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Abstract
Nb3Sn superconducting wire is sensitive to strain, which degrades
electromagnetic performance. The substantial operation degradations found
during ITER model coil tests of high current Cable-in-Conduit Conductors have
given rise to research aimed at understanding the mechanisms behind the
degradations due to bending, transverse, and axial strains. The degradation of a
single Nb3Sn strand under pure bending is the focus of this thesis. Pure bending
tests have been conducted to quantify the degradation for the ITER Nb3Sn
strands. Based on the previously developed pure-bending sample holder for up to
0.8%, two improved types of sample holders were developed to cover purebending strains up to 1.4%. The test probe held two sample holders, with two
strand samples in each sample holder. Bending errors and Lorentz force effects on
the sample holders were evaluated. Critical current measurements as a function of
bending strain between 0 and 1.4% were performed for ITER Luvata and Oxford
internal tin wires at 15 T at the National High Magnetic Field Laboratory, FL.
It was found that eliminating the thin support walls used in the low bending
sample holder allows for the desired higher strains to be applied to the sample
while still supporting the strand against the Lorentz load. Under a strain of 1.3%,
both types of samples experienced about a 60% loss in critical current. During
cyclic bending up to 1.4%, Luvata samples lost about 50% their critical current
performance.
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Characterization of Nb3Sn Superconducting
Strands under Wide Range Pure Bending Strain

Chapter 1. Introduction
The niobium-tin (Nb3Sn) compound is a low-temperature superconductor whose
qualities are well-suited for use in the International Thermonuclear Experimental
Reactor (ITER) presently being constructed in Cadarache, France. During
operation, a reactor such as this produces strain conditions to which the Nb3Sn
wire is sensitive. A substantial amount of research has been conducted to
understand the effects of strain on the Nb3Sn superconductor with the goal of
satisfying the requirements of ITER.
This thesis details the design and testing of a new variable-strain sample holder
capable of applying high pure bending strain to superconducting strands. Results
from this testing are discussed, along with the results of analysis assessing the
bending behavior of the sample holders used.
This chapter briefly discusses the history of superconductivity, the types of
superconductors, and introduces the mechanisms behind superconductivity. ITER
is then introduced, since it motivates research on the effects of strain on the
Nb3Sn strand. Finally, the current research on the pure bending strain effects of a
single Nb3Sn strand is presented, and the results discussed.
1.1 Background of Superconductivity

In 1882, Dutch physicist Heike Kamerlingh Onnes began studying the behavior of
matter at extremely low temperatures at Leiden University. Though James Dewar
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beat him in the race to liquefy hydrogen in 1898, Onnes was the first to liquefy
helium in 1908. He was able to reach close to one degree above absolute zero.
Instead of attempting to reach lower and lower temperatures, he decided to use
liquid helium to study the properties of matter near absolute zero. During an
experiment in 1911, Onnes passed a current through a sample of pure mercury
while lowering the temperature. He found that below a temperature of 4.2 K, the
resistance disappeared [1]. He did not believe what he saw at first, and performed
the experiment again. At the time he wrote: "Mercury has passed into a new state,
which on account of its extraordinary electrical properties may be called the
superconductive state". He later found that tin and lead also become
superconducting at low temperatures, and even anticipated the creation of intense
magnetic fields with these conductors [2].
After years of research and advances in quantum physics and mechanics, a
promising theory of superconductivity was presented. This theory, known as the
BCS theory, and is named after Bardeen, Cooper, and Schrieffer [3].
Superconducting current is explained as a superfluid of Cooper pairs. Cooper
pairing is a quantum effect due to electron-phonon interactions. It describes the
phenomenon by which two electrons, which normally repel each other, can be
attracted toward one another. Electrons in the lattice of a metal normally behave
as free particles. An electron moving through a metal distorts the ion lattice
nearby, and this increased positive charge density due to the deformed lattice can
overcome the repulsive between electrons. In this way a pair of electrons can
move together through a lattice [4]. In the BCS theory these electron pairs are
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bosons, and are not restricted to obey the Pauli Exclusion Principle. The pairs are
bound by an energy on the order of 0.001 eV, and thus the pairing can be broken
by thermal energy.
1.2 Types of Superconductors

A number of elements and compounds can be superconductors, given the right
circumstances. Aside from being below a certain critical temperature (Tc), there
exists a critical current density (Jc) and critical magnetic field (Hc) requirement. If
any of these critical values is exceeded, the superconducting state will be lost
independent of the other two values. In Figure 1, a plot relating these three
parameters is shown. Only underneath this surface can superconductivity be
maintained.

Figure 1 – Typical critical surface for a superconducting material

Superconductors are often categorized by their critical temperatures into high
temperature superconductors (HTS) and low temperature superconductors (LTS).
The distinction is made at 77 K, at which point nitrogen becomes a liquid at
4

atmospheric pressure. Above this temperature a conductor is defined as HTS, and
below it, LTS. In general, LTS conductors have a critical temperature lower than
30 K [5].
Another quality unique to superconductors is the exclusion of magnetic flux from
the interior of the material while in the superconductive state. This characteristic,
called the Meissner effect, is independent of the existence of a magnetic field
within the material before its temperature is lowered past the critical temperature.
The Meissner effect is not seen in a perfect conductor. See Figure 2 [6].

Figure 2 - Illustration of the Meissner effect

Drawing attention to the left side of this figure, a conductor exposed to a magnetic
field while being brought to a low temperature will retain a residual magnetic
5

field when the external field is removed. This behavior is governed by Faraday’s
law, whereby a current is induced in the material by an external magnetic field. In
contrast, a superconductor, as seen on the right, will exclude this field with a
screening current just below the surface of the conductor [7]. After the removal of
the magnetic field, the diamagnetism remains and zero residual magnetic field is
exhibited.
The Meissner effect breaks down, however, when the screening current cannot
create a large enough magnetic field to exclude a surrounding field. Thus, when a
large magnetic field is applied to a superconductor, it will return to its normal
resistive state. The applied magnetic field required to break down the Meissner
effect corresponds to the superconductor’s critical field, Hc. See Figure 3 [8].

Figure 3 – Induced magnetic field vs. applied field for Type I superconductors [8]

At this point a distinction must be made between types of superconductors due to
differences in critical field behavior. Type I superconductors return to their
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normal resistive state abruptly when the Hc is met, whereas Type II
superconductors have two critical field values. Below the lower critical field, Hc1,
the superconducting material exhibits perfect diamagnetism as described by the
Meissner effect. Above the upper critical field, Hc2, magnetic flux penetrates the
superconducting material fully and the material is returned to the normal resistive
state. In between the two critical fields, the material will overall remain in the
superconductive state, but partial magnetic flux penetration exists in the bulk of
the material [9]. A plot of the relationship between induced magnetic field and
applied magnetic field is shown in Figure 4 [8].

Figure 4 - Induced magnetic field vs. applied magnetic field for Type II superconductors [8]

This demonstrates the high tolerance for applied magnetic field Type II
superconductors have over Type I superconductors. This may also be plotted as a
function of temperature, as in Figure 5 [10].
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Figure 5 - Critical field for Type I and Type II superconductors [10]

1.3 The Nb3Sn Superconducting Strand

The Nb3Sn superconductor is unlike normal wire in its method of production. It
cannot be simply drawn to the desired length due to its brittle nature. Instead, the
constituent raw materials are extruded from billet form until the required strand
diameter is reached. However, it is not until after the diffusion heat treatment
process that superconducting filaments are formed within the strand.
A number of processes exist for the production of superconducting strands. Three
of the relevant processes used to form Nb3Sn strands are the Bronze Method, the
Internal Tin process, and the Powder-in-Tube process. Only the Internal Tin
process will be discussed, since the wires used in this research were formed with
this method.
8

In the Internal Tin process, a copper billet is first drilled and filled with niobium
and tin rods. Combining these billets and drawing them together, a single strand is
formed. The surrounding copper stabilizer is co-extruded separately with the
tantalum barrier inside. Subsequently, the subelements are restacked inside the
barrier tube, and the assembly is drawn to the desired wire size. See Figure 6 [11].

Figure 6 - Schematic of the internal tin process [11]

Once the strand has reached its final diameter, the diffusion process is performed
in accordance with the manufacturer’s specification. This process is usually at
high temperature (above 650 °C) for more than 600 hours. During this diffusion
process, the tin at the core of each subelement diffuses through the copper matrix
and reacts with the niobium.
A closer look at a single Nb3Sn reveals these components. See Figure 7.
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Figure 7 - Cross-section of a reacted internal tin wire, manufacture by Oxford
Superconductor Technology

1.4 The Cable in Conduit Conductor (CICC)

In order to wind superconducting strands into coils for use in magnetic
applications, the individual strands must first be assembled into a conductor
configuration. Different applications call for different design configurations, but
all must provide a way to maintain the superconductor below its critical
temperature. Though conduction cooling is becoming more prevalent due to
cryocooler improvements, many systems use a cryogen such as liquid helium to
fulfill this task.
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Magnet conductor designs have the combined tasks of providing mechanical
integrity, cooling, stability, and electrical insulation. The cable-in-conduit
conductor (CICC) uses forced flow supercritical helium to provide cooling
through a non-ferromagnetic stainless steel jacket. This robust design is suitable
for applications where high field large magnets are required. For instance, the
ITER fusion machine will be using the design shown in Figure 8 [12] for the
Central Solenoid Model Coil (CSMC).

Figure 8 - ITER Central Solenoid Model Coil CICC [12]

The CICC designed for use in the ITER CSMC comprises, in addition to internal
tin Nb3Sn superconductor strands, copper wire for quench protection and a steel
spring central cooling channel for the transport of liquid helium. This cable uses a
twist pattern whereby the conductor is wound in several stages to form the final
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cable. When this cabling is complete, a jacket of Incoloy Alloy 908 is compacted
around the cable to provide structure. The first stage is three strands – two Nb3Sn,
and one copper. Three of these stages are twisted together to form the second
stage. This process continues for five stages which can be described by the
number of substages twisted together. For this CICC the pattern is 3 x 3 x 4 x 5 x
6, which sums up to 1080 strands. Figure 9 [12] shows the CICC cross-section in
a series of increasing magnification.

Figure 9 – CICC cross-sectional view at increasing magnification steps [12]

This progression from CICC all the way down to superconducting filament shows
the six-petal arrangement of the final winding stage within the Incoloy jacket, the
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arrangement of the subelements seen in the internal tin process, and provides a
scale for the filament size. The filament shown here is 3 μm in diameter.
The ITER fusion machine is a primary candidate for CICC use because of its
requirements for high field magnet with sound structural characteristics. The
computer model schematic shown in Figure 10 offers a sense of scale. Note the
man in the blue lab coat underneath the machine.

Figure 10 - ITER Tokamak schematic [13]

High Lorentz forces are generated during the use of such a machine, and the
Nb3Sn conductors experience a complicated combination of loading conditions. It
is for this reason much effort has been put into the understanding of the effects of
strain on this superconductor.
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1.5 Strain Behavior of Nb3Sn

Understanding the behavior of Nb3Sn under strain is a critical piece of the puzzle
leading to the optimization of superconducting magnet designs. To quantify and
predict behavior, strain scaling laws are developed and improved using critical
current information gathered through empirical study.
Nb3Sn was identified as a superconductor in 1954, but its strain behavior was not
studied until Buehler and Levinstein studied the effect of uniaxial strain on its
transition temperature and critical current in 1965 [14]. Ekin later found that
applying a tensile load to a sample first increased its critical current capacity
before decreasing it with continued application of tension. In Figure 11 [15], the
maximum critical current occurs at .32% strain, and is consistent for the range of
magnetic fields applied.
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Figure 11 - Critical current vs. strain over a range of magnetic fields for Nb3Sn [15]

Ekin attributed this phenomenon to the compressive prestrain (denoted εm in the
plot) introduced by thermal contraction upon cooldown: the bronze matrix
surrounding the Nb3Sn contracts more during the drop in temperature from the
reaction heat treatment to the experiment than Nb3Sn itself. As the specimen is
placed under tensile strain, the critical current increases as the precompression is
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relieved, then the critical current drops as the superconducting filaments
themselves undergo tensile strain.
A considerable amount of work has gone into understanding strain behavior of the
Nb3Sn strand since these early experiments, and a brief overview of these works
will be given. The various studies reviewed investigate a number of different
aspects of strain behavior, and illustrate the breadth of research going into the
Nb3Sn superconductor.

1.5.1 Uniaxial Stress
When a Nb3Sn strand is subjected to longitudinal compression, the critical current
density, critical field, and critical temperature are reduced reversibly. Under
longitudinal tension, these critical parameters first increase as the precompression
is removed, then decrease reversibly up to a point with increased tension. This
process becomes irreversible when the superconducting filaments in tension
eventually fracture.
To test the Nb3Sn single strand under uniaxial stress, three devices have been
designed. The first, known as the U-spring, is capable of applying 1% strain to the
sample in compression and tension. It is designed to be used inside the bore of a
magnet capable of developing high magnetic fields. A diagram depicting this
device is shown in Figure 12. Length units are in mm.
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Figure 12 - The U-spring device [16]

This device, designed at the University of Twente [16], has been used for more
than a decade to apply strain to single strand samples and tape conductor samples.
It is a bending spring instrument which, through a series of worm gears, applies
tensile stress with minimal bending. Two strain gauges are mounted on the Uspring in order to interpolate the strain being applied to the sample itself. This
method allows the strain applied to the sample to be controlled even when the
sample holder is in the plastic regime. The U-spring in its last incarnation was
constructed of Ti-6Al-4V to eliminate strains introduced by a difference in
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thermal contraction. Soldering the samples into the groove of the sample holder
allows compressive strain to be applied to the sample. The strain profile along the
axis of the sample is shown in Figure 13. Over an 18 mm length, the sample
experiences a homogeneous strain within 0.01%.

Figure 13 - Strain distribution of the U-spring. Length measured in mm. [16]

A drawback of this design was the short sample length. This length is limited by
the diameter of the magnet bore. To overcome this restriction, another device,
known as the “Pacman Device”, was developed. This device operates under the
same principle of a bending spring, but the sample in this design is mounted on a
curved beam instead of a straight beam. In this way, the sample length is limited
by the circumference of the magnet bore instead of the diameter. A diagram of the
system is provided in Figure 14. Through the use of a worm gear and concentric
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tubing, the apparatus allows a torque to be transferred to the body of the Pacman,
which is a circular beam section.

Figure 14 - The Pacman device and its drive mechanism [16]
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When the ends of a circular beam section experience pure torque, the circular
shape is maintained while the circumference changes. In this way, a sample
mounted along the circumference of the sample holder can be loaded purely
axially. This concept was successfully applied for use in the Pacman design.
Figure 15 shows that the strain distribution of the sample holder is constant along
the sample length. The units of length in this figure are mm.

Figure 15 – Diagram and strain distribution of the Pacman device sample holder [16]
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Strain gauges are mounted on the Pacman device to infer the strain applied to the
sample. The sample length over which homogeneous strain is applied has been
increased from 18 mm in the U-spring device to 78 mm for the Pacman device.
A third device which allows for a sample length approaching 1 m is known as the
Walters Spring, or WASP [17]. Also made of Ti-6Al-4V, this device is in the
shape of a coil spring and allows 1.4% strains to be applied to a sample by
applying a torque on one end of the WASP and fixing the other end. Like the Uspring and Pacman, the sample lies in a groove around the perimeter and may be
soldered in place for application of compressive strain. See Figure 16 for a
schematic of the WASP apparatus assembly [17].

Figure 16 - Walters Spring schematic [17]
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Strain gauges are used on the surface of the spring to directly read out the strain
applied to the sample.

1.5.2 Bending Strain
Attempts have been made to isolate the strain behavior of Nb3Sn under pure
bending. Takayasu, Senkowicz, and Lee have developed a device to statically
apply bending to single samples clamped in a fixture of constant radius of
curvature [18]. In this design, the samples are first heat treated, then manually
placed in the channel of the clamping device. A range of clamps is used to
progress from 0% bending to 1.4% bending. The clamps are made of Ti-6Al-4V.
An image showing two of the sample holders is presented in Figure 17.
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Figure 17 - Fixed pure bending strain sample holders [22]

This device is used to record critical current data as a function of bending strain.
Results showed that the critical current increases initially before decreasing, like
tensile tests results.
A drawback of this design is the inability to change the bending applied to the
sample. This requires a separate sample to be used for each strain state.
Additionally, this design requires that the samples are handled after heat
treatment, allowing for damage during installation in the bending devices.
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1.5.3 Transverse Strain
A notable example of a device designed to test transverse strain behavior of a
superconductor is attributed to Ekin [19]. This design uses two anvil heads, one
fixed and one allowed to pivot, to apply a purely compressive strain to a
superconducting sample. Voltage taps are mounted within the compressed region
to ensure that all data taken reflects behavior of a sample which is uniformly
stressed by the device. See Figure 18 for a schematic.

Figure 18 - Schematic of Ekin's transverse strain device [19]

The magnetic field, current, and stress are mutually perpendicular in this design.
To prepare for this test, the samples are heat treated in a U-shape to avoid damage
due to handling. Results from testing with this device showed that degradation in
the strand due to transverse strain was more severe than the degradation seen
during a uniaxial test.
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1.5.4 Compound Strain
The strain experienced by a single strand in a CICC magnet conductor in reality is
a combination of uniaxial tension and compression, transverse compression,
bending, and torsion. These may occur in various combinations along the length
of a strand. In an effort to understand the behavior of a strand under these
complicated loading conditions, experiments have been designed to combine
these strains.
The “Test Arrangement for Strain Influence on Strands”, or TARSIS, was
developed as a device capable of applying strains to a single strand in a manner
similar to those experienced by a strand in a real CICC [20]. This design
comprises a lower drum and upper cap, each with fingers along its circumference.
These fingers are spaced to promote a periodic bending-tension-shearing-pinching
loading condition along the sample strand. Both parts are constructed from Ti6Al-4, since heat treatment is performed with the strand already mounted in the
device. A load cell and extensometer are used to measure and control the
movement of the cap with respect to the drum. An image of the TARSIS can be
seen in Figure 19.
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Figure 19 - The TARSIS periodic bending device [20]

The TARSIS is often used to cyclically test samples to replicate the loading
experienced by superconducting strands as a magnet is turned on and off.
Additionally, the TARSIS is used to characterize the effect of periodic contact
stress due to crossing strands. The image in Figure 20 shows the setup used for
this testing. The inset shows a deformed sample after a lateral compression test.
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Figure 20 - The TARSIS used for contact stress characterization [21]

For this testing, pieces of heat treated strands are placed on top of the sample, and
the cap is used to compress the crossing strands together. Results show reversible
and irreversible degradation in strands, and allow load vs. deflection curves to be
assembled.
1.6 Thesis Objective

The goal of this thesis is to determine the effects of pure bending strain on the
degradation of a single Nb3Sn superconducting strand in support of ITER. This
superconductor is slated to be used in construction of the toroidal field (TF) coil
and central solenoid (CS) in this experimental reactor being constructed in
Cadarache, France.
More specifically, this research seeks to increase the pure bending applied to such
a strand. Currently, data exists only up to 0.9% bending strain. Previous sample
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holder designs grappled with maintaining the positioning of the strand along the
neutral axis of the sample holder during testing while resisting the Lorentz load
which exists during experimentation. Building on the concept of a longitudinally
symmetric design for the sample holder, the current design uses three beams to
cover a wide range of bending strain applied to a sample. The Lorentz load, a
force created when a current passes through a wire while in a background
magnetic field, must be reacted by the sample holder. Supporting this Lorentz
load while applying a very high percent bending to the samples requires the
optimization of the sample holder, and is the main focus of this work.
An ultimate goal of this research is to provide the data with which strain scaling
laws may be extended and refined. These models are outside the scope of this
research; however the critical current data gathered through this testing will allow
for their improvement.
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Chapter 2. Design
2.1 Test Conditions and Probe Design

The probe used to carry out the pure bending experiments was originally designed
by David Harris [22]. It was purpose-built to place samples within an
environment which simulates real operating conditions. During the operation of
ITER, each strand in the CICC will experience the magnetic field due to current
flowing through neighboring strands. The strands must also be kept at 4.2 K in
order to maintain the superconducting state. In order to replicate this environment,
Harris’s probe was designed to place the samples at the center of the 190 mm bore
20 T resistive Bitter magnet at the National High Magnetic Field Laboratory,
Florida State University in Tallahassee, FL. An illustration of the probe is seen in
Figure 21. Note that the hand crank was replaced with a motor. The flange plate
creates a seal with the magnet cryostat, while the G-10 plates provide electrical
insulation. The current lead tubes encase the current leads which terminate near
the bending mechanism. The sample holders, seen adjacent to the bending
mechanism, are placed by design at the center of the magnetic field. The helium
fill tube allows the cryostat to be filled with liquid helium from the bottom up.
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Figure 21 - Probe Illustration [22]

2.2 Sample Holder Design

The sample holder is of critical importance. It has the dual task of supporting the
samples against Lorentz loads and applying the desired pure bending strain to the
samples. In designing the new sample holder, a number of design requirements
needed to be assessed. The first, and most important, is fundamental: no strain
state other than pure bending is permitted. Since a Nb3Sn wire in its reacted state
is very brittle, heat treatment must take place with the samples already mounted in
the sample holders. The sample holders and samples will experience temperatures
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up to 650 °C during heat treatment, yet will also experience temperatures all the
way down to 4.2 K during testing. Because of this very large swing in
temperature, the coefficient of thermal expansion must match. One of the few
commercially available materials that can handle large stresses at low
temperatures and matches the coefficient of thermal expansion of Nb3Sn is the
titanium alloy Ti-6Al-4V. At 4.2 K, its elastic strain limit is 1.4%, as indicated by
Figure 22 [23]. This material is commonly used for cryogenic applications.

Figure 22 - Stress-strain curves for Ti-6Al-4V annealed 0.064" sheet at various temperatures
[23]

In order to prevent longitudinal strain during operation, the Nb3Sn sample must
lie at the neutral axis of the sample holder. The first sample holder, designed by
Harris, placed the superconducting samples within channels cut into one side of
the sample plate. This design uses the bulk of the material in the sample holder to
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react the Lorentz load. This places a minimum thickness constraint on the plate
such that the wire is not exposed and the stress distribution is kept relatively
uniform. In order to guarantee the coincidence of the central axis of the sample
with the neutral axis of the sample holder, slots were cut into the opposite side of
the plate. The sample holders are pictured in Figure 23.

Wire slots

(a)

Neutral axis
offset slots

(b)
Figure 23 - (a) Front and (b) back of Harris' sample holders [22]
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Note that the slots cut on the back of the sample holders were placed
symmetrically about each strand channel to eliminate the chances for warping
under bending.
Another, perhaps more straightforward approach which guarantees placement of
the sample at the neutral axis of the support beam is to use a longitudinally
symmetric geometry. Allegritti first used a design of this type in 2006 [24].
Though this design guarantees no axial loading of the strand, it produces another
challenge. The second requirement of the sample holder is to react the Lorentz
load produced during testing. Harris’s design simply allows the thickness of the
plate to perform this task. Placing the strand at the neutral axis requires a thicker
overall plate to react the Lorentz load. A thicker plate, however, will experience
higher stress at its surface than a thinner plate. Allegritti’s design maintains a
thinner plate with Lorentz load support ribs at intervals. In this way, the plate can
provide nearly uniform bending to higher strains and resist the Lorentz load, but
will not yield. A photograph of this design is provided in Figure 24. A
superconducting strand is placed in the channel for reference.
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Superconducting
strand

Lorentz load
support ribs

Figure 24 - Allegritti's sample holder design [24]

This sample holder required the redesign of the current leads. Since a total of four
samples were to be tested (two per sample holder), the rewiring of the probe was
also necessary.
Though the effective thickness of this sample holder was reduced using the
Lorentz load support ribs, its thickness is constrained by the diameter of the
sample. The base thickness of Allegritti’s sample holder is 1.7 mm (0.067”), and
the sample slot is 0.80 mm (.031”). Since the maximum strain allowed before
yield for this material is restricted to 1.4%, and the thicknesses are fixed for the
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strand and the sample holder, the maximum strain applied to the strand can be
determined. Using equation 3.3 developed in Harris’s thesis,

 beam
y
 beam
 strand y strand

(2.1)

the maximum strain that can be produced at the strand surface within the elastic
range of the plate is 0.7%.
A primary goal of this research was to investigate bending effects on the
degradation of the sample up to 1.4% strain at the strand surface. In order to
achieve this, a new sample holder needed to be designed to operate in this range
without plastic deformation. Using equation (2.1), 1.4% strain at the strand
surface for a .82 mm diameter sample requires the base thickness of the beam to
be less than or equal to .82 mm.
In Allegritti’s design, the sample is supported the entire length by the base
thickness of the sample holder. To reduce thickness and increase the allowable
bending range, the base thickness must be reduced to the diameter of the strand.
In this way, the strand is supported only at intervals by the support ribs, instead of
continuously by the wall of the sample holder. See Figure 25.
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Figure 25 - Solid model of sample holder without wall

The base thickness of the new sample holder, or thickness excluding the support
ribs, was chosen to be 0.80 mm. The nomenclature for the remaining design
parameters is provided in Figure 26.

w

h

t
s

Top view

Side view

Figure 26 - Nomenclature of the sample holder dimensions
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Exposing the wire directly to the ribs introduces two new stresses: a pure shear
state at the edge of each rib, and a small amount of bending between each rib,
both due to the Lorentz load. These states produce new design constraints. In the
first case, the pure shear was calculated for the worst case scenario: a magnetic
field of 15 T with a current of 240 A applied to an unbent sample. Calculating the
Lorentz load,
FL  I  B   l

(2.2)

yields 3600 N/m if left as a function of length. The pure shear is given by the
Lorentz load per unit length averaged over the distance between two adjacent ribs:

V 

FL  s
2

(2.3)

For the worst-case scenario of 3600 N/m and a rib spacing of 10 mm, the shear
load at the strand surface would be 18 N. Calculating the maximum shear stress
for a circular cross section

 max 

4V
3A

(2.4)

yields 44 MPa. This stress is quite low, but is close to measured elastic limit for
Nb3Sn of 50 MPa [25].
To calculate the bending of the strand between each rib, Castigliano’s strain
energy theorem is employed. Using 130 GPa as Young’s Modulus and 3600 N/m
as the load distributed over the wire, the maximum deflection can be determined
by
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y max

 5  FL  s 4

384 E  I

(2.5)

and may be plotted as a function of rib separation, s, as in Figure 27. This
calculation assumes the wire is allowed to slip at the surface of the rib. 10 μm
represents the bending limit of the strand.
Strand Deflection Between Ribs
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Figure 27 - Strand deflection between ribs as a function of rib separation

To arrive at this 10 μm limit, the axial strain was compared with the bending
strain. For a curved wire, the strain at the surface is given as

  r/

(2.6)
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where r is the radius of the wire, and ρ is the radius of curvature of the wire. See
Figure 28.

ρ

ρ-y

s/2
rib
y

rib

Figure 28 - Top view of strand deforming between ribs

Solving for ρ, the Pythagorean theorem is used.
2

s
        y 2
2
s2
 y2
 4
2 y
2

(2.7)

(2.8)

Substituting this into the strain equation,
2r  y
s2
 y2
4
8r  y
8r  y
 2

2
s  4 y
s2



(2.9)

(2.10)
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For a wire of radius 0.4 mm, a deflection y of 10 μm, and a very large rib spacing
s of 10 mm,



8  0.4  10  10
100

3

 3.2  10

4

 0.03%

(2.11)

This strain due to axial loading is negligible when compared with the bending
strain to be applied with this high bending sample holder.
Finally, it is necessary to calculate the deflection of the strand at the point where it
contacts the ribs. If the ribs deflect too far out of the plane of bending of the
sample holder, error will be introduced into the critical current measurements.
Using Castigliano’s theorem, the deflection of a beam can be determined using
the variables given in Figure 29.

y
h
r
A

b

P

x

B

C

Figure 29 - Beam deflection

The deflection for any point along the beam can be determined:

y

P  x2
  x  3r 
6E  I

(2.12)

The deflection at point B is given as
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y

 P  r3
3E  I

(2.13)

For the case of a 3600 N/m Lorentz load, the deflection calculated is 0.001 mm.
This indicates a very small reduction in arc length of the strand. The compressive
strain experienced by the strand for 0.6% bending falls below 0.05% error.
Though the new sample holder design is capable of very high bending, it has one
drawback: it is not suitable for use at very low applied strains due to the higher
Lorentz force present. Under a high load, the high bending beam will deform into
a non-circular shape, thus nullifying test results. Because of the competing design
parameters of Lorentz load and elastic bending capability, three beams were
designed to fill the complete range from 0% strain up to 1.4% strain. The low
strain sample holder matches Allegritti’s sample holder thickness of 1.7 mm and
is suitable for the range of 0 - 0.7% strain. The medium strain sample holder
bridges the gap between the low bending and high bending beams, and is suitable
for 0.4 - 1.1% strain. The high strain sample holder is suitable for 0.7% - 1.4%.
The range of bending for each beam depends on applied current and field, which
determine the Lorentz force. Note the difference in beam thicknesses in Figure 30.

(a)
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(b)

(c)
Figure 30 - Photographs of the (a) low, (b) medium, and (c) high bending sample holders

The design parameters as chosen for each beam are summarized in Table 1.
Table 1- Sample holder design parameters

h (mm)

w (mm)

t (mm)

s (mm)

Low Bending

1.29

1.016

1.543

4.34

Medium Bending

1.29

1.016

1.797

4.34

High Bending

1.29

1.016

2.134

4.34
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2.3 Room Temperature Testing

In order to confirm simulations, a room temperature test was performed. For this
test a spare sample holder from Allegritti’s work was machined to match the
thickness of the new high bending design. This modified sample holder was used
to verify the performance of the new high bending sample holder.
During this test a load transducer was used to apply a load by hand to the sample
holder. 30 kg was applied to the center of the sample holder to simulate the
Lorentz load present during operation.
In order to insure the shape of the sample holder would apply pure bending to the
sample, bending percent templates were placed next to the sample holder. These
templates were used formerly as sample holders for the fixed bending percentage
tests conducted in 2005 by Senkowicz, Takayasu, and Lee [18]. A picture
showing the sample holder applying 1.4% bending is shown in Figure 31. A
template of the corresponding bending verifies the shape of the beam.
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1.4% bending
template

Sample holder Torque arm and
beam clamp

Gear box

Figure 31 - Room temperature testing of a high bending sample holder

2.4 Copper Current Terminator Design

Mounted at the end of each sample holder, the copper current terminator connects
the current leads to the sample itself. The design of this part is very important to
the transfer of current into the sample. For this research a new copper terminator
was designed which is in contact with a longer section of the sample than the
previous design. A Solidworks representation is provided in Figure 32.
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Figure 32 - Copper current terminator

This part is fitted to the sample holder before heat treatment.
2.5 Supporting Parts

Three supplementary parts were designed to support the sample holder during
heat treatment and experimentation. The stainless steel backing plates are used to
maintain alignment between the current terminators and provide a load-bearing
surface for through-bolts. These parts, two per sample holder, are used both
during heat treatment and experimentation. See Figure 33.
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(a)

(b)

(c)

Figure 33 - Supporting parts (a) backing plate, (b) copper spacer, (c) cover plate

The copper spacer is placed between the sample holder and the current terminator,
and takes the place of the arm during heat treatment only. A stainless steel cover
plate is used to keep the wire in place during heat treatment only. A representation
of the assembly is shown in Figure 34.

Figure 34 - Assembly before heat treatment
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Chapter 3. Experimentation
For this research, superconducting strands manufactured by the internal tin
process were tested. Two companies provided these samples: Oxford
Superconducting Technology in the UK, and Luvata, an international company.
The samples will be referred to simply as Oxford and Luvata samples for the
remainder of this thesis. This section will detail the process by which the samples
are prepared, mounted, and tested.
3.1 Sample Preparation

The handling of reacted samples is a very delicate task, since the Nb3Sn samples
being tested are so sensitive to strain. Because of this, the samples must be
mounted in the sample holders before heat treatment. Since the heat treatments
between the Luvata and Oxford samples differ, one beam of each bending range
was placed in two separate furnaces for the diffusion processes to take place. The
month-long heat treatment is done shortly before departing for the NHMFL in
Tallahassee, FL. A photograph showing the pre-heat treatment arrangement of the
samples and holders is in Figure 35.
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Figure 35 - Sample holders prior to heat treatment

A close-up in Figure 36 shows the assembly used to support the strand and copper
terminators during heat treatment. The samples are left uncut and the ends led
outside the furnace during heat treatment to prevent the leaking of tin from inside
the wires. Stainless steel wire is used to insure the strand remains seated in the
channel.
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Current
Terminator
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Figure 36 - Medium bending beam prior to heat treatment

Once the heat treatment process is complete the samples are cut at the current
terminators. In order to ensure good current transfer from the current terminator to
the sample, solder must be applied directly to the channel containing the strand.
Flux must be used to clean all of the parts before solder is applied. The cover
plate must be removed for this, and is not needed for the remainder of the testing.
Likewise, good current transfer into the terminators from the current leads
requires soldering. These steps require dexterous use of the soldering iron and a
steady hand so that the samples remain in place. Two cartridge heaters are used to
melt solder – one for the copper spacer, and one in a separate block clamped
outside the current terminators. This guarantees that the solder has penetrated all
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voids and will provide good current transfer to the sample. Variacs are used to
reduce the voltage to the heaters. Since heating the strand unnecessarily may
change the behavior of the superconductor, the heater controller uses signal from
a thermocouple to control temperature. Finally, the current lead is soldered into
place. Moving it in and out of the hole using a twisting motion allows the solder
to penetrate all voids. The arrangement is shown in Figure 37.

Figure 37 - Preparing to solder the sample and current lead

Once the parts have cooled, the copper spacers are removed. The voltage taps are
now soldered directly to the samples. Four taps are affixed to each sample: two
for a 5 cm gap at the center of the sample, and two at the very ends of the sample
holder’s channel. The center taps are the primary taps, since within this sample
length the current is fully developed in the superconducting filaments. The outer
taps, spaced about 11.6 cm apart, are secondary. Over this distance, the current
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has not yet been transferred completely to the filaments and a resistive component
exists due to the copper in the sample.
Soldering the taps in place on the samples is done most simply by first applying
heat to the outside of the sample holder with a soldering gun. Additional heat
provided by a soldering iron at the moment of application is required. Care must
be taken to indirectly melt the solder to guarantee good contact between the
sample and the voltage tap. See Figure 38.

Figure 38 - Soldering the voltage taps to the primary sample length

Once all voltage taps are affixed to both samples, the tap wires are tied down with
stainless steel wire to prevent the soldered connections from being accidentally
severed. See Figure 39. The opposite ends of the tap wires are soldered to a
connector plug compatible with the wires on the probe.
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Figure 39 - Voltage tap wires and stainless steel tie-downs

The sample holders are now mounted on the arms, and the arms mounted on the
gearbox. It is critical that the sample holders are straight. In Figure 40 the
complete assembly is shown before the gearbox is mounted on the probe. The
motor is connected to the upper end of the drive shaft before the gearbox is
mounted on the probe, and the controller for the motor tested to insure reliable
operation.
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Figure 40 - The gearbox ready to be mounted on the probe

The current leads are connected to the copper current transfer cables within the
probe. The voltage taps are connected to wires led out the top of the probe.
Connectivity is checked for all of the voltage signal wires before the probe is
lowered into the magnet cryostat. The current lead wires are then bolted to 2gauge welding cables. These cables are led back to a connector board which
provides a way to select which sample is being tested. The power supply is
connected to the other end of this board. Instrumentation wires for the helium
level sensors and voltage taps are connected to the data acquisition system.
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3.2 Test Facility Setup

The National High Magnetic Field Laboratory (NHMFL) is known as a “user
facility”, and is supported by the National Science Foundation. The numerous
magnets are at the rear of their respective cells, and are surrounded by a deck
providing access to the magnet bore. The remainder of the cell floor is open to be
used for instrumentation and equipment. Cell 4 contains the 20 T 195 mm bore
resistive Bitter magnet used for the current research. See Figure 41.

Figure 41 - Cell 4 at the beginning of setup

Users at the NHMFL are provided with many tools, data acquisition systems, and
instrumentation upon request. The current research used 2182A digital voltmeters
and a 1500 A power supply. LabVIEW is used at the NHMFL to both collect data
during testing and to control the magnets.
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The data acquisition system was used to collect the following data: current
applied to the sample, the voltage between the two pairs of voltage taps, the
magnetic field, and timestamp.
The LabVIEW magnet control module gives the users control over the strength of
the magnetic field and the ability to reverse its direction. However, control will be
transferred back to the control room under certain trip conditions. The fault
control system in use tracks magnet parameters such as coil current, voltage, and
temperature. It also monitors inlet and outlet cooling water temperature and
pressure. If any of these parameters goes beyond its tolerance limit the system
will be tripped, returning magnet control to the control room. After performing
the requisite system checks, control will be returned to the user.
3.3 Testing

Three days of testing were completed: the first day for critical current tests and
low-bending tests, the second for medium-bending tests, and the third for highbending tests. Of the nine days spent at the NHMFL, three days were spent
running tests, and 6 days were spent preparing the probe for use. Before
preparation of the probe begins, the cryostat used to keep the probe in a liquid
helium bath is lowered into the magnet bore. A picture is show in Figure 42. This
cryostat has a jacket which holds liquid nitrogen. This lowers the temperature of
the cryostat to 77 K, and reduces the amount of liquid helium required to bring the
temperature of the system to 4.2 K.
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(a)

(b)
Figure 42 - (a) Magnet bore prior to cryostat installation (b) Cryostat being lifted to magnet
bore
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Test days typically begin at 6:00 AM, since the magnet cryostat must be filled
with liquid helium before testing can begin. A picture of helium being transferred
to the magnet cryostat is shown in Figure 43.

Figure 43 - Liquid helium transfer

3.3.1 Day One
Before any bending tests can be run, a baseline must first be established. To
evaluate the critical current of the first two Luvata samples and the first two
Oxford samples, zero bending is applied while the current is ramped slowly from
0 A up to a current slightly higher than the inferred critical current. Using the
LabVIEW data acquisition software, a plot relating voltage sensed between taps
and applied current allows the upward trend in voltage to be seen as current is
ramped. During these zero-bending tests, the magnetic field was varied from 12 T
up to 15 T. Current was applied to the Luvata 1 sample first, the Luvata 2 sample
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second, the Oxford 1 sample third, and the Oxford 2 sample last. Repeatable data
was collected for the two Luvata samples, which were mounted on the upper
sample holder. The Oxford samples, and in particular the second sample, were
prone to quenching before reaching their critical current. This trend continued
throughout much of the first day.
Once the critical current data was gathered between 12 T and 15 T, the motor was
used to apply 0.1% bending strain to the samples. Current was applied to each
sample in sequence as in the critical current tests. The next quadruplet of data sets
was taken at 0.3% bending, then at 0.5%, 0.3%, 0.6%, 0.4%, 0%, 0.2%, 0.4%.
While increasing bending one more time to a maximum of 0.8% bending, a pin in
a shaft coupler connecting the motor to the input shaft failed, preventing any
further bending. It was unknown that this had occurred until the probe was
removed from the magnet cryostat. Bending is always returned to zero using the
motor controller before removal, but in this case the support beams were found to
still in a bent state. See Figure 44.
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Figure 44 - Gearbox and sample holders upon removal from magnet cryostat on Test Day 1

During preparations for the second day of testing, the pin was replaced in the
drive shaft coupler.

3.3.2 Day Two
Prior to the second day of testing, the medium bending sample holder was
mounted on the probe. Bending was begun at 0.3% at the strand surface in an
effort to capture bending territory omitted the previous day. Tests were run up to
0.7% bending. The upper Oxford sample experienced a primary voltage tap
failure, so the full-length voltage taps were used for the rest of testing on this day.
Shortly after this, the city of Tallahassee asked the NHMFL to reduce its power
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consumption. The Cell 4 magnet was chosen to be powered down, since its
electrical power requirements are high, and the pure bending experiment was put
on hold for three-and-a-half hours. Upon resuming experimentation, loud noises
were emitted from the bending probe while applying further bending to the
samples. At about 0.65% bending, another coupler pin had failed. This pin was
replaced. However, the probe was removed from the magnet cryostat to determine
the root cause of the problem.
Upon removal, it was found that the input shaft of the gearbox had galled to the
baseplate in which it is seated. The merged pieces were removed from the probe,
and inspection indicated that only the bottom of each part had galled together. See
Figure 45 and Figure 46. Testing for the day was aborted.

Figure 45 - Input shaft galled to gearbox base plate
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Figure 46 - Gap between bearing surfaces of input shaft and base plate

The only option if the high bending experiment were to continue was to free the
input shaft and base plate. Work began with a small milling machine available to
users during nights and weekends. Cutting from the bottom of the base plate,
material was removed at the junction of the two parts. Finer precision work was
continued the following day, when a Dremel was used to eventually free the two
parts. With this success, the experiment was able to continue.

3.3.3 Day Three
On the third day, the high bending beam was to be used. However, since a large
gap in bending range was left by the aborting of the second day of testing, the
high-bending beam was used outside its designed bending range. Tests began at
0.6% bending. From here, the beam was cycled up and down numerous times,
eventually reaching a maximum bending percentage goal of 1.4% at the strand
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surface. This day was uneventful with the exception of two primary voltage tap
failures for the Luvata samples and one full-length voltage tap for the second
Oxford sample. Both primary voltage taps were broken on the Oxford samples for
the 1.4% bending case. A wealth of data was taken before the magnet was
powered down.
3.4 Characterization of Samples

The design used in this experiment is used to collect data on critical current of
Nb3Sn samples as a function of applied bending strain. The goal is to determine
the current when the strand transitions from the superconductive state back to the
normal resistive state with other conditions held constant. For an ideal
superconductor, this transition would happen instantaneously, but real
superconductors experience this transition over a range of currents. In order to
determine a single value for the critical current, a critical value electric field is
selected. The corresponding current for this electric field in the test sample is the
critical current.
During the critical current tests, the voltage across a pair of voltage taps is
recorded as the current applied to the sample is slowly increased. As the current is
increased, there is initially no change in the voltage measured. As the critical
current is approached, the voltage will begin to rise. The rate at which the voltage
rises is a function of the conditions the test sample is under, the design of the test
sample, and the heat treatment used.
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The electric field is determined by dividing the voltage by the distance between
taps. This means a larger voltage will be produced by a longer sampling length,
though the electric field remains constant. A higher voltage will be easier to read
if significant noise is present and the electric field criterion chosen is low. Electric
field criteria of 10 μV/m and 100 μV/m are standard criteria used in the
superconducting community. The distance between the primary voltage taps for
the current research is 50 mm. Given the sample length and an electric field
criterion of 100 μV/m, the critical current will be measured at a voltage of 5 μV.
The parameter describing the rate of increase in voltage with respect to current of
a superconductor is known as the n-value of the sample. The n-value relates the
changing electric field, E, to the changing current density, J, and is an exponential
parameter.

E  J

E c  J c





n

(3.1)

This may also be stated with voltage, V, in place of electric field, and current, I, in
place of current density. A high n-value indicates that the transition from the
superconducting state to the normal resistive state happened very quickly. On a
log-log plot of measured voltage versus the applied current, a line can be fitted to
the data such that the coefficient (the n-value) can be found. More detail will be
provided on this in the next section. In general the n-value tends to decrease as
more bending cycles are applied to the sample.
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Chapter 4. Analysis
This chapter presents the results of the critical current analysis performed over the
course of this experimentation. The data are presented as a function of trial
number and as a function of bending strain applied at the surface of the sample.
4.1 Critical Current

During critical current testing, the experimenter sees a plot showing voltage
versus current. An example is shown in Figure 47. This plot shows the general
trend of a real superconductor, where current will increase with seemingly no
increase in voltage. Then, the voltage begins to rise with a generally logarithmic
shape. This rise in voltage, which can occur slowly or quickly, is described by the
n-value as described in Section 3.4 .

Oxford Sample #6, 1.2% Strain
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Figure 47 - Voltage vs. Current for Oxford #6 at 1.2% bending strain
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The data represented in Figure 47 is rather quiet; that is to say that many data
taken during these tests contained considerably more noise. A five-point running
average was subtracted from each set of data in order to reduce this noise. In
addition, the voltage rarely is aligned properly at zero when the test run is made.
An offset is required for almost every case. In characterizing a sample as quiet as
this one, the critical current can be easily determined while the run is being made.
For the 100 μV/m Ec criterion, the critical current should occur at 5 μV, which
occurs at about 127 A for the sample above.
Since this shape is exponential in nature, it can be more revealing to view this
data on a log-log plot. Figure 48 shows the same data as Figure 47, but on a loglog plot. The slope of this line represents the speed with which the voltage
increases as a function of current. The n-value of this sample can be retrieved
quickly from a trend line fitted to the data between the two electric field criteria,
10 μV/m and 100 μV/m. In this case, n = 12.5.
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Oxford Sample #6, 1.2% Strain
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Figure 48 - Log-log plot of voltage vs. current

A number of primary voltage taps became disconnected during experimentation.
This necessitated the analysis of data from the long taps. Since the voltage that
exists across these taps is higher than across the short voltage taps, the data signal
to noise ratio will be reduced compared with that of the short taps. This advantage
is offset by the resistive component which exists in this data. This resistive
component can be seen in the shape of the voltage vs. current plot. In Figure 49 it
can be seen that where zero voltage is seen for the short voltage taps, a linearly
increasing voltage exists.
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Luvata Sample #6, 1.1% Strain
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Figure 49 - Voltage versus current across the secondary voltage taps

In order to determine the critical current for this longer sample length, the
resistive component needs to be used as a baseline. The secondary voltage taps
are 116 mm apart. For the 100 μV/m electric field criterion, the critical current
will occur at 11.6 μV above the baseline. In Figure 49 this occurs close to 90 A.
This method is suitable for judging critical current while the data is being
collected on test day. However, the fitting a line to a voltage – current log-log plot
as is done for the short voltage taps is used to determine the critical current more
accurately.

4.1.1 Function of Trial Number
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Analyzing the data in this way for a particular sample does not take much time
from the experimenter. However, five zero-bending cases, 10 low-bending cases,
eight medium bending cases, and 22 high-bending cases for each of four samples
yields 180 data sets requiring analysis that cannot be automated. The analysis is
taxing, but a very complete critical current data set is created.
Plotting strain data as a function of trial number can be quite useful to compare
one sample to another. As an aid for the eye, the percent bending applied is
plotted by trial number as well. This way, it is easy to see the sequence of percent
bending application. Data from the low bending tests is presented in Figure 50.
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Figure 50 – Low bending critical current results as a function of trial number
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The correlation between the two Luvata samples is very good with the exception
of an offset of about 5%. The shape of the two curves matches very well. This is
expected, since the two samples came from the same batch. Only data for the first
Oxford sample is shown, since just one data point exists for the second Oxford
sample. It was common throughout this testing for the Oxford samples to quench
before reaching their critical current.
Though only eight trials were taken per sample on the second day, good
correlation between samples remains a trait of the two Luvata wires. See Figure
51.
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Figure 51 – Medium bending critical current results as a function of trial number
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The shape of the curve for the Oxford samples is similar between the two, but
correlation between the two samples is not very good.
Correlation between the two Luvata samples can be seen again in the high
bending data presented in Figure 52. At this point it is difficult to discern a trend
in the quenching of the Oxford samples.
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Figure 52 - High bending critical current results as a function of trial number

With this plot the design of experiments can be seen. Using a baseline of 0.6%
bending, the percent bending applied is gradually increased. Just before reaching
the maximum bending to be tested, the sample holders were returned to 0.6%
bending. The importance of this lies in the need to form a complete set of data
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showing the cyclic degradation in the case that applying 1.4% bending resulted in
an equipment failure.

4.1.2 Function of Applied Strain
While looking at these data in the order they were taken is useful, plotting
normalized critical current as a function of applied strain can be very illuminating.
When these data are compiled, it is possible to see trends in critical current data in
bending ranges never before seen. Also, investigating the degradation of the
superconducting samples during cyclic application of bending strain is made
possible.
The low bending range Luvata bending results are shown in Figure 53. On the
vertical axis, the critical current value calculated is divided by the zero-bending
critical current for the same sample. Along the horizontal axis is the bending
strain applied at the strand surface. Both sets of data show the expected downward
trend in current-carrying capacity as the bending strain is increased from 0% to
0.6%.

71

Normalized Critical Current for Low Bending Strain
1.05
LUVATA 1
LUVATA 2

1.00
0.95
I/Ic_0strain

0.90
0.85
0.80
0.75
0.70
0.65
0.60
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Bending Strain (%)

Figure 53 - Low bending critical current results for the Luvata samples at 15 T

As bending is cycled back and forth, some permanent degradation of the samples
takes place. For these Luvata samples, however, the degradation is rather
minimal. In both cases, the samples lose less than 5% of their nominal critical
current. For the Oxford samples, more degradation is seen upon return to zero
bending. See Figure 54. The two data points for 0.6% bending straddle the
normalized Luvata results. Once again, the Oxford strands failed to behave
consistently, with many cases quenching before the critical current was reached.
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Figure 54 - Low bending critical current results for the Oxford samples

The results of the medium bending range are limited because of the equipment
seizure experienced on the second day of testing. The results for the Luvata
samples are shown in Figure 55.

73
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Figure 55 - Medium bending critical current results for the Luvata samples
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Figure 56 – Medium bending critical current results for the Oxford samples
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The high bending sample holder was used to partially cover the medium bending
range on the third day of testing. The range of 0.6% to 1.4% was applied to the
last four samples. Figure 57 presents the high bending range Luvata data.
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Figure 57 - High bending critical current results for the Luvata samples

On this day a wealth of data was collected, making visualization of information
rather difficult. It is plain to see, however, that both Luvata samples experience
about 50% loss in critical current as a result of the application of cyclic bending
strain. At the highest bending tested, the samples experience a loss in critical
current of more than 70%. The Oxford high bending data is presented in Figure
58.
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Normalized Critical Current for High Bending Strain
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Figure 58 – High bending critical current results for the Oxford samples

The upper Oxford sample yielded more useful data, since its critical current was
reached before quenching more frequently than the lower sample. The critical
current degradation experienced upon return to the lowest bending strain of 0.6%
showed a 50% permanent degradation in critical current. Data was collected up to
only 1.3% bending for the Oxford samples due to the loss of both long and short
voltage taps while increasing the applied bending strain to 1.4%.
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Chapter 5. Sample Holder Modeling
ANSYS, a finite element analysis (FEA) package was used to analyze in three
dimensions the behavior of the sample holder during the bending test. The goal of
this modeling was to confirm that the sample holder applies uniform pure bending
to the sample over the 50 mm sample length. Before modeling a complex beam
with support ribs and fillets, however, it is necessary to perform and comprehend
the behavior of a flat sample holder, devoid of such features. In this way an effort
to model a full beam has been initiated.
5.1 Geometry

The geometry used to begin this modeling was taken directly from Solidworks,
which was used to create the drawings to manufacture the parts used in this
research. The low-bending sample holder was used as the baseline for modeling
purposes. See Figure 59.
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Figure 59 - Imported geometry as seen in ANSYS

A half model was used for this research as this method allows for more elements
to be used for more accuracy without requiring longer run-time. The lines visible
are used to divide the volumes for purposes of load application and data
collection. These details will be discussed in the next section. The fillets between
the body of the beam and the clamping area are retained in this model. The
bending arm and the body of the beam are glued together to ensure no relative
motion and the complete transfer of torque to the sample holder.
Two material models were used for this finite element analysis. For the bending
arms, the elastic properties of 316 Stainless Steel at 4 K [26] were applied. The
properties of Ti-6Al-4V at cryogenic temperatures [23] were applied to the
sample holder volume. For this material, the elastic region is defined with an
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isotropic elastic model and a multilinear isotropic curve was used to define
behavior beyond the elastic limit.
5.2 Mesh

At the start of this modeling the automatic mesh tool was used to generate a mesh.
However, this method allows a non-uniform mesh to be created, potentially
skewing results. Subsequent manual mesh techniques allowed for a mesh of a
defined element size to be created while retaining a uniform node distribution.
This allows for accurate data to be collected at points of interest while non-critical
areas are coarsely meshed. SOLID95 tetrahedral solid elements were used
throughout. These are 20-noded elements, which includes mid-side nodes to
increase accuracy over an eight-sided element.
For a simple beam such as that used in this model, a very fine mesh is
unnecessary. An analysis was performed to determine how coarse this mesh could
be while still yielding consistent results. Areas near sharp corners, volume
divisions, and curved areas are meshed more finely by the ANSYS mesher to
more accurately capture behavior at these locations. The desired result is minimal
run-time without loss of accuracy.
In order to collect solution data from any finite element model, nodes must exist
at the desired locations. One way to ensure desired node placement with ANSYS
is to divide volumes. A division between volumes requires that all adjacent
elements have boundaries along a line. The nodes along these lines can then be
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used to collect data. In Figure 60, the mesh used for a flat plate can be seen. The
lines formed by volume divisions are highlighted.
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Figure 60 - Mesh for a simple flat sample holder

The volume divisions chosen for this modeling were created in order to gather
data along the top and bottom edges of the sample holder, at vertical and lateral
lines at the symmetry plane, and at vertical and lateral lines at 25 mm away from
the symmetry plane.
5.3 Load Application

The simplest way to apply boundary conditions to a model exhibiting complicated
motion such as that applied to the sample holders in this research was to replicate
the torque arms and beam clamps. However, no solid elements currently available
in the ANSYS modeling package support direct application of rotational degrees
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of freedom. To overcome this deficiency, an alternative technique was used to
rotate the arms. Using volume division once again, the axis of rotation in the
bending arm was defined along a vertical line. Here rotation is allowed about the
axis while it is held fixed in space. To apply the desired rotation, a lateral
displacement is applied to a vertical line at the distal side of the bending arm. This
displacement is determined trigonometrically from the desired angle of the
bending arm. The angle used throughout this modeling was 48.79°, which
corresponds to a bending strain of 0.6% at the sample surface. The bottom face of
the bending arm is restricted to sliding behavior: no vertical motion is allowed,
but rotation and translation within the plane are allowed. Finally, a symmetry
boundary condition is applied to the symmetry plane of the sample holder. This
ensures that the sample holder volume is allowed to slide on the symmetry plane
in any fashion (translation or rotation) as long as the face at the boundary is kept
parallel with the boundary. Figure 61 shows these boundary conditions applied to
this simple sample holder. This simulation involves large displacements, and as
such the non-linear option for solution was enabled in ANSYS.
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Figure 61 - Boundary conditions applied to the finite element model (a) oblique view, (b) top
view, and (c) side view

An alternative way to apply rotation to this model exists. With this method, one
node, called a pilot node, is used to control other nodes by defining contact pairs.
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The contact elements created during this process allow for pure rotation to be
applied at the axis of the bending arm, but demand much more from the
workstation in terms of both CPU time and storage. At low bending percentages
this method agrees with the method described previously. Computation time was
found to be prohibitively long, so the first method discussed was used for the
current simulations.
5.4 Results

Throughout this analysis, the most attention is drawn to the strain exhibited in the
direction along the sample holder, since with this data it is possible to infer the
strain experienced by the superconducting strand. For the same reason, the
deformed shape of the sample holder is a secondary parameter.
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Figure 62 - Strain along the beam for a sample holder without ribs or strand channel, (a)
oblique view, (b) top view

Using contour plots to determine the quality of the strain distribution is a rapid
and useful tool for preliminary investigation. However, plotting the strain along
the beam at particular locations allows one to come to important conclusions. As
discussed earlier, volume division was performed to create lines in the model
where data was to be taken. An image labeling the longitudinal data collection
lines is provided in Figure 63.
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Figure 63 – Longitudinal data collection lines

Other lines were used to retrieve strain data along the beam. Figure 64 shows the
transverse and vertical lines where data were taken.
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Figure 64 - Transverse and vertical data collection lines
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In summary, longitudinal strain data was taken along longitudinal lines, transverse
lines, and vertical lines, the positions of which were determined before the
running of the simulation. The lines located at 25 mm away from the symmetry
plane were chosen as key locations because this correlates with the distance
between voltage taps mounted to the beams during pure bending testing at the
NHMFL.
Looking at the strain data at the transverse lines first, it is clear that for neither the
symmetry plane nor the 25 mm mark does zero strain occur at the centerline of
the beam. See Figure 65 for a plot of strain vs. transverse position at 0.6% applied
strain. A schematic is paired with this plot to indicate the locations where data
was taken.
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Figure 65 - Strain along the beam at transverse locations

In fact, for all transverse lines at the top and bottom of the beam, zero strain
occurs at .17 mm towards the inside, or concave side of the sample holder.
A primary goal of this bending beam design is to produce a constant rate of strain
from one end of the sample area to the other. This behavior is confirmed in Figure
66, where strain is constant from the center of the beam to a location about 30 mm
outward in either direction.
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Figure 66 - Longitudinal strain as a function of position along the beam

This plot contains data for three runs: 0.5%, 0.3%, and 0.1% nominal bending
strain at the strand surface. On the horizontal axis, the position along the beam is
given from the symmetry plane at the right side to the distal end of the beam close
to -57 mm. Strain is along the vertical axis. It is notable that there is an offset in
strain from the inside, or concave, side of the beam to the outside, or convex, side
of the beam. This is consistent with Figure 65 where at both the top and bottom of
the beam, the center of the beam is in tension. Also notable is the decrease of
longitudinal strain as the end of the beam is approached. This is an expected
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result, as bending decreases to zero at the beam clamp area.
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Figure 67 - Longitudinal strain as a function of position along the beam

In Figure 67, a comparison can be made between the lines along the top surface of
the beam and the lines along the mid-line of the beam for 0.6% applied bending
strain. It is of note that the offset in strain is in the opposite direction for the top
surface when compared with the offset seen at the mid-line of the beam. This is an
initial indication that there is out-of-plane bending occurring from the top to
bottom of the beam.
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To investigate the out-of-plane bending occurring from the top to bottom of the
beam discussed earlier, the longitudinal strain taken at vertical lines can be
plotted. See Figure 68.
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Figure 68 - Longitudinal strain as a function of vertical position on the beam

It is interesting to note that at the middle vertical line at the symmetry plane (z =
0, x = 0), some positions are in tension and others in compression. In fact, the
location where zero strain occurs is independent of the applied strain. It always
occurs at 6.8 mm away from the centerline (y = 0) of the beam. For higher applied
bending, the effect is more pronounced. This plot indicates more clearly that there
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exists a warping from top to bottom of the beam. Confirming this behavior, an
image from ANSYS is shown in Figure 69. This plot is not scaled.

1
NODAL SOLUTION

OCT 4 2011
16:01:41

STEP=6
SUB =7
TIME=6
EPTOX
(AVG)
RSYS=0
DMX =36.303
SMN =-.014344
SMX =.014385

MX

-.014344

-.011152

-.00796

-.004767

-.001575

.001617

.004809

.008001

.011193

.014385

Figure 69 - Unscaled plot angled to show warping behavior

These results are described by the Poisson effect. As the beam is bent, material on
the concave side of the beam is compressed. By conservation of volume, the only
direction in which it can move is vertically. This has the tendency to push the
upper and lower edges of the beam outward, thus creating a bowing shape.
To further confirm these results, a room-temperature test was conducted where
the displacement of a beam was recorded from top to bottom. The support ribs
from an unused low bending sample holder were milled off, and this beam was
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installed in the gearbox. The gearbox was clamped to the worktable of a milling
machine and a right angle spindle holding a depth gauge fitted to the main
spindle. A photograph of the test setup is shown in Figure 70. Readings were
taken on the convex side of the beam at three locations: at beam center (symmetry
plane in the model), and at 25 mm offset from beam center on both sides.
Readings were taken at these three locations for 0.0% bending up to 0.6%
bending in 0.1% increments.

Figure 70 - Room temperature test to assess Poisson effect
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Before each test run, the clamps holding down the gearbox were adjusted to
ensure that the sample holder was perpendicular to the surface of the worktable.
This way, the changes in depth shown during testing can be attributed only to the
bowing of the beam and the tolerances of the milling process. The depth gauge
used is accurate to 0.00005” and is capable of sending the current readout to a
computer. Using this capability, depth readouts were recorded every 0.050” as the
worktable height was adjusted. The first data set taken for each run, 0.0%
bending, was used as a reference for all the other runs. In this way, the
irregularities due to the milling process were accounted for. The 0.0% bending
case was subtracted out of the data for each subsequent run. These data were
converted to metric units.
To be consistent, a simulation was run for a low bending sample holder with a
channel. The material models used in this simulation were adjusted to reflect
room-temperature behavior. A comparison between the experimental results and
the analytical results is shown in Figure 71.
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Figure 71 - Comparison of arc shape between simulation and measurement

Along the horizontal axis is the position from bottom to top of the beam. Along
the vertical axis is the deflection of the beam, taking the top and bottom of the
beam as reference. This plot maintains the convention used for depth gauges,
where positive displacement represents compression of the needle, and negative
displacement represents extension of the needle. Though the magnitude of offset
does not match for this case, the shape and trend match very well. The data
recorded from the locations 25 mm away from the centerline of the beam are
presented next, in Figure 72.
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Figure 72 - Comparison of arc shape at 25 mm offset to the (a) positive and (b) negative side
of the beam
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It is noteworthy that with each increase in bending applied to the sample holder,
the instantaneous angle exhibited at the needle of the depth gauge for the 25 mm
offset cases increases. This could account for the differences seen between the
centerline results and the offset results.
Though these results are important, the real sample holders used in this research
have support ribs to resist the Lorentz load. To judge the effect of the warping on
the actual design, a model was built to accurately represent the low bending
sample holder. It includes both a channel and support ribs. The support ribs are
shown to reduce the bowing effect seen for the simple flat beam. A plot
comparing the bowing between the two models is shown in Figure 73.
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Figure 73 – Comparison of lateral bowing between a Low Bending beam with and without
ribs.
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From this plot it becomes clear that the support ribs reduce the bowing by almost
60%.
The impact this bowing behavior has on the sample itself may be very little,
however. One way to assess this is to calculate the radius of curvature
experienced by the sample. Analytically, the desired radius of curvature can be
determined by recalling equation 2.6, restated here for convenience.



r



(4.1)

For a wire radius of 0.41 mm and a desired strain of 0.6%, 68.3 mm is the
expected radius of curvature. Taking displacement data from the model, three
nodes along the centerline of the beam can be used to determine the equation of a
circle. Performing this calculation and plotting experimental data and analytical
data allows for a comparison of the desired radius of curvature to the modeled
radius of curvature. See Figure 74.
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Figure 74 - Comparison of bending radius between analytical and model results

Using this method, the radius of curvature was found to be 66.9 mm in the model.
This corresponds to an actual bending strain of 0.61%, which represents an
acceptably small error when compared with experimental data. The root mean
square error of the circular curve-fit is 0.00059. This minimal error indicates that,
for a sample holder without ribs, the goal of pure bending has been achieved.
Though pure bending has been shown to be successfully applied with these
sample holders, it was shown in Figure 66 that there exists a small amount of
tensile strain along the centerline of the strand. However, this strain decreases as
the beam clamps are approached. As long as the sample is allowed to slip within
the channel, the effective axial strain it experiences is reduced.

98

Furthermore, since the bowing effect is reduced for a sample holder with ribs, it is
expected that the axial strain experienced is also greatly reduced. Additionally,
the results for the medium and high bending sample holders, since these beams
are thinner, are expected to show that the bowing effect is reduced even further,
and that any axial strain experienced by the strand will be minimized.
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Chapter 6. Conclusions and Further Research
In conclusion, the development of a sample holder capable of applying a
maximum of 1.4% bending strain has been successful. The longitudinally
symmetric design developed by Allegritti has been optimized such that the three
beams have been matched to three overlapping bending ranges. Each beam is
capable of applying bending within its range while supporting the wire against the
Lorentz load developed during experimentation. The new concept which
eliminates supporting walls for the strand used for the high bending sample holder
was shown to successfully prevent the sample from deflecting unacceptably
between ribs.
Conclusions that may be drawn from experimentation include the continued
degradation of the samples at high bending strains. At 1.3% bending, both the
Luvata and Oxford samples experience about a 60% loss in critical current. At
1.4%, the Luvata samples experience a loss of about 70% of their current carrying
capability. Furthermore, cycling the bending strain applied to the samples has
been shown to degrade critical current noticeably for all samples. For the low
bending range tests, the Luvata strands degrade less than 5%, while the Oxford
sample shows 8% degradation. Cycling up to 1.4% and returning to 0.6%, the
Luvata samples have lost about 50% of their critical current performance, up from
25% for the low bending experiment. The data gathered during this research will
be used strengthen the experimental foundation upon which strain scaling laws
are built, and the characterization of strand behavior will be made more complete.
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ANSYS modeling was performed from 0.1% to 0.6% strain at the sample surface
for a low bending sample holder without ribs or channel. This modeling
investigated the strain distribution along lines in three directions. It was found that
the strain is uniform across the 50 mm sampling length, and begins to drop
towards zero as the beam clamping area is approached. Additionally, over the
sampling length, the neutral axis is offset 0.17 mm towards the concave side of
the beam for the entire range of bending. The strain and displacement distribution
along vertical lines shows a bowing behavior of the beam which is more
pronounced at higher bending rates.
This behavior was confirmed with room-temperature experimental results. It was
shown that a low bending beam without ribs exhibits more than 0.25 mm bowing
over the sampling length. Initial modeling of a low bending beam with ribs and a
channel indicate that the bowing decreases almost 60%. Furthermore, it was
determined that the bowing experienced has no effect on the pure bending
behavior of the sample holder.
The axial strain seen at the center of the top surface of the flat bending beam has
been shown to be non-zero. A wire that is allowed to slip in the channel of the
actual design will mitigate this behavior, as the areas near the beam clamps
experience smaller strains. Additionally, the sample holders with support ribs
reduce the bowing effect. The medium and high bending beams will experience
less bowing than the low bending beam due to their reduced base thickness.
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Each sample holder balances the competing design requirements for Lorentz load
reaction and bending strain applied. On the third day of testing, the high bending
sample holder was used to make critical current measurements at 0.1% below its
designed range of bending. Two criteria are used to bound the bending range. At
the upper end of the range, plasticity will affect the shape of the sample holder,
allowing more deformation to take place at the point of yield. However, the
Lorentz load is efficiently reacted by the tight radius of curvature of a beam under
high bending. At the lower end of the range, the Lorentz load present during
application of current will tend to warp the sample holder such that the sample
may be placed under strains not attributable to pure bending.
Finite element analysis should be continued to confirm the limits of each sample
holder. A model should be constructed each for the low, medium, and high
bending sample holders, and should include all features such as ribs and channels.
The optimum strain range can be plotted as a function of Lorentz force present for
each sample holder. This will allow for further optimization of the bending beam
design.
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Appendix A. Drawings
Sample Holders

Figure 75 - Low Bending Sample Holder, sheet 1 of 2
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Figure 76 - Low Bending Sample Holder, sheet 2 of 2
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Figure 77 - Medium Bending Sample Holder, sheet 1 of 2
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Figure 78 - Medium Bending Sample Holder, sheet 2 of 2
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Figure 79 - High Bending Sample Holder, sheet 1 of 2
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Figure 80 - High Bending Sample Holder, sheet 2 of 2
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Current Terminators

Figure 81 - Current Terminator, Left
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Figure 82 - Current Terminator, Right
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Supporting Parts

Figure 83 - Copper Spacer
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Figure 84 - Backing Plate
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Figure 85 - Cover Plate
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Appendix B. ANSYS Code
The code presented here is for the flat plate with no channel. With it, 0.6%
bending will be applied incrementally in steps of 0.1%. The material properties of
the Ti alloy are for room temperature.

/PREP7
ET,1,SOLID95
MPTEMP,1,293
4K

!Define element type
!Define a temperature table,

!Define material properties for Ti-6Al-4V at Room
Temperature
MPDATA,EX,1,1,112039.83 !MPa
MPDATA,PRXY,1,1,.34
!Poisson's Ratio
TB,MISO,1,1,5
!Define mutli-linear
isotropic properties
TBTEMP,293
TBPT,,.0075,827.37
TBPT,,.008,868.74
TBPT,,.009,903.21
TBPT,,.010,917.00
TBPT,,.011,923.90
!Define material properties for SS316
MPDATA,EX,2,1,201397.5
MPDATA,PRXY,2,1,.33
!Glue volumes
ALLS
VGLUE,ALL
!Divide volumes to create axes of rotation
WPCSYS
ALLS
VSBW,ALL
WPCSYS
WPOFFS,-37.79139,-36.970 !Move WP to left bending arm
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WPROTA,,,-90
VSBW,2
VSBW,4
ALLS
WPCSYS
WPROTA,,90
VSEL,S,,,5,6,1
VSBW,ALL
ALLS
WPCSYS
WPOFFS,-25
WPROTA,,,90
VSBW,ALL
ALLS
!Apply Ti material properties to sample holder
VSEL,S,,,5,6,1
VSEL,A,,,11,16,1
VATT,1
!Apply SS material properties to bending arms
VSEL,S,,,1,3,1
VSEL,A,,,7
VATT,2
!Build components for element sizing
!Assign fillet areas to CM
ASEL,S,,,10
ASEL,A,,,65
ASEL,A,,,69
ASEL,A,,,76
CM,FILLETS,AREA
ALLS
!Select arms and assign to CM
VSEL,S,,,1,3,1
VSEL,A,,,7
ASLV
CM,ARMS,AREA
ALLS
!Select channel surfaces and assign to CM
ASEL,S,,,16
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ASEL,A,,,21,22
ASEL,A,,,46,47
ASEL,A,,,49
ASEL,A,,,60
ASEL,A,,,67
ASEL,A,,,73
ASEL,A,,,79
ASEL,A,,,82,83
ASEL,A,,,85
ASEL,A,,,88,90,1
ASEL,A,,,93,94
ASEL,A,,,96
ASEL,A,,,99,100
ASEL,A,,,102
ASEL,A,,,104,105
ASEL,A,,,107
ASEL,A,,,109,110
ASEL,A,,,112
CM,CHAN,AREA
ALLS
!Select center plane areas and assign to CM
ASEL,S,,,29
ASEL,A,,,86
ASEL,A,,,97
ASEL,A,,,108
CM,CENTERPLANE,AREA
!Select outer faces of beam and assign to CM
ASEL,S,,,24
ASEL,A,,,80
ASEL,A,,,84
ASEL,A,,,91
ASEL,A,,,95
ASEL,A,,,101
ASEL,A,,,106
ASEL,A,,,111
CM,OUTERFACES,AREA
ALLS
!Set element sizing
CMSEL,S,FILLETS
AESIZE,ALL,0.4
CMSEL,S,ARMS
AESIZE,ALL,5
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CMSEL,S,CHAN
AESIZE,ALL,0.4
CMSEL,S,CENTERPLANE
AESIZE,ALL,2
CMSEL,S,OUTERFACES
AESIZE,ALL,0.4
!Define mesh size for top of sample holder at arms
ALLS
ASEL,S,,,17
ASEL,A,,,26
AESIZE,ALL,2
!Mesh all parts with tetrahedral elements
ALLS
MSHAPE,1,3D
VMESH,ALL
FINISH
!Define solution type
/SOLU
ANTYPE,STATIC
NLGEOM,ON
NROPT,FULL
option
NSUBST,20,200,0
OUTRES,ALL,ALL

!Specify large deflection
!Specify full Newton-Raphson
!Specify number of substeps
!Write all data for all steps

!Fix axis
LSEL,S,,,48
DL,ALL,,UX,0
DL,ALL,,UY,0
DL,ALL,,UZ,0
ALLS
!Keep bases in-plane
ASEL,S,,,1
ASEL,A,,,3
ASEL,A,,,34
ASEL,A,,,52
DA,ALL,,UY,0
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ALLS
!Apply symmetry
ASEL,S,,,60
ASEL,A,,,67
ASEL,A,,,73
ASEL,A,,,79
DA,ALL,SYMM
ALLS
!Apply displacement to outer line
LSEL,S,,,67
NSLL,S,1
D,ALL,UY,0
D,ALL,UZ,6.14
!Applying 0.1%
ALLS
SOLVE
LSEL,S,,,67
NSLL,S,1
DCUM,ADD
D,ALL,UZ,6.01
ALLS
SOLVE
LSEL,S,,,67
NSLL,S,1
DCUM,ADD
D,ALL,UZ,5.77
ALLS
SOLVE
LSEL,S,,,67
NSLL,S,1
DCUM,ADD
D,ALL,UZ,5.41
ALLS
SOLVE
LSEL,S,,,67
NSLL,S,1
DCUM,ADD
D,ALL,UZ,4.94
ALLS
SOLVE

!Applying 0.2%

!Applying 0.3%

!Applying 0.4%

!Applying 0.5%

LSEL,S,,,67
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NSLL,S,1
DCUM,ADD
D,ALL,UZ,4.37
ALLS
SOLVE

!Applying 0.6%
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