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Microstructural observation of Nb3zAl
multifilamentary superconducting wires

AKIRA HASEGAWA, TAKAO TAKEUCHI, KIYOSHI INOUE
National Research Institute for Metals, Tsukuba Laboratories, 1-2-1 Sengen, Tsukuba-shi,

Ibaraki 305, Japan

A sample preparation technique is developed for the transversal observation of Nb tube
processed multifilamentary wire. Microstructure characterization of the cross-section of Nb—25
at % (Al-2 at % Cu) wire has been carried out with analytical transmission electron
microscopy. Intermetallic compound phases of A15, ¢ and NbAI; are observed in a specimen
heat-treated at 1023 K. Volume fraction changes of the individual phases indicate that ¢ and
NbAl, phases formed at the prior Al-core region in the early stage of the heat treatment, and
thereafter A15 phase particles grew and coalesced with each other, consuming Nb and o
phase. A change in the volume fraction of A15 phase is correlated with superconducting

properties.

1. Introduction

The Al15-type phase superconductor Nb;Al has been
considered as a promising superconducting magnet
material for high-magnetic-field application such as a
fusion reactor magnet [1]. Various fabrication tech-
niques, such as niobium tube [2], jelly roll [1, 3],
powder metallurgy (p/m) [4] and clad tip extrusion
T5] processes, have been developed to produce super-
conducting composite wires of practically useful
length. These processes are characterized by the reac-
tions between thin Nb and Al layers at relatively low
temperatures ( < 1300 K) and are thereby of great
advantage for obtaining a continuous multifila-
mentary structure.

Nb; Al multifilamentary wire prepared by the Nb
tube process (filament number: 1.8 million, filament
diameter: about 100 nm) shows excellent properties of
high critical current density (J.) [5], upper critical
field (H,,) [6, 7], high strain tolerance and low
a.c. loss [8]. Adjustment of the hardness of Al cores
relative to the Nb matrix by alloying Al cores with
additives like Mg, Ag, Cu, Zn, etc. remarkably im-
proves the cold workability of Nb—Al composites
[5, 9, 10]. Details of the Nb tube process were pre-
sented elsewhere [5]. The superconducting properties
of the wire have strong correlations with the micro-
structure, which is affected by the size of the final
filament and the addition of third elements.

Transmission electron microscopy (TEM) studies
on these multifilamentary wires can provide direct
microstructural information which cannot be ob-
tained from X-ray diffraction (XRD) techniques. This
microstructural information about the reaction at the
Nb-Al interface will be useful in determining
optimum conditions for Nb—Al superconducting wire
processing. It is, however, difficult to prepare thin foil
specimens for TEM observation since the multifila-
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mentary wire has an inhomogeneous structure. Re-
cently, several studies have been reported concerning
cross-sectional observation in multilayered Nb—Al
[11, 127, P/M processed wires [ 13, 14] and a multifila-
mentary wire [15]. We reported microstructural
observations on a transversal cross-section of
Nb—(Al-2Cu) multifilamentary wire [7] which had a
filament diameter of 320 nm. Compared with longi-
tudinal observation [14], transversal observation is
useful for studying the microstructure in a bundle of
ultrafine filaments because the configuration of the
filaments can be observed directly. The effect of the
morphology of Nb—Al composites on phase formation
and the interaction between Al cores can also be
studied by transversal observation.

In the present study, the effects of reaction time and
Al core size on the formation process of A15 have been
investigated by transversal observation, and then
some possibilities are suggested for improving the
superconducting properties of the multifilamentary
wire.

2. Experimental procedure

The starting composite material consisted of an Nb
tube of 7 and 14 mm inner and outer diameter,
respectively, and an inserted Al- 2 at % Cu alloy rod
of 6.9 mm diameter. The average composition was
about Nb-25 at % (Al- 2 at % Cu). This single-core
composite was cold drawn to a wire of .1.14 mm
diameter. A bundle of 121 drawn composite wires was
inserted into a Nb tube (Ist-level stack) and then
drawn again. The bundling and drawing processes
were repeated twice more (2nd- and 3rd-level stack),
and then multifilamentary wires containing 1.8 million
(121 x 121 x 121} ultrafine filaments were fabricated.
Microstructural studies were performed on two kinds
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of multifilamentary wire with different Al core sizes.
One was designated as “sample 17, whose final Al core
diameter was 320 nm, and the other as “sample 27,
which had a smaller Al core diameter 90 nm and the
optimum superconducting properties of Nb—(Al-2Cu)
wire [5]. The values of Al core diameter were calcu-
lated from the degree of wire drawing. The diameter of
each multifilamentary wire was adjusted to be about
3 mm for TEM specimen preparation. The final com-
posite wires were heat-treated at 1023 K for 10.8 ks
(3h) or 86.4 ks (24 h). Detailed features of these samples
are given in Table. 1.

Fig. 1 shows optical micrographs of lightly electro-
chemically etched specimens which were heat-treated

TABLE I Al core size of samples and heat-treatment conditions

Sample Al core diameter Heat treatment time
at 1023 K (ks)
Desired® Achieved®
(d)
1 320 nm 310 nm 10.8 or 86.4
2 90 nm 120 nm 10.8 or 86.4

2 Calculated from wire drawing ratio.
° Estimated from mean separation of Al cores by TEM.

Figure I Optical micrographs of Nb-Al multifilamentary wires
after heat treatment at 1023 K for 86.4 ks. (a) Sample 1; The arrow
indicates the 1st-level stack of Nb/Al composites. (b) Sample 2.

for 86.4 ks. The cell shown in Fig. 1a corresponds to a
2nd-level stack (121 x 121 bundle) in sample 1. The
arrow in Fig. la indicates a Ist-level stack of wires
which contains 121 single-core composites.

A thin foil specimen for TEM observation was
prepared as follows:

(i) Discs of 3 mm diameter were sliced from a
transversal cross-section of the wire.

(ii) The disc surfaces were mechanically polished
with emery paper.

(ii1) Omne of the surfaces was ground with a dimple
grinding machine down to a final specimen thickness
of about 50 pm.

(iv) Two-step electropolishing was carried out with
a single-jet machine. The flat side was polished lightly
and then the dimple-ground side was polished until
perforation occurred. The electropolishing was carried
out at 243 K with the polishing chemical a mixture of
10% perchloric acid and 90% methanol. These poli-
shing conditions were not suitable for the Nb phase
and a chemically passive film was formed on the
surface during the process. It was necessary to remove
the reaction products frequently until perforation oc-
curred. The electropolishing is an important process
to obtain a thin-foil specimen which has a wide obser-
vation area.

(v) Argon ion-milling was given to the perforated
specimen, using a sample stage cooled by liquid ni-
trogen.

TEM observation and energy-dispersion X-ray (EDX)
analysis were carried out using an analytical electron
microscope (JEOL 2010) at 200 kV. The nominal beam
diameter for microanalysis was approximately 20 nm,
while the effective diameter of the detectable area was
estimated to be about 50 nm from the contamination
spot size on the specimen. A standardless analytical
method was used to obtain Nb/Al composition ratios
in the reaction phase. An estimation of Cu in the
Al-2Cu core could not be made since background
noise of X-rays from the TEM chamber was compar-
able to the signal from the Al-Cu core. Selected-area
diffraction (SAD) and dark-field microscopy were also
employed to characterize the phases of solid-state
reactions.

3. Results and discussion

3.1. Microstructure of as-drawn specimens
Fig. 2 shows TEM micrographs of as-drawn wires at
low magnification. The observation area of Fig. 2a
{sample 1) corresponds to the spot indicated by an
arrow in Fig. la. Since the thin foil specimen has a
wide observation area as shown in Fig. 2b (sample 2),
it is possible to observe the whole microstructure of a
Ist-level stack of wires. The bright image region in the
figures corresponds to the Al core. The average Al
core size (d,) of the specimen was estimated from the
mean distance between the Al cores (L), assuming
L. = 2d, for the original Nb—Al composite configura-
tion. The estimated values are approximately 310 nm
in sample 1 and 120 nm in sample 2. The estimated Al
core size of sample 2 was, however, larger than that
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Figure 2 TEM micrographs of the cross-section of as-drawn speci-
mens in a low-magnification condition: (a) sample 1, (b) sample 2.

calculated from its drawing ratio. This was due to
irregular deformation of the filament, i.e. the so-called
“sausaging” effect.

Fig. 3 shows TEM micrographs of the as-drawn
specimens. The ribbon-like morphology of the Al core
is clearly seen in this figure. The typical appearance
was reported in P/M-processed wires [4]. In Fig. 3b
an ultrathin multilayered structure is found within the
Al core. The cross-section has two characteristic re-
gions, labelled A and E. Dark region A was identified
by EDX as an Nb matrix, and E was an Al core.
Interfaces of the regions A and E were easily dis-
tinguished because the microstructures of these phases
were quite different from each other. Region A con-
tains considerable dislocations that show the cold-
worked structure produced by drawing. On the other
hand, twins, dislocations and grain boundaries were
not found in region E. Determination of the crystal
structure of region E by SAD was not successful,
because of its amorphous-like diffraction pattern.
Highly disordered Al produced by the fabrication
process was reported in P/M-processed wire [16].

The Nb/Al atomic ratio in region E varied from
85/13 to 32/68. The high Nb concentration in region E
(Al core) may be attributed to the multilayered struc-
ture (Nb/AI/Nb/Al/ . . .) which was shown in Fig. 3b,
and the Nb/Al ratio in the multilayered structure may
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Figure 3 Enlarged TEM micrographs of the cross-section of as-
drawn specimens: (a) sample 1, (b) sample 2.

be magnified by preferential sputtering of Al during
the ion-milling process. A kind of mechanical alloying
in the Al core region was strongly suggested by the
EDX analysis, taking account of the ribbon-like mor-
phology and the multilayered structure.

3.2. Microstructure of heat-treated specimens
Fig. 4 shows TEM micrographs of sample 1 which

Figure 4 TEM micrographs of the cross-section of sample 1: heat-
treated at 1023 K for (a) 10.8 ks (b) 86.4 ks.



TABLE I1 Chemical composition ratio of Nb/Al (at%) in each
region

Specimen  Region Nb/Al
As-drawn 1023 K 1023 K
x 10.8 ks % 86.4 ks
Sample | A 97-100/0-3  85-100/0-15 94-100/0-6
B - 2 77-86/14-23
C - 62-68/32-38  60-72/28-40
D - 32-38/62-68 42-43/57-58
E 32-85/15-68 — -
Sample 2 A 97-100/0-3  91-100/0-9  96-98/2-4
B - 75-81/19-25 76-82/18-24
C - 62-69/31-38  66-72/28-34
D - 33-42/58-67 *
E 50-88/12-50 - -

? The size of the phase was smaller than the spatial resolution of
EDX.

was heat-treated for 10.8 or 86.4 ks. Microstructures
were divided into four regions A, B, C and D. Com-
positions of each phase are summarized in Table II. In
Fig. 4a, region D, which has a bright image, consisted
of several grains of 50 to 100 nm in size. The details of
the phase will be shown later. Region C showed
opaque grain boundary contrast and fine twin images.
The region is identified as o (Nb,Al) phase, as
judged from its Nb/Al composition ratio
(Nb/Al: 62-68/32-38). Region A (Nb) does not show
any significant differences in microstructure, com-
pared with an as-drawn specimen. Other phases with
small grains were frequently found in the area between
regions A and C, which was classified as region B. The
microstructure of region B was simple, without disloc-
ations and twins. The grain length of B was approxim-
ately 100 nm and the grain width was less than 50 nm.
Since the grain size was almost the same as the spatial
resolution of microanalysis, the Nb/Al atomic ratio of
region B changes gradually.

Fig. 4b shows the microstructure of the wire after
86.4 ks treatment. Compared with Fig. 4a, region D
had shrunk and the finer twin images of C became
dominant. The image of the fine twins was a character-
istic feature inherent in the o phase [9, 13]. The grain
growth of B was considerable. It is noted that a single
layer of A15 grains formed at the border of region C.
The grain length of B along the border of C was about
200 nm and its layer thickness (grain width) was
about 100 nm. The SAD analysis showed that B was
of A15 type (Nb;Al). The composition ratio of region
B almost coincided with the A15 phase composition.
The microstructure of the remaining Nb did not show
any significant differences, as compared with an as-
drawn specimen. A small amount of Al (4-6 at %) in
the remaining Nb was detected in the vicinity of the
A-B interface.

Voids were observed in region D of the specimen
reacted for 10.8 ks. Fig. 5a is an enlargement of region
D and voids are indicated by arrows. The micrograph
was taken in an under-focus condition. The voids in
region D were not found in the specimen reacted for

Figure 5 Enlarged TEM micrographs of a central part of the
reaction phase in sample 1 (heated at 1023 K for 10.8 ks). (a) Under-
focus condition; the arrows indicate voids. (b) Just-focus condition;
the arrows indicate ¢ phase in the grain boundary of NbAl,,

86.4 ks. The void formation may result from the
Kirkendall effect of Al diffusion into Nb in the early
stage of the phase formation sequence. The fast Al
diffusion compared to Nb may be ascribed to the large
areal reduction ratio of the wire which increased the
mobility of atoms [17]. SAD analysis showed that the
grain containing voids was NbAl,. Fig. 5b, taken in a
Jjust-focus condition, shows the presence of ¢ phase
between grain boundaries of NbAl;. A deviation from
stoichiometric o or NbAl; phase composition in re-
gion D may be attributed to the dual phase structure.

Fig. 6 shows micrographs of sample 2. Microstruc-
tures of each phase had basically the same features as
in sample 1. In Fig. 6a the grain size of NbAl; was
smaller than that of sample 1. Voids were also ob-
served in the NbAl; grains. Region C gave an opaque
image. The grain size of A15 was almost the same as
that of sample 1 but the A15 phase occupied a larger
part of the cross-section. Fig. 6b shows the micro-
structure of the wire after 86.4 ks treatment. Region D
occupied a smaller part of the area than in Fig. 4b.
Since the area of region D was smaller than the spatial
resolution of EDX analysis, no difference of Nb/Al
ratio between D and C was detected. No voids were
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Figure 6 TEM micrographs of cross-sections of sample 2: heat-
treated at 1023 K for (a) 10.8 ks, (b) 86.4 ks.

TABLE III The result of phase characterization

Region A B C D E
Phase Nb Al5 G o + NbAl; Al core
(NbzAl)  (Nb,Al)

observed in region D. Region C also had an opaque
image. Clear, fine twin images as in sample 1 were not
observed. The Al5 grains were equiaxed and the
grains coupled with each other to form a large ag-
gregation of A15. Coarse twins were frequently found
in the A15 grains. The composition ratio of Nb/Al
ranged over 76-81/19-24. A small amount of Nb
remained in the A15 aggregate.

The results of the phase characterization are sum-
marized in Table III. The Nb/Al composition ranges
of these reaction phases were wider than those predic-
ted by the equilibrium phase diagram, presumably due
to the non-equilibrium nature of the reaction process.

3.3. Reaction phase distribution

Fig. 7 shows schematic phase distributions of sam-
ple 1 after heat treatment, based on the above classi-
fication. The hexagons in the figure indicate the initial
Nb/Al composite size assuming close packing in the
Ist-level stack. Since the cold working was not uni-
form in the transversal cross-section, the Al core
separation was not constant. When the distance be-
tween Al cores was short, o phase formation occurred
rather than A15 formation because of insufficient Nb
in the early stage of the phase formation sequence. The
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Figure 7 Schematic representation of cross-sectional micro-
structure of sample 1 based on the phase classification: heat-treated
at 1023 K for (a) 10.8 ks, (b) 86.4 ks. The hexagons indicate the
initial Nb—Al composite size assuming closed packing in the 1st-
level stack; (@ ) indicates perforation.

Nb, A15, o and NbAl; phases coexisted when the Al
core separation was large. In Fig. 7b, a sheath config-
uration of A15 and its coupling were seen. A15 phase
interconnection in the 1st-level stack was also found in
sample 2, as is shown in Fig. 8. The sheath shape of
A15 in sample 2 was not obvious because it formed a
larger aggregate of A15 than that of sample 1. A large
part of the ¢ phase remained and a small amount of
unreacted Nb was found in the Ist-level stack of
sample 2.

Area fractions, i.e. volume fractions, of each phase in
the Ist-level stack are summarized- in Fig. 9. These
values are the average of five measurements for differ-
ent observed areas of which the size was about 1.2 um
x 1.8 um wide. The number of filaments in the each
observed area was 5 to 8 in sample 1 and 40 to 50 in
sample 2.

In sample 1 for 10.8 ks treatment, the volume frac-
tion of region C (o) plus D (o + NbAl;) is almost the
same as that of Al cores of the as-drawn specimen and
the volume fraction of A15 is small. This implies that
the o and NbAl; phases formed in prior Al core
regions and A 15 precipitated from the Nb—o interface.



Figure 8 Schematic representation of cross-sectional phase dis-
tribution of sample 2 heat-treated at 1023 K for 86.4 ks. The
hexagons indicate the initial Nb—Al composite size assuming closed
packing in the Ist-level stack; (@) indicates perforation.

The volume fraction of Al5 increased with treatment
time, consuming the Nb phase. The Al source during
phase formation was the NbAl; phase. In sample 2 for
10.8 ks treatment, the volume fraction of o phase was
about 60% and A15 was about 20% of the 1st-level
stack. After 86.4 ks treatment, the A15 phase grew by
consuming Nb and ¢ phase. Since the diffusion length
of sample 2 was shorter than that of sample 1, a large
© phase formed early and then o phase dissolved and
supplied A15 with Al during longer treatment.

The phase formation sequence almost agrees with
the work of Barmak et al. [11], who suggested that ¢
phase formation proceeded concurrently with the
formation of A15 in the multilayer of Nb—Al. On the
other hand, preferential formation of the ¢ phase and
voids in NbAl; were not reported in multilayer Nb-Al
composites [11, 12]. The o phase formation behaviour
may be attributed to the initial configuration of the
Nb-A] diffusion couple (mechanical alloying struc-
ture). The voids have been attributed to fast Al diffu-

TABLE IV Superconducting properties of the samples

Sample 1

As
drawn

1023K
10.8ks

1023K
86.4 ks

XCOOOCCOOOOX

POSEISISSToee u
T
T

A5 o

Sample2 Nb

As
drawn

1023K
10.8ks

1023K o
86.4ks ;

ATS v

] 1 [ 1 ] ]

50
Area fraction (%)

Figure 9 Area fraction of the reaction phases in a Ist-level stack.

sion following the large areal reduction of the wire
[17]. The addition of Cu to the Al core suppressed the
Nb-Al interdiffusion reaction [18]. The effect of Cu
on the phase formation could not be evaluated in this
work. Further investigation is necessary to clarify the
effect on the phase transformation.

3.4. Correlation between microstructure and
superconducting properties

The superconducting properties of the wires (T, H,,
[7] and J, [5]) are shown in Table IV. Fig. 9 and
Table IV show the relationship between superconduc-
ting properties and the volume fraction of A15 in the
Ist-level stack. The superconducting properties in-
creased with A15 volume fraction. XRD study on the
present multifilamentary wire showed that T, was
dominated by the development of A15 phase with a
composition close to the stoichiometric [18]. The
combination of a compositional approach to stoi-
chiometry and an increase in the volume fraction
brought about a remarkable increase in J..

One of the advantages of the Nb tube process over
the other methods for Nb;Al is that the fabricated
conductor may be used for a.c. power applications

J(42 K, 8 T) [ST

Sample Heat treatment time H.,(42 K) [7] T.[7]

at 1023 K (ks) (T) (K) (10° Am~?)
Sample 1 10.8 9.6 12.2

86.4 17.3 14.2 0.12
Sample 2 10.8 17.25 14.0 0.35

86.4 19.1 149 1.0

*“Sausaging” did not occur.
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where a.c. losses must be extremely low. The continu-
ous ultrafine filamentary structure is effective in redu-
cing the a.c. loss. In order to really achieve these low
a.c. losses, the filaments need, however, to be fully
separated from each other for electromagnetic de-
coupling. Itoh er al. [8] revealed from magnetic sus-
ceptibility measurements that the effective diameter of
superconducting filaments in a magnetic field was
almost the same as the diameter of the 1st-level stack.
The result indicated that there existed some electro-
coupling layers between the Al cores.

The present TEM observations show that Al5 fila-
ments in the 1st-level stack coalesced with each other
and formed a large aggregate. In order to separate the
Al5 filaments, the coalescence distance between Al
cores was estimated from the average distance for
region D in the heat-treated specimens. The distance
was approximately 400 nm in sample 1 and 200 nm in
sample 2. Approximately 800 nm may be required to
separate the A1S filaments in sample 1 (Al core size:
320 nm) and 400 nm in sample 2 (Al core size:
120 nm). Based on this estimation, a recommended
minimum Nb/Al atomic fraction in the starting com-
posites will be 5.3 for sample I and 10 for sample 2.
The higher Nb/Al ratio may be required in the smaller
Al-core wire because the diffusion length Nb—Al may
be in the range of 100 to 200 nm for the present heat
treatments.

To prevent the coalescence of AlS filaments, a Cu
or Ta sheath in the starting Nb—Al composite may be
effective. The workability of the composite is import-
ant when fabricating a multifilamentary wire. Further
investigation is required.

The distance between the Al cores became locally
smaller than the average value, as seen in the micro-
graphs. The inhomogeneous working process made
the Al cores ribbon-shaped, rather than forming a
uniform honeycomb structure. It is suggested from the
present observations that another hydrostatic draw-
ing process, as used for the commercial wire fabrica-
tion process, will be promising for improving a.c.
losses.

4, Summary

TEM observations of transversal cross-sections of
Nb—(Al- 2 at % Cu) multifilamentary wires were car-
ried out. A sample preparation technique was de-
veloped for the transversal observation of multifila-
mentary wire by TEM. The following results were
obtained.

1. Heavily deformed Al cores have a ribbon-like
shape in the as-drawn specimen. A kind of mechanical
alloying in the Al core was strongly suggested by the
EDX analysis which revealed a ribbon-like morpho-
logy.

2. Intermetallic phases of NbAl;, ¢ and A1S were
found in the heat-treated specimen. Volume fractions
of the phases were estimated from the transversal
observation. The NbAl; and o phases occupied a
large part of the 1st-level stack in the early stage of the
treatment. The volume fraction change produced by
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the heat treatment showed that o formation was
concurrent with the formation of the A15 phase, and
that the A15 phase grew and coalesced by consuming
Nb and o phase.

3. The improvement of H_, and J_ in a wire with a
smaller Al core size is attributed to the larger volume
fraction of A15. Coalescence of A15 phase in the 1st-
level stack was directly observed. A larger A15 aggreg-
ate was formed in the smaller Al-core size wire.
Interconnection between the microfilaments of A15 is
attributed to inhomogencous deformation of the sin-
gle-core Nb-Al composite. A recommended Nb/Al
ratio to separate the microfilaments is suggested.
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