
Paper to be presented at the 1974 Applied Superconductivity Conference, Oakbrook, Illinois,
September 30, October I, 2, 1974.

AC LOSSES OF NbjSn*

BNL 19260

J. F. Busslere, M. Garber and M. Suenaga+

ABSTRACT

60 Hz losses were measured at 4.2 K in a number
of Nb^Sn rods And tapes produced by the bronze-
dit'fusion process and in commercial Nb3Sn tapes. At
Lou fields (£900 Oe), losses vary by more than two
orders of magnitude among Che different samples and
are relaced to surface topography. At high fieldB
(-22 kOe) the variation among samples is much less,
and depends mainly on the bulk critical current den-
sity Jc. The losses are analyzed quantitatively in
terms of the critical state model, including a sur-
face current.

I. INTRODUCTION

It has been established recently that suitably
prepared laboratory samples of Nb3Sn can exhibit very
low losses at power frequencies both at 4.2 K1 and
higher temperatures.2 Commercial tapes usually have
large parasitic losses due to the presence of non-
essential cladding materials (solder, nickel, stain-
less steel, etc.).* For commercial tapes in which
these are removed, very low losses have been observed
between 4.2 and 15 K.* These results, together with
the Large self-field ac critical currents observed in
.\b3S0 tapes5 make this material an attractive one for
power transmission applications,6

In this paper we present 60 Hz losses measured
in bare commercial Nb3Su tapes and in Nb3Sn prepared
by the bronze solid-state diffusion process.! The
losses are analyzed in terms of the critical state
model assuming a bulk critical current density Jc and
a surface barrier, AH, which are Independent of
magnetic field. The surface barrier AH is related
qualitatively to observations of the surface topo-
graphy and Jc is compared with experimental critical
current measurements.

II. EXPERIMENTAL

Samples. A number of tin-diffused tapes were obtain-
ed from Intennagnetics General Corp. (IGC) (samples
IGC 1,4,6) and Kawecki-Berylco Industries (samples
KB 15,16). These tapes consist of a single layer of
Ntr-17. Zr reacted on both sides with liquid tin Co
form Nb3Sn. Sample KB-16 Is of rather old stock and
was made from pure niobium. The vapor-deposited
tapes were obtained from RCA (which is no longer
producing NbjSn tapes), and Canada Superconductor
and Cryogenics Co. Ltd. (sample CSCC-Zl). They
consist ot a layer of Nb3Sn deposited around a
Hostclloy substrate. The bronze-diffused rods (0.32
cm dia.) were made by co-drawing a niobium rod in a
Cu-Sn bronze jacket followed by a vacuum heat treat-
ment.' Sample A-17 wac prepared by reacting pure
niobium in a Cu-4.6 at.7. Sn matrix at B00oC for 10
hours and sample A-l for 64 hrs. in a Cu-4.6 at.% Sn
matrix. Sample BT-19 is a 1.27 cm wide tape prepared
by the "picture frame" technique.? This consists of
co-rolling a sheet of niobium between two sheets of
Cu-Sn bronze (7.4 at.X Sn). The rolled assembly was
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then slit to 1.27 cm width and reacted in an
atmosphere at 800°C for 20 hrs.

All cladding materials were removed from Che
surfaces by chemical etch. The thickness of

Sn observed from optical micrographs on each
sample is given in Table I. The large uncertainty
for some of the thicknesses is due mostly to large
inhomogeneitles and variations along the samples (see
for example Fig. 1 of Ref. 5). The experimental
values of Jc listed in Table I were deduced from self
field critical current measurements on the same sam-
ples.5

Loss Measurements. The measurement technique has bc-en
described in detail elsewhere3 and will be summarized
briefly here. The samples were placed in a uniform
alternating magnetic field which was parallel to the
flat surfaces of the tapes or to the axis of the cyl-
inders. The tin-diffused and bronze-diffused tapes
were mounted so as to induce currents along their
length in opposite directions on each side. Short
pieces of the vapor deposited tapes were placed on a
square form side by side so that the length of the
tape was parallel to the field. For peak surface
fields, Up(0e), smaller than that required for full
penetration, the surface current density c is given
by: <j(rms A/cm)«10 Hp/4rr/2'.

Loss voltages for the tapes were obtained from
two pick-up coils wound adjacent to the Inner and
outer tape surfaces and connected In series opposi-
tion. For the rodB a pick-up coil of 800 turns was
wound directly over the central part of the specimen.
The losses were obtained from an electronic wattmeter
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Fig. 1. 60 H- l o s s e s of three t in -d i f fused commercial
tapes . The s o l i d l i n e s are theore t i ca l curves ban,-u
on equation ( 2 ) .
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Description

Tin-diffused
commercial tapes

Vapor-depos i ted
commercial tapes

Bronze-diffused
cylinders

Bronze-diffused
cape

Sample

IGC-1
IGC-4
IGC-6
KB-15
KB-16

CSCC-21
RCA-21196

A-l
A-17

BT-19

Thickness of
Nb3Sn Layer/Side

(Mm)

10-12
4.5-10
2.5-4
2.8-3
2.8-3

6-8
6-8

2-5
2.5-3.0

5-7

Experimental**'

Jc (10
6A/cm2)

2.1-2.5
2.2-4.9
3.4-5.4
6.4-6.9

2.6-3.6

-

•

Theoretical^

Jc (10
6 A/cm2)

1.7
1.5
3.6
6.5
3.9

3.5
2.6

14.0
13.0

8.0

Theoretical<c)

Jc (10
6 A/ca2)

1.6
1.4
3.4
4.7
3.3

4.0
2.3

8.0
5.0

5.6

c c

(rms A/cir.)

100
200
100
340
250

300
180

450
600

340

<n) From sclf-f lclu I c mcanurcmcnto (Ref. 5); (b) From loss data at 1000 rms A/cm, assuming ii!l«0
(equation 1); (c) Obtained by fitting equation (2) to loss data.

which multiplied the pick-up coil voltage by a signal
proportional to the magnetic field, and averaged this
product. All measurements reported here are for 60 HE
and 4.2 K.

III. RESULTS AND DISCUSSION

60 Hz Losses. Figures 1-3 show 60 Hz losses vs in-
duced current for the tin-diffused, vapor-deposited,
and bronze-diffused NbjSn respectively. Figure 4
shows a comparison of losses of a number of com-
mercial tapes and bronze-diffused Nb3Sn. In all but
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Fig. 2. 60 Hz losses of two vapor-deposited commercial
capes. The Bolid lines are theoretical curves based
on equation (2).

two samples (CSCC-21 and A-l) the behavior of loss vs
current can be summarized as follows, In the low loss
region (~1 HW/cnr) the loss increases rapidly with
current (slope >3). As the current is Increased the
slope decreases and tends towards ~3. In samples
CSCC-21 and A-l the slope docs not decrease with cur-
rent. At 500 nns A/cm the best commercial tapes give
losses of 9 and 11 MW/cm2 (samples KB-15 and CSCC-21
respectively), the bronze-diffused t^Sn yields losses
between <1 MW/cm2 and 8 MW/cn2 (samples A-17 and BT-19
respectively).

1000
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i—r
r<rc « 340 rms A/cm

° BT-19 { j c S 5 .8x l0 6 A/cm2

fir. *450rms A/cm
* A ~ ' K ' 8 x ) 0 6 A/cm2

D A-17 /°"c '600 rms A/cm
We =5»l06 A/cm2

300 400 500 600 800 1000 1250
INDUCED CURRENT (rms A/cm)

Fig. 3. 60 Hz lossef of bronze diffused Nb3Sn. The
solid lines are theoretical curves based on equation
(2).
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0s.) If AH and Jc are assumed to be independent of
magnetic field Che loss per unit area, p, is given
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Fig. 4, 60 Hz losses of eonmercial and bronze diffused

Comparison with Critical State Models. According to
the Bean model** the U'so per unit area, p, for a
superconductor of critical current density Jc(A/cm^)
subjected to an alternating magnetic field of fre-
quency f (Hz) and peak value Hp (Oe) 1B given by:

(X)p(W/cm2) - 5xlO'7 f H3/l2n2Jc

For a current of 500 rms A/cm (Hp«888.6 Oe) and a loes
of 1 MW/cm2 this model predicts Jc~2xl0

8 A/cm2 and a
field penetration of ~400A. This calculation is a
clear indication that equation (1) is not applicable
for losses of this level. Even for losses ten times
greater the penetration deduced from equation (1) is
of the order of a penetration depth and the cal-
culated Jc~-2xl0^ A/em

2 is much greater than measured
values for samples exhibiting these levels of losses
(KB-15, CSCC-21, see Table I).

As the current is increased, however, flux will
penetrate deeper into the bulk and equation (1) can
be expected to become a better approximation. Table
I lists values of Jc calculated from equation (1)
using the loss data at 1000 rms A/cm. These values
are in reasonable agreement with Jc (listed in Table
I) deduced from self-field critical current mea-
surements.^ We may conclude therefore Miae at low
fields currents flow near the surface in a region
which is thin compared with vortex spacing and hnnce
the critical state model does not apply. At larger
amplitudes these surface effects become less impor-
tant and the behavior predicted by the critical state
model is approached. As a first approximation, to
take Into account surface effects, one can assume
that a surface region of negligible thickness can
shield a certain field AH (Oe) or can y a surface
critical current density oc where ac-lC &H/4TTJ? (rms
A/cm). (In Ref. 4 the quantity o c «aa denoted by

p(W/cmZ)-(5xl0~7/12n2Jc)f|;(H -AH)
3+3AH(H -£ (2)

The solid lines of Figs. 1-3 were calculated from
equation (2) using values of Jc and AH (or oc) given
In the figures and listed in Table I. We note that
except for samples CSCC-21 and A-l, at low fields,
equation (2) reproduces the data very well. The Jc
values deduced from this analysis are somewhat lower
than those deduced from equation (1) at 1000 rms A/cm
however and generally do not agree as well w< ~h the
experimental data. This nay be an indication that AH
decreases with magnetic field,11 so that the effect of
AH in equation (2) Is somewhat overestimated at high
fields. The fact that the theoretical values of Jc in
either case are lower than the experimental can be
attributed to a decrease of Jc near the surface of the
sample Bince the loss data measure only part of the
sample whereas the critical current is for the entire
sample. This 1B supported by the fact that the dis-
crepancy is greater for lnhomogeneous samples with
very rough surfaces such as IGC-4 (see Fig. 1, Ref.
5).

Surface Topography. The surface currents introduced
phenomenologically above to explain the behavior of
loss vs applied field can be attributed to a number of
interactions occurring at the surface, such as
Helssner currents, surface pinning, and image
forces.12 The magnitude of these interactions will
presumably be affected by grain size which is known
to affect pinninglS as veil as surface roughness which
causes enhancement of field at the peaks. The surface
topography can be deduced qualitatively from scanning
electron micrographs such as shown in Fig. 5. Sample
IGC-1 which exhibits large losses at S00 rms A/cm
(120 MW/cm2) is seen to have a rough granular surface
(grains with diameters between 1-5 Mm)(Fig. 5a). The
low loss sample KB-15 on the other hand has a much
smoother surface (Fig. 3b) although still granular
(diameter ~0.1 Mm) in appearance. The lossy RCA tape
(55 nH/cm* at 500 rms A/cm) has a porous spongy sur-
face (Fig. 5c), whereas the lower loss CSCC-21 sample
has a much smoother surface texture (Fig. 5d).

The bronze tape BT-19 (Fig. 5e) is seen to have
a surface consisting of small crystals protruding
from the surface. The very low loss sample A-17 shows
very few of these crystals (Fig. 5f). The surface has
a considerable number of defects due to cold-working
in the original niobium rod (not shown in Fig. 5f).
However on a fine scale (<0.1 Mm) the surface is very
smooth,

IV. CONCLUSION

Loss vs current curves have been measured for a
variety of laboratory and commercial NbjSn samples.
In general the behavior can be described in terras of
a surface current (or equivalent surface barrier AH)
which leads to very low losses at low currents, plus
the usual bulk critical current density, Jc, which
determines the losses at higher currents in accordance
with the critical state model. The very lov losses
observed previously in laboratory samples'- are due to
large values of the surface current as well as 01 Jc.
The surface current was found to be correlated with
surface topography of the samples as observed by means
of scanning electron microscopy. It appears then that
one of the chief requirements for low losses in Nb3Sn
besides a high Jc is a smooth surface on a scale oi a
fraction of a micron.

t



(a) Sample IGC-1 (b) Sample KB-IS (c) Sample KCA-2119B

(d) Sample CSCC-21 (e) Simple BT-19 (f) Sample A-17

Fig. 5. Scanning electron micrographa (taken «t SOOOx) of six NbjSn
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