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Abstract

Superconductors are important technological materials for developing high field
magnets. N§bn isa particularlycommonsuperconducting matet for these
magnetdecause of its high curreand fieldcapabilities. However, Nf$n isalso
very sensitive to straiwhich can degrade its electrical performance. For this
reason, thetraindependent behaviaf Nb;Sn has beean important research
topic for many decade%his thesis focuses on characterizingstraindependent
behavior of NBSnstrandsunder pure bending loads. This waskhe

continuation of pure bending reseatbht started in 2005 at tivIT.

A discrepancy in the critical cunt results of two different sample holders at the
same amount of applidzending was observed in prior pure bending experiments
conducted in 2012The unknown cause behind this discrepancy led to the focus

and motivation behind theurrent pure bending search.

An in-depth FEA investigation of the samples holders was undertaken to identify
a potential cause for tlebservedlifference inexperimentactritical current

results The FEA modeling focused on characterizing the strain distributions
within the NbsSn strands mounted on the sample holdeiomparisorbetween

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 improdesample holders were desigrteceliminate this

adverse characteristithe performance of theewly developedsample holders



werethen \alidated through experimenBoth bronzerouteandinternalttin type
NbzSnstrand were testedip toan appliedbendng strain ofl.25% on the strand
surfaceBoth type of samplesxhibitedconsistentritical current degradatien
over the entire bending rangeo discrepancies were found betweenlte and

high bending range sample holders.

The NgSnsamplegested dlexperiencec reduction in critical curreftetween
40% and 60%at the maximumbending strain of 1.25% heinternattin samples
experienced filament breakage aaiva permanen80%r reduction in critical
current upon removal of bendjnThe critical curent of the bronzeoutesamples
was completelyacoverable and returnedits initial critical currentvalueupon

removal of the bending strain.

The experimental results of the critical current as a function of applied pure
bending were evaluated with &xisting integrated modeélhe behavior of the
samples washaracterized anibund to beon parwith previous findings for

internaktin and bronzeoutewire.
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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 stralapendent behavior of MBn superconducting

stands undgpurebending loadsThe strain behavior is characterized using a
continuously variable bending mechanisesign by David Harris in 2004].

The device works by placing tiseiperconductingtrand on athin bearrlike

sample holdethatcan bebent through a continuowolution ofbending states

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

strainsusingasingle device.

Prior experiments catucted in 2012 by Joe King discoverediscrepancy in
critical currentvaluesfor the same sample tested in tdiferent samples holders
at the same amount of applied bendiglg This has given rise to the focus of the
currentresearchwhich isto identify the cause of this discrepancy by fully
analyzingthe characteristics and behavior of the current sample holders using
finite element analysis (FEAT.he goal otheanalysis is to determirany
potentialshortcomingsn thesample holdedesignsby detectingany differences
that may exist in thetrainstateof thar NbsSnsamplesAny difference in the
magnitude, uniformity or overall strain coliélp explainthediscrepancy in

critical currentresults

Theend objective othis workis to develomew and improvedample holdex



which eliminate the differences ritical currentresults found prior. The sample
holders will be optimized so that thplace thesamples in a acceptablstate of

t rue np udTaeendmydedelopegample holder will be validated
throughcritical currentexperimend doneat the National High Magnetic Field
Laboratory in Tallahassee, FLhe ideal outcome of the experiments will be to
collect accurate and dependable critical entidata wioh canbe used to improve
the current predicative scaling la¥es NbsSn magnet desigmajlowing for more

advanced supeoaducting magnets to be developed

1.2 Background of Superconductivity

A superconductor is defined as a material with the ability to atiredactrical

current without resistance. This behavior is made possitieebyleissner Effect
whichisas u p e r ¢ o rudlity © expal raagnetitields from within the

material Dutch physicisKamerlingh Onnesliscovered this phenomenon in

1911, thre short years after he successfully liquefied helium. He made the
discovery while testing the temperature dependence of resistghaeavsample

of mercury. As Onnelowered the temperature below dhkins (K), henoticed

that the resistance within thareple suddenly dropped to zero. In response to this
discoveryhewrote, "Mercury has passed into a new state, which on account of its

extraordinary electrical properties may be called the superconductive[Sfate"

Onnes soon dcovered several other materials that also exhibited this
superconductive state under appropriate conditibinese appropriate conditions

led to thediscoverythat a materi@ supeconductive state is governadt only



by its temperature but also by titmagnetic field and currenthe transition

between the superconductive and normal resistive states for a superconductor is
controledby three critical values: theritical temperaturéT,), critical magnetic

field (Hc), andcritical current densityJ.). The magnitudes of these critical
properties are specific to each individual superconducting matEnese

governing parametersanbe plotted together to create what is callexditcal

surface, as shown figure 1.1.

Critical Surface

T
Figure 1.11 Characteristic critical surface of a siperconductor.
If a superconductor remains on or beneath this critical surface it will remain in a
superconductive state; however, if any one of the parametégs vatside 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

3



above 77 Kwhile low tenperaturesuperconductors (LT3)avecritical

temperatures below 77 [8]. This transition temperatucé 77 K signifiesthe

boiling point of liquid nitrogerat atmospheric pressure. One common LTS is
NbzSn which has aritical temperature of 18.2 K andhaax critical fiel of 24.5

T ata temperature of.2 K.Most LTS are cooled using liquid helium as was done

in the initial experiments conducted by Onnes.

The originalsuperconductingraterialsthat weredentifiedby Onnes and his
colleaguesre classified as Typlesuperconductors and are mostly pure metals.
These superconductors could not carry any appreciable current under low
magnetic fieldsType | superconductors are classified as havmegritical
magnetic field valueat which point the Meissner effect complgtbreaks down
and the material becomes resistiVae applicability of superconductors fbigh

power applicationsame with the development of Type Il superconductors.

Type Il superconductors are a mixture of Tymeiperconductorand normal
resistivemateriab. The resistivenaterialallows magnetic flux linego locally
penetrate thenaterialwithout destroyingts overall superconductive stafehis
phenomenon allowsaterialsto remain superconductive at higher magnetic fields

while carrying substatial amounts of current

TheseType Il superconductors are classified as having two critical field values
(lower and upper)Below the lower critical field ;) the superconducting
material exhibits perfect diamagnetism as described by the Meissrar kffe

between the two critical fields, the matemall experiencepatial magnetic flux



penetration while remaining in a superconductive stteve the upper critical
field (Hcz) magnetic fluxinesfully penetratehe superconducting material
returnng itto the normal resistive stat€he upper magnetic field valigused to

denote theritical surface for these type superconducfdfs

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
implementatio has only recently become more practical for certain applications
asour understanding of the propertesd behavior of superconducting materials
increasesThe largest application for superconductors is electromagdimiserful

new superconducting magsecan be made much smaller than a resistive magnet,
because the windings can carry large currents matbnergy loss and therefore

can achieve greater magnetic fields

1.3.1 High -Field Magnets

High-field magneindustrieshave become one of thergest areas for widespread

use ofsuperconductingnaterials Particle accelerators used in highergy

physicsare one primary application for thesgperconductinghagnetsThe

worl dés | argest acancoblieler Q) builtin&enéva e Lar ge H
which contains over 1,500 of these higgld magnetg5]. Another primary

application of higHield superconductinghagnets is in fusion energy. The high



temperature plasma in a fusion reacsayenerally contained using a magnetic
confinement system composed of large superconducting magnets. Fusion
reactions have been demonstrated in the pastareshown promise of one day
being a clean and abundant energy source. The International Thereaonucl
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 electromagnéesve already become crucial compatseof
medical imaging systems aade specifically well suited for magnetic resonance
imaging (MRI) machinesSuperconducting magnets are desirable in this
application because they provide a very sthigé magnetidield over a large
volume In addition to this, they requitesselectricalpower compared to

conventional magnets.

Advances in medical imaging ggss are giving doctors greatdsility 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 applicatiféls

1.3.3  Magnetic Levitation

In the railroad and highpeed commuter train industries, magnetic levitation



transport is an emerging field that has shown significant proffirgeability to
create small higliield magnets using superconductorakethemthe prmary
choicemagnetic system used levitate, guide and propel the trains. Magredtic
levitatedtrains would eliminate the neéar wheels and moving component
which are constantly deteriorating by higladingand friction These trains
would also havéhe ability to travebmootheiat higher speeds. If magnetic
levitation becomes more widespread it has the ability to greatly change the

transportation industry7].

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 s uptetocwactelectricity with geroaesistance and

have greatly reduced transmission los$égy have also greatly reduced the

amount of transmission lines necesdayyexploiting thehigh current capabilities

of superconductors

Along with this, supemnductors 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 fo indefinite periods of time whilei#i having fast discharge rates.

Greater implementation of these SMES systems would increase the powWer grid
ability to accommodate more na@ontinuous power sources like renewable

energy6].



1.4 Importance of Nb 3Sn Research

Niobium-tin (NbsSn) is a Typdl low temperaturesuperconductathatwas

discoveredirthel 95006s and devel oped into a feasibl
| at e NWBSHB éghqualitysuperconducting materibeauseof its

ability to have high critical current at very large magnetic fiedglsater than 20

teslas at 4.2 K These impressivelectrical attributes make it one of the few

superconducting materials that can meet the extreme demands of high field

magnetapplications.

As mentioned aboy@ne of the mosturrentlyactive areas fanigh field NbsSn
magnets ishedevelopment of thenagnetic plasma confinement systim

| TEROG s f u présently being aoostructed in Cadarache, Frartoe.
magnetic cafinementsystem is a tokamak design which contains the plasma in
the shape of a toruA. computer model of the tokamak design for the ITER
experimental reactor is shownhingurel.2 on the following pageFor a sense of

scale, gerson is standing at the bottom of the image.

Figurel.2 clearlyindicates the three main components of the magnetic
confinement system which are th& superconducting toroidakfd coils, 6

poloidal field coils and th&argecentral solenoid¢onsisting of 6 modules. A

special alloy of NgSn has been selected as the superconducting material for the
toroidal field and central solenoid magnet cgs Therefore, the majority of the
magnetic system uséNlySn superconductors making it an essential component

of the overall magnet confinement system.



Central Solenoid
Nb_Sn, 6 modules

Toroidal Field Coil
Nb,Sn, 18, wedged

Poloidal Field Coil
Nb-Ti, 6

ITER MACHINE

Figure 1.27 Computer rendered schematic of the ITER fusion reactof9].

The NbsSnmagnet components indicated above will be constructed using cable
in-conduit conductor§CICC) containing more than 800 superconducting strands.
These CICCs are described in more details in the following section and are shown
in Figurel1.3. High currenttest ofthe central solenoichagnetcoils hasshown

lower maximum currerthan the design expectatiptl]. Considering the major

role thesemagnets playn the fusion reactomeeting the design spedications

is acrucialrequirement for the future success of the ITER projEuereforethe

limited current results gavese toa large amount alesearch aimed at

understanding thpotential causes

AlthoughNBSndés str ai n s e naforrhance under comgexk nown, it
loading conditionglike a magnet windings not. Asuperconducting strand

within a CICCis experiencing a compound stratate whichmay be any



combination of axial, bending and transverse compressive.stairfully
understandhow the strands are being affected, each type of loddiadpeen
investigatedndependently. Prior research has already been done4sSnNibder

axial tension and compression, which is why characterizingiNbnder

transverse compression and bendingi$is essential andas been the focus of
current research. Once the strdependent behavior of MBn strands under

these loading conditiorsas been fully characterized, this information can be used
to improve the current scaling lawhese scaling lasvare designed to predict the
overall performance of a CICC magnet coil based on the results of a single strand.
Therefore, thamproved scaling laws wilinore accurately predict the

performance of théTER model coils. With this information, magnets thaget or

exceed all ITER design requirements can be created.

1.5 Cable -in-Conduit Conductor (CICC)

A cablein-conduit conductor (CICC) is a cabled superconductor that is placed
within a metal conduit and is cooled ayorced flow of diquid cryogenic. Itis
regarded as a standard cabbteeshductor design for large magnet applications
since t can meet all key requirements. It is for this reason that this cabling
technique has been chosen for fRER model magneticails of the central

solenoid and toroidal field magnets.

In generalCICC designsre composed of a higgirength metglacketfor
mechanicbhsupport, a method for coolirige superconducting strands and an

electrically conductive stabilizing materidlhe ITER conductos usebronze

10



route and internatin type NbsSn strands for their superaductor and copper wire
as theirstabilizing material foquench protectianThe cooling method is achieved
through a central cooling channel that carries a forceddfdiguid helium

through the conductoA specially developed stainless steel is usedifehigh

strengthconduit material in ITER model CICC.

Thestrands are combined usipgecise several stagwisting technique designed
to reduceelectricallosses and achieveoptimal performanceThe overall twist
pattern 6r thelTER CICC is X-3x-4x-5x-6x. Thisindicates the number of
groups twisted together at each stageinding. Initially three strands are twisted
together imo a group. Ren three of thosgroupsare twisted togetheil his
continues until there are 6 bundles remaining as indicated in thesméeggure
1.3. Thefinal six bundles arewisted around a central cooling chanaet then
placed insidehe conduitvhich iscompressed around theistedcable.A cross

section of the finalTER CICC cableis shown inFigure1.3 below.

Figure 1.3 7 Cable-in-Conduit Conductors (CICC) for ITER magnets [11].
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Due to the strain sensitivity and brittle nature of thgtbmaterial,the CICC
cables are assembled using unreacted straimisacted strands refer to nbaat
treated NBSn wires which contain isolated niobium and tin materas described
more in the following section. feer the CICC is fully assembletigoesthrough a
long heattreatment processhich diffuses the niobium and tin materials in the
strands together creating the superconductive compousthNEor the ITER
magnets this heat treatment is done after the CICC has dreeedf into the

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

1.6 Production of Nb 3Sn

Supercondcting wires are not composedrelyof superconducting material, but
rather a combination of resistive and superconductive materials. Most LTS, like
NbzSn are comprised of a coppealsitizing layer surrounding a central region of
superconducting filamestCopper is most often chosen as skabilizingmaterial

because it is a highly ductile material that has excedlieatrical conductivity.

The standard method that is used for producing superconducting wires starts by
combining all the raw materials into a large billet as seéiigarel.4. For NzkSn
wire, these materials includeobium andsome form otin for the
superconductorcopper for the stabilizer, anually tantalum for a diffusive

barrier The billet then goes through a number of extruding, anrmge@din
applicable)and drawing steps until the final desired diameter is achidved.
strands then go through a long heat treatment procedskbatplace to diffuse

the niobium and timogether creatinthe superconductinglbsSn filamentsThe

12



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

process is generally done after the wirmigs final form

Figure 1.47 ITER type NbsSnbillets before being drawn intowire form [12].

Theexactdesign and manufacturing technique for producing these
superconducting wires is critical to the performance of the strand and
consequentlyhe performance of the enticenductor. Numerous methods exist
for developing superconducting wirelspwever only two methods relevant to this

research will be discussedhdseare the bronzeouteandinternattin processs

The bronzerouteproces starts with small billets ofrbnze which isanalloy of
copper and tinA 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 seefrigurel.5. Multiple hexagonal billets are thetrawn
togeter into a bundl@andplaced inside a hollow copper tube with a thin tantalum
barrier insideThe entire assembly is then extruded and drawn down to the final
diameer of the superconductingng. This is referred to as unreactedsSh wire
whichthenundegoes a heat treatment procesdiffuse the tin out of the bronze

reacting itwith the pureniobiumcreatingthe NizSnsuperconducting§laments.

13



Bronze Method Internal Tin Method

Niobium
:Sﬁ_:é,...

'3383.-' '

Niobium

Bronze

Figure 1.57 Schematics of the bronzeroute and internal-tin methods

Theinternaltin process starts with a pure copper billet. Holes are drilled and

filled with tubes of niobium and tin. Generally a pattern simildfigurel1.5 is

used which has one large central hole for the tin and many smaller surrounding
holes for niobium. These billets are then drawn into hexagbragdesand

bundled together. This bundle is again placed inside a hollow copper tube with a
diffusive tantalum barrier and drawn to its final diameter. La#tly strand is heat
treated which causes the tin to diffuse through the copper and into the surrounding

niobium tubes creating NBn filaments.

1.7 Strain Characterization of Nb 3Sn

Mechanical strain has been discovered to significantly affect the performance and
stablity of superconducting materglThis strain sensitivity is lig limitation to
NbzSnandmust be considered during the design afigesconducting magnet.
Currently NRSn coils are designed using tngversal pedictive scaling law
developedy Ekin[13]. The scaling lavpredict the behavior ofull scale

magnets based on the strai@pendent behavior of gile NlySn strands.

14



Although this scaling law is usefut is not exact and is based on the limited
expermental data that is available.dgtof theavailable experimental dassefor
axial compression and tensiaffects Thaefore, the scaling law wibecome
more accurateith an increased amount of experimental data. This is why
research continues to focus determiningthe strairdependent behavior of

NbsSn strands under loadingpecifically transverse compression and bending.

The effect of beding on critical current of N§Sn strandsvas firststudied by
Senkowicz, Takayasu and LER]. Their experiments were conductesing a
fixed bendingdevicethat statically tegtd strands at one bendisgateat atime.
The samples were initially heat treated #meh manually placed imé channel of
the sample holdeiThe sample holdavas thergently clampedlown on the
strand placing it into the appropriate bending curvaflings research covered a
wide range bbending 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 bendingpplied to the sampl&very sample only
experienced one bending state, which consequently limited the aofalata
that could be taken to characterize the samples under bendingTlbesds.
limitation led tothe development of a nevariablestrain bending device
designed by #ris [1]. This variablestrain devicallows samples to be
continuously bent through an evolution of bending states. Thigleeigeis 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 desigmd builtby David Harris
at theMassachusettsistitute of TechnologyMIT) in 2005[1]. The probe, gear
system andjeneral procedure from his experiment have been the basis of all
research that has followeSlincehis work in 2005 threether graduate students
have worked on this research dralerun experiments using his device.
Allegritti and Mallon both added dgsi improvements to the sample hokler

which will be discussed merin the succeeding sections

2.1 Test Conditions

Pure bendingritical current tests dilbsSn siperconducting strasdvere doneat
the National High Magnetici€ld Laboratory NHMFL) in Tallahassee, Florida.
The expements were conducted in a 20 teslas @ilter resistivanagnet with a
195mm (7.68 inchdiametemwarmbore.A cryostatwas used inside the magnet
to providean environment suitable for performgioryogenictests on LTS
samplesThe cryostat reduces the available madpoeediameterto only170mm
(6.70 inckeg. Magnetic field intensitieduring experimentatiorangel from 12to
15T. During testing the electrical current in the background magfield
induces an electromagnetic Lorentz load on the saplaverage critical
current valudor ITER typeNbsSn strandis 300 ampere@) at 4.2 Kinal2 T
field. These conditiongould produce a Lorentz load of 420 8b(bf) on the

116.4mm (4.58inch) long testsample.
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A schematic of the cryostat is shown beloviFigure2.1. The red region indicates
the Bitter resistive magnet, the blue region represents the inner chamber of the
cryostat and the yellow regiaepreserd the outer cryostat chamb@&ihe inner
chamber is filled with liquid helium to cool the test samples while the outer
chambers filled with liquid nitrogen to fattate cooling and reduce bedff of

the helium The field produced by the magnets can vagr its top and bottom.
For this reason, the samples are testedamiddle of the magnets indicted
below, which provides the moghiform field. Thedistance fom the top of the

cryostt to the middle of the magnst1883 mm (74.13 inches)

5

ZaN e

A6 in. pr S

T4in. |

104 in.

—

Test Area

| I——

Figure 2.117 Schematic of magnet and cryostat assembly &iHMFL .
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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 tgstPlacing the samples at
the correct location iachieved using Bong probewhich containghe kending
mechanism mounted #te bottom The probes placed within thénner chamber

of thecryostatas indicated ifrigure2.1. It extends down into the magnet bore
placing the samples aenter of the magnet, also representdéigure2.1. The

probe not only places the samples atappropriate locatiobut also the correct

orientation with the field

A pictureof the probe is provided iRigure2.2. The round stainless steel plate at
right of the picture is the bottom tife bending mechanisrifihe larger stainless
steel plate located at the other end of the probeeisryostamounting plate.

Below the mounting plate is pink foam which insulates the inner chamber of the
cryostat reducing the amount of helium bafil. The structure of the probe is built

using stainless steel rods and G10 plates.

Pure Bending Device

ol " .
Cryostat Mounting Plate — [ &=

Figure 2.27 Image of pure bending device mounted to th@robe used in experiments
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The probe not only places the samples at the correct location it also provides a
means of remotely aessing the bending mechanism. This allows usdke
adjustentsto the applied bending load without having to remove the probe. This
is achieved sing 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 t@a DC motordocated outside the cryostat

In addition to this, the probesoprovides the necessary framework for all wiring
and instrumentation that is needed for the experimé&hts probe carries the

liquid helium fill tube,the helium level sensorshe current leads anthe wiring

for the voltage tapd.astly, theprobeacts as the rigid mechanical structure which
holds the pure bending mechanism stationary during testing. It achieves this by
resising theelectromagnét forces that aregeneratean the pure bending device

during testing.

2.3 Bending Mechanism

The bending mechanism refersthe device that applies the bending loads to the
NbzSn samplesAs mentioned previously, the devieas developed by Hasr

andis depcted in theFigure2.3. Thedesignconsists of two main components;
the sample holder mounting assembly and the gear box. Details ofwlese

components are given in tf@lowing sections.

Thebendingdevice works by convertinipe rotationfrom theverticalinput shaft

into bendingof the sample holdeil his isachieved through a gear train consisting
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of two continuous worm drive3.herotation of thanputshaft is provided by a
DC motorlocated on top of the prob&he verti@l input shaft runs from theC
motor at theop of the probe to thgear box at theottom.Therotation of the

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

Figure 2.31 Wir e frame image of the purebending mechanisnt1].

2.3.1 Gear Box

The gear box is located beneath the sammuantingassemblyandcontains the
entire gear train which is comprised of two continuous worm driMes . gear
train is depictedn Figure2.4, which showsa wire frame schematic diie entire
gear train All components of the gear train and its housing are made out of
austenitic 316radestainless steddlecause oits high strength at cryogenic

temperatoesand low magnetic permeability.
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Figure 2.41 Wire frame image of the gear train component$1].

Thegear trairbegins withtherotation of thanput shaft At the end of the ingt
shaft isa worm which is a screw like geafhe worm on the input shaft meshes
with the wormgearlocated 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

horizonal rotation of the drive shatft.

Located in the middle of the drive shaft io#rer worm, screviike gear. This
worm meshes with two more worm gears, oneitimer side of the drive shaft
These worm gears are locatedtbavertical torque shafts thatansmit the

rotation out of thegyear boxThis generateshe second worm drive which converts
the horizontal rotation of the drive shaft into two opposite vertical cotatf the

torque shaftsThe overall gear ratiof the device i972to 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 afmghe torque arms rotate in
opposite directions they produce a moment on the ends of the sample holder
causing ito bend. Aschematiof thesample mountingssemblywith the
absence of torque arman be seen iRigure2.5. In this figure the sample holder
is shown in grey, the current terminals are shown in bronze and the vertical

suppors are shown in blue.

Figure 2.517 CAD rendering of the sample mounting assembly.

The sample mounting assemblyhsiilt by first joining the current terminals to the
ends of the sample holdéwllowing this, the NBSn 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 N8n filaments within thevire. After thesamples arbeat
treated, the vertical supports are attached to the ends of the sample. fidider

whole subassembly ishen mounted on thterque arms. Th&wvo torque arms are

first attachedo the torque siifts coming out of the gear boxéosure appropriate

orientation, as shown fRigure2.6.
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Figure 2.6 7 Torque arms mounted to the torque shafts exiting the gear box

Sample Holder

The sample holder is thkin flat beamthat isdepicted in grey ifrigure2.5.
Because it holds the superconducting test samplisspfi critical importancelt is
the one component thalaces the strand intstate of bending and the only
component that camesist theLorentz loadghat develop on the strand=or this
reason, the sample holdaust be strongnoughto resist théarge bending
stresses. Inustalsohave a coefficient of thermal expansion similar to that of
NbsSn, toinsure that theuperconduing strands are not pigrainedduring cool
down The titanium alloy Ti6Al-4V was chosen to hathe best combination of
properties for the sample holdérhe original bending mechanism contained one
large sample holder (as shown in the figure) whigerttodern designs host two
smaller sample holders held together by the vertical suppotre detailsand

imagesof the sample holdewill be given in the succeeding sections.

Current Terminals

Thecurrent terminals are mounted to #rads of the sampleolder andorovide
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the means of transitioning the currémmm the currenteadsto the
superconducting strands. The design of the terminals phaiysportantrole in
the amount of current transferrexthe samples and the distribution of current
within thesamplesThe terminals are made out@tygenfreecopper(OFC)to
facilitate good electricgberformanceln Figure2.5 the copper terminals are
indicated by the threleronze coloredquare cubes protruding frometends 0
the sample holder. Newer current termiraa also be seen kigure2.7
mounted to the nesstsample holdex The terminal@mployee a kshaped

design to increase the current transfer length.

Figure 2.71 Current terminals mounted on the sample holder

Vertical Supports and Torque Arms

The vertical supportshown above in bluare designed to connect the saenpl
holder to the torque arms. Thes@portsare designed teandwichtheends of
thesample holderclamping them in placén modern designshe vertical

supports aralsoused to fix both sample holders together, one on top of the other

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

configuration showmn Figure2.8.

Figure 2.8 7 Pinned attachment of the vertical support to the torquearm.

The torque armeeferto the two horizontal arms that are connected to the torque
shafts using a spline connection as sedfignre2.6. The torque arms provide

the axis of rotation for the sample holdBecause the axid ootation is fixed, the
sample holder will not bend into a perfect circle at high bendingreforethe
length of thedrque arm habeen optimized to produce the least amount of
deviation or error in the deformed shape of the sample holder, overttitige en
bending evolutionBoththe torque arm and vertical supparemanufactured

from 316stainless ste€SS)to stayconsistent with the gear tramaterial This
minimizes any thermatontractioneffects that may occur during the cool down to

cryogenictemperatures.
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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 dhe entire bending mechanigdj. Based on undesirable

resuls uncovered by Harris, Andrédlegritti developed a new sample holder

with major design alterations in 20065]. With a need to characterize pn at

higher stain level Phil Mallon modifiedAllegrittioc s s ampl e hool der i n 20
achieve thigl6. Joe King took over Mallonds resear

experiments using theame sample holders in 20[2.

3.1 First Generation

3.1.1  Sample Holder Design

The original sample holder creategHarris was designed to test thifdla;Sn
superconducting strands tgpa maximum bending strain up to @9The original
design wa$0.8 mm (2 inchedpll and had a thickness »f588 mm(0.0625

inches). Based on his analytical design development Hastisd 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

bendingerror for the maximum bending in the sample holder.

In this design,iie NySn strands were placedthree longitudinal grooves that

were machined on one side of his sample holtlegse grooves would allow the
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strand to conform to the shape of the sarplder as iis bent and would use the
thickness of the sample holder to resist the induced LorentzThad\NizSn
strands were only heid placeby the current terminals at the end&isensured
no shear coupling occurred within the groovidss sampe holder desigmvith its

three sample groovesn be seen below Figure3.1.

! I'I'|'gl'~l‘|‘i'l'i‘]'

ol

Figure 3.171 First generation ample holder designedby Harris [1].

The sanple 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 geomaitial axiof

the beam. To eliminate thigfset, additional smaller grooves were machined in the
opposite sid of the beanThese grooves can be seeffrigure3.2 and were

designed to shift the theoreticgedutral axiof the beam to the location of the sample.

Figure3.2T Ha r r i s &e$olderahmpingneutral axis offset grooveq1].
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3.1.2  Experimental Findings

One of the main findings-caréntgHenonmemnos.od s
This low critical current behavior was worst at zero bendm@dicated inhe

following figure. Figure 3.3 belowdepicts the experimental critical current results of
an Intermagnetics General Corporation (IG@npletested by HarrisThe critical
currentat zero bendings below 60 A whee its manufacturing specifications indicate
the critical current should be upwards of 200 A. This-tmwrent behavior was also
seen throughout testingnother mnexplainedphenomenon that Harris noticed in the
majority of hissamplesvas a decr&se in citical current around 0.2%endingstrain

whichdsois indicatedbelow.

Ic, IGC157 Sample #2

—o— Loading

—a— Unloading

0 T T
0.0 0.2 04 0.6 0.8

T 1

Applied Strain (%)

Figure 3.371 Critical current resu ltsfor one IGC sample testoy Harris [1].

After experimentation thb;Sn strandswvere found to be permanently elotegh
and bowed out of the sample holder grooves as shotgume3.4. A post
analysis indicated that tmeutral axioffset slots did not worlks expectedrhe
offset of the strand &m thetrue geometric niddle 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 occurréde sampleandis also

likely the cause of the decreased criticalrent seen in the experiments.

Figure 3.47 Permanently elongated amples after experimentation[1].

3.2 Second Generation

3.2.1  Sample Holder Design

Based oroutcome of the previous experiments, an improved sample holder was
designed tanitigate the problems that ams the original design. This improved
sample holder was developed by Allegritti dras become the basis for all future
desgns[15]. The sample holder was designed to place th&SNistrands in channels
machined along the top and bottom edges of the sample holdewdhdone to

ensure the strands wouldlvaysremain at the geometriteutral axiof the sample
holderduring bending. This method eliminatibe potential for an axial strain

increasecaused 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 holdewever, toaccurately validate the

experimental critical current resylteore than two test samples are neeéed.
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this reason, the second generation design replaeese50.8 mm (2 inch) tall
original sampe holder carrying 3 strands with tvmew?26.06 mm (1.026 inch)
tall sample holders containing 2 strands gd&h. These new shorter sample
holders are depicted in tiAD renderingshown inFigure3.5. This double beam
configurationallows for 4 samples to be tested at gmdach is enough téully

validatethecritical currentresults foreachsampeé.

Figure 3.57 Rendering of pure bending devicewithAl | egr i tti 6s s @lBlpl e hol der

Allegritti faced thesamemaximum bending limitation problem as Harris and had to
keep his overall sample holder thicknes4 #764mm (0.066 inches) to ensure the
sample holder did not gid 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 thindsupport the full Lorentz loads. Therefote,support

the Lorentz load evenly spaceedrtical support ribs were added along the length

of the sample holder as seen abovEigure3.5. These support ribs provide the
extra support needed to redis¢ electromagnetic Lorentz load on the strands

while keeping the &am at an acceptable thickness.
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The ribbed sample holder design can also be seen in the photo proviigaren
3.6. This figure points out the evenly spaced nature of the vertical support ribs as

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

Figure 3.6 1 Second generationample holder designed byAllegritti [16)].

As done previously, Allegritti also tested two sample holdegtles)116.38 mm
(4.582 inches) and 119.38m (4.700 inckg. These lengths were again chosen
based on analytical predictions for the optimal torque arm lefpthtestsvere
done tovalidate heanalyticalpredictions ando determine thedeal lengthio be

used infuture experiements.

3.2.2  Experimental Findings

The critical current results from All egrit
overall characteristics. The results of the first day showed signiffdant

critical currentat zero bending. Theseitial degradations were continually

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

general critical current trend found fall samplesvasa steady critical currenip

to 0.4% followed by steegeclineupon further bending.
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