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THE CRITICAL CURRENT DENSITY AND MICROSTRUCTURAL STATE OF AN INTERNAL TIN
MULTIFILAMENTARY SUPERCONDUCTING WIRE

D.R, Dietderich, J. Glazer, C. Lea* V.V. Hassenzahl. and J.W, Morris, Jr.
Materials and Molecular Research D1v1s1on,
Lawrence Berkeley Laboratory
and
Department of Materials Science and Mineral Eng1neer1ng,
Un1vers1ty of Caleorn;a, Berkeley

ABSTRACT

The critical current dens1ty (Jc) of internal tin wires is in-—
creased when low—temperature diffusion heat treatments are performed
prior to a high temperature reaction, To determine the variation of Jc
with pre—reaction heat treatments a copper—stabilized IGC internal tin
wire with an outside diameter of 0.267mm was studied., The wire has 2 to
2.5um diameter filaments, and within the Ta barrier, the area ratio of
the copper matrix and Sn core to Nb is about 2.2. Due to the character
of the Cu—Sn phase diagram, heat treatments at a series of temperatures
below the Nb,Sn reaction temperature affect the local Sn concentration
in the matrix about the Nb filaments, The variation in J. resulting
from these heat treatments is a consequence of the microstructural state
of the conductor and the morphology of the Nbssn layer produced, The
results of this work show that the internal tin and bronze—processed
wires have different Jc(H) characteristics, The two processes have com—
parable critical currents at high fields, suggesting the same ch, while
at low fields the internal tin wire is superzor, suggesting a better
grain morphology.

INTRODUCTION AND SUMMARY

There are two methods for increasing the critical current of a
conductor under specified operating conditions of temperature and magne-—
tic field. Omne is to increase the amount of Nb,Sn in the wire cross
section, The second is to improve the quality of the Nbssn layer pro-—
duced, Various fabrication techniques have been developed to increase
the amount of Nbssn in a conductor [1]. One technique, the high tin or
internal tin process [2], starts with a Cu-Nb—-Sn composite that is
deformed to final size and heat treated. Since copper and tin (or Sn—Cu
alloys) are introduced in near elemental forms that are ductile and co-—
deform well, more tin can be added than a homogeneous solution of tin in
copper would permit. This additiomnal tin allows complete conversion of
Nb to Nbssn to occur at a lower matrix (Cu+Sn) to niobium ratio. As a
result, it is possible to introduce more Nbssn into the cross section
and thereby increase the critical current.

* Accelerator and Fusion Research Division, Lawrence Berkeley Laboratory



The Nb3Sn that is included in the cross section of an internal tin
wire also appears to have an exceptionally high critical current den-
sity, ) P in the 10-12T range, which further enhances the overall criti-
cal current (Fig.1) [3,4,5]1. The high critical current density in this
range suggests the presence of a superior ALS morphology to that pro-
duced by the bronze process. However, the maximum critical current has
been obtained in. previous work only after elaborate multi-step heat
treatments [4] that include long—term aging at relatively low temp-
eratures. Simpler heat treatments have been studied on similar wires
[5,6], but these result in some loss of critical current. The high
critical current shown in Fig. 1 of the internal tin conductor agrees
favorably with previous work on a similar material which had no Ta
barrier or Cu stabilizer [4].

The present work was undertaken to confirm the high critical cur-
rent density of internal tin wire that is properly heat treated, to
investigate the multi—step heat treatment used and to simplify it if
possible, and to clarify the microstructural source of the high critical
current density. The principal results of the work confirm the excep—
tional properties of the Al5 phase, show that those properties can be
realized without extensive low—temperature heat treatment, and suggest
that the microstructural source of the good propert1es is the fine,
uniform Al5 grain size.

EXPERTMENTAL PROCEDURE

An internal tin wire which is manufactured by Intermagnetic General
Corporation was used in this investigation [7]. Most of the Cu-Sm
diffusion observations were performed on a 61 sub-element wire. In—
termetallic phase determination was done with a scanning electron micro-
scope equipped with a KEVEX energy dispersive x-ray analyser (SEM/EDS),

Critical current measurements were done on an individual sub-
element that had been deformed to a diameter of 0.267mm, so that its
internal dimensions and filament size were comparable to the large
conductor. The sub-element had a Ta barrier and Cu stabilizer which
accounted for 15% and 60% of the cross sectional area of the wire
respectively. The area of the active core inside the Ta diffusion
barrier (1.36x10" mm2) was used to determine the critical current densi-
ty. All critical current measurements were done in a transverse magne-—
tic field with the samples supported such that the Lorentz force pro-—
duced no bending of the sample. Strains induced by the differential
thermal contraction of the sample and probe were minimized by selection
of appropriate probe materials 8). The standard four point probe tech-
nique was used on 30mm samples that had been cut from longer sections.
The voltage leads were placed 5mm apart in the center of the sample. A
0.1pV/mm criterion was used in most of this work, In cases where dif-
ferent criteria were used the semsitivity is indicated.

The wires were cut into 150mm lengths for heat treatment., The ends
of the wires were sealed by melting until a small alloy bead was
created., At least 20mm from each end is discarded prior to Ic measure-—
ments. The low temperature heat treatments used to homogenize the tin
are given in the table below.



HEAT TREATMENT NOTATION

A , 1A CA
266°C/200n 200°C/120h 0000 e
KEAT + +
375°C/33hn 380°C/24n 380°C/48h
TREATMENT S+ L+ R
R 580°C/218h 580°C/233h 580°C/233n

RESULTS AND DISCUSSION
Influence of Pre—Reaction Heat Treatments on Microstructure

The IGC three-step heat treatment (A), 200°C for 200h, 375°C for
33h followed by 580°C for 216h was taken as the reference heat treatment
for a metallurgical study of the wires, since measurements showed it
produced a 15-20% better J. at 10T for a 700°C final treatment tempera-
ture than wires beat treated directly at 650 and 700°C. A better
understanding of the overall microstructure in the conductor that re-
sults from the Cu-Sn inter—diffusion led to shortened heat treatments,
that retained the peak Jc.

The 200°C heat treatment produces two intermetallic layers around
the tin core (fig. 2a). Each layer is about 5-6um thick. Before the
reaction the copper layer between the tin center and first row of nio-
bium filaments is about 10um. After the reaction a 5Sum layer of unreac-—
ted copper remains, the tin has not diffused to the niobium filaments.
The two intermetallic layers have been tentatively identified as the
e(Cussn) and n(CugzSng) phases by SEM/EDS. It is assumed that the compo-
sitions observed correspond to the equilibrium phases, X-ray diffrac—
tion analyses are in progress to determine the crystal structure of each
phase,

The second step, 375°C for 33h, produces an all ¢ core. The &—Cu
interface is 10-15um or 5-10 rows into the filaments (Fig. 2b). Poros—
ity is observed at this stage of the diffusion heat treatment., Most of
the porosity is at the periphery of the core and in the filament region.
The pore size in the filament region was kept small apparently cduve to
the growth restraint presented by the filament array, This porosity
could originate from two sources, a volume difference between the ini-
tial phases (Cu and Sn) and final phase(e), and/or the Kirkendall ef-
fect. ‘ '

The temperature of the third step is 580°C. After 48h at this
temperature o phase (Cu—-Sn solid solution) is produced throughout the
filament region with a high tin phase(s) in the core (Fig. 2c¢). There
also appear to be isolated islands of a high tin phase in the filament
region, The composition of the high tin region corresponds to the 7y
phase, but the microstructure of these regions appears two phase. The



lath—-like appearance of the microstructure may be a result of a phase
transformation on cooling in which the y phase decomposes to the o and &
phases. The porosity which was in the core region and first few rows of
filaments has now moved to the outer filaments leaving the core region
void free (Fig. 2¢).

When the A treatment is completed after 218h at 580°C, the high tin
phase disappears leaving only the a phase. A ring of porosity through
the filament region develops in some of the sub-elements but not in all,
This porosity could have a strong effect on the strain sensitivity of
the conductor. A deep etched cross section of the wire seen in Fig. 3
reveals the extent of the Nb,Sn formation. The filaments near the core
are close to complete reaction while those at the sub—element periphery
are not, Figure 3 also shows that the filaments near the core are some-
what flattened. This flattening occurred during wire fabrication,

A different overall wire microstructure is obtained when the con-
ductor is taken directly to the reaction temperature., Figure 4 shows a
wire that has been heat treated 2 days at 700°C., Substantial porosity
is seen in the core regions but not in the filaments. The porosity is
present as early as 3h into the heat treatment when a high—tin phase is
still observed in the core.

Critical Current and Microstructure

The high critical current of the internal tin conductor has two
origins, The first is the increased amount of Nb3Sn in the wire cross
section over other conductors. The second is the superior morphology of
the Al15 produced. Figure 1 shows that the Nbssn in the internal tin
process carries substantially more current in the 10-12T range than the
Nbssn produced in a bronze-processed conductor. In an attempt to deter—
mine the source of this J, improvement the Al5 grain structure of the
internal tin wire was characterized.

Prior work on a bronze-processed wire showed that the Nbssn layer
could be subdivided into three distinct layers [9]. Columnar grains
appear at the Nb—Al5 interface while coarsened grains appear near the
bronze. Between these two regions is a layer of fine equiaxed grains,.
The transmission electron microscopic (TEM) study of the internal tin
wire that is in progress reveals that the Al5 layer produced is fine
grained and uniform, The wire seems to have few columnar grains and few
coarse grains, The aspect ratio of the few columnar grains observed is
about 2, which is substantially less than the value of 5 reported for
the bronze process. The average AlS grain size is at least as small as
that reported for the equiaxed grains in the bronze process (~70nm,
700°C aging temperature) [9]. TEM observations by Scanlan, et al. [10]
give a range of Nb3Sn grain sizes for a 700°C aging temperature (100-
150nm) . .

The results shown in Figs. 1 and 5§ agree favorably with previous
results by Schwall, et al. However, the J_(H) characteristic for their
conductor appears to be steeper than those produced in this work., At
present the more rapid drop of the Jc(H) curves is not clear, e.g.
testing method differences or intrinsic conductor properties. The



stress states which develop in the conductor for different heat treat-—
ments and wire configurations are currently being studied. It is hoped
that a better understanding of the high field properties of the wire °
will result. :

The critical current density was always higher in samples that
received a low-temperdture diffusion heat treatment prior to reaction
(Figs. 5,6). Figure 5 presents the results (10T,4.2K) for pre—heat treat-
ment lA-along with data for wires that received no low-temperature heat
treatment, Pre- heat treatment 1A reached peak J ~of 1620 A/mm“ after
one day at 700°C., The wires taken directly to the reaction temperature
(650, 700, and 730°C) all had lower peak critical current densities,
The relatively low temperature, 650°C for 6 days treatment," ‘produced the
best J, of the three, 1410 A/mm“. "The ¢ritical current density of < °
treatments 650°C/6 days and 700°C/4 days are 15% .and 20% lower -than
treatment 1A + 700°C/1 day, respectively, Wires that received pre-
reaction heat treatments also had ‘a less rap1d degradat1on 1n J w1th
overag1ng. »

The wires taken directly to high temperature dlso had a greater -
scatter in J.. This scatter implies non—uniformity along the length of :
the wire. Figure 4 shows the microstructure in the bronze resulting
from a high-temperature treatment.  Near the inmer ring of Nbssn fila-
ments large voids have developed. As mentioned earlier their presence as
early as 3h"into the heat ‘treatment would tend to- inhibit tin diffusion
outward. Niobium filament$ adjacent to regions of the core without viods
react quickly since radial diffusion of tin into the copper is unre-
stricted while the niobium filaments adjacent to voids require longer
range axial diffusion of tin before the reaction can commence, This
inhomogeneous distribution of tin causes the AlS morphology to vary
along the length of the filaments.

The h1ghest “J (H) characteristics were obtained using - pre—heat
treatment 1A and CA followed by 700°C for one day (F1g. 5). -Also
plotted in Fig. 5 is treatment 700°C/4 days. Pre—heat treatments 1A and
CA followed with 700°C/1day produce the same I, at low fields with only
a slight difference at high fields (CA higher). These results show that
a long 200°C treatment is not required. The 380°C for 2 days produces
an equivalent microstructure: to that seen ‘in F1g. Zb (200°C/200h+375°C/33h)

i

CONCLUSIONS

1. The internal tin process yields a very high criticel current in
magnetic fields in the range of 10-12T. The high: critica] current
reflects both the increased amount of Nb,Sn in the wire cross sect1on
and an- 1mptoved cr1t1ca] current dens1ty w1th1n the A15 '

2.:  The 1mproved critical current densxty is assoc1ated ‘with a more
uniform’ and fine— gra1ned A15 phase in the superconduct1ng f11aments.

3. The heat treatments prev1ously used to ach1eve except1ona1
properties in internal tin‘wires are more complex than needed. The long
time initial aging at temperatures below 380°C does not appear to be
necessary. However, some homogenization heat treatment, e.g. at 380°C +



580°C, is useful before the high temperature reaction treatment.
BHeating the wire directly to the reaction temperature causes a 15-20%
loss in critical current,
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Fig. 1. Critical current density versus magnetic field in the inter-
nal tin wire (this work) is compared to that in a bronze-
processed wire (ref. 9) by normalizing the critical current
(I) to the initial niobium content in the wires. The
superior 10-12T performance of the intermal tinm wire suggests -
a better layer morphology.
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XBB 849-6570

Micrographs showing the evolution of the microstructure
during multi-step pre—heat treatment, (a)200°C/200h, (b)plus
375°C/33h, (c) plus 580°C/48h. (a) High tin center with 7
and ¢ intermetallic layers after step 1. (b) Epsilon phase
center with porosity after step 2. (c) Central region of
gamma phase surrounded by o phase. The o phase contains
pores and isclated y islands in the filament region,
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XBB 840-7438

Scanning electron micrograph of etched filaments after heat
treatment A. The filaments near the core are more reacted
than those at the sub-element periphery.



X

Fig.

XBB 840-7437

Scanning electron micrograph of a wire with no pre-heat
treatment, 700°C for 2 days. Large voids have developed in
the core region, predominantly at the first inner ring of
niobium filaments,
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Fig. 5. Critical current density (for the area excluding Ta barrier
and Cu stabilizer) versus magnetic field. A shortened heat
treatment (circles) produces the same high Jc as the multi-
step heat treatment with 200°C (triangles). Also presented
is the J (H) curve for 700°C/4d.
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Fig. 6. Critical current density (for the area excluding Ta barrier

and Cu stabilizer) versus aging time for wires given dif-
ferent heat treatments., The wires which received only a high
temperature reaction treatment are represented by solid
points, wires which received the multi-step homogenization
heat treatment are represented by open points. points,
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