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ABSTRACT 
Shock-loading has been used to introduce a variety of defects into superconducting 

BSCCO/Ag tapes. In theory, these defects will pin the movement of flux in these super- 
conductors, allowing higher current densities to be passed through them. The tapes in the present 
study have been subjected to different peak shock pressures and pulse durations. 

Critical current density (J,) and magnetization measurements have been made on shock- 
loaded and pressed samples. The shocked samples have shown a degradation of transport 
current properties, but have maintained their high transition temperatures. It is thought that a 
postshock annealing to heal the microcracks in the material may improve the superconducting 
transport properties. It is also believed that the pressures to which these tapes were subjected 
completely saturated the material with defects. Investigation of the use of lower pressures may 
be advisable. 

INTRODUCTION 
Commercial application of high-temperature superconducting ceramics (HTSCs) 

depends on whether long lengths of the superconductor with high critical current densities (J,s) 
can be fabricated. The obstacles to fabricating these superco iductors have been materials 
problems, including grain boundary weak-links, flux motion, and poor mechanical properties not 
present in traditional low-temperature superconductors. These barriers are caused by small 
coherence lengths, high crystal anisotropy, low pinning energies needed to prevent magnetic flux 
flow and flux creep, and brittleness of the oxide ceramics. 

The oxide powder-in-tube (OPIT) method has shown significant promise in the 
processing of long lengths of bismuth-based HTSCs, exhibiting J,s of >lo* A/cm’ at 77 K. This 
method involves deformation processing of the oxides in a silver tube, increasing the texturing of 
the grains. The silver tube greatly enhances the mechanical properties of the oxide by providing 
a ductile confinement structure. 

One problem that still remains for these bismuth-based HTSCs is that of flux motion at 
temperatures well below the transition temperature. When a current is applied, it induces a force, 
the Lorentz force (J X B), on these flux lines. If these flux lines are not pinned, they will move 
and dissipate energy, destroying superconductivity at temperatures as low as 30 K. 

It has been shown that intragranular crystal defects pin flux lines and thus increase J,. 
The optimal pin would have a dimension in the direction of the Lorentz force approximately 
equal to the coherence length, 5, which is the dimension of the core of the flux line. In addition, 
to increase the volume of the flux line pinned, the defect should be much longer than 5 and lie 
parallel to the c-axis. Such defects have been introduced into superconducting materials through 



proton and heavy-ion irradiation, but such processkg is expensive aind the defects easily anneal 
out of the material. 

It also appears that at higher temperatures, the flux lines begin to lose their integrity 
along their length, making flux motion easier. If the magnetic field is parallel to the c-axis, flux 
lines separate into “pancakes” within each Cu-0 layer. These pancakes reduce the effective 
pinning volume and thus the energy needed for flux motion, thereby increasing the necessary 
number of pinning centers. A method for introducing a high-density, uniform network of stable 
defects is required. One such method may involve shock processing the material to introduce 
such a network. It is the purpose of the present work, therefore, to evaluate the use of shock 
processing to improve the utility of high-temperature superconducting, ceramics. 

EXPERIMENTAL PROCEDURE 

BSCCO Tapes 
Both monocore and multifilament bismuth-based tapes used in this study were made by 

the standard oxide powder-in-tube method. A final process annealing was performed on the 
tapes at 845OC for 100 h in air to promote conversion of the lower-T, 2212-phase to the higher- 
T, 2223-phase (1) and to heal any cracks remaining from the rolling process. Final cross- 
sectional areas of the monocore and multifilament tapes after the final annealing and before 
shock loading were approximately 8.76 x lo5 cm2 and 7.85 x 10” cm’, respectively. To 
compare the shock-loaded tapes to conventional mechanically deformed tapes, both a monocore 
and a multifilament tape were cold pressed at 0.6 GPa between platens of tool steel. 

Shock Assembly 
The shock assembly used is illustrated in Figure 1. The containment, flyer, and 

momentum plates were all fabricated from a low carbon steel. The contacting surfaces of the 
plates were surface ground to provide an intimate contact between them. A thin layer of epoxy 
was used to adhere the momentum plate to the containment plate. The: purpose of the momentum 
trap is to reduce the magnitude of rarefaction waves in the containment plate that would cause a 
tensile wave to propagate through the samples. The tapes were sandwiched between thin layers 
of lead in a groove machined in each containment plate. 

The explosive used was Detasheet C1, a flexible high explosive made by Du Pont and 
consisting of RDX and an elastomeric powder. One set of tapes was, shocked with one layer of 
C1, another set with two layers of C1, and a third set with three layers of C1. Variation in the 
number of layers allowed investigation of the dependence of defect saturation on variations in 
pulse duration and peak pressure. 

dimensional Lagrangian hydrodynamic computer code, MY 1 DL, based on difference equations 
by Neumann and Richtmyer (2). The calculational objective was to obtain an approximation of 
the pulse duration and pressure experienced by the superconducting tapes (Figure 2). Equation- 
of-state parameters for the explosive, steel, and lead were obtained from several different sources 
(3-5), but because such parameters were not available for the superconducting ceramic, the tapes 
were not included in the calculation. The shock impedance of the cera.mic is significantly lower 
than that of lead; consequently, the actual pressure jump through the incident shock in the 
ceramic was lower than the calculated value in the lead. The estimated pulse duration is believed 
to be accurate. The pulse duration ranged from 0.9 ps for one layer to 2.2 ps for three layers of 
explosive. It is assumed that these short pulse durations lock a unifornnly distributed array of 

The dynamic response of this assembly to the shock wave was modeled by a one- 



defects into the material (6)  and this, in turn, is expected to increase flux pinning and J, in the 
superconducting filaments. 

The temperature reached by the tapes is not known, but the layers of lead surrounding 
the tapes in the groove in the containment plate did not melt. Therefore, the temperature could 
not have been above the melting point of lead (327OC) for any appreciable amount of time. 
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Figure 1 : Explosive assembly for shock-loading superconducting tapes. 
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Figure 2: Pressure and pulse duration of various layers of C 1. 



Characterization 
The superconducting tapes were examined by optical (OM) and scanning electron 

microscopy (SEMI. Both cross-sectional and longitudinal samples were mounted in Lucite to 
investigate the microstructural features of both the monocore <and multifilament tapes before and 
after shock-processing. Some of the samples viewed in the SEM were etched with a 1 vol.% 
perchloric acid - 99 vo1.96 2-butoxyethanol etchant for 15 s to bring out the platy microstructure 
and were then sputtered with carbon to make the samples conductive. The cross-sectional area of 
each tape was measured by image analysis. 

Transport J, was measured by the four-probe DC technique. In this technique, the DC 
resistivity of the sample is measured by the voltage drop across a 1-cm span of a specimen with 
the passage of a known current. The critical currents of the samples were measured at 75 K with 
a 1 pV/cm criterion in a self-field. The J, was then calculated by dividing by the supercon- 
ducting cross-sectional area. 

Transition temperatures of the samples were determined with a Quantum Design 
SQUID magnetometer. The tapes were cooled in zero-field to 10 K. They were then gradually 
warmed and the T, was determined as the point at which the magnitude of the measured 
magnetization became zero. The volume of superconducting material was calculated from the 
measured magnetization. Magnetic hysteresis loops were formed by measuring magnetization in 
a varying applied field from 5 T to -5 T and back at both 10 K and 30 K with a 6-cm scan. 
Fields were oriented parallel to the c-axis. 

EXPERIMENTAL RESULTS AND DISCUSSION 

OM and SEM 
The monocore samples were examined by OM and SE:M (Figures 3 and 4). 

Figure 3 : SEM photomicrograph of monocore sample before shock processing. 
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Figure 4: SEM photomicrograph of monocore sample shocked at 9.9 GPa. 

Average thicknesses of the samples were measured, and both the monocore and 
multifilament tapes exper-ienced a reduction in thickness when rolled or shocked. The 
preshocked monocore thickness decreased by 10 pm (from 200 pm to 190 pm), while the 
average multifilament thickness dropped from 220 to 210 pm. 

The percentage of ceramic in a cross section was determined by using an image analysis 
program from a montage of SEM photomicrographs. The average percentage of ceramic core in 
the monocore tapes was 44%. The multifilament tapes averaged 26% ceramic, the remainder of 
the tapes being silver in both cases. 

The SEM photomicrographs showed no constriction, or sausaging. of the samples after 
shock processing (Figure 4). Preshocked monocore tapes contained porosity oriented parallel to 
the rolling direction between the platy grains and around second phases (Figure 3). Less of this 
type of porosity was seen within the ceramic in shocked samples, but there appears to be 
additional cracking at the BSCCO/Ag interfaces, as well as cracks running diagonally across 
some samples. Cracks at the interface may be a result of the large difference in impedance 
between the silver and the ceramic. The diagonal cracks tend to appear only in the vicinity of 
large (3-20 pm) nonsuperconducting second phases (the darker. more rounded inclusions) and 
are never seen to penetrate these particles. Such cracks could prove to be very detrimental to 
transport current densities. 

Transport J, Measurements 
As mentioned previously, the transport current density of the monocore and 

multifilament samples were measured at 75 K in zero applied field with a 1 pVicm criterion with 
the four-probe technique. Results of these measurements are listed in Table I as J,,,,. This 



measurement is obtained by dividing I, in the fourth column by the cross-sectional area of the 
superconducting ceramic. 

Both of the preshocked monocore and multifilament samples were superconducting at 
75 K. The shock process appears to have destroyed any transport current in the samples, most 
likely through introducing microcracks throughout the material. A J, reading below 1000 A/cm* 
is generally considered not superconducting; most of the current is probably transported by the 
silver. This result is not surprising as other research has found decreases in transport J, by at 
least a factor of 10 with samples pressed at only 2 GPa (7). Only the multifilament shocked at 
9.9 GPa appeared to have survived the shock process, possibly because the additional silver 
within the superconducting ceramic improves its ductility imd decreases the amount of 
microcracking by inhibiting the crack propagation. 

Table I: Summary of electrical and magnetic measurements. 

*I 

1, 
T, Tmid (A)@ (Ncm’) (Ncm’) Volume 

Sample (K) (K) 75K 
Monocore 110 90.0 11.70 4255 4165 42.0 
Preshock 
Monocore 102.5 68.7 0.200 130 590 6.7 
9.9 GPa * * 

Monocore 107.5 63.9 0.194 --- 12.8 
13.4 GPa * --- 10.3 Monocore 100 65.5 0.188 
15.8 GPa 

Monocore 110 57.8 0.387 23 .o 
Pressed 0.6 GPa 

Preshock 

9.9 GPa 

13.4 GPa 

15.8 GPa 

* 

Multifilament 110 91.2 25.47 9580 

Multifilament 110 63.9 2.862 1080 1450 12.3 

--- 13.9 Multifilament 107.5 49.5 1 SO2 * 

--- 13.0 Multifilament 110 62.2 0.889 * 

Multifilament 110 74.9 8.15 3060 I Pressed 0.6 GPa 

Jes not appear to transport a superconducting current. 

Magnetometer Measurements 

Magnetization vs. Temuerature: Magnetization of the preshocked, shocked, and pressed 
monocore and multifilament samples was measured as a function alf temperature. The results can 
be seen in the graphs of Figure 5 and Table I. 

Magnetometer measurements indicate a broadening of the transition temperature 
(increase in the difference between T, and Tcmid), but a surprising discovery is that T, was not 
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Figure 5: Magnetization vs. temperature for (a) monocore and (b) multifilament samples. 



Total volume of superconducting material, calculated fioin the measured susceptibility 
with changing temperature, also decreased significantly upon shock loading (Table I). These 
decreases are most likely also caused by microcracks in the brittle ceramic material. It can be 
noted that the superconducting volume seems the smallest in the sample with the lowest shock 
pressure. Because the different shock pressures occurred in separate assemblies, it is possible 
that the assembly that was subjected to the lowest shock pressure experienced stronger 
rarefaction waves than the others due to a flaw in assembly, leading to higher tensile stresses in 
the samples and more damage. 
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Mametization vs. Amlied Field Magnetization of the preshocked and shocked monocore 
samples was measured as a function of applied field. The results can be seen in the graphs of 
Figure 6 

Calculation of J, with the Bean critical state model modified for an orthorhombic 
sample was done for only the preshocked and 9.9 GPa shocked samples (Figure 6). Calculations 
showed higher values than the J,-, but these values are not as significant because they do not 
report the amount of current traveling through the length of the material. However, they do help 
to illustrate that the cause of decrease in transport superconducting properties is most likely 
microcracks in the material and that the grains themselves have remained superconducting. 

samples at 10 and 30 K, it is noted that at both temperatures the shocked samples exhibit a 
smaller hysteresis loop. In fact, the shocked sample at 30 K shows practically no loop at all. 
This decrease in loop size means that Hi, is very low and very little flux is being pinned within 
the sample. 

In a comparison of the hysteresis loops of preshocked and 9.9 GPa shocked monocore 
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Figure 6: Magnetization vs. applied field for monocore samples: (a) preshocked at 10 K, 
(b) preshocked at 30 K, (c) 9.9 GPa shocked at 10 K, and (d) 9.9 GPa shocked at 30 K. 

CONCLUSIONS 
It is obvious that the samples subjected to shock processing exhibited significantly 

poorer superconducting properties, although the transition temperature changed very little. This 
lack of change in T, implies that the oxygen stoichiometry of the material was not disturbed 
significantly by the shock process. This outcome illustrates that BSCCO is more stable 
stoichiometrically during shock processing than YBCO. 

The degradation of transport current density after shock processing should not be 
surprising. Along with the possibility of introducing microcracks, considerable amounts of strain 
were introduced to the material. As more strain is added, the electron mean fiee path should 
decrease. This decrease would then lead to a decrease in the material's coherence length and an 
increase in the penetration depth. J, is inversely proportional to the penetration depth of the 
superconductor; therefore, the more strain introduced, the lower the J,. Because the cracks 
relieved stresses within the material, and therefore reduced the number of dislocations, pinning 
caused by these defects was not evident. 
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