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ABSTRACT

Quench currents and critical currents have been
measured for a number of commercial Nb^Sn tapes at
4,2 K. The measurements were made at 60 Hz. The ob-
served quench currents in the as-received tapes are
considerably lower than the critical currents, which
can be determined by a new technique after stabilizing
material is added. The temperature dependence over
the entire range above 4.2 K was measured for two of
the samples. The critical current falls off approxi-
mately as 1-(T/Tc) .

INTRODUCTION

Previous studies have shown Nb^Sn to be a very
promising conductor for superconductive ac power trans-
mission cable.1»2 At rated operating currents, ~ 500
rms A/cm, ac losses should be S 10 uW/cm^. The con-
ductor should also be able to carry and recover from
large overloads.?- Acceptably low losses have been
observed in commercially manufactured tapes at temp-
eratures up to approximately 10 K,3 and the economic
advantage of refrigeration at this elevated tempera-
ture has been shown to be substantial. It has been
anticipated that relatively large currents - in the
kA/cm range - should be possible without the Kb^Sn
going normal, thus ensuring prompt recovery from faults
and easy handling of overload conditions. This has
been inferred from previous dc critical current mea-
surements, usually made in external magnetic fields
greater than 1 T.^«5 Extrapolation to the self-field
critical current is not a satisfactory procedure.
This is due to uncertainty as to the field dependence
of the critical current at low fields. Another factor
is the problem of providing adequate flux jump stabili-
zation without degrading the low loss property.

In order to answer some of the questions raised, a
survey of sixteen commercial Nb,Sn tapes was made. The
measurements were made at 60 Hz using a transformer to
supply the large currents involved. The quench cur-
rents of the as-received tapes were generally smaller
than the true critical currents. Increased quench
currents were obtained by further lamination either
with another superconductor or with copper. The criti-
cal currents of the original tapes were then determined
by means of a novel ac technique. The critical cur-
rents were measured over the entire temperature range
above 4.2 K for two of the samples.

The measured critical currents can be compared
with ac loss measurements on the same sample. Compari-
son of critical currents deduced from loss measure-
ments with those reported here is carried out in a
companion paper,•> for T = 4.2 K, and over the entire
temperature range in a paper published elsewhere.^
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SAMPLES mm
The Nb3Sn tapes were purchased from three commer-

cial suppliers. Two of these, Intermagnetics General
Corp. (IGC) and Kawecki Berylco Industries, Inc. (KB),
use the liquid diffusion process.7 Essentially, a thin
(25 |im) niobium or Nb-1% Zx tape is coated with tin
followed by heat treatment above 930°C. NbjSn layers
are formed on each surface by diffusion. Layers up to
10 nm thick, or a little larger, can be formed. The
niobium is not completely reacted so that the tape has
strength and flexibility for handling and processing.
Other components such as copper or aluminum for stabili-
zation and stainless steel for strength can be soldered
to the Kb3Sn/Nb/Nb3Sn tape. One difference between the
IGC and KB processes is that in the IGC process some
tin remains after the diffusion step, so soldering can
be done directly to the tape, but in the KB process all
the tin is consumed and a copper flash is applied to
the tape before further lamination. Tapes made by
Canada Superconductor and Cryogerics Co. (CSCC) are
produced by hydrogen reduction of the gaseous chlorides
of niobium and tin at temperatures below 1000°C. By
depositing the vapor on a Hastelloy substrate 25 to
75 |in thick the brittle NbjSn is put into compression
on cooling. The superconducting properties are enhanc-
ed by the addition of dopants during processing.

The tapes studied in this report are listed in
Table I, The tapes were all 1.27 cm (V) wide. Most
of the diffusion reacted tapes are single, i.e., they
contain a single NbjSn/Nb/NbjSn structure. For these
tapes the total thickness of NbqSn of both surfaces is
given in Table I. Several of the tapes are double,
i.e., two reacted tapes have been laminated. For these
the thicitness given is for one of the Kb3Sn tapes only,
since in the method to be described below, the critical
current of just one tape is singled out. The vapor de-
position tapes listed are all single tapes. The NbjSn
layers are separated by a comparatively thick, resis-
tive layer of Hastelloy. For these tapes the thickness
of one of the NbjSn layers only is given.

The NbjSn thicknesses were determined from opti-
cal micrographs such as that shown in Fig. 1.

Cu

Fig. 1 - Optical micrograph of sample 4. The solder
bond between the Cu and Nb3Sn layers appears black as
a result of the chemical etch used.

!:•: UNUMITLD



fESjEKStftiaYiC^Jife^^

The thickness determination Is limited by inhomogenel-
ties and variations along the surface. It can be seen
from Table I that the range of uncertainty can be quite
large. A particularly bad case In this respect, sample
4, was chosen for Illustration In Fig. 1.

EXPERIMENTAL

Measurements were made at 60 Hz using a specially
designed superconducting transformer. Details of the
construction and performance of this device have been
published.' Summarizing briefly, in this apparatus
the sample is In the form of a ring which forms the
secondary of an iron core transformer. The design of
the iron circuit is such as to ensure a uniform dis-
tribution of the induced current over the inner sur-
face of the tape at low currents. This arrangement
simulates the conditions in a coaxial cable, where the
field is parallel to the surface of the superconductor
and is applied only to one side. The sample rings are
9 cm in diameter. A solder joint is necessary, but
when carefully made - using indium, 3 to 4 cm overlap,
and 10 kg force - it appears to have little effect on
the measurements. Although continuous 60 Hz excitation
can be used, heating effects in the windings and in the
iron become important for sample currents abeve about
1000 rras A/cm. It is necessary, therefore, for cur-
rents of interest, to use pulses of only a few cycles
of current, with repetition rates of about 1 second.
Usually, 2-cycle pulses were used. Measurements for
higher numbers of cycles showed slight heating effects,
but for 2-cycle pulses this was not significant.

Measurements are made by means of pick-up coils
positioned near the sample and located respectively
just outside, just Inside and straddling the tape.
The inner and outer coils measure the fields inside
and outside the ring, respectively. The difference
determines the current in the sample. When the sample
is superconducting the signal in the outer coil cor-
responds to an external field which is less than 0.17.
of the inside surface field. The quench current is
defined as the current at which flux first appears at
the outer surface of the ring sample. The ring be-
comes resistive at this current. The last coil refer-
red to is a saddle coil which measures flux changes
in the tape itself.

The maximum current carried by a single Nb,Sn tape
is increased by stabilizing it either with a thick
copper layer or with another superconducting tape sol-
dered to the outside of the ring. In the latter case
the critical current of the inner sample tape can be
determined with the aid of the saddle coil. This cur-
rent is reached when flux first enters the region be-
tween the superconductive laminations. It is deter-
mined by the observation of a characteristic peak
which appears in the saddle coil voltage signal. This
is illustrated in Fig. 2 for sample 15. The peak in
question occurs at a current just below the maximum.
At lower currents the Nb^Sn loss voltage signal is
seen. The double maximum of this signal is character-
istic for the Nb,Sn/Nb/Nb-Sn structure when flux
occupies both NbjSn layers. The accuracy of the crit-
ical current determination depends on measurement of
the current from the oscilloscope trace and is about
+ 100 A/cm. The tape used for the outer lamination
was from an old stock of RCA tape. This tape had a
60 Hz quench current of 1300 rms A/cm at 4.2 K. For
double tapes further lamination is unnecessary as the
critical current in the inner tape is reached before
the entire tape quenches. For the vapor deposition
tapes the point at which flux enters the Hastelloy is
readily observed and gives the critical current of the
inner NbjSn layer.

Measurements over the entire temperature range

above 4.2 K were carried out on two samples. A gas
flow type of variable temperature cryostat was used.

Fig. 2 - Voltage and sinusoidal current waveforms in a
double NbjSn tape. 60 Hz, 3 cycle pulse.

RESULTS

Measured critical currents at 4.2 K are given in
Table I. The values listed are the rms currents per
unit width, Ic/w (nn3 A/cm), where w is the tape width.
For comparison with ac loss data, which is carried out
in a companion paper, the average critical current
density is also listed. This is given by Jc =*/2 Ic/wd,
where d is the Nb,Sn thickness. The critical currents
are plotted vs thickness in Fig. 3. It can be seen
that they increase with thickness; the large uncertain-
ty in the thickness measurement makes it difficult to
determine the functional dependence. The maximum cal-
culated critical current density was about 7 x 10°
A/cm2.

The quench currents of as-received tapes were
considerably smaller than the critical currents which
were realized by lamination with the outer supercon-
ductive tape or extra copper. The stabilizing cladding
or electroplate of the commercial samples was not fully
effective in most cases, therefore. When various
thicknesses of copper were laminated to r.he outer sur-
faces(i,e., low field sides) of the as-received sam-
ples the quench current increased, reaching a limiting
value for between 80 and 120 nm of copper (270 resis-
tance ratio copper was used). The maximum quench
currents obtained with the heavy copper cladding were
approximately equal (within 200 rms A/cm) to those
obtained by cladding with the RCA tape.

Lamination with normal metal stabilizing material
on the inner or high field surface produced eddy cur-
rent heating which was large in comparison with the
superconductor loss, and this in turn resulted in
smaller quench currents than when the normal iretf.l vas
placed on the low field side. Very little normal
metal, if any, appears to be needed on the high field
surface for stabilization. For samples 13 and 14,
for example, there was only a flash of copper 5 y,m or
less thick on this surface.

The quench currents for the samples stabilized
with the outer layer of RCA superconductor are given
in Table I. For the double tape samples (7, 3.0, 12)
the observed quench currents are far less than twice
the single tape critical current values. Hie reason
for this is not clear although the effect may be due
to the extra heating which occurs when flux pa.'.sts
through the first superconducting tape to fill the
region between the superconductive tape laminations.



Sample

Single Tapes

1 IGC

3 IGC

4 IGC

6 IGC

28 IGC

29 IGC

15 KB

21 CSCC

22 CSCC

24 CSCC

25 CSCC

Double Tapes

7 IGC

10A IGC

10B IGC

12 KB

13 KB

14 KB s

Motes

Critical Currents

Cladding
Thickness
per side

1) 20 nm Cu
2) 38 (im Cu

50 nm Cu

25 nm Cu

50 lira Cu

254 nm Cu

1) 127 jm SS
2) 244 ;im Cu

33 |im Cu

2.5 pm Ag

2.5 Hm Ag

2.5 |im Ag

2.5 |im Ag

33 nin Cu

38 nn Cu

38 urn Cu

33 |im Cu

1} 5 nm Cu
2) 58 ixm Cu
3) 58 um Cu

ame as 13 KB

a) Thickness for single tapes does
only. For CSCC tapes thickness

b) These samples had nearly the sai
RCA Nb.Sn tape.

TABLE

of NbjSn

Nb Sn .
Thickness8'

20

7

9

5

13

14

5.5

6

7

10

2

16

12

7

5.5

5.5

5.5

- 24

- 12

- 20

- 8

- 17

- 20

- 6

- 8

- 10

- 15

- 4

- 24

- 17

- 10

- 6

- 6

- 6

I

Tapes at 4.2

Critical
Current
rms A/cm

3500

2300

3150

1900

3100

3500

2700

1500

1300

1800

900

3800

4100

2450

3000

2650

2500

K, 6C Hz

Crlt. Current
Density, J.
106 A/cm

2.1 -

2.7 -

2.2 -

3.4 -

2.6 -

2.4 -

6.4 -

2.7 -

1.8 -

1.7 -

3.2 -

2.2 -

3.4 -

3.5 -

7.1 -

6.3 -

5.9 -

2.5

4.6

4.9

5.4

3.4

3.4

6.9

3.5

2.6

2.5

6.4

3.4

4.8

4.9

7.7

6.8

6.4

Quench Current of
Composite (incl.
RCA Cladding)

rms A/cm

4000

3200

3800

3200

4000b)

3900b)

3150

2200

2000

2450

2350

5200b)

4400

not measured

4100

not measured

not measured

not include Kb core. For double tapes., thickness is that of one tape
is given for one Nb3Sn surface only,
ne quench currents (+ 200 A/cm) with 250 ym copper cladding instead of

Fig. 3
thickne

8 12 16 20 24
NbjSn THICKNESS (>m)

- Critical current per unit width vs. NbjSn
ss. — IGC tapes, ... KB tapes, CSCC tapes.

The temperature dependence of the critical
current was measured for samples 10 and 13. The re-
sults are plotted in Fig. 4. The data appear to fit
a 1 - (T/Tc)

2 curve better than the 1 - T/Tc curve
sometimes found for high field measurements. This
temperature dependence was found to be consistent with
ac loss measurements in the case of sample 13. The
extrapolated critical temperature was 16.6 K for the
data shown. The actual ,T of sample 13 was determined
by inductive measurement to be 17.7 K + .2 K (transi-
tion mid-point).

CONCLUSIONS

It is possible with standard commercial techniques
to produce Nb-Sn tapes with 60 Hz quench currents in
excess of 5000 rms A/cm at 4.2 K. At 8 K the ob-
served decrease of this value was about 20%. Thus,
for cable designs with 500 rms A/cm normal rating at
temperatures around 8 K large overloads can be hand-
led without the conductor going normal. Further in-
creases in quench current appear to be more icaUily
obtainable with thicker Nb3Sn layers than by lamina-
tion. Stabilization is most advantageously achieved
by normal metal lamination on the low field side of
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Fig. 4 - Critical current vs. temperature.
o - sample 10, • - sample 13. Points marked L were
measured in liquid helium.

the tape; little if any normal metal appears to be
necessary on the high field surface.
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