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Abstract C(_¢"_-_- (_ ]0 _(1_" "_

Progress in key areas is reported for the continued d_volopment ef the
silver-addition process for preparing textqred ']Z23" Tl-Ca-Ba-Cu-oxtde
thick films; ftlm homogeneity, film growth mechanism, scale-up, and
flexible substrates. As a consequenceof refinements in the precursor
oxide film preparation and the development of a 'flow" reactor,
superconducting films on polycrystalline _SZ have been preRared that
exhibit zero-field Jc values (77K) as high as 366,000 A/cm_. Advantage has
been taken of these process improvements to prepare a textured "I223" thick
film with Tc=IO9K on a zirconia coated metal substrate Whenplaced in a
magnetic field there is an initial drop in O_, attributed to the presence
of weak links. However, after this initial arop, the film exhibits the
characteristic behavior expected of strongly ltnked ']223". The film
growth mechanismunderlying the silver-addition process is discussed in
light of the results of microstructural studies of samples quenched at
different times into the thalltnatton process.
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," 1. Introduction
'i ,dl

Interest in the development of the "1223" T1-Ca-Ba-Cu-oxide
superconductor and other "single TI-O layer" materials for electrical power
applications has been stimulated by reports emphasizing not only their high
superconducting transition temperatures but also their good "in-field"
behavior at temperatures above 40 K [1-7]. Goodperformance of
superconductors above 40 K in magnetic fields of 1-5 Tesla ts especially
attractive, because it raises the possibility of significant improvements
in the efficiency, size, and weight of a wide variety of electrical
equipment in which the superconducting elements are cooled by efficient and
reliable cryogenic refrigerators. A significant challenge to achieving
these goals ts the fabrication of the long lengths of wires or tapes
required for such applications; wires or tapes that it ts generally agreed
would contain an oxide superconductor tn polycrystalline form. Toward thts
end we have pursued the development of a process suitable for the
fabrication of "1223" T1-Ca-Ba-Cu-oxtde superconducting tape by the
reaction of thallium oxide vapor with a silver-containing Ca-Ba-Cu-oxtde
precursor film [8-10]. In this paper we report on progress in several key
areas of our process development efforts; film homogeneity, film growth
mechanism, scale-up, and flexible substrates.

2. (xper 1mental

Precursor oxide films having the cation stoichiometry,
Ca)Ba)Cu3Ago37, were preparedby sprayingan aqueoussolutionof the metal
ni[ra1_eson _o appropriatesubstrateswhich were held on a heatingblock
maintainedat 275C [8]. After the depositionprocess the sampleswere

I subjectedto additionalheat treatmentsboth In alr and oxygenas detailed
, below. The amount of matertal deposited was selected to yield a

superconducting oxide ftlm of ~3pm thickness. The precursor oxides were
converted to superconducting "1223" ftlms using our "two-step" thalltnation
process [8]. In thts process the precursor oxide ftlm is placed (oxygen
ambient) in one zone of a two-zone reactor and a boat filled with thalltc
oxide ts placed tn the second zone. The sample ts heated to 860C. The
source ts heated first to 690C (step #1) and then to 745C (step #2). The
reaction is allowed to proceed for 30 minutes wtth the source at 745C and
then the furnace power ts turned off and the system allowed to cool. The
temperature/time schedules for both the sample and source can be found tn
Figure 2 of our earlier report [8]. Process or reactor modifications
required for the studies reported tn thts work are described below.

2a. Film Homogeneity

In an earl ter study [9] we found evidence that the manner in which
the spray deposited precursor oxide film ts prepared affects the current
transport characteristics of the final superconducting film. To atd us tn
understanding thts effect we first prepared coatings which were heated to
400C on the deposition heater block. The coatings were removedfrom the
substrates and used as samples for thermogravimetrtc analysts. Me found
that -905&of the weight change upon heating occurred before the sample
temperature reached 600C, and wo _bserved Inflections tn the TGAplot
between 500C and 600C that are , -_,_'_._edwith melting of the calctum and
barium nitrate tn the depostt. _._ ,_ '_._d a additional TGAanalysis in
which the sample temperature was p_-o_._d to rtse to 500C, remain at 500C
for one hour, and then continue to rise to ]O00C. In thts experiment we
found that -905&of the total weight changeoccurred during the heating at
500C, thus showing that ftlm decom_oostttoncan be achieved without
substantial melting of the nitrates.



," In light of the TGA data, we prepared precursoroxide films on
polycrystallineyttria-stabilizedzirconia (poly-YSZ)using three
deposltion/decompositionschedules. Schedule#I - (a) the total amountof
material requiredf-r an -3_m superconductingfilm was spray depositedat
275C, (b) the filmwas heated in air at 650C (5 minutes)while it was still
on the depositionheatingblock, and (c) the film was placeddirectly into
a combustion tube furnaceat 500C (oxygenambient),and the temperaturewas
programmedto riseto 850C in 30 minutes at which point the furnacepower
was turned off and the sample a11owedto cooi under a flow of oxygen.
Schedule #2 - (a) I/4 of the amountof material requiredfor an ~3_m
superconductingfilmwas spraydepositedat 275C and the samplesubjected
to treatment-lb. After four such depositlons/treatmentsthe samplewas
subjectedto treatment-lc.Schedule#3 - (a) the total amountof material
required for an ~3_m superconductingfilm was spray depositedat 275C, (b)
the sample was heatedin air at 500C (10 minutes) while stillon the spray
heater block, (c) the samplewas placed directly intoa combustiontube
furnace at 500C (oxygenambient);the temperaturewas programmedto remain
at 5006 for an hour and then rise to 850C in 5OC steps with a one hour
dwell at temperature after each increment; the sample was allowed to cool
under a flow of oxygen.

The precursor oxide films were converted to "]223" superconducting
films using the apparatus and process schedule described above [8-11].
Also, as described previously, the "1223" samples were patterned with a
four-segment 4mmx0.2mmtest bridge. They were then annealed in oxygen at
600C [8,9] prior to a determination of the R vs T characteristics of the

. full bridges and the zero-fieldJc values at 77 K, Jc(zf-llK),of the
= segments. The averagesuperconductingtransitiontemperatures(and
| standarddeviation),Tc(SDEV),for the three groupswere; Schedule#% -

106K(1),Schedule#2 - I07K(2),Schedule#3 - I07K(I). Followingare
listed the averagesegmentJc(zf-llK),the ratio of the standarddeviation
to the average,and the number of segmentsmeasured. Schedule#I: 16,000

A/cm_-I.21-44. Schedule#2:38,000 A/cm(-O.54-56. Schedule#3:40,000A/cm -0.32-20. We examineda precursoroxide film preparedby each of the
three schedulesusing a scanningelectronmicroscope(CambridgeStereoscan
240) equipped for energydispersivespectroscopy(EDS-TracorNorthern
spectrometer). SEM mlcrographsof these films are shownin FigureI.

2b. Film Growth Mechanism

To observethe evolutionof the microstructureof our thick filmswe
analyzed a series of samples each one of which had been brought to a
different point in the process and then quenched by moving the reactor tube
assembly to a position outside of the furnace. Samples were examined by
X-ray diffraction, scanning electron microscopy equipped with energy
dispersive spectroscopy, and transmission electron microscopy. For this
report we will only summarize the results of these investigations. A more
detailed description will be published at a later date.

The evolution of the mtcrostructure is evident in the SEMmtcrographs
shown in Figure 2. In our two-step process significant thalltum oxide
incorporation into the film and growth of the highly oriented "1223" phase
occurs only after the thallium oxide boat temperature is raised to 745C.
Wehave found that the thallium oxide is not incorporated in a uniform
manner. Rather, it enters the film at isolated sites such as that
indicated with an arrow in Figure 2a, which is an SEMmicrograph of a
sample quenched 5 minutes after the thallium oxide boat temperature reached
745C. Our analysis indicates that at these sites a liquid phase forms from
which the "]223" phase grows. As more thallium oxide is incorporated,
these sites grow in size until the entire sample is converted to the "1223"
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• phase. This is evident tn Figures 2b and 2c which are mtcrographs of
' samples quenched6 and 42 minutes, respectively, after the thallium oxide

boat temperature reached 745C. The data indicate that, although the
thalltum incorporation occurs at sites in areas that are predominately
calctum oxide, barium and copper oxides and silver must also be present.
We have found no evidence of a significant incorporation of silver tnto the
"1223" phase. Rather, the silver is found only as isolated nodules in the
final films.

2c. Scale-Up

He refer to the two-zone reactor used in all of our studies to date
[ll] as a "static" reactor because of its closed alumina-tube geometry. In
this reactor transport of the thallium oxide vapor from the thalltc oxide
boat to the sample, over a distance of -20 cm, takes place vta gaseous
diffusion. One consequence of this design from the point of view of
process scale-up ts that the thallium oxide incorporation rate into the
film may be diffusion-transport limited. Another is that there will be a
gradient tn the thallium oxide partial pressure in the reactor tube which
presents significant problems for obtztntng samples with homogeneous
properties over large areas. For example, in our "static" reactor we have
evaluated the processing of three 12.5 cm long coated poly-YSZ substrates
placed end to end in the sample zone (less than 3 degrees temperature
difference across zone). Representing the cation stotchiometry of the film
by X:2:2:3:0.37 (Tl:Ca-Ba:Cu:Ag), we have found in a typical experiment "X"
values of 0.84, 0.70, and 0.43 for samples 1, 2, and 3 respectively (sample
I was closest to the thallium oxide boat. For comparison we note that our
optimum samples have compositions in which 0.75_Xs0.90

Becausewe believe that controlled transport of the thalltum oxide
vapor will be important in any scaled-up version of our process, we
initiated an evaluation of the preparation of ftlms tn the "flow" reactor
shown schematical]y in Figure 3. Wehave used the sametwo-step
process/process times described above with only minor modifications,
namely; 1.) an oxygen flow ts maintained both through the outer quartz tube
(300 SCCH)and the alumina reactor tube (1.7 SCCH), and 2.) the thalltum
oxide boat temperature has been reduced to 730C tn order to to obtain _he
desired thallium content in the films (0.75sXsO.90). Using these
modifications, we can now obtain textured "1223" thick films
(poly-YSZ/Schedule #2) with "X" values in the optimum range for each of
three samples placed end to end tn the sample zone. In Table I are ltsted
the "segmented bridge" Jc(zf-77K) values obtained on four samples prepared
tn our flow reactor. The Tc values of the samples ranged from 104K to
I07K.

Table 1

_c(Zf-77K) tn A/cm2
Sample Segment 1 seqment-2 Seqment3 S_eqment4

1 46,000 67,200 336,000 148,000
2 166,000 26,800 16,300 80,500
3 51,700 10,300 16,800 41,900
4 31,900 124,000 97,300 80,500

2d. F]exible Substrates

A superconducting element for power applications must satisfy
stringent electrtca] and mechanical performance requirements [12,13]. An
important first step in meeting these requirements ts the demonstration of
good superconducting properties on a flexible substrate [14-16]. in our



,. ," process the substratematerialmust resist chemicalreactionat 860C with
oxygen and thalliumoxide vapor,as well as chemicaland interdlffuslon
interactionswith the orecursorand superconductinglayers. To minimize
cracking of the films,the substrateshouldmatch closelythe thermal
expansion coefficientof the superconductinglayer. Our demonstrationthat
highly texturedthick films can be obtainedon a polycrystallinesurface
removes the requirementfor a substratethat will supportepitaxialgrowth.
However, it is likely that optimumtexturingof the filmswill requirethat
a flat substratesurfacebe maintainedthroughoutthe growthprocess. This
presents additionalchallengesfor metallic substrates[16].

For our first "flowreactor"experimentson forming"1223"thick
films on metallic substrateswe electedto use FecralloyK [I/], a
high-temperature,oxidation-resistantiron-chromium-aluminumalloy.
Earlier work in our laboratory[9] had shown that, althoughthis alloy can
withstand exposure to both oxygenand thalliumoxide vapor at 860C, it
reacts readilywith the depositedfilm. In light of this,we have
initiatedwork to evaluatethe effectivenessof variousbarrierlayers for
minimizin_ this deleteriousreaction. In the presentcase a sampleof
Fecralloy" (3.2x0.64x0.005cm)was coated by sputterdepositionwith an
~O.2pm thick layer of undopedzirconia. A amount of precursoroxide

i sufficient to form an -3#m thick superconductingfilmwas preparedusingSchedule #3 describedabove. The samplewas processedin the two-zone
| reactor and subsequentlyannealedin oxygen at 600C using the schedules

I previously reported [8,9]. Similarto the case of our sampleson poly-YSZ
substrates,x-ray diffractionanalysisshowed the film to consistprimarily
of strongly c-axis textured"1223"with only tracesof an unidentified
secoQdaryphase. The sampleexhibiteda Tc-IOgK and Jc(zf-77K)-lO,000
A/cm_. The Jc vs field behaviorat various temperaturesis shown in Figure
4.

Discussion

Although the three samplegroups in our homogeneitystudyhave
similarTc values,the precursoroxidespreparedby Schedules#2 and #3
yielded superconductingfilmswith slgnlficantlyhigher averageJc(zf-/lK)
values and less scatterin the segmentvalues than those preparedfrom
Schedule #I precursorfilms. We believethat this behavioris relatedto
the melting/decompositloncharacteristicsof the calclumand barium
nitrates. In the Schedule#I precursorsthe rapid evolutionof gas may
cause some disruptionof the filmwhlle the flow of the llquldnitrates
before they decomposecompletelyresultsin compositionalinhomogenelties.
The same processesoccur duringSchedule#2. However,the disruptionby
evolving gas is llkelyto be less severeand the effectsof seggregatlon
"averagedout" as the thinnerlayersare processedin sequence. In
Schedule #3 the nitratesare decomposedslowly withoutmelting,a situation
expected to result in mlnlmaldisruptionof the film and no post deposition
seggregatlon. This interpretationis supportedby the resultsof the
microstructuralcharacterizationof precursorfilms. The SEM micrographs
of the Schedule #3 and #2 precursors,shown in Figuresla and Ib,
respectively,reveal a flne-grained,uniform-appearingmlcrostructure.The
micrograph in Figure Ic of a Schedule#I precursorhas a coarser-grained,
less uniform appearance. The EDS analysisof the Schedule#3 and #2
precursors revealeda relativelyuniformchemlcal composition.On the
other hand, the EDS analysisof the Schedule#I precursorrevealeda less
homogeneouschemicalcompositionand areas could be identifiedthat were
clearly either calciumor bariumrich.

The resultsof our filmgrowthmechanismstudiesare of particular
interest. In our earlierwork [8,1]we found that the silveradditionis



necessary to achieve the formation of a well interconnected and textured
' "1223" film via a process believed to tnvolve a liquid phase assisted

growth. Because silver exists as nodules in the final films and is found
only in trace amounts in the "]223" phase, we bel|eve that it plays an role
only in the formation of the liquid phase. It is also important to note
that, although all five metals must be present for the lJqutd to form, the
liquid phase formation appears to initiate in regions that are calcium
oxide rich. This suggests that, in addition to the chemical composition,
the phase composition of the precursor is critical to the success of the
process. That is, a "well calcined" precursor, in which the constituent
oxides have fully reacted to form well defined compounds,may not give the
desired results. This possibtl|ty should be taken into consideration in
any attempt to adapt the silver-addition approach to other polycrystalline
conductor fabrication processes.

Consistent with this picture of film growth are the results of a
characterization of texture in our "]223' thick films from XRDazimuthal
scans []8]. in that study it was determined that, on a macroscop|c scale,
the films exhibit excellent c-axis orientation but are essentially
untextured with respect to basal plane orientation. However, on a
microscopic scale, it was found that the films consist of an tntergrowth of
crystallite colonies within each of which there is a high degree of basal
plane alignment. Webelieve that such colonies nucleate at sites, such as
that indicated by the arrow in Figure 2a, where the liquid phase first
forms as the thallium oxide vapor reacts with the precursor oxide films.
Because the manner in which these colonies Jntergrow may determine the
transport characteristics of the film []8], better control of this process
may lead to significant improvements in the crit|cal current densities
obtainable.

The results of our first "flow-reactor" experiments with films on
poly-YSZ substrates are very encouraging, especially when one considers the
fact that in this initial set of samples are found three seqmentswith
Jc(zf-77K) values close to, and Four segments_wtth Jc(zf-77K) values well
in excess of, the highest value (105,OO0 A/ca _) ever measured by us in well
over a hundred samples (four hundred segments) prepared in the "static"
reactor. Additional work is required to understand why the Jc(zf-77K)
values of the "flow" reactor samples are nottcably higher than those
prepared in the "static" reactor. However, we consider it likely that this
is related, at least in part, to the presence of a more uniform thallium
oxide partial pressure throughout the reactor which permits the "1223"
phase to form under optimum equilibrium conditions at all positions on the
film. It is apparentfrom the data in Table I that there Is stll_ a ',.
considerable segmentto segment variation in Jc. Variations on the 2(_)pm
scale of the test bridge may be an unavoidable consequenceof the film
growth mechanismin the present process. Actually, we belteve _fat the
results obtained using this relatively narrow test bridge may present a
m|sleadtng picture of the average properties over ftlm dtmenstor,s of
signif|cance for practical conductors. To that end, we are presently
assessing the suitabltty of a wtder test bridge.

In our first experiment w|th barrier-layer coated met_1_11csubstrates
we have demonstrated the growth of a highly textured "]223"/film. The Tc
value of 109K, which ts comparable to the highest values measured for us
for films on poly-YSZ, indicates that the ztrconta layer is effective tn
limiting ftlm/substrate interacttolls. The Jc(zf-77K) value of 10,000 A/ca2
measured for our film on FecralloyK:ZrO 2 is relattvgly low comparedto our
poly-YSZ samples, and the drop tn Jc to-],000 A/cm< in weak fields
indicates the presence of weak links. However, we find tt most encouraging
that the Jcvs field behavior after this initial low field drop indicates

i



" the presenceof stronglylinkedcurrentpaths throughoutour film.

I Conclusion!

The silver-addition process continues to showconsiderable potential
for the production of superconducting tapes for use above 4OK. Through
refinements in the precursor deposition process and the development of a
well controlled "flow-reactor', we have demonstrated significant
improvements in the superconducting properties of '1223' thick films. The
refinements reported here have permitted us to achieve an important
milestone In the evolutionof this technology,namelythe preparationof a
superconductingthick film, exhibitingcharacteristic"1223"strong linked
behavior,on a flexiblemetal substrate.
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.. " FigureCaptions

Figurei

SEMmicrographs are shown for precursor oxide films prepared using
(a) Schedule g3, (b) Schedule #2, and (c) Schedule #1 described in
the text.

Figure Z
SEMmicrographs illustrating the evolution of the textured
microstructure obtained in the silver-addition process. Shownare
mtcrographs for samples quenched (m) S minutes, (b) 6 minutes, and
(c) 42 minutes after the thallium oxide boat temperature attained
745C. The plateltke "1223" growths are readily evident in (b) and
(c). The arrow tn (a) points to a growth front in its early stages
of development.

Figure 3

This diagram illustrates the essential features of the two-zone
"Irlow'reactor.

Figure 4

Criticalcurrentdensity vs. field at various temReraturesfor a
textured"1223"film o_lzirconiacoated FecralloyK having
Jc(Zf-77K)-10,O00A/cm_. The fieldwas-appliedperpendicularto the
substratesurface(parallelto c-axis).
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