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Measurements of the Effects of Compressive Loading
on the Narrow Side of the HTS TAPE

S. Joshi, J. Cozzolino, R. Gupta and W. Sampson

Abstract— Brookhaven National Laboratory (BNL) is involved in
building high field magnets wound using Second Generation (2G)
High Temperature Superconductor (HTS) tape. Certain magnet de-
signs demand a load on the narrow edge of the tape approaching 170
MPa. While significant experimental data is available on the perfor-
mance of the 2G HTS tape under radial and azimuthal stresses [1],
limited experimental data is available for the load on the narrow
edge of the tape. To validate the design of a 25 Tesla, 100 mm cold
bore Non-Insulated (NI) HTS solenoid, a series of compressive tests
were performed on coils wound using 12 mm 2G HTS tape from
SuperPower with an Hastelloy substrate thickness of 50 um and var-
ying copper stabilizer layer thicknesses of 65um, 40um, and 20 pm.
This paper summarizes the initial design, several iterations, and re-
sults in the development of this test to simulate the conditions of the
coils in a solenoid energized to 25 Tesla.

Index Terms— Compression Testing, High Field Magnets, Nar-
row Edge, 2G HTS Conductor.

. INTRODUCTION

HE Institute of Basic Science (IBS) in South Korea

awarded a contract to the Superconducting Magnet Divi-
sion (SMD) at Brookhaven National Laboratory (BNL) to de-
sign, build and test a 25 Tesla, 100 mm bore solenoid [2] for
experiments in their search for dark matter axions. The solenoid
design is based on a 14 double pancake, no insulation, single
layer, HTS magnet wound with 12 mm wide SuperPower 2G
HTS (see Figure 1) tape with 20 micron copper and 50 micron
Hastelloy. The HTS tape architecture is shown in Figure 2. Lo-
rentz force simulations, using ANSYS finite element software
[3] show that parts of the magnet will be subjected to orthogonal
coil stresses in the axial direction (compressive stress on the
narrow edge of the conductor) up to 167 MPa (see Figure 3).
Studies on the effects of orthogonal stresses on conductor/coils
in the radial and azimuthal directions (on wide face of the con-
ductor) examined by Y. Zhang, et al. show that SuperPower 2G
HTS tape with 20 micron copper and 50 micron Hastelloy can
withstand stresses approaching 1000 MPa - validating the ra-
dial and azimuthal stress requirements - before reaching its
0.2% yield limit [1] (see Figure 4). Data on the effects of or-
thogonal stresses on conductors/coils in the axial direction (on
the narrow side of the conductor) is only available in the litera-
ture for stresses up to 107 MPa on 4 mm wide SuperPower 2G
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HTS tape with 40 micron copper and 50 micron Hastelloy -
from a setup previously developed and tested at BNL [4].
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Fig. 1. Major components of the 25 T, 100 mm bore HTS solenoid that
BNL is building for IBS [2]
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Fig 2. SuperPower 2G HTS 40 micron Copper conductor ta;;e architecture [5]

To validate the conductor choice for the IBS high field sole-
noid, BNL fabricated an experimental cryogenic (77K) com-
pression setup that would replicate the mechanical stresses the
conductor and coils in the IBS magnet would experience in the
axial direction during operation.
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Fig 3. Mechanical analysis of the 100 mm bore, 25 T HTS solenoid
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Fig 4. Calculated (dashed line) and measured (solid line) stress-strain curves [1]
at 77 K for 2G HTS wire on 50 pm thick Hastelloy substrate and with variation
in electroplated Cu stabilizer thickness

Il. EXPERIMENTAL SETUP

The initial tests were conducted on SuperPower 2G HTS 65
and 40 micron copper conductor. During the course of these
compression loading tests, it was apparent that modifications in
the design of the compression setup were required to develop
an apparatus that would better simulate the conductor being
structurally loaded in a coil wound and captured in the proposed
IBS solenoid. The final support structure applies even axial load
on the narrow face of the conductor simulating mechanical load
conditions of an energized 25 T IBS solenoid. A CAD rendering
of the basic fixture is shown in Figure 4.

The hydraulic cylinder used was an ENERPAC RCH-302
Hollow Plunger Cylinder [6] that was manually pressurized and
depressurized using an ENERPAC P-80 Hydraulic Steel Hand
Pump [7]. Compressive pressure was measured and recorded
using a WIKA MODEL A-10 Pressure transmitter [8] (see Fig
4).

The current source used was a Hewlett-Packard 6680A 5
Volt /875 Amp / 5 kW System DC Power Supply [9] modified
to 3.3 Volt / 1000 Amp. Voltage was acquired through a
Hewlett-Packard 3457A Multimeter [10] and recorded using an
in-house HTBasic data acquisition program. Figures 5 shows
the final test setup.
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Fig 5. CAD rendering of the compression fixture
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Fig 6. Compressions fixture setup

I1l. COIL HOLDER EVOLUTION

The samples were coils wound using SuperPower 2G HTS
conductor of 65, 40, or 20 micron Copper Stabilizer thickness
with an inner diameter (ID) of 38.1 mm and an outer diameter
(OD) of 48.26 mm. The sample coil holder evolved from a Kev-
lar and Epoxy outer wrap to a series of Aluminum coil holders
to eventually a Stainless Steel coil holder (see Figs. 7 — 10).

Fig 7. Kevlar wrapping reinforced by Epoxy

The Kevlar and Epoxy outer wrap coil holder was quickly
abandoned because it was time consuming to wrap and dry and
inefficient to rewrap and dry after every inspection. It was also
assumed that the wrap provided extra mechanical stability and
shared the load with the samples, discrediting results.

Fig 8. Aluminum outer ring (12 mm wide)

Compared to the Kevlar and Epoxy wrap, the 12 mm wide
aluminum outer ring proved to be efficient to remove and install



and was reusable. However, we couldn’t guarantee that there
was an even compressive load distribution across the narrow
edge of the coil.

Fig 9. Aluminum outer ring and two “free-floating” pistons

Adding two “free-floating” pistons to the top and bottom of
the coil allowed for even force distribution across the narrow
edge. The width of the outer aluminum ring was increased to
25.4 mm to accommodate the pistons.

However, as compressive loading was increased beyond 140
MPa, the aluminum coil holder pieces showed mechanical de-
formation.

Fig10. Stainless steel coil sample holder with two 0.127 mm thick Nomex caps

The material of the coil holder was changed from aluminum
to stainless steel. Two 0.127 mm thick Nomex caps were added
to the coil holder setup to ensure electrical isolation during 77
K tests. From the 3" coil wound using 40 um Copper stabilizer
conductor onwards, a stainless steel coil holder was used during
77 K tests. Voltage taps were insulated using 0.05 mm thick
Kapton tape.

IV. RESULTS AND DISCUSSION

A. SuperPower 2G HTS 65 pm Cu

Four 43 turn, no insulation, single layer coils were wound
using 65 pum Copper stabilizer thickness conductor. These ini-
tial coils were integral for developing the test setup. However,
they did not provide any data that can be comparable to later
tests with coils wound using 40 and 20 pum Copper stabilizer.

An important observation discovered during initial testes
with the 65 um Copper stabilizer coils was that once a certain
compressive loading was reached for the coil, an acoustic event
occurred from the Dewar in the form of a “bang” sound. The
acoustic event coincided with a sharp rise in voltage — signify-
ing that the coil has reached its mechanical limits.

B. SuperPower 2G HTS 40 um Cu

Four 50 turn, no insulation, single layer coils were wound
using 40 um Copper stabilizer conductor. Starting with the 31
40 um Copper stabilizer coil, the same stainless steel coil sam-
ple holder was used for all future coil during the 77 K tests.
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Fig 12. V vs MPa for 3rd 40um Coil — shows recovery characteristics

As the compressive loading on the 3@ 40 um Copper stabi-
lizer coil was slowly increased to 208 MPa, an acoustic “bang”
was heard, and the coil voltage jumped up by 870 V. As can
be seen in Figure 11, the acoustic event was followed by a sharp
rise in voltage. The 4™ 40 um Copper stabilizer coil showed
similar behavior leading us to conclude that 200 MPa of com-
pressive loading is the limit for stresses on the narrow side of a
coil wound using 40 um Copper stabilizer conductor.

As can be observed in Figure 12, the 3 40 um Copper sta-
bilizer coil showed an interesting recovery characteristic when
the compressive load was taken off. It would be of scientific
significance to further investigate the effects of compressive
loading on the superconducting lattice within the 2G HTS tape.

C. SuperPower 2G HTS 20 pm Cu

One 72 turn (9.77 meters of conductor — only 10 meters of
the required 20 um Cu conductor was available during the test-
ing timeframe), no insulation, single layer coil using



SuperPower 2G HTS 20 um Cu conductor was wound and sub-
jected to compression tests at 77 K in the stainless steel coil
sample holder used for the 3 and 4™ 40 um Copper stabilizer
coils. The pre-compression I¢ for this coil, using the 1puV/cm
parameter, was determined to be approximately 141 A (977uV
— the coils I¢ threshold voltage).

The compressive loading was ramped from 0 up to 163 MPa
at 138 A (see Fig 13); there was a rise in resistive voltage by
approximately 20 pV, well within performance limits (977 Vv
for this coil).

The compressive loading was then ramped up to 210 MPa at
138 A, there was a rise in resistive voltage by approximately 50
pV, well within performance limits (977 pV for this coil).
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Fig 13. 20um Coil compression behavior at 138 A

As the compressive loading was ramped up to 232 MPa at
138 A (see Fig. 14), an acoustic event was heard followed by a
rise in resistive voltage by approximately 800 uV — leading us
to conclude that 230 MPa of compressive loading is the limit
for stresses on the narrow side of a coil wound using 20 um
Copper stabilizer conductor. As can be observed from Figures
13 and 14, over multiple cycles, the coil performance remained
steady up until 220 MPa. Above 220 MPa, an onset of degrada-
tion was observed. Compressive pressure was maximized at
232 MPa.
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Fig 14. 20um Coil compression behavior at 138 A

By the end of the second day of compression testing and ther-
mal cycling, the coil’s Ic had been reduced from 141 A to 122
A; a 19 A decrease, 13.5% less than its virgin I.. When the coil
was subject to pressures calculated for the IBS solenoid, there
was little to no performance degradation on the coil. When the
coil was subjected to pressures beyond those calculated for the
IBS coil, performance degradation was observed, but the coil
still performed within limits in the margins set for the project.

20 pm Cu Superpower @ 135 A

220 1200
+ ’
200 | —MPa [ 1150
| -
180 ,‘ Coil (uV) 1100
=160 ‘
; | 1050
S 140 \
= \ 1000

b
Coil Voltage (nV)

[}
=]

=

<

-

@ 2

Z 100

2 ]

z 900

g 80 \

é 850
40 800
20 / 750

0 700

Fig 15. V vs MPa for 20um Coil during compressive load cycling

As can be observed again in Figure 15, the 20 um Copper
stabilizer coil showed similar recovery characteristic to earlier
40 um Copper stabilizer coils. Further investigation will be re-
quired to better understand this phenomenon.

V. CONCLUSION

Throughout the tests, new compression testing apparatus and
procedures were developed. They allowed for the testing of the
SuperPower 2G HTS 20 um Cu conductor under stress loading
conditions similar to those the conductor may experience in the
IBS solenoid at 25 Tesla. The conductor was thermally cycled
multiple times and was put through rigorous compression load-
ing cycling over a period of time at pressures and I, margins
beyond the pressures and I, margins established for the IBS
magnet.

It was concluded that 200 MPa of compressive loading is the
limit for stresses on the narrow side of a coil wound using 40
pm Copper stabilizer conductor and 230 MPa of compressive
loading is the limit for stresses on the narrow side of a coil
wound using 20 pm Copper stabilizer conductor.
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