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ABSTRACT

Intergranular Phases in Cyclically Annealed ¥BaO;.«

and Their Implications for Critical Current Denegi

by

Andrew P. Clarke, Master of Science
Utah State University, 2008

Major Professor: Dr. Wilford N. Hansen
Department: Physics

We report changes in the intergranular materialgmath morphology of
YBa,CwO7.« during cyclic anneals between 780 and 980 °C yger at atmospheric
pressure. Two endothermic reactions were dete(@¢the eutectic reaction of
YBa,CuwO7.xwith CuO and BaCu@at 900 °C (enthalpxH;) and (b) the peritectic
reaction of YBaCuO7.xwith CuO at 950 °CAHp). During the first anneal, only reaction
(b) is detected, and although it should only odttirere is an excess of CuO, its
signature is present in all published data. Cyatinealing causes a monotonic decrease
in AHp and an increase iiH,, larger average grain sizes, and greater voluawidém of
the superconducting phase. A steady state is rdadtexr 10 cycles at which poinH;, =
0. We propose a model that explains the origirhefihtergranular CuO and the changes
in the intergranular material composition with ¢g@nnealing.

(45 pages)
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CHAPTER |

INTRODUCTION

Among the requirements for a useable supercondactonigh critical current
density,J;, and high critical magnetic fieltH.,. Under both these requirements,
polycrystalline compacts of YB&uwOy. have not performed as well as oriented thin
films. So far, the best bulk specimens have beghlyitextured, large-grained samples
prepared by the melt-textured-growth process [1b@] even in these sampl&ss only
approximately 1% of thé; in oriented thin films [3]. Several authors [4+&ve
compared the measurdgwith that deduced from magnetic hysteresis measemés
using the Bean Model [9-12]. These comparisons dhaivthe intergranulalk in bulk
YBa,CusO7.«is at least as large as that measured in thin filheoretical models [13]
have been developed to explain the measured trerspperties in bulk YBA&uO7.«in
terms of superconducting grains connected by sopdrccting “weak links,” and
calculations based on these models explain botlotheneasured critical current density
and the further decrease in this current undetivelst weak applied magnetic fields.

Although investigators now agree that the relagivel J; in bulk YBaCuO7.«is
mainly caused by second-phase intergranular mhtetaunderstanding of these phases
is still limited. In this paper we study intergrdauureactions that take place when
annealing these materials in oxygen at temperatloss to 900 °C. We further study the
evolution of the intergranular material under ay@nnealing in oxygen between 780 °C

and 980 °C.



CHAPTER I

PREVIOUS WORK—LITERATURE REVIEW

The phenomenon of superconductivity was first reggbin 1911 by Onnes [14],
who detected it in mercury at critical temperatdie, equal to 4.12 K. The discovery of
other superconductors soon followed, with lead @B) = 7 K and niobium nitride
(NbN) at 16 K.

The expulsion of static magnetic fields by supadiators was first reported by
Meissner and Ochsenfeld [15] in 1933. The Meisé&ifact differed from the classical
effect described by Lenz’s Law, in that Lenz’s Lamly predicts the expulsion of
changing magnetic fields due to classical diamagnetism,redesuperconductors expel
evenstatic magnetic fields. This discovery allowed researsherdiscern between true
superconducting behavior and simple low resistivitynixed-phase samples, and in
samples through which electrical current couldb®easily passed. London and London
[16] showed, in 1935, that the Meissner Effect wassed by the minimization of the
electromagnetic free energy of the current-carrgiagerconductor, and was continuous
at a surface boundary, with a characteristic patietr into the superconductor called the
London Penetration Depth.

In 1957, Abrikosov [17] published a paper propgdime existence of two classes
of superconductor, now known as Type | and Typbdged on the Ginsburg-Landau
theory of superconductivity [18]. Type | descrilveaterials with discrete transition field
strengthH., above which superconductivity ceases, and ther lataterials (Type 1l) that

exhibit a mixed-phase transition regime boundefirsyyand second discrete critical field
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strengthsH¢; andHc,. This gave researchers insight into so-calledn‘gpass” (Type II)
materials that pin quanta of magnetic field (flugpnThis had later significance in
understanding the mechanisms involved in Riguperconductors.

In 1962, Josephson [19] predicted the tunnelinGadper pairs, the basic current
carriers in the superconducting theory of Bard€agper, and Schrieffer [20], across
thin insulating barriers. The Josephson Effect wdater help explain the disparity
between the measured critical current dengifyat which superconductivity ceases, and
the value predicted from measurements of Hc, usia@dean model [9-12], in mixed-
phase superconductors. Significantly, the Josephk#fest became the basis for a new
ultra-sensitive Superconducting Quantum Interfeeedevice (SQUID) magnetometer
that allowed researchers to detect supercondubghgvior in small fractions of mixed-
phase samples.

In 1986, Bednorz and Muller [21] first reporte@ thnset of superconducting
behavior in mixed phase BaLaCuO powders. They aedlyheir samples using powder
x-ray diffractometry and isolated the supercondurphase Ba:La2Cu30x, where Ba
represented only a few atomic percent. Once istlasethe superconducting phase, exact
mixtures were made and single phase samples cewddmined. SQUID magnetometer
studies indicated a transition to superconductiatfi. = 36K, roughly twice the critical
temperature of any previously reported supercorasict

Thesecuprate perovskite materials were studied further, and in 1987 Wal et
[22] reported a superconducting phase within thea@&0 system at YB&usO;.«with a
T. = 93K. This caused much excitement and an explasiosesearch into these hidh

superconductors, or HTSC.
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Further development of the new HTSC materials e required if they were
to become useable, for though these brittle cermeipelled magnetic fields as strong
Type |l superconductors, they could carry verydiguperconducting current [23-25].

In the research community there were reports [J6aR2&hin films of YBaCuwO;.« that
exhibited two orders of magnitude higher criticatrent densities than the best bulk
samples measured, and no one was sure why. Witlasky values, this difference
inferred that the bulk samples consisted of sup®hacting grains separated by layers of
insulating second phase materials, and that cudemities were therefore limited by
Josephson Effect tunneling across these intergrafiukak links.”

We undertook the research reported here with théafadetermining the
compositional and thermodynamic pathways takennbgmaorphous powder of Y, Ba,
Cu, and oxygen on its way to becoming ¥8&0;.4 crystalline. In doing this, we hoped
to discover the processes that lead to the formatiahe intergranular material limiting

Je, and perhaps uncover a remedy to its formation.



CHAPTER 1lI

EXPERIMENTAL PROCEDURE

We mixed Ba@, CuO, and ¥Os inside an argon-atmosphere glovebox §0d
H,O content less than 1 ppm) to make powder sampteshe composition YBa uzOy.
The BaQ was reagent grade from J. T. Baker Chemical Calligsburg, NJ 08865)
with an assay of 98 wt.% min. (major impurity Bag3@th less than 0.002 wt.% lead
and less than 0.03 wt.% iron). The CuO was 99.99%\irom Aesar/Johnson-Matthey
(Seabrook, NH 03874). The,®3; was 99.999 wt.% from Research Chemicals (Phoenix,
AZ 85063). The CuO and 03 powders were baked inside the glovebox for 1 Fofit
°C to remove absorbed water.

We used a high-energy Spex model 8000 mixer lodatde the glovebox to
mechanically alloy 6 g of powder using a hardenedlsial and hardened steel balls.
Mechanical alloying (MA) is a high-energy ball-nmiy process originally developed to
prepare nickel-based precipitation-hardened altoyders [29]. Recently, researchers
have also applied MA to the synthesis of amorphoegallic alloy powders [30]. During
MA, the powder particles trapped between colliduadjs are repeatedly fractured and
cold-welded. This refines the powder structure, famdufficiently long MA time, it
leads to the formation of a true alloy. With MA tlaeas always the danger that the milling
may erode the vial and/or the balls and introdugeurities into the powder. By using a
hardened steel vial and hardened steel balls, wenizied or eliminated this source of
contamination. The weight of the vial and the bafter 10 successive MA experiments

was the same within the 0.01 g accuracy of oumgalaFrom this we estimate that if



impurities were introduced into the powder during Mhese amounted to less than
0.016 wt.%. We detected no iron by energy-disper¥iray analysis in a scanning
electron microscope, which indicated that the ontent was below the 1 at.%
resolution of the detector.

We used X-ray diffraction (Cu déradiation) and differential scanning
calorimetry (DSC) to study structural transformasion the as-ball-milled powder during
the first oxygen anneal, as well as during the sgbent cyclic anneals. All anneals were
done in flowing oxygen using cooling and heatingsaf 10 °C miti except the final
cooling from 780 °C, which was done at 2 °C Thiwe prepared six loose-powder
samples, 100 mg each, in this manner to studyfteet®f 1, 2, 4, 8, 14, and 20 cyclic
anneals. Following the anneals in the DSC, the powdmples had sintered into
compacts that were easily removed by tilting themwha DSC cups. There was no
reaction with the alumina cups. We cyclically arleda seventh sample, made from a
pressed rod, 67 times in an oxygen-purged tubeatigrising the same heating and
cooling rates.

The superconducting properties of the samples wmeasured by magnetic
susceptometry using a Quantum Design (San Diegd STAJID magnetometer.

We used scanning electron microscopy (SEM) to nreagain size and to
identify phases in samples that had been studidtkiDSC and had undergone
susceptometry measurements. For the SEM studielstoke the sintered samples in
half. One half of each was polished using an adeobdiamond paste, and both were
mounted onto aluminum holders using colloidal gregsolution. We made composition

determinations on the polished samples using erdigpersive X-ray (EDX) analysis.
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The deconvolution of the EDX spectra was done wikkevex Analyst 8000 hardware
and standard-less software. Although this technag@uedetermine the relative amounts
of metallic elements in alloys such as ¥%B&0;.« to an accuracy no better thars
at.%, this accuracy is sufficient to discern betmvpbases such as YEa:0;,
Y,BaCuG, BaCuO2 and CuO. The EDX detector did not allowoudetect elements

with atomic number below 11.



CHAPTER IV

RESULTS

Phase Transformations During the

Synthesis of YBzCusO7«

Figure 1 shows X-ray diffraction patterns of thexed powder after 3 and 10 h of
MA. After 3 h of MA the powder still has most ofeBragg peaks of the initial oxides.
After 10 h of MA these peaks have disappeared ladliffraction pattern now has broad
maxima and a few new Bragg peaks. The broad diftraenaxima indicate that the bulk
of the powder is an amorphous oxide. Some of theBragg peaks belong to a cubic
perovskite with lattice parameter close to #Hattice parameter of YBEuO;. In the
figure the Bragg peaks of the cubic perovskite Haaen indexed in the notation of the
tetragonal perovskite with~ 3a. The conclusion that the perovskite is cubic,eathan
tetragonal, follows from the observation that thrad®) peaks such as (104) and (214),
present in YBgCuwOy.«, are absent in the mechanically alloyed powdes. frobable
that these peaks are absent because the yttriutagiuein atoms are disordered rather
than arranged on the (00z) planes, alternatingarfdrm ...Ba-Ba-Y-Ba-Ba-Y-..., as
required for the tetragonal form. A few Bragg pemksurve (b) belong to phases we
could not identify. During MA the powder loses oryg by weighing the vial and its
contents before and after MA we deduce that thgemystoichiometry per YB&us unit
decreases from 8.5 in the as-mixed oxides ta 02 after 10 h of MA.

Figure 2 is a DSC trace typical of the first oxygameal of the as-mechanically-

alloyed YBaCuOx powder. The transformations labeled A, B1, B2 arar€
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Fig. 1. X-ray diffraction patterns of mixed oxigewders after mechanical alloying for 3
h (top) and 10 h (bottom). The Bragg indices far Yarious compounds present are
identified by bracket type: (YBEWO7.), [Y203], (BaO2 and {CuO}.

irreversible, and the subsequent heating DSC trstu@s only a smooth baseline curve
from 100 to 890 C. In a separate study [31] we Uéedy diffraction and
thermogravimetry to identify the crystalline phapessent in samples rapidly cooled
from temperatures below and above peaks A, B1 éhd' Bese measurements enabled
us to identify the transformations giving rise he$e peaks. Peak A (exothermic) results
from the formation of two intermediate crystallipieases: ¥O; and BaCu@ Peak B1
(endothermic) is accompanied by severe oxygen &sssyidenced by thermogravimetry
[31]. This loss is immediately followed by the digléization of the tetragonal form
YBa,CuOy7.x, Which gives endothermic peak B2. The small tramsétion labeled C

only occurs during an oxygen anneal (it is absdr@mannealing in air) and has not yet
been identified. Using the ternarg@; — BaQ — CuO equilibrium phase diagram

proposed by Aselage and Keefer [32] we attributtotirermic peaks D and E to the
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Fig. 2. DSC trace for the first oxygen annealh&f mixed alloy powders mechanically
alloyed for 10 h. Sample weight = 60.80 mg.
following reactions involving the formation of mglt

(950 °C) YBaCuO7.x+ CuO - Y,BaCuQ + L(p1) (2)

(1015°C)  YBaCuOrx - Y,BaCuQ + L(p,) 2)

The large endothermic peak E in Fig. 2 is causetthéyncongruent melting of
YBa,CusO7.«into Y,BaCuQG and the peritectic liquid L. Because this melt reacts with
the alumina cup in the DSC, we avoided reachingtdmperature in all subsequent
studies.

During a DSC study involving cyclic anneals betw880 and 980 °C, we noted a
continuous decrease in the enthalpy of transfoondd. Figure 3 shows an overlay of
DSC traces during the heating part of the firse foyclic anneals between 780 and 980

°C. The enthalpy of transformation D decreases ®aith cyclic anneal, whereas a new

transformation at 900 °C, labeled F, appears #itesample has been cycled once. The
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HEAT FLOW (mcal/sec)
" m
—
w n
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TEMPERATURE (°C)

Fig. 3. DSC traces for five consecutive cyclic ggg anneals.

area of transformation F increases with cyclingiluafter 10 cycles, peak D is absent,
peak F is stable, and the DSC trace is complegsigrsible. The enthalpies of
transformations D and F are plotted as functionth@number of cyclic anneals in Fig. 4,
showing the smooth, continuous nature of thesegdsan

To ensure that the change from peak D to peak lir ayitlic anneal was not
caused by a reaction between the powder and alumiha calorimeter cups, we re-
ground a sample that had been cyclically annealedtimes (see curve 4 in Fig. 3) and
repeated the thermal treatment in the same aluauipaThe DSC trace after re-grinding
was very similar to curve 2 in Fig. 3, indicatit the transition from peak D to peak F

results from reactions within the powder.



12

o 3 &

ENTHALPY, (A Q) (J/g)

-
=]

| | |
1 2 3 4 5 6 ¥

NUMBER OF CYCLIC ANNEALS

Fig. 4. Area under the DSC peaks D (filled tri@syland F (open circles3. number of
cyclic oxygen anneals.

The ternary ¥O3; — BaQ — CuO equilibrium phase diagram reported by Aselag
and Keefer [32] enabled us to identify the reactioning rise to peak F in the DSC traces
as the following:

(900 °C) YBaCuwO7.4+ BaCuQ + CuO - L(ey) 3)

Chemistry of the Intergranular Material

We used SEM and EDX analysis to study the intergearmaterial in samples
cyclically annealed once and 14 times. Figure Sk@ws the backscattered electron
image of a sample heated to 980 °C in flowing ory@e., above peak D in Fig. 2) and
cooled to room temperature at 150 °C TiWe observed two phases. For the major light

phase, EDX revealed yttrium, barium and coppetamic ratio close to 1:2:3. The
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Fig. 5. Scanning electron micrographs of samptdisiped after 1 (a) and 14 (b) cyclic
oxygen anneals. In (b), the components of theetgaint eutectic solidification are A =
BaCuQ, B = CuO and C = YB&£uOyr.x.

minor dark phase had only copper. The two phasesept, YBaCuO;.xand CuO, are
those on the left hand side of eqn. (1). Noticé thia layers of CuO, indicated by the
arrows, surround several YRau507. crystals. We believe that, at a temperature close t
950 °C but before the peritectic liquid forms foe ffirst time, CuO is distributed
uniformly throughout the sample surrounding eacthefYBaCuO;.crystals.

Following the reaction at 950 °C, most of the CyPears concentrated at discrete
regions, which, as seen in Fig. 5(a), contain sivBH,CusO;.« crystallites. This

agglomeration could only have resulted from theratign of the peritectic liquid L(p1),
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toward the more porous regions of the sample. dhdifscation of this liquid leads to
the formation of small YB#&£ u;O7.« crystals, according to egn. (1). We should noté tha
Fig. 5(a) shows a region of the sample particuladly in CuO which is not typical of the
average.

The DSC trace for samples annealed 14 times sholygeak F, the 900 °C
endotherm. The backscattered electron image of asample, shown in Fig. 5(b),
reveals three phases that appear as white, liglyt-gnd dark-gray, labeled A, B, and C.
EDX analysis reveals that A is close to a 1:1 nrixtof barium and copper, phase B is
yttrium, barium and copper in atomic ratio closd 1d:3; and the dark phase C has,
again, only copper. We conclude that these thresgshare BaCupQYBa,Cu;O;.xand
CuO, respectively. Notice in Fig. 5(b) that thestlhphases coexist at triple-points as
required by the eutectic crystallization in egn. (3

Changes in the intergranular material compositienaéso detected by X-ray
diffraction. Figure 6 shows X-ray diffraction patte taken from samples annealed once
and 20 times. The vertical scale has been enlahgekde sample annealed once, the only
Bragg peak clearly present besides those of,¥B#-.is the(111) peak of CuO,
whereas the sample cyclically annealed 20 timexlgieontains YBsCwO;.x, CuO,
Y,BaCuQ, and BaCu@ The presence of these phases is explained vatmtdel

discussed in Section 4.
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Fig. 6. X-ray diffraction patterns of YBa2Cu3O&xclically annealed once (a) and 20
(b) times. The Bragg indices for the various commusupresent are identified by bracket
type: (YBaCusO7.), [Y203], (BaO,) and {CuO}. Note the increased splitting between
the (012) and (102) reflections after 20 cyclic gely anneals.

Grain Growth During Cyclic Annealing

During the cyclic anneal the average grain sizesi@m®es monotonically, causing
interesting changes to take place not only witlarégo the grains themselves, but also in
the morphology of the intergranular melts. In Fegdrwe illustrate these changes by
comparing scanning electron micrographs of sampjefcally annealed 1, 8 and 67
times. The polished cross-section of a sample @3ityi annealed once (Fig. 7(a)) shows
the segregation and “pooling” behavior of the @etic melt, which, upon solidifying,
forms small YBaCusO,crystals imbedded in CuO. The fracture surface sdraple
cyclically annealed eight times (Fig. 7(b)) shodesather” patterns of small YBEGu;O;«

crystals in the spaces between much larger crystal8aCu;O;.«. This “feather”
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morphology is typical of crystallization requiripdnase separation during the directional

freezing of liquids. The sample cyclically anneat&dtimes (Fig. 7(c)) is very different;

Fig. 7. Scanning electron micrograph of sample$ically annealed 1 (a), 8 (b), and 67
(c) times. The magnification is approximately tlaeng for all samples. Image (a) is a
backscattered electron image of a polished surfaé¢end (c) are secondary electron
images of fractured surfaces.
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()

Fig. 7. continued).

the feather patterns of small Y&axO;.«crystals are no longer in evidence. Instead, the
intergranular material now appears as thin shééta@/” material in spaces between
large YBaCusOy.crystals. In addition, the surfaces of the largeex®507. crystals
show a layered morphology indicating that thesstatg grew epitaxially at each thermal
cycle.

Typically, YBaCusOy.xcrystals grow as rectangular plates with drexis normal
to the plates, as shown in the inset of Fig. 8sHtlows us to identify the-axis by a
visual inspection of SEM micrographs and to meatheelimensions of the grains.
Figure 8 shows the average of crystal dimensiorassored from scaled SEM
photographs of fractured samples. We made no digimbetween theaj and )
direction. Although these results only give an agpnate measure of grain size, it is

clear from Fig. 8 that grain size is a monotonicalcreasing function of the number of
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Fig. 8. Average size of the YBauO;« crystalsvs. number of cyclic oxygen anneals.

cyclic anneals.

Besides the increase in average grain sizes, we diaserved the almost complete
disappearance of small (1-1f) YBaCusO.«grains in samples cyclically annealed
more than 20 times. It became clear from examiaingmber of scanning electron
micrographs that grain growth was accompanied bgvamnall narrowing of the crystal
size distribution. We believe that this is causgdviro phenomena:

1. Small grains of YBgCwO;.«are preferentially consumed during the heating

part of the cycles (formation of periteatielt according to eqn. (1)); and

2. The surface of the large crystals is a preferrefer the nucleation of

YBa,CuO7.xduring the solidification of the peritectic melt.
Indeed, the surface of the large .BasO;.«crystal in the center of Fig. 7(c)

(sample cyclically annealed 67 times) is layeradidating that this crystal grew in size
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at each consecutive cycle by epitaxial growth fenfiuid phase.
The degree of orthorhombicityp-@)/a, also increases with the number of cyclic
anneals. For a sample cyclically annealed 20 tiifes)/a = 1.0175+ 0.0005. A sample
cyclically annealed once shows only 90% of thisttpd, despite an identical slow cool

in flowing oxygen.

Changes in the Volume Fraction

of Superconducting Phase

We determined superconducting transition tempegat{iz) from the onset of
diamagnetism in samples warmed in a d.c. magnetat éf 100 G, after zero field

cooling to 7 K from room temperature. The seven@amcyclically annealed to

different numbers of cycles all hdd of 91+ 1 K. We made magnetic susceptibility
measurements at 7 K in a d.c. magnetic field of &Q@hich is lower thai.;. Although
the demagnetizing factor is difficult to calculatecurately, we take advantage of the fact
that our samples are all of the same mass (10Ganygxternal shape (that of the interior
of the alumina calorimeter cup). This enables usotapare the susceptibilities and to
deduce the relative fractions of superconductirgsphin Fig. 9 we have plotted
susceptibilityvs. number of cycles, and it is clear that the supdacting fraction

increases with cyclic annealing.
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CHAPTER V

DISCUSSION

Presence of CuO at the Surface of

YBa,CusO7. Grains

According to the equilibrium phase diagram [32hgée-phase YB#£L u;O7.«
undergoes no phase transition until melting at 1. Because the reaction giving rise
to peak D in the DSC trace requires the presen€u@f, the detection of this peak
indicates that at 950 °C the sample has free Cu®©cldarly observe CuO by SEM and
X-ray diffraction in samples that were heated oiec®80 °C and rapidly cooled by
dropping them from the inside of a small furnaceoancopper block at room
temperature. The possibility that CuO is presentbse of an excess of CuO in the
starting mixture of oxides must be ruled out beeawus also observed peak D in DSC
traces of samples we synthesized with delibergdpeodeficiencies of 6 and 10 at.%. It
might be argued that CuO forms to balance the altstion of other copper-deficient
phases such as,®s, but we have not detected any phases other thaC(B0;.xand
CuO in X-ray diffraction patterns of samples anedadnce to 980 °C (Fig. 6, curve (a)).
Finally, it may be argued that our intergranulatenal was rich in metallic impurities,
as sometimes observed [33], but the EDX analysiketlark phase in Fig. 5(a) revealed
only copper (oxygen is not detected by our EDX).

We have also observed peak D in the DSC trace8afGusOy prepared by
other techniques. In refs. 34 and 35 we reportedyinthesis of YB&LwOy by the slow

oxidation of YBaCus powder in both®0 and™0. Peak D is clearly seen in the DSC
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traces during the first heating to 980 °C in botiigen isotopes. We have also seen peak
D when analyzing in our DSC the YEBauO, samples prepared by other researchers [36]
starting from Y203, BaCO3 and CuO.

The presence of CuO in nominally pure ¥BasO;.crystal at 950 °C appears to
be a ubiquitous phenomenon. In fact, all DSC trasesave found in the literature
[32,34,35,37-39], which span the temperature r&@g§eto 1000 °C show the presence of
peak D. We propose tentatively that a CuO phasedat the surface of large
YBa,CwsOy crystals when these are heated in air or oxygeteteated temperatures. This
phase presumably forms when copper atoms diffuse the bulk, leaving behind
constitutional vacancies and lowering the alloy&efenergy. Similarly, in YB&uOy
powder heated to high temperatures, copper wougjgegate at the particle surfaces. In
porous aggregates, copper would segregate at tfaeswf interior cavities as well as
exterior surfaces. From Fig. 5(a) it is appareat tfrain boundaries are also effective
sinks for the copper segregation.

In powder aggregates, the presence of CuO shoutaope noticeable in the
larger particles. Suppose that at 950 °C, a fractiof the copper atoms in YBEuwO7.«
migrates to the surface of the particles. It isygdagleduce that the formation of a

monolayer of CuO surrounding a spherical ¥BaO- . particle of radiug requires
r>4V/[e (Vo)™ (4)

where V| and \; are the volumes of the YBauO; and CuO unit cells with three and
four copper atoms, respectively. We have not fowaddes for the enthalpies of vacancy

formation at copper sites in bulk YR2us0,, which would allow us to estimageat 950



23

°C. If we assume, for the sake of discussion, 4a10°, and with \{, = 1.73x 10%° m®
and V. = 8.2x 10%° m®, we deduce from eqn. (4) that the formation ofanatayer of
CuO requires particle sizes with r > Zm. This simple argument suggests that there is a
critical particle size below which the peritecteaction of eqn. (1) does not occur simply
because there is an insufficient density of cogpems to form a CuO phase. In this case
the copper atoms that migrate to the surface opéngcles heated to 950 °C would
diffuse back into the bulk when they are cooletbter temperatures. The same
reversible diffusion should occur in thin films bel a certain critical film thickness.

The measurement by Kuwabara and Shimooka [40]eoflépendence Jf on
grain size in YBaCuO seem to support the model presented above. Theanae bulk
samples of different average grain sizgy sintering fine YBgCusOy powder at
temperatures between 920 and 950 °C for 3 to Admeasured;. in rods cut from
these specimens. Fdr> 2.0um, J. is independent af and is close to 100 A cfn
However, 1 <d < 2.0um, J; goes through a sharp maximum, reaching valuesdess of
800 A cmi®. The authors attribute the increasddifor 1 <d < 1.2um to the increase in
the density of the samples, which they also meaJimey tentatively attribute the
decrease in Jc for 1.2d< 2.0um to “residual stresses” in the samples. They iatde
that the decrease Iy is accompanied by a decrease in the tensile shraighe samples.
We propose as an alternative explanation for tmeplulecrease id. that the critical
d-value for the formation of a CuO phase at thergbaiundaries and at the surfaces of
cavities in their YBaCuOx samples, as defined by eqgn. (4), was close tarh.2ZT'hen,

for d> 1.2um, intergranular phases would have formed by thetren of CuO with
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YBa,CuO as explained in ref. 32. This mechanism would aelgdain the observed
decrease in tensile strength if the intergranutesps formed by the reaction in egn. (1)
decrease the interparticle cohesion strength. fon gizes smaller than 1.2, the
density of copper atoms segregated at grain boigsdand particle surfaces is lower than
that needed to form a CuO phase. On slow cooliaggtliine-grain samples, the copper
would diffuse back into the particles, allowing tp@in boundaries to remain free of
second phases. Certainly, further experiments egdead to verify this model.

The foregoing discussion suggests that (a) Biglalues may be obtained in
dense compacts of small grain size, as also swEjbgtthe measurements in ref. 25; and
(b) to avoid the formation of intergranular phatdessample must be sintered at
temperatures below 950 °C. However, if segregatpger atoms are able to diffuse over
long distances by either grain boundary or surthffasion, then the formation of a CuO
phase at high temperatures may occur even fogfia@ materials and for annealing
temperatures below 950 °C. Extremely slow coolatgs would then be required to
allow for the copper to return to the bulk. Thiseese copper migration would be
facilitated by an excess of oxygen vacancies, sstgggethat cooling from the sintering
temperature to a temperature in the vicinity of 30(be made in a reduced oxygen
partial pressure. Full oxygenation to reach thesexygens per YB&u; formula could
be achieved by annealing in pure oxygen at 45&®dGpirically it has been found [41]

that sintering in a reduced oxygen partial pressesalts in samples with large
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Changes in the Intergranular Material Composition

with Cyclic Annealing

We explain the progressive transition in the DS(Cds from peak D to peak F on
cyclic annealing with a model in which the periteceaction of eqn. (1) is irreversible.
The main features of the model are explained viighhtelp of Fig. 10. This figure shows,
schematically, two isothermal sections of the terqdnase diagram for 03— CuO —
BaO shown in Fig. 5 of ref. 32. These sectiondar¢he temperaturé; = 900 °C (just
above the ternary eutectic reaction temperatuegof (3)) and, = 960 °C (just above
the peritectic reaction temperature of eqn. (H)}his figure and in the following
discussion we denote aBa,Cu,Op, phase simply byxyz). Further details of the ternary
phase diagram are shown in Fig. 5 in [32], inclgdime position of the invariant points e
and p inside the (011) — (001) — (123) triangle.

We proposed in the previous section that when (I2B¢ated to temperatures
close to 900 °C, the generation of constitutioreancies at copper sites causes the
formation of a small volume fraction of (001) aaigr boundaries and at free surfaces.
Thus, the initial alloy composition is represenbggpointa in Fig. 10, located along the
two-phase (123) — (001) tie-line. For the sakelafity, in Fig. 10 we have exaggerated
the volume fraction of (001) present and we hawsvdrpointa farther away from point
(123) than in reality. The shaded areas in Figajl@(d 10(b) represent liquid. In
agreement with the DSC measurements, no reactmr®apon heating the alloy to 900
°C for the first time because pomts on the (123) — (001) tie-line. However, at 960

(123) reacts with (001) forming L{pand (211), according to egn. (1). Figure 10(b)
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shows that at 960 °C the sample (painis now a three-phase mixture of (123), (211)
and liquid. Morphologically, (123) is the majoripase, with the (211) and liquid phases
being located at the grain boundaries.

We propose that, on cooling, the (reverse) pditteeaction of eqn. (1) is
incomplete. L(p) and (211) are not totally consumed because efiaiency of (211) at
the reaction zones. The Ljdormed on heating migrates under capillary actiod/or
gravitational force, becoming separated from tHeL {2This separation of L{pand
(211) can also be attributed to fractional crystation [32], whereby (123) formed at the
onset of the solidification effectively encloses #iill unreacted (211) and prevents a
complete reaction. The (211) left behind by theratigg peritectic liquid is no longer of
consequence because no reactions occur betweenaf {123) in the temperature
regime of the cyclic anneal. Removing part of tb&l() phase from the reaction is
equivalent to moving the alloy composition from @ to pointb, as shown in Fig. 10.
On cooling from 960 to 950 °C, part of the liqualidifies into (123) and (211). On
further cooling to 900 °C, part of the liquid sdfiels into (123) and (001), and the
remaining liquid shifts in composition toward tHeaded area in Fig. 10(a). The last
fraction of liquid to solidify has the eutectic cposition of egn. (3). This eutectic liquid
freezes into triple-points consisting of Y&arO;.,, BaCuQ, and CuO, which were
clearly seen in the scanning electron micrographigf5(b). The reactions just
described repeat with every thermal cycle.

At each cycle, an additional fraction of (211) twes separated from the liquid,
causing the alloy composition to stepwise move afn@y point (211) along the line

joining points (211) and. The change in the intergranular composition ceagen the
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Fig. 10. Schematic isothermal sections of the tgrivaO; — CuO — BaO phase diagram
of Aselage and Keefer [32].

composition reaches the two-phase region (123ep,L.ghown as point in Fig. 10(a).
Then the composition of the liquid phase remainmsstant for 900 < T < 960 °C and no
further changes are detected in the DSC curvesglasiclic annealing. In summary, the
formation of nonreacting (211) at each thermal eyauses a decrease in the volume
fraction of CuO in the intergranular material. Atipt ¢, all the CuO s tied up in the
eutectic liquid and no CuO is available for theigeetic reaction that occurs on heating to
950 °C.

The model proposed here can explain quantitatithbedychanges in the areas
under peaks D and F in the DSC traces. These areasure the enthalpies of reaction in
eqgn. (1) and (3), respectively. The enthalpy ottiea D measured during the heating
part of thenth cyclic anneal is proportional to the amount af3Cavailable at 950 °C, at
the onset of the peritectic reaction of eqn. (19.we have seen, the CuO decreases with

each cycle because a fraction of the (211) does=aat reversibly. If we assume that at
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each cycle the CuO decreases by a fraetjadhen the enthalpy of reaction D should

decrease with the number of cyclesaccording to the following equation:
AQo@ = (1 —)™AQpq) (5)

Equation (5) suggests a linear plot ofAQ] o] Vs. n. Figure 11 is such a plot,

showing a linear fit fon > 3.

4~  SLOPE=qa(1-p) =054

l | 1 | l l |
0 1 2 3 4 5 6 7

NUMBER OF CYCLIC ANNEALS

Fig. 11. Semi-log plot of the enthalpy of peak®number of cyclic oxygen anneals.
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CHAPTER VI

CONCLUSIONS

We propose that, when bulk YB2u;O;.« is heated to near 900 °C, constitutional
vacancies form at copper sites. Copper atoms saigrég gain boundaries and surfaces
driven by a lowering in the crystal’'s free energiie surface density of copper atoms
increases with increasing grain size due to theease in the volume-to-surface ratio. In
large-grain YBaCusO5., the amount of copper is sufficient to form a Cai@rain
boundaries, grain surfaces, and cavities. A Cu@@lan also form in the fine-grain
YBa,Cu;Oy7. if the copper atoms diffuse and segregate.

Heating YBaCuOy;., to 950 °C causes the reaction of ¥BaO;.x with CuO to
form Y,BaCuQ and liquid. On cooling, the reaction is not fulgversible because part
of the liquid migrates and becomes separated fleEn¥iBaCuQ.

The cyclic anneal of bulk YB&uwO;., between 780 and 980 °C causes the
formation of increasing amounts of¥aCuQ at grain boundaries and voids. The
volume fraction of ¥BaCuGQ formed this way saturates when the compositiaimef

intergranular melt equals that of the ternary didexf YBa,CuwO,.« + BaCuQ + CuO.
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