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Abstract

We focus on a react and wind Bi-2223 conductor with a pure silver matrix. The stress—strain—critical current relation
is determined for coils with a uniform stress distribution, at 4.2 K and 19 T. Somewhat surprisingly, the coils fail at a
Lorentz force induced strain value close to the value for uni-axially loaded straight samples. This implies that bending
strain is only partially retained due to the plastic nature of the pure silver matrix. Also, a double-pancake coil with a 15
mm winding thickness, resulting in a non-uniform stress distribution, is tested at 4.2 K and 19 T. The coil current
is cycled with increasing peak values and the onset and evolution of critical current degradation in the coil is
shown. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

A careful design of high-field insert magnets
requires detailed knowledge of the operational
limits of the superconductor and accurate models
predicting the strain state of the conductor [1,2]. In
this work, we focus on a react and wind Bi-2223
conductor with a pure silver matrix. The goal is to
investigate how bending strain and Lorentz force-
induced strain determine the onset of operating-
current induced critical current degradation in
insert coils. A second goal is to determine the
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strain gradient, and the location and magnitude of
the maximum strain within the windings. This de-
pends on the degree to which turns are mechani-
cally coupled.

The Bi-2223 conductor used in this study is
fabricated using the PIT process, resulting in a 61-
filament conductor of 0.32 x 4.09 mm? cross-sec-
tion with a ductile pure-Ag matrix. The heat
treatment is carried out with the conductor at
0.55 m diameter. The self-field /. ranges from 110
to 135 A at 4.2 K.

2. Experimental approach

All I, measurements take place at 4.2 K in a
resistive magnet at the NHMFL, which is equipped
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Table 1
Properties of Coils A, B and C

Coil Inner diameter Outer diameter Winding thickness  # turns Height Conductor 1. (19T) (A)
(mm) (mm) (mm) (mm) length (m)
A 97 100 1.2 6 9 1.8 36.5
B 155 158 1.2 6 9 2.9 40
C 97 128 15.4 80 8.8 28.2 35
with a 0.165 m cold-bore cryostat. /. is determined 70
using the 10~* V/m criterion. 60
Three coils are wound, each double pancakes T ,f
from a single section of conductor and with = 90 P -
Kapton tape of 0.033 mm thickness as insulation. % 40 ;;?
Two coils, A and B, are wound with 1.2 mm - 30 A{ )/
winding thickness to ensure uniform stress and § ;/ ff' /}'?
strain within the coils. Coil C has a 15.4 mm > 20 P,
winding thickness resulting in significant gradients 10 }f’]
in stress and strain. Table 1 introduces the main . /4

parameters of the coils.

Manganin wires of 0.13 mm diameter are
wound on the outer turns as strain gauges. This as-
sembly is then vacuum-impregnated with Stycast
1266. The manganin wire shows a +0.49% resis-
tance change per % strain at 4.2 K. Magneto-
resistance is —0.273%/T at 4.2 K for B > 5 T. The
self-field magneto-resistance contribution to the
signal is subtracted.

At 19 T, the operating current is cycled between
zero and increasingly higher peak values, until the
critical current is severely degraded. The strain
measured at 0 A is taken as the plastic component
of the strain at the previous peak current.

3. Results

For uni-axial tensile tests, bare conductor is
instrumented with a strain gauge wire over the
entire length between the grips, insulated with
Kapton and vacuum-impregnated with Stycast
1266, using the same process as used for the coils.
At 4.2 K, the conductor can be tested to 59 MPa
and 0.27% strain in the manganin wire, before
yield or slipping occurs at the grips (see Fig. 1).
The conductor shows significant plasticity as the
residual strain is about half of the applied strain.
The stress is calculated using the cross sectional

0.00% 0.10% 0.20% 0.30%
strain (%)

Fig. 1. The stress—strain curve of the conductor with Kapton
tape and manganin wire in uni-axial tension at 4.2 K. The strain
is determined using a manganin wire and is calibrated against
an extensometer and the grip displacement of the tester.

area of the conductor plus insulation, and is cor-
rected for the force on the manganin wire. We
estimate that the UTS is 61 MPa at 0.28-0.29%
strain for the conductor with Kapton insulation.

3.1. Bending

For a perfectly elastic material with thickness ¢,
the surface bending strain can be calculated as ¢/D,
where D is the bending diameter. Since the thick-
ness of the filament zone is about 0.7 times the
conductor thickness, we assume that the strain on
the outer filaments is 70% of the nominal surface
bending strain. However, the conductor shows
elastic—plastic behavior. We assume that, for de-
formations that do not result in significant 7, de-
gradation, the matrix exhibits some plastic yield,
thereby releasing some of the bending strain on the
filaments. To quantify this, several pieces are
wound to one turn at a specific smaller radius
and released. About 55% of the calculated elastic
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Fig. 2. I, and strain in Coil A plotted versus the operating current. Lines between datapoints are a guide to the eye.

surface strain is released by plastic yield of the
matrix, corresponding to a retained strain of 34%
for the outer filaments.

Coil A failed at an operating current of 61 A
and a measured Lorentz force induced strain of
0.26 and 0.27% for the respective pancakes. The
residual strain is around 0.13%. An increase of the
maximum operating current to 62 A leads to a
dramatic increase in strain, including residual
strain (see Fig. 2). At 61 A the average stress in the
windings is 62 MPa.

Coil B was operated to a maximum operating
current of 81 A, corresponding to a strain of
0.24%, without reaching its UTS. The residual
strain after 81 A, equivalent to an average stress of
48 MPa, is 0.12%. The current leads separated
from the outer turns at 77 A, when ramping to-
wards a new peak value, terminating the experi-
ment.

The voltage tap positions of Coil C are labeled
A through E for both the top and bottom pancake.
Voltage taps span between these positions as in-
dicated in Table 2. Table 2 and Fig. 3 present the
onset and development of degradation in Coil C as
a function of the operating current at 19 T. A
thermal cycle after 54 A causes a few percent I,
degradation. The subsequent slight increase in /.
for the outer sections is the result of magnetization
due to the high operating current. As the Lorentz

Table 2

Properties of Coil C
Section Radius (mm) 7. (19T) (A) 1. (A)
Inner (A-A) 48.8-49 26* 47%
AB bottom 49-52 38.2 60.5
BC bottom 52-55 36.5 67
BC top 52-55 333 67
CD bottom 55-58 329 81
CD top 55-58 39.2 80
DE bottom 58-61 353 86
DE top 58-61 37.3 86
Whole coil 48.6-64 35 62

#Values are lower than expected because of handling dam-
age.

force loads increase, critical current degradation
spreads from the inside to the outside of the coil,
with little variations between the individual pan-
cakes. Note that after an operating current of 90
A, all sections show an I, of 20-25% of the starting
value, but that the inner sections show a more
gradual degradation. The datapoints at 71 A do
not seem to follow the trend of the other data-
points. This may be related to a change in strain
rate, required to prevent thermal runaway. Strain
data was recorded during some of the above
measurements. From the available data we ob-
serve that increasing the peak current from 85 to
90 A corresponds to an increase in residual strain
of 0.2 +0.1% to 1 4+ 0.1%.
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Fig. 3. Normalized /s in sections of Coil C and the coil as a whole in a 19 T background field, versus the maximum operating current.

Lines between datapoints are a guide to the eye.

4. Discussion

Coils A and B are wound to radii that result in 7,
degradation from 8% to 14% in short samples
bend to the same radius. However, these coils
sustain at least an additional 48 MPa Lorentz
force-induced strain before further degradation
occurred. Coil A fails at an average stress which is
very close to the limit in uni-axial tension. The
measured critical Lorentz force-induced strain in
Coil C is 0.26-0.27%, slightly below the estimated
maximum uni-axial strain of 0.28-0.29% in insu-
lated conductor. The difference is comparable to
the estimated bending strain on the outer filaments
of 0.014%, but also comparable to the estimated
margin or error.

Coil B, with an estimated maximum bending
strain on the filaments of 0.08%, can be operated to
a Lorentz force-induced strain of at least 0.24%
and 48 MPa without overall failure and associated
plastic deformation. This is a higher sustainable
stress—strain level than the uni-axial limit minus the
maximum bending strain. It appears that either
the Lorentz force-induced strain releases some of
the bending strain by plastic deformation of the
matrix, or that the temperature rise associated with
soldering leads to the coil anneals the conductor.

Coil C shows a clear pattern of I, degradation
starting at the inner turns and progressing outward
with increasing load. This is consistent with turns

that are mechanically coupled and can be consid-
ered, in first approximation, as mechanically iso-
tropic [3]. The independent turn, or JBR model,
predicts the location of highest strain in the outer
turns, also when considering bending strain, and is
therefore not correct. A generalized plane strain
model is expected to be more suitable to predict
the stress—strain state [4]. As the inner sections
reach their UTS, any further increase in load is
carried by the next section outward, limiting the
yield and /. degradation of the inner section. There
is no such support for the outer sections, explain-
ing the sharp /. degradation and large plastic yield
when the critical strain is reached.

5. Conclusion

A study is presented on influence of bending,
uni-axial tension and Lorentz force-induced strain
on the properties of a react and wind Bi-2223/Ag
conductor. In bending, the conductor shows elas-
tic—plastic behavior, which reduces the maximum
stain on the filaments to about 34% of the elastic
surface strain. Two thin insert coils with a wind-
ing radius that causes about 10% bending strain
degradation, sustain at least 48 MPa Lorentz
force and 0.24% induced strain before further
I. degradation occurs. A coil with 15 mm radial
build degrades from the inner radius outward with
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increasing load. This is consistent with mechani-
cally coupled turns.
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