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chemical diStrDULIONS...........ovvieii e e e e e e e e e e e eneee e e e as 160
Figure5-17: a)EDS line scan showing Cu chemical distribution throughout the entire
sample, and b) EDS spectrum acquired only from the Ag matrix showing the amount of Cu
diffused out of Bi2212/Ag0.75Al filament core during PMP.............ccciiiiiiieeeniieennns 161



CHAPTER 1

Introduction and overview

1.1.General background
1.1.1. Superconductivity discoveryand general properties

The electrical resistivity of metals and alloys decreases when they are cooled. The current in

a conductor is carried by Aconduction el ectr
Thermal vibration of atomandthe presencef defects and impurities in the crystal structure

of the materials can scatter the moving electrons and give rise to electrical resistaece.

the temperature is lowered, the thermal vibration of atoms desraadethe conduction

electrons are less scattered. Therefore, the electrical resistance decreases with decreasing

temperature.

Superconductivity was initially discovered by Heike Kammerlingh Onnes in Leiden, the
Netherlands, in 1911 after liquefactiontéélium in 1908. Onnes measured the resistance of
pure mercury and he found that at very low temperatures the resistance becomes
imperceptibly small. This was not surprising, but he discovered that the manner in which the
resistance disappeared is completalexpected. Instead of resistance falling smoothly as the

temperature was reduced towards 0 K, he found that pure mercury suddenly losses its



resistance to direct current flow when it is cooled below 4.2 K. Within a month,
superconductivity was been fadiin lead and tin as well. Since then, the same phenomenon

has been observed in about half of pure elements and hundreds of compounds.

Superconductors are a class of materials which show zero resistance to electrical current
when they cooled below theiansitions temperaturdhis is also called critical temperature

(Te) which is different for each material. Superconductivity exists in pure elements,
intermetallic alloys and compounds. The zero resistance property is obtained in direct current
(dc) appications and a resistance has been observed in alternating current (ac) applications.
Figure 1-1 compares the change of electrical resistance for a superconductor and normal
material with decreasing temperaturBigure 1-2 shows the history of developing

superconducting materials by year.
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Figurel-1: Change of electricaksistancavith temperature for a superconductc

and normal material

When a material makes the transition from the normal to superconducting state, it actively
excludes magnetic fields from its interior; this is called the Meissner effbet.German
physicists Walther Meissner and Robert Ochsenfeld discovered the phemoimd®33 by
measuring the magnetic field distribution outside superconducting tin and lead sfihples
The samples, in the presence of an applied magnetic field, were cooled below their
superconducting transition temperature. Below the transition temperdgesamples
cancelled nearly all interior magnetic fields. They detected this effect only indirectly because
the magnetic flux is conserved by a superconductor: when the interior field decreases, the

exterior field increaseg-or the first time theyprovided a uniquely defining property of the



superconducting stat€igure 1-3 shows a igram of the Meissner effecduperconductors
in the Meissner state exhibit perfect diamagnetism, meaning that the total magnetic field is
almostzero deep inside thigody of superconductor material. In Figute3, magnetic field

lines, represented as arrows, are excluded from a superconductor whenl¢dbelow Te.

140 - Hg%:CaCuO
Superconducting T, o
120 - . ! TISrBaCuO
Discovery Year ‘BiCaSrCuzog
100 - I
3 ® YBa,Cu,0,
o 80- 77KLN,
£ 2
-
'Y 60"
o
5
= 40+
Nbgee/' LaBaCuO,
V. Si &
20 - NBN "o'gy —"
Pb Ng.,/’ Nb,Sn
o JHs . Yyl 1 1 42K LHe

I 1 » 1 b 1 L) 1
1900 1920 1940 1960 1980 2000

Year of Discovery

Figurel-2: History of developingsuperconductig material by critical temperature



T>12: T<TC

Figurel-3: Diagram of the Meissner effect. Magnetic field lines, represented as arrow:

excluded from a superconductmdywhen it is below its criticalemperature.

1.1.2. Supercondudors classifications

Thereare severatriteriors to classify superconductor$). by their response to a magnetic
field: when the applied magnetic field becomes too large, superconductivity breaks down.
Superconductors can be mied into twogroups of type | and laccording to how this
breakdown occurs. In typesuperconductors, superconductivity is abruptly destrwlyen

the strength of the applied field rises above a critical valde). This type of
superconductivity is norally exhibited by pure metals, e.g. aluminium, lead, and mercury.

In general and witlthe exception of Nb and V, all elemental superconductors are Type |.



This type of superconductoisas a single criticalmagneticfield (Hc), above which all

superconductivity is lost

Type Il superconductor exhilsttwo lower and uppecritical magnetic fields(Hc1, Hco).
Lower critical field occurs when magnefield penetrate the material but the materistill
remains superconducting. When theld bemmes too large, the entire material becomes
nontsuperconducting; this corresportdghehigher critical field.Type Il superconductors do
not show perfectliamagnetismabove Hi. These have a mixed statec{¥Hc.<Hc.) in which
magnetic field partially difises in thddody ofsuperconductabout the superconductivityoes

not destroy.

II) By their critical temperature, superconducting materials are divided into two groups: low
temperature superconductors (LTS) and high temperature superconductors{tithf Shme
exceptions like MgB with Tc=39 K, in general raterials that superconduct when cooled
belowthe boiling point of liquid nitroge@7 K are LTS while those that are superconducting
at or above 7K are HTS. Some examples of LTS superconductorblbie, Nb:Sn, NkGe,
NbsSi, NeGa, and HTS materials are compounds of bismuthS(glaCu-O), yttrium or

other RE elements (Ba-Cu-0O), thallium (TIBa-CaCu-O) and mercury (Hi8a-CaCu-0).



1.1.3. Superconducting critical properties

A transition fromthe supe&conducting to normal state can ocaurthree different waysby
increasingthe temperaturabove T, by raisingthe currentdensityabove the critical current
density (d), and by increasing the applied magnetic field aldeyr type | superconductors
and aboveHc> for type Il. If these variables occur in combination, a lesser change in their
variations can cause the transitidimese three variables define a boundaitpin which the
material is in superconducting state amatside of which the material is ithe normal
resistive stateThis boundary is shown ithe critical surface diagrafigure 1-4. The values

of these critical parameters depend not only on the type of material, but also on its processing
history, purity,etc. For application of superconductor materitig, operation temperature,
current density and magnetic field should fall well within these bound&tiesH:> and T

are material intrinsipparametersuch as elements and crystal structuret 3 is mostly

affected by microstructure
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Figurel-4: Superconductingritical surface, it defines a boundary for operation of

superconducting materials

1.1.4. Applications of superconductor materials

For about50 years afteO n n aiscovey, the applications of superconducting materials
made minimal progressThe physics of superconductivity in magnetic fields were
misunderstood and technically limitiqg@]. In 1961, Kunzler et al[3] showed that high
magnetic field applications of superconductor materials are possible. They riéad®o

which was drawn insideiobium (Nb) wire to form a brittle intermetallic Nf$n and they

were able to reach a current densi J>10° Alcm? at 8.8 T and 4.2 KSince then,
application of superconducting materials for magnetic accelerators and magnetic resonance

imaging (MRI) were introduced. Most of these applications were based on LTS materials



including NbTi and NESn. The main reason MRI has to be supercondgcis that power
supplies are too noisyn addition, various power applications were also explored from-1961
1986, but these applications were found to be too complex and expensive compared to the

power applications using conductors like copper and alumi

In 1986,Bednorz and Mullef4] discovered superconductivity at 30 Karlayered cuprate,
Ba-La-Cu-O systenwith the composition oBaxLasxCusOszy). Another discovery happened
in 1987, YBaCuwOx (YBCO) with Tcat 92 K, well above the liquid nitrogen boiling point

(77 K) [5].

Traditionally, LTS materials have been used most commonly in applicationsetisire

large magnetic fieldssuch asVIRI devices.Tevatron waghe first real large application. It
enabled MRI by fostering scale up angdality control of wire manufacturing[6]. The
discovery of HTSmaterialsin 1986, howeversignificantly increased the range of potential
applications for superconducting materials in the electric power and electronics industries
Recent advances isuperconductivity has focused more on applications of HTS materials,
since these are better alternatimeterms of efficiency and space utilization compared to

conventional conductors.

HTS are available in three material forms including bulk, thin film and vareapes.Bulk

materials have the potential to generate large magnetic fighis.films hawe the potential
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for use in high speed electronics and microwave circuits. Wires and tapes have the potential
for use inhigh current applications including medical diagnostics (MRl magnets), accelerator
magnets, high fieldsuperconducting magnetgnergy ad power applications such as
transformers, fault current limiters, motors, generators, transmission cables and
superconducting magnetenergy storage systems (SMEB)addition,thesecan be useth

low current applications that use resistivatiyd quatum nature of superconductor materials
including superconducting quantum interface device (SQUID) and superconducting filter for
cellular phone communicationg-15]. HTS materials are more compact and more efficient
replacement for copper technology. In addition, superconductor manufactures are working
hard to improve the performance of the superconductor materials in order to meet the

requirement forarious applications.

1.1.5. Source of stresses in supercondunot applications

In most magnetapplications,and in particular high field application)e superconductor
materials are subjected to stresses that can reach substantial |lbeet¢saile many sources
of mechanical loads on thguperconductomwires, including stresses du¢o fabrication,
handling, winding, thermatontraction (prestresses stresses due to magnetic fieldring
operation(Lorentz forcey and fault conditionsln most of the applicationshére are needs
for coil form of superconductormaterias. Therefore, during coil fabrication, the
superconductor matergahresubjected to both bending and uniaxdakssesTo form a coil,

the supeconductor is being wound and this creates bending stress. In addition, uniaxial
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stresses are applied from fiemsioning of thesupeconductor during winding process. These

types of stresses can be relieved if the conductmnealedafter coil winding.

In the final form, most superconducting materials are in a compoBite multifilamentary
Bi2212round wire(RW) and also tapes, superconducting filaments are encased in a metallic
matrix. For coated conductors like YBC®etallic layers include theubstrate, protective
cap, and stabilizer thaurroundthe superconducting layéhena superconductanaterial

is cooled down fronits fabrication temperature to operation temperatuagiousmaterials
within the compositef conductor contract at ddrent ratesThis operation temperature can

be 77 K or below for HTS and typically 4.2 K for LTS. Thus, due to this mismatch in the
thermal contraction, significant stresses are generated on the superconductor riE3erials

16].

When superconducting coils are energized in magnetic field, the Lorentz force acts on the
superconductor and this could be quidoe | ar ge
each turn of wire/tape in a coil is given bBy=JBR, where J is the trarmp current density,

B is the magnetic field strength and R is the radius of the winding.
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1.2.Bi2Sr2CaiCu20x (Bi2212)

1.2.1. Discovery and gneral properties

Bi2SrCah-1CuhO2n+a+x (BSCCO)as a new class of superconductor was discovered by Maeda
et al.[17] at the National Research Institute for Metals in Japa®88.Superconductors in
Bi-Sr-CaCu-O system have been attracting great attention due to particular relationship
between the structure and the superconductivity characteristics. A series of ndeprist

in this system. The best known are;®CaCuOs+ (Bi2212) with n=2, Bi2SrCuGsx
(Bi2201) with n=1, and BpSnCaCuwO10+ (Bi2223) with n=3 At the time they were unable

to determine its precise composition and structure. Almost immediatedyaseyoups, and
most notably Subramaniaet al [18] at Dupont andSunshineet al [19] at AT&T Bell Labs

in the same yeardentified BR212.

Ongoingadvances in high energy physispend on developing high field superconducting
magnetscapable of producing fields in excess of 20These high field superconducting

magnets have the potential to be transformative for a variety of applications, including high

field nuclear magnetic resonance, magnets for futigle-energyphysics accelerator&0 to

50 T solenoids for muon cooling inrgeutrino factory or a muon collidgfigure 1-5 shows

the variation of Jversusappliedmagnetic field(B (T)) for variouss uper conduct or 0 S
and tapegq20]. Neither NbTi nor NbSn can provide fields greater than 18 T in dipole

magnets or 2@2 T in solenoids, so future devices require HM&terials capable of
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generating high magnetic fie[@1-25]. The ptential candidatethat may meet this neede
YBaxCwsOr.i (YBCO) coated conductorapesand BpSrCaCuwOs+x (Bi2212) round wire
(RW). YBCO tapes are highly anisotropic, constrainingagnet design and adding
complexity to its fabricationFurthermore, options for forming high current cables with
YBCO remain limited. Bi2212 is the only HTS material available as &otropic
multifilamentary RWwith high &, which is preferred for magnets and in particular those
requiring cabledike Rutherford cablevound magnets[23-25]. Furthermore, the transport
properties of Bi2212 wireontinue to improve. As a result of improved compositions and
processing techniques, Bi2212 can now be produced as multifilameatarg wirewith
engineering critical current densityYdf 325 A/mnt at 4.2 K, 25 T and in long lengtf&2].
While further improvements are needed, Bi2212 wire performance is sufficient to evaluate

other important factors for high field magnets.
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Figurel-5: Critical currentdensity vs.applied magnetic ield [20].

1.2.2. Bi2212 round wire fabrication, heat treatmentand microstructure

Bi2212 round wires made up of multiple filaments, are fabricated using the powmdieibe

(PIT) method in which Bi2212 powder is packed insikiptubes and drawn to the desired
size.The PIT process consists of powder packing, swaging, drawing, pressing or rolling and
thermal treatmentrigure 1-6 shows a schematic diagramtbé PIT method to make wires

and tape$26]. In a typical PIT processhe precalcined powders are pressed into round bars
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of designed dimension3he bars are loaded infag tubes, and the compitess are swaged

and drawn to a final diameter of 6170 mm.

Fill Ag tube

with powder Draw wire Restack

(=

Ty

Roll to tape
- — ) %= i

"™

(Repeat steps)

Figurel-6: Schematic diagram of PIT methodB@®212make wires and tap¢6].

After Bi2212 fabrication,te filaments of Bi2212 powder must firstly be melted inside their
Ag sheath and thenahly cooled to allow the Bi2212 to reforritherefore,a partial melt
processing (PMP) heat treatment pure oxygenis required to obtain a wedllriented

microstructure, good connectivity between superconducting grains and higf, J28]
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During PMP, Bi2212 wire is heated above th@i2 peritectic temperature, around &30
decomposing the single phase Bi2212 starting powder into alkaline earth cuprate (AEC) and
copper free (CF) phases in addition to liqurdthe subsequent-solidification, the reverse
peritectic reaction reformthe Bi2212 phase in a network of grains and grain colonies with
endto-end connectivityDue to phase separation in the panredlt and kinetic limitations of
re-solidification, the reverse reaction is not complete; Bi2201 intergrowths and grains form
within and beside Bi2212 grains, and AEC and CF phases may rf2f&4d]. Figure 1-7

illustratesa ime-temperature profile foPMP heat treatment usedthis study(not to scale).

884°0C 1000

§29°C
48 hrs

7 600

RT RT

Figurel-7: Time-temperature profile for partial melt processusgdin this study(not to

scalg.

Recently, here are studies introducingsome modified heat treatment profilefor Bi2212

including saw tooth processinf1] and split melt processing32] which are resulted in
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nearly 40% and 120%mprovement in the cJof Bi2212 RWs. Figure 1-8 shows optical
micrographsfrom cross sections of a Bi22ZRW with 0.8 mm diametebefore and after
PMP heat treatmenBefore PMP and in nereacted condition (known as green wire
condition), Bi2212 powders r@ not connectedFigure 1-8a) After PMP, theBi2212
superconducting filaments fornThe Bi2212 filaments are embedded in pé&g (inner
sheath), while there is an outer sheathdeof Ag-alloy (mostly Ag/Mg alloy seesection

2.3) surrounding the wiréFigure1-8b).

Ag/Mg alloy outer sheath

=

Figure1-8: Optical micrographs showing cross section of a Bi2212 RW, a) before PI

(green wire), and b) after PMiat treatment
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1.2.3. Bi2212 sheath materials

High field superconducting magnets not only require hight high magnetic field, but also
require sufficient strain tolerancBi2212is abrittle materialwhich exhibits an irreversible
reduction in critical current density JJoeyond a critical strai value ( i&). For Bi2212
multifilamentary RW some ductility is obtained from the Aadloy sheath whiclis typically
combinations of purdg andAg/Mg alloy. At 4.2 K after full processing, the yield strength

of pure Agis only~45 MPaand the elastic modulus #80 GP&33]. Thus, alloying is used

to obtain a higher strength, higher stiffness sheath material that increases the strain tolerance
and strength oBi2212 wires.As mentioned earlierniapplications, and in particular high

field applications, there are many sources of mechanical loads on the wires, ingkiging
large Lorentz forces. If the conductor is not adequately supported, the induced strain
degrades the conductor critical currend).(IThus, a Bi2212 RW with improved strain
sensitivity and increased elastic modulus and yield stress, is needed for high magnetic field

applicationg[34-38].

Ag alloys containing a dispersion of oxide particles have been used as sheath materials for
high temperature supemductor wires and tapg89-44]. The sheath materials for Bi2212
wires must satisfy multiple requiremenistst, they must be chemically compatible with the
Bi2212 oxide phase. They must be stable at ambient temperature and not susceptible to
atmospheric oxygen while being permeable to oxygen. They should have good mechanical

strength while also having exaostit workability for drawing to small wire diameters. Finally,
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they must have reasonably high electrical condiigtio serve as stabilizg28]. High & is
obtained in Bi2212 wires by partial melt processing in flowpige oxygen at temperatures
up to ~890°C. Ag withstands this temperature without oxidizng is also permeable to
oxygen, facilitating oxygenation of Bi2212. Ag is also chemically compatible with the

Bi2212 cations. Thus, Aglloys are considered options for Bi2212 sheaths.

At present, Ag/0.@wt%Mg is the most commonly used alloy for theasutheath of Bi2212
RW. MgO precipitates form within the A@20wt%Mg outer sheattalloy during PMP of
Bi2212 in oxygen and strengthens the alloy. Unfortunatelis believed thatMg is not
completely inert to Bi2212f the Mg content is greater thancath 0.3wt% there is sufficient

Mg available to react with Cu that diffuses from the Bi2212 cores into the matrix, forming
compounds with MgO, depleting Cu from tB&212 cores and reducing )45, 46] Due to

this reactivity, the AdJ.20wt%Mg alloy is used strictly for the outer sheath to prevent direct
contact wih the Bi2212 filaments and pure Ag is used for the imost sheaththat
interfaces with Bi2212phase A practical limit of about 0.2wt¥g is typically used to
reduce reactivity and maintain ductilitfhus, it would be great to hawtrongerAg-alloy

sheath materials with higher amount of alloying elemfamtenaking Bi221945, 47]

1.2.4. Internal oxidation of Ag alloys

Hardening of Ag alloys is predominately accomplished by internally oxidizing solute species

such as M39, 41, 42, 4%3], Ni [54-56], Cu[57], Ti [39, 58, 59] Pr[60, 61] Mn [39],
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etc., which provide solid solution strengthenif@®-65]. Internal oxidation is defined as
heating of a dilute AgoxMx alloy under pure oxygen for a spicitime and temperature
During internal oxidation, the alloying element oxidizes; forming oxide precipitates which

disperse in the matrix and strengthen the dB3y 6267].

The strengthening of metals by internal oxidation was first demonstrated by J.L. Meijering in
1947[62]. This technique consisté choosing a metal like Ag, Cu, and Ni in which oxygen
diffuses rapidly and which has very light affinity to oxyg@me percent or more of a second
element such as Mg, Al, Ti, Mn, Cr, Zn, Ni, or Cu for which oxygen has a strong affinity is
then addedSince oxygen diffuses much more rapidly than the solute element, a fine stable
dispersion of oxide particles is formed, contributing a measurable strength increase to the
dispersionstrengthened (DS) Ag allojg7]. This internal oxidation treatment is a complex
process in which several events occur simultaneously: oxygen diffuses in from the
environment, the dote diffuses toward the oxygen source, the solute oxidizes to form, first,
oxygen rich clusters and, latatiscrete oxide precipitateEach of these events affects the
final mechanical properties of the allohhe resulting microstructure contains apdission of

hard oxide precipitates in a softer matrix and is called a dispessimmgthened (DS) alloy

Dispersionstrengthening is an effective method for producing a metallurgical structure with
small grain that is resistant to softening during heghperature heat treatme@ompared to

other methods for particle strengthening, such as blending or mixing hard particles with
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metal powders, dispersion strengthening produces nanosize oxide precipitates that are
distributed homogeneously within the nmatrrefine the grain structure and impede
dislocation movemeni DS Ag-alloy with nanosize oxide precipitateésrdened via internal

oxidation could be beneficial fanakingBi2212.

1.2.5. Attempts to improve electromechanical properties of Bi2212

The effects b applied stress on the microstructure, mechanical behavior and transport
properties of Bi2212 have been extensively studi#’i 44, 6885]. Suganoet al. [72]
investigatedhe strain dependence qffor Bi2212 wires under magnetic fields up to 30 T.
Their result at 6 K under 30 T showed thaddes not change largelip to a tensile strain of

0.50%, at which 95% ot tompared to its original value is maintained.

Shin et al.[75]at t empted to estimate the Youngos
Bi2212/Ag/Ag composite wire at room temperature by analyzing various stagestefsie
stressstrain curveof Bi2212 Figure1-9 shows thecrosssection ofstudied Bi2212/Ag/Ag

wire and the corresponding measured tensile ss&as1 curve of the wire at room
temperature. The tensile stredgin curve was composed of the three stages I, 1l and Il
dependingon the elastic or plastic behavior of each constituent. Each stage was characterized
as follows. In stage I, all cstituents (Bi2212 filaments, Ad\g alloy) deformed elastically.

In stage Il, Ag deformed plastically while Bi2212 filaments and Ag allagteally. In stage

lll, Ag and Ag alloy deformed plastically while Bi2212 filaments elastically.
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Figurel-9: a) polished crossection of Bi221Ag/Ag composite wirgand b) measured
tensile stresstrain curve of Bi2212 wire at room temperat{#g].

Soteloet al.[79] studied the electrical, magnetic, and mechanical properties of textured rods
of Bi2212 based materials with nominal compositions eEBCaCuOs +,iBi2SrCaCuOs + i

+ 1 wt% Ag, BiePln.4SrCaCuOs +,tand BiePly.sSpCaCuOs + ¢ 3 wt% Ag which were
fabricated using a laser floating zone (LFZ) melting method. Pb doping of Bi2212 samples
was shown to degrade the sample microstructure, which leads to a drastic reduction of the
superconducting properties. Furthermore, Ag additmproved the microstructure of the
Bi2212 and Bi(Pb)2212 samples, reducing the porosity and increasing their mechanical

properties, as well as improving the electric and magnetic properties. These effects are
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related to the microstructural observationscsiPb doping dramatically reduces the texture

while Ag doping improves it.

Mbaruku et al.[70] used a Weibull statistical approach to study the electromechanical
behavors of Bi2212 RWThey showed that Bi2212 RW hasi gni ycant |l y di ffer
than previously studied Bi2212 tape conductors, with evidence of an underlying
mechanically strong but poor | ounad wirathaewas e d e |

not found in the tape conductor. Furthermore, a distribution in the dependence of critical

currentupon straindl U) ) at the microscopic |evel was
wi t h reports that a compl ex net wor kinof i n
connectivity[78].

Lu et al.[69] measured the uniaxial strain dependence of critical current both in tension and
compression for Bi2212 wire§har measurements showed thatsignificantly degraded
starting from a tensile strain of 0.3%4%, and almost immediately under compressive
strain. This indicates that the mechanical properties of these Bi2212 wires need to be
improved. Measurements of the strefigin characteristics showed that the yield strength of
this Bi2212 wire is only about07 MPa at room temperature. Hence, there is need to develop
strong Agalloy materials that could provide a better strengthening of Bi2212 conductors.
Figure 1-10a presents stresdrain characteristics measured at room temperature on some

newly developedig alloy wires and compare them to that of a pure Ag wire and Figure



24

10b lists the tensile stresdrain curves of hedteated Ag and Ag alloys measured at room

temperatureFrom the mechanical viewpoint, these alloys may provide good reinforcement

for a Bi2212 conductor, and could possibly be incorporated into the inner structure of the

wire. They concluded that improvetdectromechanical properties Bi2212 wires require

the development of stronger stiieing material. It is mentioned that mechantests should

be ultimately conducted on real Bi2212 wires into which these alloys are incorporated, in

order to verify reinforcement efficiency. In addition, chemical compatibility should be

studied and cost issues should be considered.
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Yamazakiet al.[71] attempted to improve the mechanical properties of Bi2212 wire by

making stainless steel laminated wires using various thicknesses. The developed tough

Bi2212 had a higher hoop force as compared with a YRG&ted superconductor using

Hastelloy substrates under the same conditions such as magnetic field, winding diameter and

transport current.

Cheggour et al[68] found a reversible strain effect on critical current in the tensigime

for Bi2212 wires and developed a modified descriptive strain model that considered the

Bi2212 microstructure and its role in tensile and compressive behAgiceen in Figuré-
11a, thereversible behavioof critical current §) wi t h t he amagobsereed
under tension up to 0.319%train, while © reversibility was observed under axial
compressive straiifFigure 1-11b and c) Detailed microstructural studies using scanning
electron microscopyevealedthat in genaalt her e are two Atypeso
mechanically weak and the other mechanically strdhg twocomponent model postulates
that the dense Bi2212 is the strong component taatl the porous and fibrous 212
network is the weak componeseg Figure1-12). If theweak component does not contribute
to transport current initially, then tH&2212 wire behavior is reversibleBut, if the weak
component contributing to transport current initially, them irreversible behaviowas
observeduntil this component fails mechanically due to strdihis study identified the
major role that porosity plays in limitinghe resilience of the Bi2212 to strain, and

anticipated that improved mechanical properties would result from eliminatinthety

stra

of
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concluced that replacing at least part of the Ag sheath with a stronger and compatible alloy to

provide a distributed reinforcement across the wire section would be benefigial to |
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Figurel-11: a) Resultsof{ U) for a selection of str
4.0 K and 16 T. Each pair of unprimed and primed letters indicates a loaded strain
(solid symbol) and its corresponding partially waded strain point (empty symbol),
respectively.dvalues showed an unambiguous reversible behavior with strain up to a
the strain point J, b) Results@{I0) obt ained in compres:
and 16 T.Jdegraded fairly linedry and rapidly with comg
where the irreversible degradation wa
strain into tension up to +0.46% and then back to zero strain, the:totevérsible
degradat i on (chshosvs detdils 8bthedatd highlighted by the blue rectanc
(b). The loadunload experiment revealed thatthe ') behavi or i s
amount of compressive strain applied to the sample. Nonetheless, upon releasi
compression and thapplyingit, ( U) behavi or was O6rever
compression did not go near or beyond the compressive strain reachedibifading
started68].
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Figurel-12. SEM micrograph showing a longitudinal cross section of Bi2212 samg
Theheat treatment formed dense&Bi2 grain colonies at the interface with the Ag

matrix. A fibrous network of Bi2212 grains formed inside the filamg).
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1.2.6. Attempts on usingvarious sheath alloys for Bi2212

There have been attempts to improve the mechanical properties of Bi2212 by changing the
sheath materialNomura et al.[86] studied the influence of Ag/Au and Ag/Cu alloy
substrates on the microstructure and superconducting properties of Bi2212. It was found that
the & of Bi2212/AgAu was not degraded by ieesing the Au contérof the AgAu alloy,

while the J of Bi2212/AgCu was drastically degraded by increasing the Cu content of the
Ag/Cu alloy. The microstructure of Bi2212 on the Ag/Au alloy was uniform and no
precipitates were observed. Thed&gradation of Bi2212 in comtawith the Ag/Cu alloy

was understood by the fact that Cu absorption of Bi2212 from the Ag/Cu alloys changed the
composition of the Bi2212 oxide layer. Parrel et[8l] investigated the effect of sheath
material and deformation method on the oxide core derfgé@gent uniformity, and sJof
(Bi,PbrSrCaCuwOy tapes. The B2223 tapes were made \pithe Ag and oxide dispersion
hardened AgMg-Ni alloy sheathsSamples of these tapes wetigen heat treated, and
deformed between heat treatmesither by pressingraolling. A strong positive correlation
between Vickers micrbardness and was observed. Based on the observed greater -micro
hardness values, it is thought that thgher J of the pressed tapes is due to a greater oxide
core density than is present in the rolled tap&bile the hardened Aglloy sheath did
increase the micrbardness (bulk density) of theiZ223 core in the rolled tapes more
effectively than the pure Ag sath, any Jincrease as a result of this highmrik density

appeared to be negated by reactions between 222Band the Mg and Ni alloying
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elements. The degree of transformation from the 2212 to the 2223 phase was always found to

be greatem the presed tapes.

Guo et al[82] investigated the effects of sheath composition and rolling conditions on the
microstructural development and superconducting properties of Bi2212 powder in tube tapes.
The best properties were obtaina hotrolled, Ag (7 at.% Cu)sheathed Bi2212 tapes.
These sample had the highest degree of grain alignment, improved sheath and core interfacial
uniformity, and significantly higher magnetization and transport critical current densities
relative to eiher coldrolled Ag(Cu) sheathed or hetor coldrolled Ag sheathed Bi2212

tapes. Motowidlo et al43, 44, 81]fabricated Bi2212ound wirewith variousdispersion
strengthenedAg sheath alloys, including Ag/Al. They reported improvements in process
control and fabrication that resulted in less porosity and more uniforrmefiles. The

bending strain approached 1% for fabricated Bi2&it2.

Yoo et al.[88] studied the effects of alloying Au and Mg into Ag for Bi2223 tapes. They
found that alloying with Au and Ag increases the resistivity but is not very effective in
increasing the hardness. The addition of a small quantity of Mggidu and Ag/Pd
increass the hardness significantly due to dispersion hardenigsolowski et al[89]
studiedreactions between Agheathed Bi2212 conductors and a variety of oxidé®
dominant species that diffused through the Ag sheath was Cu because its solubility in Ag and

diffusivity through Ag under Bi2212 melt pcessing conditions is the higheat.0Os, CeQ,
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SiO,, Y203, Zr0y, CaZrQ, and SrZr@ were identified as nereactive when heat treated in
contact with Bi2212, whereas &, MgO, and NiO, reacted with Cu that diffused through

the Ag during lat treatment.

Nachtrab et al[54] proposed the use of Adi composite sheath to improve the mechanical
performance of Bi2212. They used a tube made of Ag/Ni composite containing continuous
N i yl aments to f adoreitapeaThe Ni&ilamBs oRidizéd2durimgp meti
processingn oxygen, showing that Ni is not stable enough to be used in an oxidizing
atmosphere in conjunction with Bi2212 oxides. The Ni oxidlized reaad with Cu from

the Bi2212 oxide forming &li/Cu solid solution oxide phasand depleting the Cu from the
Bi2212 oxidecore. The loss of Cu affected the formation of the superconducting Bi2212

phase

1.3.0bijectives of this work

Ag/0.20wt%Mg is the most commonly used alloy for the outer sheath of BiZ2d2
Ag/0.20wt%Mg alloy demonstrags the advantages of dispers&mengthening by internal
oxidation for hardenind\g. MgO precipitates form within the AQ/20wt%MVg outer sheath
during PMP heat treatmerdf Bi2212 in pure oxygen and strengthen the AdZ0w%Mg

alloy.
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Despite the recent successes with 0A20wt%Mg sheathed Bi2212, the use of
Ag/0.20wt%Mg for the outer sheath poses some challenges and limitations, including
increased difficulty in conductor manufacturing. The alloy has low strength in thaated
condition and loses ductility rapidly as it is drawn, necessitating frequent animettss
condition, the alloy can be extruded and cold drawn to form tubing. During drawing, £ work
hardens and loses ductility. Annealing restores ductility, ibbutust be done in an inert
atmosphere or MgO will precipitate on the grain boundaries and embrittle the alloy, making
further cold working impossible. It is only during the final heat treatment that it is desirable
to form MgO precipitates through intedroxidation.The MgO dispersion formed by internal
oxidation is resistant to coarsening and hardens the alloy even after full partial melt
processing. In the fully processed condition, the tensile strength of the alloy is approximately
four times greatethan pure Ag. Most of the MgO precipitates after the Ag has recrystallized

and a significant amount of grain growth has ocalf98].

It is desirableto have an alternative high strengtind high modulus\g alloy sheath for
Bi2212 The availability of Ag alloys that are compatible with Bi2212 oxide phase is very
limited. An Ag alloy must have the following primary characteristicbe usefufor making
sheath of Bi2212 RW

1. Good workability fordrawing to small wire diameters

2. Oxygen permeability for pagtl meltheat treatment of Bi2212

3. Chemcal compatibility with Bi2212
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Among the elements that are typically used to strengfttgrprecious metals like Au, Pd,
and Pt are expensiand elements like Cu, Sn, Sb, and Mn are reactive with Bi2212 phase
andredue J.. An improveddispersiorstrengthened\g alloy where the alloy is internally
oxidized to hardenit prior to the Bi2212conductor fabrication could produce a higher
strength conductor after partial melt processiigpotential candidate is the Ag/Al dg.

Ag/Al alloys have melting and processing characteristics similar to Ag/Mg alloys and have
good permeability for oxygen. Furthermore, after Mg, Al has the highest affinity to oxygen
based upon free enerd89, 91] While both Ag/Mg and Ag/Al can be produced in the
dispersionstrengthencondition by similar approaches, 28 has a higher elastic modulus
and lower coefficient of thermal expansion (CTE) than MgO. Additionally, previous research
has shown that ADs is relatvely inert to Bi2212 and does not react strongly with the
ceramic fiber used to insulate the condud®@®]. Lastly, Al is inexpensive and readily

available[89, 92]

In this work, we reporbn DS Ag/Al with various compositions as potential candidates for
sheathing Bi2212 RWonductor The fabrication of Ag/Al alloys by powder metallurgy,
their internal oxidation heat treatment to form DS Ag/Al allayifiform dispersion of AlO3
precipitates in the Ag matrix)the relationship between microstructunghysical and
mechanical properties of the DS Ag/Al alloys are studied in détext, the Ag/Al alloys are
used for making Bi2212ound wire Heat treatment, microstructure, mechanical and

electrical properties of Bi221®ires with Ag/Al sheathalloys having variousAl contentare



35

studiedto improvethe strain sensitivity of Bi221®ires after PMP.The properties of Ag/Al
alloy sheatls and Bi212/AgAl wires are compared with A§/20wt%Mg alloy sheathand

Bi2212/AgMgwire.
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CHAPTER 2

Experimental procedure

2.1.Samplefabrication

The overall goal of thetudyis to make high strengtlispersiorstrengthened (DS) Ag/Al
alloy for making Bi2212/AgAgAl round wire (RW) conductorthat has higher strain
sensitiviy and is more resistant to fdemation in highmagneticfields. Microstructure,
mechanical, and electrical properties of takricatedDS Ag/AI alloys and Bi2212/Ag/AgAl
wires are measured and compared tn Ag/0.2wt%dMg (Ag/Mg) alloy and a
Bi2212/Ag/AgMg RW conductorAll alloys and conductors are made by Supercon, Inc.

Shrewsbury, Massachusetts, MA

2.1.1. Pure silver

Pure Ag wire with 1.0 mm diameter and Ag sheet with @28 mm thickness are used as a
base material for alloys mechanical behavior comparison. Pure Agamdreheet are tested
in asrolled and annealed conditions. Annealing is performed at 375 a@ 83020 min in

pure Ar atmosphere.
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2.1.2. Ag/Al alloy

Ag/Al alloys with various Al content (0.50, 0.75, 1.00, and 1.25 wt%) are made via powder
metallurgy andhardened via an internal oxidation heat treatment in oxygen to make
dispersiorstrengthened (DS) Ag/AlPowder metallurgy is the most effective method for
producing high strengtBS alloys that can be cold worked in the fully hardened condition.

Powder metllurgy processing promotes a uniform precipitate distribution and fine grain size,

both of which contribute to the combination of high strength with good workafihig. is a
fundamentally different approadhan is used to produce Ag2wt%Mg alloy, which is

produced from an ingand is the most common used alloy for the outer sheath of Bi2212
conductor Ag/0.20wt%Mg is made as a solid solution allashich cannote heat treated in

oxygen to strengthen it until it is thefinal form. In the fabricatn process, the Ag/Al metal

powder is created by induction melting and inert gas atomization to a mesh size of ~450 (30
em) . Particle size distribution pmXel8.sAsr ement
atomized Ag/Al powder is then annealed under gomratmosphere at 600, 650, 700, 725

and 750eC for 45 min to find the suitable
Ag/ Al powder. Annealing at 700eC for 4 hour:
and is performed for all fabricated Ad/powders. Note that each powder particle is initially
polycrystalline and is converted to a singk&in powder during annealing. Grdinundaries

are preferential sites for oxide precipitation. Grain boundary oxides tend to be larger than
oxide particlesprecipitated homogeneously within the grains. These larger grain boundary

oxides coarsen rapidly durinMP heat treatmentdestabilizing the oxide particle
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distribution and causing a loss of strength. Additionally, coarse grain boundary oxides reduce
oveall ductility and make the alloy more difficult to proce¥he annealed Ag/Al powder is

then inserted into Cu extrusion cans which
Next, the Cu can is removed from the Ag/Al rod by etching with a ferfmricdle solution.

The extruded Ag/Al rods are then sintered and annealed &t 8@2@n cold drawn into 0.8

mm Ag/Al solid alloy wires. Ag/Al alloy sheet is made by rolling the wire to a thickness of
0.200.28 mm. Figure A shows the stepy-step fabricatn process for creating the Ag/Al

alloy. Figure 22a shows the starting gasomized Ag/Al powder, and a sample of final

extruded and cold drawn Ag/Al tube is shown in Figure 2.2b.
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Induction melt Ag/Al alloy

A 4
Inert gas atomize Ag/Al alloy
-450 mesh
dgo <30 pim, dso <16 Hm

\ 4
Anneal powder at 700°C for 4 hrs to produce single
grain particles

A 4
Encapsulate powder in extrusion cans, vacuum outgas
and seal container

Hot extrude cans at 650°C

4
Remove can, sinter extruded rods and tubes to
densify the powder

v
Cold draw tube

Figure2-1: step-by-step fabrication process for manufacturing Ag/Al alloy

2.1.3. Ag/0.20wt%Mg alloy (Ag/Mg)

The Ag/Al alloys arecompared wittcommercial Ag/0.20wt%Mg alloy that is purchased as a

tube (Tanaka Kikinzoku, Japanhis alloy is made by conventional ingot taburgy and
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supplied in norhardened, mitannealed condition. All annealing is done in pure Ar to avoid
oxidation. During fabrication, A@.20wt%\Vig sheet is made by flattening a tube (@& OD
X 17.5 mm ID, 0.75 mm wall) and rolling the 0.75 mm flattepexte. The Ag/0.20wt%Mg

alloy sheets have final thickness in the range d&-0.28 mm.

a b

Figure2-2: a) Sarting 450 mesh (d90 < 30 um) gas atomiagdd.50wt%Al powder b)
extruded and coldrawn Ad0.50wt%Al tubes

2.1.4. Bi2212 conductor

The double restack multiflamentaBy2212 wires are made by powder in tube (PIT) method.
The primary and innermost restack bundling tube is pure Ag for all conductors. Ag is

permeable to oxygen and is not reactive with the Bi2212 oxide core material.
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Ag/0.20wt%Mg and Ag/Al alloys with vamus Al content are used as the outer sheath alloy
material. Nexans Bi2212 powder precursor, with a composition of 2.17 Bi, 1.94 Sr, 0.90 Ca,
1.98 Cu and 100 ppm C (Bi7Sr1:04Can:seCu1:080x), is used. Table-2 lists the specification

of all Bi2212 wiresused in this study. During the PIT process for making multifilamentray
Bi2212 wire,the initial Ag tube is filled withBi2212 powder, then extruded or drawn do

wire with 1-2 mm diameterNext, thewire is drawn in a hexagonal shape, cut into shorter
lenghs, and formed into a stack of 7, 19, 37, 55, 61, 85, or higher numbers of filaments. This
stack is then inserted iAg/0.2wt%Mg and/or Ag/Al alloytube, and the composite is
extruded or drawn téorm the finalwire. All the Bi2212 conductors in this stycre double
restack with85 x 7 design having final diameter of 0.8 mm. Figure3&® shows a
Bi2212/Ag0.5AI conductor wire coated wiit2% AbOz, 28% SiQ ceramic fiberinsulation
braided onto the wirdrigure 23b is an optical image from the cross settiud fabricated

Bi2212 wire before heat treatment.



Table2-1: Bi2212 wires specificationssed in this study

Conductor g Inner Outer sheath Average SCill
Geometry sheath Filament factor (%)
size €m)

Bi2212/Ag/AgMg Pure Ag | Ag/0.20wt%Mg 16.0+2 25.5+1
Bi2212/Ag/Adg0.50A1 | Pure Ag | Ag/0.50wt%Al 16.5 £2 22.5+1
Bi2212/Ag/A0.75A1 | Pure Ag | Ag/0.75n%Al 16.3 £2 21.5+2
Bi2212/Ag/AgL.0QAI | Pure Ag | Ag/1.00wt%Al 16.4 £2 23.5+1
Bi2212/Ag/AdL.25Al Pure Ag | Ag/1.25nt%Al 16.0 £2 225 +1
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Figure2-3: a) 0.8 mm diameter Bi2212/Ag0.5Al conductor wire, b) an optical image fr

cross section of fabricaté&b x 7double restack Bi2212 wire before PMP heat treatmel



54

2.2.Heat treatment

2.2.1. Annealing

All Ag/Al and Ag/0.20wt%Mg solid Boy wires and sheets and Bi2212 wires are annealed at

375C for 20 min in pure Ar after fabrication.

2.2.2. Internal oxidation

The internal oxidation step is the most critical step in the process of makimstiAg/Al

alloy. Internal oxidation heat treatment is performed using two different methods: For the
first method, after annealing of -atomized powder, an Ag/0.50wt%Al mktaowder is
placed in a tray and heated at &7%or 24 hours in the flow of 100% oxygeldeally, the
powder particles should be uniformly exposed to the oxygen atmosphere durintgthal
oxidationtreatment. An oxygen flowover the top of thé&g/Al powder likely results in an ©
gradient through the powder baddthis may not be an ideal oxidation technigiext, this
oxidized Ag/0.50wt%Al powder is used for making the DS Ag/0.50wt%Al alloy sheets and
wires with the steps described in section 2.lh2he second method, the nroridized Ag/Al

alloy powders with various 0.50, 0.75, 1.00 and 1.25 wt% Al content are used to make the
Ag/Al solid alloy sheets and wires. These Ag/Al solid alloy sheets and wires are then
internally oxidized at 600, 650, 67700, 725, 750, 800 and 900 °C for 1, 2, 4 and 8 hours in
pure oxygen to form DS Ag/Al alloys. During internal oxidation, heating and cooling are

performed under an argon atmosphere; all oxidation procedures are isothermal. Two of the
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alloy compositionsAg/0.50wt%Al and Ag/0.75wt%Al, are also heat treated in pure argon at

675eC for 4 hours for subsequent microstruct

2.2.3. Melt processing of Bi2212

The Bi2212wires are heattreated using the standapartial melt processingPMP) heat
treatment wih temperatures selected based on a previous optimization of Bi2212/AgMg wire
manufactured with the same batch of Bi2212 powHeat treatments are performed 66 5

cm long wires in 1 bar flowing oxygen in a quartz tube within a horizontal tube furnace
instrumented with Rype thermocouples monitored with programmable controllers. A
monitoring thermocouple is placed close to the samples and the températudata are
recorded every 30 s using LabVIEW program. The temperature variation is controlled with
0.50C of the set value. Temperaturme details of the internal oxidationnd PMP heat
treatment are presented Figure 24a and qaxes not to scaleYhis PMP heat treatment is
applied to all Bi2212 conductors. Furthermore, microstructure, mechamdaelectrical
behavior of the Ag/Al and Ag/0.20wt%Mg solid alloy sheets and wires are also tested before

and after a PMP heat treatment.

For the coil studies and in order to investigate the effect of heat treatment, a Split melt
processing (SMP) heatreatment is applied to single layer spiral tested for leakage

observation. The SMP temperatdimme profile is also selected based on a previous
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optimization of Bi2212/AgMg wire manufactured with the same batch of Bi2212 powder

(Figure 24Db).
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8§29°C
48 hrs

RT

Internal Oxidation T (°C)

1,2,4,and 8 hrs

c

Figure2-4. Time-temperature profile foa) apartial melt processinPMP) used
here, b) Split melt processing (SMP) heat treatment applied to single layer coi
leakage studies, and c) Internal oxidation heat treatment for Ag/Al #dzgsnot to

scalg.
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2.3.Characterization

2.3.1. Microstructure

2.3.1.1.0ptical imaging

Alloys and conductors ncrostructureis studied usingan optical microscop (Olympus

SC30) A mixed solution of 50 ml distilled water ¢B), 20 ml ammonium hydroxide
(NH4OH) and 30 ml hydrogen peroxide ABb) is prepared as an etchant solution to reveal
the alloy gran microstructure. Polished samples are etched 40 Seconds at room
temperature (RT) to reveal the grain microstructure. ImageJ software is used for grain size
measurements. For each sample, 10 micrographs are analyzed and the grain size is an
averageof 300400 data points. df crosssectional imagingf Bi2212 conductorssamples

are prepared by mounting small pieces of wire using a Durocit cold mounting liquid with
graphite added so that the mounting is conductive. Mounted samplgsraiedusing SiC

papes, and polishedwith 1.0, 0.3 and 0.05¢m alumina suspension3he percentage of
superconducting fill factor (SC%) is calculated from the optical images of Bi2212 green

wires using Photoshop and ImageJ software.

2.3.1.2.ScanningElectron Microscopy (SEM)

A tabletop Hitachi TM3000, a Hitachi S3200 and a field emis$S&M (JEOL JSM6400F)

are used to study the alloys microstructure (grain size, oxide precipitates size, shape and
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di stribution), fracture surfaceeryvari@usnhkatt he

treatments.

2.3.1.3.Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) issed to investigate the size, shape and
distribution of AbOs precipitates in the Ag/Al and MgO precipitates in the Ag/0.20wt%Mg
alloy with a JEOL 2000FX.HRTEM studies are performed with a JEOL 2010 TEM to
acquire high resolution images from strain centers, stacking faults, deformation twins and
other defects present around the oxide precipitates. TEM samples are prepared by
mechanically polishig alloy sheets using Sipapers down to the thickness of abou480

em, punched i nt oandtheB penoratelly @ low @ngldow rergy ion

milling procedure Fischione 1010 lon Mi)l All TEM studies are done with an accelerating

voltage of200kV.

2.3.1.4.Focused lon Beam (FIB)

Al>Os precipitate sizes and distribution are also examined usimgchanneling contrast
imagingon a Focused lon Bea(fIB) with a field emission gufFIB - FEI Quant 3D FEG

This microscope isa dual beam instrument thabmbines a traditional field emission
scanning electron microscope (FESEM) column with a FIB colufiB is also used for

TEM sample preparation from various cross sectional areas of Bi2212 wires.
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2.3.1.5.Aberration corrected Scanning Transmssion Electron Micrascopy

An aberration corrected FEI Titan &D0 KV probe scanning transmission electron
microscope (STEM/TEM) with monochromator isused to study the microstructure of
internally oxidized Ag/Al alloys and elemental composition of oxide precipitalés.
SUPER X Energy Dispersivéspectrometry (EDS) system in Titas able to collect
characteristic XRay signal at high counts per secofitie combination ofield emission
electron sourceand SUPER X together is called ChemiSTE&hnology, which makes
elementamapping at atomic level possibléhe FE#Titan is operated at accelerating voltage
of 200kV. The Bruker ESPRIT software package is used for drift correction during

acquisition and pogtrocessing with a-pixel smoothing filter to reduce noise.

2.3.2. Mechanical behavior

2.3.2.1 Hardness test

The local mechanical properties of the samples are assessedvigkars micrehardness
(HVN) measurement$dVN is used taneasure and compaitee strength of the Ag/Al alloys

and Bi2212wiresat various heat treatment condits. HVN measurements are performed on

a Buehler Micromet Il micrdnardness testenith a 50 gr load and a 15 seconds holding
period. The dwell time of 15 seconds for each indent is concurrent with ASTM standards. A
mirror polished surface prepared by tnaical grinding and polishing is used for all

samples to get accurate hardness data. For each sample type, two specimens are tested, and
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for each specimen, ten indentations are used to obtain reasonably accurate data and standard

deviation.

2.3.2.2 Tensile test

Room temperaturéRT) tensile tests omBi2212 wiresare performed using a linear tensile
testing device. The device is instrumented wittO@ Ib load cell and linearLVDT
displacement sensor to enable force and displacement measurements. LabVIEW tbentrols
stepper motor, data acquisition from transducers via digital multimeters and their conversion
into stress and straji]. Figure 25 shows the RT tensHsting equipment used here. The
front control view of the LabVIEW program used for controlling the RT teftegéing

equipment is shown in Figure®
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B Tensile machine
bt
»

LabVIEW
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Figure2-5: Roomtemperature tensHeesting equipment used for Bi2212 RW samples.
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Figure2-6: The LabVIEW program used for controlling the RT tens#sting equipment.
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For solid Ag/Al alloy wiresRT tensile test are performedutilizing a benchtop INSTRON

model 1011 tensikesting machine with a 100 Ib load céik least three tests are conducted

for each sample condition, and the Youngds n
strength (UTS) and pemseelongation (El %) are determined.RY tensiletesting machine,

equipped with Igor 6.04 professional softwareglsoused to measure thensile behavior of

thealloy shees. For eaclsheetsample type, 2B tests are ruf2].

77 K and4.2 K tensile test$or Bi2212 wires and solid alloy wirese performed on straight
wires (&4 110 mm long) using a servo hydrauli
Each end of the sample is soldered to a Cu grip; the sample length between the grips is at
least 65mm. The applied force is measured by a calibrated 1300 N capacitgdbaahd
displacement is measured using double Nyiyge extensometers attached directly to the
sample with a gaugeThlee nYygotuhn igodesivedhfioal 3hé imitil

linear part of the stress/strain curve measured during loading and the yield stress is

determined using of the 0.2% strain offset critef&m].

2.3.3. Electrical behavior

2.3.3.1 Critical current (I ¢) test

For characterizing the electrical behavior of a superconducting material, the -sitage

relationship is measured. The most common parameter obtained froi thedsurement is
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the transport critical current{lwhich is defined as the maximum curtréhat can be carried

by the superconductor material in the superconducting[&fatka practice, dis identified by
either an electric field or resistivity criterion. An empirical quantity known-galue of the
superconducting to normal state transition which is related tq (Kell"), is ako obtained. It
guantifies the sharpness of the superconducting transition and influences the required ratio of
operating current to the: in a superconducting magneifter heat treatmentthe L is
measured for 50 cm lorgampleausingthe standard foupoint methodn liquid helium (4.2

K) at selffield. A1 ¢ V électncfield criterion and a 120 mm voltage tap spacing is
used to determinec.| For each sample type, three measurements are performed. Critical
current density @) is also calculated bgtividing Ic by the superconductor area in the cross
section of the wire which is measured on the green wire. JValuks reported are averages

of at least three samples for each heat treatment with a maximum variance of less than 10%.

In the fourpoint electrical setup, a known precision resistor (R) is connected in series with

the superconductor sample (Bi2212 wire here). The voltages across the resistor and between
the voltage taps connected to sample are measured when the current is rampinigcunithe c

The current through the series circuit 1 s cC:
voltage across the resistor. The current and the voltage measured across the superconductor
sample are plotted to form a#VIcurve. Figure Z7 shows a scheatic view of the electrical
measurement system. A computer is used to control the power supply, collect data from

digital multimeters, plot the-V curve and calculate the &nd nvalue via a LabVIEW
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program. The ramp generator is connected to the powpglysto ramp the current during
measurements. The digital multimeters are used to measure the voltages across the precision

resistor and the sample. The devices used in this work are as follow:

1 DC power supply as current source: HP 6681A3Y0 875A)

1 Digital multimeter: Keithley 2001 with a GPIBSB adaptor

Dewar

Figure2-7: Schematic of equipment for Bi2212 round wire electrical characterizatiol

showing connections between different devices.
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2.3.3.2.Resistivity vs. temperature (xT)

The electrical resistivity of Ag/0.20wt%Mg and Ag/Al alloy wires and sheets as a function of
temperature is measured from 4.2 K to RT at various heat treatment conditions. Resistivity is
measured using the fopoint methodwith a 2.5 mm probespacing A combination of two
Keithley, one 6221 and a 2182A model, setupétamodes used for RT measurements. A
constant current of 0.1 ampere is generated by Keitb831 current source and passed
through the sample by outer current proimethe fourpoint probe setting. Then, the voltage
generated across the sample is measured using two inner sensing probes by use of a Keithley
2182A nanevoltmeter unit. The contagtare made with spring loaded peggas with fixed

probe spacing of 2.5 mm and thickness of the sample sheets is chose to be a few hundred
microns only so we can categorize our sheets as thin samples. Resisjivitycélculated

from the resistance (V/lyalue measured by Deltamode setup and thickness of the sample

sheets using the following expression:

"EH OA TR FORQ - ZOMA

Where Cf ~ 0.65 is the ficorr ebadisiobratiodfthet or o
di mensions of the samples and prod8*C*Hmacing
(V) is called sheet resistance and when we multiply sheet resistance with thickngss we

resistivity of the material.
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2.3.4. Coll studies

Two gngle layer spiralsof Bi2212/Ag/Ag0.5Al are woundfor leakage studiesSpiral I,
which is 10 turns of wire totaling 1 m, and Spiral I, which is 20 turns of wire totaling 2 m.
Spiral | is heat treated with the PMP shown in Figzwa and Spiral 1l usesMB® shown in
Figure2-4b. Turnto-turn insulation used for both spirals is a 72%@3| 28% SiQ ceramic

fiber braided onto the wire.
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CHAPTER 3

Step I: DispersionStrengthened Ag/0.50wt%Al alloy for sheathing

Bi>Sr.CaCu20s+x Multifilamentary round wire

3.1.Background and motivation

Despite the recent successes wifkg/0.20wt%Mg sheathed Bi2212, the use of
Ag/0.20wt%Mg for the outer sheath poses challenges and limitations, including increased
difficulty in conductor manufacturing. The alloy has low strength in theeanted condition

and loses ductility rapidly as it is drawn, necessitating frequent anneals. In this cotigition,
alloy can be extruded and ceadidawn to form tubing. During drawing, it wetkardens and
loses ductility. Annealing restores ductility, but this must be done in an inert atmosphere, or
MgO will precipitate on the grain boundaries and embrittle theyaffttaking further cold
working impossible. Only during the final heat treatment is it desirable to form MgO
precipitates through internal oxidation. The MgO dispersion formed by internal oxidation is
resistant to coarsening and hardens the alloy evenfalftpartial melt processingPMP). In

the fully processed condition, the tensile strength of the alloy is approximately four times
greater than that of pure Ag. Most of the MgO precipitates after the Ag {tagstallized

and a significant amount of gnagrowth has occurred, 2].
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Dispersionstrengthening (DS) is an effective method for producingeadrain metallurgical
structure that is resistant to softening during high temperature heat treatment. Compared to
other methods for particle strengthening, such as blending or mixing hard particles with
metal powders, dispersiesirengthening by interhaoxidation heat treatmentproduces
nanosize oxide precipitates that are distributed homogeneously within theatig grains.

These precipitates refine the grain structure and impede dislocation movement. Therefore, an
improved DS Ag alloy, which is intenally oxidized prior to conductor fabrication, could

produce a higher strength conductor aRbtP.

In this chapter, a DS Ag/0.5wt%AIDS Ag/0.50Al) alloy manufactured via powder
metallurgy with an internal oxidization process is used for making douidéaak
Bi2212/Ag0.50Al multifilamentary round wire (RW) conductor. The DS Ag/0i30Al

alloy is used as the outer sheath while pure Ag is used for the inner sheath of Bi2212 next to
the filament. For making the DS Ag/0Wwt6Al alloy, first, the asatomizedAg/0.50nt%Al

metal powder iprodue d by powder metall urgy and anneal
argonatmosphere. After annealing, the powder is placed in a tray and heated 780676

for 24 hours in the flow of 100% oxygen. The oxidized powdezgteen used for making DS
Ag/0.50nmt%Al solid alloy wires and sheets with the steps descried at section [Rek®.he
pre-oxidized and hardened DS Ag/0vaBoAl alloy shethis used for makinglouble restack

Bi2212/Ag0.50Alwire.
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3.2.Experimental method

Microstructure, mechanical and electrical properties of fabricated DS Ag/0.50wt%Al solid
alloy wires and sheets are studied using optical and field emission scanning electron
microscopy (FESEM), room temperature (RT), 77 K and 4.@eKsile test, Vickersnicro-
hardness (HVN), electrical resistivity and transport measurements. The results are compared
with pure Ag and Ag/0.20wt%Mg alloy sheets and wi®sveral conditions are considered

to compare the al Bbgusdarizbsetheasamptes atite varieub | e
conditions; note that aldlloy and conductosamples are tested before and after a heat
treatment that simulates the Bi2212 partial melt process; tempetiatereetails are shown

in Figure2-4a All annealing heat treatments are done urheargon atmosphere.

1 Low temperature tensile tests were done at National Institute of Standards &Tech{hb®by Boulder, COwhere the boiling point of
liquid He is 4.0 K.
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Table3-1: Various alloy sheet and wirasiples andheir processingonditions

Sample name Heat treatment condition
1. Roll ed + annealed at 375
Pure Ag
2. Roled+tanneal ed at 375 eC fd
1. As-rolled
Ag/0.20wt%Mg 2. As-rolled + PMP heat treated

3. Rolled + anneal ed at 375

4 Roll ed + anneal ed at 375

1. As-rolled

2. As-rolled + PMPheat treated
DS Ag/0.50wt%Al
3. Rolled + anneal ed at 375
4. Roll ed + annealed at 375

5 Rolled + anneal ed at 850

In addition to alloy wires and sheets, microstructure, RT, 77 K and 4ebid{le behaviors,
critical current (§) and critical current density {J measurements are done for
Bi2212/Ag0.50Al and Bi2212/Ag0.20Mg round wire conductds®. cm short samplesf
Bi2212/Ag0.50Al wirewith and without insulation antivo singlelayer sprals arealso
studied Spiral I, which is 10 turns of wire totaling 1 m in length, and Spiral I, which is 20

turns of wire totaling 2 m in length. Spiral | is heat treated with the PMP shown in Rigure
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4a and Spiral 1l usea SMP heat treatmerghown inFigure2-4b. The turnto-turn insulation

used for both spirals is a 72 wt%8k, 28 wib SiO; ceramic fiber braided onto the wire.

3.3.Results and Discussion

3.3.1. Part I: Alloy characterization

3.3.1.1.Microstructural observations

High-resolution FESEM images from tlS Ag/0.50wt%Al alloy before and after PMP heat
treatmentare illustrated in Figure3-1. The dark gray, small nanoparticles areGil
precipitates that are distributed uniformly in the Ag matrix. After PMP heat treatsest (
figure 3-1b), the average ADz nanoparticle size increased and the number of precipitates
decreasedl'he Ag grain size before and after PMP is measured to be about 105 and 145 nm,
subsequently. The ADs precipitates size is nearly #5 nm before PMP. After PMP, there
exist in two diferent sizes: One group is smaller with the average diameter of about 110 nm
and the second group is larger with an average diameter of 400 nm. There is a degree of
coarsening for both Ag grains and@k precipitates in the DS Ag/0.50wt%Al alloy during

PMP heat treatmentdeally, the powder particles should be uniformly exposed to the oxygen
atmosphere during theaternal oxidation heatreament to form oxide precipitates. An
oxygen flowover the top of thé&g/0.50wt%Al powderwhich is used in the firghethod for
making the DS Ag/0.50wt%Al alloy, would likely resuh an Q gradient through the

powder bedandthis may not be an ideal oxidation technique
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a b

Figure3-1: FESEM images oDS Ag/0.50wt%Al alloy (a) before and (b) after PMP
heat treatment.

3.3.1.2.Mechanical properties
3.3.1.2.1. RT tensile test for alloy sheets

RT tensile tests have been performed for pure Ag, DS Ag/0.50wt%Al and Ag/0.20wt%Mg as
a function of annealing condition to understand their mechanical properties before and after
PMP. Figure 2 shows the tensile stress/strain behavior ablsed Ag/0.2t%Mg before

and after PMP. In this case, heat treatment significantly increases the tensile strength (UTS)
and percent elongation (El %). This is due to the formation of MgO precipitates during PMP
heat treatment under-@tmosphere and the strengthengifigcts of these small precipitates
within the Ag matrix. Figure -3 plots the tensile stress/strain behaviors of pure Ag,

Ag/ 0. 20wt %Mg and DS Ag/ 0. 50wt %Al all oy shee
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argon atmosphere. Also shown are results for theesalloy sheets that are PMP treated in

O after the argon annealing. For pure Ag, the toughness decreases during PMP which may
be due to the diffusion of Onto the Ag, causing embrittlement. Ag/0.20wt%Mg in the
annealed condition is soft, with ~36 % md@ation to failure. After PMP heat treatment, the
alloy is nearly twice as strong, but the elongation to failure is reduced to roughly 22%.
Annealed DS Ag/0.50wt%Al alloy shows very high UTS, about 620 MPa. After PMP heat
treatment, however, the UTS dees but the failure strain is very high (35%). This is due

to coarsening of the AD3 nanoparticles at high temperature, resulting in a decreased number

of larger particles.
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Figure3-2: RT stress/strailehavior of arolled Ag/0.20wt%Mgalloy before and after
PMP heat treatment.
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Figure3-3: RT stress/strain behavior of annealed@®g80wt%MVg, DS Ag/0.50wt%Al
and pure Ag sheet alloys before aiter PMP heat treatment.

Table 32 summarizes the mechanical properties of all tested samples at RT. While annealed
DS Ag/0.50wt%Al alloy shows very high ultimate tensile strength (UTS) and yield strength
(YS) in comparison to those of Ag/0.20wt%Mg o] after PMP heat treatment, the
Ag/0.20wt%Mg shows higher UTS and YS than those of DS Ag/0.50wt%Al, due to

coarsening of AlOs precipitates within the Ag matrix in the DS Ag/0.50wt%Al alloy. A
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more detailed investigation of thermwechanical processingamameters is needed to

develop improved resistance to softening during PMP.

Table3-2: RT tensile test results for pure Ag, Ag/0.20wt%Mg and DS Ag/0.50wt8khAét

alloys

Pure Ag
Mechanical Parameters E YS UTS El %
(GPa) (MPa) (MPa)

Roll ed + anneal ed 80 62+15 182+2 78.3+0.3

Roll ed + anneal ed
PMP heat treated 80 70+ 3 131+5 49.7+0.2

Ag/0.20wt%Mg

Mechanical Parameters E YS UTsS El %
GPa) (MPa) (MPa)

As-rolled 80 353+3 381+2 12.1+05

Rolled + PMP heat treated 80 356+4 430+10 23.7+0.8

Roll ed + anneal ed 80 160+2 192+1 36+04

Rolled 4+ anneal ed
PMP heat treated 80 310+4 396+1 21.9+0.9

DS Ag/0.50wt%Al
Mechanical Parameters E YS UTsS El %

(GPa) (MPa) (MPa)
Roll ed + anneal ed 85 532+1 620+35 122+2

Roll ed + anneal ed
PMP heat treated

85 210+2 268+28 37%15
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3.3.1.2.2. DS Ag/0.50wt%Al solid alloy wire tensile behavior at RT, 4.0K

The RT tensile properties of DS Ag/0.50wt%Al solid alloy wires are summarized in Table 3
3. The strength remains high after drawing and annealing up @ 854, like the alloy

sheet, significanyl decreases after PMP.

The 4.0 K tensile stress/strain behaviors of three groups of DS Ag/0.50wt%Al solid alloy

wires with various heat treatment conditions are shown in FigdrelTBe DS Ag/0.50wt%Al

solid wire shows very high YS and UTS in the annealed condition at 4.0 KMP48and

~850 MPa, respectively. After PMP, the mechanical strength decreases and the EI%
increases; results are tabulated in Tablé. 3he trend in strength is the same as that
observed at RT. Note that the annealing temperature has no significantoaffiéwt low
temperature mechanical properties; there 1is
comparison to 375eC. I nterestingly, there i :
at which Ag and Ag/0.20wt%Mg have little measurabletititic This is likely due to the

much finer grain size in the DS Ag/0.50wt%Al alloy.
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Table3-3: RT tensile properties fddS Ag/0.50wt%Al solid alloy wires with various heat

treatments
Sample conditims E (GPa) YS (MPa)
As-drawn 85 470
Roll ed + anneal ed 85 511
Roll ed + anneal ed 85 457
Roll ed + anneal ed
PMP heat treated 85 207

UTS(MPa) El %
578 4
617 6
589 S
249 43

3.3.1.2.3. Vickers micro-hardness (HVN) measurements

The Vickers micrehardness (HW) test is an indicator of mechanical properties of mild

strength alloys and sheets. Here, NH\Vheasurements are used to better understand the

mechanical properties of thBS Ag/0.50wt%Al alloy and to further compare it to

Ag/0.20wt%MVig alloy. The HW

results are shown

in Tabl&-5. The annealed

Ag/0.20wt%Mg alloy has an HW of 40, whereas that of the annealB® Ag/0.50wt%Al

alloy is 168 consistent with the mechanical properties of both allay®T. After PMP, the

Ag/0.20wt%Mg HVN increased due to the formation of MgO, whereas in B

Ag/0.50Wt%¥Al alloy, HVN decreased after PMP, which is again consistent with tensile

properties.
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Figure3-4: Stress/strain behavior of three group®&Ag/0.50wt%Al solid alloy wires
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Table3-4: Tensilebehaviorsof DS Ag/0.50wt%Al solid alloy wires at 4.0 K with

various heat treatments

81

Sample conditions E (GPa) YS (MPa) UTS(MPa) El%
Roll ed + annea

: 68 748 850 2.40
20 min
Rolled + annealed &75¢ C f
20 min+ PMP heat treated 59 221 295 3.60
Rolled + annealed &0e C f

65 220 295 3.82

20 min + PMP heat treated

Table3-5: Vickersmicro-hardnesgHVN) for all alloy sheets

Vickers Micro-hardnessi HVN+STD (0.25 N, 15 s)

20 min + PMP heat treated

Sample conditions Ag Ag/0.20wt%Mg DS Ag/0.50wt%Al
As-rolled - 100+ 5 165+ 4
Rolled + PMP heat treated - 127 +4 94 +5
Roll ed + anne:

_ 38+3 40+ 4 168 +3
20 min
Roll ed + anne:

31+2 116 + 7 87+3




82

3.3.1.2.4. Tensile samples fractography

Fracture surfaces of tensile specimens test&ilTdtave been examined using SEM. Figure
3-5 illustrates the fracture surfaces oS Ag/0.50wt%Al and Ag0.20wt%Mg alloys after
PMP heat treatments. Th®S Ag/0.50wt%¥Al fracture surface shows microvoids
characteristic of ductile fracture in a fugeained microstruare containing dispersed
particles §éee kgure 35a)[3]. Fracture in thég/0.20wt%Mgalloy exhibits grain boundary
cavitation indicative of low ductility fracturesée kgure 35b) [4]. This microstructure is
susceptible to intergranular failure at low stress levels andhgldhermal cycling. These
behaviors indicate thaDS Ag/0.50wt¥Al alloy is tougher than the more brittle

Ag/0.20wt% Mg alloy.

3.3.1.3.Electrical properties

3.3.1.3.1. Resistivity measurements

The electrical resistivity is measured as a function of temperature for purendh®&
Ag/0.50wt¥Al solid alloy wires in three different annealing conditions. Tal3e
summarizes the data ®&T, 77 K and 4.2 K. In general, for both pure Ag ab&
Ag/0.50wWt%Al wires, the electrical resistivity decreases with decreasing temperatusasThi
due to lower atomic vibrations and smaller phonon scattering at lower temperatures. After
PMP, the defect density is reduced, resulting in reduced eled#fents scattering and

decreased resistivity. Interestingly, oS Ag/0.50wt%Al, there is no gnificant difference
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in electrical resistivity in aglrawn and annealed wires at RT and 77 K both before and after
PMP. After PMP, al | samplesd resistivity de:
DS Ag/0.50wt%Al at RT is reduced by about 33,%t 77 K by three orders of magnitude,

and at 4.2 K by several orders of magnitude. Furthermore, there is no difference in the
resistivity before and after PMP heat treatment fedrasvn DS Ag/0.50Wt%Al wire, in

comparison with those that are annealedemargonat 375 e C RImadl 78K 0 e C a

g v
T6.66um

Figure3-5: SEM images of fracture surfaces of 2 Ag/0.50wt%Al and (b)
Ag/0.20wt%Mg alloys after PMP heat treatment. The images show dbetiavior of
DS Ag/0.50wt%Al in comparison to brittle fracture of A@.20wt%Vig. Note that the
magnifications are not the same; optimum magnifications were chosen in order t

highlight the microstructural features.
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Table3-6: Electrical resistivity as a function of temperature for pure Ag28d
Ag/0.50wWt%Al solid alloy wires

El ectrical Rexsld%tiv
Sample condition Before PMP After PMP
RT 77 K 4.2 K RT 77K | 42K
Pure Ag 1571 3.14 024 | 1571 2775 0.026
As-drawn DS

Ag/0.50M%Al alloy wire 2941 1225 735 | 1961 4.90 1.59

DS Ag/0.50vt%Al wire -

rolled + annf 2041 1225 6.13 | 19.61 490 1.47
for 20 min

DS Ag/0.5@vt%Al wire -

rolled + annl 2696 1225 490 | 19.61 490 1.72
for 20 min

3.3.2. Part ll: Bi2212/Ag0.50Al multiflamentry RW conductor

3.3.2.1.Bi2212/Ag0.50Al microstructure

Optical micrographs from cross sections of the Bi2212/Ag0.50Al wire before and after PMP
with a peak temperat ur e -60The fila®ehts €howasonee renh o wn
uniformity and distortion before PMP. During conductor manufacturing, the haheéath

results in greater deformation of the oxide cores than seen in Bi2212/Ag0.20Mg. The

filament size iIis |l ess than the target size

0
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to maintain uniformity i f {5hAafterPMP, therfdbament si z e
structure becomes more irregular, with significant interfilamentary bridging and the existence

of non-superconducting phases and voids, typical of Bi2212 wires.

Figure 37 shows a portion of the conductor that is etched to reveal the grain structure in the
silver and the DS Ag/0.50wt%Al outer sheath before (see Figdresa®d b) and after PMP

heat tratment (see Figures& and e). The grain size for the DS Ag/0.50wt%Al sheath is
the limit for optical micrographs. Figures78 and d are optical micrographs, and the small
black spots show very fine grain sizes of DS Ag/0.50wt%Al sheath in the reacteitian

after PMP. Figure -Fe and f, which are high resolution SEM micrographs, show these fine
grain structures more clearly. The sheath retains its fine grain size even after PMP (see
Figures 37 cf). Thus, the loss of strength is not due to grainuging but coarsening of the

oxide precipitates. For comparison, Figur8a8and b show the grain size of the outer alloy
sheath in a Bi2212/Ag/0.20Mg wire after PMP. There is almost an order of magnitude

difference in grain size between the two sheath nadger
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Figure3-6: Optical images of Bi2212/Ay50Al multiflamentarywire (a) before and
(b) after PMP heat treatment.

After PMP, the grain size in the DS Ag/0.5wt%Al outer alloy sheath in Bi2212/Ag0.50Al
wire is measured to be about-1l 5 em whil e t hat of Ag/ 0.
Bi2212/Ag0.20Mg wire outer alloy sheath is aboutll3 ¢ m. There is al mo:

magnitude in grainize between the two alloys.



Figure3-7: Crosssectional images of Bi2212/Ag0Al wire showing grain sizes in
the alloysheathbefore and after PMP. (d&) Optical micrographs of etched
Bi2212/Ad0.50AI green wire(before PMP)(c, d) optical micrographs of etched
Bi2212/Ad0.50AI wire after PMP, (e f) High magnificationSEM imagesshowing
the grain structure ddS Ag/0.50wt%Al alloy in the Bi2212/A@.50Al wire outer

alloy sheath aftePMP.

87
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a b
Figure3-8: a) Crosssectional optical micrograph of Bi2212/8.@0Mg wire showing
the Ag/0.20wt%Mg alloysheath grain size after PM&nd b)optical micrograph from
the same Ag/0.20wt%Mg outer alloy sheath in an etched saitegrain size is

measured to be about-135 & m.

3.3.2.2.Tensile behavior of Bi2212/A§.50Al RW conductor at RT, 77 K,4.0K

RT tensile behaviors for Bi2212/Mg0Al and Bi2212/Adg0.20Mg wires before and after
PMP have been measured, with results shown in Figi@&r@nd summarized in Tabl&7.

The Bi2212/A@.50AI green wire shows very high tensile strength and a noticeable
elongation before fracture. After PMP, tN& andUTS of the Bi2212/A@®.50Al wire not

only are very close to those of the Bi22120A20Mg wire, but also exhibits much higher
toughness, with > 2 % elongation to failure. Regarding Tatlethe Bi2212/A@.50Al has

very high mechanical strength in the greeandition when comparedvith that of
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Bi2212/Ad0.2Mg. After PMP, it has comparab¥S and UTSwith Bi2212/Ad¢).20Mg but

with higher elongation and toughness.

250 M I N I ! | ! | ! | ! 1 ' |
225 ] Bi2212/AgAl - green wire

200 -
175-
150 -
125
1004
75
50
25

o4\

0.00 0.02 0.04 0.06 0.08 0.0 0.12 0.14 0.16

Strain (mm/mm)

Bi2212/AgAl - after PMP

i2212/AgMg - after T_P___-—__-_—- i

Bi2212/AgMg - green wire |

Stress (MPa)

Figure3-9: RT stress/strain behavior f@&i2212/A¢).20Mg and Bi2212/A§.50A1 wires

before and after PMP heat treatment.



91

Table3-7: RT tensile properties of Bi2212/Ax20Mg and Bi2212/A@.50Al wirers before
and after PMP heat treatment

Bi2212/Ag0.50A Bi2212/A¢.20Mg
Condition E YS uTsS El % E YS UTS El%
(GPa (MPa (MP3a (GP3 (MPa (MP3
Green Wirgbefore PMF | 48 130 220 13.38| 42 625 107 -
After PMP heat treatment| 56 125 135 217 | 56 110 122 0.80

Tensile behaviorsf Bi2212/Ad0.50Al wires after PMP heat treatment are also measure at 77

K and 4.0 K. The stress/strain plots are shown in Figti@ &nd the strengths data are listed

in Table 38. Bi2212/Ag0.50Al wire shows noticeable UTS and about four times higher

elongation percent ooparing to the Bi2212/Ag0.20Mg tensile data at RT. While

Bi2212/Ag0.20Mg is very brittle at RT with EI% of about 0.8, the El% of Bi2212/Ag0.50Al

is nearly ~3 at 4.0 K. Furthermore, Bi2212/Ag0.50Al wire has comparable YS at 4.0 K with

that of Bi2212/Ag0.20M at RT.



80—

Stress (MPa)

o+ :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Strain (%)

Figure3-10: Stress/strain behavior for Bi2212/A¢&0Al wiresat 77 K and 4.0 K
after PMP heat treatment.

Table3-8: Tensile properties di2212/Ad0.50Al wires after PMP heat treatmet
at 77 K and 4.0 K along with that of Bi2212/Ag0.20Mg at RT

Sample/ test temperature E YS UTS El %
(GPa) (MPa) (MPa)

Bi2212/Ag0.50Al7 77 K 67 110 158 312

Bi2212/Ag0.50Ali 4.0 K 66 110 163 307

Bi2212/Ag0.20Mgi RT 56 110 122 0.80

92
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3.3.2.3.|c measurements

Transport measurement results on Bi2212YA0Al wires after PMP heat treatmeat zero
magnetic fieldare presented in terms of dnd 4 in Table 3-9, where dis calculated by
dividing Ic by the wire crossectional area and filling factor, as measured after deformation
but before heat treatment. For comparison, a Bi2212/Xlylg conductor with similar
Bi2212 fill-factor is also included. The results show that D& Ag/0.50wt%Al sheathed
conductor performs better than the/6.@0wt%Mg sheathed wirei.e., nearly 50 % in ¢
indicating that theAl>Os precipitates in the sheath have neither any significant effect on
oxygen solubility or oxygen diffusion through the sheath, nor any detrihmeatztions with

the Bi2212 filaments.

Table3-9: Short samplecl(A), n-value and J(A/mm?) results of Bi2212/A@.50Al and
Bi2212/Ad0.20Mg wires at selffield after PMP heat treatment

Conductor type Short samples lc (A) n-value |Jc(A/mm?)
withoutinsulation 328 20.4 3060

Bi2212/Ag0.50A1 RW
with insulation 283 198 2640

Bi2212/Ag0.20Mg RW | without insulation 269 18.6 2050
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3.3.2.4 Coil studies

Figure 3-11 shows photographs of the Bi2212A§0Al spirals before and after heat
treatment. Althagh leakage is often seen in similar spirals wound with Bi2212/Ag0.20Mg
[6, 7], here no leakagwas observed after PMP hdsgatment. Thé®S Ag/0.50wt%Al alloy

has an ultrdine grain sie after PMP, which is nearly an order of magnitude smaller that of
Ag/0.20wt%Mg, which may increase resistance to leakage. Alternatively, this could be
evidence that leakage is influenced by interactisitis Mg [7]. Figure3-12 shows thedand
n-value results measured at 4.2 K (da&dfd) including endto-end (ETE) measurements, and
measurements on segments cut along the length of the spirals; Vidrsussection plots
represent transport on every two turns of conductor. For example, fenthen spiral I, the
X-axis sections represeturns land2, 3 and4, 5 and6, 7 and8, and turns @and10. These

two plots show that the electrical behavior is uniform over the length of the conductor and

roughly the same as the short sample results in Ba@le
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Figure3-11: Bi2212/Ad0.50A1 single layer spirals (a) before and (b) after heat treatr

Spiral | is composed of 10 turns of wire (wire length of 1 m) and Spiral Il is compos

20 turns of wire (wire length of 2 m). Spiral | is h&atated using the partial melt proce
and Spiral 1l is heat treated using the split melt pro(estR).
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Figure3-12: Ic and rvalue for (a) spiral | and (b) spiral Il. End to end (ETE) defined
the text.
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3.4.Summary

This chapter presents results e DS Ag/0.5Wt%Al alloy as & alloy sheath option for
Bi2212 wire. Studies have evaluated DS Ag/0nB%Al solid alloy wires and sheetand
Bi2212/Ag0.50Al multifilamentary composites. The DS /B&0wt%Al solid alloy wire
showed high YS and UTS in the annealed condition at both RT and 4.0 K. The
Ag/0.50wt%Al alloy also showed significant ductility at 4.0 K, i.e., a temperatuwehich

Ag and Ag/0.20wt%Mg have little measurable ductility. Transport measurements showed
that the Bi2212/Ag0.50Al wires outperform Bi2212/Ag0.20Mg wires by nearly 50%,
indicating that the AlOs precipitates in the outer alloy sheath have neither agnfisant

effect on oxygen solubility or oxygen diffusion through the sheath, nor any detrimental
reactions with the Bi2212 filaments. Although leakage is often seen in similar spirals wound
with Bi2212/Ag0.20Mg, no leakage has been observed after PMBMidheat treatments

of Bi2212/Ag0.50Al spirals. Furthermore, tensile studies showed that the Bi2212/Ag0.50Al
green wire has very high strength, which may be beneficial for Bi2212 compaction. After
PMP, the Bi2212/Ag0.50Al wire not only has YS and UTS #ratslightly higher than those

of Bi2212/Ag0.20Mg wire but also exhibits > 2% elongation, which is several times higher
than that of Bi2212/Ag0.20Mg. In step I, we have studied only one DS Ag/0.50wt%Al alloy
composition; the results indicate that Ag/0.5@wl alloys have the potential for achieving

significant improvement in Bi2212 electrical and mechanical behavior.
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CHAPTER 4

Step Il: Oxide dispersion strengthenedsilver aluminum alloys optimized

for Bi2Sr.CaCu20s+x round wire

4.1.Background and motivation

In the first step, as explained in the previous chapdedispersiorstrengthenedDS)
Ag/0.50wt%Al alloy sheath made by powder metallurgy was used as the outer sheath of a
doublerestackBi2212/Ag/Ag0.50Al round wire[1]. Ag/0.320wt%Al metal powder, which
was oxi di zwerd24 boursin6fldawsng Gure oxygen, & used to form the DS
Ag/0.50wt%Al alloy. The microstructural and mechanical properties were compared with
those ofAg/0.20wt%Mg In the annealed condition, the AgZ0wt%Mg alloy was soft at
room temperaturéRT), with D36% elongation to failure and ultate tensile strength (UTS)

of 192 MPaAfter partial melt processind®MP), the Ag0.20wt%Mg alloy was nearly twice

as strong aprePMP with UTS of 396 MPa, due primarily to the formation of MgO
precipitates during PMRBeat treatmenin oxygen, but the ehgation to failure was reduced

to roughly 22%BeforePMP, the annealed D&g/0.50wt%Al alloy showed very high UTS,
about 620 MPaAfter PMP, however, the UTS decreased to 268 MPa, although the failure
strain remained highD35%). This was a result of as@ning of the AIOz precipitates at
high temperature during PMid oxygen resulting in a reduced number of larger@d

precipitates. The annealéd)/0.20wt%Mgalloy had a Vickers micrbardness (HVN) of 40,
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whereas that of the annealed B§/0.50wt%Al aloy was 168, consistent with the tensile
properties of both alloys at RRfter PMP, theAg/0.20wt%MgHVN increased to 116,
whereas in the D&g/0.50wt%Al HVN decreased to 84, also consistent with the tensile
properties. Microstructural studies showedtttihe loss of strength in the ¥)/0.50wt%Al

was mainly due to coarsening of thex®d precipitateq1-4]. Thus, although Ag/Al shows
promise for improving Bi221%vires, the internal oxidation treatment of the DS Ag/Al alloy

requiresoptimization for strength and toughngexstPMP[1].

This chapterreports on detailed studies of the relationships between the processing and
oxidaion of Ag/Al alloys with various Al contents and themicrostructuremechanicabnd
electricalproperties A series of Ag/Al alloys are studied and the internal oxidation time and
temperature are varied to optimize the strength, ductility and micrasteyistPMP. The

alloy properties are measurdxtfore and after PMP heat treatment and compared with

Ag/0.20wt%Mg

4.2.Experimental method

Ag/Al alloys with various Al content (0 0.75, 100, and 1.25 wt%are made via powder
metallurgy and hardened via an internal oxidation heat treatment in oxygen. The Ag/Al metal
powder is created by induction melting and inert gas atomization to a mesh size of ~450. As

atomized Ag/Al powder is then annealed under gomratmosphere at 600, 650, 700, 725

and 750eC for 45 min to find the suitable

i
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Ag/ Al powder. Annealing at 700eC for 4 hour.
and is performed for all fabricated Ad/powder. Note that each powder particle is initially
polycrystalline and is converted to a singl@in powder during annealing. The annealed
Ag/Al powder is then inserted into Cu extrusion cans which are evacuated, sealed and hot
extruded a tthe @bcareisremowned from the Ag/Al rod by etching with a ferric
chloride solution. The extruded Ag/Al rods are then cold drawn intd 1o:& Ag/Al alloy

wires. Ag/Al alloy sheets are made by rolling the wire. Figgike shows the stepy-step

fabricationprocess for creating the Ag/Al alloy.

Ag/Al alloy sheets and wires are internally oxidized at 600, 650, 675, 700, 725, 750, 800 and
900 °C for 1, 2, 4 and 8 hours in pure oxygen to form DS Ag/Al alloys. During internal
oxidation, heating and cooling aperformed under an argon atmosphere; all oxidation
procedures are isothermal. Two of the alloy compositioAg/0.50wt%Al and
AQ/0.75WtYA | are also heat treated in eguemte arg
microstructural studiesThe Ag/Al alloysbehavior iscompared withAg/0.20wt%Mgalloy.
Microstructure, mechanical and electrical behavior of the Ag/Al Aagid.20wt%Mg alloy

samples are tested before and after a heat treatment that simulates the Bi2212 PMP; time

temperature details of the intermadidation and PMP treatment are presentdédgare 24a.
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4 .3.Results

4.3.1. Silver/aluminum alloy synthesis

Particle size analyses on Ag/Al powders indicajg® 0 € mg<dlrbd edn, go@nbder e d
dso are defined as the diameters such that 90% and 50% of thetgzaatie smaller than these

values. Figure 4-1 shows the grain structure of the polycrystalline-atsmized
Ag/0.50wt%Al powderpre- andposta nneal i ng at 600, 650, 700,
The annealing treatment promotes Ag grain growth and cantletpolycrystalline Ag/Al

powder into nearly single grain powder particles. As seefigare 4-1, higher annealing
temperatures produce a greater fraction of
powder begins to sinter. Sintering is detnte at this stage of the processing, so a cycle of
700eC for no mor e t haslgghows thel grasn strustureuafter this z e d .
annealing treatment. Although there are a few polygrain particles, the fraction of single grain
particles is hjh. Subsequently, this annealing treatment is used as the standard annealing

treatment for all the Ag/Al powders.
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Figure4-1: Optical micrographs of a) agomized Ag/0.Bwt%Al powderparticles, and the
powder annealed under an argon atmosphere at B} 60045 min, c) 658 for 45 min, d)
700%C for 45 min, e) 72& for 45 min, f) 75@C for 45 min and g) 7GC for 4 hours.
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4.3.2. Mechanical properties

4.3.2.1 Hardness measurements

PrePMP,Ag/0.20wt%Mghas a HVN of 40. Po2MP in oxygen, thég/0.20wt%MgHVN
increases to 116 due to the formation of MgO precipitdie8, 57]. Table4-1 summarizes

the HVN for four Ag/Al alloys oxidized at eight different temperatures for 1, 2, 3 and 4
hours. Before oxidation, Ag/00at%Al, Ag/0.75wt%Al, Ag/100wt%Al and Ag/1.25wt%Al
alloys are soft with HVNs of 55, 60, 68, and 73, respectively. After oxidation, HVN
increases by about 250% for all DS Ag/Al alloys. HVN increases with increasing oxidation
time for each oxidation temperature studied in detail gdoe 900aC. At 9004C, after 4 and

8 hours of oxidation, HVN decreases due to significant Ag grain growth.

The Ag/Al alloys oxidized at 600, 650, 675 and @G&Ghow the highest HVndthe HVN
values startto decrease at temperature aboved@Z00heseoxidized sampleare selected for
PMP heat treatment and investigating their HVN chapgssPMP. Ag grain growth along
with size, spacing and distribution of 28 precipitates formed at the higher oxidation
temperature may cause this HVN decrd&se-10]. Table 42 summarizes the HVN results
for Ag/0.50wt%Al, Ag/0.75wt%Al, Ag/1.00wt%Al alloysoxidized at 600, 650, 675 and
700 for 2, 4, and 8 hours prand postPMP. For DSAQ/0.50wt%Al, DS Ag/0.7%vt%Al
and DS Ag/1.at%Al alloys oxidized at 600, 650, 675 and @0the HVN values decreased

by nearly 5%, 1%, 3% and 4% poeBMP, respectivelyFigure 42 summarizes the HVN
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valuesmeasured for DS Ag/Al alloys oxidized for 4 hours-pamd postPMP. The DS
Ag/0.50wt%Al, DS Ag/0.75wt%Al and DS Ag/1@vt%Al alloys oxidized at 600, 650, 675
and 700eC, ma i pdst®Mm with redubtions in H\&Nnvalued of 5% or less.

Thus, dter PMP the DS Ag/Al alloys show nearly 50% higher HVN tiAgy0.20wt%Mg

HVN results for the Ag/0.@nt%AIl and Ag/0.75wt%Al alloys heat treated in pure argon at
675eC for 4 ho ulabe4-2 These tesubsundieate ehdt for samples heat
treated under argon overpressure, the HVN measurgdNdireis lower than in neoxidized
samples; this is due to Ag grain growth. The formation eDAls prevented by the use of an

inert atmosphere, so oxide strengthening is not achieved. The HVN valusaniples
measured po®MP after argon annealing are comparable with the internally oxidized ones.
The highest strength is achieved, however, for the internally oxidized samples, despite a 4%
decrease in HVN pog®MP. In light of this decrease, the intelty oxidized postMP
samples are still stronger in comparison to argon heat treated sampkEdvipostue to a

higher Ag grairboundary density.
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Table4-1: HVN for non-oxidized and internally oxidized alleyersus oxidation
temperatures and times
Alloy tty | Nom | eooc | esac | 67sc | 70ac | 72mc | 7s0c | sooc | oocc
comps. oxidized
1 150+ 8 162 + 10 158 £ 4 155+3
Ag/0.50 2 544 155+8 1735 172 +6 170+ 2 1705 168 +5 157+ 4 148 £5
wit% Al 4 161+9 175+8 1834 176 £ 9 1715 172+ 2 1606 145+ 3
8 1634 1755 1577 140+ 6
1 2037 202+5 184 +8 178+ 2
Ag/0.75 2 60+ 3 2098 203+4 202+6 2077 200+ 6 197 +8 187 +9 173+ 4
wit% Al 4 214 +8 207+8 214+ 7 211+6 198+ 7 199 +3 1915 172+ 4
8 216+ 8 2076 197 +9 165+4
1 217+5 2305 201+5 183+2
Ag/l.OO 2 6845 218+9 217+9 230+6 2237 214+ 2 219+ 7 200+ 6 175+1
wt% AI 4 226 +7 231+9 231+9 222+6 214+ 8 220+ 5 205+6 168 + 2
8 2354 226 5 2037 166 + 1
1 238 +1 240 £+ 7 215+8 185+3
Ag/1.25 2 a3 240+ 2 257+8 242 +8 2399 234+ 5 233+ 7 220+ 2 181+1
wt% AI 4 244 + 2 247+9 246 +9 2385 234+ 7 233+ 3 221+1 175+ 2
8 235+5 244 + 5 219+2 169+ 2
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Table4-2: Comparing HVN for internally oxidized A4l alloys pre and postPMP
600C 6503C 675C 700
Alloy t(h)
Comp. Pre | post | pre post pre- post pre- post
2 155+ 8 147 +5 1735 169+7 172+ 6 168+ 6 170 £2 164 +£9
Aglo'a) 4 161+ 9 153 +4 175+8 176 £ 3 183+4 174 + 4 176 £ 9 1675
wit% Al
8 | 163+4 | 1545 - - - - 175+5 | 156+6
2 | 209+8 | 199+9| 203+4 | 203+5 | 202+6 [ 197+8 | 207+7 | 198+7
AGIO.75 | T o a g | 20721 | 20728 | 20058 | 21427 | 2085 | 2116 | 10726
wit% Al
8 | 216+8| 21149 - - - - 207+6 | 201+5
Ag/l.00 | 4 | 226%9| 22024 231+9 | 23129 | 231+9 | 2268 | 222¢6 | 2166
W% Al | g | 23544 23145 - - - - 226+5 | 220+2
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Figure4-2: HVN versus oxidation temperatufieeld for 4 hoursjor Ag/Al alloys with

and without PMP heat treatment.

4.3.2.2. Room temperature tensile behavior

Figure 4-3 compares the RT tensile properties of internally oxidized AQW@%AIl solid
alloy wires pre and postPMP at various times and temperatures. Yiedd strength YS)
and UTS for oxidized wires pileMP are presented iAgure 4-3a. The alloy oxidized at

700eC for 4 hours shows the hi gheesvitualyS,

46 ¢€
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independent of oxidation time. After PMP, its mechanical strength decreases slightly to a YS

of 426 MPa and UTS of 470 MPa (Figu4e3b), but the EI% of this wire increases from

0.8% to 8.0%. Figurd-3c compares the change in strength foroaidized samples due to

PMP. Al t hough internal oxidation at-amdOeC f
postPMP, there is a large decrease in both the YS and UTS due to PMP; thus internal
oxidation at 700eC i s motal bemxe fdiad ii aln. aAl t6erre
gives significantly more stable mechanical behavior. Prior to PMP, the g4l
oxidized at 675eC for 4 hours has a YS of 41
PMP, the YS is 415 MPa, UTS increases to 463 Mifththe EI% increases to 11%. Figure

4-3d compares the El% of all samples-paad postPMP. All DS Ag/0.Dwt%Al samples

have an elastic modulus of E~85 GPa. For comparison, Ag/0.2wt%Mg has an E~80 GPa, YS

of 310 MPa, UTS of 398Pa and EI% of 22% poftMP [1].

4.3.3. Microstructural observations

SEM micrographs for the etched microstructures of the AQMA%AI alloy sheets heat

treated under various conditis are seen iRigure4-4. The noroxidized Ag/0.Bwt%Al has

an average grain size of ~3.32 &gm. After i ni
em. T h eOwt¥A All6y.which is PMP treated without an oxidation treatment shows a
grainsized6 ~5. 58 & m. Finally, ttleaed AgiOtBwt¥%Allsasd v o0 x i
grai n si z dhedd/0.%vt%Al&lloesheeh eat treated i n pure a8

4 hoursprePMP shows a grain size 67.20e mThe samples heat treated in argonehidne
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largest grain size since the oxide formation is prohibited under an inert atmosgihela:
results are obtained with the microstructure of the Ag/0.75wt%Al alloy.

Figure 4-5 illustrates ion channeling contrast images for DS A@®@t%AI alloy tha is
internally oxidized at 675eC for 4 hOur s.
precipitates. They are seen within grains and on grain boundaries. The dark and light gray

color bands are twinsnd stacking faults in the FCC matrix of Ag

Table4-3: Comparison of HVN for Ag/0.@wt%Al and Ag/0.75wt%Al alloys heat

treated in various atmospheres

Non-oxidized Heat treated in argoll Internally oxidized a
Alloy at 675C for 4 hours | 675 for 4 hours
Composition
PrePMP | PostPMP| PrePMP [PostPMP| PrePMP | PostPMP
Ag/0.50nt% Al | 55+4 | 160+ 3 44 £ 1 168+ 6 | 183+4 | 174+4
Ag/0.75nt% Al | 603 | 200+ 2 45+ 8 202+9 | 214+7 | 2085

4.3.4. Electrical resistivity

The electrical resistivity as a function of temperature is presented in Figur@hke non
oxidized Ag/0.50wt%Al and Ag/0.75wt%Al alloys show the highest resistivity at low

temperature. The resistivity decreases after both internal oxidation and PMRy/@ir A
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alloys. PostPMP, the Ag/0.50wt%Al and Ag/0.75wt%Al alloys show 85% and 50% lower
resistivity than Ag/0.20wt%Mg at room temperaturerthermore, the Ag/0.50wt%Al alloy
has comparable resistivity to Ag/0.20wt%Mg for T<558stPMP and shows much lowe
resistivity than Ag/0.20wt%Mg at T>55 K. The Ag/0.75wt%Al alloy shows slightly higher
resistivity than Ag/0.20wt%Mg alloy at T<110 K, but it has much lower resistivity than

Ag/0.20wt%Mg at T>110 K.
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Figure4-3: RT tensile data for Ag/0vt%Al solid alloy wires.a) YS and UTS after
internal oxidation in pure oxygen, b) YS and UTS gestP for internally oxidized alloy
wires, c) strength changes for DS Ag@A&%Al alloy wire during PMRd) a
comparison of UTS for internally oxidized alloy wires paaed postPMP, ance) a

comparison of El% for internally oxidized alloy wires paad postPMP.
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Figure4-4: SEM imagesf the grain structure of the Ag/@®&t%Al alloy after various

heat treatment®) nonoxidized( HVN of 55 and g,bantemallg i
oxidized at 678C for 4 hourdHVN of 183 and grain size of 5.2 m ) noroxidized
alloy postPMP( HVN of 160 and ganad) oxidized alay poRRMP
(HVN of 174 and gSinalarresulssiare ebtaioed with the 8
microstructure of the Ag/0.75wt%Al alloy.
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a b
Figure4-5: a) Low and b) higher magnificatioon channeling contract micrograph

showing the dispersion of nanosize®4d precipitates in the Ag matrix faheDS
Ag/0.50wt%Al alloy oxidized at 678C for 4 hoursThe dark and light gray color
bands/strips are twins in thég matrix. The whiteandoccasionallyblack

precipitates arél0s.
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Figure4-6: Electrical resistivity versus temperature £Ag/0.50wt%Al,
Ag/0.75wt%Al and Ag/0.20wt%Mg alloys preand postPMP.

4 .4 .Discussion

For DS Ag/Al alloys, microstructural parameters including Ag grain size an®zAl
precipitate quantity spacing and sizegffect the mechanical and electrical properties. A
polycrystalline Ag/Al alloy with small, equiaxed grains contains a higher grain boundary
density than a coarse grain structure. Grain boundaries are obstacles to dislocation motion, so
changing the graisize influences dislocation movement and thus the YS. In genes@k Al

precipitates harden the Ag matrix. A dispersion of fingQAlprecipitates results in a fine
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grain microstructure that is resistant to softening during PMP. In the Ag matrix, grain
boundaries are preferential diffusion paths for oxygen and promot©sAprecipitate
nucleation. Thus, grain boundary precipitates tend to be larger than those within the grains
and have higher mobility, coarsening rapidly during PMP. This destabilizes ide ox
precipitate distribution ahcauses a loss of strengi}. Thus, small and uniformly dispersed

Al>Os precipitates are beneficial for mechanicalgedies. Note that 4 hours of annealing of

t he Ag/ Al powder at 700eC promotes grain gr
powder into a single grain. By reducing the grain boundary density in the Ag/Al powders,
fewer grain boundary ADs precipitaes form during subsequent internal oxidation and the

DS Ag/Al alloy retains its fine grain size and high HVN pB8tP. Ag/Al alloys oxidized at

higher temperatures exhibit larger grain size. Furthermore, as sdablm4-1, for alloys

that are oxidizedta t emper atures higher that 725¢C, t
alloy becomes softer; this is due to rapid Ag grain growth at higher temper#tuadslition,

size, spacing and distribution of 28z precipitates formed at the higher oxidation

tempeature may cause the HVN decrease.

Comparing the nooxidized sample ifrigure 4-4a to those irFFigure 4-4(b-d), the effect of
Al2Os3 precipitate formation on the HVN of DS Ag/OWit%Al alloy becomes apparent. The
most important effect is that the alloyagts its fine grain structure after internal oxidation
and PMP. The noeoxidized alloy is soft, but after oxidation, regardless of PMP, the grain

si ze i ncreases from ~3.32 &€m to ~5.5 gm. Th
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impeding dislocatioomovement and initial grain growth is observed until impeded by oxide
precipitate formation. When subject to PMP, the oxidized DS AQM%AI alloy does not
show grain growth and a slight decrease in HVN is observed, indicative of precipitate
coarsening. Similar results are obtained with the microstructure and HVN of the

Ag/0.75wt%Al alloy.

In addition to size and distribution, the stability of2@3 precipitates during internal
oxidation and hence the strength of the DS Ag/Al alloy 4P is dependenbn the
temperature and time of the oxidizing treatment. A larger than expected decrease in strength
and HVN is observed for the DS Ag/OBt%Al alloy oxidized using a noeoptimized
internal oxidation treatmeift]. This is likely due to incomplete oxidation of Ag/Al powders

or inappropriate internal oxidation treatment time, both of which result in excess oxygen in
the microstructure. Excess oxaig causes rapid #Ds precipitate coarsening peBMP and
decreasethe alloy strength and HVINL]. In a review of internal oxidation of Ag/Al alloys,
Meijering [11] stated that a completely oxidized sample would decrease in hardness to a
lesser extent than a partially oxidized one. For DS AQI%AI alloy wire processed with

a nonroptimized internal oxidation treatment, the highest YS and UTS are reported t@ be 20
and 249 MPa, respective[ll]. Through optimization of thexygenation process, the DS
Ag/0.50wt%Al alloy maintains a high YS and UTS pdaP, improving by approximately

100%.
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Electrical resistivity is a measure to show the existence of a second phase, e.g. oxide
precipitates. Internal oxidation of Ag/Al alloydecreases the electrical resistivity which is
interpreted to be due to the formation AIOs3 oxide precipitates, therefore resulting in a
purer Ag matrix. High resistivity of DS Ag/Al alloys indicates that the .8k oxide
dispersion is very fine, being molike Al/O clusters than wetlefined oxide precipitates
[10-13]. The nonroxidized Ag/Al sample consists of a solid solution ofil\the Ag matrix.

Both Ag and Al have a faeeentered cubic crystal structure with slightly different lattice
parameters. Substitution of Al in Ag positions in the structure creates lattice distortions and
strain field centers in the microstructure. Thesaters have the potential for both electron

and phonon scattering and hence increase the resistivity. Higher alloying content, such as

Ag/0.75wWt%Al, increases the resistivity as well.

In solid solution alloys; before internal oxidation heat treatmelnan8l Mg elements present

in the Ag matrix act as scattering centers for electrons resulting in high resistivity and their
removal from matrix as oxide precipitates is expected to result in a resistivity decrease, not
an increase. This is the case for Algafloys after oxidation and pe®MP, but the posPMP
Ag/0.20wt%Mg alloy resistivity increases compared to annealed Ag/0.20wt%Mg (Figure 4
6). This anomalous resistivity increase is due to the formation of small MgO clusters with

excess oxygefb, 8, 14]
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4.5.Summary

The fabrication processing and properties of DS Ag/Al alloys as a potential sheath material

for Bi2212 RW are studied. The Ag/Al alloy with various Al content is made via powder
metallurgy and internally oxidized. The mechanical, microstructural and electrical prepertie

of Ag/Al alloy at various conditions is measured and compared gne postPMP. The

internal oxidation heat treatment is optimized to maximize the strength and modulus of DS
Ag/Al alloy postPMP. The Ag/Al alloy oxidized at678 00 e C f or 4e higloestr s g i \
tensile strength and HVN peBMP. The HVN, tensile and grain size measurements show

that the alloy can retain its fine grain size and strength during PMP treatment in oxygen.
Compared toAg/0.20wt%Mg the postPMP mechanical properties are sigantly

increased.
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CHAPTER 5

Step IlI: Bi2Sr2CaCu20s+x round wires with high-strength oxide dispersion

strengthened Ag/Al alloy sheath

5.1.Background and motivation

In the previous chapter, the fabrication, processing and properties of Ag/Al alloys with
various Al content are studied. The Ag/Al alloys are mate powder metallurgy and
hardened by an internally oxidation heat treatment. The internal oxidation is optimized to
maximize the strength of the dispersiinengthened (DS) Ag/Al alloy after the PMP heat
treatment. The Ag/Al alloys oxidized at 6790 for 4 hours gave the highest tensile
strength and/ickers micrehardnesgHVN) after PMP. The HVN, tensile test and grain size
measurements showed that the DS Ag/Al alloy retained its fine grain size and strength after

the PMP heat treatment in oxygen.

This chapter reporten the behavior of doubleestack Bi2212/Ag/AgAl multifilamentary
round wire (RW) conductors made by various Ag/Al alloy compositions. Microstructure,
mechanical and electrical properties are studied and compared in various conditiogs du
processing including adrawn (green wire and neaxidized), after internal oxidation, and
after PMP heat treatment. The Bi2212/Ag/AgAl wire behavior is compared with that of a

doublerestack Bi2212/Ag/AgMg wire.
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5.2.Experimental method

Doublerestack Bi2212multifilamentary wires are fabricated using the powdetube
method. Ag/Al alloys with various Al content (0.50, 0.75, 1.00, and 1.25 wt%) are made by
powder metallurgy and used as the outer alloy sheath material; pure Ag is uged as
primary and first restack sheath. All Bi2212 conductors are made using the same Nexans
precursor powder. Table-b summarizes the wire specifications. After deformation, the
Bi2212/Ag/AgAl wires are internally oxidized in 1 bar flowing 100% oxygea guartz tube
furnace at 67& for 4 hours to form the DS Ag/Al alloys in the outer sheath; this internal
oxidation heat treatment time and temperature are chosen based on our previous Ag/Al alloy
processing optimization in chapter 4. Note that heatingcaonting areperformed under an

argon atmospherdll conductors are heat treated using an identical PMP heat treatment; the
PMP timetemperature profile is presented in Figurd.ZThus, the PMP timtemperature

profile is not optimized separately for &aalloy. Microstructures, mechanical and transport
properties of Bi2212 wires are studied. A double restack Bi2212/Ag0.20Mg with the same
geometry is used for comparison. The SC % is measured to be ~23% for Bi2212/AgAl wires

and ~27% for Bi2212/Ag0.20Mg va.

Microstructure, mechanical and electrical properties of all Bi2212/ AgAl wires and the
reference Bi2212/Ag0.20Mg wire is studied at various conditions, including green wire (as
drawn), after internal oxidation only, after PMP heat treatment only,aéted an internal

oxidation and PMPheat treatment. Combined high resolutions transmission electron
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microscope (HRTEM) and higangle annular darkeld scanning transmission electron
microscope (HAADF/STEM) equipped with an energy dispersivayxspectrmeter (EDS)

are used to investigate size, shape and distribution of MgO a@¥d gyecipitates.

Table5-1: Conductors specifications. All wires are doubdstack with an
outer diameter of 0.8 mm
Sample code Inner sheath| Outer alloy sheathj Average filament
material size €m)
Bi2212/Ad0.20Mg Pure Ag Ag/0.20wt%Vig 16.0
Bi2212/Ag0.50Al Pure Ag Ag/0.50wWt%Al 165
Bi2212/Ag0.75Al Pure Ag Ag/0.75nt%Al 16.3
Bi2212/Ag1l.0@\l Pure Ag Ag/1.00Wt%Al 16.4
Bi2212/Agl.25Al Pure Ag Ag/1.25nt%Al 16.0
5.3.Results

5.3.1. Microstructure

5.3.1.1.Grain size measurements

Figure 51 shows crossectional optical micrographs for all-deawn (green) wires. Small

white areas in Figure-ba are the Ag grains within the Ag/0.20wt%Mg outer alloy sheath. In
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the Ag/Al alloy sheaths (Figureslb-e); the Ag grain size is smalldnan the resolution

limit of the optical microscope. Figuresshows SEM micrographs of the Ag/0.50wt%Al

and the Ag/0.20wt%Mgputer alloy sheathes before PMP; Ag/0.75wt%Al, Ag/1.00wt%Al,

and Ag/1.25wt%Al alloy sheathes show grain sizes similar to thatgé®.BOwt%Al. The

Ag/ 0. 20wt %Mg al l oy sheath in green wire has

of the Ag/ Al all oys is about 0.65 ¢&m.
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Figure5-1: Optical micrograph$rom etched crossectionof a) Bi2212/Ag0.20Mg, b)
Bi2212/Ag0.50Al, c) Bi2212/Ag0.75Al, d) Bi2212/Ag1.00Al, and e) Bi2212/Ag1.25A

green wires.
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Figure5-2: SEM micrographs o) Ag/0.50wt%Al outer alloy sheath in Bi2212/Ag0.504
and b) Ag/0.20wt%Mg outer alloy sheath in Bi2212/Ag0.20Mg green wires.

Figure 53 illustrates optical micrographs for all Bi2212/AgAl wires after internal oxidation

at 67%9C for 4 hours. The average grain sizes of the Ag/0.50wt%Al, Ag/0.75wt%Al,
Ag/ 1. 00wt %AI , and Ag/ 1. 25wt %Al outer all oy
respectively. The corresponding wires which are internally oxidized and PMP heat treated

have gran sizes 0f 9.7,9.5,8.3,and&6m, r espectively. -Zhese are

Figure 55 shows the optical micrographs for all Bi2212/AgAl and Bi2212/Ag0.20Mg wires
after PMP (without prior internal oxidation). All Ag/Al outer alloy sheathes havavarage
grain sizeofabout7ém i n this condition, whereas the

8. 2 &m.
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Figure5-3: Optical micrographfrom etched crossectionof a) Bi2212/Ag0.50Al, b)
Bi2212/Ag0.75Al, c) Bi2212/Ag1.00Al, and d) Bi2212/Ag1.25Al, internally oxidized a
675C for 4 hours. The grain size for the Ag/Al outer alloy sheathes of these wires
measured to be 11.7, 11.3, 10.5
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Figure5-4: Optical micrographfrom etched crossectionof a) Bi2212/Ag0.50Al, b)
Bi2212/Ag0.75Al, c) Bi2212/Ag1.00Al, and d) Bi2212/Ag1.25Al after internal oxidation
PMP heat treatmenthe grain size for the Ag/Al outer alloy sheathes of these wires |

measured to be 9.7, 9.5, 8.3,
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d e
Figure5-5: Optical micrographfrom etched crossectionof a) Bi2212/Ag0.20Mg, b)

Bi2212/Ag0.50Al, c) Bi2212/Ag0.75Al, d) Bi2212/Ag1.00Al, and e) Bi2212/Ag1.25Al

green wires after PMHAhe grain size for the Ag/Al outer alloy sheathes is measured tc

7.6, 7.4, 7.8, and 7.3 & m,eralloyshpathaent i Vv
Bi2212/Ag0.20Mg has a grain size of ~8.2n.

























































































































































