
EXPLOSIVE CONSOLIDATION OF (Bi,Pb)-Sr-Ca-Cu-O SUPERCONDUCTOR POWDERS 
DURING POWDER-IN-TUBE PROCESSING* 

H. Thomas and 0. T. ha1 
Materials and Metallurgical Engineering Dept. 

New Mexico Institute of Mining and Technology 
Socorr0,NM 87801 

R E'c Ef VEO 
JAN24 19$ 

U. Balachandran 
Energy Technology Division 
Argonne National Laboratory 

Argonne, IL 60439 

August 1995 

The submitted manuscript has been authored 1 
by a contractor of the U S Government 
under contract No W-31-109-ENG-38 1 
Accordingly. the U S Government retalns a 1 
nonexclusive, royalty-free llcense to publish or ; 
contribution, or allow others to do so, for U S reproduce the published form of thls I 
Government purposes- 1 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

Submitted to Proceedings of the American Society of Metals, 1995 Materials Week, Cleveland, 
OH, October 29-November 2,1995. 

*Work supported by the U.S. Department of Energy (DOE), Energy Efficiency and Renewable 
Energy, as part of a DOE program to develop electric power technology, under Contract W-3 1- 
1 09-Eng-3 8. 



EXPLOSrvE CONSOLIDATION OF (Bi,Pb)4r-Ca-Cu-O SUPERCONDUCTOR POWDERS 
DURING POWDER-IN-TUBE PROCESSING* 

H. Thomas and 0. T. Inal 
Materials and Metallurgical Engineering Dept. 

New Mexico Institute of Mining and Technology 
Socorr0,NM 87801 

U. Balachandran 
Energy Technology Division 
Argonne National Laboratory 

Argonne, IL 60439 

. Begk IX colurMstI'8R.t page below 
L l  1 t l t<  {abstract 1 A i l - .  ..__ 

1 Superconducting (2212) Bi-Sr-Ca-Cu-0 (BSCCO) i BSCCO-Ag composites were explosively 
silver tubing and then drawn and 
silver-sheathed 
cycles of pressing and heat treatment, 

the end of the thermomechanical treatment (TMI";/. 
Scanning electron microscopy indicated that grain 
alignment increased after TMT, with an 
reduction in grain size after the fourth treatment. 
diffraction studies showed that grain 

j conversion of 2212 to Si2Sr2Ca2Cu30 
1 improved when explosive consolidation is introduc 
' before the drawing step in the powder-in-tube process. 

MUCH OF THE RECENT RESEARCH ON H I G q  

CERAMICS has focused on BiSrCaCuO compounq 
because of their relatively high superconductinf 
transition temperatures (Tc), good phase stability, loy 
toxicity, and low material costs. Two compounds are of 
the most interest: Bi2Sr2CaCu~07-~ (2212), whic 
exhibits a Tc of =90 K, and Bi2Sr2Ca2Cu3010- 
(2223), which exhibits a Tc of -107 K. Typically, t h ~  
properties of 2212 are superior at 4.2 K at high magnetic 
fields, while the properties of 2223 are superior at 77 K 

1 

TEMPERATURE SUPERCONDUC-TOR (HTS1) 

at low magnetic fields (1). 

+ 
j One EO UI way $XmpFiCae  D behw c ramic 

Cehmic precursor powder is placed in silver tubes, which 
are then drawn into "wires" -2 mm in diameter by 

iSUp3gg I ,I..> izze uc' .<$f i$&?&&t&r-~n-~u& @& approach 

i The tapes then undergo a series of1 1 thermomechanical treatments (TMTs), which are the key 
:to the PIT process. Each TMT consists of uniaxial 
]pressing of the tape (or a proprietary rolling process for 
jthe fabrication of samples longer than a few inches), 
jfollowed by a sintering heat treatment of 50 or 100 h. 

j times. A specific sample is referred to by the sum of its 1 
[sintering times, for example, a 250-h sample (3). The; 
,samples are evaluated between treatments so that a' 
!progression of property changes can be illustrated. The i 1 " T s  have two primary effects: one is that much of the, 
lprecursor powder (consisting of mostly 2212) Is, 
iconverted into 2223, and the other is that the micro-j 
structu~ becomes aligned and textured, and thus the tapes, 
:exhibit superior electrical properties, such as a high crit-' 
icd current ( J ~ )  capacity, along the length of the tape (2). 1 

A common improvement to PIT fabrication of: 
HTS ceramics has been the use of silver powder along1 
with the ceramic precursor powder when filling the silver: 

' tubes prior to drawing. The composite is then processed' I 
;exactly like the pure ceramic. The improvements, which, 
are due to the high ductility of silver and are primarily; 
observed in mechanical properties (mainly strength and; 
fracture toughness) (3) and Jc are atmbutable to increased 
texturing of the superconductor (4). 

,Ultimately, samples are treated between four and six i 
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A novel appioach to PIT fabrication is the use of 
explosive consolidation prior to the drawing step. It has 
been demonstrated that explosive consolidation can 
usually attain high densities in resultant compac)s, 
usually 94-W%bf tfi&r&&I (Q! Ih addition,*xplosik- 
treatment of ceramics can result in unique nonequilibriqm 
microstructures with extremely hi h defect densities 

mechanical deformation or radiation damage. A possi$le 
result is shock-induced recrystaliization, in which d 

do not dn&%t %hfido%Cf& %%t 

subsequent deformation (i.e., the subsequent steps 
processing), the ceramic recrystallizes at points 
stress and thus facilitates further plastic 

of silver flake 

the 2223. 

Experimental Procedure 

The starting powders consisted of calcined 2dt2 
powder with lead oxide and calcium cuprate additions to 

some of the pure BSCCO powders to form mixtures pf 10, 15, and 20 vol.% silver. All compositions w 

The powders were 
pressure of 300 MPa in silver tubes 

ball-milled to ensure 

diameter, 4.35-mm inner diameter) 
low-carbon steel canisters. Steel 
the canisters, which were then 
consolidation step. Details of 
in Fig. 1. 

buckets, then filled with 
oil) explosive. The 
pressure of =lo GPa. The consolidated 
were then extracted from the canisters 
the PIT method, which entailed 
a series of dies and then subjecting them to multiple 
rolling passes that produced silver-sheathed BSCCO /x 
BSCCO/Ag composite tapes. The tapes were then 

enable formation of 2223. Silver flakes were added I to 
I 

Mild Steel 
Tubing 

Silver 
Tubing 

Powders 

0 

. .  
-7 

Fig. 1 - Explosive consolidation assembly: (a) samp 
is ready to be consolidated; in (b), consolidated rod hi 
been extracted from the steel canister after the explosi\ 
consolidation step. 

sectioned into short samples and sintered for 48 h j 
static air at 840°C. Samples for further heat treatmei 
were pressed at =lo00 MPa, then sintered for 100 h I 

840°C. with the process repeated for samples th 
received third and fourth heat treatments. 

The JC values of the tapes were measured at 77 
with a standard four-probe DC setup against a l-pV/ci 
criterion. Densities of both the consolidated rods and tt 
final tapes were measured with an 86% glycerol/watt 
solution and the Archimedes method of weighir 
samples both dry and wet. Microstructures of tI 
samples with 10 vol.% silver were examined by SEI 
under relatively low magnification (500 and 1000~ 
A qualitative phase conversion analysis was perform( 
by XRD, which compared the intensity of the 22; 
(0 0 14) peak to that of the 2212 (0 0 12) peak. Tu 
textural analyses were performed. The first was 
qualitative comparison of the intensity of the 22; 
(0 0 14) peak with the intensity of the 2223 (1 1 1 1  

peak (to compare with published data). The second was 
quantitative textural analysis, performed by calculatir 
the Lotgering orientation factor f from the discernib 
2223 peaks in each sample with the formu 
f = (p - PO) / (1 - po). (In the equation, p is the ratio 



.- -- 
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I 
the sum of the p6ak intensities of oriented peaks to the 
sum of all of the peaks, both oriented and unoriented, for 
the sample in question; and po is the same ratio, but for 
a randomly oriented powder sample.) The value of p0:is 
used as a constant. thrbughout the halysis (7); -in -?is- 
study, it was determined from tabulated powder diffiactip 
file intensity values, because a randomly oriented pow r 
specimen'mGIZn5t &*$+iiSi %&&y.-- T 

I 
Results and Discussion 1 

thennomechanical treatments on the critical current 
Density. Figure 2a illustrates the effect of 

of the t a p .  The best sample transported 36 
best properties were attained after the 

thus cause a decrease in the E of the tape (8). 

other peaks, especially when compared with pure 
BSCCO samples. The more pronounced peak is tau+ 
by smaller measured cross-sectional areas in the silver 
composite tapes, which should be due to the improv 
reduction properties that exist in the Ag/BSC 0 
composite tapes during the deformation process. Beca 
the cross-sectional areas of processed tapes are relativT 
large, the highest Jc value obtained in this study w p  

with JC values in published work (9). This can 
attributed to the poor reduction properties of +e 
consolidated ceramic during the drawing process 
(resulting in cross-sectional areas approximately twice 
large) when compared with the normally unconsolidated 
powder in the silver tube used in the PIT process. 

Densities Densities of the explosive y 
consolidated rods before PIT processing were 585% If 
theoretical density, with the highest value of 88f% 
occuring in the composite that contained 10 vel.% silver 
flake. Densities of the processed tapes were 60-70% bf 
theoretical for the 48-h samples, whereas densities of h e  

P 
only 17,000 A/cm2, which does not compare 

I 

I 
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1 
Fig. 2 - Effect of silver content on (a) critical current I? 
md (b) critical current density Jc of BSCCO tape!. 
HT = heat treatment. 

248-h samples were 95100% dense. These results 
compare favorably with the 70% dense tapes that 
been achieved by other researchers, whether the 

hot isostatically pressed powders (95% dense) (1 1). It 

better elecaical and mechanical properties from the 
of porosity alone, but mechanical properties were 

was initiated with loose powder (50% dense) or col 
isostatically pressed powders (70% dense) (lo), or eve 

expected that these near-theoretical densities would lead 

examined in this study. 
Microstructure. Figure 3 illustrates a longii 

tudinal cross section of a tape with 10 vol.% silver prim 
to heat treatment. Although heavily deformed silvkr 
particles, secondary darker phases, and an irregular silv? 
sheawceramic core interface can be seen (especially in 
the higher-magnification photomicrograph), no desirq 
microstructure is visible. 

Figure 4 depicts the microstructure of a tape wit4 
10 vol.% silver after the first heat treatment. Excellent 
grain structures can be observed, but visual examination 
shows that grain alignment is relatively poor and thk 
silver/ceramic interface is still somewhat irregular. 1 

Figure 5 shows that grain alignment is improved 
by the second heat treatment, but in Figs. 6 and 7 ( t h ~  
third and fourth heat treatments, respectively), the grainy 
appear to be smaller and visual evaluation of grain 

I 
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Fig. 3. SEM photomicrographs in two magnifications 
of longitudinal cross section of as-rolled tape, before 
tRermomechanical treatment. 

a!ignment becomes difficult. It can be seen that the 
interface between the silver sheath and the ceramic core 
becomes very uniform at the end of the TMT schedule. 

Fig. 4 - SEM photomicrographs in two magnifications 
of tape after fist heat treatment (48 h). 

primary peaks are in the (0 0 C) orientation of 2223. 
This is illustrated further in Fig. 8b, where after the third 
heat treatment, a pure BSCCO tape, exhibits almost 
exclusively, the preferred orientation of 2223. 

To examine the conversion of 2212 to 2223, the 
(0 0 14) 2223 peaks were compared with the (0 0 12) 
2212 peaks. The relative phase content was represented 
by the peak intensity ratio of 2223 (0 0 14) to 2223 

Phase and Textural Analysis. Examples of 
XRD patterns obtained from BSCCO are presented in 
Fig. 8. Figure 8, was obtained from a Dure BSCCO taw 
after the first heat treatment. Already, most of th9.0: -:. 

-I 

Thomas, Ina l ,  Balachandran 

. .. 



Fig. 5 - SEM photomicrographs in two magnifications 
of tape after second heat treatment (148 h). 

(0 0 14) + 2212 (0 0 12). Although this is not a 
quantitative analysis, it was chosen for comparison with 
published phase conversion studies by Singh et al. (4), 
and will be used for relative comparisons only. 

The phase conversion trend in Fig. 9 illustrates 
the presence of more 2223 in the tapes, when compared 
with published work, and stabilization aftcr the fist heat 
treatment. This is in contrast to the lower but steadily 
increasing intensity ratios of published work (4). S$yerAoI 

-- 

Fig. 6 - SEM photomicrographs in two magnifications 
of tape after third heat treatment (248 h). 

additions have the effect of slightly increasing the 
conversion of 2212 to 2223, which is consistent with 
work done by Singh et al (4); however, the effect is less 
pronounced in this study. 

The texturing trends that can be seen in Fig. 10 
show significantly more texturing in the explosively 
consolidated samples than in those of Singh et al. (4). It 
can be seen that the samples with 10 vol.% silver give 
the best texturing results, with texturing apparently 

. __ 
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leveling off at the fourth heat treatment, as observed with 
the average of the other compositions we studied. Agaih, 
this is not meant to be a quantitative textural analysis 
and is used only for qualitative comparison. 

The data from the Lotgering orientation factor 
calculations are illustrated in Fig. 11. They detail a high 
degree of orientation, with a maximum of 91% 
orientation of the grains in the 10 vol.% Ag samples 
after the third heat treatment. Orientation trends after the 

I 
t 
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100 

80 i, 40 20 

0 '  

80 ~_i  20 0 :  0 1 :  * C  

0 

2 THBA 

Fig. 8 - XRD plots of pure BSCCO tap after (a) 
heat treatment (48 h) and (b) third heat treatment (248 h)! 

1 
fourth heat treatment are inconclusive, because some 
compositions show an increase while others exhibit 
decrease. ! 

I 

Conclusions ! 
I 

Although the IC values of tapes produced b7 
explosive consolidation are promising, the relatively 
large cross-sectional area of the tapes reduce the JC fufthef 
than would be expected. This problem may be solvq 
by using silver tubing with a smaller inside diameter 
counteract the tendency of the consolidated ceramic d I 

I i 3 ;  not extend below this Line. 
--I 
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1 Fig. 9 - Effect of heat treatment on conversion of 22 
1 to 2223. Relative phase content was represented by pe 

intensity ratio of 2223 (0 0 14) to 2223 (0 0 14) + 22 

I 
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Ueat Treatment Umber li 
Fig. 11 - Effect of heat treatment on 2223 orientation/ 
using Lotgering orientation factors. Highest orientation 
occurs with 10 vol.% silver samples. 

From this research, we conclude that explosiv 1 ~ 

consolidation is a promising technique for fabricating 
high-temperature superconductor ceramic tapes! I 
However, further research is necessary to determine the 
mechanisms underlying the improved properties that we I 
Observed ! 

I 

Acknowledgments 

' 0 -  BSCCO + IO v0l.X dver, (00 14Y(1 I 14) 
0- BSCCO. (0 0 14Y(1 I 14) 

(averaged aver all cornpdions) 
* BSCCO + I5 vd% silver. (0 0 14Y(1 I 14): i -  

Fig. 10 - Effect of heat treatment on (0 0 e )  texturing 
2223 phase. The degree of texturing was represented 
peak intensity ratio of (00 14) to (1 1 14). 
represented is relative peak intensity before 
treatment. 

I 
! 

resist reduction in area during drawing, Studies indicak 
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consolidated prior to the drawing step of the PlT proces . 'i 
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