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FOREWORD

The present final report summarizes the work on high field
superconducting materials and processes, Program No. 4052, performed
at the Materials and Molecular Research Division of the Lawrence
Berkeley Laboratory, under the sponsorship of the pivision of
Materials, Office of the Basic Energy Sciences, United States
Department of Energy.

Twc major interrelated focal points characterize this research
program. One was the decision to restrict the effort to A-15 com-
pounds because of their superior critical temperatures and critical
fields. The inherent brittleness of these compounds along with the
reguirement for a filamentary morphology led to the second focal point:
a heavy reliance on a powder approach for the fabrication of super-
conducting tapes and wires. There have been exceptions to the use of
powder technique: where special circumstances such as the nature of
a particular allov system suggested an alternative approach. The
guench-age technique described herein is an example of a non-powder
approach. Here the niobium-aluminum system is involved and the
methodology is based on the fact that in a certain composition range a
solid solution of aluminum in niobium is the stable phase at elevated
temperatures (1950°C), whereas at lower temperatures (<1100 C) the
stable phase is the desired A-15 compound. Additionally, niobium
forms deformation twins which were found to be effective sites for the

nuc teation of the A-15 phase. Thus, an in-situ multifilamentary
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morphology may be achieved. Unfortunately, a direct approach of this
kind based on the special features of a particular phase diagram is
not applicable to other A-15 compounds dealt with in this report,
such as NbBSn and the ternaries Nb3(Al,Ge) and Nb3(Al,Si).
ytilization was made of the versatility provided by a powder approach.

Two variations of the powder were assessed. One involved the use
of precompounded powder. This provided the advantage of starting with
a material that had the desired stoichiometry. However, the estab-
lishment of the metallurgical bonds between the powder particles
appeared to reauire the simultaneous application of heat and pressure.
With this constraint, the achievement of a multifilamentary morphology
seemed rather complicated in comparison with the second variation
which provided this morphology directly. The second variation which
will be referred to as the infiltration process was therefore pursued
in depth. With the infiltration process, multifilamentary conductors
based on ND3Sn, Nb3A]‘ Nb3(A1,Ge) and Nb3(A1,511 were success-
fully prepared. Intrinsic in the infiltration orocess is a rather
uniaue feature. All of the filaments, 1-2 um in size, are multiply
connected.

the infiltration process as applied (though not limited) to these

niobium-base A-15 compounds comprises the following seauence.

) Preparation (by compaction and sintering) of a ductile
niobium matrix containing a controlled network of inter-
connected pores.

0 Infiltration {filling the pores) with liguid tin, or either

the aluminum-germanium or the aluminum-silicon eutectic.
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(s} Cladding the composite with a sheath of monel or copper.

] Mechanical reduction to the desired size.

(s} Heating, to form by a diffusion-controlled reaction, fila-
ments of the A-15 compound arrayed in a ductile niobium
matrix.

An important aspect of the infiltration process is the fact that,
owing to the unique morphology, heating times for the formation of the
Al5 phase are less than 5 minutes.

Niobium-tin conductors made by the infiltration process exhibit a

critical temperature (Tc) of 18,1°K and a critical current carrying

4 amps/cm2 at 12 tesla.

capacity (Ic) of 8 x 1n
Also reported are thermo-mechanical procedures developed to
achieve ductility in the aluminum-germanium and aluminum-silicon
eutectics that are the infiltrants employed for preparing the niobium
ternaries, Nba(Al,Ge) and Nb3(A1,Si). The rather high critical
temperatures, achieved so far, employing the infiltration process for
these ternaries (19.1 and 18.8 K, respectively) manifested the in-
herent capabilities of the process. However, the basic reaction
kinetics studies are incomplete and therefore an optimization of the
relevart thermo-mechanical treatments could not yet be achieved. It
was anticipated that the High Field Superconductivity Program (4052)
woul'd yield significant basic and technological information required
to develop procedures for realizing the full potential of the ternary
system in order to make them viable candidates for the next-generation

high-field superconductors.
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ABSTRACT

The inherent brittleness of the A-15 compounds, and the
requirement for a filamentary mrophology, led to a heavy reliance on
a powder approach for the preparation of superconducting tapes and
wires, The duench-age techniaque, a non-powder process, was employed
for the niobium-aluminum system, following the special features of tne
equilibrium phase diagram.

The powder approach proved particularly effective for binaries,
such as Nb-Sn, and for the ternaries Nb(Al,Ge) and Nb(Al1,5i). Two
variations of the powder process were assessed. One involved the use
of precompounded powder of the desired stoichiometry but required
simultaneous application of heat and pressure. The second variation
was the infiltration process. This process involves the preparation
nf a ductile niobium matrix containing a controlled network of inter-
connected pores which are subsequently infiltrated with liquid metals
(Sn) or low melting-point eutectics (e.g., Al-Ge, A1-Si). The com-
posite is then subjected to a thermomechanical treatment to form a
multiply connected array of A-15 filaments in a niobium matrix.
Multifilamentary conductors, based on Nb3Sn, ND3AI, Nb3(Al,Ge)
and Nb3(A1,Si), were readily obtained,

Nb3Sn conductors made by the infiltration process exhibit a
critical temperature (Tc)} of 18.1 K and a critical current carrying

2 at 1?2 tesla.

capacity (Ic) of 8 x 104 Amp. cm”
Preliminary work on tha ternaries Nb3(Al-Ge) and Nb3(Al-Si)

indicated that the infiltration process is effective for the
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preparation of superconducting wires, Critical temperatures up to
19.1 and 18.8, respectively, were obtained. However, our basic
reaction kinetics studies are incomplete. It was anticipated that our
program would lead to substantially improved properties of these

viable candidates for the next-generation superconductors,



INTRODUCTION

There is a widely recognized need for appropriate superconductors
in diverse fields such as high energy physics research and a number of
advaﬁced technological applications. For instance, high field super-
conductors provide the only economically feasible way of generating
the large magnetic fields required for the confinement of ionized
gases in controlled thermonuclear fusion and MHD combustion,

A high field superconductor is characterized by three basic
parameters: the upper critical field (HCZ), the critical current
density (JC\, and the critical temperature (Tc). The values of
these parameters determine a critical surface above which the material
behaves in a normal, resistive manner, and below which the material
is superconducting, This situation is illustrated schematically in
Fig. 1 which shows a section of this surface on the applied magnetic
field (H)--operating temperature (T) plane.

Currently, a demand is developing for magnets with large bore
sizes and the capability of operating reliably at higher fields. When
efforts were made to satisfy these demands, instabilities causing
magnet damage became a serious problem. A brief discussion of the
stability of superconductors is presented at this point, since it has
an important bearing on the preferred conductor morphology.

An important characteristic of high field superconductors is the
gradual penetration of maynetic flux as the field increases beyond a
certain value Hes called the lower critical field, Fig. 1. Any

perturbation in conditions (thermal, magnetic or mechanical), when
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Behavior of a high field superconductor as a function of applied
field and temperature.



Hc2 >H > Hcl, can cuase a small change in the penetration

depth, known as a flux jump. A flux jump generates a small amount of
heat. The jump occurs very rapidly, while the diffusivity of heat is
relatively low, thus causing a localized rise in temperature. Under
certain conditions the effect can be cumulative, one jump inducing
another in a chain-like reaction, and the resulting temperature rise
can lead to a catastrophic destruction of superconductivity, calied
guenching, The tendency for flux jumping to occur is called "insta-
bility" of performance. The objective of “stabilization" in advanced
conductor design is to contro) flux jumpirg so that the effects remain
within safe, acceptable limits.

The morphology of practical superconductors is an essential
consideration that is directly related to the reguirement of conductor
stability. An extensive treatment of stabilization criteria has been
provided by the Rutherford [aboratory Superconducting 4pplications
Group.l The adiabatic criterion is pernaps the most basic. For
intrinsic stability, it reauires that a superconductor should not
exceed a critical size that is determined by certain properties of the
superconducting material. In view of the adiabatic and the other
criteria, the optimal size is generaliy considered to be less than
10 ym. From this reguirement for such small sizes stems the preferred
morphology for an intrinsically stable conductor: a large number of
superconducting filaments arrayed in a normal matrix. Multifil-
amentary conductors were readily achieved with the ductile niooium-

titanium superconducting alloy, and these have been developed to a



nigh degree of sophistication, involving twisting, braiding and
cabling. However, as shown in Table I, the superconducting p: per..es
of niobium-titanium do not compare favorably with those of *he A*
compounds. Consequently a great deal of current research .ffort is
devoted to the development of multifilamentary conductors based an the
intrinsically brittle intermetallir compounds of the Nb3Sn type.

The orthogonal chains of niobium atoms in ¢lose proximity are
an important characteristic of the Al5 structure (Fig. 2). It is
believed that the integrity of these chains strongly affect the super-
cenducting properties of the Al5 compounds. Disruption of the chains
by structural defects such as vacancies, or by tin atoms occupying
niobium sites (in the case of Nb3Sn), adversely affects the

transition temperature (Tc) and the current carrying capacity. Thus

Table J. Some high field superconducting compounds

(niobium based)

COMPOUND T.(%) HC, at 4.2° (Tesla)
Nb3(AT,Ga) 21 aT
Nb3(AT,Si) 19.5 30
Nb3A} 19 30
Nb3Sn 18 23

NDTH 10 12




AlS structure
formula type A3B

XBL 763-2568

Fig. 2. Unit cell of the A-15 structure.



in the design of processes for the fabrication of functional super-
conductors based on Al5 compounds, two criteria have relevance in
addition to the morphology constraints imposed by stability considera-
tions. They are the stoichiometry and degree of order of the Al5
phase. Most of the process development research presented in this
report utilizes powder metallurgy technigues. There is one exception,
involving the niobium-aluminum system, and it will be presented first.
THE SIOBIUM-ALUMINUM SYSTEM-A NON-POWDER APPROACH

This pr‘ocessz'3’4 takes advantage of the increasing solubility
of aluminum in niobium with increasing temperature (Fig. 3). At room
temperature niobium can dissolve only 9 at. percent of aluminum,
wn.2reas at 1650 C the solubility of aluminum increases to 23 at.
percent. It was reasoned that a sample heated into the high temper-
ature solid solution region could be gquenched rapidly enough to retain
a metastable solid solution and prevent any transformation to the
stable Al5 phase. After quenching, the solid solution might be
sufficiently ductile to permit plastic deformation (Fig. 4). In that
event, traditional processing technigues could be employed. Moreover,
having the material in a metastable state would provide another
important advantage: at an appropriate stage in the processing
seauence, it couid be transformed to the superconducting phase by a
Tow temperature aging treatment. It is desirable that the Al5 phase
pe formed at temperatures not exceeding 100C C, if copper-sheathed
assemblies are to be heat treated. The superconducting properties of

Nb3A1 are strongly dependent upon the degree of order of the niobium
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Fig. 3. The niobium-rich region of the Nb-Al
phase diagram.5
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and aluminum atoms in the AlS lattice. For this reason, material
formed by high temperature diffusion processes is often subjected to
low temperature anneais of long duration, This restores much of the
order which had been disrupted by the high temperature treatment.
Furthermore, the critical current carrying capacity is related to the
number and efficiency of the flux pinning centers present in the
superconducting phase. Flux pinning centers can be oxides, vacancies
or any other type of structural imperfection. Grain boundaries are
very effective pinning centers; consequently, the smaller the grain
size the better is the pinning effect. The grain size of the phase is
directly related to its formation temperature. The lower the reaction
temperature, the smaller is the grain size. A low reaction tempera-
ture is especially important for Nb3Al, since no successful pro-
cedure has been developed to introduce a dispersed oxide phase, such
as Zroz, as pinning sites. For these reasons the auench-age approach
appeared particularly attractive.

The process developed, which incorporates these ideas, is shown
schematically in Fig. 5. Niobium tubing was used to sheathe a rod of
grade 2011-T3 aluminum. This grade, which contains a small percentage
of copper, provided a good match with the mechanical properties of
niobium. The composite {0.D. = 5.8mm) was first swaged and then wire-
drawn to a diameter of 0.5mm. It wis then heated for 30 seconds at a
temperature of 1950 C to form a core of a saturated solid salution
of aluminum in niobium. Direct resistive heating was used for two
reasons: the time of the reaction could be regulated easily from

seconds to minutes as desired, with the sample reaching the high
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Fig. 5. A quench-age process for fabrication of Nb(Al) superconductors.

temperature very rapidly; and the wire could be gripped in such a
way that the ends were cooled. This eliminated any possibility of
aluminum escaping from the ends. Quenching was accomplished by
directing a jet of high pressure helium gas on the sample. The cool-
ing rate achieved was approximateiy 550 C per second. Several
observations confirmed the fact that at this stage the core was a
metastadble solid solution. [ts microharaness value of 385 VH is
similar to that obtained in a Nb{Al) solid solution prepared by con-

ventional techniques. No traces of the presence of the Al5 phase were
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detectable by either metaliographic or x-ray examination. However,
following an aging treatment of one hour at temperatures from 850 to
1000 C, the microhardness of the core irncreased to 890 VH, a value
characteristic of the Al5 compound. The presence of the Al5 phase
after aging was further confirmed by x-ray analysis.

After quenching there are two options for further processing. The
composite can be aged to transform the metastable solid solution core
completely to the Al5 phase. The second option, which is illustrated
in Fig. 5, seems more interesting. Contrary to what was expected, the
saturated solid sofution has only limited ductility at room tempera-
ture, in the order of 7 percent reduction in thickness., Although it
was found that the ductility can be doubled by working the material at
400 C, all indications suggest that extensive mechanical defaormation
of the solid solution cannot be readily performed. However, moderate
deformation of the solid solution results in the formation of a net-
work of twins as shown in the left photomicrograph of Fig. 5. These
twins act as very effective sites for nucleating the Al5 phase during
aging, as shown in the photomicrograph io the right. Thus, an in situ
multifilamentary morphology may be achieved.

The critical temperature of 3 samples which had been solution
quenched and aged for 1 hour at 1000 C, 18 hours at 950 C and 24 hours
at 900 C were measured inductively through the cooperation of Dr. R,
Hammond and the Stanford University Department of Applied Physics.

The onset of superconductivity for the samples was 17.6 * 0.5 K with a

transition width of about 1 X. Although there was a 100 € difference
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in aging temperature, no detectable difference in Tc was observed.
This value of T. is a full 2 K higher than has been previously
reported for Nb3A1 formed at temperatures below 1000 C.

POWDER METALLURGY TECHNIQUES

Prealloyed powders (Nb3§n and Nb,(Al,Ge)

In any processing sequence that involves the formation of the AlS
phase by a diffusion controlled reaction there is always the guestion
of achieving optimal stoichiometry. It was thought that this important
guestion could be circumvented by preparing, as a first step, a pre-
alloyed powder having precisely the desired stoichiometry, A process
of this type, if successful, would have tremendous versatility. Not
only would it be applicable to any binary system, regardless of the
individual properties of the component elements, but also to ternary
systems where the diffusion reactions are far more complex. The
niopium-tin >ysiem was selected for the first feasibility assessments.

Miobium and tin powders of -325 mesh size were thoroughly blended
in a proportion corresponding to Nb3Sn. Tne powder mix was com-
nacted in a steel die and then siitered at 1800 C for 1/2 hour,
Metallographic and x-ray analysis showed the compact to be more than
95 percent Nb3Sn. The compact was then pulverized and ground to a
-400 mesh prealloyed powder. Niobium, copper and monel tubes were
used to jacket the powder. As one example, a powder filled niobium
tube was encased in a copper tube. The assembly was wire drawn to a
convenient diameter and then cut into a number of lengths which were

bundled in another copper tube. This procedure was repeated to a
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point where a wire was obtained that had an outside diameter of
0.030 inches and which contained 70 consolidated powder cores. A
metallographic examination of a cross section showed the cores to be
apparentiy well bonded. However, measurements of the current carrying
capacity were disappointing. [t was surmised that there must be a
tack of true metallurgical bonding between the powder particles.
Another set of samples was prepared that had been heat treated for
1 hour at 900 C. No significant improvement was observed. [t was
therefore decided to perform a systematic study of particle bonding in
an AlS compound.6

The niobium-aluminum-germanium system was seltected for this
investigation, Niobium, aluminum and germanium powders were weighed
out to a nominal composition of 75 at. percent niobium, 18.75
at. percent aluminum and 6.25 at. percent germanium. After thorough
blending, the powder was pressed at 40 ksi in the form of small
rectangular compacts. These compacts were arc melted in water cooled
copper crucibles under an argon atmosphere, using a tungsten electrode.
Allowances were made when formulating the alloys to compensate for a
small weight loss, att-ibutable mainly to evaporation of aluminum
during melting. The melted compacts were inverted and remelted four
times to ensure complete fusion and improved homogeneity. The arc
melted buttons were further homogenized by heating at 1840 C for
2 hours in an argon atmosphere,

Phase identification by metallography was facilitated by anodizing

for five minutes in a 10 wt. solution of citric acid at 25 volts.
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The cnaracteristic colors of tne four possio’e phases that could occur
are: Niobium solid solution (blue-green}; Al5 pnase (gray-purple};
and two minor solute rich phases (pink and orange).7 The sample
consisted of more than 95 percent homogeneous Al5 phase, and less than
5 percent of solute rich phases which were present mainly at the grain
bourdaries (Fig. 6). The homogenized arc melted buttons were crushed
and then milled in a planetary grinder. X-ray diffraction analysis of
tne powder confirmed the metailographic findings. The -400 mesn

fraction of this pewder was used for the particle bonding studies.

XBB 761-308

Fig. 6. Anodized arc-meltacg puiton of A-15 Hb3(A1,Ge); 40Cx .
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The first procedure investigated was coid isostatic pressing
followed by sintering. Rubber molds containing the powder were
immersed in an 0il bath which was pressurized to 60 ksi for 2 minutes.
Compacts were sintered in a helium atmosphere for 1 hour over the
temperature range 950-1650 C. Density measurements were made using
the water displacement technigue. Accurate volume determination was
facilitated by vacuum impregnation of the compacts with epoxy. The
density of an homogenized arc melted button was found to be 7.72 g/cm3,
and this value was taken to be the theoretical density. The relative
densities reported are the ratio of the measured density to the theo-
retical density. The microstructures were in good conformity with the
density measurements.

1t appears from both the density measurements and the photomicrographs
that the driving forces for sintering are insufficient to achieve observ-
able densification of the Al5 compacts at temper~tures up to 1550 C. Only
at about 1650 C does the first stage of sintering begin, with a small
increase in the connectivity of the powder particles. Increasing the com-
pacting pressure or lengthening the sintering period had little effect. A
number of additives were tried in an attempt to activate the sintering
process. Even with copper, the most effective of the additives tried, only
75-80 percent of the theoretical density could be obtained.

Hence, it may be concluded that the conventional pressing and sintering
technique is ineffective for densification of Al5 powder. This may well be
the principal reason for the poor superconducting properties exhibited by

wires containing cores of precompounded Nb3Sn.
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To further elucidate this approach, it was decided to investigate the
simultaneous application of heat and pressure, via hot pressing. The hot
press (Fig. 7) employed was designed and constructed at tBL. Essentially,
it consists of a water cooled stainless steel chamber containing an extern-
ally controlled revolving platform which accommodates 8 graphite die
assembiies. Thus eight pressings can be made without breaking the vacuum

or waiting for the cool down of individual assemblies. The heating

MUB-6685

Fig. 7. Hot press.
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’

unit surrounding the die being pressed can be r.ised and lowered by an
externally controlled mechanism, thus permitting rotation of the
platform. Hot pressing was done in a vacuum of 5 x 10_5mm of Hg

with an applied pressure of 6000 psi. The same Nb3(A1,Ce) powder
used in the press amd sinter experiments was employed for the hot
pressing study. Samples were held under pressure for 1/2 hour at
selected temperatures: 1100, 1200, 1300, 1325, 1370, 1400, 1450 and
1550 C.

The densification data for both the rot prassed and the cold
pressed and sintered samples are shown in Fig. 8, The contrast in the
two modes of pracessing is auite remarkable. Porosity was substan-
tially eiiminated by hot pressing at approximately 1400 C, whereas
very little reduction in porosity was observed for cold pressed
samples that had been sintered at temperatures as high as 1550 C.

The pressure of 6000 psi used for hot pressing is close to the
maximum that can be applied due to the mechanical properties of
graphite. With this limitation, the onset of plasticity occurs at
0.76 of the absolute melting point. It is very possible that this
value can be significantly reduced by the use of higher pressures. It
is intended to further explore the potential of ucing precomnounded
powders in the fallowing manner. Wires would be prepared coataining
one or many cores of precompounded powder. After completion of all
the mechanical processing, the wire would be subjected to hot iso-
static pressing (HIP). No die would be reauired, and much higher

pressures could be employed. Such a procedure, if successful, would
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be applicable to other brittle superconducting compounds, provided

that they are thermodynamically stable at the HIP temperature required

for full densification.

The Infiltration Process fcr Tapes (Nb35")

The infiltration process was applied first to the niobium-tin

system because of the attention it has received in the literature,

It
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was considered that the availability of extensive data on the super-
conducting properties of niobium-tin conductors made by other processes
would facilitate the assessment of the merits of a new appruvach. Since
this is a diffusion controlled process it is hkelpful to consider the
equilibrium phase relationships (Fig. 2). 7The desired superconducting
phase is the intermetallir compound Nb3Sn which hac *hn n1R ~rystal
structure. There are two additional intermetallic compounds, NbGSn5

and NbSnz. Neither of them is of interest for superconductivity,

2500 -
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since their critical temperatures are lcwer by about 2 K compared with

18.1 k for Nbasn. Like Nb35n, both of these phases are brittle.

Of particular relevance is the fact that both are unstable at temper-

atures above approximately 930 C. To avoid them, the diffusion treat-

ments were therefore carried out in the temperature range 950-1000 C.
The first application of the infiltration process was the

8-10 that could be wound to form

preparation of a f]ex{Ble tape
solenoids after all processing operations had been completed. The
morphology of the tape is that of a composite, with the brittle Nb3Sn
phase in the form of thin, multiply connected flaments arrayed in a
ductile niobium matrix. The filaments have a thickness of 5 microns
or less.

To obtain this composite, niobium powder was roll-compacted and
sintered to produce a tape that was permeated by a capillary system of
interconnected pores. The porous tape was then infiltrated with
molten tin in such a manner that all of the pores were completely
filled with tin, Although a diffusion heat treatment at this stage
produced the desired Nb3Sn phase, it was found preferable to subject
the infiltrated tape to a substantial reduction in thickness by cold
rolling prior to the heat treatment. With this sequence a greater
volume fraction and a more desirable morphology of the superconducting
phase was obtained.

The niobium powder used throughout the development phase of this
program was supplied by the Teledyne Wah Chang Albany Corporation. [t

was produced by the hydride-dehydride process from slabs of electron
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beam melted ingots. 1Its chemical composition, in parts per million,
was as follows: 1780, oxygen; 380 tantalum: 230 iron; 110 tungsten;
and 70 carbon. The as received powder contained a wide range of -

particle sizes. A particle size ana]ysislz

gave the following
particle size distribution: 2 w/o -270 + 325 mesh (53-44 ym); 26 w/o
-325 + 400 mesh (44-37 ym); and 18 w/o for each of the size fractions
-400 + 500 mesh (37-30 um); -500 + 750 mesh (30-20 ym); -750 + 1000
mesh (20-15 m) and -1000 mesh (15 ym). Work was done using both the
as-received powder and various sharply gradéd size fractions. A

scanning electron microscope study of the powder showed that the

particles were angular and highly irreqular in shape (Fig. 10). A

XBB 724-2094
Fig. 1o. Scanning.electron micrograph of niobium powder.
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particle shape of this type was an important factor in achieving good
green strength in the rolled tape.

The mill used for powder rolling, Fig. 11, has 2 inch aiameter,
hardened steel rolls, the axes of which are in a horizontal plane.

The mill is powered by a stepless variable speed drive which provides
a range of roll speeds from 2 to 20 rpm. Grooves 1/8 inch wide and
1/8 inch deep were ground into the rolls, leaving between the grooves
the desired width of rolling surface. Side retainers of 1/8 inch
thick plexiglass were machined to fit in the grooves and rest on the
reduced roll diameters, thus confining the powder laterally throughout
the roll bite. A plexiglass hopper, affixed to the side retainers,
has an adjustable slide to regulate the powder flow and maintain an
adequately constant powder head. uUniformity of roll compaction was
significantly improved by roughening the roll surfaces.

The maximum tape thickness is determined mainly by the roll
diameter. The 2 inch diameter rolls employed imposed a maximum tape
thickness of approximately 0.025 inches. Using the as received powder
(-270 Mesh), tape with a good surface appearance was produced at roll
speeds from 2 to 20 rpm and with roll gaps from 0.010 to 0.018 inches.
With a given roll sperd, a decrease in roll gap led to a decrease in
porosity and an increase in green strength. When the roll gap was
held constant, the effect of increasing the rol! speed was to diminish
the green strength and increase the porosity. A good balance between
green strength and porosity was obtained under the following con-
ditions: roll speed, 5 rpm; roll gap, 0.016 inches. The green tape,
with a thickness of 0.022 inches, had a porosity of about 30 percent

and could support 830 inches of its own weight.
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Fig. 11. Powdger-rolling mill.
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The sintering temperature and time period were constrained to a
rather narrow range by the simultaneous requirement of ductility and
porosity. A practical compromise was achieved by sintering for
3 minutes at 2250 C in a vacuum of 4 x 10‘5 Torr. The tape thus
processed had a porosity of about 25 percent and could sustain a bend
of 0.1 inch radius. The entire seauence is shown in Fig. 12.

Infiltration was accomplished by immersion of the sintered tape
for one minute in a tin bath maintained at a temperature of 850 C.
Although infiltration can be carried out successfully at temperatures
as low as 350 C, problems were encountered in the cold rolling of the
infiltrated tape. Because of theblow flow stress of pure tin, some of
it was squeezed out during the mechanical deformation, and this tin
loss reduced the volume fraction of Nb3Sn in the final product.
Several methods were investigated -for preventing the loss of tin. The
simplest and most effective procedure was based on considerations
relating to phase eguilibria in the niobijum-tin system. After in-
filtrating at temperatures in the range of 350-850 C, it is thermo-
dynamically possible to have niobium, Nb3Sn, Nb6$n5, NbSn2 and
tin all present in the as infiltrated tape. Nevertheless, thz reaction
kinetics at the lower temperatures for the short immersion times
employed (one minute) are such that only niobium and tin are
meta]]ographica]ly visible. Increasing the infiltration temperature
to 850 C, however, produces a marked change in the reaction kinetics.
A significant amount of NbGSnS, which is readily distinguished

under the microscope by the characteristic reddish brown color imparted
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by anodic etching, is now present. It occurs as a dispersed phase and
sufficiently hardens the tin to prevent any loss during the
deformation, Thus, the maximum volume fraction of Nb3Sn realizable
from the amount of infiltrated tin is achieved.

As mentioned earlier, a diffusion reaction heat treatment, at
temperatures above 930 C, carried out on the as infiltrated tape does
produce Nb3Sn. However, there are marked disadvantages in doing
so. Since the diffusion path is long (1/2 the original pore size), an
extended reaction time is required to involve all of the tin. More-
over, an undesirable morphology is obtained. For example, an
infiltrated sample was heat treated for 16 hours at 1000 C. There was
still some unreacted tin and the Nb3Sn occurred in massive form with
the result that the heat treated tape was extremely brittle and could
be handled only with the utmost care.

Interposing a deformation by cold rolling after infiltration and
before the heat treatment resulted in dramatic improvements. As the
amount of deformation is increased the tin becomes elongated to a
filamentary morphology, resulting in several benefits. The greatly
increased interfacial area between the niobium and tin reduced the
time for complete reaction of the tin from more than 20 hours to a few
minutes. As pointed out earlier, a filamentary structure is desirable
for conductor stability. The filamentary structure also provides the
tape flexibility reauired for coil winding. An appropriate morphology
was obtained by cold rolling the infiltrated tape to a reduction in

thickness of 75-85 percent.
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The diffusion reaction can be carried out in the temperature range
of 930-1350 C., However, the current carrying capacity degrade« rapidly
as the reaction temperature exceeds 1000 C. It is in fact desirable
from the standpoint of grain size to carry out the reaction at as low
a temperature as practicable. The tapes are normally heated for 3
minutes at 950-975°C.

The completed tapes exhibit high values for the important super-
conducting parameters: a critical temperature of 18.1 K, and an
overall current carrying capacity, at 4.2 K, close to 105 amp/cm2
in an applied field of 10 tesla. The current carrying capacity was
determined for a sample that had been formed into a coil of 0.5 inch
radius. After testing, the sample was unsoldered from the contacts,
uncoiled and then reverse coiled to the same diameter. A retest
showed virtually no deterioration in superconducting properties.

The tapes have, however, a less than optimum filament morphology.
Typically, the filaments have a cross section of 30 microns in width
and 5 microns in thickness. According to the stability criteria
discussed previously, no dimension in a filament section should exceed

10 microns, [n the powder rolling process there is little control
over the filament width, which is directly related to the original
pore size. It was decided, therefore, to modify the process so that
the conductor could be made in wire form. Wire would provide an
additional advantage besides improved stability. Suitably clad, a
single wire can be used as the hasic element of a flexible multicored

conductor or a multistrand cable to carry large currents.
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The Infiltration Process for Wire (Nb3Sn)

For producing wire, the concept of infiltrating a porous niobium
form was retained, since the results were highly satisfactory. The
powder rolling step, however, had to be replaced by a more appropriate
mode of powder compaction. Two variations of pressureless
sintering13 were tried. Although successful, this approach was
abandoned in favor of cold isostatic pressing which proved far more
convenient,

Niobium powder with a sieve range of -250 + 400 mesh was
jsostatically compacted in rubber molds at a pressure of 207 N/mm2
{30,000 psi) to produce rods. Vacuum sintering at 2250 C provided the
desired combination of porosity and ductility. 1n order to control
the level of interstitials, especially oxygen, the time at sintering
temperature depends on the mass of the rod. For the small diameter
rods (3/16 inch) intended for laboratory use, a sintering time of
30-60 minutes was satisfactory. A scanning electron micrograph,

Fig. 13, shows clearly the ductile niobium matrix and the system of
interconnected pores.

For infiltration, the sintered rods were immersed in a tin bath
maintained at a temperature in the range of 350-400 C, Fig. 14. These
lower temperatures were preferred in order to prevent the formation of
brittle intermediate phases wnich could impair the ductility of the
composite. Figure 15 is an optical micrograph of an infiltrated rod.
The white areas, indicating the original pore structure, are tin and

the matrix is unalloyed niobium, At this point a cladding of one or
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Fig. 13. Scanning electron micrograpn of porous niobium sintered
for 30 winutes at 2250 C.
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Fig. 14. Schematic diagram of the sintering and
infiltration apparatus.
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Fig. 15. Optical micrograph of porous niobium infiltrated with tin.

more metals is appiied to the infiltrated rod to accomplish several
purposes. An exterior cladding of monel, for example, greatly
facilitates wire drawing. An inner jacket of tantalum, in péjncip]e,
serves as 'a diffusion barrier to prevent undesired réactions between
the infiltrated core and the exterior jacket. Fortunately, as a
result of the very short reaction times required in the infiltration
process, it was found that the diffusion barrier could be eliminated

with no adverse effects, thus greatly simplifying the procedure.
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The composite rods were mechanicailly reduced to fine wire by a
combination of form rolling and wire drawing. Indicative of the
cductility achieved, a reduction ratio in cross sectional area of
6000:1 was consistently obtained. Hardness measurements on sintered
rods suggested that significantly large redu tion ratios can be
obtained as the purity of the nicbium powder increases (low vxygen
content, about 50 ppm) and as the sphericity of the powder particles
increassas,

Heat treating the wire for 2-3 minutes at 950 C results in all of
the tin reacting with niobium to produce multiply connected filaments
of the superconducting compound, Nh3sn. The filaments are well
within the desired size range for adiabatic stability, having
transverse dimensions of the order of 1 micron., Figure 16 serves to
illustrate the filamentary morphology of wires produced by the
infiltration process. A schematic representation of the entire
process is shown in Fig. 17.

Properties of Wire made by the Infiltration Process

The ~ritical temperature, taken as the midpoint of the inductance
change during the transition from the superconducting to the rormal
state, is 18 K, for a reaction temperature of 950 C. The dependence
of the critical temperature on the reaction temperature is shown in
Fig. 18, Dnata from both pulsed (rise time, 8 milliseconds) and steady
field measuremerts were used to determine the dependence of the

14

critical rurrent density on the applied magnetic field. The area

used in the computations was that of the entire cross section of the
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Fig. 16. Longitudinal section of heat-treated wire. Dark filaments
are Nb3Sn; light matrix is Nb.

meNb3Sn core. Steady field data were obtained through the courtesy
of the Accelerator and Fusion Research Division of the Lawrence
'Berkeley Laboratory, the Brookhaven National Laboratory and the
Francis Bitter National Magnet Laboratory (M.I.T.). They were

-12 -cm.  The results (Fig.‘19)

determined at a resistivity of 10
show good agreement between the two sets of data at high fields, but
Tower values for the pulsed field determinations at fields below
5 tes]a.. This discrepancy is attributed to Joule heating at the

current contacts of the very short samples used in the pulsed field

tests. To further elucidate the current carrying capacity at very
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high fields, steady field tests were made recently at the Francis
Bitter National Magnet Laboratory over the range from 17 to 22 tesla.
The data points fell smoothly along the steady field curve of fig. 19.

The critical density was 1 x 104 amps/cm~ at 20 tesla and 4 x 103

arnps/cm2 at 21 tesla. Wires made by this process appear to be
especially suitable for applications reauiring fields of the order of
15 tesla, [In another series of tests, it was found that the critical
current density increases with decreasing filament size down to

1 micron, below which there appears to be a diminishing effect., The
minimum diameter to which the reacted wires can be bent with no
degradation of the critical current density is 2 cm. Here too, there
is an effect of filament size and it is anticipated that with finer
filaments even smaller bend diameters can be tolerated.

PNROYS NIOBIUM RODS FROM POLYMER COATED POMWDER

The infiltrated rods used for most of the laboratory studies just
described had a diameter of 5 mm, In order to produce long lengths of
superconducting wire, the diameter of the isostatically pressed
compacts would have to be increased substantially. Concomitant with
the studies of the size effect, it was decided to investigate an
alternative approachls‘18 that could produce indeterminate lengths
of a given diameter,
The particles of riobium powder were coated with a layer of the

thermcalastic, polystyrene. The polymer content was varied from 7.5
to 10 percent by weight. A significant result was the fact that the

coating imparted to the polymer-metal powder mixture the character-

istics of a thermoplastic, and conventional plastic forming methods
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such as extrusion could be performed readily. It was found that
plasticizing the polymer by the addition, in the amount of 1/5 of its
weight, of the eutectic mixture of diphenyl and diphenyl ether not
only reduced the reaquired extrusion pressure, but also assured
consistent extrudability.

A conceputalized version of a continuous extrusion process is
shown in Fig. 20, The polymer coated niobium was heated to 165 C and
extruded through a 0.48 cm (3/16 inch) diameter orifice. The extru-
sion pressure varied from 27,000 psi for a 7.5 wfo polymer content to
7000 psi for a 10 w/o polymer content. After cooling to ambinet
temperature, both the surface finish and strength of the extruded rods
were guite satisfactory. Samples were then subjected to a programmed
heating cycle. puring a dwell period at 400 C the polymer was com-
pletely expelled by volatilization. Although the shape was
undistorted, the strength at this stage was virtually nil. However,
after increasing the temperature to 1350 C, the strength was more than
adequate for any handling reguired prior to final sintering., After
sintering, the infiltration, mechanical deformation and diffusion heat
treatment were carried out as described in the previous section,

Figure 21 shows a length of pure niobium rod after polymer
removal, and first stage sintering, at about 1350 C.

Although the desired volume fraction of porosity (20-25 percent)
was obtained by isostatic compaction and sintering, control of the
polymer content permits an extended range of porosity, as shown in

Fig. 22. The residual porosity after sintering varies nearly linearly
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Fig. 21. Pure niobium rod after removal of polystyrene and partial
sintering.

with the w/o of polystyrene in the polymer-metal powder mixture. The
porosity was approximately 25 percent for a 7.5 w/o polymer content
and about 40 percent for a 10 w/o polymer content.
Al5 TERNARY COMPQUNNS

The Al5 ternary compounds offer high promise for substantial

improvement of the superconducting properties over the presently

practical conductors, like ND3Sn and V3Ga. 0f the stable
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superconductors with high critical temperatures the ternary compound
Nb3lAl,Ge) has the highest critical field. It was reported to
possess a T. of 20.7|(19"20 and an He of about 41 tesla.21

Nbj(Al,Ge) has received significant attention since its
discovery by Matthias et al.lg For a variety of reasons, associated
with the phase relationships (Fig. 23), and inherent mechanical

properties difficulties were encountered in preparing Nb3(A1,Ge) in

the form of a flexible multifilamentary conductor. Several methods of

Aluminum At %

XBL T61-6346

Fig. 23. Nb-Al-Ge phase diagram at 1840 C.24
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22-26 The sputter-

preparation have been reported in the literature.
ing process yields promising qualities in terms of the current carrying
capacity,22 but this approach is limited by the relatively low rate
of deposition. Feasibility of the powder metallurgy process for
producing tape of Nb3A10.75Ge0-25 has been demonstrated.23
The Kunzler technigue was used whereby powders of Nb, Al and Ge were
mixed in the appropriate proportions, sealed in a cupronickel tube and
cold worked by swaging and rolling. The tape was subseguently reacted
to form the Al5 compound. The critical current densities, in steady
transverse magnetic fields of 15 tesla, were found to be about 104
amp cm'z.
An investigation was undertaken at Lawrence Berkeley Laboratory6
to evaluate the factors affecting densification of precompounded
powder of Nb3(AI,Ge). This study has been already described in the
present paper. The salient feature of the results was that a hot
pressing process, of 6000 psi at 1400 C, substantially eliminates the
porosity. It can further be assumed that by application of higher
hydrostatic pressures the temperature for plastic flow could be
reduced below 1000C. Considerable plastic flow, at ambient
temperature, was observed in samples of V3Ga in response to high
pressure in the 3000 ksi range.27
The infiltration route was adopted in order to obtain a relatively
ductile material that can be mechanically deformed into a fine wire,
containing an interconnected network of filaments cf the order of a

few microns in diameter., Subsequently a diffusion heat treatment was

applied in order to convert these filaments into Al5 Nb3(A1,Ge).
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Additional advantages of the infiltration process are due to the
fact that the composition of the infiltrant (Al-Ge or A1-Si alloys and
eutectics) can be readily controlled. Appropriately programmed
diffusional anneals may form the desired composition and micro-
structure of the compound. Moreover, an optimized thermomechanical
process may yield the desired combination of high critical current
density and critical temperature. This objective can be achieved by
appropriate control of the grain size and long range ordering, and by
determining conditions for the approach to optimal stoichiometry.

The Al-Ge system forms a low melting point eutectic (424 C) at the
composition of 70 percent Al 30 percent Ge, Fig. 24. The inherent

brittieness of the Al-Ge eutectic requires particular attention as to
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Fig. 24. Al-Ge eguilibrium phase diagram.
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the temperature of the infiltrating bath, the temperature difference
between the porous sintered niobium rod and the bath, and the rate of
infiltration, The formability of the Al-Ge eutectic, entrapped and
solidified within the pore volume, Fig, 25, during form rolling or
wire drawing can be significantly improved through the application of

28 Superplastic behavior requires a fine

superplasticity principles.
duplex microstructure which is stable at the deformation temperature.
The ductility of the Al-ge alloy confined in a netwsrk of pores in the

.22 In the bulk eutectic a lamellar

niobium matrix was investigate
structure was associated with extreme brittleness, whereas when
confined in a pore undergoing the controlled cooling regime of the
infiltrated rod, e.g., directional solidification or quenching, tne
composite after infiltration yielded relatively ductile micro-
structures. Two desirable morphologies of the solidifed eutectic were
observed--spheroidized particles and a fine lamellar structure. An
infiltrated niobium rod containing Al-Ge eutectic of such morphology
can be plastically deformed into fine multifilamentary wire, as shown
in Fig. 26.

The Al-Ge eutectic was prepared by induction melting the
constituent mixture of the exact eutectic composition under an argon
atmosphere and casting in a copper-chilled mold. The molten eutectic
bath was maintained at about 600 C during immersion. A close temper-
ature control is necessary in order to prevent freezing of the eutectic
in the cuter pores of the sintered rod and thus blocking further

infiltration, The helium gas pressure above the molten eutectic, the
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Fig. ’32. Porous Wb infiltrated with Ai-Te eutectic.
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Fig. 26. Nb-Al-Ge multifilamentary wire.of .0.18.mm diameter.

immersion time, and the rate of cooling of the infiltrated. rod to the _ ;

=]

ambient temperature are important parameters. They depend on the pore

size and shape, viscosity of the eutectic and the desired micro- .

|
J
structure of the solidified eutectic in order to assure good form-
ability. Furthermore, the infiltration temperature should be
i
1
|
|
|
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maintained at a practical minimum ss as to avoid, at this stage, any
diffusion reaction between the eutectic and the niobium.30 At

higher infiltration temperatures, and with excess Al in the eutectic
bath, there is a tendency towards formation of an Al-solid solution
and an Al-rich intermetallic phase Nb(Al,Ge)a. It was found that

this intermetallic phase nucleates and grows at relatively low
temperatures.31 Holding an infiltrated rod for 12 h at 400 C

resulted in complete conversion of the eutectic into Nb(Al,Ge)3.

These phases are brittle and have, therefore, a detrimental effect
during the subsequent plastic deformation of the infiltrated composite.

The kinetics of the Al5 Nb,(Al,Ge) phase formation was

3
investigated over a wide range of temperatures (1250-1700 C), reaction
times (15-900 sec) and postreaction annea]s.w'33 Data are
presented in Table II, for the critical temperatures of Nb3(A1,Ge)

after various heat treatments. A typical microstructure of the
ternary Nb~Nb3(A1,Ge) composite is shown in Fig. 27.

The multifilamentary superconducting Al5 phase is formed as a

result of a diffusion reaction. 1Its microstructure and super-
conductive properties are determined by the reaction kinetics. [t was

¢32 that the Al5 phase grows rapidly during the early stages of

foun
the reaction. The growth rate depends on the reaction temperature.
In the early stages of the reaction at 1700 C four different phases
coexist: the Ge-rich, the Al-rich, the Al5 Nb3(A1,Ge) and the A2
phase which is a Nb solid solution, Fig. 28a,b,c. The Ge-rich phase

Tarms the innermost layer of the pore content. Al-rich sigma phase
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Tabie I]. (ritical temperature of Nb-Nb3(Al,Ge)
multifilamentary superconductors.

Reaction Anneal Postreaction Anneal

Temp., Time Temp. Time Te
("¢ (sec) (‘) (h) (k)
1250 60 750 96 17.2
1300 30 750 25 17.2
1300 30 750 96 17.5
1300 30 750 250 17.4
1300 60 ves ces 15.6
1300 60 750 48 16.3
1300 900 e vee 15.4
1400 0 750 96 18.2
1500 30 750 96 18.5
1600 15 750 96 19.1
1700 15 750 96 18.7
1700 60 e vee 17.4
1700 60 750 48 18.7
1700 60 750 96 16.8

and the superconducting Al5 phase. These three phases are embedded in
the Nb solid solution matrix. As the reaction proceeds, the Al-rich
phase gradually transforms into Al5. After 15 minutes holding time at
1700C the Ge-rich phase transforms also, leaving the Al5 in a matrix
of Nb solid solution, However, all four phases were found to exist

32 The generally observed trend of

after ono hour reaction at 1300C.
higher Tc for higher reaction temperatures31 (Table I11) may

suggest that the presence of either one or both Ge-rich and Al-rich
phases, in the specimens reacted at lower temperatures, may cause a
reduction in the critical temperature. However, if this were the
case, one would expect an increase in tne critical temperature with an

increase in the reaction time. Such a behavior was not observed.31
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XBB 768-6630

Fig. 27. Scanning electron micrograph of Nb3(A1,Ge) filaments in a
Ho matrix.
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Ge-rich Phase Al-rich Phase
Nb: 39.8% Nb: 50.2%
Al: 32.3% Al: 43.0%
Ge: 27.9% Ge: 6.8%

A-15 Phase A-2 Phase
Nb: 70.0% Nb: 95.1%
Al: 26.8% Al: 4.5%

Ge: 3.2% Ge: 0.4%

BB 774-4173

Fig. 28a. Scanning electron icrograph showir?g
microstructural chanyes with reaction
time. at 1700 C. 5 sec



Ge-rich Phase A-15 Phase

Nb: 41.6% Nb: 61.6%
Al: 31.1% Al: 25.2%
Ge: 27.3% Ge: 13.2%

A-2 Phase
Nb: 86.2%
Nb: 16.8%
Ge: 3.0%

XBB 774-4172

Fig. 28b. Scanning electron micrograph showing m'icrostr‘uctur‘q]
changes with reaction time, at 1700 C. 1 min
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A-15 Phase
Nb: 63.6%
Al: 23.0%

Ge: 13.4%

A-2 Phase
Nb: 86.7%
Al: 10.7%
Ge: 2.6%

et 77e-4171

Fiy. 23c. Scanning electron micrograrh snowing
microstructural changes with reaction time,

a5 1700 L. 15 min
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The reason for this apparent inconsistency may be due to deviation
from the optimal stoichiometric composition with increased diffusion
times, The present data indicate that high reaction temperatures and
short reaction times improve the T, value. Figure 29 shows the
results of the current carrying capacity of Nb3(Al,Ge) samples.
In contrast to the behavior of Tc with respect to reaction times

and temperatures, the critical current density Jc is significantly
improved by decreasing the temperature of the reaction anneal and its

duration.31

But this effect is diminished in absolute terms, by the
reduced vuviume fraction of the Al5 phase %ormed under thecc conaitions.
An additional negative contribution to the reduced critical current
density in the high temperature reaction anneals is due to the exces-
sive grain growth at the elevated temperatures. Grain growth causes a
significant reduction in the number of pinning centers, thus reducing
Je-

The full potential of the ternary Al5 Nb,{Al,Ge) for the

3
preparation of flexbile multifilamentary stable superconductors can be
realized by controlling the kinetic conditions for the diffusion
reaction with the purpose of obtaining an optimal combination of Tc
and Jc. The problem of formability, for the fabrication of long
lengths of multifilamentary conductor, was shown to be soluble by

applying suite.le thermomechanical procedures, and the appropriate

selection of the powder particle geometry and its oxygen content.
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Nb3(Al,S1')

The infiltration process was applied for the preparation

34,35

of flexbile, multifilamentary superconducting Nb,(A1,Si) wire,

3(
The infiltrant employed in the preparation of Nb + Nb3(A1,Si) is the
binary A1-Si eutectic with a melting point of 577 C, Fig. 30. The
structure and properties of this eutectic have been reported in the

1iterature.36

Al1-Si eutectic exhibits poor ductility, but the
ductility can be substantially improved by unidirectional solidifica-
tion of the eutectic. Care was therefore exercised to slowly cool,
unidirectionally, the infiltrated sintered niobium rod, Similar to
the procedure adopted for the Al-Ge eutectic described before, the
immersion time and temperature for the A1-Si eutectic had to be
optimized in order to prevent formation of brittle intermetallic
phases that reduce the ductility of the infiltrated composite. The
optimal immersion temperature and time were found to be 580C and

30 seconds, respectively. This temperature is only 3C above the
melting point of the eutectic. Therefore, the temperature of the
sintered niobium rod had to be closely controlled in order to assure
complete infiltration,

One major advantage of the Nb-A1-Si system is the ease with which
it reduces to wire. [nfiltrated Nb rods of 5mm in diameter were
easily reduced to 0.150 mm diameter wire at room temperature. The
average filament size was found to be about 1 micron. The extremely
fine filamentary microstructure achieved with the Nb-A1-Si system

allows the formation of Al5 at reaction temperatures as low as 850C.
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Fig. 30. A1-Si equilibrium phkase diagram.
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The most favorable diffusional anneal for the formation of AlS

Nb3(A1,Si) was carried out in two stages.

35 The A1-Si eutectic in

the form of elongated interconnected fine filaments will readily melt

and react at AlS5 reaction temperatures above 1000C. Therefore, a two

stage procedure was adopted by which formation of an intermediate

compound prevents migration of the Al1-Si eutectic.

a)

b)

Primary heat treatment: After infiltration, the niobium rod
was held for 1 hour at 650C in order to form, by a
diffusional process, an intermetallic barrier around the
pores, or elongated filaments. It was found chat the
composition of the barrier corresponds with the region of
NbAl3 in the Nb-Al phase diagram. This phase is very
stable at 650C.
Secondary heat treatment: Following the primary heat
treatment, the specimen was heated to temperatures in the
range of 1000-1700C for the Al5 formation. The appropriate
holding time at 1700C was found to be 15 seconds. During the
secondary heat treatment Al diffuses and reacts with Nb and
Si to form Nbg(Al,Si). This compound is very stable at
750C. 1Its composition remains unchanged after 96 hours of

~ at this temperature. Longer holding times at low
reaction temperatures, below 1000C, resulted in extremely

thin layers of the Al5 compound.

The highest Te value for Nb3(Al,si), thus far obtained in

fiexible wire samples, was 18.8X. The reaction occurred at a temper-

ature of 1700C for 15 seconds, foi‘owed by an annealing heat treatment
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for 96 hours at 750C. This post heat treatment proved to be beneficial

37 that

for impraving the Tc value. Recent measurements have shown
for the high-temperature, short-duration A-15 reactions, the post heat
treatment increased TC by 1.8 K.

In conclusion, the present paper demonstrates the applicability of
the infiltration process to prepare multifilamentary superconductors
based on both binary and ternary Al5 compounds, and indicates that for

the ternaries in-depth studies of the reaction kinetics are required

in order to realize their fulil potential.



60

ACKNOWLEDGMENTS

The authors are deeply indebted to numerovus individuals and
laboratories for substantial contributions.

Thanks are due to Drs. M, P. Dariel, J. L. F. Wang, K. Hemachalam
and Mr. J. Jacobsen of MMRD (LBL) and Dr. W. Gilbert of AFRD (LBL),
Dr. R. Scanlan of LLL, Dr. M. Suenaga of BNL, Mr. Craig Wojcek of
Teledyne-Wah Chang, and to the members of the National Magnet
Laboratory (M.I.T.)}, especially Drs. L. Rubin and S. Foner,

This work was supported by the Division of Materials Science,
nffice of Basic Energy Sciences, U. 5. Department of Energy under

contract No. W-7405-ENG-48.



61

REFERENCES

1. M. N. Wilson, C. R. Walters, J. D. Lewin, and P. F. Smith, J.
Phys. D. 3, 151 (1970).

2. R. L. Ciard211a, Report LBL-4174, 1975 (unpublished).

3. R. L. Ciardella, M. P. Dariel, J. L. F. Wang, and M. R. Pickus,

Trans. IEEE, MAG-13, 832 (1977).

4, M. R. Pickus and R. L. Ciardella, y. S. Patent 4, 088, 512, (May

5. C. E. Lundin and S, A. Yamamoto, Trans. TMS-AIME 263, 863 (1966).
6. 0. P. Modi, Report LBL-4173, 1976 (unpublished).
7. J. A. Cave and T. J. Davies, Metal Sci, 8, 28 (1974).
8. M, R. Pickus, V. F. Zackay, E. R. Parker and J, T. Holthius, Int.
J. Powder Met. 9, 3 (1973).
9. M. R. Pickus, K. Hemachalam, and B. N. P. Babu, Mater. Sci. Eng.
14, 265 (1974).
10. M. R. Pickus, E. R. Parker, and V. F, Zackay, y. S. Patent 3, 815,
224 (June 1974),
11. J. P. Charlesworth, 1. McPhall and P. E. Madse, J. Mater. Sci. 5,
580 (1970).
12. B. N. P. Babu, Report LBL-437, 1971 (unpublished).

13. K. Hemachalam and M. R. Pickus, J. Less Common Met. 46, 297 (1976).

14, K. Hemachalam and M, R. Pickus, Trans. IEEE MAG 13, 466 (1977).

P". M. R. Pickus and M. Wells, Powder Metallurgy, 8, 16 (1965).

16. M. R. Pickus, Int. J. Powder Met. 5, 3 (19€9).

17. D. R. Nordin, Report [BL-7345, 1978 (unpublished).



62

18. A. Noman, Report L BL-8501, 1978 (unpublised).

19. 8. 7. Matthias, T. H. Geballe, L. D. Longinotti, E. Corenzwit,
G. W. Hull, J. P. Maitu, and R. N. Willens, Science, 156, 645
(1967).

20. J. Ruzicka, Z. Physik 237, 432 (1970).

21. S. Foner, E. J. McNiff, B. T. Mattnias, T. H. Geballe, R. N.
Willens, and E. Corenzwit, Phys. Lett. A 31, 349 (1970).

22. S. D. Dahlgren and D. M. Kroeger, J. Appl. Phys. 44, 5595 (1973).

23. R. Lohberg, T. W. Eager, J. M. Puffer, and R. M. Rose, Appl. Phys.
Lett. 22, 69 (1973).

24. J. Ruzicka, Cryogenics 14, 434 (1974).

25. U, Zwicker, H. J. Miericke, and H. J. Renner, Z. Metallkunde 66,
669 (1975).

26. A. Muller, J. Less Common Met. 42, 29 (1975).

27. Y. D. Martynov, B. J. Beresnev, I. A. Baranov, V. Y. Meais, A. E.

Fokin, S. P. Chizhik and Yu N Ryabinin, Fiz. Met. Metalloved. 24,

522 (1967).
28. G. J. Pech, Report [BL-7300, 1977 (unpublished).
29. C. Rutan, Report LBL-8502, 1978 (unpublished).
30. J. 3. Granua, Report LBL-5772, 1976 (unpublished).
31. M. R. Pickus, M. P. Dariel, J. T. Holthuis, J. L. F. Wang, and J.

franda, Appl. Phys. Lett. 29, 810 (1976).

32. E. Kannatey-Asibu, Report {BL-6266, 1977 (unpublished).
33. K. Douglas, Report LBL-7629, 1978 (unpublished}.

34. 6. C. Quinn, Report LBL=6999, 1977 (unpublished).



63

35. B. Phung, Report LBL-8500, 1978 (unpuolisned).
36. H. Steen, A. Helilawell, Acta Met. 20, 363 (1972).

37. M. Rosen, J. T. Holthuis and M. R. Pickus (in press}.





