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DEVELOPMENTAL STUDIES ON POHDER PROCESSED Nb3Al SUPERCONDUCTING WIRE 

By 

J. M. Hong, I. W. Wu, J. Holthuis, M. Hong*, and J. W. Morris, Jr. 

INTRODUCTION 

Materials and Molecular Research Division 
Lawrence Berke ley Laboratory 

University of California 
Berke ley, CA 94720 

The superconducting compounds which show greatest promise for 
the windings of high-field superconducting magnets are intermetallic 
compounds of stoichiometric composition AsB in the A15 crystal 
structure. This class of compounds includes the superconducting 
phases NbsSn, VsGa, NbsAl, NbsGe, and others. They combine high 
critical temperature (Tc) with high upper critical field (Hc2) and 
high critical current density (Jc)• These compounds are, however, 
brittle intermetallic phases. They are therefore difficult to 
form into long lengths of superconducting wires for use in high
field magnet windings. 

In the case of NbsSn and V3Ga the manufacturing difficulty 
has been largely oyercome by utilizing the solid-state reaction 
betw.e.~n Nb or V and Sn or Ga dissolved in Cu. ·In this proces.s 
continuous filaments of niobium or vanadium are insertedl o~ ~armed 
''in situ"l within a suitable matrix. The filaments and matrix are 
coextruded into a fine wire. The .A15 compound is then formed at 
the filament-matrix interface through a reaction which extracts 
the tin or galium from the matrix. This process has been success
fully employed for the manufacture of high-field superconducting 
wires containing multifilamentary Nb3Sn or V3Ga for magnet wind
ings. It is, however, inapplicable for thermodynamic reasons to 
the manufacture of wires containing such A15 compounds as Nb3Al or 
1Th3Ge which have better inherent superconducting properties. 

* Now at Bell Laboratories, Murray Hill, N.J. 07974 

This work was supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Materials Sciences Division of the 
U.S. Department of Energy under Contract No. W-7405-ENG-48. 
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Because of the inapplicability of the. "bronze" process, manu
facturing research on wires based on the other promising Al5 com
pounds has concentrated on the establishment of a fine admixture 
of the primary constit~ents and the subsequent formation of tha _:· 
AlS phase through some direct reaction process after the wire is 
drawn. At least four distinct manufacturing processes· have been 
explored. These include: (1) the "powder process", in.which a 
mixture of powders of the two primary constituents is extruded· into 
wire before reaction3. (2) the "jelly-roll process", inwhich fine 
foils of the two constituents are rolled into a cylindrical com
pact and coextruded for subsequent reaction4 , (3) the "infiltra
tion process", in which a porous compact of the refractory consti
tuent in the liquid state. and the mixture subsequently drawn into 
a fine wire for high temperature reaction5 , (4) the "direct preci
pitation process", in which a supersaturated solid solution of B 
in A is mechanically deformed into a fine wire or a tape and the 
Al5 compound is subsequently formed by a precipitation reaction at 
elevated temperature6. The first of these, the "powder," approach, 
offers the advantages of an appealingly simple and po.tentially 

·economical manufacturing process which has already been :sho.wn to-. 
·yield superconductin~ wires having very good high-field properties 
in the case of Nb3Al • 

The present paper reports the results of recent developmental 
research on powder-processed Nb3Al superconducting wire at LBL. 
The development of a good superconducting wire requires the control 
of at least two distinct aspects of the Al5 phase: its internal 
composition and state of order, which determine its inherent super
conducting characteristics, and its microstructural distribution 
within the wire, including such factors as its volume fraction, 
grain size, and continuity, which determine the peak critical cur
rent a phase of given internal state can transport. The research 
reported below concentrated on the microstructural characteriza
tion of powder-processed wire and on the modification of process-
ing to improve the microstructure and to enhance the inherent 
superconducting characteristics of the A15 phase. 

EXPERIMENTAL PROCEDURE 

Materials and Processing 

The experimental samples were made by mixing powders of nio
. ·· ·bium and aluminium, coextruding into wire, and reacting to form 

the Nb 3Al superconducting compound. The material and: process 
·characteristics for the three sample types used are presented in 
Table 1. The powders were hydride-dehydride Nb and Al powders 
which were sized by screening through appropriate sieves. The 
powders were machine-mixed using inert beads to prevent the A1 
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powder from aggregating. The powder mixture was then put in a 
monel 400 cladding tube, form-rolled, swaged, and drawn into a 

\ 

fine wire. Wire drawing proved straightforward and easy ta. accom-
plish. No intermediate annealing was required. 

Table 1. Characteristics of the Wires. 

Chemical Initial Powder Areal Diameter* 
·Composition (Size lJID) ·Reduction (mm) 

Nb Al Ratio 

5 wt% Al 62-105 ~4 400 0.18 
3 wt% Al ~7 <;10 1600 0.22 
4 wt% Al ::::::54 ::::0:20 .7000 0.11 

* Excluding the cladding material. 

Wires were made with three different aggregate aluminium con
tents: 5, 4, or 3 wt%. The 5 wt% material was used only for mi
crostructural and reaction studies. The 3 and 4 wt% material was 
used both for microstructural analysis and for superconducting 
measurements. 

The coextruded powder wires were reacted to form the Al5 Nb3Al 
phase at temperatures in the range 700-1100°C for various periods 
of time. The monel cladding material was etched away before heat 
treatment. The samples were sealed in quartz tubes under an argon 
atmosphere, and were wrapped with tantalum foil to prevent inter
action with the quartz tube. As a further safeguard against con
tamination, titanium rods were also sealed into the quartz tube. 

Superconducting Property Measurements 

The principal superconducting properties of interest were the 
critical temperature (Tc) and the critical current density (Jc). 
The critical temperature was measured by an inductive method using 
a calibrated germanium resistance thermometer. The superconduct
ing to normal transition of these wires was generally found to be 
sharp with a transition width of less than lK. The overall cri
tical current (Ic) was measured using a standard 4-probe techni
que in transverse applied magnetic fields up to 19 tesla. The 
critical current was defined to be that at which the potential 
difference across voltage leads spaced 5mm apart exceed 1 ~V. The 
overall critical current density (Jc) was calculated by dividing 

~;~} :·.;, 
·" .. ._. .J 
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the critical current by the total cross section of the wire exclud
ing the area of the cladding 

Materials Char ac terizat.ion 

The microstructure of the product wires was studied using a r-. 

combination of x-ray analysis, scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and scanning transmission V 
electron microscopy with energy dispersive x-ray spectrometer (STEM/ 
EDS). X-ray analysis was used for an overall determination of the 
phases present. SEM and TEM were used to observe the microstruc-
tural state of the wire and the detailed microstructure of the re-
acted layer. STEM/EDS was employed to determine the chemical com-
position of the reacted layer. Samples for TEM and STEM analyses 
were made by grinding and polishing the tested wires to a thickness 
of 0.1 mm or less, followed by ion milling to obtain a specimen 
transparent to 100 kV electrons. 

RESULTS AND DISCUSSION 

Metallurgical Characteristics 

X-ray and SEM examination of the coextruded powder wire sug~ 
gests that the deformed wires contain a continuous filamentary ma~ 
trix of aluminium in the interstices of the drawn niobium powder. 
The deformation of the niobium powder itself is reflected in the 
very high dislocation density in the powder, revealed by TEM stu
dies, and by a preferred texture of the niobium which is evident 
from x-ray diffraction analysis. 

The reaction to form the AlS superconducting phase occurs at 
the interface between the niobium and aluminium. Since the reac
tion temperature is in all cases above 660°C, the melting point of 
pure aluminium, the initial reaction is between liquid and solid 
phases. Reference to the binary Nb-Al phase diagram7 shows that 
three intermetallic compounds can be formed between niobium and 
aluminium at temperatures in the range 700-1100°C. These are the 
AlS phase, Nb3Al, the cr-phase, Nb2Al, and the aluminium-rich inter
metallic, NbA13. All three phases are expected to form along the 
liquid-solid reaction interface. 

The phase distribution in the reacted samples was studied by 
x-ray analysis and by transmission electron microscopy. X-ray ana
lysis of reacted 5 wt% aluminium samples aged at 750-110.0°C for 
various periods of time revealed only niobium and cr-phase reflec
tions. This result suggests that the AlS phase is not the major 
constituent, but does not necessarily show an inadequate content 
of AlS phase because of the complexity of its diffraction pattern 
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and the consequent low intensity of its diff raction peaks. The 
presence of the Al5 phase is revealed by transmission electron 
microscopic studies. 

A transmission electron micrograph of a 5 wt% aluminium samole 
aged at 1100° C for one minute is shown in Fig. 1. Three distinct 
morphologies are present at the original Nb-Al interface. The re
sidual niobium phase is characterized by a fine microstructure and 
a high dislocation content. The dislocations are remnants of the 
wire drawing process and are not recovered after one minute at 
1100°C, which is less than one-half of the melting point of niobium. 
Adjacent to the niobium surface there is a fine-grained region, 
which micro-diffraction shows to be a mixtur e of the Al5 and a
phases. Beyond the fine-grained region is a coarser-grained layer 
of NbAl3. 

• 30DDA 1 

I I I 

XBB 813-2 37 6 

Fig . 1. TEM micrograph of 5 wt %Al sample aged a t 1100°C for 1 min. 
From lower left to upper right corners are regions of Nb, 
Al5/ a , and NbA13 phases in sequence . 
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Because of che extremely fine grain size of the material pre
sent in the Al5-cr-phase mixture, it is not possible to separate 
the two phases in TEM at the magnifications used in this study. 
If the sample is given a longer aging at 1100°C, however, the Al5 
and cr phases separate into distinct layers and the NbAl3 phase is 
consumed. The micrographs in Fig. 2 illustrate the microstructure 
after 1.5 hrs annealing at 1100°C. Fig. 2a shows the Al5 grains, 

0 

which now have an average grain size of about 3000 A. These are 
equi-axed and almost free of lattice defects. The cr grains, on 
the other hand, are internally defective, as shown in Fig. 2b. 
The dark bands within these grains are revealed to be crystallo
graphic twins by microstructural analysis. 

XBB 815-4566 XBB 815-4565 

Fig. 2. Two adjacent regions of 5 wt% Al sample aged at 1100°C 
for 1.5 hrs. (a) Al5 grains which are equi-axed and 
nearly free of lattice defects; (b) a grains have crys
tallographic t\vins. 

It appears likely that the difference in defect characteris
tics can be used to distinguish the Al5 and a phases in the fine
grained layer which results from the initial reaction. A re-ex
amination of Fig. 1 shows that the grains in the fine-grained 
layer are a mixture of defect-free and twinned grains. It is 
tentatively assumed that the twinned grains represent the cr 
phase, while the defect-free grains represent the Al5 supercon
ducting material. 

• 
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Figure 3 shows a transmission electron micrograph of a sample 
of 3 wt % a luminium wire which was aged at 800° C f or 16 hrs. This 
s ample was t aken from a superconductin~ wi re which exhibited an 
over all current density above 104 A/em i n a 13T magnetic field at 
4. 2K . The microstructure adjacent to the niob i um interf ace a gain 
con t a ins a mi xture of the Al5 and 0 phases. If we a s sume that the 
substructurally twinned gr ains constitut e the 0 phase, then it ap
pears that t he 0 phase has a much higher volume fraction within 
the fine-grained layer. However, there i s a sufficient volume of 
defect-free AlS phase to establish a reasonably interconnected, 
fine-grained st ruc t ure . Bo t h the fine grain size and intercon
nectiv ity of the Al5 grains are reflected in the high critical 
current of the sampl e . 

XBB 815-4615 

Fig . 3. A 3 wt % Al sample aged at 800°C for 16 hr s . Overall J c 
i s high (cf~ text), though the 0 phase has a higher 
vo l ume fraction than the AlS phase. 

Measurement and Control of Inherent Superconduc ting Propert i es 

The cr i tical temperature of the powder processed Nb 3Al was 
measured as a function of aging time and temperature for a 5 wt% 
aluminium wire. The results are plotted in Fig. 4 . Irr espectiv e 
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of aging temperature in the range 700-1100°C the critical tempera
ture rises slightly on initial aging and reaches a maximum at ap
proximately 15.5K. It then tends to decrease with longer aging 
time. The kinetics of' this characteristic behavior depends strongly 
on the aging temperature. The high peak temperature exhibited by 
these specimens is surprising, since the Al5 phase in equilibrium 
with a phase at 1100°C is expected8,Y to have a maximum critical 
temperature of only about 14.4K. The reason for the high critical 
temperature is not yet clear, but may reflect the fine grain size 
of the Al5 particles, features of the reaction determined by the 
equilibrium with the a phase, or thermal effects occurring during 
the initial chemical reaction. This subject is under investigation. 

It. is generally accepted, however, that the critical tempera
ture is determined by the composition and the long range order of 
the Al5 phase 1° From the equilibrium phase diagram high tempera
ture aging tends to promote a more nearly stoichiometric composi
tion of the A15 phase. Aging at lower temperature, on the other 
hand, is expected to establish a better state of long range order. 
In an attempt to improve the inherent characteristics of the A15 
phase we therefore imposed multiple-step aging treatments, begin
ning with a high temperature aging to establish a good composition 
and following that with aging at lower temperature with the intent 
of improving the internal state of order. These double-aging 
treatments appear to be successful in substantially improving the 
Tc onset. Fo~ example, a treatment at 1100°C for one ·minute fol
lowed by 900°C for 22 min increased the measured critical tempera
ture from 15.5 to 16.3K. A three-step aging treatment of 1100°C 
one minute plus 900°C 22 min plus 750°C for 8 days raised the Tc 
onset 17K. It is, of course, possible that these measured criti
cal temperatures reflect the properties of the best of the super
conducting material, and are not typical of the average material 
within the superconducting layer. On the other hand, the super
conducting to normal transition width remains very small, about 
O.SK, which suggests that a general improvement of the Al5 material 
has been obtained. , 

Measurement and Enhancement of the Critical Current Characteristic 

Samples of 3 and 4 wt.% aluminium were made for the purpose 
of measuring the critical current as a function of magnetic field 
these samples were designed metallurgically to achieve and approxi
mately 50:50 ratio between the reacted product (Al5 + a phase) and 
the residual niobium in the cross section of the final wire. Geo
metric considerations suggest that for this purpose the wire should 
be made of initial powders having a Nb to A1 powder diameter ratio 
of approximately 2.7 to 1. Samples containing 3 and 4 wt% alumi
nium were therefore made with approximately this initial powder 
ratio (Table 1), and their superconducting eharacteristics were 
measured as a function of heat treatment. 
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The results obtained from critical current measurements to 
date include only a sampling of heat treatment and hence do not 
permit a full discussion of the influence of wire parameters on 
·the superconducting current characteristic. Initial results are, 
however, interesting and are presented in Figs. 5 and 6. 

In Fig. 5 we have shown the variation of critical current 
with applied magnetic field for three samples of 3 wt% aluminium 
which were given different double-aging heat treatments. The 
results show that a sample aged at 800°C for 12 hrs undergoes a 
significant increase in critical current at high field if it is 
given a subsequent aging treatment at 700°C for one day. Still 
better properties are obtained if the sample is given a very brief 
high temperature aging, 1100°C for one minute, followed by a more 
extensive low temperature agina, 750°C for 2 days. The critical 
current density exceeds 104 A/cm2 at 14T. 

100 

Nb- 3 Yfo AI 

~ 1100 °C /I min. + 750 °C/ 2 days 
0 800 °C/ 12 hrs + 700 °C/ I day 
C 800 °C/12 hrs 

H (kOe) 
160 

XII. 817-6181 

Fig. 5. Overall Jc (excluding cladding material) versus transverse 
applied magnetic field H for 3 wt% A1 sample showing the 
enhancement on Jc by the double-aging treatment. 
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A similar improvement in the critical current capability is 
obtained by increasing ·the aluminium content of the wire from 3 to 
4 wt%, as shown in Fig. 6, using similar (though not identical) 
~wires and a standard heat treatment of 900°C 22-l/2min plus 750°C. 
for 2 days, an increase of aluminium content from 3 to 4 wt% re
sulted in almost tripling of the critical current density over the 
range of field from 12 to 1ST. The critical current of the 4 wt% 
aluminium sample was above 104 A/cm2 at 1ST, even though the· heat 
treatment used with these samples is not optimal, as can be seen 
from the results presented in Fig. 5. 

900 °C/22.5 min.+ 750 °C/ 2 days 

100 160 
H (kOe) 

XBL817-6180 

Fig. 6. Comparison of overall Jc versus transvers~ applied magne
tic field H between 3 wt% A1 and 4 wt% A1 samples with 
the same aging treatment: 900°C for 22.5 min followed- by- -
700°C for 2 days. Jc of the latter has exceeded 104 A/cmz 
at 1ST and 4.2K. 

Both of these preliminary studies show that exceptionally good 
high-field currents can be obtained in powder-processed· Nb-Al wires. 
Critical currents near 3 x 104 A/cm2 at 12T and above 104 A/cm2 at 

, 
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1ST have been measured. The increase in critical current density 
with alternate· processing and heat treatments suggests that much 
higher critical current densities are possible. 

CONCLUSION 

The results reported here show that it is possible to obtain 
very promising values of the critical temperature and high-field 
critical current density in powder-processed Nb3Al superconducting 
wires. They suggest, moreover, that much better properties are 
obtainable. Microstructural analysis of the reacted samples re
veals a fine, complex microstructure. Its internal characteristics 
are not fully understood, but it responds to appropriate variations 
in heat treatment with significant favorable changes in supercon
ducting chracteristics. The further. clarification of the micro
structure should permit a choice of powder characteristics, wire 
processing, and heat treatment leading to very good superconduct
ing characteristics. 
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