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Abstract  

Superconductors are important technological materials for developing high field 

magnets. Nb3Sn is a particularly common superconducting material for these 

magnets because of its high current and field capabilities. However, Nb3Sn is also 

very sensitive to strain which can degrade its electrical performance. For this 

reason, the strain-dependent behavior of Nb3Sn has been an important research 

topic for many decades. This thesis focuses on characterizing the strain-dependent 

behavior of Nb3Sn strands under pure bending loads. This work is the 

continuation of pure bending research that started in 2005 at the MIT. 

A discrepancy in the critical current results of two different sample holders at the 

same amount of applied bending was observed in prior pure bending experiments 

conducted in 2012. The unknown cause behind this discrepancy led to the focus 

and motivation behind the current pure bending research.  

An in-depth FEA investigation of the samples holders was undertaken to identify 

a potential cause for the observed difference in experimental critical current 

results. The FEA modeling focused on characterizing the strain distributions 

within the Nb3Sn strands mounted on the sample holders. A comparison between 

the critical current results and the strain distributions from each sample holder 

uncovered an adverse characteristic which may have caused the discrepancy.  

Following these findings improved sample holders were designed to eliminate this 

adverse characteristic. The performance of the newly developed sample holders 
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were then validated through experiments. Both bronze-route and internal-tin type 

Nb3Sn strands were tested up to an applied bending strain of 1.25% on the strand 

surface. Both type of samples exhibited consistent critical current degradations 

over the entire bending range. No discrepancies were found between the low and 

high bending range sample holders.  

The Nb3Sn samples tested all experienced a reduction in critical current between 

40% and 60% at the maximum bending strain of 1.25%. The internal-tin samples 

experienced filament breakage and saw a permanent 30% reduction in critical 

current upon removal of bending. The critical current of the bronze-route samples 

was completely recoverable and returned to its initial critical current value upon 

removal of the bending strain.  

The experimental results of the critical current as a function of applied pure 

bending were evaluated with an existing integrated model. The behavior of the 

samples was characterized and found to be on par with previous findings for 

internal-tin and bronze-route wire.  
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1.0  Introduction  

1.1  Thesis Objective  

The research presented in this thesis is focused on the current work that has been 

done to characterize the strain-dependent behavior of Nb3Sn superconducting 

stands under pure bending loads. The strain behavior is characterized using a 

continuously variable bending mechanism design by David Harris in 2005 [1]. 

The device works by placing the superconducting strands on a thin beam-like 

sample holder that can be bent through a continuous evolution of bending states. 

This allows a single strand to be characterized over a large range of bending 

strains using a single device. 

Prior experiments conducted in 2012 by Joe King discovered a discrepancy in 

critical current values for the same sample tested in two different samples holders 

at the same amount of applied bending [2]. This has given rise to the focus of the 

current research, which is to identify the cause of this discrepancy by fully 

analyzing the characteristics and behavior of the current sample holders using 

finite element analysis (FEA). The goal of the analysis is to determine any 

potential shortcomings in the sample holder designs by detecting any differences 

that may exist in the strain-state of their Nb3Sn samples. Any difference in the 

magnitude, uniformity or overall strain could help explain the discrepancy in 

critical current results.  

The end objective of this work is to develop new and improved sample holders  
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which eliminate the differences in critical current results found prior. The sample 

holders will be optimized so that they place the samples in an acceptable state of 

true ñpure bending.ò The newly developed sample holder will be validated 

through critical current experiments done at the National High Magnetic Field 

Laboratory in Tallahassee, FL. The ideal outcome of the experiments will be to 

collect accurate and dependable critical current data which can be used to improve 

the current predicative scaling laws for Nb3Sn magnet design, allowing for more 

advanced superconducting magnets to be developed.  

1.2  Background of Superconductivity  

A superconductor is defined as a material with the ability to conduct electrical 

current without resistance. This behavior is made possible by the Meissner Effect 

which is a superconductorôs ability to expel magnetic fields from within the 

material. Dutch physicist Kamerlingh Onnes discovered this phenomenon in 

1911, three short years after he successfully liquefied helium. He made the 

discovery while testing the temperature dependence of resistance within a sample 

of mercury. As Onnes lowered the temperature below 4 kelvins (K), he noticed 

that the resistance within the sample suddenly dropped to zero. In response to this 

discovery he wrote, "Mercury has passed into a new state, which on account of its 

extraordinary electrical properties may be called the superconductive state" [3].  

Onnes soon discovered several other materials that also exhibited this 

superconductive state under appropriate conditions. These appropriate conditions 

led to the discovery that a materialôs superconductive state is governed not only 
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by its temperature but also by the magnetic field and current. The transition 

between the superconductive and normal resistive states for a superconductor is 

controlled by three critical values: the critical temperature (Tc), critical magnetic 

field (Hc), and critical current density (Jc). The magnitudes of these critical 

properties are specific to each individual superconducting material. These 

governing parameters can be plotted together to create what is called a critical 

surface, as shown in Figure 1.1.  

 

Figure 1.1 ï Characteristic critical surface of a superconductor. 

If a superconductor remains on or beneath this critical surface it will remain in a 

superconductive state; however, if any one of the parameters varies outside of the 

surface the superconductor will quench. A quench refers to the rapid transition of 

a superconductor to a resistive state. A superconductor is generally operated a 

safe amount beneath the surface to accommodate small fluctuations in each 

parameter without quenching.  

Superconductors are often grouped into two categories based on their critical 

temperature. High temperature superconductors (HTS) have critical temperatures 
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above 77 K, while low temperature superconductors (LTS) have critical 

temperatures below 77 K [3]. This transition temperature of 77 K signifies the 

boiling point of liquid nitrogen at atmospheric pressure. One common LTS is 

Nb3Sn, which has a critical temperature of 18.2 K and a max critical field of 24.5 

T at a temperature of 4.2 K. Most LTS are cooled using liquid helium as was done 

in the initial experiments conducted by Onnes.    

The original superconducting materials that were identified by Onnes and his 

colleagues are classified as Type-I superconductors and are mostly pure metals. 

These superconductors could not carry any appreciable current under low 

magnetic fields. Type I superconductors are classified as having one critical 

magnetic field value, at which point the Meissner effect completely breaks down 

and the material becomes resistive. The applicability of superconductors for high 

power applications came with the development of Type II superconductors.  

Type II superconductors are a mixture of Type I superconductors and normal 

resistive materials. The resistive material allows magnetic flux lines to locally 

penetrate the material without destroying its overall superconductive state. This 

phenomenon allows materials to remain superconductive at higher magnetic fields 

while carrying substantial amounts of current.  

These Type II superconductors are classified as having two critical field values 

(lower and upper). Below the lower critical field (Hc1) the superconducting 

material exhibits perfect diamagnetism as described by the Meissner effect. In 

between the two critical fields, the material will experience partial magnetic flux 
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penetration while remaining in a superconductive state. Above the upper critical 

field (Hc2) magnetic flux lines fully penetrate the superconducting material 

returning it to the normal resistive state. The upper magnetic field value is used to 

denote the critical surface for these type superconductors [4]. 

1.3  Applications of Supercond uctivity  

Since its discovery in 1911, the unique phenomenon of superconductivity has 

sparked interest in many scientists as to its future widespread applications. 

Although superconductivity is an extremely beneficial technology its widespread 

implementation has only recently become more practical for certain applications 

as our understanding of the properties and behavior of superconducting materials 

increases. The largest application for superconductors is electromagnets. Powerful 

new superconducting magnets can be made much smaller than a resistive magnet, 

because the windings can carry large currents with no energy loss and therefore 

can achieve greater magnetic fields. 

1.3.1  High - Field Magnets  

High-field magnet industries have become one of the largest areas for widespread 

use of superconducting materials. Particle accelerators used in high-energy 

physics are one primary application for these superconducting magnets. The 

worldôs largest accelerator is the Large Hadron Collider (LHC) built in Geneva 

which contains over 1,500 of these high-field magnets [5]. Another primary 

application of high-field superconducting magnets is in fusion energy. The high 
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temperature plasma in a fusion reactor is generally contained using a magnetic 

confinement system composed of large superconducting magnets. Fusion 

reactions have been demonstrated in the past and have shown promise of one day 

being a clean and abundant energy source. The International Thermonuclear 

Experimental Reactor (ITER) is an international collaborative project aimed at 

demonstrating the feasibility of fusion energy for power generation. ITER has 

been the motivation behind this research and will be discussed more in the 

following section.  

1.3.2  Magnetic Resonance Imaging (MRI)  

Superconducting electromagnets have already become crucial components of 

medical imaging systems and are specifically well suited for magnetic resonance 

imaging (MRI) machines. Superconducting magnets are desirable in this 

application because they provide a very stable high magnetic field over a large 

volume. In addition to this, they require less electrical power compared to 

conventional magnets.  

Advances in medical imaging systems are giving doctors greater ability to 

diagnose medical problems and therefore are becoming more prevalent. The 

growing demand for MRI machines makes this industry one of the largest 

branches of superconducting applications [6].  

1.3.3  Magnetic Levitation  

In the railroad and high-speed commuter train industries, magnetic levitation  
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transport is an emerging field that has shown significant promise. The ability to 

create small high-field magnets using superconductors make them the primary 

choice magnetic system used to levitate, guide and propel the trains. Magnetically 

levitated trains would eliminate the need for wheels and moving components 

which are constantly deteriorating by high loading and friction. These trains 

would also have the ability to travel smoother at higher speeds. If magnetic 

levitation becomes more widespread it has the ability to greatly change the 

transportation industry [7].  

1.3.4  Power Distribution and Storage  

Superconductivity could play an integral part of our power distribution system in 

the near future. Superconducting electrical transmission lines have been shown to 

exploit a superconductorôs ability to conduct electricity with zero resistance and 

have greatly reduced transmission losses. They have also greatly reduced the 

amount of transmission lines necessary by exploiting the high current capabilities 

of superconductors.  

Along with this, superconductors could also be used to upgrade conventional high 

voltage transformers. And most importantly, superconducting magnet energy 

storage (SMES) systems currently have the ability to store a large capacity of 

energy for indefinite periods of time while still having fast discharge rates. 

Greater implementation of these SMES systems would increase the power gridôs 

ability to accommodate more non-continuous power sources like renewable 

energy [6].  
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1.4  Importance of Nb 3Sn Research  

Niobium-tin (Nb3Sn) is a Type-II low temperature superconductor that was 

discovered in the 1950ôs and developed into a feasible magnet conductor in the 

late 1970ôs. Nb3Sn is a high-quality superconducting material because of its 

ability to have high critical current at very large magnetic fields, greater than 20 

teslas at 4.2 K. These impressive electrical attributes make it one of the few 

superconducting materials that can meet the extreme demands of high field 

magnet applications.  

As mentioned above, one of the most currently active areas for high field Nb3Sn 

magnets is the development of the magnetic plasma confinement system for 

ITERôs fusion reactor presently being constructed in Cadarache, France. The 

magnetic confinement system is a tokamak design which contains the plasma in 

the shape of a torus. A computer model of the tokamak design for the ITER 

experimental reactor is shown in Figure 1.2 on the following page. For a sense of 

scale, a person is standing at the bottom of the image.  

Figure 1.2 clearly indicates the three main components of the magnetic 

confinement system which are the 18 superconducting toroidal field coils, 6 

poloidal field coils and the large central solenoid consisting of 6 modules. A 

special alloy of Nb3Sn has been selected as the superconducting material for the 

toroidal field and central solenoid magnet coils [8]. Therefore, the majority of the 

magnetic system uses Nb3Sn superconductors making it an essential component 

of the overall magnet confinement system. 
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Figure 1.2 ï Computer rendered schematic of the ITER fusion reactor [9]. 

The Nb3Sn magnet components indicated above will be constructed using cable-

in-conduit conductors (CICC) containing more than 800 superconducting strands. 

These CICCs are described in more details in the following section and are shown 

in Figure 1.3. High current test of the central solenoid magnet coils has shown 

lower maximum current than the design expectation [10]. Considering the major 

role these magnets play in the fusion reactor, meeting their design specifications 

is a crucial requirement for the future success of the ITER project. Therefore, the 

limited current results gave rise to a large amount of research aimed at 

understanding the potential causes.   

Although Nb3Snôs strain sensitivity is known, its performance under complex 

loading conditions, like a magnet winding, is not. A superconducting strand 

within a CICC is experiencing a compound strain-state which may be any 
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combination of axial, bending and transverse compressive stains. To fully 

understand how the strands are being affected, each type of loading has been 

investigated independently. Prior research has already been done on Nb3Sn under 

axial tension and compression, which is why characterizing Nb3Sn under 

transverse compression and bending loads is essential and has been the focus of 

current research. Once the strain-dependent behavior of Nb3Sn strands under 

these loading conditions has been fully characterized, this information can be used 

to improve the current scaling laws. These scaling laws are designed to predict the 

overall performance of a CICC magnet coil based on the results of a single strand. 

Therefore, the improved scaling laws will more accurately predict the 

performance of the ITER model coils. With this information, magnets that meet or 

exceed all ITER design requirements can be created.  

1.5  Cable - in - Conduit Conductor (CICC)  

A cable-in-conduit conductor (CICC) is a cabled superconductor that is placed 

within a metal conduit and is cooled by a forced flow of a liquid cryogenic. It is 

regarded as a standard cabled-conductor design for large magnet applications 

since it can meet all key requirements. It is for this reason that this cabling 

technique has been chosen for the ITER model magnetic coils of the central 

solenoid and toroidal field magnets. 

In general, CICC designs are composed of a high-strength metal jacket for 

mechanical support, a method for cooling the superconducting strands and an 

electrically conductive stabilizing material. The ITER conductors use bronze-
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route and internal-tin type Nb3Sn strands for their superconductor and copper wire 

as their stabilizing material for quench protection. The cooling method is achieved 

through a central cooling channel that carries a forced flow of liquid helium 

through the conductor. A specially developed stainless steel is used for the high-

strength conduit material in ITER model CICC.  

The strands are combined using precise several stage twisting technique designed 

to reduce electrical losses and achieve optimal performance. The overall twist 

pattern for the ITER CICC is 3x-3x-4x-5x-6x. This indicates the number of 

groups twisted together at each stage of winding. Initially three strands are twisted 

together into a group. Then three of those groups are twisted together. This 

continues until there are 6 bundles remaining as indicated in the images in Figure 

1.3. The final six bundles are twisted around a central cooling channel and then 

placed inside the conduit which is compressed around the twisted cable. A cross-

section of the final ITER CICC cable is shown in Figure 1.3 below. 

 

Figure 1.3 ï Cable-in-Conduit Conductors (CICC) for ITER magnets [11]. 
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Due to the strain sensitivity and brittle nature of the Nb3Sn material, the CICC 

cables are assembled using unreacted strands. Unreacted strands refer to non-heat 

treated Nb3Sn wires which contain isolated niobium and tin materials as described 

more in the following section. After the CICC is fully assembled it goes through a 

long heat treatment process which diffuses the niobium and tin materials in the 

strands together creating the superconductive compound Nb3Sn. For the ITER 

magnets this heat treatment is done after the CICC has been formed into the 

magnet coils to prevent any damage that may be caused during winding. 

1.6  Production of Nb 3Sn  

Superconducting wires are not composed purely of superconducting material, but 

rather a combination of resistive and superconductive materials. Most LTS, like 

Nb3Sn are comprised of a copper stabilizing layer surrounding a central region of 

superconducting filaments. Copper is most often chosen as the stabilizing material 

because it is a highly ductile material that has excellent electrical conductivity. 

The standard method that is used for producing superconducting wires starts by 

combining all the raw materials into a large billet as seen in Figure 1.4. For Nb3Sn 

wire, these materials include niobium and some form of tin for the 

superconductor, copper for the stabilizer, and usually tantalum for a diffusive 

barrier. The billet then goes through a number of extruding, annealing (if 

applicable) and drawing steps until the final desired diameter is achieved. The 

strands then go through a long heat treatment process that takes place to diffuse 

the niobium and tin together creating the superconducting Nb3Sn filaments. The 



13 

reacted wire is very brittle and sensitive to strain which is why the heat treatment 

process is generally done after the wire is in its final form.  

 

Figure 1.4 ï ITER type Nb3Sn billets before being drawn into wire form [12]. 

The exact design and manufacturing technique for producing these 

superconducting wires is critical to the performance of the strand and 

consequently the performance of the entire conductor. Numerous methods exist 

for developing superconducting wires; however, only two methods relevant to this 

research will be discussed. These are the bronze-route and internal-tin processes.  

The bronze-route process starts with small billets of bronze which is an alloy of 

copper and tin. A pattern of holes are drilled into the billet and are filled with a 

pure niobium alloy. These small billets are then extruded and drawn into 

hexagonal shapes as seen in Figure 1.5. Multiple hexagonal billets are then drawn 

together into a bundle and placed inside a hollow copper tube with a thin tantalum 

barrier inside. The entire assembly is then extruded and drawn down to the final 

diameter of the superconducting wire. This is referred to as unreacted Nb3Sn wire 

which then undergoes a heat treatment process to diffuse the tin out of the bronze 

reacting it with the pure niobium creating the Nb3Sn superconducting filaments.  
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 Figure 1.5 ï Schematics of the bronze-route and internal -tin  methods. 

 The internal-tin process starts with a pure copper billet. Holes are drilled and 

filled with tubes of niobium and tin. Generally a pattern similar to Figure 1.5 is 

used which has one large central hole for the tin and many smaller surrounding 

holes for niobium. These billets are then drawn into hexagonal shapes and 

bundled together. This bundle is again placed inside a hollow copper tube with a 

diffusive tantalum barrier and drawn to its final diameter. Lastly, the strand is heat 

treated which causes the tin to diffuse through the copper and into the surrounding 

niobium tubes creating Nb3Sn filaments.  

1.7  Strain Characterization  of Nb 3Sn   

Mechanical strain has been discovered to significantly affect the performance and 

stability of  superconducting materials. This strain sensitivity is a big limitation to 

Nb3Sn and must be considered during the design of a superconducting magnet. 

Currently Nb3Sn coils are designed using the universal predictive scaling law 

developed by Ekin [13]. The scaling law predicts the behavior of full scale 

magnets based on the strain-dependent behavior of single Nb3Sn strands.   

Internal Tin Method

Niobium

Copper

Niobium

Bronze

Bronze Method
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Although this scaling law is useful, it is not exact and is based on the limited 

experimental data that is available. Most of the available experimental data are for 

axial compression and tension affects. Therefore, the scaling law will become 

more accurate with an increased amount of experimental data. This is why 

research continues to focus on determining the strain-dependent behavior of 

Nb3Sn strands under loading; specifically transverse compression and bending.  

The effect of bending on critical current of Nb3Sn strands was first studied by 

Senkowicz, Takayasu and Lee [14]. Their experiments were conducted using a 

fixed bending device that statically tested strands at one bending state at a time. 

The samples were initially heat treated and then manually placed in the channel of 

the sample holder. The sample holder was then gently clamped down on the 

strand placing it into the appropriate bending curvature. This research covered a 

wide range of bending strains up to 1.4% strain on the strand surface using 

multiple sample holders, each with a specific bending curvature.  

The one main drawback of this bending characterization technique was its 

inability to vary the bending applied to the sample. Every sample only 

experienced one bending state, which consequently limited the amount of data 

that could be taken to characterize the samples under bending loads. This 

limitation led to the development of a new variable-strain bending device 

designed by Harris [1]. This variable-strain device allows samples to be 

continuously bent through an evolution of bending states. This new device is the 

focus of this research and will be described in details in the following sections. 
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2.0  Pure B ending Mechanism  

The pure bending mechanism was originally designed and built by David Harris 

at the Massachusetts Institute of Technology (MIT) in 2005 [1]. The probe, gear 

system and general procedure from his experiment have been the basis of all 

research that has followed. Since his work in 2005 three other graduate students 

have worked on this research and have run experiments using his device. 

Allegritti  and Mallon both added design improvements to the sample holders, 

which will be discussed more in the succeeding sections.  

2.1  Test Conditions  

Pure bending critical current tests of Nb3Sn superconducting strands were done at 

the National High Magnetic Field Laboratory (NHMFL) in Tallahassee, Florida. 

The experiments were conducted in a 20 teslas (T), Bitter resistive magnet with a 

195 mm (7.68 inch) diameter warm bore. A cryostat was used inside the magnet 

to provide an environment suitable for performing cryogenic tests on LTS 

samples. The cryostat reduces the available magnet bore diameter to only 170 mm 

(6.70 inches). Magnetic field intensities during experimentation ranged from 12 to 

15 T. During testing the electrical current in the background magnetic field 

induces an electromagnetic Lorentz load on the sample. An average critical 

current value for ITER type Nb3Sn strands is 300 amperes (A) at 4.2 K in a 12 T 

field. These conditions would produce a Lorentz load of 420 N (95 lbf) on the 

116.4 mm (4.58 inch) long test sample.  
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A schematic of the cryostat is shown below in Figure 2.1. The red region indicates 

the Bitter resistive magnet, the blue region represents the inner chamber of the 

cryostat and the yellow region represents the outer cryostat chamber. The inner 

chamber is filled with liquid helium to cool the test samples while the outer 

chamber is filled with liquid nitrogen to facilitate cooling and reduce boil-off of 

the helium. The field produced by the magnets can vary near its top and bottom. 

For this reason, the samples are tested in the middle of the magnet, as indicted 

below, which provides the most uniform field. The distance from the top of the 

cryostat to the middle of the magnet is 1883 mm (74.13 inches).  

 

Figure 2.1 ï Schematic of magnet and cryostat assembly at NHMFL . 
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2.2  Probe Design  

As mentioned above, the samples are tested in the middle of the magnet which 

provides the most uniform and stable field during testing. Placing the samples at 

the correct location is achieved using a long probe which contains the bending 

mechanism mounted at the bottom. The probe is placed within the inner chamber 

of the cryostat as indicated in Figure 2.1. It extends down into the magnet bore 

placing the samples at center of the magnet, also represented in Figure 2.1. The 

probe not only places the samples at the appropriate location but also the correct 

orientation with the field.  

A picture of the probe is provided in Figure 2.2. The round stainless steel plate at 

right of the picture is the bottom of the bending mechanism. The larger stainless 

steel plate located at the other end of the probe is the cryostat mounting plate. 

Below the mounting plate is pink foam which insulates the inner chamber of the 

cryostat reducing the amount of helium boil-off. The structure of the probe is built 

using stainless steel rods and G10 plates.  

 

Figure 2.2 ï Image of pure bending device mounted to the probe used in experiments. 

Pure Bending Device 

Cryostat Mounting Plate 
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The probe not only places the samples at the correct location it also provides a 

means of remotely accessing the bending mechanism. This allows us to make 

adjustments to the applied bending load without having to remove the probe. This 

is achieved using a long input shaft that runs the length of the probe. At the 

bottom it attaches to the gear box of the bending mechanism and at the top it 

connects to a DC motor located outside the cryostat.  

In addition to this, the probe also provides the necessary framework for all wiring 

and instrumentation that is needed for the experiments. The probe carries the 

liquid helium fill tube, the helium level sensors, the current leads and the wiring 

for the voltage taps. Lastly, the probe acts as the rigid mechanical structure which 

holds the pure bending mechanism stationary during testing. It achieves this by 

resisting the electromagnetic forces that are generated on the pure bending device 

during testing. 

2.3  Bending Mechanism   

The bending mechanism refers to the device that applies the bending loads to the 

Nb3Sn samples. As mentioned previously, the device was developed by Harris 

and is depicted in the Figure 2.3. The design consists of two main components; 

the sample holder mounting assembly and the gear box. Details of these two 

components are given in the following sections.  

The bending device works by converting the rotation from the vertical input shaft 

into bending of the sample holder. This is achieved through a gear train consisting 
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of two continuous worm drives. The rotation of the input shaft is provided by a 

DC motor located on top of the probe. The vertical input shaft runs from the DC 

motor at the top of the probe to the gear box at the bottom. The rotation of the 

input shaft drives the gear train which produces the bending of the device.  

 

Figure 2.3 ï Wir e frame image of the pure bending mechanism [1]. 

2.3.1  Gear Box  

The gear box is located beneath the sample mounting assembly and contains the 

entire gear train which is comprised of two continuous worm drives. The gear 

train is depicted in Figure 2.4, which shows a wire frame schematic of the entire 

gear train. All components of the gear train and its housing are made out of 

austenitic 316 grade stainless steel because of its high strength at cryogenic 

temperatures and low magnetic permeability. 
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Figure 2.4 ï Wire frame image of the gear train components [1]. 

The gear train begins with the rotation of the input shaft. At the end of the input 

shaft is a worm, which is a screw like gear. The worm on the input shaft meshes 

with the worm gear located on the end of a central drive shaft, creating the first 

worm drive. This drive converts the vertical rotation of the input shaft into the 

horizontal rotation of the drive shaft.  

Located in the middle of the drive shaft is another worm, screw-like gear. This 

worm meshes with two more worm gears, one on either side of the drive shaft. 

These worm gears are located on the vertical torque shafts that transmit the 

rotation out of the gear box. This generates the second worm drive which converts 

the horizontal rotation of the drive shaft into two opposite vertical rotations of the 

torque shafts. The overall gear ratio of the device is 972 to 1. 

2.3.2  Sample Moun ting Assembly  

The sample mounting assembly consists of 4 components; the sample holder, 
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current terminals, vertical supports and torque arms. As the torque arms rotate in 

opposite directions they produce a moment on the ends of the sample holder 

causing it to bend. A schematic of the sample mounting assembly with the 

absence of torque arms can be seen in Figure 2.5. In this figure the sample holder 

is shown in grey, the current terminals are shown in bronze and the vertical 

supports are shown in blue.  

 

Figure 2.5 ï CAD rendering of the sample mounting assembly. 

The sample mounting assembly is built by first joining the current terminals to the 

ends of the sample holder. Following this, the Nb3Sn superconducting samples are 

mounted. The samples are mounted in their unreacted state so that no damage is 

done to the wire while mounting. The samples are then heat treated on the sample 

holder, to create the Nb3Sn filaments within the wire. After the samples are heat 

treated, the vertical supports are attached to the ends of the sample holder. The 

whole sub-assembly is then mounted on the torque arms. The two torque arms are 

first attached to the torque shafts coming out of the gear box to ensure appropriate 

orientation, as shown in Figure 2.6. 
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Figure 2.6 ï Torque arms mounted to the torque shafts exiting the gear box. 

Sample Holder 

The sample holder is the thin flat beam that is depicted in grey in Figure 2.5. 

Because it holds the superconducting test samples, it is of critical importance. It is 

the one component that places the strand into a state of bending and the only 

component that can resist the Lorentz loads that develop on the strands. For this 

reason, the sample holder must be strong enough to resist the large bending 

stresses. It must also have a coefficient of thermal expansion similar to that of 

Nb3Sn, to insure that the superconducting strands are not pre-strained during cool 

down. The titanium alloy Ti-6Al-4V was chosen to have the best combination of 

properties for the sample holder. The original bending mechanism contained one 

large sample holder (as shown in the figure) while the modern designs host two 

smaller sample holders held together by the vertical supports. More details and 

images of the sample holders will be given in the succeeding sections.  

Current Terminals  

The current terminals are mounted to the ends of the sample holder and provide 
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the means of transitioning the current from the current leads to the 

superconducting strands. The design of the terminals plays an important role in 

the amount of current transferred to the samples and in the distribution of current 

within the samples. The terminals are made out of oxygen-free copper (OFC) to 

facilitate good electrical performance. In Figure 2.5 the copper terminals are 

indicated by the three bronze colored square cubes protruding from the ends of 

the sample holder. Newer current terminals can also be seen in Figure 2.7 

mounted to the newest sample holders. The terminals employee a U-shaped 

design to increase the current transfer length.  

 

Figure 2.7 ï Current terminals mounted on the sample holder. 

Vertical Supports and Torque Arms 

The vertical supports shown above in blue are designed to connect the sample 

holder to the torque arms. These supports are designed to sandwich the ends of 

the sample holder, clamping them in place. In modern designs, the vertical 

supports are also used to fix both sample holders together, one on top of the other. 

These supports are then joined to the torque arms using a pinned connection. Four 
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pins are used to make the connection. The four pins are oriented in a diamond 

configuration shown in Figure 2.8.  

 

Figure 2.8 ï Pinned attachment of the vertical support to the torque arm. 

The torque arms refer to the two horizontal arms that are connected to the torque 

shafts using a spline connection as seen in Figure 2.6. The torque arms provide 

the axis of rotation for the sample holder. Because the axis of rotation is fixed, the 

sample holder will not bend into a perfect circle at high bending. Therefore, the 

length of the torque arm has been optimized to produce the least amount of 

deviation or error in the deformed shape of the sample holder, over the entire 

bending evolution. Both the torque arm and vertical support are manufactured 

from 316 stainless steel (SS) to stay consistent with the gear train material. This 

minimizes any thermal contraction effects that may occur during the cool down to 

cryogenic temperatures.  
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3.0  Sample Holder History  

The original sample holder was created by David Harris in 2005 in parallel with 

the development of the entire bending mechanism [1]. Based on undesirable 

results uncovered by Harris, Andrea Allegritti  developed a new sample holder 

with major design alterations in 2006 [15]. With a need to characterize Nb3Sn at 

higher stain levels, Phil Mallon modified Allegrittiôs sample holder in 2011 to 

achieve this [16]. Joe King took over Mallonôs research and did further 

experiments using the same sample holders in 2012 [2]. 

3.1  First Generation  

3.1.1  Sample Holder Design  

The original sample holder created by Harris was designed to test three Nb3Sn 

superconducting strands up to a maximum bending strain up to 0.9%. The original 

design was 50.8 mm (2 inches) tall and had a thickness of 1.588 mm (0.0625 

inches). Based on his analytical design development Harris tested two sample 

holder lengths; 118.66 mm (4.672 inches) long for the maximum bending of 0.7% 

and 115.64 mm (4.553 inches) long for the maximum bending of 0.9%. Each 

length corresponds to a different torque arm radius which was optimized to reduce 

bending error for the maximum bending in the sample holder. 

In this design, the Nb3Sn strands were placed in three longitudinal grooves that 

were machined on one side of his sample holder. These grooves would allow the 



27 

strand to conform to the shape of the sample holder as it is bent and would use the 

thickness of the sample holder to resist the induced Lorentz load. The Nb3Sn 

strands were only held in place by the current terminals at the ends. This ensured 

no shear coupling occurred within the grooves. This sample holder design with its 

three sample grooves can be seen below in Figure 3.1. 

 

Figure 3.1 ï First generation sample holder designed by Harris  [1]. 

The sample grooves were machined to a depth of 0.91 mm (0.036 inches) placing the 

center of the strands 0.3 mm (0.012 inches) away from the geometric neutral axis of 

the beam. To eliminate this offset, additional smaller grooves were machined in the 

opposite side of the beam. These grooves can be seen in Figure 3.2 and were 

designed to shift the theoretical neutral axis of the beam to the location of the sample. 

 

Figure 3.2 ï Harrisôs sample holder showing neutral axis offset grooves [1]. 
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3.1.2  Experimental Findings  

One of the main findings of Harrisôs experiments was a low-current phenomenon. 

This low critical current behavior was worst at zero bending as indicated in the 

following figure. Figure 3.3 below depicts the experimental critical current results of 

an Intermagnetics General Corporation (IGC) sample tested by Harris. The critical 

current at zero bending is below 60 A where its manufacturing specifications indicate 

the critical current should be upwards of 200 A. This low-current behavior was also 

seen throughout testing. Another unexplained phenomenon that Harris noticed in the 

majority of his samples was a decrease in critical current around 0.2% bending strain 

which also is indicated below. 

 

Figure 3.3 ï Critical current resu lts for one IGC sample test by Harris  [1]. 

After experimentation the Nb3Sn strands were found to be permanently elongated 

and bowed out of the sample holder grooves as shown in Figure 3.4. A post 

analysis indicated that the neutral axis offset slots did not work as expected. The 

offset of the strand from the true geometric middle of the sample holder 

superimposed an increased tensile strain on the strand. This increased tensile 
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strain likely caused the plastic elongation that occurred in the samples and is also 

likely the cause of the decreased critical current seen in the experiments.  

 

Figure 3.4 ï Permanently elongated samples after experimentation [1]. 

3.2  Second Generation   

3.2.1  Sample Holder Design  

Based on outcome of the previous experiments, an improved sample holder was 

designed to mitigate the problems that arose in the original design. This improved 

sample holder was developed by Allegritti and has become the basis for all future 

designs [15]. The sample holder was designed to place the Nb3Sn strands in channels 

machined along the top and bottom edges of the sample holder. This was done to 

ensure the strands would always remain at the geometric neutral axis of the sample 

holder during bending. This method eliminates the potential for an axial strain 

increase caused by a geometric offset of the samples, as seen in the original design.  

Because the samples are mounted in the top and bottom edge, only two samples 

can be tested on any single sample holder. However, to accurately validate the 

experimental critical current results, more than two test samples are needed. For 
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this reason, the second generation design replaces the one 50.8 mm (2 inch) tall 

original sample holder carrying 3 strands with two new 26.06 mm (1.026 inch) 

tall sample holders containing 2 strands each [15]. These new shorter sample 

holders are depicted in the CAD rendering shown in Figure 3.5. This double beam 

configuration allows for 4 samples to be tested at once, which is enough to fully 

validate the critical current results for each sample.  

  

Figure 3.5 ï Rendering of pure bending device with Allegrittiôs sample holder design [15]. 

Allegritti faced the same maximum bending limitation problem as Harris and had to 

keep his overall sample holder thickness to 1.6764 mm (0.066 inches) to ensure the 

sample holder did not yield before reaching the maximum bending strain of 0.7%. 

However, this imposed a problem in his design, because the channel walls at the top 

and bottom were now to thin too support the full Lorentz loads. Therefore, to support 

the Lorentz load evenly spaced vertical support ribs were added along the length 

of the sample holder as seen above in Figure 3.5. These support ribs provide the 

extra support needed to resist the electromagnetic Lorentz load on the strands 

while keeping the beam at an acceptable thickness. 
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The ribbed sample holder design can also be seen in the photo provided in Figure 

3.6. This figure points out the evenly spaced nature of the vertical support ribs as 

well as the location of the superconducting strand; top and bottom edges. 

 

Figure 3.6 ï Second generation sample holder designed by Allegritti  [16]. 

As done previously, Allegritti also tested two sample holder lengths, 116.38 mm 

(4.582 inches) and 119.38 mm (4.700 inches). These lengths were again chosen 

based on analytical predictions for the optimal torque arm length. The tests were 

done to validate the analytical predictions and to determine the ideal length to be 

used in future experiements. 

3.2.2  Experimental Findings  

The critical current results from Allegrittiôs three days of experiments had good 

overall characteristics. The results of the first day showed significantly low 

critical current at zero bending. These initial degradations were continually 

improved on the following two days by more careful sample preparation. The 

general critical current trend found for all samples was a steady critical current up 

to 0.4% followed by steep decline upon further bending.  


























































































































































































































































































































































