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Bi,Sr,Cay64Cu; 640, (nominally Bi2212) powders were fabricated into powder-in-tube Ag- and
Ag(7 at. % Cu)-sheathed tapes by cold and hot rolling to investigate the effects of sheath
composition and rolling conditions on their microstructural development and superconducting
properties. Bi2212 tapes with Ag(Cu) sheaths exhibited improved grain alignment and interfacial
uniformity, as well as enhanced formation of the Bi-free phase (~Sr; sCag sCu,,0,), relative to the
Ag-sheathed specimens. The hot-rolled Ag(Cu)-sheathed tapes displayed superior critical current
densities (J,), where magnetization J,,=1.5X 10° (Hlic) and 4.6X10° A/em? (HLc) at T=5 K,
H=1 T. Correspondingly, these specimens had transport critical current densities (J,) of 6.7x10*
Alcm?® (Hlic) and 5.4X10* A/em? (HLc) at T=4.2 K, H=0 T and 2.2X10* A/em? (Hllc) and
3.0X10* A/em? (H1 ¢) at T=4.2 K, H=14 T. The chemical stability of the Ag(Cu) sheath regions
during the partial melting process was also studied. Rapid oxidation of copper produced Cu,O
precipitates in the sheath at 885 °C, and subsequently a Cu,O-free zone developed near the core/
sheath interface. A theoretical analysis of Cu,O precipitate formation and decomposition during

thermal processing is presented. © 1995 American Institute of Physics.

I. INTRODUCTION

Bi,Sr,Ca;Cu1,Og 4, (Bi2212) is a promising high-T, su-
perconducting material for large-scale applications due to its
ease of fabrication via the powder-in-tube (PIT) method and
its ability to transport large current densities (>10* A/cm?) in
high magnetic fields at temperatures above 4.2 K. Because of
its highly anisotropic nature, previous research efforts have
focused on improving Bi2212 grain alignment in PIT
tapes.!”* We have demonstrated that improved grain align-
ment and critical current carrying capability can be achieved
by hot rolling Ag-sheathed Bi(2212) PIT tapes.™® Perin
etal” reported similar improvements in hot-rolled Ag-
sheathed Bi,Sr,Ca,Cu30,¢4, (Bi2223) tapes. However, this
approach produces irregularities at the metal sheath/oxide
core interface due to increased mechanical-propesty differ-
ences between these regions at elevated temperatures. To
minimize such differences, stiffer sheath materials such as
cold-worked Ag(Cu) alloys have been recently proposed by
other investigators.® Here, we study the effects of rolling
conditions and sheath composition on the microstructural de-
velopment, chemical stability, and superconducting proper-
ties of Ag(7 at. % Cu)-sheathed Bi2212 PIT tapes.
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Il. EXPERIMENTAL PROCEDURE

Ag- and Ag(7 at. % Cu)-sheathed Bi2212 tapes were
prepared by the conventional powder-in-tube procedure.l“6
Bi,Sr,Cag 4Cu, 40, powder was packed into pure Ag and
Ag(7 at. % Cu) tubes, drawn into wires, cold-rolied into
tapes with thicknesses of 0.3 mm, and then partially melted.
The thermal schedule for partial meiting is shown in Fig. 1.
Differential thermal analysis (DTA) was used to study the
melting behavior of the sheath materials in the presence and
absence of the superconducting cores. The samples were
heated at 5 °C/min in air to a maximum temperature of
950 °C.

To investigate the chemical stability of the Ag(Cu) alloy
sheaths during thermal treatment, Ag(Cu)-sheathed PIT tapes
were inserted into a preheated furnace and heated under iso-
thermal conditions in stagnant air for various times, where
T'i5,=820 or 885 °C. The samples were then quenched in air
by withdrawing them directly from the furnace.

Hot rolling {(7,,;=420 °C) was carried out on partially
melted Ag(7 at. % Cu)-sheathed tapes preheated to 800 °C in
air for 2 min prior to each pass. The surfaces of the hot rolls
were coated with a thin layer of boron nitride to ensure
smooth tape surfaces and to prevent the samples from adher-
ing to the rolls. For comparison, representative Ag- and Ag(7
at. % Cu)-sheathed tapes were also roiled using cold rolls
(T ou™22 °C). During each rolling pass, the tape thickness

@ 1965 American Institule of Phiysics



885°C, 15 min.

820°C,1h

furnace cooled

Temperature

150°C/h

furnace tube
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FIG. 1. Partial-melting schedule used during heat treatment of Bi2212 PIT
tapes. (Inset is schematic view of sample placement in furnace.)

was reduced by approximately 10%. After six passes, the
resulting tapes were annealed at 800 °C for 100 h in stagnant
air.

The broad surface and longitudinal cross sections of rep-
resentative isothermally heated, partially melted, and par-
tially melted, rolled Ag- and Ag(Cu)-sheathed tapes were
polished and examined by optical microscopy, x-ray diffrac-
tion (XRD), and scanning electron microscopy (SEM). CuK,,
radiation was used for XRD with a voltage of 40 kV and a
current of 20 mA. A Hitachi S-800 SEM equipped with a
Link energy-dispersive spectrometer (EDS) was used to ex-
amine the grain composition and alignment, as well as the
interfacial uniformity of these samples. The cold- and hot-
rolled specimens were etched for 60 s with a solution of two
parts perchloric acid mixed with 98 parts 2-butoxyethanol
prior to SEM analysis. This procedure led to enhanced mi-
crostructural features and was necessary due to the higher
core densities of these samples relative to the partially
melted tapes. A Leitz Wetzlar monoload hardness tester was
used to measure the microhardness of each sheath material
after hot rolling. These measurements were obtained on the
transverse cross section of each specimen.

The superconducting properties of cold- and hot-rolled
PIT tapes were measured in a Quantum Design dc supercon-
ducting quantum interference device (SQUID). Magnetic
hysteresis measurements were made in applied magnetic
fields of £7.0 T at temperatures between 5 and 25 K.
Samples were oriented either parallel (Hllc) or perpendicular
(HLlc) to the applied field, given the approximate c-axis
grain alignment perpendicular to the sample surface. Critical
current densities, J,,, were estimated with the Bean model,’
Jm=30 AM/d, where d is the width of the oxide core, as
determined by SEM analysis. Transport current densities,
Jo» were measured at T=4.2 K in an appliéd field (H=0
—17 T) by the four-probe resistivity technique with sample
length of 2 cm. An electric field criterion of 1 uv/cm was
used to ascertain the critical current for the voltage—current
measurements.
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FIG. 2. Differential thermal analysis curves for pure Ag sheath, Ag-sheathed
Bi2212 tape, pure Ag(Cu) sheath, and Ag(Cu)-sheathed Bi2212 tape heated
at 5°C/min in air.

lll. RESULTS
A. Microstructural characterization

1. Phase analysis

The DTA results obtained for pure Ag- and Ag(Cu)-
sheathed materials and Ag- and Ag(Cu)-sheathed tapes are
shown in Fig. 2. In the presence of the oxide core, the silver
sheath melts at approximately 924 °C, compared to 934 °C
for the pure silver in air. In the Ag-sheathed tapes, the oxide
core undergoes peritectic decomposition at 859 °C, which is
significantly lower than for pure Bi2212 powder, which de-
composes between 875 and 890 °C in air. In comparison, the
Ag(Cu) sheath material melts at 904 °C (==30° lower than
the silver sheath). However, in the presence of an oxide core,
the melting point of the Ag(Cu) sheath is elevated to 924 °C.
This temperature is equivalent to that observed for the Ag
sheath material in the presence of the oxide core. In the
Ag(Cu)-sheathed tapes, the oxide core undergoes peritectic
decomposition at 858 °C.

Figure 3 depicts a series of SEM micrographs of the
polished longitudinal cross sections of partially melted, cold-
rolled, and hot-rolled Ag- and Ag(Cu)-sheathed PIT tapes,
where Fig. 3(e) corresponds to a hot-rolled Ag-sheathed
Bi2212 tape of a similar nominal composition (from Ref. 5).
The nonetched, partially melted tapes, shown in Figs. 3(a)
and 3(b), have core and sheath thicknesses of approximately
120 and 70 wm, respectively. The partially-melted Ag-
sheathed tape has a much lower density relative to the
Ag(Cu)-sheathed tape, containing several large voids within
the core region. Upon cold or hot rolling (=60% total defor-
mation), the core thicknesses of the Ag- and Ag(Cu)-
sheathed tapes were reduced to approximately 50 um, as
shown in Figs. 3(c)-3(f). The as-rolled tapes were etched
prior to SEM analysis, as discussed previously. This proce-
dure appears to preferentially remove nonsuperconducting
phases, allowing for improved visualization of the Bi2212
grain structure within the core regions. One artifact of this

Guo et al. 4597



Ag-sheathed tape, (b) partially melted, Ag(Cu)-
heathed tape, and (f) hot-rolled, Ag(Cu)-sheathed

cross sections of Bi2212 core within (a) partially melted,

FIG. 3. SEM photomicrographs of longitudinal
sheathed tape, (c) cold-rolled, Ag-sheathed tape,

(d) cold-rolled, Ag(Cu)-sheathed tape, (e) hot-rolled, Ag-s
tape. [Note: (¢) was reproduced from Ref. 5.] :
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FIG. 4. Element distribution maps of area shown in Fig. 3(b) for (a) bismuth, (b) copper, (c) silver, and (d) oxygen.

process, however, is the delaminated appearance of these

samples relative to the nonetched, partially melted speci-

mens. ‘

The formation of secondary phases during partial melt-
ing was more pronounced in the Ag(Cu)-sheathed tapes, as
shown in Figs. 3(a) and 3(b). Element distribution maps of
the same microstructural area shown in Fig. 3(b) are given in
Fig. 4 for bismuth, copper, silver, and oxygen. The dark core
regions in Fig. 3(b) correspond to the alkaline-earth cuprate
phase, which is both Cu-rich and Bi-free (see Fig. 4). Quan-
titative EDS analysis of these regions indicates that the ap-
proximate composition of this alkaline-earth cuprate phase is
Sr;75Cas5Cu 40, , as shown in Fig. 5. Because the Ag- and
Ag(Cu)-sheathed tapes each consist of the same starting ox-
ide composition, it appears that the copper-containing sheath
material promotes the formation of the unwanted Bi-free
alkaline-earth cuprate phase. Previously, we have shown that
the amount of Bi-free phase(s) in the Ag-sheathed tapes were
reduced in both size and volume fraction after rolling and
final heat treatment.> SEM and optical microscopy confirm
this trend in the present work for the Ag-sheathed specimens.
In contrast, there is less reduction of the Bi-free phase in
Ag(Cu)-sheathed tapes after rolling and final heat treatment.

The copper and oxygen elemental maps shown in Fig. 4
also reveal the presence of Cu- and oxygen-rich regions in
the sheath region. These regions correspond to black precipi-

J. Appl. Phys., Vol. 78, No. 7, 1 October 1995

tates in the Ag(Cu) sheaths shown in Fig. 3(b). Quantitative
EDS analysis of these regions is shown in Fig. 5. Analysis of
CuO and Cu,O standards indicated that these precipitates
were Cu,0. A distinct CuyO-deficient zone approximately
25-30 um wide was observed in the Ag(Cu) sheath near the
sheath/core interface in the Ag(Cu)-sheathed PIT tapes.

"To further understand the morphological development
that occurs in the Ag(Cu)-sheaths in these partially melted
PIT tapes, a series of isothermal quench studies were carried
out. Two hold temperatures were used, corresponding to the
maximum temperature (T,,,) of 885 °C and the soak tem-
perature (T,) of 820 °C experienced during partial melting.
SEM photomicrographs of the longitudinal, polished cross
sections eof the Ag(Cu)-sheathed tapes heated at 820 and
885 °C for various times are shown in Figs. 6 and 7, respec-
tively. Cu,O precipitates formed rapidly near the outer sheath
surface and the sheath/core interface at both temperatures. As
time progressed, the Cu,O precipitate-filled regions grew in-
ward toward the center of the sheath. At relatively short
times of roughly 400 s at 7;,=820°C and 200 s at
T,=885 °C, the Cu,O precipitates were observed through-
out the sheath cross sections, as shown in Figs. 6(b) and 7(b),
respectively. Upon extended annealing at these temperatures
{i.e., 12 h at 820 °C and 6 h at 885 °C), Cu,0O-deficient zones
were observed near the sheath-core interfaces, as shown in
Figs. 6(c) and 7(c), respectively. These photomicrographs

Guo et al. 4599
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FIG. 5. EDXS compositional analyses of regions indicated in Fig. 3(b): (Area A) Bi2212 phase, (Area B) Bi-poor phase, (Area C) Cu,O precipitates, and

(Area D) Cu-free zone.

correlate well to the final sheath microstructures observed in
the partially melted Bi2212 Ag(Cu)-sheathed tapes studied
here, as well as to those reported previously by Nomura
et al.® for doctor blade Bi2212 tapes (thickness ~20 um)
heat treated on Ag(2.6 at. % Cu) foil (thickness =30 wm).
The earlier work of Nomura and co-workers,8 however, ne-

glected to fully explore the interactions between Bi2212 and
Ag(Cu) alloy materials. A theoretical analysis of the chemi-
cal stability of the Ag(Cu) sheaths during partial melting will
be discussed later.

2. Grain alignment

Well-aligned Bi2212 cores were obtained in the hot-
rolled Ag(Cu)-sheathed tapes (see Fig. 3). As an example,

FIG. 6. SEM photomicrographs of longitudinal cross sections of Ag(Cu) sheath regions of Bi2212 tapes fired at 820 °C in air for: (a} 200 s, (b) 400 s, and

(c) 12 h.

4600 J. Appl. Phys., Vol. 78, No. 7, 1 October 1995
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FIG. 7. SEM photomicrographs of longitudinal cross sections of Ag(Cu) sheath regions of Bi2212 tapes fired at 885 °C in air for (a) 100 s, (b) 200 s, and

{c) 6 h.

textured grains roughly 60-80. um in length were observed
in the Ag(Cu)-sheathed specimen hot rolled at 420 °C and
then annealed at 800 °C for 100 h [Fig. 3(f)]. XRD patterns
obtained from the polished tape surfaces are shown in Fig. 8.

The degree of grain alignment was quantified by the ratio -

(R) of the relative intensities of two major peaks, as given
by R=1I4010y/({(117y+ L0010))- Consistent with the SEM ob-
servations, the hot-rolled Ag{Cu)-sheathed tapes exhibited
the highest degree (R=0.96) of c-axis texture, as shown in
Fig. 9. Major improvements in grain alignment occurred dur-
ing the first stages of the hot-rolling process, where less than
50% of the total deformation occurred. Hot rolling, com-
bined with preheating the PIT tapes, is believed to facilitate
Bi2212 grain rearrangement by promoting liquid. phase
formation.® The extent of liquid phase formation can be con-
trolled by adjusting the preheating temperature to induce
melting of the Bi2212 phase,'®"16 or by incorporating low
melting additives.!”"22

-Bi2212 cold rolled)

L -B|2212 hot rolled)
$ i2212 {cold rolled)

0010

Bi- -0
08
113

(M

Intensity (a.u.)

:

(ii)

PSS BRI B i iy Smda, P PR S FEriNs
18 20 22 24 26 28 30 32 34 36 38
20

FIG. 8. XRD patterns of final cold- and hot-rolled Bi2212 tapes.

J. Appl. Phys., Vol. 78, No. 7, 1 October 1995

3. Sheath/core interface uniformity

As reported previously for Bi2212 tapes of similar nomi-
nal composition,”® hot rolling causes enhanced irregularities
at Ag sheath—oxide core interfaces due to mechanical prop-
erty differences between these materials, and these differ-
ences are exacerbated at elevated temperatures. The longitu-
dinal (see Fig. 3) and transverse cross sections of the PIT
tapes reveal that, in addition to better grain alignment, the
sheath/oxide interfaces were significantly improved in the
Ag(Cu)-sheathed tapes relative to the pure Ag-sheathed
tapes. We atiribute this to the measured hardness differences
between the Ag(Cu)- and Ag-sheath materials, as shown in
Fig. 10. For example, the hardness of the as-rolled Ag(Cu)
material was roughly 43% (at 0% reduction) and 27% (after
30% total reduction) greater than that observed for pure sil-
ver. These values are significant because the majority of core
densification and grain rearrangement occurs during this
stage of the rolling process.

100 — - T T - T
% ®~ 1(00?8)?2117)
90|
85}
8o}
75}
70}
65}
60}
55}
5910 0 16 20 30 40 50 80 70
Reduction (%)

* 100%

Grain alignment, R (%)

—o— Ag-Bi2212 (cold rolled) |
—f3— Ag(Cu)-Bi2212 (cold rolled)
—=— Ag(Cu)-Bi2212 (hot rolled) |

FIG. 9. Plot of grain alignment as a funcnon of rolling reduction for cold-
and hot-rolled Bi2212 tapes.
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FIG. 10. Piot of sheath hardness as a function of rolling reduction for
hot-rolled Ag- and Ag{Cu)-sheathed Bi2212 tapes. (Arrow indicates area
sampled during these measurements.) R

B. Superconducting properties
1. Magnetization J.,

Figure 11 shows the width of the magnetization hyster-
esis curves, AM, and the corresponding Bean critical current
densities, J,,, for the as-rolled Ag(Cu)-sheathed Bi2212
tapes as a function of applied field for several temperatures.

10°
| (8) Ag(Cu)-Bi2212 (cold rolled)
10% H I ﬁ‘;
@ L\'_\V\\‘\‘ J108
1L
5 10' , 3
E
3 Lge =5
10° |
I ] 1 1 \ | 108
1 2 3 4 5 ] 7
Applied Field (T)
T T T T T 107
- (b) Ag(Cu)-Bi2212 (cold rolled)
10® ? c T H
. 4108
— 3
10° i\'\'\‘\l\u S
§ \’\‘\I— 5K og
£ K- -\. J10% 3
| 10K -
s 10'f 15K . =5
< 20K
i 4104
10°
3 . ) ; ; N 100
1 2 3 4 5 8 7

Applied Field (T)

As stated previously, the J, values are derived assuming a
constant value of d equivalent to the core width of each
sample. J . (Hllc) dropped more sharply with temperature
than J_,(HLlc) in both the cold- and hot-rolled specimens.
Notably, the J,,, for the hot-rolled Ag(Cu)-sheathed tapes is
three to four times higher than that of cold-rolled Ag(Cu)
tapes, and a factor of almost 10 higher than the hot-rolled
Ag-sheathed tape (see Ref. 5), as shown in Fig. 12 (T=5 K).
Interestingly, however, the J ., for the 800 °C preheated
Ag(Cu) tape rolled through room-temperature rolls is even
lower than that of cold-rolled tape, as shown in
Fig. 12.

2. Transport J;

The transport critical current density, J, as a function
of applied field for a representative section of the hot-rolled
Ag(Cu)-sheathed tape oriented Hllc and Hl ¢ is shown in
Fig. 13. These values revealed some hysteresis with respect
to the field increasing and decreasing measurements. J val-
ues above 2X10* A/cm? (Hlic) and 3X10* A/em? (HLc) at
4.2 K were obtained in magnetic fields up to 14 T. Further-
more, the J,, value (6.7X10* A/cm?) for this specimen at 4.2
K in zero field is roughly five times greater than that of the
hot-rolled Ag-sheathed tape (1.25X10* A/cm?) reported

'previously.s However, the transport J, is about one order of

. T T 1 1 L 107 )
(¢) Ag(Cu)- Bi2212 (hot rolled)
10°F 1§.¢
3 H
% 4108
3 10’1_ &
g 5
9 108 3
3 o _5
310*
10°
] L 1 ! ! 3
i 2 3 4 5 8 1o
Applied Field (T)
T T T T T 107
[ (d) Ag(Cu)- Bi2212 (hot rolled)
1% ) e z r,.,
& R\'—\\ 4108
g * 5K
S 104 o~
g &
2 K 4100 3
S ! 10 <
< £
ﬁ‘)
410*
10% \,
i 25K
] I2 i L 1 L 7103

3 4 5
Applied Field (T)

FIG. 11. Plots of magnetization hysteresis width, AM, and corresponding magnetization critical current density, /., as a function of applied magnetic field
for several temperatures for Ag(Cu)-sheathed Bi2212 tapes of varying rolling conditions and sample orientations: (a) cold-rolled (Hl.c), (b) cold-rolled

(Hllc), (c) hot-rolled (HLc), and (d) hot-rolled (Hlic).
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" Aq(Cul 25 800 +
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3
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FIG. 12. Comparison of magnetization J,,,(H.L¢) as a function of applied
field for Ag- and Ag(Cu)-sheathed Bi2212 tapes (Legend indicates roll and
preheating furnace temperatures for each sample.)

magnitude lower than the corresponding J.,. Such differ-
ences can arise for a number of reasons. For example, mag-
netooptical imaging results®>** suggest that only the super-
conducting regions closest to the sheath material are
effective in carrying current densities approximately equal to
the J, values. Based on this evidence, we attribute the
higher J, values observed for the hot-rofled Ag(Cu)-
sheathed tapes at a given applied field and temperature to
their enhanced grain alignment and interfacial uniformity.?

IV. DISCUSSION

One of the more striking resuits of this study concerns
the microstructural evolution of the Ag(Cu) sheath regions
during partial melting of the Bi2212 PIT tapes. Cu,O (s)
precipitates formed rapidly in regions near the outer sheath
surface and the sheath/core interface during isothermal heat
treatment. These regions grew inwatd towards the center of
the Ag(Cu) sheath (see Figs. 6 and 7), which is indicative of
a diffusion-controlled process. At longer times, however, a
Cu,O-deficient zone formed near the sheath/core interface.
Excellent agreement was found between this long-term iso-

7 T — T
Ag(Cu)- Bi2212 (hot rolled)
6 ]
< A
v 4
= 3
5 [
-2 3 I “1
X
2r HHC ]
-
1“4;‘; VRN NS S T § I T S S PR S S T
0 5 ) 10 15 20
Applied Field (T)

FIG. 13. Plot of transport critical current density, J,,, as a function of
applied magnetic field for hot-rolled Ag(Cu)-sheathed Bi2212 tape oriented
Hile and Hlc.
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thermal sheath microstructure and that observed upon partial
melting of the Ag(Cu)-sheathed Bi2212 tapes. Clearly, the
Ag(Cu) sheath is not chemically stable during the thermal
processing sequence used for PIT fabrication. A fundamental
understanding of these instabilities is necessary to optimize
the processing of Bi2212 tapes with alternate sheath compo-
sitions because they produce variations in the copper content
in the Ag(Cu) solid solution. Such variations influence the
mechanical properties of the sheath, as well as the amount of
unbound copper available to diffuse from the sheath to the
core regions during thermal processing. In this section, we
present a theoretical analysis that addresses Cu,O precipitate
formation and, ultimately, the decomposition behavior of this
phase in regions near the sheath/oxide core interface at el-
evated teraperatures.

A. Cu,0 formation

Observation of Cu,O precipitates indicates that the oxi-
dation of copper in the Ag—Cu alloy sheath is energetically
favored during partial-melt processing of Bi2212 tapes in air.
The amount of copper oxidized from the Ag(Cu) alloy can be
estimated from the following expressions. First, considering
the reaction equilibrium between Cug), Cu,Oy, and oxygen
gas at a given temperature and pressure, one writes:

4Cut0,=2Cuy0y .
The standard free energy change, AGY, for this reaction is
given by
AG%=-339,000—14.27 In T+247T(in joules) (1)
between T=298 and 1356 K (Tp.cu),”® and the reaction
constant (K) is given by
AG®

—In K=in Po,(eq,T)= o= (2)

where R is the gas constant.

Equation (2), which is valid for pure Cug, and Cu,Oy, in
their standard states, must be modified to accurately account
for the Ag—Cu alloy. In this case, copper with an activity,
acy, 18 oxidized from the Ag—Cu solid solution to form
Cu,0O) at a given temperature, yielding the following ex-
pression for the reaction constant

- 4 : — AGY
~In K=1n[ac,]"Po,(eq.T)= RT 3)
Assuming an ideal solution, ag,=x¢,=0.07 (7 at. % Cu),
one calculates oxygen partial pressures of 1.25X107* atm
and 9.99X107* atm at 820 and 885 °C, respectively. The
heat treatments, both isothermal and partial melting, were
carried out in air (Po2 = 0.21 atm). Under these conditions,

one finds from Eq. (3) that 5.91 at. % Cu and 5.18 at. % Cu
are oxidized from the Ag-Cu sheath at T, ,=820 and
885 °C, respectively. Thus, a small percentage of copper ini-
tially present in the sheath region would remain in solid so-
lution at these temperatures.

The kinetics of Cu,O precipitate formation are governed
by the oxygen solubility and its diffusivity in the Ag(Cu)
sheath material. Oxygen solubility data for the Ag(7 at. %
Cu) alloy are not available. However, the solubility of oxy-
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gen in Ag at temperatures between 750 and 950 °C was
determined by Ramanarayanan and Rapp?’ using the electro-
chemical cell method. Under equilibrium conditions, the
solubility of oxygen in Ag(s) is given by

$0,(g,p=1 atm)=O(in solid silver),
AG°=48,150—16.41T(J/mol),

“)
¢)
K*E, ], and AG’=—RTIn K, -
0

1/2 AG”

[O1=P; exp( RT )
Equation (4) can be used to estimate the oxygen solubility in
the sheath region for our heat treatment conditions, for which
one calculates oxygen solubilities of 1.65 and 2.22 at. % at
T=820 and 885,°C, respectively. These respective 0xygen
solubilities are slightly below those needed to fully oxidize
the appropriate amount of copper from solid solution at a
given temperature. For exampie, 2.59 at. % oxygen is needed
for 5.18 at. % Cu to be oxidized at 885 °C. Thus, only 4.44
at. % Cu can be oxidized initiaily, while oxidation of the
remaining 0.74 at. % Cu would require additional oxygen
transport.

Oxygen diffusivity in the Ag(Cu) sheath regions can be
estimated, neglecting oxygen solubility effects, from the
width of the Cu,O precipitate zone (see Figs. 6 and 7) within
the Bi2212 PIT tapes, which grows inward from the outer
sheath surface and the sheath/core interface during heat treat-
ment. For a one-dimensional geometry, the etfectlve diffusiv-
ity is given by

#2=2Ds, ®)

where dr is the width of the oxidized zone at a given tem-
perature and time, . D, was estimated from Eq. (5) to be
2.22x107% cm®s and 3.53%107% cm?s at 820 and 885 °C,
respectively. Widths of the oxidized zones that develop from
each interface (i.e., outer surface and sheath/core) are not
equivalent. The wider oxidized zone grew inward from the
outer-sheath interface, and this value of dy was used in the
above calculations. We have assumed the same initial oxygen
partial pressure at both interfaces because the void space
between the packed Bi2212 powder within the core regions
initially contains air. However, two possible effects that may
occur during heat treatment lead to the observed asymmetry
in oxidized zone width: (a) oxygen content within the core
region becomes depleted, thereby reducing the concentration
gradient between the sheath/core interface and the interior
sheath region, or (b) Bi2212 decomposition at the sheath/
core interface produces a liquid phase that reduces the oxy-
gen transport kinetics. However, our DTA results show that
this latter effect would occur only above 858 °C in air.

B. Formation of Cu,O-deficient zone

In the analysis of Cu,O formation presented above, dif-
fusion of free copper in Ag(Cu) solid solution from the
sheath regions to the oxide core of the PIT tapes was not
considered. However, this process occurs concurrently with
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FIG. 14. Plot of squared width of Cu,O-deficient zone as a function of time
for Ag(Cu)-sheathed Bi2212 tapes fired in air at 820 and 885 °C.

Cu,0 precipitate formation during heat treatment and is criti-
cal to the long-term development of the Cu,O-deficient zone
near the sheath/oxide interface in the Bi2212 PIT tapes. As
copper diffuses from the sheath to the core, the copper activ-
ity in the region near the sheath/core interface decreases over
time. Based on Eq. (3), as copper activity is reduced in a
given region at constant temperature, oxygen partial pressure
must be increased to prevent decomposition of the Cu,O
phase. However, because the furnace atmosphere remains the
same during heat treatment (i.e., PO2 = 0.21 atm), diffusion

of copper from the sheath region to the core promotes the
local decomposition of Cu,O precipitates, leading to the ob-
served microstructural development.

The growth of the Cu,O-deficient zone is governed by
copper diffusivity in the Ag(Cu) sheath regions of the
Bi2212 PIT tapes at elevated temperatures. Again, assuming
a one-dimensional geometry, Eq. (5) can be utilized to esti-
mate an effective copper diffusivity (D) based on the ob-
served width (d;) of the Cu,O-deficient zone near the
sheath/core interface. The width of this zone was measured
directly from the SEM photomicrographs showa in Fig. 7.
The square of this quantity is shown in Fig. 14 as a function
of time for Bi2212 PIT tapes heated isothermally at
T;s,=820 and 885 °C. The width of the Cu,0-deficient zone
initially increases with time and then reaches a plateau value
at each temperature. The effective diffusivity of copper in the
sheath region is estimated from the short-term data to be
8.1x107" cm%s at 820 °C and 3.1X107"° cm¥s at 885 °C,
respectively. These effective diffusivity values are approxi-
mately one order of magnitude lower than the copper diffu-
sivities reported in the literature.®% Fusthermore, the effec-
tive copper diffusivities are more than two orders of
magnitude lower than the effective oxygen diffusivities esti-
mated for the same heat treatment conditions. Such differ-
ences provide insight into the competitive rates at which the
Cu,0 formation and decomposition processes occur, indicat-
ing that these processes can be treated independently, as done
in our analysis. The calculated activation energy for the cop-
per diffusion process was found to be 217,289 J/K mol,
which yields the following equation for copper diffusivity in
the sheath region: '
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217,289 J o

RT

A nearly identical plateau value (see Fig. 14) of approxi-
mately 25-30 wum was observed for the Cu,O-deficient zone
width upon heat treating the Bi2212 PIT tapes for 12 h at
820 °C and 3.0 h at 885 °C, respectively.

Assuming that the decomposition of Cu,O is instanta-
neous and the oxygen concentration is equivalent at both the
outer sheath surface and the sheath/core interface during heat
treatment, the governing equation and boundary conditions
for copper diffusion in the sheath for a one-dimensional ge-
ometry are given by

D (Ag-Cu)=1.96 exp( —

é*C 1 9C

3 D at’

C=C, atx=0,

C=C; at x=70 um, ™
C=C, at r=0, and 0=x=<70,

where Cj, and C| are the initial free copper concentration at
the outer sheath and sheath/core interfaces, respectively, and
D is the effective diffusivity of copper in Ag(Cu) alloy, as
estimated by Eq. (6). With the Laplace transformation
method, the general solution for this expression is given by

(o g " (2n+1)l+x
Tho 1)n=o TN,
QntDi-x] ®
—eri¢c —mm == .
2Dt 0

The value for C;, an unknown quantity in this analysis,
is governed by the free copper concentration in the core re-
gion of these samples. The calculated concentration profiles
of free copper as a function of position (x) for several inter-
mittent times are shown in Figs. 15(a) and 15(b) for
T;5,=3820 and 885 °C, respectively. A value of C;=0.5 at. %
Cu was chosen for these calculations. Each concentration
profile was obtained by summing over several terms
(n=20) using Eq. (8), for which the relative error is zero.
The dashed lines in Fig. 15 illustrate the progressive devel-
opment of the Cu,O-free zone of width &x . The final zone
thickness was =~25-30 um for both isothermal treatments,
suggesting that the driving force for copper diffusion from
the sheath to the core eventually diminishes.

The isothermal experiments provide insight into the fun-
damental mass transport processes that occur during heat
treatment of Ag(Cu)-sheathed Bi2212 tapes. From the above
analysis, we can now determine the progressive microstruc-
tural development that occurs during the partial melt pro-
cessing of these samples. The heat treatment schedule for
this process is shown in Fig. 1. Our calculations show that
upon completion of the initial hold at 885 °C (t=15 min),
the Cu,O precipitates would exist throughout the sheath re-
gions. However, this amount of time is insufficient to fully
establish the Cu,O-deficient region at this temperature. As
the samples are cooled from 7',,, =885 °C to T, =820 °C,
a time period of 13 h elapses for the cooling rate used (i.e.,
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FIG. 15. Calculated concentration profiles of free {or unbound) copper
within the sheath region of Ag(Cu)-sheathed Bi2212 tapes at (a) T=820 °C,
and (b) T7=885 °C. (Arrow indicates the growth direction of the Cu20-
deficient zone.)

5°C/h). During this temperature transition, the
Cu,0-deficient region should fully develop because only 12
h at 820 °C are actually needed (see Fig. 14) to establish the
maximum (or plateau) zone width. Thus, one would not ex-
pect further Cu,0O decomposition during the final annealing
step at 800 °C for 100 h in air. However, even if the extent of
Cu,y0 decomposition was minimized during partial melting
by reducing the cycle time at elevated temperatures
(T=820°C), the time necessary to establish a
Cu,O-deficient zone (=25 um thick) during the 800 °C an-
nealing step in air is'only 17 h, as determined using Egs. (5)
and (6). '

Much previous effort has been devoted to optimizing the
heat-treatment conditions with respect to T'-¢ parameters and
atmospheric conditions to produce high-quality Bi2212 PIT
tapes. Thus, it is unlikely that these variables can be dramati-
cally altered to promote chemical stability of the Ag(7 at. %
Cu) alloy sheath material. Therefore, we conclude that the
dynamic morphological development which occurs during
Ag(7 at. % Cu)-sheathed Bi2212 PIT fabrication is unavoid-
able. An alternative approach to stabilizing the sheath mate-
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rial may be to lower the copper content in the alloy to a value
that minimizes the formation of the Cu,0O phase. To deter-
mine the maximum free copper content allowable, one must
examine the thermodynamic and kinetic considerations pre-
sented above over the entire temperature range (=~25-
885 °C) of the heat-treatment process. One finds that the
maximum allowable free copper content decreases signifi-
cantly with decreasing temperature. While this is coupled
with a decrease in oxygen solubility and its effective diffu-
sivity, these parameters are less sensitive to temperature. The
maximum tolerable copper content is estimated by our analy-
sis to be <1.1X1072 at. % Cu for the partial melt processing
schedule shown in Fig. 1. Thus, this approach is ineffective
because the desired increase in sheath stiffness would be
sacrificed at such low copper contents. However, despite the
inability to stabilize the Ag(7 at. % Cu) alloy under the cur-
rent processing conditions, our results demonstrate that sig-
nificant property improvements can be obtained with these
alloys, particularly in conjunction with the hot-rolling pro-
cess. We attribute these improvements mainly to the hardness
difference between the Ag(Cu) and pure silver sheaths (see
Fig. 10), which remain present even though this morphologi-
cal development occurs during the partial-melting process.

The microstructural observations of the Bi2212/Ag(Cu)
alloy interactions presented here are in good agreement with
earlier work by Nomura ef al.,® as discussed previously.
However, our transport measurements sharply contrast those
results,® which suggested that Ag(Cu) alloys have a deleteri-
ous effect on the superconducting properties of Bi2212. For
example, Nomura et al.® reported that J,, values were re-
duced by more than an order of magnitude at 7=4.2 K,
H=28 T for Bi2212 samples heat treated on Ag(2.6 at. % Cu)
foil as compared to those processed on pure silver. Several
key differences between these experiments prohibit direct
comparison, including the starting Bi2212 powder composi-
tion, the fabrication process, and heat treatment conditions.
In our work, we used a copper-deficient starting powder,
Bi,S1,Cag 64Cuy 640, , to offset copper absorption between
the sheath and core regions. In contrast, stoichiometric
Bi,Sr,CaCu,0, powder was used by Nomura et al.,® which
should exacerbate the formation of the Bi-free phases. Fur-
thermore, we studied cold- and hot-rolled, partially melted
and annealed Bi2212 PIT tapes as compared to the doctor
blade Bi2212 tapes partially melted on Ag(Cu) alloy (0-2.6
at. % Cu) foils studied by Nomura ez al.® Their observations
can be aftributed solely to the chemical interactions between
stoichiometric Bi2212 and the Ag{Cu) alloys, since further
processing was not carried out on their samples after heat
treatment. Hence, we offer the following possible explana-
tions for"the observed enhancement of transport critical cur-
rent density, J, of the Ag(7 at. % Cu)-sheathed Bi2212
tapes studied here: (1) use of a copper-deficient Bi2212 start-
ing powder minimizes the impact of the deleterious chemical
interactions between the sheath and core regions during heat
treatment, and (2) enhanced processing of the Ag(Cu)-
sheathed Bi2212 tapes at elevated rolling temperatures leads
to a net improvement in microstructural development with
respect to their current carrying capability.
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V. SUMMARY

We have investigated the effects of sheath composition
and rolling conditions on the microstructural development
and superconducting properties of Bi2212 PIT tapes. The
best properties were obtained in hot-rolled, Ag(7 at. % Cu)-
sheathed Bi2212 tapes. These samples had the highest degree
of grain alignment, improved sheath/core interfacial unifor-
mity, and significantly higher magnetization and transport
critical current densities relative to either cold-rolled
Ag(Cu)-sheathed or hot- or cold-rolled Ag-sheathed Bi2212
tapes. For example, their transport critical current densities,
J o, at 4.2 K surpassed 2X 10* Afem? at up to 14 T, with a J
at zero field of 6.5%10* A/cm? These values were roughly
five times greater than the hot-rolled Ag-sheathed tapes,
where J,,=1.25%10* A/em® at 42 K, O T.

A striking feature of our work was the dynamic morpho-
logical development in the Ag(Cu) sheath regions of the
Bi2212 tapes during their heat treatment, which consisted of
partial melting and a final annealing step. Through isother-
mal studies, we found that Cu,O precipitates formed uni-
formly throughout the sheath regions, developing inward
from both the outer sheath surface and the sheath/core inter-
face. This was followed by growth of a Cu,O-deficient zone
near the sheath/core interface due to copper diffusion from
the sheath to core regions. The loss of free copper from the
sheath regions promoted the excess formation of the
alkaline-earth cuprate phase within the core regions relative
to that formed in the Ag-sheathed Bi2212 tapes. A theoretical
analysis of the Cu,O precipitate formation and decomposi-
tion processes suggests that for these heat-treatment condi-
tions, only a negligible amount of free copper can be utilized
in the alloy composition to avoid this dynamic morphologi-
cal development. However, despite the chemical instabilities
encountered when utilizing Ag(Cu) alloys as an alternative
sheath material for PIT processing of Bi2212 tapes, our re-
sults demonstrate that significant property improvements can
be obtained with these alloys, particularly in conjunction
with a hot-rolling process. We have attributed these observa-
tions to the hardness differences between the Ag(Cu) and
pure Ag sheath materials that persist in spite of these insta-
bilities. Our work highlights the need to investigate other
alloy compositions (e.g., Ag—Al or Ag—Mg alloys) that may
provide similar property improvements to those demon-
strated by this study, but that avoid the deleterious attributes
of the Ag(Cu) alloy system.
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