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METALLURGY, FABRICATION, AND SUPERCONDUCTING PROPERTIES
OF MULTIFILAMENTARY Nb3Al COMPOSITES¥

-

J. W. Hafstrom'

ABSTRACT

The control of metallurgical structure during
fabrication that will improve the superconducting prop-
erties of multifilamentary, aluminium-stabilized,
Nb3Al composites 1s described. Composites are fabri-
cated by placing niobium rods in an aluminum matrix,
and then drawing to wire. NbjAl is formed at tempera-—
tures exceceding 1800°C for 5 s and ordered at 750°C
for 48 h, A critical current, J.(H), in excess of
105 Alem? (Fp ~ 7 x 108 dynes/cmg) at 7T and a T to
18.2 K are obtained. Attempts to improve J.(H) by con-
trolling the grain size in the Nb3Al diffused layer are
discussed. Precipitates, arising from the addition of
carbon during NbjAl layer growth, do not appear to be
effective as grain-boundary or flux pinners. When 12
Zr is added to the Nb, the growth of the Nb3il layer
is accelerated, T. is lowered and J.(H) is not signi-
ficantly improved. Jc(H) rapidly decreases with an
increase in Nb3Al or (Nb-Zr);Al layer thickness, d.
Je(H) is independent of d in composites with d 3
1.5 ym. 1In general, the Nb3Al grain size appears com-
parable to d for d < 1 um. Significant improvement of
Jo(H) for NbjAl superconducting composites reacted at
temperatures above 1800°C (to achieve T, > 17 K) is
achieved only by maintaining the layer thickness well
below d ~ 1.0 um.

I. INTRODUCTION

Transport of sizabie, >10° Afem?, currents inhigh
magnetic fields must be achieved in A-1l5 materials by
rezonciliation of the need tc maintain both high tran-
pition temperatures, T., and critirzl fields, H¢p, and
the need to introduce ?lux-pinning sites in the mate-
rial. The high flux-pinning force, F_(H), required for
large current densities in alloy supegconductors is
achieved by means that are often incompatibie wizh the
requirements of order and stoichiometry in A~15 com-
pounds. Grain boundaries are one of the few control-
lable structural defects in A-15 compounds that do not
adversely affect T, yet offer sufficiently high Fo(H)
to be effective as flux pinners. To produce suff;cient
grain-brundary area for effective pinning, a grainsize
<0.5 uym is necessary. The paramount problem for the
fabricator of Nb3Al wire is to control the grain size
during growth of the Nb3Ai layer at temperatures in
excess of 1600°C.

A number of attempts have been made to fabricate
N334l supzrconducting wire. Eagar and Rose' have
fabricated multifilament composites (Al fibers in an
Nb matrix) rescted at 1700°C. They report J, ~ 10%
Alcm? at H > 3 T and Nb3Al grain sizes to 100 um.
Miller? has fabricated Nb3jAl as monofilament wire by
reacting Al-coated Nb wire at 1880°C in argon that con-
tained dopants. He reports J, *» 10° Afem? at H< 7 T
and grain sizes of A25 ym,.
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We describe studies of a potentially practical
method for the productinn of high=Jo(H) Nb3Al multi-
filamentary wire. Emphasis 1s placed on the metal-
lurgical factors that influence the superconducting
properties.

11. PROCESS

In the Nb- AJ system, the A-15 phase has a broad
region of homogereity; however, the stoichiometric com-
pound is stable only ar temperatures above 1600°C.
Nb3Al can also be formed below 1609°C by sputtering and
diffusion under special conditions, but T, is degraded
by the lack of a fully developed orderad structure.
Formation of high T Nb3Al superconducting layers by &
diffusion requires a temperature between 1870 and i
1960°C. This temperature range is above the NbjAl ¢
peritectic temperature and avoids the formation of a
stable sigma phase. A rapid quench 1z necessary to
inhibit the precipitation of NbyAl from the Nb3Al. The
degree of order in the Nb3Al is improved by a low-
temperature heat treatment that limits the precipita-
tion of NbjAl and increases T by ordering Nb3Al more
fully.

Multifilamentary composites were fabricated by

agsembling seven Nb rods in an aluminum matrix encased 2
in an Nb jacket, swaging to wirc. and heat treating in Py
an induction furnace to form NbzAl by diffusion of Al .
into Nb. The use of an induction furnace, an indus- {

trially feasible approach amenable to fabrication of ks
long lengths of wire by a continuous process, allows

the short reaction times necessary to minimize the i
thickness of the Nb3Al layer. A reaction temperature
of 1900°C can be achieved, held a short time, and the
sample vapidly quenched. Temperature ie monitered by
optical pyrometry. An atmosphere of Ar minimizes
evaporative Al loss, decreases the quen~h time, and
transports the dopact gas (C,H,). Details of the
process are found in Ref. 3.
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Monofilament wires were fabricated to study the
details of NbjAl formation. The Nb or Nb-1% Zr wire
was dip-coated (thickness 40 Lm) with aluminux in high-
purity argon and reacted in an atmosphere of flowing
argon or Ar + 0.5% CyH,. A&n ordering heat treatmert at
750°C for 48 h was performed after the diffusion hear
treatment for these as well ag the multifilamentary
samples.

Control of the NbjAl grain size at temperattres
near 1900°C was attempted by minimizing the reacti.n
time that is consistent with the attainment of high Te :
materials. The Nb3Al layer thickness is reduced and !
smaller grains are ecxpected. Retardation of grain !
growth may also be possible by introducing a dispersion
of fine particles to pin the grain boundaries. How~
ever, the particles must not coarsen during the time at
reaction temperature.

Nucleation sites for NbjAl growth as well as graine
boundary pinning (by formation of nonoxide dispersions)
may be altered by the addition of 1% Zr to the Nb wire.
2r0, is a poor grain-boundary pinner in Nb3Al because,
at 1900°C, the free energy of formation of Al;03 is com-
parable to that of Zr0, and both oxides will coarsen at
the reaction temperature. Carbou, introduced as CyH,




in the Ar pas, will form compounds with Zr, but not Al,
a: temperatures above 1400°C., Coarsening may be con-
trolled by the amount of dopant introduced. Carbon
does not enter the A-15 structure.

ITI. RESULTS AND DISCUSSION

Transition Temperature and Hg2

To was measured inductively, and the results ave
listed in Table I. The (Nb-1X Zr)aAl samples consis-
tently exhibited a T¢ "0.6 K lower than the Nb3;Al sam-
ples, Substitution of Zr for Nb in the chaiu struc-~
ture of the A-15 lattice has been shown to lower T, by
0.6 K for each 1% Zr addition.Y The presence of car-
bon does not affect To. Thus, evidence exists that
much of the Zr has entered the A-15 structure rather
than forming carbides.

T. was broad, up to 5 K in width, for thin NbjAl
layers. The bulk of the material was always supercon-
ducting above 16 K. The highest T, and the sharpest
transitions, AT, < 0.5 K occurred in the thickest
(Nb-1% Zrj3Al or KbjAl layers. Hgy was >30 T for sam-
ples with T, > 17.5 K. The short reaction times used
to achieve thin layers result in a degraded A-15 com-
pound either by incomplete ordering or the presence of
sharp aluminum concentration gradients within the dif-
fused layer. The A-15 structure is retained in the
Nb3Al layer, but only a narrow region may be stoichio-
wetric. The A-15 homogeneity region extends from 223
to 302 Al at 1%60°C, and within this range T, can vary
by 16% and Hcs by a': even greater amount,’

Short reaction times to produce the thin layers
and fine grains are essential for high J., but, at high
magnetic fields, J. becomes limdted by T, Hep, and
groin size. Thus, a compromise must be struck hetween
high T, and layer thickaess to obtain the optimum J(H)
characteristics,

Metzllurpical Analvsis

Specimens were polished, etched, and than ano-
dized in NH,OH to identify different phases by color
contrast. The thickness of the NbjAl layer was deter-
mnined by optical microscopy. The layer thickness
values in Table 1 are maximum values; different por-
tions of a sample exhiibited thinner layers or, at
times, no layer, The location of the Nb3Al or (¥b-1%
2r);A) layer was verified bty electron-microprobe analy-
sis. Layer grpwth in all cases was diffusion con~
trolled (d v t?), and the measured thicknesses agreed
closely with those calculated from diffusion data.®
Typical NbjAl wires are shown in Fig. 1. In zulti-
filamentary wires, the entire aluminum mztrix was

reacted. Thus, a pract.cal conductor would require
addition of a supplemental stabilizer after the high-
temperature diffusion step., The Nb outer jacket would
prevent interaction between the stabilizer and com-
posite during the ordering treatment:.

The thickness of the NbjAl layer was influenced by
the addition of zirconium as well as the reaction time
and temperature. The (Nb~1% Zr)3Al layers were con-
sistently a factor of /2 thicker than the NbjAl layers
fabricated under similar conditions (e.g., J7-3 and -4).
The effective diffusion constant, D, in MNb3Al is appar-
ently doubled. Zr, which diffuses rapidly in kb,
enhances the Nb self-diffusion’ and may analogously
enhance diffusion in Nb;Al. The presence of carbonwas
not a factor in the growth of Nb3;Al layers.

Scanning electron microscopy results indicate an
average grain size, ir thicker layars (d » 1.5 um), of
the order of a few microns with a minimum size of
0,6 um. Coarse precipitates, suspected to be Zr car-
bides, were observed at the Nb3Al grain boundaries in
Nb~1Z Zr samples doped with CoH,.

Critical Currents

Jc(H) was mezgured in transverse magnetic fields
by standard four-point probe techniques, and the
results are displayed in Fig. 2. Significant improve~
ment in J.(H) required a NbjAl layer thickness of
<1l pm.

The dependence of J. on layer thickness d can be
expressed as J.(d) ~ Joe M yhere Jo 1s the extrapo-
lated zero~thickness value of Je(d). In smultifila-
mentary NbyAl, n v 0.5 for d < 1.5 um and n ~ 0 for
d ~v 1.5 ym.  (Nb-1% 2r);Al layers exhibit n ~ 0.7 for
all d. J,, inversely related to the nucleating grain
slzc,® is larger for composites with thin Nbjil layers
than for (Nb-i%Z Zr)3;Al layers. This suggusts that the
presence of Zr in Nb may inhibit nucleation of Nbj3Al
grains. Consistent with the lower J,, the larger value
of n for (Nb~1% Zr).Al layers implies a higher growth
rate, as observed, and larger grain size than Nbjal
layers grown under identical time and tempcrature con-
ditions and 2rC precipitates are not pinning the grain
boundaries.

Except for samples SA and B, the pinning force,
F,(H), decreases as H increases, and at 2.0 T the
average value is <5 x 107 dynes/cm3. This behavior is
sugazestive of weak pianing by (a) large grains (1 um),
(b) a dispersion of carbides, or (c) the presence of
degraded (low H.,) NbjAl. However, samples SA and B,
with a lower T., have F,(H) ~7 x 108 dynes/cm? at 7 T
and a broad maximum at 6.5 T (20.25 B/H.; for I, =
16.5 K). Also, the behavior of F,(H) with d or, quali-
tatively, grain size is consistcnE with results found
for grain size versus Fp in Nb;Sn.9

TASLE I
Properties of Some NbjAl Supernonductors

Reaction Beaction
Sample Material Tempfrature, Time,
C a
1A Multifilament 1900 1806
J2 Multifilament 1830 10
5A Multifilament 1800 5
58 Multifilament 1800 5
J7-3 Nb 1900 10
J1-4 Nb-1%X Zr 1900 10
J8-2 Nb-1% Zr 1900 5
J9~2 Nb-1%Z Zr 3900 10

Nb3Al Te Fp x 107
Atmosphere Thickness, Midpoint, dynes/cn?
o um °K at 27T

Vacuum 9.4 18.2 S
Vacuum <1.5 18.1 7
Vacuum 0.5 16.5 30
Vacuem 0.7 15.5 28
Ar + C,H, 2 17.9 5.5
Ar + CQHQ 3 17.6 1
Ar 1.5 17.4 4.3
Ar 2.5 - 1.5
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The presence of carbides at the prain boundaries
in (Nb-12 2r)3Al does not, at the concentration of Calt,
employed, affect J_.. MHowever, our results agree with
those of Muller’ for 0.5% 21y, and perhaps increased
amounts may be beneficial for flux pinning 1f the car-
bides can be prevented from coarsening.
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(a) Micrograph of J7-3 showing 2 um diffusion
layer of Nb3Al (arrow), 500X. (b) Sample J2 showing
completely reacted aluminuwm matrix (NboAl-WhAl,
eutectic), 1000X.

Fig. 1.

il bazuss

U EETITH

Lt taginl

CRITICAL - CURRENT DENSITY {AZem?)

1 2 3 L] 5 € 7
APPLIED MAGNETIC FIELD (T)

Fig. 2. Variation of tt ecritical-current density at
4.2°K with applied tran: . rse yield for the samples
listed in Table I.

IV. CONCLUSIONS

MWe have fabricated high-quality Nb3Al mulcifila-
ment superconducting wire with some of the highest Je
and F, values reported to date. The KbjAl grain size
has been found to be the deminate factov controlling
Je (i), however the grain size has not yet been suf-
ficiently refined to produce acceptable =urrent den-
sities at high ficlds. cCarbides have been found to be
incffective ~»s grain boundary and flux pimmers., 2r

additions arc derrimental at high reaction tcmpera-
tures because they accelerate Kbi;Al layer growih, but
this same property may be beneficial for lower-
temperature reactions.
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