16c(1 -©) 123 series take place at an oxygen composition in the range
= n( 2). (12)  of 6.4(Er) to 6.83(Nd), not all at 6.5Y).2%-??The change of
kTOD l - 4(1 - 2C)

oxygen content leads to the change of structure such as lat-
Frenkel defects involve an atom displaced from its normafice parameters and atomic positidtfswhich in turn alters
site into an interstitial site. If the interstitial site is chosen asthe formation energy of Frenkel pairs. Since we set the ref-
antichain site for 123 compounds, this Frenkel pair is closelyerence transition temperature to be the value in Y-123 case,
related to chain-oxygen order-disorder transition. Forming dhis corresponds to the transition at oxygen content being
Frenkel pair in an otherwise perfect crystal is an elementar.5. If we track the whole process of order-disorder transition
disordering event. As the disordering proceeds, it is imporstarting from fully oxygenated case, the total oxygen content
tant to account for defect-defect interactions. Using Mott-decreases until the transition is finished. The formation en-
Littleton approach, we have computed the isolated Frenkegrgy of Frenkel pairs decreases also as anisotropy in the ab
pair formation energy forRBa,Cu0;, YA,CO, and Plane[defined agb-a)/a] reduces. Note that the transition
Y-123 under hydrostatic pressure. We found that this formaoccurs at oxygen content being 6.83 in a Nd-123 system, this
tion energy increases in compressive regions and decreasigglicates the anisotropy in Nd-123 remains higher compared
in tensile regions under hydrostatic pressure. This is the oriwith Y-123. Therefore, the formation energy of Frenkel pairs
gin of ordering under stress. From the systematic investiga-

tion of the phonon spectral characteristics with the applica- 1080k 'TEr Mo e Boarireria Defa

tion of pressuré? it was observed that the changes induced m: —o— Theorstical Resuts
by the hydrostatic pressure have a strong effect on chain g 1000f Y 1
ordering. Results of our calculations are consistent with the = sl

reported observation. Figure 4 shows the plots of the Frenkel §

pair formation energy versus lattice str@umlumetric strain & %o

for both theR series and thé series. These two plots dem- 5 gk

onstrate a similar trend and they form a well-connected =

smooth curve. The similar behavior of the curve for Re 800

andA series(with chemical dopingand the curve for Y-123 7500

(with hydrostatic pressuyendicates that the oxygen disor- ' ' ' ' ' '
. . . . . . . 1.00 1.02 1.04 1.06 1.08 1.10 1.12

dering energy is dominated by lattice strain, which is ex- Radins of RE(A)

pected if the short range repulsion terms dominate the energy

required to form the oxygen interstitial ion. FIG. 5. Chain-oxygen order-disorder transition temperature of
Furthermore, scaling the oxygen-oxygen short-range rerBa,Cu;0,. The theoretical data are calculated by using the tran-

pulsive energy by the calculated Frenkel Pair formation ensition temperature of YB&£u,0,_s as a reference. The experimen-

ergy, the transition temperature between orthorhombic anchl data are from Refs. 20-22. The error bars indicate the tempera-

tetragonal phases is computed based on(Eg). The transi- ture range measured by x-ray diffraction.
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decreases less than that in Y-123 during the whole process @23 and YA,CuO;_5, the “unusual” relation between
transition as observed experimently. This means that in ouschottky defects formation energies aBf) and melt tem-
“simple” model the transition temperature for Nd-123 is un-peratures oRR-123 compounds all reflect the complexity of
derestimated. But, the remarkable thing is that using such the crystal structure of 123 compounds.

simple model, the trend of the theoretical results agree well Our study also illustrates the importance of strain effects
with the experimental measurements. It is seen that stress the orthorhombic/tetragonal phase transition in Eie
and “chemical pressure” can substantially alter the degree df23 compounds. We have calculated the formation energy of
disorder. This study provides a clear evidence for the effectfrenkel pair defects as a function of volumetric strain for
of strain on order-disorder transition. Previous studies als&Ba,Cu;0; and YA,Cu;0,, and for YBgCu;O; under hy-
show there are quite rich microstructures resulting from thidrostatic pressure. Our calculations show good agreement
orthorhombic-to-tetragonal phase transition: for instancewith experimental observations in that pressure favors order-
twin structures and related twinning dislocatidf8? tweed  ing of the CuO chains. For example, the Frenkel pair forma-

morphology caused mainly by110) and (110) shear tion energy indeed . incregses significant!jaround
displacement.In particularly, our results can be applied ~0-25 €V/0.01 volumetric strajrunder compression. Based
further to deduce that strain near edge dislocations in lovpn @ quasichemical approach, the orthorhombic/tetragonal
angle grain boundariéd,which can also have a significant ransition temperatures fdR-123 have been computed by
effect on the degree of ordering in cuprate materials. Fopc@ling the effective oxygen-oxygen short-range repulsive
example, the interactions between point defects and straf@n€rgy in the CuO chain using the Frenkel pair formation
fields due to dislocations and/or grain boundaries can affe@€rgy- The calculated results agree with experimental data

the distribution of point defects, and the content and degre that the larger the ionic size oR, the lower the
of order of oxygen atom¥ orthorhombic/tetragonal phase transition temperature.
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Abstract

Current applications of BaO-Y,0;—CuO, phase equilibria are focused on the use of coated-conductor technology
for fabrication of superconducting tape. Although such processing is typically carried out with carbonate-free high 7
precursors, the majority of phase equilibrium studies completed to date have utilized BaCOj;-derived starting materials.
The present study reports results of a BaO-Y,0;—CuO, phase equilibrium investigation at two oxygen pressures using
carbonate-free precursors based on BaO. Special apparatus and procedures for handling these atmospherically sensitive
compositions are described. Experimental results were used to establish tie-lines in the BaO-rich part of the phase
diagram, and have confirmed a difference in tie-line distribution among the Ba,YCu;0,, Ba,YCu;0,, BaY,CuOs, and
BaCuO,,, phases under carbonate-free conditions relative to those obtained using BaCOjs-derived starting materials.
By reducing po, from 21 kPa to 100 Pa under carbonate-free conditions, an additional tie-line change among the phases
Ba,YCu;0,, Ba;YCu;0,, BagYCu;0,, and BaY,CuOs was observed. These differences can be applied to coated-
conductor processing of Ba, YCu;0O, superconducting tapes.

Published by Elsevier Science B.V.

PACS: 74.70; 74.25.D
Keywords: BaO-Y,03;—CuO,; Phase diagrams; Carbonate-free; Superconductors

1. Introduction

Following the discovery of high 7. supercon-
ducting oxides in 1986, considerable progress in the

* Corresponding author. Tel.: +1-301-975-5791; fax: +1-301-
975-5334.
E-mail address: winnie.wong-ng@nist.gov (W. Wong-Ng).

0921-4534/01/$ - see front matter Published by Elsevier Science B.V.

PII: S0921-4534(01)01124-8

relevant materials science and engineering has been
achieved. In the area of wire and tape fabrication,
intensive research has led to the design and deve-
lopment of first generation powder-in-tube (PIT)
Bi-Pb-Sr-Ca-Cu-O (BSCCO) tapes [1-5]. Cur-
rent efforts in first-generation wire and tape re-
search and development are focused on improving
processing routes to minimize the cost of produc-
tion. More recently, second-generation high 7,
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superconductor tapes deposited on flexible coated
conductors have received increasing attention
[6-10]. These superconductors are based on BaO-
Y,0;-CuO, materials, including lanthanide-sub-
stituted variants. The Ba—Y—Cu-O materials are
relatively more isotropic when compared with
BSCCO-based superconductors, and can retain
current carrying ability at liquid nitrogen temper-
ature under high magnetic fields. Therefore, such
coated-conductor superconductors have great com-
mercial potential for electric utility and high mag-
netic field applications. These superconductors are
also expected to be more economical to produce.

Because of the potential advantages of coated-
conductor superconductors, a renewed research
interest in the entire family of the Ba,RCu;0,
materials (R =Y and lanthanide elements) has
developed. The BaO-Y,0;—CuO; system is one of
the high 7. systems most extensively investigated
since the discovery of the 90 K superconductor,
Ba,YCu;0¢,, [11,12]. A large number of phase
diagrams are available in literature; however, the
majority were prepared using BaCO; [13-23],
partly because it is difficult to handle BaO. The
presence of CO}~ gave rise to extraneous phases
(e.g., oxycarbonates) in the system, either directly
from solid carbonate starting materials, or indi-
rectly by contact with atmospheric CO,. While a
few diagrams are reported as having been con-
structed using BaO, Ba(NO;), and BaO, [24-34],
these were not prepared entirely under atmo-
spherically controlled conditions, and are not to-
tally consistent with each other.

The goal of this paper is to provide subsolidus
phase diagrams of the carbonate-free BaO-Y,0;5-
CuO system at po, = 21 kPa (875-900 °C) and at
po, = 100 Pa (800-810 °C) by using BaO as a
source for Ba. By studying the phase equilibria at
these oxygen pressures, the effect of lowering po, to
the values prevailing in coated-conductor pro-
cessing can be established. As the crystal chemistry
and crystal structure of compounds of the BaO-
Y,0;-CuO system have been studied extensively
[13-35], this paper will not repeat these details,
except for selected comments, when appropriate.
Emphasis will be placed on the occurrence of
phases and phase compatibilities, which form the
basis for processing.

2. Experimental

BaO starting material was produced from
BaCO; (99.99% purity, metals basis) by vacuum
calcination in a specially designed vertical tube
furnace. An MgO crucible containing ~15 g of
BaCOj; was suspended in the hot zone of the fur-
nace, and the furnace was evacuated to a pressure
of ~10 ym Hg or less by a high capacity me-
chanical pump. The following heating schedule
was used: room temperature to 1300 °C in 20 h;
isothermal at 1300 °C for 10 h; 1300 °C to room
temperature in 20 h. During the vacuum calcina-
tion the pressure typically increased to ~200 pum
Hg as CO, was evolved, and then rapidly returned
to ~10 um Hg or less as the decomposition of the
BaCOj; was completed. After cooling, the BaO was
lowered through an interlock into a transfer vessel.
It was then transported to an Ar-filled glovebox
equipped with a recirculating purifier, which con-
tinually removed atmospheric contaminants from
the Ar to <1 ppm by volume. Fig. 1 shows the
X-ray diffraction pattern of the single-phase cubic
BaO obtained. This X-ray pattern was obtained
using a hermetic cell designed for air-sensitive
materials [36]. All sample weighings, homogeni-
zations and pressings of pellets were performed
inside the glovebox. Pelletized samples were placed
inside individual MgO crucibles for annealing in a
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Fig. 1. X-ray diffraction pattern of cubic BaO, obtained by
vacuum calcination of BaCOs.
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horizontal box-type controlled-atmosphere fur-
nace. Transfer from the glovebox to the box fur-
nace and vice versa was achieved via a second
transfer vessel and an interlock system attached to
the furnace.

Samples of 26 compositions for each atmo-
sphere (a total of 52 samples (Table 1)) were pre-
pared using the solid state sintering method.
Stoichiometric amounts of BaO, Y,0; (99.99%
purity, metals basis), and CuO (99.99% purity,
metals basis) were mixed and pressed into pel-
lets, and annealed in the box furnace. During the
annealings, oxygen pressure of Ar/O, mixtures was
controlled using a mass flow meter and monitored
at both the inlet and outlet of the furnace using a
zirconia oxygen sensor. Samples were annealed at
875-900 °C for the experiments at po, =21 kPa
(corresponding to air), and at 800-810 °C for the
experiments at po, = 100 Pa (0.1% O, by volume).
Intermediate grindings and pelletizations took

Table 1

Compositions (listed in mol fraction %) of 26 samples for each
atmosphere (at po, = 21 kPa and at po, = 100 Pa) prepared for
phase equilibrium studies in the BaO-Y,0;-CuO, system

# BaO (1/2)Y,0; CuO
1 60 10 30

2 50 16.67 33.33
3 65 17.5 17.5
4 70 5 25

5 60 5 35

6 54 8 38

7 50 18 32

8 40 40 20

9 45 10 45

10 40 20 40

1 35 60 5

12 20 70 10

13 25 25 50

14 40 5 55

15 25 5 70

16 10 35 55

17 10 65 25

18 50 25 25

19 55 35 10
20 45 40 15

21 45 27.5 27.5
2 45 45 10
23 31.67 18.33 50
24 58 1 31

25 52 12 36
26 63.33 3.33 33.34

place until no further changes were detected in the
powder X-ray diffraction patterns. The hermetic
cell was used for all X-ray diffraction character-
ization of samples in this study. Samples were
processed for a total time of about three weeks
each.

3. Results and discussion

Figs. 2 and 3 show the phase diagrams of the
BaO-Y,05;-CuO, system prepared at po, =21
kPa (875-900 °C) and at po, = 100 Pa (800-810
°C). The diagrams are relatively straightforward,
but are different from those prepared using BaCO;
[10-23], particularly in the Ba-rich region. In the
following sections, we will describe briefly the
compounds formed and the phase relationships
determined.

3.1. Compounds formed in the BaO-Y,0;—CuO,
systems

The phases formed at po, =21 kPa and at
po, = 100 Pa are similar, except those in the as-
sociated binary BaO-CuO, system.

0 20 40 Y,Cu05 60 80 100
1/2(Y,03) Mol % Cu0,

Fig. 2. Phase diagram of the BaO-(1/2)Y,0;-CuO, system
prepared at po, =21 kPa (875-900 °C). In this diagram, the
symbols (2:1:3), (4:1:3), (6:1:3) and (1:2:1) are used to represent
the phases BaY,CuOs, Ba,YCu;0,, BagYCu;0, and BaY,-
CuOs, respectively.
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0 20 40 Y,Cu0s 60 80 100
1/2(Y,03) Mol % CuO,

Fig. 3. Phase diagram of the BaO-(1/2)Y,0;-CuO, system
prepared at po, = 100 Pa (800-810 °C). Symbols are shown in
Fig. 2.

3.1.1. The BaO-CuO, system

In this binary system, the compounds
Ba,CuO;,, [35-37] and BaCuO,,, [38] were found
to be stable both at po, = 21 kPa and at po, = 100
Pa. As the ionic size of Ba and Y is rather different,
no solid solution of the (Ba, ,Y,)CuOs;,, type was
observed, in contrast to the BaO-Nd,O;—CuO
system [34,39]. Furthermore, there was no evi-
dence of the existence of the Ba,Cu3Os,, [40] or
Ba;CusOsg,, [40] phases. At po, = 100 Pa the re-
duced phase BaCu,0,,, was observed in addition
to Ba,CuO;,, and BaCuO,,,. The Ba,CuOs,,
phase cannot be prepared in the presence of
moisture and carbonate. The Ba;CuQy4 phase, re-
ported by Frase and Clarke [27] and Abbattista
et al. [24,35] to be stable under very reduced con-
ditions, was not detected in the present study.

3.1.2. The BaO-Y,0; system

Under atmospherically controlled conditions,
the oxycarbonates reported in the BaO-Y,0;—
CuO, system investigated with BaCOj-derived
starting materials are not stable. In the BaO-Y,0;
system, only Bas;Y;Oy and BaY,O, were found,
instead of the four phases (Ba;Y4Oy, BaY,0y,
Ba,Y,0s5 and Ba,Y,0y) reported in Ref. [14]. The
phases “Ba,Y,0s5” and “BasY,0y”” have been de-
termined to be oxycarbonates, corresponding to

B32Y205 . C02 and Ba4Y209 . 2C02 [26], and
therefore were not found in the present study.
According to Abbattista et al. [35] and De Leeuw
et al. [26], these phases dissociate according to the
following equations:

3B32Y205 . C02 g 2BaY204 + Ba4Y207 . COZ

2Ba4Y207 . C02 g Ba3Y409 + 5BaO + 2C02

3.1.3. The Y,0;—CuO system

In the binary Y,05;-CuO, diagrams, only the
Y,Cu,0s phase was observed both at po, = 21 kPa
and at po, = 100 Pa. The R,CuO, type phase only
exists when R is relatively large (lanthanides with
ionic radius r > rﬁ; [41]. The oxygen partial
pressure of 100 Pa presumably was not sufficiently
low for the reduced YCuO, phase [42,43] to be
stable.

3.1.4. The BaO-Y,0;—CuQO system

A total of four ternary oxides (Ba,YCu;0Os,,
(2:1:3), BasYCu;0, (4:1:3), BagYCu0, (6:1:3),
and the ‘green’ phase BaY,CuOs; (1:2:1)) was
found in the BaO-Y,0;-CuO system under both
processing conditions. The occurrence of the com-
pounds Ba;YCu;0, and BagYCuzO, in the BaO-
rich part of the diagram agrees with that reported
by Abbattista et al. [24], and Osamura and Zhang
[34]. A number of other reported phases near the
Ba-rich end are a result of the use of barium car-
bonate [13,14,26].

Although solid solution has been reported
in the lanthanide-containing Ba, R, ,Cu3Og,,
phases, in the system BaO-Y,0;-CuQO,, the
Ba,YCu;0q,, (2:1:3) phase is a point compound
with respect to cation content. In the lanthanide-
containing phases, with relatively larger size of R
(R = La, Nd, Sm, Eu, and Gd), the Shannon ionic
radii of Ba (1.52 A (ten-fold coordination [41]))
and R (1.053 to 1.16 A from Gd to La, eight-fold
coordination) are more comparable, relative to the
smaller Y ion (1.019 A).

The Ba,YCu;0g,, phase is tetragonal P4/mmm
when quenched from 900, and 810 °C. The struc-
ture of Bay;YCu3O¢,, was reported to be of the
cubic oxygen-defect perovskite type [24], and that
of the orthorhombic BagYCu30g., phase is of the
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SrTi,O4-type (layered perovskite structure) [24].
The structure of the BaY,CuOs “green” phase,
orthorhombic with space group Pnma, has been
studied extensively [44-46].

3.2. Phase compatibilities

While differences in oxygen partial pressure did
not affect the phase formation of the BaO-Y,0;—
CuO system, the tie-line relationships at po, = 21
kPa (875-900 °C) and at po, = 100 Pa (800-810
°C) are somewhat different. The main difference
concerns the relations between the BagsYCu;0,,
BasYCu;0,, Ba; Y40y and BaY,CuOs phases. At
Po, = 21 kPa, the BaY,CuOs phase was found to
be compatible with the Bag Y Cu;O, phase, whereas
at po, = 100 Pa, the tie-line was found to switch
over to Ba;Y,09—Ba,YCu;0O, instead.

The tie-lines determined in the CuO- and Y,Os3-
rich part of the phase diagrams are in agreement
with most other diagrams, whether prepared using
BaCO;, BaO,, BaO, or Ba(NOs),. However, the
region of the diagram near BaO corner is sub-
stantially different. Among the diagrams reported
in the literature, our results agree most closely with
those reported by Abbittista et al. [35], and by
Osamura and Zhang [34]. These reported diagrams
were prepared using either BaO, or Ba(NO3),, and
are shown in Fig. 4. The similarities arise from the
fact that the phases described in these diagrams are
the same as those reported in the present paper.
However, the tie-line relationships near the 2:1:3
phase are different. These tie-line relations in-
volve the four phases, Ba,YCu;0g,,, BaY,CuOs,
BaCuO,,, and Ba,;YCu;0,. In the present study,
the Ba, YCu30Og,, phase is found to be compatible
with the Ba,YCu;0, phase, whereas the literature
studies indicate a tie-line between BaCuO,,, and
BaY,CuOs [34,35]. Fig. 5 shows an X-ray powder
pattern of a composition within the three-phase
region BaCuQO,,,—2:1:3—4:1:3. The presence of
these three phases and the absence of the green
phase (1:2:1) in this X-ray pattern clearly indicate
their phase compatibility (Figs. 1 and 2), and rule
against a tie-line between BaCuO, and BaY,CuOs.
The formation of the tie-line between 2:1:3 and
4:1:3 was also reported in our previous investiga-
tion of the melting equilibria of the BaO-Y,0;-

0 20

40 Y,Cup0s 60 80 100
1/2(Y,03) Mol %

CuOy
Fig. 4. Subsolidus phase diagram of the BaO—(1/2)Y,0;—CuO,
system reported by Osamura and Zhang [34], and Abbattista
et al. [35] showing tie-line between BaCuO, and the ‘green
phase’ BaY,CuOs. Symbols are shown in Fig. 2.

Ba, YCu3O4:x
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= B BaCuOay
o
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=
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Fig. 5. X-ray diffraction pattern of the composition
(Ba:Y:Cu = 45:10:45) showing the presence of three phases:
Ba,YCu;0q,,, BaCuO,,, and Ba;YCu;0,.

CuO system [47]. The majority of literature studies
were not conducted entirely under atmospherically
controlled conditions, and it is clear that the
presence of CO, affects the tie-line relationships.
For applications of phase equilibria to coated-
conductor processing, phase diagrams constructed
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under carbonate-free conditions should be em-
ployed.

4. Summary

We have investigated the phase relationships of
the BaO-Y,0;—CuO, system at po, =21 kPa
(875-900 °C) and at po, = 100 Pa (800-810 °C).
The latter condition was selected to match the
deposition conditions prevailing during coated-
conductor deposition. While the phases formed
agree with those reported by Osamura and Zhang
[34], and by Abbittista et al. [35]; the tie-line rela-
tionships among the four phases, BaY,CuOs,
Ba,YCu;0,, BaCuO,,, and Ba;YCu;0, are dif-
ferent. The presence of CO, appears to affect the
tie-line relationships. The phase relationships of
these systems at po, =21 kPa and at po, = 100
Pa mainly differ in the four-phase region delin-
eated by BaY,CuOs, BagYCu;0,, Ba3;Y,0s and
Ba,;YCu;50,.

Since phase diagrams of the BaO-R,0;—CuO;,
(R = lanthanides) systems are important for fu-
ture coated-conductor development, systematic
studies of these diagrams under various atmo-
spheric conditions are planned. A comparison of
these diagrams with that of the Y-system will be
carried out.
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The subsolidus equilibria and the primary phase field (crystallization field) of the

110 K high-T, (Bi,Pb)-2223 ([Bi,Pb]:Sr:Ca:Cu) phase have been determined in the
presence of Ag under a 92.5% Ar/7.5% &mosphere (volume fraction). A total of 29
six-phase volumes that include both the (Bi,Pb)-2223 and Ag phases was observed.
These subsolidus volumes are similar to those observed without the presence of Ag.
The compositional range of initial melts of these volumes (mole fraction basis) covers
BiO, ¢ from 5.6% to 25.3%, PbO from 0.4% to 13.8%, SrO from 8.4% to 31.9%, CaO
from 12.2% to 33.3%, CuO from 21.7% to 40.9%, and Ag@om 1.2% to 6.3%.

Based on these data, the primary crystallization field for the (Bi,Pb)-2223 phase in the
presence of Ag was constructed using the convex hull technique. A section through
this “volume” was portrayed by holding the AgQ@ SrO, and CaO components at the
median value of the 29 compositions while allowing projection on the other three axes
(BiO, 5, PbO, and CuO). The net effect of Ag on the melt composition is a reduction
in the PbO concentration and an increase in the SrO content. Applications of the
liquidus data are also discussed.

[. INTRODUCTION cause of the presence of liquid. The resulting products
In recent years, extensive research and developmenften show significantly improved superconducting
efforts have been focused on the commercial applicationgroperties as a result of this melting/alignment phenom-

of the 80 K highT, superconductor 2212 phase in the enon>**Therefore, melting information is important for
Bi—Sr—Ca—Cu—0 system, and on the 110 K highsu-  industrial tape and wire application of the BSCCO sys-
perconductor (Bi,Pb)-2223 phase in the (Bi,Pb)-Sr—Catem highT, superconductors.

Cu—-O (BSCCO) system. These applications include A primary objective of the National Institute of
transmission cables, motors, generators, transformerStandards and Technology (NIST) phase-equilibrium
magnets, fault current limiters, and energy storage sygprogram on the higf-. superconductors is the determi-
tems. One of the obstacles that prevents large-scale comation of the portions of the phase diagrams of the BSCCO
mercial application of these high; products is the cost system that are relevant to the melt equilibria
of production. In order to realize the full commercial of the Pb-free 2212 and (Bi,Pb)-2223 phases. Previously
potential, the performance of the superconductor compahe subsolidus phase relationships and primary phase fields
nents, which is closely related to cost, must be optimizedof the 22122 and the (Bi,Pb)-222%'*phases, and phase
The BSCCO highF, components are largely prepared equilibria of various PbO-containing subsystems such as
in wire or tape form using powder-in-tube (PIT)} or  that of PbO-SrO—Caéy, PbO—-CaO-Cu@? and B,Os—

the powder/wire-in-tube (PWIT)methods. The PIT PbO-Cu®’have been determined. Since Ag tubing is em-
technique involves a multistep process of filling silver ployed during PIT processing, and Ag is also being used
tubing with highT_ superconductor BSCCO powder, fol- with (Bi,Pb)-2223 to form composites, the effect of Ag on
lowed by repeated packing, cold drawing, rolling, andphase equilibria of the BSCCO system must be considered.
thermal processing. The PWIT tapes are developed byhe goal of the present study is to determine the effect of
packing both powder and wires into a silver tube. GrainAg on the primary phase field of (Bi,Pb)-2223 with regard
alignment in both methods is frequently achieved beto the melting temperatures and oxide composition of melts.
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A. Primary phase field The range of melt compositions observed for these
volumes (mole-fraction basis) was 7.3—-28.0% BiD
, , ) , 1.2-19.4% PbO, 11.3-27.8% SrO, 9.8-30.8% CaO, and
A primary phase is the first crystalline phase to appeaq 7 1_47.09% CuO. These 29 initial melt compositions of
on cooling a composition from the liquid state; or con-i,q five-phase volumes were used to construct the
versely, the last crystalline phase to disappear on heatir@i,Pb)-zzzs primary phase field by employing the con-
a composition to melting. A primary phase field is the ey hyil techniqué® The result is a well-formed closed
locus of all compositions in a phase diagram having &,,jyme in five-dimensional space. Using the isopleth
common primary phase. The primary phase field of g, 5iaction method, a section made by holding the SrO

binary phase is a line; for a ternary phase, itis a surfacgng cao values constant at the median values for the 29
and for a quarternary phase, it can be described as g, points is shown in Fig. 1.

volume. Therefore in the four-component Pb-free

BSCCO system, the primary phase field of the 221 ; C DR

phase is a volum& For the Pb-doped (Bi,Pb)-222328' Effect of Ag on processing Of_(BI’Pb) 2223

phase and (Bi,Pb)-2223 phase with the presence of Ag, There have b_een numerous Iltera'gure reports concern-

the primary phase fields are described as hypervolumé89 the processing of higli; phases with Ag. In addition

in five- and six-component systems, respectivély* to employlng.Ag as the sheath.mat'erlal of thg PIT tublng,
The basic procedure for obtaining the primary phaséhe use of silver as an add|t|\{e is als.o Wldesprgad in

field of a given phase “A” in an “n” component system BSCCO tape and wire processing. Various benefits gnd

is summarized in the following steps: (i) Identify all com- the effect of Ag on microstructure and superconducting

pounds in subsolidus equilibrium with A, (ii) determine Properties in Ag/Bi-based tapes are summarized in

all n-phase compatibility regions which involve phase ARefs.”~“The beneficial effects of silver doping include

and determine which n-phase compatibility regions ardhe following: improved densification due to the pres-

stable up to the solidus, (jii) obtain solidus temperature€nce of low temperature liquitt, improved grain mor-

by differential thermal analysis (DTA) for each n-phasePhclogy bly27eI|m|nat|0|_f1 of necking, cracking, and

compatibility region, (iv) sample and analyze the com-Sausaging; " better grain-to-grain connectivity and in-

position of the first liquid formed upon heating each tergranular C”'F'Cals ggrrerﬂ} better flux pinning}* en-

stable n-phase assemblage to the solidus, and (v) cof@nced texturing? =* accelerated phase formatiéh;

struct an outline of the primary phase field using com-and improved mechanical properties (strength, flexibil-

1. General description and approach

positions of the first liquids to appear. ity, and fracture toughness}:** The increased wettabil-
ity and quantity of melt offer significant advantages for
2. Primary phase field of (Bi,Pb)-2223 without Ag processing of BSSCO/Ag composite tapes in that the

liquid may heal mechanical damage incurred during the
eformation process.

Because of the importance of the (Bi,Pb)-2223 phas%
in the highT, industry, a relatively extensive amount of
research has been conducted. A brief review of literature
data and the primary phase field of the (Bi,Pb)-2223
phase without the presence of Ag was reported re
cently* (Bi,Pb)-2223 was found to be in equilibrium
with 11 phases, including (Ca,Sr)O, CuO,
0x21(Ca_,Sr,Cu0,), 2201 [(Bi,Pb)Sr, , CaCuQ], 11 9
x 5 [(Bi,Pb), ,Sr; 5,CaCuQ)], 1x20 [(Ca,SrPbQ,], O
14 x 24 (Sr,,CaCu,,0,,), 2310 [BL(Sr,Ca)0,], Ox11
[(Ca,Sr)Cu0,, Ca rich], 3221 [(Pb, BiSr,Ca,CuQy]
0x11' [(Ca,,Sr)Cu0O,, Ca poor)].

In these symbolss is used to represent the amount of
mutual substitution of the Ca and Sr sites.

At 810 to 820 °C in a volume fraction of 7.5%,0
(92.5% Ar) 29 five-phase volumes that involve the
(Bi,Pb)-2223 phase were found to be mutually stable in &
topologically consistent mannét.Among them, a total
of 16 volumes consist of 2223-2212 as a pair. The0l IG. 1. An isoplethal section through the (Bi,Pb)-2223 primary phase
phase was also found to have a wide Stabll.lty region, an’ﬁeld14 made t?y holding the SrO gand CaO values cgnstan)t/ lz)at the
occurred in 15 VOlu_mes' _Consequemly’ th|§ phase is o median values for the 29 data points (mole fraction of SrO and €aO
ten found to be an impurity phase, along with the 221221.39% and 18.8%, respectively). The (Bi,Pb)-2223 primary phase field
during the preparation of 2223. forms a closed volume in five-dimensional space.

¥Bi,0,
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The influence of silver is especially important at the mal instability of (Bi,Pb)-2223 in contact with Ag at 830
silver—superconductor interface. There is evidence foto 905 °C under flowing air and also under 5 vol%.0O
preferential formation of the (Bi,Pb)-2223 phase at theThey found that upon annealing at conditions under
Ag interface in Ag-sheathed tapes, and the thin supemhich the (Bi,Pb)-2223 phase was stable, the Ag/(Bi,Pb)-
conducting layer region next to the silver sheath has beep223 interface was unstable and formed several decom-
shown to carry most of the supercurrent in the t4hé°  position phases. When annealed at the incongruent

. . melting of 2223, Ag dissolved into and diffused through
c. Prewog§ S.tUd'es of BSCCO/Ag the liquid, influencing the (Bi,Pb)-2223 decomposition.
phase equilibria Specimens annealed on silver at 885 to 905 °C in air or

The effect of Ag on equilibria of the 2212 and 2223 865 to 905 °C under 5 vol% £showed an incongruent
phases has been investigated extensiVél§? For ex- melting reaction summarized as (Bi,Pb)-2223
ample, MacManus-Driscoll and Brevm&rfound Ag to  (Ca,SryCuQ, + (Ca,Sr)CuQ + L.
be present in the melts of the Bi-2212 and (Bi,Pb)-2223 Thermodynamic optimization of the Ag-Bi—-Sr—Ca—
phases. Majewskit al*>**found that the temperature of Cu—O system using the calculated phase-diagram
the complete melting of 2212 decreased significantl CALPHAD) method has been reported by As$al.
from about 895 to 865 °C when Ag was added up to moleStudies were performed on the Ag-O, Ag-Bi—O, Ag-
fraction of about 40% (mass fraction <10% of Ag). Cu-O, Ag—Sr—Cu-0, Ag—Ca-Cu-0, and Ag—Bi—Sr—Ca—
Wong-Nget al.*? found that Ag enters into all liquids in  Cu—O systems.
equilibrium with the 2212 phase at a mole fraction level
of 2% to 8%. Also, small amounts of Cu, Bi, and Pb were
found to alloy in the Ag, which may have a significant !l. EXPERIMENTAL METHODS

effect on processing. A. Sample preparation

Liquid and solid solubility of Ag in 2212 and its melts The samples studied in the BSCCO system were pre-

was studied by McCalluret al:*? They found that solid . -~ .
solubility of Ag in 2212 was less than detection limits, pared by the solid-state c_aglcmlng technique. Table | shows
but that Ag depressed the melting temperature of mix:{he symbols and compositions of compounds prepared and

tures with the 2212 phase by 15 to 30 °C, through for_used. To study the effect of Ag on both subsolidus and

mation of a eutectic. They also found liquid immiscibility melting equilibria of (Bi,Pb)-2223, the first step was to find

between oxide and Ag liquid at all temperatures Twoout the subsolidus relationships of Ag with phases that are

eutectics were found. For the Ag-rich side, the eutecti(g\ll( eerlg torebzz degg'::]bé;g;eglm 'Iz'stz)li ' I?n'lthe?wer;fsst:mv?)ais to
occurs at an atomic fraction of about 98%. For the oxide- prep ' P

fich side the eutectic occurs at about 860 °C. with abougetermine the equilibria of a series of three-phase mixtures
4% Ag in the liquid ’ Involving Ag, 2223, and a third component, with samples

. . repared as indicated in Table Ill. All silver-containing
Partial phase diagrams of the systems PbO-Ag, cuo®? .
Ag, and PbO-CuO-Ag have been presented by Sha%amples were prepargd with abo_ut 40 vvt% Ag._ .
et al.*3 Hu et al.** and Liu et al*® The authors showed In order to determine supsollqus r_elatlonshlps in the
that reactions between CuO and Ag produced immiscibl resence of Ag, Ag was mixed n with each of the 29
liquids: CuO + Ag— L2 (932 °C) and CuO + L2 L1 ive-phase asse.mblages determined for the Ag-free sys-
(964 °C). It was also shown that the Ag melting pointtem' Over a period of 4 days, repeated pelletizations and

. alcinings with intermediate grindings took place under
decreased in the presence of CuO. In the PbO-Ag sy§— 0 R .
tem, a peritectic reaction takes place at 950 °C, wher -5 vol% G at about 810 °C. The choice of temperature

solid Ag and two immiscible liquid phases L1 and L2 '@N9€ for calcining was based on the report by Carter
coexist in the composition range with mole fraction of eLaI. thatt the dthe_rtw_al stagllty r?f t:;]e (Bng)-2223
Ag from 11.65% to 95.70%. The eutectic reaction cor-? ea(fex Cfg e;r;e egén:jne;novegr tsheearaﬁ an 8%§5pt:
responds to CuO + PbO + Ag L, with a melt compo- e o C ge ® 0
sition of 12.04% Ag and 16.35% CuO. 835 °C, and tha;tclstl decomposed to 2212, CuO_, and
Osamura and Maruyarfinvestigated phase relation- Ca,Pb0, at 800 ’ Al 'sam'ples were chargctenzed
ships in Ag/2223 tapes and found that the 2223 phas y pc_>wder x-ray dlffrqc_tl_o_n n orQer to confirm tha_t_
formed only between 830 and 870 °C. They also con. e six-phase compatibilities persisted at that specific
structed projections of the phase equilibria on isothermaﬁemperature'
quasiternary BiO,—(SrO + CaO)—CuO sections. Electro-
motive force measurements by Tetenbaetmal*’
showed that (Bi,Pb)-2223 in a silver sheath is stable at For the melting characterization, we have adopted the
815 °C for oxygen partial pressures between 2.03 >procedure which we devised previously for the study of
10° Pa and 13.2 x TOPa. Moonet al*® studied the ther- the Ba—Y—Cu—O system. The details of this procedure

B. Melt characterization
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have been documented elsewh&re* The various steps  present; (iv) scanning electron microscopy (SEM) and
can be summarized as follows: (i) Differential thermalx-ray mapping are used to study the microstructure of
analysis/thermal gravimetric analysis (DTA/TGA) is the quenched materials; and (v) sampling of liquid is
used to obtain indication of thermal events; (ii) samplegerformed by using a porous MgO wick added to the
are annealed in 7.5 vol% fusing MgO crucibles, and quench experiments for quantitative compositional
guenched in liquid-nitrogen-cooled helium for further analysis by energy-dispersive x-ray spectrometry
characterization; (iii) solid residual phases and selecte(EDS)>*°° The standards used for microanalysis were
wick materials [see step (V)] are characterized by x-rayBi,Sr; Ca Cu,0,, (Pb,Zr)TiO,;, and metallic Ag. Ana-

powder diffraction to identify the crystallized phaseslytical uncertainties (one standard deviation) are esti-

TABLE I. Symbols and compositions of compounds used in this

study.

Symbol ([Bi,Pb]:Sr:Ca:Cu) Representative compositions
2223 (2:2:2:3) (Bi Phy 4)SK.Ca, ,Cus0,
2212 (2:2:1:2) (Bj Py 1)STH, Ca Lu,0,
01424 (0:14x:24) SKCa,Cu,,0,,

0x21 (0x:2:1) (Ca ¢Sy CuGy

3221 (3:2:2:1) Bi sPb;Sr,Ca,Cu0,
2310 (2:3:1:0) Bi7 sPhs 16510 L6 O,
2201 (2:2:0:1) Bj 6.Phy 365L,CUO,
1195 (11:9x:5) Bi; $Phy .St L& CuQ,
Ox11 (0x:1:1) (Cq g6S15.1)CUO,

ox11 (0:x:1:1") (Cay 551.5CU0,

4805 (4:8:0:5) Bi ,Ph, 7.Sr5CusO,
11900 (10:8:0:0) BipSrs0y

2110 (14:6:6:0) Bi,SrsCa;0,

1x20 (1x:2:0) (Caq ¢Sry.1),PbO,
Bi,Ca,05 Bi,Ca,05

CaBi,O, CaBi,0,

Bi,Sr;0, Bi,Sr;0,

SrPbQ SrPbQ

Bio.6510.1C8.10« Big.6510.1C8.104

BiSr;0, BiSr;0,

CaO CaO

CuO CuO

TABLE Il. Two-phase starting compositions and x-ray diffraction re-

sults at 805 to 810 °C under 7.5 vol%,0

Starting composition

X-ray results

Ag-2223
Ag-2310
Ag—CuO
Ag-4805
Ag-0x11
Ag-CaO
Ag-11%5
Ag-0x21
Ag-SrPbQ
Ag-2201
Ag-014x24
Ag-11900
Ag-2212
Ag-0x11'
Ag-Bi,Sr;0,
Ag-1x20
Ag-3221
Ag-Bi,Ca,05
Ag-2110
Ag—CaBi,0,

Ag-2223
Ag-2310
Ag—CuO
Ag-4805
Ag-Ix11
Ag-CaO
Ag-11%5
Ag-0x21
Ag-SrPbQ
Ag-2201-11%6
Ag-01424
Ag-11900
Ag-2212
Ag-0x11'
Ag-2310
Ag-1x20
Ag-3221
Ag-Bi,Ca,04
Melted
Melted

mated at <10% relative. Uncertainties in DTA
temperatures quoted in this paper are estimated at less
than £7 °C (one standard deviation).

Ill. RESULTS AND DISCUSSION

X-ray results (Tables Il and 1ll) showed that the pres-
ence of Ag does not produce new phases, or alter the
subsolidus relationships for two- and three-phase assem-
blages at about 810 °C. Results of equilibration of Ag
with various phases that are likely in equilibrium with
(Bi,Pb)-2223, and also in the presence of (Bi-Pb)-2223,
indicated only the 11 phases as described earlier in the
Ag-free system are in equilibrium with (Bi,Pb)-2223 +
Ag, namely: (Ca,Sr)O, CuOx21, 11 9x 5/2201, 2110,

0 14x 24, 2310, ¥20, 2310, @11, and @11'.

The compounds in the Bi—Sr—Ca—Cu—-Ag—-O system
include a large number of complicated series of ternary
and quarternary solid solutions. Therefore, a large num-
ber of two-phase tie-line bundles, three-phase tie-plane
“stacks,” and four- and five-phase tie volumes separate
the six-phase volumes involving solid solutions. The

TABLE lll. Three-phase starting compositions and x-ray diffraction
results of samples annealed at 815 °C under 7.5 vol% O

Starting composition

X-ray diffraction results

Ag-2223-2310
Ag-2223-CuO
Ag-2223-4805
Ag-2223-011
Ag-2223-Ca0
Ag-2223-1185
Ag-2223-2201
Ag-2223-021
Ag-2223-SrPhQ
Ag-2223-01424
Ag-2223-BiSt0,
Ag-2223-11900
Ag-2223—(Bj, Pb50)SE06
Ag-2223-2212
Ag-2223-011'
Ag-2223-Bi,Sr;0,
Ag-2223-4805
Ag-2223-%20
Ag-2223-3221
Ag-2223-Bj,Ca,0;
Ag-2223-B} gSr5.1C& 104
Ag-2223-2110

Ag-2223-2310
Ag-2223—-CuO
Ag-2310-2201-2212
Ag-2223-11
Ag-2223-Ca0O
Ag-2223-1195
Ag-2223-2212-1%8
Ag-2223-621-1x20
Ag-3221-1195
Ag-2223-1195-01424
Ag-2310-&20
Ag-2310-11900
Ag-2310-01424-11%5
Ag-2223-2212
Ag-2223-x11'
Ag-2223-2310-2212
Ag-2310-4805
Ag-2223-%20
Ag-2223-3221
Melted
Melted
Melted
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2223-phase compatibilities include a number of reladiquids were sampled by the wicking technique. For com-
tively “flat,” or shallow, six-phase equilibrium volumes. parison, temperature data pertaining to the 29 volumes
For each of the six-phase assemblages, the exact comvithout Ag are also listed in this table.

positions of coexisting solid solutions are thermodynaml-B_ Effect of Ag on melting equilibria

cally defined, and it is not necessary to specify them
when discussing phase compatibilities. The presence of Ag was found to depress the melting

temperature of each of the 29 five-phase volumes as
_ o shown in Table IV. As indicated in Fig. 2, the melting
A. Six-phase equilibria temperatures were found to be depressed in a range of 2
The subsolidus relationships of the five-phase volumes$o 25 °C with the addition of Ag. Quite a few volumes
that involve 2223 were found to remain the same with thehave relatively low initial melting temperatures, for ex-
addition of Ag as a sixth phase. As given in Table IV, ample, three volumes have initial melting temperature
x-ray results showed that the presence of Ag does ndower than 820 °C: 2223-2212xR1-1x20-CuO
alter the subsolidus relationships in these multiphase a$818 °C), 2223—CuO-xR0-11'-01424 (814 °C), and
semblages at about 810 °C. There was also no indicatio2223-&11'-3221-k20-11 (818 °C).
that Ag enters into the 2223 phase under subsolidus con- From quantitative EDS measurements, the initial melt
ditions, in agreement with literature d&t&> The 29 compositions of the 29 volumes were obtained, as indi-
equilibrium volumes are shown in Table IV, along with cated in Table V. Ag was found to dissolve in the liquid,
the DTA temperatures associated with the initial meltingpresumably as AgQs. The range of melt compositions
and the annealing and quenching temperatures at whidbr these volumes (mole fraction basis) was measured as

TABLE IV. DTA temperature of the 29 five-phase (without Ag) and six-phase (with Ag) volumes that contained (Bi,Pb)-2223 in 7.5,v01% O

DTA® Quench DTA? Quenchk
T(°C) T(°C) T(°C) T(°C)
ID no. Five-phase equilibrium (No Ag) (with Ag)
1 2223-2212-20-11%5-2310 827 830 825 830
2 2223-2212-%20-2310-Ca0 830 835 825 827
3 2223-2212-821-1x20-CuO 837 840 818 821
4 2223-2212-$20-x11-3221 838 842 825 827
5 2223-2212-%20-CuO-&x11 839 842 828 831
6 2223-2212-821-01424-CuO 840 850 837 840
7 2223-2212-01424-1x20-11%5 840 845 838 842
8 2223-2212-2310x11-3221 842 845 840 843
9 2223-2212-11%6-0x11-CuO 842 846 836 838
10 2223-2212-0124-11%5-CuO 845 850 838 842
11 2223-2212-0124-x21-1x20 846 851 838 839
12 2223-2212-3221-Ca0Ox20 848 852 830 834
13 2223-2212-%11-2310-1185 850 853 845 848
14 2223-2212-Q11-11'-CuO 850 855 827 834
15 2223-2212-%11-%11'-2310 853 858 835 840
16 2223-2212-3221-Ca0-2310 865 870 840 843
17 2223-%20-CuO-x21-01424 828 831 823 826
18 2223-%20-Ca0O-&11'-2310 832 835 830 833
19 2223-k20-Ca0O-x11'-3221 831 833 829 835
20 2223-Cu0O-£20-x11'-01424 816 818 814 820
21 2223-2310-420-01424-x11' 832 835 830 836
22 2223-011'CuO-1x20-x11 838 841 827 831
23 2223-11'-3221-%20-0x11 820 823 818 822
24 2223-a11'-Ca0-x11-3221 830 833 828 833
25 2223-&11'-Ca0-2310-11° 840 845 835 838
26 2223-x11'-2310-0c11-11X5° 848 853 840 844
27 2223-11'-2310-1195-01424 827 832 824 830
28 2223-11'-014x24-11%5-CuC 840 845 835 839
29 2223-2310-3221-CaOxD1° 838 840 836 840

Andicates initial melting; combined standard uncertainty <6 °C.
PIndicates temperature of melt wicking sampling experiments; combined standard uncertainty <6 °C.
°Small amount of 2212 phase is also present in these volumes.
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870 -y -mmmm - 5.6%—-25.3% BiQg 0.4%-13.8% PbO, 8.4%-31.9%
° Sr0O, 12.2%-33.3% CaO, 21.7%-40.9% CuO, and 1.2%—
6.3% AgQ s As noted, AgQ s was consistently present
in the liquid. Although PbO is present in the liquid of
every volume, the concentration of PbO is the least
850 oo among the five other oxide components, followed by
td SrO. The concentration of the CuO component was the
highest. The PbO mole fraction varied from 0.4% to
840 - o980 O O 13.8%, with the lower values corresponding to volumes
o lacking Pb-rich compounds and the higher values corre-
o*® sponding to volumes containing the Pb-rich 3221 phase.
830 1 950 © In order to compare the liquid compositions in the
Cp, O o) five-component (Bi,Pb)-Sr—Ca—Cu-oxide and six-
o component (Bi,Pb)-Sr—Ca—Cu—Ag—oxide systems, the
o S compositions in the six-component system were renor-
O malized without Ag. The results of comparison of each
810 ; 1 ; ‘ ‘ ‘ element are shown in Figs. 3—7. In order to observe pos-
0 5 10 15 20 25 30 35 gsjble trends, the volumes are rearranged according to
. . increasing concentration of each particular element. It is
Volume # (increasing T) seen that in the case of BjQ CaO, and CuO, no par-
FIG. 2. Initial melting temperatures of the 29 five-phase volumes withficular trend was observed, and the data are rather scat-
and without the presence of Ag under 7.5 vol% These volumes are  tered. The range of melt composition is similar in the

arranged in order of increasing temperature. Filled circles are withouBiO1 5 and CaO cases, with and without Ag.
Ag, open circles are with Ag. A systematic lowering of the melting ’

temperatures due to the presence of Ag is observed.

860 —

820

DTA Temperature, °C

TABLE V. Liquid compositions (mole fraction basis) of the 29 five- and six-phase volumes which contain (Bi,Pb)-2223 in the systems
¥2Bi,03;—PbO-SrO-CaO-CuO anidBi,0;—PbO-SrO—CaO-CuO-Ag. Values have a relative standard uncertainty of 10%.

D No Ag With Ag
no. BiO, 5 PbO SrO CaO CuO BiQ PbO SrO CaO CuO Ag
1 23.6 7.6 26.3 254 17.1 25.3 4.4 17.4 235 26.0 34
2 23.0 7.3 27.1 235 19.1 23.3 7.7 25.9 18.0 22.1 3.0
3 18.5 14.4 16.3 14.2 36.6 20.0 6.4 18.7 25.2 24.2 55
4 19.9 14.0 19.9 15.4 30.8 14.7 7.3 22.7 17.3 32.8 5.2
5 15.0 10.0 16.0 12.0 47.0 21.8 12.3 8.4 20.8 345 2.2
6 28.0 3.2 17.1 21.6 30.1 12.6 14 21.3 311 30.9 2.7
7 20.2 6.5 20.8 22.2 30.3 22.1 6.5 24.6 141 29.4 3.3
8 13.5 4.1 27.8 26.4 28.2 20.9 6.1 25.8 15.8 27.9 35
9 17.2 2.7 19.9 28.7 315 22.7 45 23.8 12.2 34.2 2.6
10 21.4 2.8 24.0 20.9 30.9 20.8 9.2 20.7 12.9 325 3.9
11 17.0 11.0 16.2 17.9 37.9 23.3 3.3 21.8 14.3 34.3 3.0
12 19.3 10.2 23.7 18.4 28.4 24.4 9.4 22.3 12.8 28.1 3.0
13 21.6 4.7 24.5 26.2 23.0 20.9 2.4 254 23.1 24.3 3.9
14 21.8 1.2 21.7 18.3 37.0 10.4 1.2 22.1 24.4 36.7 5.2
15 25.3 2.3 22.7 17.3 324 15.1 2.1 24.0 19.5 36.6 2.7
16 20.4 7.6 20.9 25.8 25.3 21.7 8.4 23.2 16.8 27.7 2.2
17 10.4 18.2 11.3 20.6 39.5 17.4 115 18.1 15.3 35.6 21
18 20.8 12.8 235 15.4 275 12.6 4.4 31.9 27.6 21.6 1.9
19 15.8 16.9 24.1 15.2 28.0 13.4 5.7 29.7 22.8 26.6 18
20 13.8 16.9 20.2 15.7 334 17.7 8.6 20.1 12.5 35.1 6.0
21 18.8 15.9 234 12.0 29.9 7.4 24 27.9 28.5 31.2 2.6
22 7.3 16.7 12.6 20.4 43.0 14.0 13.8 16.1 12.9 38.6 4.6
23 16.6 18.7 18.3 141 32.3 5.6 14 20.0 30.3 40.9 1.8
24 17.0 19.4 15.1 15.3 33.2 10.2 5.7 24.4 25.4 315 2.8
25 12.4 1.6 26.5 30.8 28.7 8.9 0.4 23.6 18.1 45.8 3.2
26 27.6 21 248 13.4 32.1 233 3.9 225 18.3 29.5 25
27 19.9 4.1 23.0 15.8 37.2 15.8 2.3 29.2 22.0 24.4 6.3
28 23.4 1.6 24.1 105 40.4 20.0 4.2 22.1 15.0 34.7 4.0
29 15.4 16.9 25.2 9.8 32.7 9.6 3.1 27.0 333 25.8 12
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It should be pointed out that in most volumes the PbO 35 —-
concentration in liquid decreased when Ag was added. o
On the other hand, the SrO concentration of most of the 4 |
volumes increased with Ag addition, as indicated ino~
Fig. 5. There appears to be some correlation of PbO and= ‘ o a®
AgO, 5 concentration in the liquid. The Shannon ionic ¥2 25 o o™
radi°’ of Ag'*, PI?*, and Sf* are quite similar (Ag" 1
1.15A, P 1.19 A, and St 1.18 A). Although the lig- °o L e o
uid structure could be quite complicated, similar ionic © 20 o Coe®
radii appear to suggest that Agcould replace Pt in -
the liquid, perhaps with accompanying changes in the
oxygen stoichiometry.
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C. Primary phase field of (Bi,Pb)-2223 with the
presence of Ag

The 29 compositions of the six-phase volumes were
modeled using the convex hull technigtifeg mathemati- 5 ‘ ‘ | | S |
cal tool often used in computational geometry. Given a 0 5 10 15 20 25 30 35
collection of points (or data) the convex hull is the small- . )
est convex set of points that contains all of the given Volume # (mcreasmg Sr)
points, or defines the extent of the compositional space.
All the 29 points lie either on, or close to, the convex
hull. The result indicates a well-formed, closed volumeFIG. 4. Concentration of SrO in the initial melt of the 29 six-phase

in six-dimensional space. The convex hull is defined byvolumes. The order of these volumes is rearranged according to in-
the equation ’ creasing concentration of SrO in the volumes without Ag. Filled

circles are without Ag, open circles are with Ag. SrO concentrations

Mole F
® [ ]
O

AX-b=<0 . (1) for most of the volumes increased with Ag addition.
A is a matrix describing the facels,is a matrix describ-
ing the position of the faces relative to the origin in 35
I
30 o
o® X 30 . ¢
2 25 o) “e o | © *
- o
°. OO0 o9 O © oo o**
- o— e (o) Y ‘ O O
m 20 © © ..QOO' o c O o © o )
° o o*® c o o
C O 20 oo®
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0 5 10 15 20 25 30 3 Volume # (increasing Ca)

Volume # (increasing Bi)

FIG. 3. Concentration of BiQs in the initial melt of the 29 six-phase FIG. 5. Concentration of CaO in the initial melt of the 29 six-phase
volumes. The order of these volumes is rearranged according to involumes. The order of these volumes is rearranged according to in-
creasing concentration of Bi in the volumes without Ag. Filled circles creasing concentration of Ca in the volumes without Ag. Filled circles
are without Ag, open circles are with Ag. The addition of Ag has no are without Ag, open circles are with Ag. The addition of Ag has no
systematic effect on BiQs, systematic effect on CaO.
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six-component space, andis a vector referring to the D. Applications of Ag-liquid data to processing

coordinates of any given point. The valuesfondb are The primary phase field provides a compositional re-

determined using a “sweeping algorithm.” Using this al-4ion which can be used as a guide for crystal growth and

gorithm a convex hull is created by finding first the tri- o melt processing. Similar application of the 2212 pri-
angle connecting three of the points, then one point is

added at a time until all 29 points are considered. During ¢
addition of each point, the values &f and ofb in the \
equation above are changed correspondingly. At the ‘
completion of the mathematical manipulation, the matrixz®
A has a dimension ok x 6, wherek is the number of .~ 20 o
faces in the convex hull. The matrixhas the length of ﬁ °
k. In the present modek has a value of 547. —

To graphically represent the primary phase field of this © 15 -
multidimensional volume, and to give a general sense ofC
the “shape,” the isopleth projection method, which uses a_g o
section of constant composition through the phase space) 1o . "
was employed. Figure 8 shows an isoplethal sectiong® o o
made by holding the Ag®s, SrO, and CaO values con- L ¢®® O
stant at the median values for the 29 data points, with the® 5 o O
remaining oxides shown on the three cartesian axes rep© ) 50 e8® O O
resented by PbO, BiQ, and CuO. The median value = o’ - © 5 ©
was determined to be (mole fraction basis) 17.11% cfe o o ‘
BiO; 5 5.53% PbO, 22.77% SrO, 20.13% CaO, 31.15% 0 w w T { A w 1
CuO, and 3.30% Ag@s A comparison of this shape o 5 10 1 20 25 30 3
with that of the five-component system without Ag Vol # (] . Pb
(Fig. 1) shows that it is much more flattened in the di- olume (mcreasmg )

rection of PbO, indicating a lesser amount of Pb in therIG. 7. Concentration of PbO in the initial melt of the 29 six-phase

liquid. volumes. The order of these volumes is rearranged according to in-
creasing concentration of PbO in the volumes without Ag. Filled
circles are without Ag, open circles are with Ag. It was observed that

50 the PbO concentration in most volumes decreased when Ag was
1 added.
o
O 45 -
o
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0 5 10 15 20 25 30 3!

volume # (increasing Cu) FIG. 8. The primary phase field of the Pb-2223 phase with the pres-
ence of Ag. An isoplethal section made by holding the SrO, CaO, and

FIG. 6. Concentration of CuO in the initial melt of the 29 six-phase Ag values constant at the median values for the 29 data points (mole
volumes. The order of these volumes is rearranged according to infraction of SrO, CaO, and AgQ, = 22.8%, 20.1%, and 3.3%, re-
creasing concentration of CuO in the volumes without Ag. Filled spectively). While maintaining the same orientation as that in Fig. 1,
circles are without Ag, open circles are with Ag. The addition of Ag this diagram is flattened in the PbO direction, indicating less Pb in the
has no systematic effect on CuO. liquid.
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mary phase field has been reporfédVhen starting with  compositions of a complete set of 29 six-component
a composition prepared within the Pb-free 2212 primaryBi,Pb)-2223 volumes in the presence of Ag were ob-
phase field, even with a crystallization scheme using dained. These volumes are consistent with each other. Ag
relatively rapid cooling rate% degree/min), we were was found to occur in the liquid phases and to lower the
able to obtain a sample with microstructure dominated bynelting temperatures of the 29 equilibrium volumes from
relatively large 2212 crystals. On the other hand, a com2 to 25 °C. The range of melt compositions for the 29
position that was prepared outside this field gave a mivolumes expressed in mole fraction is 5.6—-25.3% BjO
crostructure with large calcium cuprate crystals, and).4-13.8% PbO; 8.4-31.9% SrO; 12.2-33.3% CaO,
much less of the 2212 phase. Applying the same prin21.7-40.9% CuO, and 1.2-6.3% Agg Although only
ciple during processing of the 2223 phase, compositiona relatively small amount of Ag dissolved in the liquid,
falling outside the primary phase field should be avoidedbetween 1% and 6%, its presence affects the concentra-
as they would be expected to produce large primary crystion of other components in liquid, especially Pb and Sr.
tals of unwanted phases. The six-component primary phase field was con-
Equation (1) can be used to determine if a given comstructed using the liquid compositions of the initial melts
position lies inside or outside the Pb-2223 primary phasef the 29 six-phase volumes. This field represents com-
field. If all components of the difference matrix between positional regions where liquids can be found in equilib-
the two matricesAx — b] are negative, then the particu- rium with 2223. A comparison of the isoplethal section
lar composition is within the volume. If all components obtained by holding the SrO, CaO, and Ag{concen-
are 0 then the composition is on the surface, and if anyration at the median of the 29 volumes with that of the
component is positive, the composition is outside.five-component system without Ag showed that it is
Table VI shows an example of two compositions illus-much more flattened in the direction of PbO, indicating
trating where the composition occurs relative to the pri-reduced concentrations of PbO in the liquid.
mary phase field. Composition | was found to lie inside The depression of the melting points of all 29 volumes
the volume because, using the matrix manipulation, alfesulting from entry of silver into the liquid allows melt
components oAx — b were found to be negative. Com- processing at lower temperatures compared to systems
position Il was found outside the volume because 112 ouvithout Ag. Conversely, processing at a lower tempera-
of 579 components are positive. ture is required in the presence of Ag if only solid-state
Since the presence of liquid is important for texturing,reactions are desired during a certain processing step.
using the data associated with the 29 six-phase volume§jnce Ag dissolves in the liquid to a small extent, there
one can design compositions for processing. Each afmay be a thinning effect on the wall of the Ag tubing. In
these 29 volumes gives an initial melting temperatureorder for the Ag tubing to maintain stability, one ap-
and initial melt composition which is quite different from proach would be to presaturate the bulk composition with
the others. For example, some have high Pb contentthe required amount of Ag.
which could produce melts with different surface ten-
sions and viscosities than the rest, perhaps beneficial fo§eFeERENCES
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Both liquidus and subsolidus phase equi-
librium data are of central importance for
applications of high temperature supercon-
ductors in the (Bi, Pb)-Sr-Ca-Cu-O system,
including material synthesis, melt process-
ing and single crystal growth. The sub-
solidus equilibria of the 110 K higfiz Pb-
doped 2223 ([Bi, Pb], Sr, Ca, Cu) phase
and the location of the primary phase field
(crystallization field) have been determined
in this study. For the quantitative determina-
tion of liquidus data, a wicking technique
was developed to capture the melt for quan-
titative microchemical analysis. A total of
29 five-phase volumes that include the
2223 phase as a component was obtained.
The initial melt compositions of these vol-
umes range from a mole fraction of 7.3 %

to 28.0 % for Bi, 11.3 % to 27.8 % for Sr,
1.2 % to 19.4 % for Ph, 9.8 % to 30.8 %

for Ca, and 17.1 % to 47.0 % for Cu. Based
on these data, the crystallization field for
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convex hull technique. A section of this
“volume” was obtained by holding two
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1. Introduction 1.1 Powder-in-Tube Processing Technique

The rapid pace of applied research on the High- In recent years, various fabrication techniques of the
superconductors has continued since their initial discov-BSCCO 2212 and 2223 superconductor wires and tapes
ery in the Bi-Sr-Ca-Cu-O (BSCCO) system [1]. To date, were developed [11-14]. Among them, the powder-in-
many prototype products have been developed, andube (PIT) technique was found to be most viable. This
large scale applications are possible [2]. In the Pb-freetechnique involves a multistep process of filling Ag tub-
BSCCO system, it is well known that it is relatively easy ing with high-T. BSCCO powder, followed by repeated
to prepare the 80 K 2212 (Bi:Sr:Ca:Cu) compound in packing, cold drawing, rolling, and thermal processing.
nominal single-phase form. By contrast, the processingThe presence of a liquid phase enhances the growth and
window for the Pb-free 2223 phase is narrow, and ob- preferred orientation of micaceous superconductor
taining a commercially significant amount of single- grains, and often leads to grain alignment. Significantly
phase material is difficult. Partial doping of Bi with Pb, improved superconducting properties as a result of this
on the other hand, can stabilize the phase formation ofmelting/alignment phenomenon, and of the presence of
the Pb-doped 110 K 2223 ([Bi, Pb]:Sr:Ca:Cu) super- Ag, were obtained [15-21]. The tapes produced by
conductors [5-10]. Therefore, industrial processing of these methods have demonstrated a capacity to support
high-T, superconductor materials has focused primarily high critical currents in high magnetic fields [3,22,23].
on advancing the commercial potential of the Pb-free Therefore, the PIT technique offers a promising route to
2212 and the Pb-doped 2223 superconductors for wirethe industrial-scale fabrication of long-length, high-
and tape applications. For simplicity, in this paper, we quality superconducting cables for electric power and
will refer to the Pb-doped phase simply as 2223. high-field magnetic applications. These BSCCO super-
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conductors show further improvements in properties in equilibirum with 2223 are in general in agreement
with the introduction of artificial pinning centers [24, with Kaesche et al. [56, 80] and Wong-Ng et al. [87]

25]. except for the (Ca, Sr) Culand 119X 5 phases (In
these symbolsx is used to represent the amount of Ca
1.2 Phase Equilibrium Data being substituted into the Sr site).

. . . To date, many reported equilibria are expressed, as a
Phase diagrams provide fundamental processing ! N o .
convenient way, as projections made by combining Bi

maps, and it is therefore essential to have data on a"and Pb or Caand Sr. However. since these elements do
aspects of the phase relationships in the BSCCO system, ’ ' '

. . . . : . not substitute ideally for each other, or to the same
including solid-state homogeneity regions, melting

I . ; extent in all of the compounds that are in equilibrium
equilibria, and the location of the primary phase crystal- . L
e | . i with the 2223 phase, it is not totally accurate to repre-
lization fields of the hight. phases in the BSCCO o
. ) ; sent the results in this manner.
system. Information on melting and on the primary N
o : Lo Lo Presently, there is still a need for data to complete the
phase field is an invaluable guide in the optimization of . o : o
. : . subsolidus equilibria and the primary crystallization
2223 ceramics through melt processing, and it also

- : . . field of the 2223 phase. The primary objective of the
provides a framework for the interpretation of transient NIST hiah-T. phase diagram proiect is to develon the
and metastable liquids. To date, while melt data are 9h-le P g pro) P

relatively plentiful for the Pb-free 2212 phase [26-28], portlons_ of the phase diagrams that are relevant to the
2 : processing of the 2223 compounds. This paper summa-

only limited data are available for the Pb-doped 2223 . LT .

phase [29-33] rizes the determination of a complete set of the five-

phase subsolidus equilibrium assemblages that contain
the 2223 phase, and the determination of the primary
phase field of the 2223 phase. These studies were
Because of the importance of the 2223 phase in the conducted under a volume fraction of 7.5 %W@.5 %
high-T. industry, a relatively extensive amount of Ar atmosphere.
research has been conducted. These studies included the
mechanisms and kinetics of 2223 phase formation [34— 1.2.2 Previous Work at NIST
48], phase formation in reaction couples [49], the loca-  , , 1 = ppaces in Equilibrium With the Pb-2223
tion of the 2223 homogeneity region [50-56], the Phase
thermal stability of the Pb-2223 phase as a function of
oxygen partial pressure [57-58], and the influence of  Bernik has studied the influence of starting composi-
oxygen partial pressure and reaction time on the forma- tion (Biz.q«PhSrCaCuO;) on the formation of the
tion of the 2223 phase [69—75]. With regard to phase “pure” 2223 phase. A single phase region for 2223 was
diagram studies, because the Bi-Pb-Sr-Ca-Cu-O systemmapped on a plot of the mole fraction of Pb versus
is a five-component oxide system, a complete investiga- (Bi+Pb) [88]. In samples with nominal composition of
tion requires extensive effort. Thus far, many studies Bi,..xPhSrCaCuO, (d=0), 2223 forms when
have concentrated on small regions pertaining to the x = 0.2. The 2223 phase coexists with 2212 in the range
Pb-2223 phase [56, 76—86]. For example, Toledano et al.0.2 = x = 0.4 after annealing at 85%& for 100 h. Some
[76] treated 2223 equilibria with reference to the (Ca,Sr)CuQ;was also found. Whex> 0.4, 2223 along
guasi-quaternary (BiPh)O—CaO-SrO-CuO system.  with (Pb, Bi)4(Sr, Ca)Cuw -/, were found in these
Strobel et al. [77, 78] studied the phase diagram of the samples. The 2223 phase can be formed from starting
Bi, Phy.4SCuGs-CaCuQ system, which includes mole fraction compositions with less than 10 % Bi re-
Bi1 Py SrCa.1Cu,Oonia4z, at temperatures between placed by Pb, provided (Bi + Pb) > 2. The 2201 phase
825°C and 1000C. Osamura and Maruyama [79] coexists with 2223 when (Bi + Pb) > 2.3 and Pb > 0.1.
investigated phase relationships in Ag/2223 tapes andAs a summary, the single 2223 phase region in samples
found that the 2223 phase formed only between®30  with composition Bj.q_xPhSLCaCuw0, is proposed as
and 87C0°C. They constructed projections of the phase 0.3 <x<0.45, 0.05= d = 0.35, 2.05 < (Bi, Pb) < 2.35.
equilibria on isothermal quasi-ternary ,Bk-(SrO+ In a subsequent separate study, compositions that are
Ca0)-CuO sections. Kaesche et al. [56, 80] discussedin equilibrium with the 2223 phase were determined
isothermal sections at 85C and 865C, using CuO [87]. From extensive x-ray diffraction results, 11 phases
(mole fraction fixed at 37 %), SrO, CaO and (Bi/FD) which include binary, ternary, and quaternary oxides
as components. MacManus-Driscoll and Yi [86] re- were found to be in equilibrium with the 2223 phase at
ported the phase equilibria near (Bi, Pb)-2223 as a func- 810°C to 820°C (Table 1) [87]. In order to describe
tion of oxygen partial pressure. In their study, the phases phase equilibria of various phases, it is useful to

1.2.1. Phase Equilibrium Data
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designate the complicated BSCCO formulas with sim- 1.2.2.2 Extent of Pb-Substitution
plified abbreviations, which are presented in Table 1.
These designations are strictly for convenience, and are
not meant to precisely convey the stoichiometric formu-
las. The equilibrium phases were (Ca, Sr)O, Cux2
([Ca, SrpCuBs), 11%5 ([Bi,PbL..ShsxCaCuQ,),
014x24 (Sh4xCaCp4041), 2310 (Bp[Sr, Cal)0,, 2201

(Bi, Pb)%Sr_CaCuQ,, 0x11 (SkCa)CuO,, Ca-rich

and Ca-poor), #20 ([Ca, Sr}PbQ), and 3221
([PbBi]sS,C&CuQ,).

In order to study Pb incorporation in various Bi-
containing compounds, a series of samples of the 2212,
4805, 1195, 2201, and 2310 phases was prepared by
assuming the same Bi/Pb ratio as in the 2223 phase,
namely 1.8/0.4 [87]. These samples have stoichiometry
of Biz7.sP 116510 :Cau650x(2310), BigPly.sShieCab.2
CuQ (119(5), Bi1.6dPhy 36SRCUQ, (2201), Bi.sPhy 36
SnsCa sCWO, (2212), and BizsPhy 7SECusO, (4805).
Results of the synthesis of the Pb-doped 2212 phase
Table 1. Symbols and compositions of compounds prepared and Sh-oweq the presence of the (Ca,-BH0 impu.rity. :
used in this study With trial amounts_ of Pb = 0.1, 0.2 and 0.3_ in,BI

Pb.Sr sCa COx, it was found that Pb substitutes at
Symbol ([Bi,Pb]:Sr:Ca:Cu) Representative compositions the= 0.1 mol level into the Bi site, and, subsequently,
the Pb = 0.1 sample was used (Table 1). Lead was found

2223 (2:2:2:3) (Bi Py ))SrCa LU0, not to substitute in the 4805 phase, and the 4805 phase
2212 (2:2:1:2) (BisPhy1)Sr £Ca sCL0, was not in equilibrium with 2223. The other phases
8)%;";24 Egi‘;‘;“) ?ég?écrf)fﬁa (2310, 1195, and 2201) all form solid solutions with
3221 (3:2:2:1) BjsPBSHCaACUO, Pb at a ratio of 1.8/0.4.

2310 (2:3:1:0) Bi7 6P b5.16519 5Ca16 50,

2201 (2:2:0:1) Bi s by 36SLCUC, 1.2.2.3. Five Phase Equilibrium Volumes of 2223—
11%5 (11:9x:5) Biy gPly.4Sh ¢Cay .CuC, 2212

0x11 (0Ox:1:1) (Ca86560.1)CUO,

Ox11' (0x:1:1) (CasSisCud, Based on the 11 phases that are in equilibrium with
4805 (4:8:0:5) Bi4P.7SKC 0, the 2223 phase, the possibility of various five-phase
gz‘g gz‘g volumes is immense. According to the combinatorial
1x20 (Ix:2:0) (Ca sSh1)PbOy formula

C = kH/[m!l(k —m)!], Q)

The 01424 phase is a solid solution in which Ca can
substitute into the Sr site up fo= 7 [89, 90]. The 3221  which gives the number of combinatio@sof k objects
phase is referred to as the Bi-doped “451” solid solution takenm at a time, there are 330 potential five-phase
by Daesche et al. [56, 80]. It was initially discovered by combinations that contain four of the 11 phases with
Kitakuchi et al. [91] and studied in detail by Luo et al. 2223. This is a number too large to handle by trial and
[92]. The CaPbQ, (1x20) phase was found to form an  error. However, the number of possibilities for initial
extensive solid solution with §?bQ,.. A complete solid investigation was narrowed considerably by choosing
solution and the Rietveld refinement studies of (Ca, only combinations that contain both 2212 and 2223
SrpPbQ, have been reported by Kitakuchi et a. [91] and phases. The number of initial possibilities is thereby
Wong-Ng et al. [93, 94]. Calcium was found to incorpo- reduced by a factor of nearly 3. Because of the require-
rate into the Raveau 11905 phase [95], to give a solid ments for self consistency of these volumes, for exam-
solution with the general formula of Bh. ple, to avoid overlapping phase space, the number of
Sh g4yC8Cly+, O, (11K%5), where 0 <x< 0.5. Both possibilities that remained for evaluation diminished
the 11%5 and 2201 phases can be indexed on different rapidly as experimental data were accumulated. Coexis-
monoclinic cells [96]. Because of the close proximity of tence with 2212 phase was chosen to be studied first,
these two phases, they will not be distinguished and will not only because it is an important 80 K superconduc-
be referred to as 1%%. The 2310 solid solution has an  tor, but also because during the formation of the 2223
approximate formula of B{Sr, Ca)O, and exists in phase, the 2212 phase is one of the precursors formed
high and low-temperature forms [97]. The high-temper- before the 2223 phase appears [34,35,43]. Furthermore,
ature form, which is in equilibrium with the 19, processing of the 2223 phase often results in the pres-
2212, and 2223 superconductors, is monoclinic, with ence of the 2212 phase. A precise knowledge of the
space group Pc. Both the two different structure types of relationships of the 2212 and 2223 phases with other
(Ca, Sr)Cu@(0x11 and ®11") [98] were found to be in  phases will significantly enhance our understanding of
equilibrium with Pb-2223. The Ca-richxQ1 phase is  2223-phase formation and processing. Sixteen such
orthorhombic, whereas thex@1' phase is tetragonal. volumes were determined. After the 2223 + 2212
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subsolidus was determined, the remaining 2223 phase samples which we have studied for determining a
subsolidus volumes could be added in a similar way. complete set of five-phase volumes. These samples
were prepared by mixing approximately equal volumes
1.3. General Approach to Obtaining the Primary of the phases, pelletizing, and calcining them at 1.0
Phase Field 820°C for 2 days in a 7.5 % ©atmosphere, followed
by grinding, repelletizing, and reheating at the same
temperature for another 2 days with intermediate grind-
ings. The choice of temperature range for calcining was
based on the report by Carter et al. [67] that the thermal
stability of the 2223 phase contained within a Ag sheath
extended over the range ef805°C to 835°C at
o, = 7.61 X 10° MPa (0.075 atm), and that it decom-
posed to 2212, CuO, and PbQ, at 800°C [22]. After
heat treatment, all samples were subjected to powder
x-ray diffraction to confirm that the five-phase compat-
ibilities persisted.

By definition, a primary phase is the first crystalline
phase to appear on cooling a composition from the
liquid state. A primary phase field is the locus of all
compositions in a phase diagram having a common
primary phase. The primary phase field of a binary
phase is a line, that of a ternary phase is a surface, an
that of a quaternary phase can be described as a volume
Therefore, in the four-component Pb-free BSCCO sys-
tem, the primary phase field of the 2212 phase is repre-
sented by a volume, and for the 2223 phase, the primary
phase field is a multidimensional volume.

In order to obtain the primary phase field of a given 22  Dpetermination of Liquid Composition
phase of interest, the first step is to determine all com-
pounds that are in equilibrium with the phase of interest.  The procedure for obtaining compositions of melts
Next, the multiphase compatibility regions involving that are produced during initial melting of multiphase
this phase are identified. For example, in a ternary sys- volumes has been documented elsewhere [26]. The var-
tem, one would determine all three-phase compatibility ious steps can be summarized as follows: (1) DTA/ther-
regions involving the ternary phase of interest, and mogravimetric analysis studies were conducted to ob-
four-phase compatibility regions in a quaternary sys- tain an indication of thermal events. Initial melting
tem, and five-phase volumes in a five-component sys- temperatures of the five-phase assemblages were mea-
tem, respectively. For each of the compatibility regions, sured by differential thermal analysis (DTA) with50
the onset melting temperature is then determined. The mg of annealed sample contained in a MgO crucible at
compositions of the first liquid formed in each of these a scan speed of /min under a flowing atmosphere of
regions will determine the outline of the primary phase 7.5 % Q/92.5 % Ar. Melting temperatures (during the
field. The method of locating the primary phase field heating cycle) obtained by DTA were chosen as the
has been illustrated and discussed in detail previously intercept of the extrapolated baseline with the linearized
with reference to the Pb-free 2212 phase [26]. slope of the rising peak. (2) To capture liquid, a small
piece of MgO wick was mixed in with the sample,
which was placed in a MgO crucible and annealed in the
appropriate atmosphere (air, or volume fraction of

Samples for this investigation were prepared by the 7.5% G+ 92.5% Ar). (3) Samples were annealed
solid-state calcining technique. Stoichiometric starting in purified air and were quenched in liquid-nitrogen-
mixtures of PbO, BiO;, SICQ,, CaCQ, and CuO were cooled helium for further characterization. (4) Powder
homogenized, pressed, and heat treated at temperaturexs-ray characterization was performed on solid residual
corresponding to the stable range of phase formation, phases and on selected wick material to identify the
based on available phase diagram information. Approx- crystallized melt. (5) SEM examination and x-ray
imately 30 g of the 2223 phase were prepared by using mapping were conducted to study the microstructure
the composition BigPh, ,SCa CuO,. The heat treat-  of the quenched materials. (6) Quantitative energy dis-
ment process for this composition, which was persive x-ray spectrometry (EDS) was applied to obtain
performed in air, was as follows: 84Q, 24 h; 850°C, the composition of the melt captured in the quenched
24 h; 855°C, 40 h; 860°C, 40 h; and 855C, 120 h. wick and the compositions of crystalline phases.
Powder x-ray diffraction was used to confirm the phase The EDS data were reduced according to conventional
formation. methods [99] via the DTSA software package [100],
which incorporates several advanced features for spec-
tral manipulation and quantification. The standards
used for microanalysis were i, -Ca Cu,0, and (Pb,

The eleven phases as discussed above were used a&r)TiO;. Analytical uncertainties (one standard devia-
starting materials for preparing five-phase mixtures that tion) are estimated at < 10 % relative. Uncertainties in
contained the 2223 phase. Table 2 lists the 80 five-

2. Experimental Method

2.1. Five-Phase Equilibria Involving the Pb-2223
Phase
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DTA temperatures quoted in this paper are estimated aTable 2. Results of heat-treatment of 81 five-phase mixtures—
< ® 7°C (one standard deviation).

Table 2. Results of heat-treatment of 81 five-phase mixtures

Starting composition

X-ray analysis of results

2223-2212-%20-11%5-2316
2223-2212-%20-2310-Ca®
2223-2212-821-1x20-CuC
2223-2212-821-3221-CuO
2223-2212-%20-CuO-Ca0
2223-2212-%20-0x11-322F
2223-2212-%20-CuOx 112
2223-2212-821-01424-CuC
2223-2212-01424-1x20-11 X5
2223-2212-145-1x20-x 11
2223-2212-2310011-322F
2223-2212-1185-0x11'-CuC
2223-2212-01424-11X5-CuC
2223-2212-01424-3221-CuO
2223-2212-811-01424-CuO
2223-2212-01424-0x21-1x20°
2223-2212-821-1x20-01424
2223-2212-3221-CaOxR0?
2223-2212-Ca@x11'-3221
2223-2212-811-2310-1195°
2223-2212-3221-Ca0-2310
2223-2212-3221411-11%5
2223-2212-211-(x11'-2316
2223-2212-3221%11-0x11
2223-2212-211-0x11-Cu®
2223-K20-CuO-x21-014 24
2223-K20-Ca0-&11'-2316
2223-K20-Ca0-&11'-322F
2223-Cu0-X20-x11'-01&24°
2223-2310-%20-01424-0x11°
2223-x11'CuO-%20-x11?
2223-x11'-3221-%20-x11?
2223-x11-CaO-&11-322%
2223-x11'-Ca0-2310-011*
2223-0x11'-2310011-11%5*
2223-x11'-2310-1195-014 24
2223-11'-01424-11%5-CuC
2223-2310-3221-CaOx11?
2223-K20-CuO-01424-11%5
2223-K20-CuO-x11-11%5
2223-K20-X11-11%5-2310
2223-1x20-0x11-2310-3221
2223-K20-Ca0-3221-2370
2223-Ca0-3221-2310x20
2223-K20-11%5-01424-2310
2223-K20-Cu0-01424-2310
2223-K20-CuO-x11-2310
2223-CuO-811-11%5-01424
2223-Ca0-2310-3221x11
2223-2310-811-01424-11%5
2223-2310-%20-CuO-x11
2223-2310-211-Cu0-1185
2223-2310-%20-CuO-01424
2223-2310-811-Cu0-01424°
2223-2212-811-x11-11%5
2223-11%5-2310-%20-0x 11"

2223-2212-%20-11%5-2310
2223-2212-%20-2310-Ca0O
2223-2212-821-1x20-CuO
2223-2212%@1-1x20-CuO
2223-2212x21-1x20-CuO
2223-2212-%20-x11-3221
2223-2212-%20-CuO-&x11
2223-2212-821-01424-CuO
2223-2212-01424-1x20-11X5
2223-2212-820-11%5-01424
2223-2212-2310%11-3221
2223-2212-1185-0x11-CuO
2223-2212-01424-11%5-CuO
2223-2212-0%24-Cu0-1195
2223-2212-0%24-Cu0O-1195
2223-2212-01424-x21-1x20
2223-2212-8%21-1x20-01424
2223-2212-3221-CaOxR0
2223-2212-3221-CaG20
2223-2212-811-2310-1185
2223-2212-3221-Ca0-2310
2223-2212-3221-Ca0-2310
2223-2212-11-x11'-2310
2223-22125011-0x11'-2310
2223-2212-11-&11'-CuO
2223-%20-CuO-x21-014&24
2223-%20-Ca0O-&11'-2310
2223-%20-Ca0O-&11'-3221
2223-Cu0O-%20-x11'-01424
2223-2310-%20-014&24-x11'
2223-k11'Cu0O-k20-x11
2223-x11'-3221-k20-0x11
2223-x11'-Ca0O-&11-3221
2223-x11'-Ca0-2310-011
2223-x11'-2310-11-11%5
2223-(x11'-2310-119x5-01424
2223-11'-01424-11%5-CuO
2223-2310-3221-CaOxd 1
2223-2212-220-CuO
2223-2212-220-CuO
2223-2212x120-2310
2223-22182D-x11
2223-2212-%¥20-Ca0-2310
2223-2212-420-2310-Ca0O
2223-2212-2310¢20-11X5
2223-2212x20-Cu0O
2223-2212x20-CuO
2223-2212-2310-1%%
2212-3221-Ca0-2310
2223-2212-811-2310-1185
2223-2212-220-CuO-&x11
2223-2212-Cu0-119x5
2223-%20-CuO-01424
2223-Cu0-2310-%011
2223-2212-811-x11'
2223-2212-420-2310

281

Continued

Starting composition

X-ray analysis of results

2223-01424-1x20-11'-CuO
2223-2212-%20-0x21-3221
2223-2212-811"-x11-11X5
2223-2212-811-Cu0-1185
2223-2212-811-x21-3221
2223-2212-3221%11-CuO
2223-2212-%20-%11'-CuO
2223-2212-2310-CuOxR0
2223-2212-%20-11%5-CaO
2223-2212-%20-11-11%5
2223-2212-01424-3221-%20
2223-2212-%20-3221-CuO
2223-2212-01424-3221-Cu0O
2223-2212-01424-0x21-3221
2223-2212-%20-11%5-3221
2223-2212-1185-3221-CuO
2223-2212-3221411-11%5
2223-2212-01424-1x20-Cad
2223-2212-%20-CaO-&11°
2223-2212-01424-0x11-1x 20
2223-2212-Ca0-2310xa1'
2223-2212-811-11%5-2310
2223-2212-2310-3221-0%24
2223-2212-2310-Ca0Oxa1'

2223-2212x120-Cu0O-&x21
2223-2212x20-3221
2223-2212-811'-x11
2223-2212-811-Cu0O
2223-2212-3221x01
2212-2310x011-11%5
2223-2212x120-Cu0O
2223-2212-220-CuO
2212-Ca0-2310x20
2223-2212-%20-x11
2223-2212-01424-1x20
3221-Cu0O-1%8
3221-Cu0O-1%8-014x24
2212-3221-0k4-x21
2212-3221x20-11%5
2212-12%-3221-Cu0O
2223-2212-3221x@1

2223-2212-01424-1x20-CaO

2223-2212-%20-CaO-&11
2223-2212-911-1x20
2223-2212-%11'-2310
2223-2212-2310-Ca0O
2223-2310-3221-0kx24
2223-2212-2310-Ca0O

#Samples interpreted as representing equilibrium subsolidus

volumes.
® Metastable volumes.

3. Results and Discussion

This section focuses on the description of the compli-
cated five-phase equilibrium volumes, the first liquids
that are associated with these volumes, and the
construction of the Pb-2223 primary phase field.

3.1. Five-Phase Compatibilities of Pb-2223 at
810°C to 820°C in 7.5 % O,

The compounds in the Bi-Pb-Sr-Ca-Cu-O system in-
clude a complicated series of binary, ternary, quater-
nary, and five-component solid solutions. Therefore, a
large number of two phase tie-line bundles and stacks of
three-phase tie planes exist. In the following discussion,
the exact equilibrium compositions of the solid solu-
tions that participate in specific equilibria are not speci-
fied. Also, because of the large number of phases, and
closely spaced phase compositions, the 2223 phase
compatibilities include a number of relatively “flat,” or
shallow, five-phase equilibrium volumes. This implies
that in certain regions of the phase diagram, a small
variation in composition or temperature can lead to a
dramatic change in the phase equilibrium assemblage.
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Among the 80 five-phase starting mixtures that were more than one other (Table 3). Among them, there are a
prepared and annealed at 8XD to 820°C in 7.5 % total of 16 volumes which contain of 2223-2212 as a
volume fraction of @, 29 five-phase volumes that pair. Because the 2212 and 2223 phases have similar
involve the 2223 phase were found to be mutually stable structures (members of the same ludogous segs),
in a topologically consistent manner, as indicated in and the 2212 phase is a precursor for the formation of
Table 2. The volumes which are marked with \ere the 2223 phase, it is not surprising that their mutual
those that form a consistent set. The remaining volumes solid-state compatibilities are extensive. There are a to-
were found to either result in a smaller number of com- tal of nine five-phase volumes that contained the 2223 +
ponents, or to be metastable as a result of reactions toCuO pair, nine five-phase volumes that contain the 2223
produce other assemblages or because of conflict with + 014x24 pair, and four five-phase volumes that contain
the remaining set. There are a few volumes (marked the 2223 + (Ca, SsLuG; pair. The number of volumes
with the symbol “M”), however, that also contain a small for the latter two pairs is much smaller than for the 2223
amount of the 2212 phase in addition to the reported five + 2212 pair. This is so because CuO and (Ca,Car];
phases. are one- and three-component oxide phases, respec-

These 29 subsolidus volumes are consistent with eachtively, whereas 2212 is a five-component phase (when it
other in that each volume shares a given side with no contains lead) that lies nearer to the center of the system.

Table 3. Twenty-nine five-phase equilibrium volumes that contain the 2223 phase prepared in 7.5 % volume
fraction Q.. Differential thermal analysis (DTA) temperatures indicate initial melting, quench temperatures (Qch)
indicate temperature of the melt wick sampling experiments

Five-phase equilibriufn DTA Qch Melt composition (mole fraction, %)
t(°c)’ t(°Cy
BiO.s PbO SrO CaO CuO

1 2223-2212-%20-11%5-2310 827 830 23.6 7.6 26.3 254 171
2 2223-2212-220-2310-Ca0O 830 835 23.0 7.3 271 235 191
3 2223-2212-821-1x20-CuO 837 840 18.5 14.4 16.3 142 36.6
4 2223-2212-220-x11-3221 838 842 19.9 14.0 199 154 30.8
5 2223-2212-%20-CuO-&x11 839 842 15.0 10.0 16.0 12.0 47.0
6 2223-2212-821-01424-CuO 845 850 28.0 3.2 171 216 30.1
7 2223-2212-01424-1x20-11X5 840 845 20.2 6.5 20.8 222 303
8 2223-2212-2310x011-3221 842 845 13.5 4.1 278 264 282
9 2223-2212-119x55011-CuO 842 846 17.2 2.7 19.9 28.7 315
10 2223-2212-01424-11%5-CuO 845 850 21.4 2.8 240 209 309
11 2223-2212-01424-x21-1x 20 846 851 17.0 11.0 16.2 179 379
12 2223-2212-3221-Ca0x20 848 852 19.3 10.2 237 184 284
13 2223-2212-011-2310-1185 850 853 21.6 4.7 245 26.2 230
14 2223-2212-911-x11'-CuO 850 855 21.8 12 21.7 183 370
15 2223-2212-011-x11'-2310 853 858 25.3 2.3 227 173 324
16 2223-2212-3221-Ca0-2310 865 870 20.4 7.6 209 258 253
17 2223-%20-CuO-x21-01424 828 831 104 18.2 11.3 20.6 395
18 2223-k20-Ca0-611'-2310 832 835 20.8 12.8 235 154 275
19 2223-%20-Ca0-611'-3221 831 833 15.8 16.9 241 152 28.0
20 2223-Cu0-220-x11'-01424 816 818 13.8 16.9 20.3 157 334
21 2223-2310-220-01424-x11' 832 835 18.8 15.9 234 120 29.9
22 2223-&11'CuO-%k20-x11 838 841 7.3 16.7 126 204 430
23 2223-11'-3221-%20-x11 820 823 16.6 18.7 18.3 141 323
24 2223-11'-Ca0O-611-3221 830 833 17.0 19.4 151 153 33.2
25 2223-11'-Ca0-2310-011 840 845 12.4 1.6 26,5 308 287
26 2223-11'-2310-&11-11%5 848 853 27.6 2.1 248 134 321
27 2223-11'-2310-1195-014¢24 827 823 19.9 4.1 23.0 158 37.2
28 2223-11'-01424-11%5-Cu0O 840 845 23.4 1.6 241 105 404
29 2223-2310-3221-CalOx01 838 840 15.4 16.9 252 9.8 327

#See Table 1 for symbols and compositions.

P Indicates initial melting; combined standard uncertainty°€6

¢ Indicates temperature of melt wick sampling experiments, combined standard uncertait@y < 6

4 For mole fractions > 10 %, the relative standard uncertainty is < 2.5 %; for mole fraction < 10 %, itis < 5.0 %
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This gives it access to a much larger number of phases.

The 1x20 ([Ca, Sr}PbQ;) phase was also found to have
a wide stability region, and occurred in eight of the 16

The range of melt compositions for these volumes
expressed in mole fractions is Big) 7.3 % to 28.0 %;
PbO, 1.2 % to 19.4 %; SrO, 11.3 % to 27.8 %; CaO,

volumes. Consequently, this phase is often found to be 9.8 % to 30.8 %; and CuO, 17.1 % to 47.0 %. Although

an impurity phase, along with the 2212 phase, during
the preparation of 2223.

A comparison of the five-phase volumes of Table 3
with results in the existing literature indicates both sim-
ilarities and differences. For example, Kaesche et al.
[56, 80] reported two five-phase volumes involving the
2223 phase: x21-Cu0-01424-2212-2223 and 3221-
014x24-Cu0-2212-2223. Our results agree with the
first volume; however, we found that the latter volume
was converted into the 2223-2212-6P4-Cu0-1195

PbO is present in the liquid of every volume, the con-
centration of PbO is the least among the five oxide
components, followed by SrO. The concentration of the
CuO component has the highest value. The subsolidus
volumes with relatively high PbO concentration give
rise to higher PbO content in the melt. For example, in
the five-phase volume 2223«01'-3221-%k20-0x11,
which contains the PbO-rich phases $#iSrLCaCuO,

and (CasSh 1)PbQ, the PbO concentration is relatively
high (18.7 %). By contrast, for the volume 2223-2212-

assemblage. Undoubtedly, many factors influenced the 0x11-0x11'-CuO, where there is no PbO-containing

experimental results, including the sensitivity of the

compound other than a small amount of Pb substituted

phase assemblages to processing conditions, the slugin the 2223, 2212 and 119x5 phases, the PbO content of

gish kinetics of phase formation, and the very closely
spaced phase stability fields of the highphases.

the liquid is only 1.2 %.

Furthermore, our samples were studied under 7.5 % 3.3. The Primary Phase Field of the 2223 Phase

volume fraction of @ at= 810°C and the samples of
Kaesche et al. [56, 80] were investigated in air (22.1 %
O,). This difference in conditions may be the cause of
the differences in the observed equilibria.

3.2. Initial Melting of the Five-Phase Volumes

The DTA temperatures (in 7.5 %,)of initial melt-

By analogy with our determination of the primary
phase volume of the Pb-free phase [26], the 29 compo-
sitions of the five-phase volumes were modeled using a
computational geometry technique based on forming a
convex hull from the experimentally determined chem-
ical compositions. This mathematical notion of a con-
vex hull, the smallest convex set of points that contains

ing for each of the 29 five-phase volumes are also listed all of the given data points, has been used in many
in Table 3, along with the temperatures at which the physical science applications. In this case, the convex
sample was quenched, and the compositions of initial hull represents the extent of the compositional volume.
melts that are based on EDS analyses of the MgO This numerical procedure results in a well-formed,
wicks. These DTA temperatures range from 8C&for hyper-volume in five-dimensional space. It is important
the assemblage 2223-CuQ20-0x11'-01424, to to note the requirement that chemical compositions sum
865°C for the assemblage 2223-2212-3221-Ca0-2310. to unity results in the loss of one degree of freedom.
This spread of approximately 4@ is much smaller  This explains the flat appearance of the three dimen-
than the=70 °C spread observed in the four-phase sional cross-sections. The convex hull is defined by the
volumes that contain the Pb-free 2212 phase [26]. matrix equation
The solidus of the five-phase volumes is defined by
the temperatures at which the first liquids appear on
heating. The solidus temperatures are useful for two
main purposes. They indicate the maximum tempera- whereA is a matrix whose rows define the unit normal
tures available for equilibrium solid-state processing of vectors to the faces of the convex hull. Each element of
2223 in each five-phase volume, and they also indicate the vectorb defines the proximity of the given face to
the range of temperatures over which equilibrium lig- the origin (in this five-dimensional space). The vector
uids are available for 2223 processing. Below 806 gives the coordinates corresponding to a given point.
no stable equilibrium liquids are available for 2223 The matrix A and vectorb can be found using a so-
processing in equilibrium with 2212. Above 86E, called “sweeping algorithm” that has been implemented
which is the highest initial melting temperature among and tested [101]. When the procedure is complete, the
these volumes, the compositions for which 2223 and matrix A has dimensiork X 5 and the vectob has
liquid are in equilibrium with each other are severely dimensionk wherek is the number of faces in the
restricted due to the expansion of the liquid field. convex hull.

Ax+b=0, (2
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3.4 Graphical Representations accounted for by the convex hull. There are two possi-
bilities. If the primary phase field has a strongly curved
concavo-convex shape about the 2223 stoichiometry,
without actually enclosing it, then the convex hull fit-
ting procedure, which doesn’t allow for concavity,
would fit a single surface around the entire ensemble.
Alternatively, if the primary phase field actually con-
sisted of a two-liquid field, split on opposite sides of the
2223 stoichiometry, the convex hull would again fit a
single surface. These possiblities are undergoing further
evaluation in our laboratories.

3.4.1. Subsolidus Phase Relationships

Since all of the 29 volumes in Table 3 are expressed
in the five-component space, representing them is not
straightforward. One way to view them is via a thermo-
dynamic method, which involves projecting through the
composition of a phase common to a group of assem-
blages. However, not all 29 volumes can biewed
simultaneously in this manner. In other words, one can
view groups of volumes which contain a common com-
pound plus the 2223 phase individually. As an example,
the sixteen 2223-2212 volumes can hewed t@ether Cuo
as a group [87]. For convenience, one can recast the .
coordinate system of simple conventional oxides into a é
system using 2310 (i.e., BrCa0,), PbO, 2212 (e.g.,
Bi, Pl S,CaCuy0,), CaO, and CuO as reference
according to the following equations:

014X24
119X%5

N212 = 1-5(nBi01.5) - 1-0(nsm) 014x24

Neoor = — 0.30kio15)+ 1.0(Mbwo) + 0.2(Nsr0)

Na10 = — 1.0Qkio15) + 1.0(s:0)

Ncaor = — 0.50ki015)+ 1.0(ca0)

Newor = — 0.30Bio1s)+ 2.0(0s0) + 1.0(cuo), 3)

o8
oo

5 3
L= 1223

where the quantity is the amount of substance for each
indicated component (The Sl unit faris mole). Projec-
tion through 2212 into a three-dimensional space is then
carried out. The resulting sixteen volumes were found to ==~
fit well with each other in the 3-dimensional space with-
out overlapping. Figure 1 shows how four out of the
sixteen volumes fit with each other.

3.4.2. Primary Phase Field

To graphically represent the primary phase field and
give a general sense of its “shape,” we employ an iso-
pleth projection technique. In this technique the five-di-
mensional convex hull is viewed in three-dimensions by
holding two components of the composition fixed at
their mean value. Figure 2 shows an isoplethal section ;
made by holding the BiQ and PbO values constant at 2310
the, medlan_ values for the 29 data pomts,' with the re- Fig. 1. An example of four of the 16 five-phase subsolidus assem-
maining oxides shown on the three Cartesian axes. Thepjages, as projected through the 2212 phase. Arrows indicate how
view of the section of the 2223 primary phase field in volumes are interconnected in these exploded views.

Fig. 2 appears to have a broad oval shape.

It is interesting that the mean of the compositional
analyses in Table 3 is close to the 2223 composition.
Obviously, since 2223 melts incongruently, the 2223
composition cannot plot within the primary phase field.
The position of the mean suggests that there may be
more structure to the primary phase field than has been
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Fig. 2. The primary crystallization field of the Pb-2223 phase. An isoplethal section made by holding the
BiO;sand PbO values constant at the median mole fraction values for the 29 data points {204 %, and
PbO = 6.9 %).

3.5. Application of the Primary Phase Field Equation (2) can be used to determine if a given
composition lies inside the Pb-2223 primary phase

The primary phase field provides a compositional field. If the difference of the two terms on the left side
region that one can use for crystal growth and for melt of the equation&x —b = 0) is negative, the particular
processing. In principle, when a composition is pre- composition lies inside the crystallization volume. If the
pared within the limits defined by the primary phase value of all components is zero, the composition is on
field, crystals of 2223 will be the first to crystallize from the surface; and if the value of any one component is
the melt. positive, it is outside the volume. Compositions falling

We have demonstrated previously that in the process outside this volume should be avoided for the processing
of growing the Pb-free 2212 crystals [102], when one of the 2223 phase, as they would be expected to produce
starts with a composition prepared within the primary large primary crystals of unwanted phases. Table 4
phase field as shown in Fig. 3, even with a crystallization shows an example of two compositions in order to illus-
scheme using relatively rapid cooling rate (8C&min), trate whether the composition lies relative to the
we were able to obtain a sample with microstructure primary phase field. The first composition was found to
mostly dominated by the 2212 crystals. On the other lie inside the volume because from the matrix manipula-
hand, a composition that was prepared outside this field tion, all components oAx —b were found to be nega-
gave a microstructure that was mostly the calcium tive. The second composition was found to be outside
cuprate phase, with only a very small amount of the the volume because 68 out of 200 elements are positive.
2212 phase present. Applying the similar principle dur-
ing the processing of the 2223 phase, compositions
falling outside the primary phase field should be
avoided, as they would be expected to produce large
primary crystals of unwanted phases.

4. Summary and Future Needs

We have illustrated the general procedure of obtain-
ing the primary phase fields of the five-component
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Mole Fraction CuO

0.3

10.3

SrO

10.2

101

Fig. 3. Primary phase field of the 2212 phase in the BSCCO system. The onset melting temper-
atures are indicated at the corners.

Table 4. Compositions (expressed in mole fraction %) used toillus- 11.39% to 27.8 %; CaO: 9.8 % to 30.8 %; and CuO:
trate the use of the primary phase field of Pb-2223 17.1 % to 47.0 %. A PbO component is present in the
initial melt of every volume. The subsolidus volumes
that contain PbO-rich phases give rise to melts with
2182 120 21.66 1832 3701 all“" Inside voume high PbO content.

29.00 10.00 11.00 15.00 35.00 68“+" Outside volume The World Wide Web provides an excellent opportu-
nity to give access to the primary phase field model
described here. Presently, work is underway to con-
struct a website where users can input various chemical
Pb-2223 phases. The subsolidus phase equilibria andcompositions corresponding to experiments and, using
liquid melt compositions of a complete set of 29 five- java-based web technology, the convex hull procedure
phase volumes that contain the Pb-2223 phase weredescribed here can be implemented and results dis-
obtained. These volumes are consistent with each other.played immediately. In this way, a user (potentially
The liquid compositions of the initial melts of these anywhere in the world) can employ this technique. The
five-phase volumes have been measured and were usedesulting polyhedra can be revolved in order to be
to construct the primary phase field. This field repre- viewed from different angles and used to make deci-
sents compositional regions where liquids can be found sions relating to the shape. Also, it can be determined
in equilibrium with the superconductors. It was found whether a trial composition is within the polyhedron.
that, for these 29 volumes, the range of initial melt  Silver has been reported to enter the liquid phase, but,
compositions expressed in mole fractions encompasseshere was no indication that Ag enters into the 2223
BiO:s 7.3 % to 28.0 %; PbO: 1.2 % to 19.4 %; SrO: phase under subsolidus subsolidus conditions [18, 98].

Bi Pb Sr Ca Cu Ax-b Comments
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In the BaO(BaCO;)-R,0;-CuO systems, where R = lanthanides and yttrium, general trends of phase
formation, solid solution formation, and phase relationships are correlated with the ionic size of R. In
air at 950°C the phase relationships in the CuO-rich region of these ternary diagrams progressively
change from:the La system through the Nd, Sm, Eu, Gd, Y, Ho systems to the Er system. First, the La
system has the greatest number of ternary compounds. Second, the superconductor material, Ba,R
Cu;304., exhibits a solid solution of Ba,_.R;.,Cu;0s., for the first half of the lanthanide elements with
a range of formation which varies with the ionic size of R. Third, a trend is observed regarding the tie-
line connections between BaR,CuQOs, CuO, the phases Ba,_.R,.,Cu;0.,, and the binary phase
R,CuO, or R,Cu,0s. For the first half of the lanthanides, except for La, a compatibility join is found to
connect R,CuQ, and the tetragonal end member of the Ba,_,R;,,Cu;04., phase. In systems where R
has a smaller ionic size, R = Eu and beyond, the tie-line connection switches to join the BaR,CuOs
phase and the CuO phase. For R = Dy and beyond, the binary phase R,CuQj is replaced by the binary

phase R,Cu;0s. © 1990 Academic Press, Inc.

Introduction

Despite recent worldwide efforts in su-
perconductivity research, a lack of thor-
ough fundamental understanding of the Ba-
Y-Cu-0 systems still remains. In addition,
problems such as low critical current den-
sity, flux creep, and poor mechanical prop-
erties still render practical applications of
these materials as a great challenge. The
discovery that substitution of most lan-
thanide elements, R, for Y also produces a
superconductor with a transition tempera-
ture =90 K (I, 30) provides numerous alter-
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native materials for investigations of possi-
ble desirable properties.

Since knowledge of phase equilibria and
crystal chemistry is essential for controlling
processing parameters and understanding
material properties, systematic studies of
the Ba—R-Cu-O systems are crucial. As
part of an ongoing effort to understand the
crystal chemistry and phase equilibria of
the BaO(BaCQ;)-R;0;-CuO systems (2-
9), we have initiated a systematic investiga-
tion of trends in phase formation and solid
solution formation of selected binary and
ternary compounds in the BaO(BaCO;)-

0022-4596/90 $3.00
Copyright © 1990 by Academic Press, Inc.
All rights of reproduction in any form reserved.
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R,03-Cu0 systems and trends in structural
phase  transformation between the
orthorhombic and tetragonal phases of the
superconductor material, Ba,RCu;0q.,, as
a function of the ionic size of the element R.

Solid solution formation for a material is
also of technological importance. For ex-
ample, one may control and correlate prop-
erties and processing parameters by vary-
ing the composition of the materials. In a
recent study correlating superconducting
properties with solid solution formation in
the series Ba;_,R;.,Cu30¢.,, where R =
Nd, Sm, Eu, and Gd, Blendell et al. (9)
observed that the amount of substitution of
a lanthanide for barium decreases regularly
with the decreasing size of R3*: the larger
the mismatch of the ionic size between R3**
and Ba?*, the narrower the extent of solid
solution. The solid solution formation ter-
minates at Gd, which seems to separate the
different behavior of the earlier and later
lanthanide elements. Recently, we have in-
vestigated the Ba,_,Sm;,,Cus30s., and the
Ba,-,La;.,CuiO¢,, series and are able to
establish a more general trend of solid solu-
tion formation. Current results are de-
scribed herein.

Although solid solution members of the

BaO (BaCOg)

Fi1G. 1. Subsolidus phase diagram for the Ba-La—
Cu-0 system at 950°C in air, after Kilbanow er al.
(13).
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BaO (BaCOgy)

1/2Y203 Y2Cu20s5 CuO

F1G. 2. Subsolidus phase diagram for the Ba—Y—-Cu-
O system at 950°C in air, after Roth et al. (14).

Ba;_,La;;,Cu30q., system have been char-
acterized by neutron diffraction by David et
al. (10), Segré et al. (11), and Sunshine et
al. (12), the solid solution range was not
conclusively determined by these investiga-
tors and was assigned to be z < 0.5. Our
studies of the solid solution formation of
Ba;_,R;:,Cu30¢+5, where R = Nd, Eu, and
Gd (9) indicated that the range of solid solu-
tion of the Nd system extends to z < 0.7.
As the sizes of La’* and Ba?* are closer to
each other than those of Nd3* and Ba?+, we
expect the extent of solid solution in the La
system to be greater or comparable to that
of the Nd system. Accordingly, the range of
solid solution of the Ba,_,La;,,Cu;Og.,
system was reinvestigated in the present
work.

Ternary phase diagram studies of the Ba—
La~-Cu-O and Ba-Y-Cu-O systems at
950°C in air have been conducted by
Kilbanow et al. (13) and Roth et al. (14),
which are shown in Figs. 1 and 2, respec-
tively. (Figure 1 has been modified to in-
clude present results.) Phase compatibility
relationships are found to be substantially
different for these two systems. The large
difference in size of the La3* and Y?* ions
undoubtedly has a great impact on their
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crystal chemistry. Part of the goal of this
study is to characterize and compare fea-
tures of phase formation and phase rela-
tionships of compounds in the ternary
phase diagrams of the BaO(BACOQ;)-R,0;3-
CuO systems near the CuO corner.

Experimental

Solid state reaction techniques were em-
ployed for all sample preparation. Similar
heat treatment procedures were adopted
for all series of Ba,_.R;.,Cu;O¢., mate-
rials. Table I shows the compositions pre-
pared for the several solid solution series
which we have investigated. Most composi-
tions were prepared from stoichiometric
mixtures of CuQO, R,03, and BaCOs. In the
case of R = La, La(OH); was used instead
of La,0;. Before each firing and annealing,
the powder was pressed into pellets and
placed on MgO single crystals, which were
then set on a silica brick. The pellets were
heat treated at both 850 and 900°C for 1
day, then fired in air at 950°C. Air-quench-
ing was performed by removing the sample
and brick together from the furnace and

TABLE I

COMPOSITION, ‘‘z,”” OF SAMPLES Ba,_ R, ,Cu30¢.
PREPARED AT 950°C IN AIR

R z

La 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0

Nd 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0

Sm 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0

Eu —0.1, 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8,0.9, 1.0

Gd 0.0, 0.1, 0.2, 0.3, 0.5

Dy 0.0, 0.1,0.2,0.5

Y 0.0, 0.1, 0.5

Er -0.1, 0.0, 0.1, 0.5

Lu 0.5
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TABLE II

CoMPOsITIONS NEAR THE CUO CORNERS PREPARED
FOR THE TERNARY PHASE DiaGRaMs, BaO:R,0;:
CuO, IN AIR

R Compositions BaO: 3R,0;: CuO
La 10:40:50, 20:40:40
Pr 10:40:50, 20:40: 40

Nd 10:60:30, 15:50:35, 10:40:50, 15:15:70,
20:10:70, 20:10:70, 25:15:60, 25:40: 35,
27:33:40, 30:30:40, 35:25:40, 18:37: 45,
58:08:34, 53:13:34, 21:35:44, 25:28: 47,
20:40:40

Sm 25:15:60, 15:15:70, 30:30: 40, 10:60: 30,
25:28:47,28:25:47, 32:20:48, 10:40: 50,
20:40:40

Eu 25:15:60, 15:15:70, 30:30:40, 10:60: 30,
25:28:47, 28:25:47, 32:20:48, 10:40: 50

Gd 30:30:40, 10:60:30, 25:15:60, 30:25:45,
10:40:50, 32:20:48, 34:18:48

Er 32:20:48, 10:50:40, 10:40:50, 15:30: 55,
20:10:70, 25:25:50, 30:30:40, 35:30:35

placing them on the bench top. Cooling
time to room temperature for the sample
was estimated to be about 3 to 5 min. Sev-
eral regrindings and annealings took place
until a single phase material was confirmed
by the X-ray powder diffraction.

To study phase relationships in the vicin-
ity of the superconductor solid solution,
Ba,_,R;.,Cu;04,,, and the ‘‘green phase”
compound, BaR,CuOs, compositions near
the CuO corner of selected BaO(BaCOs)-
R,0;-CuO systems were also prepared.
These compositions are indicated in Table
II for the La, Pr, Nd, Sm, Eu, Gd, and Er
systems. The Nd system was studied in
more detail and will be reported separately
(4). Most final sinterings were performed at
950°C and air-quenched. For compositions
very close to the CuO corners, a tempera-
ture of 920°C was used instead to avoid
melting. Tie-line relations were established
by X-ray powder diffraction characteriza-
tion.
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Results of the ternary phase compatibil-
ity diagrams of the systems BaO(BaCO;)-
R,05-CuO in the vicinity of the CuO cor-
ners, where R = La, Nd, Sm, Eu, Gd, Y,
and Er are shown in Fig. 3. Since exact tie-
line connection would require detailed lat-
tice parameter determination, the tie lines
connecting the solid solution series in this
report are schematic only. Proceeding from
the La system, which has the largest ionic
size of R, toward the Er system with a
smaller ionic size, a general trend of phase
formation, solid solution formation, and
phase relationship is found to be correlated
with the ionic size of R. Several features of
the progressive changes in the appearance
of these ternary diagrams near the CuO cor-
ner will be discussed in detail below. In
brief, these features are (1) the La system
has the largest number of ternary com-
pounds and solid solution series; this num-
ber decreases as the size of R decreases.
(Although it has been reported by de Leeuw
et al. (15) that if BaO, or Ba(NO3), are used
other phases such as BasYCu;Ogs and
BagY;Cus0, 5 also form, these phases have
not been confirmed in this laboratory.) (2)
The superconductor material, Ba,RCu,
Og-«, for the first half of the lanthanide ele-
ments, i.e., R = La, Nd, Sm, Eu, and Gd,
which are relatively larger in size, exhibit a
solid solution of Ba,_,R;,,Cu;O¢:, with a
range of formation which decreases as the
size of R decreases; this solid solution re-
gion terminates at Dy and beyond, where
presumably the superconductor phase as-
sumes a point stoichiometry; (3) A trend is
observed regarding the tie-line connections
between BaR,CuQ;, CuO, the supercon-
ductor phases Ba, ;R;:,Cu30¢,, and the
binary phase R,CuQO4, or R,Cu;0s; note
that the binary phase R,CuQ, is replaced by
the binary phase R,Cu,0s after the tie-line
connection changes.

Current results of phase formation for
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several series of compounds and solid solu-
tions in the BaO(BaCQ;)-R,0;—Cu0O sys-
tems are discussed individually in the sec-
tions below. Following this, features of the
tie-line relationship of the four phases near
the CuO corner are discussed. Crystal stuc-
tures for some of these phases are also dis-
cussed.

I. Phase Formation near CuO Corner

1. BaRzCu05 and Ba2+21R4_z,Cu2_x010_2x
(1:2:1), R = La, Nd

Details of the phase formation of the
1:2:1 phases have been reported else-
where (3, 6, 16, 17). In brief, under ambient
conditions, the commonly known ‘‘green
phase’’, or BaR,CuOs, has been prepared
for R = Sm, Eu, Gd, Dy, Y, Er, Tm, Yb,
and Lu. Among the oxides with a stable R3*
valence state, there is a size range of R for
which this phase forms. However, this
phase does not form with lanthanides of
larger ionic size. For example, the forma-
tion of green phases for R = La3* and Nd**
does not take place. The materials formed
in this case are brown and are found to have
a completely different crystal structure
from that of the ‘‘green phase’. While all
green phase materials are orthorhombic
with space group Pbnm(62), Z = 4, the
“brown phases’’ tend to form solid solu-
tions of Bayi2R4—2.Cus_,O19-2, With a te-
tragonal space group of P4/mbm(127). The
solid solution range is 0.15 = x = 0.25 for
the La system and 0.0 < x = 0.1 for the Nd
system. Note that the La solid solution se-
ries does not include the stoichiometric
compound with x = 0.

In the green phase structure, each yt-
trium ion is surrounded by seven oxygen
atoms, as shown in Fig. 4. The framework
can be considered as built up from distorted
monocapped trigonal prisms, RO;, which
share one triangular face forming R,O;;
blocks. There is an apparent size limit,
bounded by Sm, beyond which stability of
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Fic. 3. Subsolidus phase compatibility diagrams of BaO-#R;0;-CuO near the CuO-rich region at

950°C in air for (a) La, (b) Nd, (c) Sm, (d) Eu, (¢) Gd, (/) Y, and (g) Er.
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FiG. 4. Polyhedral environment of RO, and R,0,,
found in the structure of BaR,CuOs, R = Sm, Eu, Gd,
Dy, Y, Ho, Er, Tm, Yb, and Lu.

the distorted monocapped trigonal prism,
RO;, is unattainable. The framework of the
La and Nd materials is principally built
from edge- and face-sharing RO and ROq
polyhedra as illustrated in Figs. 5a and 5b.
These octahedra and decahedra provide
large enough space to accommodate the
La3* and Nd** ions.

2. Bay_,Ry+,Cu30¢+, 2:1:3), R = La, Pr,
Nd, Sm, Eu, and Gd

Results of the solid solution investigation
of the R = La series show that the solid
solution range indeed extends beyond z =
0.5. In Fig. 6, X-ray diffraction patterns of
the Ba,_,La;;,Cu3O¢.:, compositions with z
= 0.5 to0 0.9 are shown. A small number of
peaks corresponding to Bala,CusOysy,
start to appear at z = 0.8. Figure 7 shows
the X-ray powder diffraction patterns for
selected compositions of Ba,_,Eu;,,Cu;
Og+x, indicating a solid solution range of z
= 0.5. The solid solution range is different
for each of these series. The upper limit of
the solid solution series is discernible by
the presence of X-ray diffraction peaks
from a different phase. For example, in the
region around 20 of 28-29° one detects the
presence of the green phase BaR,CuOs and
CuO when R = Eu, Gd, and Er. The Sm
samples show a solid solution range for z <
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0.7. The Gd sample, on the other hand,
shows only a small range of z = 0.2. Solid
solution ceases to exist at Dy, Er,and Y, or
at least is less than z = 0.1, and this is so
presumably also for superconductors with
smaller R. The tendency of the solid solu-
tion formation is very great in the La sys-
tem and the point compound Ba,L.aCu;Og.+,
does not form; the lower limit of the solid
solution is bounded by approximately z >
0.1.

The size compatibility between the Ba?*
and R3* is a predominant factor governing
the formation of this solid solution. Shan-
non’s ionic radii of lanthanides R?**, where
R = La, Pr, Nd, Sm, Eu, Gd, Dy, Y, and
Er, using the coordination number of nine
are listed in Tables III, IV, and V. Y is
inserted according to its ionic size. The
ionic radius of BaZ* with a similar coordina-
tion environment is 0.147 nm, which is
most comparable to that of La3* of 0.122
nm. As the mismatch between R?* and Ba?*
increases, the range of substitution de-
creases. Table III summarizes the approxi-
mate upper limit of the solid solution range
of Baz_zR1+zCU306+x .

Another feature observed in all the
Ba,_,R+,CusO¢,, series is the structural
phase transformation from an orthorhom-
bic to a tetragonal structure as the value of

F1G. 5. Polyhedral environment of {a) ROy, and (b}
ROg found in the structure of Bay., R4—2.Cuy-,O1q-2,
R = La and Nd.
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FiG. 6. X-ray diffraction patterns of Ba,_,l.a;,,Cu;Os,,. The appearance of the BaLa,CusOy;.,
phase is indicated by the arrows for z = 0.8 and 0.9.

z increases. Since the high temperature
(950°C) phase is most likely the tetragonal
structure (at least this is the case for R =
Sm and Gd with z = 0 (2, 3, 7)), this trans-
formation can depend on how the quench-
ing is performed. Results discussed below
only pertain to samples that were prepared
at 950°C in air and air-quenched by pulling
them from the furnace. The X-ray diffrac-
tion patterns of Ba,_,Eu;;,Cu3O¢+, shown
in Fig. 7 illustrate the progressive changes
of peak shape and convergence of muiti-
plets into singlets going from the
orthorhombic to the tetragonal structure.
Phase transformation of the Ba, ,La;_,
Cu;30¢+, series has been reported to take

place at a z value of 0.15 (/2). Our X-ray
diffraction patterns are consistent with this
result, showing a phase transformation at a
z value between 0.1 and 0.2. For the Nd,

TABLE HI

SoLip SOLUTION EXTENT OF
Ba,_.Ry+,Cu306+,

R z Ionic radius (nm)
La =0.7 0.1216
Nd =0.7 0.1163
Sm =0.7 0.1132
Eu =0.5 0.1120
Gd =02 0.1107




124

WONG-NG, PARETZKIN, AND FULLER, JR.

131.28

142.50

93.75

*#10°

78.00

INTENSITY (CPS)

55.28

3.9

LM

.78

J
JL

.

TWO - THETA

(DEGREES)

F1G. 7. X-ray diffraction patterns of Ba,_,Eu;,,CusO¢.,.

Sm, and Eu series the corresponding z val-
ues for the structural phase transformation
are approximately the same; all found to be
between z = 0.2 and 0.3. As the samples in
each Ba;_,R;.,Cu3Q¢;, series were pre-
pared at intervals in z of 0.1, we are not able
to distinguish any differences at this stage.
Whether the z value varies as a function of
the size of R is a subject of interest to be
investigated in the near future.

X-ray characterization and X-ray powder
standard diffraction patterns of the tetrago-
nal Ba; sR; sCuzO4,, with R = La, Pr, Nd,
Sm, and Eu composition, has been reported
(8). These tetragonal phases have up to
25% substitution of R in the Ba sites and
therefore the chemical formula can be rep-

resented as (Bag 75R.25)2RCu3074,, or sim-
ply referred to as the BasR;CugO14+, (336)
composition. The crystallographic relation-
ship of these five materials can be described
as a = b = }c, indicating that as the R3*
ions replace the Ba?* ions to an extent of
25% the unit cell content can be considered
as a stack of three pseudo-cubes. The Ba;
LayCugO14+, system was first studied by
Provost et al. (18) and the crystal structure
has been determined by Sunshine et al. (12)
using the neutron powder diffraction tech-
nique. This structure is similar to the struc-
ture of the superconductor Ba,YCu;O¢.,
except it is tetragonal with smaller unit cell
volume, and with oxygen partially located
at both the g- and b-basal axes. The struc-
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tures of the Pr, Nd, Sm, and Eu analogs are
presumably isostructural with the La com-
pound because of the similarity of the X-ray
diffraction patterns. Neutron diffraction
study of the Ba;Nd;CugO 4+, phase is cur-
rently underway (19) to confirm the struc-
ture as well as the oxygen content of this
material.

The superconductivity properties of the
solid solution are currently being selec-
tively investigated in terms of the ac mag-
netic susceptibility and critical current den-
sity measurements. For each series of
materials a general trend of T, diminishing
as the z value increases has been observed.
The T, values, the fraction of superconduc-
tivity, and the critical current density are
currently being studied and will be reported
separately.

3. BaR4Cu5013+x (I 45)

This oxygen defect perovskite is charac-
terized by a mixed valence of Cu(II) and
Cu(Ill) despite the presence of numerous
oxygen vacancies. The La system appears
to be the only one among the lanthanide

FiG. 8. Crystal structure of the compound Bal.a,
CusO;; (18). The solid and open circles represent Cu
atoms belonging to the CuOs pyramids and the CuOg
octahedra, respectively. La’* and Ba?* ions are lo-
cated in the hexagonal and perovskite tunnels, respec-
tively. The z-axis points out of the plane of the paper.
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systems that forms this black metallic con-
ductor. The Bal.a,CusO;3+, compound is
tetragonal with space group P4/m. The lat-
tice parameters of a sample which was pre-
pared in air at 950°C was found to have lat-
tice parameters a = 0.86602(5) nm and ¢ =
0.38629(3) nm (20) at approximately 25°C,
which are closely related to that of the cu-
bic perovskite: a =~ a, VS and ¢ = a, =
3.8594. Michel et al. (21) described the
framework [Cus0;3] to be built up from cor-
ner-sharing CuQOs pyramids and CuOs octa-
hedra forming hexagonal tunnels and
perovskite cages where the La’* and Ba?*
ions are located in an ordered manner. Fig-
ure 8 (22) shows the structure of Bal.a,
CusOy; in which each CuO octahedron
shares four corners with four pyramids, and
the two remaining corners with two other
octahedra. Each pyramid is then connected
to four other pyramids and one octahedron.
Oxygen vacancies, which are found to be
between pairs of CuQOs, form one-dimen-
sional channels along the z-axis. The lan-
thanum ions are located in the hexagonal
tunnels whereas the barium ions are located
in the perovskite tunnels.

4. BaH.XRz_xCuzOG_x/z (1 :2 2)

Among the BaO:iR,0;:CuO systems,
the black 1:2:2 phase BaR,Cu,0Og has only
been prepared successfully in the La ana-
log. The compounds A;i.La;_,Cu;O¢-,p
were first isolated by Nguyen et al. (23)
with0 < x < 0.14for A = Srand x = 0.10
for A = Ca. These compounds are reported
to be tetragonal with ¢ =~ 0.390 nm and ¢ =
2.0 nm and with a space group of 14/mmm.
The structure, which is derived from that of
Sr;Ti,O7, can be described as an inter-
growth of ‘‘oxygen-deficient, double-
perovskite”’ layers and of SrO-type layers.
These perovskite layers are indicated in
Fig. 9. When A = Ba, the extent of solid
solution has been found to be 0 =< x =< 0.20
by Kilbanow et al. (13). X-ray diffraction
studies and lattice parameter determination
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F1G. 9. Crystal structure of the compound Sr;La,
Cu,0,, showing the oxygen-deficient double perov-
skite layers (Nguyen et al. (19)).

for the solid solution series Ba;..La,_,
Cu,06-, is currently being conducted.

5. RyCu04(0:2:1)

While all the R;0;: CuO systems contain
only one binary compound at ambient at-
mosphere, there exist two distinctive com-
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positions. Binary compounds of 2:1 com-
position with general formula R,CuO, can
be prepared with the lighter and larger size
of R, for example with R = La, Pr, Nd, Sm,
Eu, and Gd, whereas oxides in the second
half of the lanthanide series tend to form a
2(3R;03) :2CuO binary compound R,Cu,
O;. Not all R,CuQO, phases are isostruc-
tural. For example, while La,CuQ, is
orthorhombic with space group CmCa (24)
and has the distorted K,NiF,-type structure
as shown in Fig. 10, Pr,CuQ4, Nd,CuO,,
Sm,Cu0O,4, Eu,CuOy, and Gd,CuOy are te-
tragonal with space group I4/mmm. These
tetragonal structures do not resemble the
K,NiF, type but have a coplanar Cu-O
layer similar to that found in CaF,-type
structure (25). These features are illus-
trated in Fig. 10. Doping the La,CuO,
structure with a small amount of a 2+ ion
such as Ba2* and Sr2* changes the structure
from orthorhombic to tetragonal (26, 27)
and results in a superconductor phase. Typ-
ical X-ray patterns of the orthorhombic and
tetragonal R,CuQy are illustrated with La,
CuO, and Nd,CuOy, in Fig. 11. Substantial
differences of these patterns arising from
totally different structures are obvious.
Solid solution formation of the composi-

Na,Cu O -Typ

o Cu @Nd OO0

F1G. 10. Crystal structures of R,CuO, for (a) R = La and (b) R = Pr, Nd, Sm, Eu, and Gd.
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FiG. 11. X-ray diffraction patterns of (a) La,CuQO, and (b) Nd,CuO,.

tions (R,-,A,)CuQO, with A = Ba has been
studied with R = La (I2) and that with a
solid solution range of 0 =< x = (.25 has
been reported. This series gives rise to su-
perconductor materials. of 7. around 30 K
(28). Substitution of Nd** and other smaller
R3* by Ba?* in the R,CuO4 phases cannot
be prepared (with x = 0.1).

Since crystallographic data are essential
for phase characterization, Table IV sum-
marizes these data and the corresponding
Powder Diffraction File Number (PDF No.)
(29) for the binary R,CuO,; phases which
have been reported in the literature and
from this work. The crystallographic data
for the ‘‘green’’ and “‘brown’’ phases and
the high T. superconductor phases have

been reported elsewhere (5, 29-31). Figure
12 illustrates a plot of the cell volume V of
R,CuO;, versus the ionic radii of Shannon.
The monotonic decrease in crystallographic
volumes, as the ionic radii of the lan-
thanides decrease across the series, follows
the well-known lanthanide contraction. The
deviation from this linear dependence of
the Gd compound may be due to the special
stability associated with the half-filled Gd**
(4f7) f~subshell.

6. RyCuOs(0:1:1)

R,Cu,0s are greenish in color and can be
prepared with the second half of the lan-
thanides, with R = Tb, Dy, Ho, Y, Er, Tm,
Yb, and Lu. Structure determinations of



128 WONG-NG, PARETZKIN, AND FULLER, JR.

TABLE IV
CRYSTALLOGRAPHIC DATA FOR R,CuO,

Cell Cell Ionic
Compound Space parameters volume Density radius
R,CuO, group a, b, ¢ (nm) V (nm?) (g/cm?) R (nm) PDF No.
La,CuO, Fmmm 0.53556(6) 0.38035 7.079 0.1216 38-709
0.54011(9)
1.3149(5)
(BayLa ),CuQ, 14/mmm 0.37754(6) 0.18866 7.130 0.1216 38-1308
1.3236(14)
Pr,CuO, I4/mmm 0.3958 0.19250 7.062 0.1179 22-245
1.2288
Nd,CuO, 14/mmm 0.394366(12) 0.18926 7.300 0.1163 39-1390
1.21693(5) 32)
(at =25°C)
Sm,Cu0O, I4/mmm 0.3905 0.18204 7.814 0.1132 24-998
1.1938
Eu,CuO, I4/mmm 0.3895 0.18034 7.946 0.1120 24-399
1.1887
Gd,CuO, 14/mmm 0.3889 0.17939 8.184 0.1107 24-422
1.1861

R,Cu,05 have been controversial in the past
25 years. In 1964, Schmitz-DuMont and
Kasper (33) identified R,Cu,Os, where R =
Y, Dy, Er, Yb, and Tb, to be orthorhombic

200.0

double oxides having In,Cu,0s-type struc-
ture. In,Cu,Os was later redetermined by
Bergerhoff and Kasper (34) to be mono-
clinic with space group P2 and cell parame-
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FI1G. 12. Dependence of the unit cell volume of R,CuQ, on the ionic radius of R for R = Pr, Nd, Sm,

Eu, and Gd.
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F1G. 13. Projection for Ho,Cu,Os along [001].

ters of a = 2.462, b = 1.0537, ¢ = 0.3280
nm, and y = 133°. The structure consists of
a pseudo-orthorhombic framework of InOs
polyhedra with the oxygen atoms at the
corners.

In 1977, Freund and Muller-Buschbaum
(35) reported the structure of the Ho ana-
log, using single crystals obtained by melt-
ing the oxide mixture (2 CuO:1 Ho,03)
with KF as a flux, to be orthorhombic.
They found that the crystal structures of
the Ho and the In compounds (34) are sig-
nificantly different, particularly the coordi-
nation sphere around the Cu?*. Figure 13
shows the atom distribution of the unit cell
of Ho,Cu,0Os. Unlike those of many other
oxo—cuprates, the Cu?* has been found to
have four nearest oxygen neighbors ar-
ranged in a distorted tetrahedron configura-
tion. Figure 13 further shows that two each
of these polyhedra share a common edge
and are connected via corners in a wavelike
chain along [010]. The Ho’* ions are sur-
rounded by octahedra which form one-di-
mensional infinite chains connected via
edges.

The structures and X-ray diffraction pat-
terns of all seven R;Cu,05 compounds were
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later reexamined by E. Lambert in 1981 and
1982 (36). All materials were found to be
isostructural and have the Ho,Cu,Os-type
structure with space group Pna2,. Table V
summarizes the crystallographic data and
the PDF No. for eight binary R,Cu,Os
phases, where R = lanthanide and yttrium.
Figure 14 illustrates a plot of the cell vol-
ume V, of R,Cu,0s versus the ionic radii of
Shannon. Similar to the corresponding plot
of the R,CuO,4 compounds, a monotonic de-
crease in crystallographic volumes is also
observed as the ionic radius of the lan-
thanides decreases across the series.

II. Tie-Line Relationships

After the description of the crystal chem-
istry of individual phases and solid solution
series in the CuO-rich region of the BaO~
$R,0,—-CuO systems, we are in a position to
discuss the trend of the ternary diagrams

TABLE V
CRYSTALLOGRAPHIC DATA FOR R,Cu,0s

Cell Cell Ionic
Compound  parameters  volume Density  radius
R,Cu0s¢  a,b,c(am) V(mmd) (g/cm?) R (nm) PDF No.
TbaCuy0s 1.0861 0.48269 7.223 0.1095 34-385
0.35455
1.2535
Dy>Cuz05 1.0837 0.47617 7.422 0.1083 33-455
0.35194
1.2485
Y>CuyOs 1.0799 0.47025 5.537 0.1075 33-511
0.34960
1.2456
Ho,Cuy0s 1.0806 0.47095 7.573 0.1072 33-458
0.34950
1.2470
Er,Cuy0s 1.0776 0.46528 7.732 0.1062 33456
0.34714
1.2438
TmyCuy05 1.0742 0.45974 7.873 0.1052 34-386
0.34565
1.2382
YbCu,Os 1.0724 0.45462 8.082 0.1042 33-507
0.34329
1.2349
LuyCuy0s 1.0698 0.45085 8.206 0.1032 34-387

0.34102
1.2358

@ All isostructural, orthorhombic with space group Pra2;.
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F1G. 14. Dependence of the unit cell volume of R,Cu,Os on the ionic radius of R for R = Tb, Dy, Y,

Ho, Er, Tm, Yb, and Lu.

illustrated in Fig. 3. The La diagram ap-
pears to be the most complicated one. The
presence of four solid solution series
(Baz12:R4-2:Cuz—,O19-2s, Ba;-.R;+;Cus
06+x’ Bal+xR2—xcu206—x/2, and R2—xBax
CuO,) as well as the compound BaR,Cus
O3+, in the La system further makes the
tie-line connection very different from the
rest of the lanthanide series. The number of
solid solution series changes into two in the
Nd  system  (Bayi2.R4-2Cus—Oyp-2,
Ba;_,R,.,Cu30+,) and reduces into one at
the Sm diagram (Ba,_,R;.,Cu30¢+,). The
extent of the Ba; ,R;+,Cu30¢;, solid solu-
tion decreases as the mismatch between
Ba2+ and R3?* increases. This range of solid
solution diminishes and ceases to exist be-
yond R = Gd. After the Gd system, only
stoichiometric point compounds are found
in the CuO-rich region.

Another feature of these diagrams is il-
lustrated by the tie-line connection between
the binary compound along the 3R,0;—CuO
edge to the 121 phase and the 213 series. As
has been discussed previously, the R,CuOy

compound can only be prepared with the
larger size of R, namely, from La to Gd,
while the R,Cu,Os phase exists with the
smaller size of R. The tie-line connection
between this binary composition R,CuQ,/
R;Cu,0s5 to the 121 phase or the high T,
superconductor compositions appear to re-
flect the different extent of the Ba,_,R;.,
Cu;04, solid solution. When Rs are rela-
tively large and the extent of the solid solu-
tion line is long, e.g., R = La, Nd, and Sm,
a compatibility line is found to connect the
R,CuOy4 and the tetragonal end member of
the Ba;_,R+,Cu30¢+, phase. In the sys-
tems with R = Eu and Gd, the tie-line con-
nection switches to join the CuO phase and
the BaEu,CuOs/BaGd,CuOs phase, respec-
tively. This trend remains hereafter in the
systems with smaller Rs.

Conclusion

The size of the lanthanides, R>*, has been
found to have a profound effect on the
trend of phase and solid solution formation
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as well as phase compatibility relationships
in the CuQO-rich region of the BaO—3R,03—
CuO systems. The larger the size of R**,
the greater the number of ternary com-
pounds and solid solution series formed. In
the series of Ba,_,R;.,Cu30¢.,,, solid solu-
tion formation was identified to exist with
the larger size rare-earth ions, namely, La,
Pr, Nd, Sm, Eu, and Gd. The range of this
solid solution formation decreases with in-
creasing difference between the size of
Ba?* and R3*. The trend of tie-line connec-
tion is also found to be dependent on the
size of R+,

It is hoped that the relationships among
compositions, structures, and the size of
R3* discussed in this report will enhance
the understanding of the physical proper-
ties of high T. superconductors and im-
prove the strategy both for processing these
materials with improved properties and for
the search for new materials. Further work
will continue in the phase equilibria studies
of these lanthanide systems including the
investigation of melting relationships and
primary phase field determination of selec-
tive BayRCu;304+, phases and of mixed lan-
thanide phases.

Acknowledgments

This project is partially supported by the Electric
Power Research Institute. The valuable discussion
with Drs. L. P. Cook and R. S. Roth and the critical
review of the manuscript by Drs. H. F. McMurdie and
S. Dapkunas are appreciated. Acknowledgment is also
due to Ms. R. Drew for her performance of the ac
magnetic susceptibility measurement.

References

1. Y. LE PAGE, T. SIEGRIST, S. A. SUNSHINE, L. F.
SCHNEEMEYER, D. W. MURPHY, S. M. ZAHURAK,
J. V. Waszczak, W. R. McKINNON, J. M.
TarascoN, G. W. HurLL, aND L. H. GREENE,
Phys. Rev. B 36, 3617 (1987).

2. W. WonG-Ng, L. P. Cook, C. K. CHIiaNG, L. J.
SWARTZENDRUBER, L. H. BENNETT, J. E. BLEN-
DELL, AND D. MINOR, J. Mater. Res. 3, 5 (1988).

131

3. W. WoNG-NG, L. P. Cook, C. K. CHIANG, L. J.
SWARTZENDRUBER, AND L. H. BENNETT, in ‘‘Ce-
ramic Superconductors II"’ (M. F. Yan, Ed.), pp.
27-42, Amer. Ceram. Soc. (1988).

4. W. WONG-NG, M. A. KUCHINSKI, B. PARETZKIN,
J. STALICK, AND E. R. FULLER, JR., J. Amer.
Ceram. Soc., to be submitted for publication.

5. W. WoNG-NG, M. A. KucHINSKI, H. F. MCMUR-
DIE, AND B. PARETZKIN, Powder Diffr. 4(1), 1
(1989).

6. W. WONG-NG, AND B. PARETZKIN, Powder
Diffr., to be submitted for publication.

7. W. WoNG-Ng, L. P. Cook, C. K. CHIANG, M. D.
VALDIN, D. L. KAISER, F. BEECH, L. J. SWART-
ZENDRUBER, L. H. BENNETT, AND E. R. FULLER,
Jr., submitted for publication.

8. W. WoONG-NG, B. PARETZKIN, AND E. R.
FULLER, JR., Powder Diffr., in press.

9. J. E. BLENDELL, W. WoNG-Ng, C. K. CHIANG,
R. D. SHuLL, aAND E. R. FULLER, JR., in “‘Pro-
ceedings of the Annual Meetings of the Metallurgi-
cal Society, Las Vegas, Nevada, February 1989,
in press.

10. W. 1. F. Davip, W. T. A. HarrisoN, R. M. IB-
BERSON, M. T. WELLER, J. R. GRASMEDER, AND
P. LLANCHESTER, Nature (London) 328, 328 (1987).

11. C. U. SEGRE, B. DaBrowsKi, D. G. Hinks, K.
ZHANG, J. D. JORGENSEN, M. A. BENO, AND [. K.
SCHULLER, Nature (London) 329, 227 (1987).

12. S. A. SunsHINE, L. F. SCHNEEMEYER, J. V.,
Waszczak, D. W. MurpHY, S. MIRAGLIA, A.
SaNTORO, AND F. BEECH, J. Cryst. Growth 85(4),
632 (1987).

13. D. KiLanow, K. Susata, aND T. O. Mason, J.
Amer. Ceram. Soc. T1(5), C267 (1988).

4. R. S. RotH, C. J. Rawn, F. BEEcH, J. D.
WHITLER, AND J. O. ANDERSON, in ‘‘Ceramic Su-
perconductors II”” (M. F. Yan, Ed.), pp. 13-26
Amer. Ceram. Soc. (1988).

15. D. M. peE LEeuw, C. A. H. A. MuTsakrs, C.
LANGEREIS, H. C. A. SMOORENBURG, AND P. J.
RoMMERS, Physica C, 152, 39 (1988).

16. C. MicHEL, L. ErR-RAKHO, AND B. RAVEAU, J.
Solid State Chem. 39, 161 (1981).

17. C. MIcHEL AND B. RAVEAU, J. Solid State Chem.
43, 73 (1982).

18. T. ProvosT, F. STRUDER, C. MICHEL, AND B.
RAVEN, Synth. Met. 4, 147 (1981).

19. J. STALICK AND W. WONG-NG, in preparation.

20. W. WoNG-Ng, M. A. KucHinskl, H. F. McMug-
DIE, AND B. PARETZKIN, Powder Diffr. 4(1), 46
(1989).

21. C. MicHEL, L. ER-RAKHO, M. HERVIEU, J. PaN-
NETIER, AND B. RAVEAU, J. Solid State Chem. 68,
143 (1987).

22. F. HERMAN, Phys. Rev. B 37, 2309 (1988).



13

23

4.

25.

26.

27.

28.

29.

2

. N. Nguyen, L. Er-RakHo, C. MicHEL, J.
CHORSNET, AND B. RAVEAU, Mater. Res. Bull.
15, 891 (1980).

B. GRANDE, HK. MULLER-BUSCHBAUM, AND M.
SCHWEIZER, Z. Anorg. Allg. Chem. 428, 120
(1977).

Hk. MULLER-BUsCHBAUM aAND W. WoLL-
SCHLAGER, Z. Anorg. Allg. Chem. 414, 76 (1975).
A. SANTOROR, in ‘‘High Temperature Supercon-
ductivity’’ (J. W. Lynn, Ed.), Chap. 4, Vol. 84,
Springer-Verlag, New York/Berlin, to be pub-
lished.

J. D. JorGENSEN, H.-B. ScHUTTLER, D. G.
Hinks, D. W. CaPoNE 11, K. ZHANG, AND M. B.
BRrRODSKY, Phys. Rev. Lett. 58(10), 1024 (1989).
J. G. BEDNORZ AND K. A. MULLER, Z. Phys. B:
Condens. Matter 64, 189 (1986).

Powder Diffraction File (PDF), JCPDS-Interna-
tional Center of Diffraction Data, Swarthmore, PA
19081.

30.

31.

32.

33.

34.

35.

36.

WONG-NG, PARETZKIN, AND FULLER, JR.

T. J. KISTENMACHER, Solid State Commun. 65(9),
981 (1988).

W. WoONG-NG, H. F. MCMURDIE, B. PARETZKIN,
M. A. KucHInskI, AND A. L. DraGoo, Powd.
Diff. 2(3), 191 (1987); 2(4), 257 (1987); 3(1), 47
(1988); 3(2), 113 (1988); 3(3), 179 (1988); 3(4), 246
(1988); 4(1), 40 (1989); 4(2), 106 (1989).

W. WoNG-NG, H. F. MCMURDIE, B. PARETZKIN,

M. A. KuUcHINSKI, AND A. L. DrRAGOO, Powd.
Diff. 4(2), 106 (1989).

0. ScumiTz-DUMONT AND H. KASPER, Monatsh.
Chem. 96, 506 (1965).

G. BERGERHOFF AND H. KASPER, Acta Crystal-
logr. B 24, 388 (1968).

H.-R. FREUND AND Hk. MULLER-BUSCHBAUM,
Z. Naturforsch., B 32, 609 (1977).

E. LaMBerT, JCPDS Grant-in-Aid Report (1981)
and (1982).



	2011-Final DOE Report-Jan 10
	96. H. Su, D. Welch, W. Wong-Ng, L.P. Cook and Z. Yang, “Manifestation of Anisotropy in Melting     
	 Systematics of RBa2Cu3O7-(  (R= lanthanides),” Appl. Phys. Lett.  91 172510 (2007).
	92. W. Wong-Ng, Z. Yang, and L.P. Cook, “Subsolidus Phase Relationships of the BaO-R2O3-CuOz 
	(R=Tm and Yb) Systems Under Carbonate-Free Conditions at pO2 = 100 Pa, and T=810 (C, J. 
	Alloys and Compounds, doi:10.1016/j.jallcom.2006.07.083 (2006).  
	BaF2-BaO-Y2O3-CuOx-H2O,” Supercond. Sci.and Technol., 18 442-453 (2005).
	75.  W. Wong-Ng, L.P. Cook, J. Suh and J.A. Kudak, “ Phase relationships in the BaO-Sm2O3-
	CuOx system under 100Pa O2, ” Physica C, 405 47-58 (2004). 
	(2) Proceeding Papers
	Ba2YCu3O6+x Films Using the “BaF2 Converison Process” Proceedings of symposium Epitaxial Growth of Functional Oxides, Electrochemical Society/American Ceramic Society Annual meeting, October 12-17, 2003, Orlando, FL; published by The Electrochemical Society, 2005. ISBN: 1-56677-452-7. 
	(4) Books/Proceedings (as Co-editor)
	3. A. Goyal, Y. Kuo, O. Leonte, and W. Wong-Ng, Epitaxial Growth of Functional Oxides, 
	Electrochemical Society/American Ceramic Society Annual meeting, October 12-17, 2003, Orlando, FL,  published by The Electrochemical Society, 2005. ISBN: 1-56677-452-7. 
	2. R. Meng, A. Goyal, W. Wong-Ng, Fabrication of Long-Length & Bulk HTS Conductors, Ceramic 




	Publications for final report
	BYC film combi coated conductor 2008
	Phase relations Ba-Nd-Eu-Gd-Cu-O APL-2008
	APL 172510-BRC melting-2007
	BYC-CeO2 interaction-JEM-2007
	BYC diagrams review-JEM 2007
	BRC phase trans-J-NIST2006
	BRC diagrams-Eu-Dy-Ho Physica C-2006
	Subsolidus phase relationships of the BaO-R2O3-CuOz (R=Eu, Dy, and Ho) systems under carbonate-free conditions at T=810 deg C and {p}_{{{\rm{O}}}_{2}}=100 \hskip 0.25em{\rm{Pa}}
	Introduction
	Experimental details1
	Preparation of BaO
	Sample preparation
	X-ray powder diffraction

	Results and discussion
	Phase equilibria of the BaO-R2O3-CuOz systems
	BaO-Eu2O3-CuOz system
	BaO-Eu2O3
	Eu2O3-CuOz
	BaO-Eu2O3-CuOz

	BaO-Dy2O3-CuOz system
	BaO-Dy2O3
	Dy2O3-CuOz
	BaO-Dy2O3-CuOz

	BaO-Ho2O3-CuOz system
	BaO-Ho2O3
	Ho2O3-CuOz
	BaO-Ho2O3-CuOz


	Comparisons of phase equilibria of BaO-R2O3-CuOz (R=Eu, Dy, and Ho)

	Summary and conclusions
	Acknowledgements
	References


	APL 102507 BaF2 transient-2006
	BaF2-melting-SST 2005
	MgB2-thermogravimetry-2005-IEEE
	toc
	Thermodynamics of ${\rm MgB}_{2}$ by Calorimetry and Knudsen The
	L. P. Cook, R. Klein, W. Wong-Ng, Q. Huang, R. A. Ribeiro, and P
	I. I NTRODUCTION
	II. P REVIOUS W ORK AND G OAL OF P RESENT S TUDY
	III. E XPERIMENTAL P ROCEDURES 1
	IV. R ESULTS

	Fig. 1. Vapor pressure of ${\rm MgB}_{2}$, as measured by Knudse
	V. D ISCUSSION

	Fig.€2. Calculated phase diagram for the Mg-rich part of the Mg-
	Fig. 3. Comparison of literature data on ${\rm MgB}_{2}$ stabili
	VI. S UMMARY
	J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. Akim
	D. C. Larbalestier, L. D. Cooley, M. O. Rikel, A. A. Polyanskii,
	R. Flukiger, H. L. Suo, N. Musolino, C. Beneduce, P. Toulemonde,
	X. L. Wang, S. Soltanian, M. James, M. J. Qin, J. Horvat, Q. W. 
	D. White, Olin Mathieson Chemical Corporation, Technical Researc

	T. B. Massalski, Ed., Binary Alloy Phase Diagrams, 2nd ed. Mater
	Z.-K. Liu, D. G. Schlom, Q. Li, and X. X. Xi, Thermodynamics of 
	S. L. Bud'ko, G. Lapertot, C. Petrovic, C. E. Cunningham, N. And
	K. D. Carlson, The Knudsen effusion method, in The Characterizat
	M. W. Chase Jr., NIST-JANAF thermochemical tables, 4th edition, 
	R. Klein, L. P. Cook, and W. Wong-Ng, Enthalpies of formation of
	L. P. Cook, R. Klein, W. Wong-Ng, Q. Huang, R. A. Ribeiro, and P
	R. Klein, L. P. Cook, W. Wong-Ng, Q. Huang, R. A. Ribeiro, and P
	C. W. Bale, P. Chartrand, S. A. Degterov, K. Hack, R. Ben Mahfou



	BYC oreder-disorder trans-PRB-2004
	BYC-diagram Physica C 2002
	Subsolidus phase relationships of the BaO-Y2O3-CuOx system under carbonate-free conditions at pO2=100 Pa and at pO2=21 kPa
	Introduction
	Experimental
	Results and discussion
	Compounds formed in the BaO-Y2O3-CuOx systems
	The BaO-CuOx system
	The BaO-Y2O3 system
	The Y2O3-CuO system
	The BaO-Y2O3-CuO system

	Phase compatibilities

	Summary
	Acknowledgements
	References


	Ag-PF-BiPb-2223-J Mater Res-2000
	Pb2223-primary field-J-NIST 1999
	JSSC BRC diagrams 85-117-1990



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


