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Partial melt processing of solid-solution Bi2Sr2CaCu2O8+�

thick-film conductors with nanophase Al2O3 additions
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National Institute of Standards and Technology, Materials Science and Engineering Laboratory,
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Partial-melt processing of Bi2+xSr2−x−yCa1+yCu2O8+� (Bi-2212) thick-film conductors
with additions of nanophase Al2O3 was studied for dual purposes of increasing flux
pinning and inhibiting Sr–Ca–Cu–O phase defect formation. Nanophase Al2O3 (<50%
mole fraction) was added to Bi:Sr:Ca:Cu:O powders with four different compositions:
three with Bi:Cu approximately 2:2 and one (Bi2Sr2.38Ca1.15Cu2.92O9.7+�) closer to the
ideal Bi-2223 composition. The effect of Al2O3 addition on film microstructural and
superconducting properties was studied for a range of partial-melt temperatures (865 to
900 °C). Results were compared to Al2O3-free films with compositions lying within
the single-phase solid-solution 2212 region. Nanophase Al2O3 reacted with 2212-type
precursors to form a composite of micron size or smaller particles of solid-solution
(Sr,Ca)3Al2O6 in a solid-solution 2212 superconducting matrix. The Ca content of
the (Sr,Ca)3Al2O6 particles formed approximated that of the 2212 precursor (�6%
mole fraction difference). Addition of 6–25% volume fraction of (Sr,Ca)3Al2O6 to
Bi-2212 (by reaction between Al2O3 and Bi-2212) only slightly reduced
superconducting transition temperatures and c-axis texturing; however this addition
improved film quality by reducing Sr–Ca–Cu–O defect volume fraction by factors
of 2 to 6 and significantly increased the critical current density by over one order of
magnitude for 0 to 2 T applied fields at 20 to 30 K.

I. INTRODUCTION

Thick-film or wire conductors of solid-solution
Bi2+xSr2−x−yCa1+yCu2O8+� (Bi-2212) superconductors
are candidates for long-length power applications, be-
cause of their capability to be fabricated by lower cost
methods such as thick-film coating on Ag or relatively
inexpensive Ni and because of their high transport criti-
cal current density (Jc) > 105 A/cm2 at � 20 K in at least
0 to 3 T magnetic fields.1–3 The Bi-2212 conductors are
typically processed by a partial-melt method, where the
precursor powder is brought above the melting tempera-
ture and then slowly cooled below the melting point.4–6

An optimum time is generally required for melting, and
the formation of large (approximately 20 to 200 �m
length) second-phase defects during the nonequilibrium
melting process has been noted by many authors.6–8

These defects can reduce Jc by impeding the critical cur-
rent flow.9

Because of intrinsically poor flux pinning, the opera-
tion temperature for Bi-2212 conductors is below 30 or
50 K for magnetic fields applied parallel or perpendicu-
lar, respectively, to the c axis of the Bi-2212 phase.2,10

The limit for practical applications is generally referred
to in temperature versus magnetic field space by the “ir-
reversibility” or “melting” line, above which the super-
conductor does not support loss transport current due to
flux motion.2 However, with the addition of pinning de-
fects by heavy ion (Sn) or 0.8-GeV proton irradiation, the
irreversibility line of Bi-2212 was shifted approximately
20 K higher for applied magnetic fields >1 T in tapes or
crystals, and the magnetic Jc at all temperatures and mag-
netic fields was improved.2,11

To increase flux-pinning in Bi-2212, the goal for this
study was to use chemically simple processing methods
to achieve a nonsuperconducting second-phase defect
density on the order of approximately (M/2) × 1011 cm−2

to pin an applied magnetic field of strength M in Tesla.2

This defect density would provide a pinning site for ev-
ery flux quanta with strength �o � 2.07 × 10−11 T cm2.
In a linear direction, the goal for defect density would be
approximately (M/2)0.5 × 105.5 cm−1, or approximately M

a)Address all correspondence to this author.
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defects in a spacing of 100 nm for M in the range of 3 to
7 T. With this criterion, pinning defects should be on the
order of approximately 10 nm or less, with a smaller size
preferred to allow a higher volume fraction of supercon-
ductor. While micron-sized defects have been shown to
improve flux-pinning by creation of secondary defects
such as dislocation networks with high density,2 other
studies show only nanometer (and not micron-) size de-
fects are responsible for improvements in flux-pinning.12

In this paper, nanophase Al2O3 particles were consid-
ered for defect addition (in part) because they are com-
mercially available in kilogram-size batches with low
cost of approximately $135/kg (Nanophase Technologies
Corp., Burr Ridge, IL). The materials cost of Al2O3 is
lower than alternative materials that are typically consid-
ered for Bi–Sr–Ca–Cu–O applications and are available
in nano-size, including Y2O3 (approximately $260/kg),
ZrO2 (approximately $1500/kg), MgO (approximately
$6500/kg), or Ag (approximately $11,000/kg) (Nano-
phase Technologies Corp., Burr Ridge, IL; Alfa-Aesar, Ward
Hill, MA). Any reduction in raw materials costs would be
beneficial when considering production of km-length
conductors.

The chemical reaction of Al2O3 with Bi-2212-type
compounds has been observed in thick-film tapes proc-
essed on Ag foils,13–15 in bulk compounds,16–21 in fiber
or single-crystal growth,22–25 and in thick-film growth on
Al2O3 substrates.26 The reaction products observed in
these studies were approximately identified as (listed
in order of decreasing Al mole fraction % with Al content
normalized to 2): ∼(Sr,Ca)2Al2Ox;

22 ∼Bi0.4(Sr,Ca)1.6Al2Ox;
18

(Sr,Ca)3Al2O6;13–21,26 ∼Bi(Sr,Ca)2Al2O6;16,19,24

∼(Sr,Ca)4Al2Ox;15 ,18 ∼Bi1.33(Sr,Ca)2.67Al2Ox;15

∼Bi2(Sr,Ca)3(Cu,Al)2Ox.
24,26 Among these phases, solid-

solution (Sr,Ca)3Al2O6 and Bi(Sr,Ca)2Al2O6 were shown
to be chemically compatible with solid-solution Bi-2212
in BiO1.5–SrO–CaO–CuO–AlO1.5 subsolidus equilib-
rium phase space, for a limited range of compositions
studied.16,17,19 The combinations of equilibrium phases
that potentially could form from reaction of Al2O3 and
Bi–Sr–Ca–Cu–O are unknown, as phase equilibrium dia-
grams in multidimensional BiO1.5–SrO–CaO–CuO–AlO1.5

phase space are not yet available.16

The reaction products mentioned above show trends in
chemical substitution and composition expected for in-
tersubstitution of similar ionic radius27 (e.g., Bi, Sr, and
Ca for each other in solid solution and Al for Cu or
vice-versa). Compositions of the Al-containing phases
have only been measured approximately thus far, as ref-
erence x-ray diffraction (XRD) patterns of solid-solution
compounds are not available in the powder diffrac-
tion file28 and energy dispersive spectroscopic (EDS)
measurements can be affected by complications such as
x-ray fluorescence and mass absorption during analysis
of submicron particles.29

In initial reports by our group and others, addition of
nanophase Al2O3 was shown to improve 2212 film prop-
erties by inhibiting Sr–Ca–Cu–O defect formation13–15

and increasing flux pinning.13,14,18,19 With addition of
nano-size Al2O3, there was minor or neglible degradation
of 2212 superconducting properties, with varia-
tions depending on the specific processing condi-
tions used.13–15,18,19 In this paper, both of these effects
are studied in more detail for a variety of solid-solution
Bi-2212 compositions, with additional analysis provided
of the chemical reaction of nanophase Al2O3 with
Bi–Sr–Ca–Cu–O for different nonequilibrium melting
conditions.

Solid phases identified in this work are shown in Table I.
All of the phases exist as solid solutions, where Ca can
substitute for Sr in the crystal structures.

II. EXPERIMENTAL

Precursor powders were prepared by the solid-state
method, using starting reactants of Bi2O3, SrCO3,
CaCO3, and CuO, all of purity >99.95%. Powders were
mixed and ground with an agate mortar and pestle, cal-
cined by heating from 650 to 830 °C at 25 °C/h, and
subsequently annealed about 3–4 times at 830 to 860 °C
in air, with intermediate grinding between annealings.
Repeat annealings were performed until equilibrium was
reached at the final annealing temperature of 860 °C, as
determined by XRD. The powders were reacted in ap-
proximately 1-cm diameter pellets with 0.5 to 1.0 g
batches, formed by lightly pressing in dies (approxi-
mately 107 Pa). Pellets were reacted on a bed of sacri-
ficial powder on polycrystalline MgO supports. The
slow-heating calcination step was used to eliminate in-
termediate melting reactions of sacrificial powder with
MgO substrates and reduce formation of intermediate
compounds.6

Powders of varying Bi:Sr:Ca:Cu:O composition were
prepared for reaction with Al2O3 addition, as shown in
Table II. Nanophase (�,�)–Al2O3 powder (10 to 20 nm),
99.98% purity and density � 3.965 g/cm3, purchased
commercially (Alfa-Aesar, Ward Hill, MA) was added to
four of the Bi-2212 powders in Table II (denoted with a

TABLE I. Chemical phases and corresponding symbols in this study.

Chemical formula Symbol

Bi2+xSr2−x−yCa1+yCu2+zO8+� 2212
Bi2+x(Sr2−x−yCay)Cu1+zO6+�; x � 0.1 to 0.4 2201-R
(Sr14−xCax)Cu24O41+�; x � 0 to 7a 014 × 24
(Sr1−xCax)CuO2+�; x � 0 to 0.75 01 × 1
(Sr2−xCax)CuO3+�; x � 0.0 to 2.0 02 × 1
Bi2(Sr3.9−xCax)O9−�; x ≅ 0.5 to 1.7a 24 × 0
(Sr3−xCax)Al2O6+�; x � 0.0 to 3.0a 03 × Al2

aSr:Ca ∼ 2:1 typically observed in 2212 composition melt-processed films;
x indicates (Sr,Ca) solid-solution.
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suffix x) by mixing thoroughly with mortar and pestle.
Also in Table II, powders B1 and B5 were prepared as
nominal single-phase compositions, for comparison with
results obtained with Al-containing composites (B1x,
B2x, B3x, and B4x). In Table II, the initial Sr:Ca ratio of
(Sr,Ca)3Al2O6 and 2212 reaction products was assumed
to be equal for calculating molar reactions. The oxygen
contents of the powders in Table II were calculated using a
Cu valence of +2.2, which closely approximates the oxygen
content of 2212 quenched from approximately 850 °C.30

The relation of powder compositions in Table II
to 2212 single-phase solid-solution regions in the
Cu � 2 plane31–35 is shown in Fig. 1. In Fig. 1, compo-
sitions B1 (≅B4x 2212 reaction product) and B5 (≅B3x
2212 reaction product) are in the Cu � 2 plane and are
within or border on the single-phase region. These com-
positions were chosen for this study because of their
possible use for wire fabrication and applications. The
B5 composition forms much quicker and with higher
purity in powder processing and may have similar ad-
vantages for wire fabrication.34 Powders B3 and B4 were
prepared so that molar reaction with nanophase Al2O3

would produce composites of (Sr,Ca)3Al2O6 with the
above-mentioned 2212 reaction products (B1 and B5).
Powder B1x was chosen to study the effect of Al2O3

addition on the 2212 composition, similar to previous
work.15 Powder B2x has initial composition (2212 +
15% volume fraction 014 × 24) and was studied to de-
termine whether Al2O3 addition could increase and
inhibit coarsening of the 014 × 24 phase to enhance
flux-pinning.13 In Fig. 1, the (Al-free) 2212 reaction
products of the composites from Table II are plotted, to
demonstrate how reaction of Al2O3 with Bi-2212 type
compositions moves the Bi–Sr–Ca–Cu–O reaction prod-
ucts in BiO1.5–SrO–CaO–Cu2O4+� phase space.

Thick-film tapes were made by adding approximately
30 mg of powder to approximately 0.5 ml of dehydrated
alcohol and brush-coat depositing the resulting solution

onto Ag foil (99.9% purity, 0.0050-cm thick). Powders
were stored in a drybox with desiccant, to avoid long-
term chemical reactions with solvents and moisture. The
average film thickness was determined using the mass
and area of the thick film and controlled from 13 to
17 �m to keep XRD film peak intensities consistent.

Figure 2 indicates the partial-melt processing profile
used. In Fig. 2 only Tmax was varied (shown with several
examples) and the recrystallization using slow cooling
from 856 to 847 °C6,7 was held constant. The heating
and cooling rates to/from approximately 845 °C are

TABLE II. Powder compositions tested.a

Powder
Precursor powder composition

(molar basis; Al2O3 is nano-size)

Al2O3

addition
(mass

fraction)
Sr:Ca
ratio

(Sr3−xCax)Al2O6

reaction productb

(volume fraction, n mol) Bi:Sr:Ca:Cu:O reaction productb

B1 Bi2Sr2CaCu2O8.2±� 2.0
B1x Bi2Sr2CaCu2O8.2+� + 0.095 Al2O3 1.1% 2.0 Sr2CaAl2O6 (6.6%, 0.10) Bi2Sr1.81Ca0.905Cu2O7.9+�

B2 Bi2Sr2.38Ca1.15Cu2.92O9.7+� 2.07
B2x Bi2Sr2.38Ca1.15Cu2.92O9.7+� + 0.109 Al2O3 1.1% 2.07 Sr2.02Ca0.98Al2O6 (6.6%, 0.11) Bi2Sr2.16Ca1.04Cu2.92O9.4+�

B3 Bi2.1Sr2.0Ca1.5Cu2.0O8.9+� 1.33
B3x Bi2.1Sr2.0Ca1.5Cu2.0O8.9+� + 0.2 Al2O3 2.1% 1.33 Sr1.71Ca1.29Al2O6 (12.6%, 0.2) Bi2.1Sr1.66Ca1.24Cu2O8.25+� (B5 powder)
B4 Bi2Sr2.93Ca1.46Cu2O9.6+� 2.0
B4x Bi2Sr2.93Ca1.46Cu2O9.6+� + 0.464 Al2O3 4.5% 2.0 Sr2CaAl2O6 (25.0%, 0.46) Bi2Sr2CaCu2O8.2+� (B1 powder)
B5 Bi2.1Sr1.66Ca1.24Cu2O8.25+� 1.33

ax indicates powder with nano-size Al2O3 added.
bAssuming complete reaction of Al2O3 to form (SrCa)3Al2O6.

FIG. 1. Bi–Sr–Ca–Cu–O compositions in the Cu � 2 plane tested in
this study before reaction (B1 to B5) and Bi–Sr–Ca–Cu–O products
after reaction with Al2O3 (B1x to B4x), from Table II. Lines indicate
outer boundaries of single-phase regions at 800 to 850 °C of solid-
solution Bi-2212 by (···) Majewski31 in agreement with Knížek et al.,35

(—) Muller et al.,33 (—) Holesinger et al.,32 and (···) Sinclair.34 With
subscripts normalized to 7, powders are in the Cu � 2 plane except
B1x (Cu � 2.08), B2 (Cu � 2.42), B2x (Cu � 2.51), B3 (Cu �
1.84), and B4 (Cu � 1.67).
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comparable to rates that can be achieved with large-scale
processing furnaces. The cooling rate below 847 °C was
furnace cooling in the power-off mode: from 847 to 500 °C
at about 600 to 120 °C/h and from 500 to 40 °C at about
120 to 60 °C/h, decreasing in cooling rate as the oven
temperature decreased.

XRD data were obtained with a Philips (Eindhoven,
The Netherlands) diffractometer equipped with 12-mm
optics, incident Soller slits, and a � compensating slit
with graphite monochromator and automated with
the use of Radix Databox interfaces. The 2� peak posi-
tions reported here were externally calibrated using
SRM 660 LaB6

36 as a reference. Data were collected
using Cu K� radiation with a 2� step size of 0.03 Å and
a 1.8-s count time. Peak-intensity data were determined
as relative peak heights above background using the
Siemens DIFFRAC5000 (Karlsruhe, Germany) s derivative
peak location program. The standard error in peak-intensity
measurements from experimental factors was <5%.

The texture of the 2212 tapes was analyzed using a
technique in which an �-scan was recorded using a pow-
der x-ray diffractometer and corrected for defocus and
absorption.37–40 The measurements were performed with
a Siemens D500 (Karlsruhe, Germany) powder x-ray dif-
fractometer equipped with an incident beam Ge mono-
chromator tuned to only transmit Cu K�1 radiation. The
0020 Bragg peak was used for the �-scan, and the ab-
sorption and defocus corrections using the profile of the
0020 peak were applied to the �-scan data as described
previously,37,38 using the software package TexturePlus.39

For the background, �-scans were obtained at a 2� value
2° above the 0020 peak. Two measures to characterize
the texture were obtained, the full width half-maximum
(FWHM) of the corrected �-scan and the integrals of
the corrected �-scan calculated as ∫I(�) sin(�) d�.40 The

FWHM is a measure of how sharply the textured material
is oriented. The �-scan integral can be used to measure
the volume fraction of material that is textured.40 An-
other measure of texture, the texture factor, was meas-
ured from the �–2� scans as FT � F/Fo, where F �
{	Ic axis/	(Ic axis + Ipowd)}, Ic axis are intensities of the
c-axis-oriented peaks (002 and 0016), Ipowd are intensi-
ties of non-c-axis-oriented peaks (113 and 200), and Fo is
the value of F for the PDF reference powder pat-
terns.28,41– 43 The texture factor is a semiquantitative,
comparative measure of the volume fraction of textured
material.

Energy dispersive x-ray spectrometry (EDS) was used
to acquire compositional data using conventional meth-
ods, with data reduction via the DeskTop Spectrum Analyzer
(DTSA) software package.29,44 Standards for EDS analysis
were Bi2Sr1.5Ca1.5Cu2Ox and corundum.

Superconducting properties of films and powders were
measured with a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design,
MPMS/MPMS2) (San Diego, CA), which cools the
samples with a cryocooler and measures the magnetiza-
tion–applied field (M–H) loops in a low vacuum. To
characterize films, rectangularly shaped samples about
3.2-mm square were placed in low magnetic response
organic sample holders with the tape surface oriented
perpendicular to the applied magnetic field. M–H hyster-
esis loops at different temperatures were made by heating
samples to 100 K and zero-field cooling (ZFC) to the
measurement temperature. The magnetic Jc of films was
estimated using the extended Bean critical current model
Jc � 20(
M)3b/ [a(1 − a)], where 
M is the magnetic
hysteresis difference, and a and b are the dimensions of
the sample cross section perpendicular to the applied
magnetic field.45 The 
M values for positive and negative
applied magnetic fields were compared to find the error of
measurement.

To characterize the superconducting properties of
powders, field-cooled (FC) Meissner and ZFC measure-
ments were performed from 5 to 125 K.46 The SQUID
magnet was reset to zero before any measurements. The
superconducting volume fractions were calculated using
� � 4��v/(1 − D*4��v), where �v � M/Happl is the
measured magnetic susceptibility, and D � 0.3333 is
the demagnetization factor assuming a spherical particle
distribution.6,46 The applied magnetic field was Happl �
796 A/m − Hrem, where Hrem is the remnant field of the
magnet after resetting to zero, determined for each
sample by measuring M(H) from 796 A/m to –398 A/m
at 79.6 A/m intervals and plotting when M � 0 (±7.96
A/m accuracy).

Temperatures used for processing were measured at
the sample position with S-type thermocouples calibrated
with gold melting (approximately 2 °C standard
uncertainty). The volume densities used in this

FIG. 2. Partial-melt growth temperature–time process profile, show-
ing examples for different maximum process temperatures (Tmax) �
885 °C (�) and 880 °C (�). The cooling rate from 870 to 856 °C is
300 °C/h.
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work were Bi2Sr2CaCu2O8+� � 6.60 g/cm3 6,47 and
Bi2.1Sr1.66Ca1.24Cu2O8+� � 6.63 g/cm3.35 The density of
Sr3−xCaxAl2O6 was calculated for different Ca content
(x) using a polynomial equation fit of Rietveld XRD
density measurements of powder samples prepared with
Ca � 1.0 to 2.0, 
 � 4.0894 − 0.179x − 0.084364x2 for
x Ca content.16 The densities for (Sr,Ca)3Al2O6 are in
good agreement (<0.2%) with values by Walz.48

The Ca content of (Sr,Ca)3Al2O6 in films was deter-
mined by measuring the 2� shift of the 440 peak and
comparing to the 2� shift for bulk compositions as plot-
ted in Fig. 3. The linear fits in Fig. 3 were used for
determining the Ca content of films. The varying slopes
of the linear fits for Ca < 1.0 and Ca > 1.0 suggest that
different ordering in the phase may be occurring. Bulk
powders of (Sr,Ca)3Al2O6 in Fig. 3 were prepared by the
solid-state method using a final sinter temperature of
1275 to 1325 °C.16

III. RESULTS AND DISCUSSION

A. Bi–Sr–Ca–Cu–Al–O phase formation
and assemblages

The primary phases that formed in the films were de-
termined by XRD patterns, as shown in Figs. 4(a) and
4(b) for films with Al2O3 added (compositions ending
with suffix x), and compared to reference films made
from single-phase compositions (B1 and B5). All of the
major XRD peaks in Fig. 4 could be identified using
the phases given in Table I. The identification of all
XRD peaks suggests the volume fraction of unknown

Bi–Sr–Ca–Cu–Al–O phases, if they exist, is <3–5%.49

The highest intensity XRD peaks of (Sr,Ca)3Al2O6 {440,
444 and 800 and 844}47 were always observed with
strong intensity in melt-processed films with Al2O3

added. In particular, the 440 and 800 peaks can be clearly
discerned in Fig. 4 for all films with Al2O3 added (com-
positions ending with suffix x).

Figures 5(a)–5(d) plot the assemblage and formation
of major phases in different composition films fully proc-
essed as a function of Tmax temperature, as measured by
XRD peak intensities. In Fig. 5, the absolute peak inten-
sity for unique and high-intensity hkl lines are plotted,
which are representative of the relative volume fraction
of the preferred orientations of phases formed: the 008
peak of 2212 is a measure of the amount of c-axis-
oriented phase, the 110 peak of 01 × 1 and 040 peak of
014 × 24 represent the intensity of the ab0-oriented
phase, the 101 peak of 02 × 1 gives the intensity of a0c
orientation, and the 440 peak of 03 × Al2 represents the
intensity of the random-oriented phase. The hkl lines
chosen can be observed in Fig. 4. The intensities of these
orientations are a good measure of the phase formation as

FIG. 4. XRD patterns of films processed with Tmax � 880 °C profile
with different reference compositions: (a) B1; (b) B5. Phases observed
include: (�) 2212; (�) 2201; (�) 01 × 1; (�) 24 × 0; (×) 03 × Al2;
(�) 014 × 24; ( ▪�) 02 × 1; (+) Ag substrate or Al holder. Significant
(hkl) peaks are labeled.

FIG. 3. Two-theta shift of the 440 peak of (Sr,Ca)3Al2O6 powders
processed at 1275 to 1325 °C, for different Ca content. Two-theta for
end members are from PDF cards (Nos. 24-1187 and 28-1429).28

Standard errors of measurements for 2� were too small (<0.03°) to be
seen in the figure.
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a whole, as only very small XRD peak intensities of other
orientations were observed for these phases, as seen
in Fig. 4.

The formation of high-intensity c-axis-textured 2212
phase in Figs. 5(a)–5(d) occurred in films that underwent
a meltinglike transition, which was observed visually in
real time as a quick darkening of the film. This observa-
tion is consistent with previous work.6 Figures 5(a)–5(d)
indicate that strong formation of (Sr,Ca)3Al2O6 was ob-
served in films when Tmax just reached or was slightly
below the melting threshold; i.e., when Tmax was high
enough to allow formation of c-axis-oriented 2212
phase.6 The difference between films with neglible
(Sr,Ca)3Al2O6 phase intensity and almost maximum in-
tensity was only a few degrees increase of Tmax corre-
sponding to an additional few minutes of melting
[Fig. 5(c) for example]. One exception to this trend, how-
ever, was for B4x powder, where (Sr,Ca)3Al2Ox forma-
tion occurred at Tmax < 865 °C without formation of
textured 2212 phase and during the approximately 4-h
anneal and recrystallization process. We speculate that a
small amount of liquid formed for this composition at
temperatures < 865 °C because of the increased Ca and
Cu content that accelerated formation of (Sr,Ca)3Al2O6

without the formation of textured 2212 phase. A small
increase in (Sr,Ca)3Al2O6 intensity was also observed at
approximately 885 to 895 °C for several of the powders
(B1x and B4x), suggesting more complete formation

of (Sr,Ca)3Al2O6 for these compositions at higher
Tmax process profiles. In contrast for B3x powder,
(Sr,Ca)3Al2O6 formation reached a maximum simulta-
neously with formation of (nearly) maximum textured
2212 phase.

Figures 5(a)–5(d) indicate that Al2O3 addition signifi-
cantly reduced Sr–Ca–Cu–O phase defect volume frac-
tions by factors of approximately 2 to 6. For example in
Fig. 5(a) for B1x composition, Al2O3 addition reduced
01 × 1 formation by a factor of 2. For B3x composition
in Fig. 5(c), 02 × 1 formation was reduced by factors of
2 to 4 with addition of approximately 13% volume frac-
tion of 03 × Al2 phase (by composite reaction). For B2x
composition, Al2O3 addition reduced 01 × 1 formation
by a factor of 6 and increased 014 × 24 formation by
factor of about 4 for Tmax � 880 to 890 °C. The shift
toward 014 × 24 formation in B2x powder is closer to the
equilibrium phase assemblage expected, as the powder
originally had composition (Bi2Sr2CaCu2O8+� + 15%
volume fraction Sr10Ca4Cu24Ox).

14

The trend for reducing Sr–Ca–Cu–O defect formation
with addition of nanophase Al2O3 was also observed in
scanning electron microscopy (SEM) images, as shown
in Figs. 6–8 for different magnifications and varying
Tmax temperatures. As an example, Figs. 6–8 show the
dramatic decrease of 02 × 1 defect size and volume frac-
tion in B5 composition films after addition of approxi-
mately 13% volume fraction (Sr,Ca)3Al2O6 particles (by

FIG. 5. Phase formation and assemblages measured by selected XRD peak integrated intensity measurements as a function of maximum process
temperature (Tmax) for Al2O3 addition and Al2O3-free reference films: (a) B1x (light symbols) with B1 reference (solid symbols); (b) B2x (light
symbols) with B2 reference (solid symbols); (c) B3x (light symbols) with B5 reference (solid symbols); (d) B4x (light symbols) with B1 reference
(solid symbols). The hkl indices of peaks plotted were 008 for c-axis-oriented 2212, 110 of ab0-oriented 01 × 1, 040 peak of ab0-oriented
014 × 24, 101 of a0c-oriented 02 × 1, and 440 of random-oriented 03 × Al2.
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FIG. 6. Backscattered SEM images of films processed with Tmax � 880 °C profile. Large dark-color needles or defects in B1, B1x, B2, and B2x
films are 01 × 1 or 014 × 24 defects. Micron-sized (dark approximately round) defects in B1x, B2x, B3x, and B4x films are 03 × Al2. Needle
defects for B3x and B5 films are (Sr0.2Ca1.8)CuOx.
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composite reaction) for B3x composition films. The
∼(2–4)-fold decrease of 02 × 1 defects with addition of
(Sr,Ca)3Al2O6 particles seen in SEM images correlates
with the decrease measured by XRD intensities for a
range of Tmax temperatures [Fig. 5(c)]. The reduction and
refinement of second-phase defects with Al2O3 addition
for a large range of process temperature is consistent with
previous results for isothermal processing of Bi-2212.15

B. Bi-2212 texturing and (Sr,Ca)3Al2O6

defect coarsening

The addition of nanophase Al2O3 had only a small
effect on c-axis texturing of the 2212 phase, as deter-
mined by SEM, XRD peak intensity measurements, and
XRD �-scans. The FWHM of corrected �-scans from a
variety of thick films processed with and without addi-
tion of Al2O3 were all in the range of 8° to 11°, indicating
the sharpness of the texture of the c-axis 2212 phase was
not significantly affected by Al2O3 addition. However
the integral of the 0020 peak �-scans, normalized to a
2212 volume fraction of unity, showed a decrease of
approximately 25% as the (Sr,Ca)3Al2O6, fraction in-
creased to approximately 25% as indicated in Fig. 9. This
shows that the volume fraction of c-axis-oriented 2212
phase in this material was significantly reduced, but what
remains has the same degree of texture.

SEM images confirmed the trends observed with x-ray
texture measurements. The 2212 textured areas in
Figs. 6–8 were smooth in most of the areas where clus-
tered defects were not observed, which indicates the
2212 phase is highly oriented in general, while remaining
in metallurgical contact with nonclustered (Sr,Ca)3Al2O6

particles. Careful analysis of film surfaces and polished
cross sections by SEM suggest that disruption of c-axis
texturing occurred mostly in areas surrounding clustered
(Sr,Ca)3Al2O6 defects rather than around individ-
ual (Sr,Ca)3Al2O6 defects. Inside the 2212 layers, the
(Sr,Ca)3Al2O6 defects were uniformly distributed and
with the same size distribution, as indicated by SEM
cross sections.

XRD powder diffraction also confirmed the trends
observed with SEM and �-scans. The 2212-textured
peak intensities in Fig. 5 for B1x, B2x, and B3x pow-
ders showed almost no decrease in intensity with
(Sr,Ca)3Al2O6 volume fraction additions compared to B1
and B5 reference films, after accounting for differences
in 2212 volume fraction changes and (Sr,Ca)3Al2O6 ad-
ditions (Table II; intensities in Fig. 5 were plotted as raw
values). After normalizing, the 2212 intensities in Fig. 5
showed only a small decrease in intensity with addition
of (Sr,Ca)3Al2O6 particles. This is in sharp contrast to the
effect that was observed with Au nanoparticle addition
to Bi-2212 (for example).13 Regardless of the processing

FIG. 7. Backscattered SEM images from Fig. 6 at higher magnification, showing formation of O3 × Al2 defects (dark round-shaped) for B3x and
B4x and reduction of (Sr,Ca)2CuOx defects (dark needle-shaped) with 03 × Al2 addition (B5 compared to B3x). B1 and B5 films have approximate
composition of 2212 regions in B4x and B3x films, respectively.
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conditions attempted, c-axis texturing was completely
disrupted with the addition of Au nanoparticles.13 How-
ever when Au was used as a substrate material, Au did
not disrupt c-axis texturing or 2212 phase formation.50

These results, combined with previous experience with
Sr–Ca–Cu–O defects16 and work on MgO,12 suggest
that, by comparison, oxide defects may in general have
a minimal effect on c-axis texturing during 2212 partial-
melt processing. This would be an important deter-
mination and consideration, as c-axis texturing is a
necessary prerequisite to obtain high transport Jc in Bi-
2212 conductors.4,5

While the sharpness of the c-axis texturing was not
significantly affected by addition of Al2O3 [and subse-
quent formation of (Sr,Ca)3Al2O6], a small increase in
the intensity of the non-c-axis-oriented peaks of 2212
(113 and 200) was always observed in the XRD patterns

(Fig. 4). The increase of non-c-axis peak intensities has an
effect on the F factor, as plotted in Fig. 9 for varying ad-
dition of Al2O3. For all cases of Al2O3 addition, the F factor
dropped from approximately 0.97 to 0.92. However this
decrease was not large, considering the amount of defect
addition (up to 25% volume fraction). It is speculated
that the small observed increase of the non-c-axis peak
intensities could be due to 2212 platelets that are mis-
oriented in areas surrounding clustered (Sr,Ca)3Al2O6

particles, as discussed above (i.e., Al2O3 addition slightly in-
creased the randomly oriented population of the 2212 phase).

The images in Fig. 8 show how particles of
(Sr,Ca)3Al2O6 increased in size (coarsened) as the value
for Tmax was raised; e.g., from 872 and 890 °C. In gen-
eral, the particles ranged from about 0.2 to 2 �m in size,
varying with processing temperature and composition.
The increase in particle size is expected to reduce the

FIG. 8. Backscattered SEM images of B1x and B3x films indicate coarsening of 03 × Al2 defects with increasing Tmax process temperatures (in
box inserts). The 03 × Al2 defects are dark color and round-shaped.
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number of pinning sites and consequently reduce
the overall flux-pinning effect.2 Therefore, the problem
of defect coarsening would need to be considered in fur-
ther optimization studies of this composite system.

C. (Sr,Ca)3Al2O6 composition

The composition of the (Sr,Ca)3Al2O6 defects in the
films as measured both by EDS and XRD was in good
agreement. The non-BiSrCaCuO-related XRD peaks in
Fig. 4 for powders with Al2O3 addition correlated pre-
cisely with the XRD peaks of bulk (Sr,Ca)3Al2O6, after
accounting for the shift of the peaks with changing Sr:Ca
ratio composition. The shift of the 440 peak and the Ca
composition of (Sr,Ca)3Al2O6 in processed films as
measured by XRD is given in Table III. The Ca compo-
sition was determined using the 2�avg shift of the
440 peak, together with calibration curves in Fig. 3.
The results in Table III indicate that the Ca content of
(Sr,Ca)3Al2O6 closely approximated that of the precursor
powder (from 0–6% mole fraction difference). This is
similar to what was observed for (Sr9.3Ca5.4)Cu24Ox and
24 × 0 phases in B2x and B4x films, where the Sr:Ca
ratio was approximately 2:1 and approximately equal to
the Sr:Ca ratio of the precursor powder.

A small difference in Ca content of (Sr,Ca)3Al2O6 in
films versus Ca content in the precursor was noted
in Table III among the compositions B1x, B2x, and B3x
(approximately 4% to 6% mole fraction difference).
However, this trend could be expected to some degree, as
a significant amount of Sr–Ca–Cu–O defects (>5% vol-
ume fraction) was still present in the composite films,
which could shift the Sr:Ca ratio of the Bi–Sr–Ca–Cu–O
component during melt-processing. From semiquantita-
tive analysis of defect volume fractions measured by
XRD and SEM (Figs. 5–8), a general trend is suggested
that as the volume fraction of (Sr,Ca)3Al2O6 particles
was increased, the amount of Bi–Sr–Ca–Cu–O defects
decreased and the Sr:Ca ratio of (Sr,Ca)3Al2O6 more
closely approximated that of the precursor powder. The
peak of this trend is seen for B4x composition, in which
25% volume fraction of (Sr,Ca)3Al2O6 was added to
2212 composition powder (by reaction). This addition
nearly eliminated the volume fraction of Sr–Ca–Cu–O
defects in the film, and the Ca content of the
(Sr,Ca)3Al2O6 phase was almost exactly the same as
the precursor powder (Ca � 1.00 for Sr + Ca content
normalized to 3). Presumably, the Ca content of the 2212
reactant product was also closer to the ideal (Ca � 1.0)
from mass balance considerations; however, this was not
verified.

The Tmax process temperature dependence of the Ca
content of (Sr,Ca)3Al2O6 was also reported in Table III.
This variable would be important to consider for scaled
up fabrication and processing of long lengths, where tem-
perature variations are difficult to control.7 Table III in-
dicates that the Ca content of (Sr,Ca)3Al2O6 was stable
for a wide range of Tmax temperatures, approximately
865 to 890 °C, with the exact temperature range varying
depending on powder composition.

EDS measurement of (Sr,Ca)3Al2O6 particles always
showed a small amount of Bi and Cu in the composition.
The mole fraction of Bi and Cu was in the range of
2–4%, which increased from approximately 2 to 4%
as the particle size reduced in size from approximately
5 to 1 �m. The size dependence of this measurement
can indicate that the 2212 matrix surrounding the
(Sr,Ca)3Al2O6 particles is fluorescing during EDS analy-
sis.29 When the 2212 matrix was subtracted out of the

FIG. 9. F texture factor and �-scan integral (normalized for 2212
phase volume fraction) for different volume fraction of (Sr,Ca)3Al2O6

(0% � B1 or B5; 7% � B1x or B2x; 13% � B3x; 25% � B4x).
Films were processed with Tmax � 880 °C profile.

TABLE III. Ca content of (Sr3−xCax)Al2O6+� in films determined by XRD peak shift, compared to Ca content of precursor powder; (Sr + Ca
normalized to 3 for precursor powders).

Precursor
powder

Volume fraction of (Sr,Ca)3Al2O6

(calculateda)
2�avg of 440 peak of

(Sr3−xCax)Al2O6 in films (deg)
Tmax range

evaluated (°C)
Caavg content (x) of

(Sr3−xCax)Al2O6 by XRD
Ca content (x) of
precursor powder

B1x 6.6% 32.445 ± 0.009 872 to 890 0.94 ± 0.02 1.00
B2x 6.6% 32.445 ± 0.007 870 to 895 0.94 ± 0.01 0.98
B3x 12.6% 32.571 ± 0.009 870 to 890 1.24 ± 0.02 1.29
B4x 25% 32.483 ± 0.004 865 to 895 1.01 ± 0.01 1.00

aAssuming complete reaction of Al2O3 to form (Sr,Ca)3Al2O6.
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EDS measurements of (Sr,Ca)3Al2O6, the remaining
compositions almost exactly matched the composi-
tions of (Sr,Ca)3Al2O6 measured with XRD [e.g., a
(Sr,Ca)0.61Al0.39Ox composition was measured for Al-
containing particles in B2x powder, in agreement with
XRD measurements].

D. Superconducting properties of [Bi-2212 +
n(Sr,Ca)Al2O3] composite films

The superconducting properties of B3x and B4x com-
posite films are shown in Table IV, compared to nominal
single-phase reference films (B5 and B1) with composi-
tions equal to the expected Bi–Sr–Ca–Cu–O reactants of
B3x and B4x (Table II). After melt processing and for-
mation of (Sr,Ca)3Al2O6, there was slight degradation of
superconducting properties for B3x and B4x, compared
to their respective reference films. The critical tempera-
ture (Tc) decreased slightly by about 3 K for both B3x
and B4x films, compared to B1 and B5 reference films.
This correlates very closely with the decrease in Tc meas-
ured for B1-type bulk composites with the exact same
composition: a 2–4 K decrease of Tc was measured for
bulk composites of {Bi2Sr2CaCa2O8+� + (0–24%)
volume fraction of Sr2CaAl2O6} sintered for over 500 h
at 860 °C.16 The decrease of Tc could occur from very
slight solubility of Al into the Bi-2212 matrix (�0.1
Al concentration/formula unit),22 a possibly different
Bi:Sr:Ca cation intersubstitution in the lattice, or small
composition variations from the different reaction
paths.16

Table IV also gives the ZFC and FC volume fractions
and magnetic Jcs for B3x, B4x films, and reference films.
For B3x composition films, there was no significant
change of these superconducting properties compared to
B5 reference films. For B4x powders, however, there
was a measurable decrease in ZFC and FC volume frac-
tions to 60% of the reference (B1). The decrease in vol-
ume fractions for B4x composition is consistent with
XRD peak intensity data (Fig. 5), which showed a drop
to approximately 60% of the B1 reference intensity (after
normalizing for superconducting volume fractions). For
B4x composition, however, the decrease in film Jc was

not significant when compared to a reference film (B1).
The reason for the decrease of ZFC and XRD volume
fractions for B4x films is unknown at present; however,
the drop suggests the reaction was not complete for the
processing parameters chosen. A higher Tmax tempera-
ture might have allowed more complete formation of
03 × Al2, as suggested in Fig. 5(d). As discussed above,
Bi2Sr2CaCu2O8+� and Sr2CaAl2O6 compositions are
chemically stable with each other at 860 °C;16 therefore,
a different reaction route (e.g., melt processing of Bi-
2212 powder and Sr2CaAl2O3 nanoparticles) also might
be considered to process these composites to achieve
higher superconducting volume fractions.

The effect of (Sr,Ca)3Al2O6 formation on flux pinning
properties is shown in Figs. 10 and 11, where the increase
in magnetic Jc is plotted for different applied fields and
different volume fraction of (Sr,Ca)3Al2O6, and com-
pared to values achieved for (Bi,Pb)2212 crystals,51,52

2212 single-phase film,11,53 and an irradiated single-
phase film.11 In Figs. 10 and 11 normalized Jc(T) curves
were compared, as zero-field Jcs varied significantly de-
pending on the type of sample (crystal or film) and the
amount of processing optimization. However, normalized
Jc(T) curves were found to be consistent for a range of Jc;
e.g., Jc(5 K, 0 T) values from 34,000 to 82,000 A/cm2

gave the same normalized Jc(T) curves in Fig. 10 for B3x
powders. Plots in Fig. 10 for (Sr,Ca)3Al2O6 addition
were average values from measurements of two different
films processed by the same conditions, so the improve-
ment of flux pinning was consistent. With increasing
addition of (Sr,Ca)3Al2O6 defects, a significant increase
in normalized (and by calculation absolute) Jc was ob-
served at 20–30 K and 0–2 T applied field. For 25%
volume fraction addition, nearly one order of magnitude
improvement of normalized Jc was achieved at 20 K
compared to single-phase 2212 films, and at 30 K the
improvement in Jc was even greater and close to that
achieved with (Bi,Pb)2212 single crystals.51,52 Further
improvements in flux pinning are required, however, to
reach the values achieved by irradiation.11

An important point to consider is whether Al is
contributing to flux pinning by substituting into the
2212 crystal structure, for example on the Cu lattice

TABLE IV. Superconducting properties of films processed with Tmax � 880 °C. The zero-field-cooled (ZFC) and field-cooled (FC) volume
fractions and Tc were measured on (powdered) films. Jc was measured for rectangular films.

Compositiona
Tc (K)

(±0.5 K)
ZFC volume fraction @ 5 K

and 976 A/m (±5%)
FC volume fraction @ 5 K

and 976 A/m (±5%)
Jc (A/cm2)b

at 5 K, 0 T (±10%)

B1 80 87% 58% 38,000
B4x ≅ B1 + 25% 03 × Al2 77 51% 37% 39,000
B5 83 78% 57% 60,000
B3x ≅ B5 + 13% O3 × Al2 80 74% 51% 64,000

a03 × Al2 are volume fractions; assuming complete reaction of Al2O3 to form (Sr,Ca)3Al2Ox as shown in Table II.
bCalculated using superconducting volume fraction.
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sites. However, there was little evidence to support this
possibility. EDS measurements in defect-free areas
did not show detectable Al content in agreement with
previous work,15 and EDS element mapping images
showed Al only located in (Sr,Ca)3Al2O6 defects.
The superconducting properties of the films in Table IV
showed only slight degradation of Tc and, for B3x
composition, no reduction of other superconducting
properties.

IV. CONCLUSIONS

The addition of essentially chemically inert submi-
cron- to micron-sized (Sr,Ca)3Al2O6 defects to varying
composition solid-solution Bi-2212 conductors (formed
by chemical reaction between Bi-2212 and Al2O3) was
determined to be a method of reducing second-phase
Sr–Ca–Cu–O defect formations in this material that is
relatively insensitive to process temperature. Addition of
(Sr,Ca)3Al2O6 significantly enhanced flux pinning and
caused only a small decrease in textured fraction of the
2212 phase for most compositions. The small effect on
texturing is consistent with results in the literature for
addition of oxide defects.

After partial-melt processing of {nanophase
Al2O3 + Bi-2212-type} composite thick films, the pri-
mary Al oxide containing phase observed to form from
the chemical reaction was solid-solution (Sr,Ca)3Al2O3,
with Sr:Ca ratio close or equal to that of the precursor
powder. Aluminum was not observed to enter the
2212 lattice to the limits of detection, and the Tc and
superconducting properties of films compared closely to
reference films measured without (Sr,Ca)3Al2O6 defect
addition. Formation of (Sr,Ca)3Al2O6 defects occurred
significantly only after melting was initiated for most
compositions. The (Sr,Ca)3Al2O6 defects formed were
about 0.2 to 2 �m in size, depending on precursor com-
position and process temperature. The (Sr,Ca)3Al2O6 de-
fects increased in size (coarsened) with higher melt
temperature process profiles. The Sr:Ca ratio of
(Sr,Ca)3Al2O6 was observed to remain constant after for-
mation for a range of melt temperatures (approximately
865 to 890 °C). Addition of (Sr,Ca)3Al2O6 defects pro-
vided a means to reduce secondary Bi–Sr–Ca–Cu–O de-
fect volume fractions by factors of 2 to 6 and
significantly improved flux pinning properties at 20–
30 K temperature and 0–2 T applied field. The improve-
ment for 25% volume fraction addition of (Sr,Ca)3Al2O6

to Bi2Sr2CaCu2O8+� is within a factor of 0.5 of that
achieved for (Bi,Pb)2212 single crystals; however, it
is still about one order of magnitude lower than that
achieved for irradiated tapes. It is possible that further
improvements in flux pinning could be achieved with
(Sr,Ca)3Al2O6 defects if methods could be developed to
reduce (Sr,Ca)3Al2O6 defect coarsening.

FIG. 11. Normalized magnetic Jc at 30 K of samples in Fig. 10. Error
bars indicate standard errors from two measurements.

FIG. 10. Magnetic Jc as a function of temperature for Happl � 0 T
(dark symbols) and 1 T (light symbols). Jcs were normalized by the
respective zero-field values at 5 K; Jc(5 K, 0 T) � 105,000 (0%).11

33,000 (7% � B2x), 34,000 to 82,000 (13% � B3x), 39,000 (25% �
B4x), 106 (Bi,Pb crystal),51,52 and 145,000 (irradated tape).11 Error
bars indicate standard errors from two (or more) measurements. Mag-
netic field was applied parallel to c-axis direction (perpendicular to
tape surface). Values at 1 T for the (Bi,Pb)crystal were extrapolated
from published Jc(H ) curves up to 0.9 T.51,52
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