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2. Abstract

Chemical vapor deposition (CVD) was found to be a practical
method for preparing large quantities of Nb-Ge. The fabrication of Nb-Ge
multifilamentary and tape conductors by this method was shown to be feasi-
ble. CVD Nb-Ge had critical temperatures and upper critical fields com-
parable to the sputtered material. Critical-current densities were lower.
Second-phase doping was shown effective toward improving current-carrying
capacity. A new Nb-Ge growth method (reactive sputtering of niobium in
Argon/Germane) was demonstrated and its applicability for use in a magne-
tron sputtering system evaluated. A study of the effect of impurities
(oxygen, nitrogen and silicon) on sputtered Nb-Ge films indicated that
each of these impurities can stabilize the high-critical temperature
metastable Al5 phase. An investigation of the bronze diffusion process
illustrated why ALS Nb-Ge cannot readily be made by this method. The
formation of Al5 Nb-Ga by bronze diffusion was achieved. The preparation
of superconducting niobium and A15 structure Nb-Sn was accomplished by
liquid sodium reduction of the halides. The anomalously high upper cri-
tical field of sputtered NbN film was shown to be due to a surface criti-
cal field.
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3. Original Objectives

The objectives of this program can be summarized as follows:

1. Prepare high-transition temperature metastable
metallic superconductors using low-energy snut-
tering and other novel methods.

2. Characterize superconducting proverties.

3. Characterize chemical and metallurgical proper-

ties.
; 4. Characterize mechanical properties.

5. Study the interrelationship of physical, chemical

and metallurgical properties with a view to maxi-

T "

mizing critical temperature.

6. Investigate methods by which superconductors
could be fabricated into technologically-useful

configurations.

7. Exploit the special properties of these materials

for superconducting device concepts.

High-temperature superconducting materials are needed for appli-
cation in airborne multimegawatt power generation and conditioning sys-
tems. Research directed toward the synthesis and characterization of
high-transition temperature (Tc) metallic compounds can eventually pro-
vide a greater margin of design efficiency and onerational reliability
than obtained with presently-available superconductors. In the previous
AFOSR-Westinghouse program (Contract No. F44620-71-C-0045), the AlS struc-
ture intermetallic compound, NbjGe, was prepared. This compound, with a
Te of v 23 K, is the highest temperature superconductor now known. It
was synthesized in a metastable form by a specially-developed, low-energy
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sputtering process. Because of this result, the present program was

focused on high-'l‘c metastable compounds and composites with particular
emphasis placed on Nb3Ge. Some of the important results of the program
are briefly summarized. These results are categorized according to the

above-listed objectives. More detailed discussion can be found in the
publications listed in Section 5.
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4. Accomplishments

4.1 Superconductor Preparation

In addition to the original low-energy sputtering process used
to prepare Nb3Ge, other preparation methods investigated were: reactive
sputtering, chemical vapor deposition, '"bronze" diffusion and liquid-
sodium reduction. A method for preparing Nbs3Ge by the reactive
sputtering of niobium in argone-germane (GeH,) mixtures was discovered.
The attempt was made to incorporate this method into a magnetron-
sputtering system. Magnetron sputtering, although a low-energy process,
has been shown in work at other laboratories to be able to deposit high-Tc
Nb3Ge at high rates. Results of this effort showed that the reactive
sputtering of Nb3Ge in a magnetron system was feasible however the depo-
sition rates were lower than expected. These low deposition rates were

attributed to the generation of hydrogen from the decomposition of GeH,.

Chemical vapor deposition, another high-deposition rate method,
was also investigated for preparing Nb3Ge in practical quantities. With
this method NbjGe films were deposited at high rates which had Tc's the

same as those achieved in sputtered films.

The possible formation of Al5 structure compounds, including
Nb3Sn, Nb3Ga and Nb3Ge by 'bronze'" source diffusion was studied. Similar
to previous results Nb3Sn was formed readily by this method. Nb3Ga was
formed only after the bronze was modified by replacement of copper with

silver. Nb3Ge could not be prepared.

An effort was made to develop a method for synthesizing meta-
stable superconductors by the liquid sodium reduction of the constituent
oxides or halides. Experimental work in this effort was primarily con-
centrated on the Nb-Ge system. The attempted reduction of the Nb- and
Ge-oxides were unsuccessful with only partial reduction occurring.




However complete reduction of Nb, Ge, and Sn-halides was achieved.
Niobium particles, about 300 R in diameter, obtained by this method were

found to be superconducting with Tc's of ~ 8 K.

To demonstrate the efficacy of this method for preparing Al5
structure compounds, a mixture of Nb and Sn-halides was reduced to form
Al5 Nb3Sn. Efforts to prepare Nb3Ge and other of the more unstable Al5
superconductors by this method, are being continued.

4.2 Characterization of Superconducting Properties

Extensive studies of superconducting properties other than Tc
were made primarily on sputtered and CVD films of Nb3Ge. Chemically
vapor deposited NbjGe was found to have critical temperatures and upper
critical fields the same or close to that achieved in sputtered material.
Critical current densities were about an order of magnitude lower. Since
the sputtered films had much smaller grain sizes, it was concluded that
the higher critical currents in the sputtered films were due to the flux
pinning at the grain boundaries. Improved flux pinning in CVD films was
obtained by second-phase doping either by the use of a dopant gas (N2 or
CyHg) or by changing the Nb/Ge ratio sufficiently to produce a two-phase
(A15 and o-phase) material. By the inclusion of an appropriate amount of
the second-phase, higher critical-current densities similar to those of
sputtered material were obtained, particularly at lower fields. Compara-
ble high-current densities were also obtained in CVD material when pre-

pared with a fine-grained microstructure.

Sputtered NbN film which has a column-void type microstructure
has been shown to possess an anomalously high upper critical field in the
direction normal to the plane of the film. A theoretical proposal, which
was experimentally verified, removed this anomaly by showing that this
critical field is H¢3, the field due to superconductivity at the sur-
face of the vertical columns in the films.

4.3 Characterization of Chemical and Metallurgical Properties

Attempts to obtain the optimum properties in a NbjGe and other
Al5 structure materials included investigation of their phase equilibria,




composition, stoichiometry, crystallographic structure and microstructure.
Among these data, the following results are considered particularly note-
worthy.

A new tetragonal phase (T2) was discovered in the Nb-Ge system.
This phase is believed to be an impurity-stabilized phase with the impu-
rity probably being chlorine.

The problem of Nb3Ge Transmission Electron Microscope (TEM)
sample preparation was solved and thus thin foils suitable for electron
microscopy were successfully prepared. Hence for the first time the
microstructures of high-Tc Nb3Ge films could be studied by TEM. Further-
more, selected area electron diffraction and a high resolution dark-field
technique were used for the nonambiguous identification of Nb-Ge o-phase

particles dispersed in NbjGe.

Phase equilibria studies were conducted in the ternary systems,
Nb-Sn-Cu, Nb-Ga-Cu and Nb-Ge-Cu and also in analogous systems where Ag and
Ni were substituted for Cu. This study showed that the possible diffu-
sion paths from the Cu-rich bronze compositions were connected directly
across the Nb3Sn (A15) composition and thence to the pure Nb explaining
why Nb;Sn can readily be formed by the 'bronze' technique. In the
Nb-Ge-Cu and the Nb-Ga-Cu systems there was no evidence of any direct
paths to the Al5 phase field. Substituting Ag for Cu showed that this
was a feasible method for promoting Al5 layer formation as indicated by
the successful growth of Al5 structure Nb3Ga in the Nb-Ga-Ag system.

However, no Al5 Nb3Ge was obtained in any of the systems studied.

4.4 Characterization of Mechanical Properties

One of the most important properties that helps determine the
practicality of a superconductor is its resistance to critical-current
degradation from the effect of strain. To evaulate the effect of strain
on Nb3Ge at cryogenic temperatures a collaboration was initiated with the
National Bureau of Standards in Boulder, Colorado. Films were provided
to J. Ekins of NBS and the pertinent measurements are being made.




4.5 Interrelationships of Physical, Chemical and Metallurgical

Properties with T,

The preponderance of data obtained in this program supports the
view that 3/1 stoichiometry is required to obtain the highest Tc in the
Nb-Ge system.

Strong circumstantial evidence was also obtained which indi-
cated the importance of impurities (such as oxygen, nitrogen and silicon)
on the stabilization of this high-Tc stoichiometric NbyGe phase. The me-
chanism by which this occurs is still an open question. However, the ex-
perimental data, including structural and chemical analysis of very thin
(< 1000 R) films, indicated that the impurities influence the initial nu-
cleation process of the Nb3Ge phase, and thereafter are not required for

the continued growth of this phase.

4.6 Methods for Fabricating Technologically-Useful Configurations

Modification of '"bronze'" diffusion method by substituting Ag
for Cu in Nb-Ga-Cu system permitted the formation of Nb3Ga. This indi-
cates the possibility that multifilamentary Nb3Ge wire may be accessible
by this method.

Another method for forming multifilamentary-type wire was car-
ried out by chemically vapor depositing Nb3Ge on a 200 fiber Al,03 yarn.
The individual fiber thickness was 20 um. Simultaneous coating of indi-
vidual fibers was achieved. The Tc's of these fibers ranged betweem 21
and 22 K. This result demonstrated the feasibility of fabricating this
type Nb3Ge multifilamentary conductor since there are presently-available
methods by which such fibers couid be incorporated into an appropriate

metal matrix to form the desired comnosite conductor.

Niobium-germanium was also successfully deposited on long
lengths of metal tape and then covered with a layer of copper in a typi-
cal configuration used for certain types of solenoid windings where a

multifilamentary wire is not mandatory.
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4.7 Superconducting Device Concepts

Samples of Nb3Ge on sapphire and on metallic tapes were pre-
pared for use in other programs to evaluate the potential of NbjGe for
Josephson devices and for very high-field magnets (3 200 kG).
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