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FILAMENTARY NIOBIUM-TIN SUPERCONDUCTORS FABRICATED
BY A POWDER METALLURGY APPROACH
Kanithi Hemachalam

Materials and Molecular Research Division, Lawreﬁcé Berkeley Laboratdry

and Department of Mechanical Engineering, University of (alifornia

Berkeley, California 94720
ABSTRACT |

' Procedures are described for making superconducting tapes and
wir¢§ coptgining filaments of the A-15 compound,.szsn, by powder
meﬁallurgy té;hniques. The fabrication involves achieving a controlled
porqsigywin_compacts_of sintered niobium followediby tin infiltration
and mgchanical reduction. The NbSSn filaments, typically 1-5 um thick,
are formed by a short heat treatment.

The effects of certain process Qariables on tﬁe microstructure

of the tapes and wires were inﬁestigated. Microstructural aspécts
were examined by optical metallography and transﬁission electron
micrdscopy. ‘A pulsed field technique was. used to determine the critical
current density,,JC, at 4.2°K as a function of transverse magnetic
field up to 170 kG. Satisfactory agreement was observed between these
results and data obtained under steady fields of up to'iOO kG. The
J. of the conductors are related to their individuél filament
.morphologies resulting from the‘different thermo-mechanical historics.
The effect of heat treatment conditions on critical current and
transition température, Tc’,is presented. Through process modifications,
optimal values or ranges are developed for the metallurgical variables

in order to maximize the superconducting properties.

Py
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The inductivély measured T_ of the conductors is about 17.9:0.1°.
The values of JC for the wires computed on the basis of NbSSn and
niobium matrix are Z.SX105 A/cm2 at a transverse pulse field of 50 kG;
1.1><105 Afcm2 at 100 kG and 7.5><104 A/cm2 at 150 kG. Overall critical
currePt densities of the present wires ére,compafed with that of a
| commercially available multifilamentary wire. The stability and the
magnetization behavior of the wires are evaluatéd ﬁnder time-varying
fields of up to 28 kG/sec. Mechanical tests were conducted to assess
the degradati@n of cu%rent-Carrying capacity with bending diameter.
- These resulfs indicate that the conductors producgd.by the new powder

approach have a great potential for superconducting magnets.

&
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I. INTRODUCTION

Applicatiohs of superconducting materials to energy cdnversion,
stdrage and transmission systems, high energy particle aécelerators
as well as méss fransit trains are being seriously investigated at
the préseﬁt’tﬁﬁe.' The realization of’the full ﬁbtential of super-
conducting material in these applications appears, however, to depend
on the successful development of conductors‘using‘A;ls compounds such
Ga and Nb3Ge which have superior critical super-

as NbSSn, Nb Al, V

3 3
coﬁdﬁctingfpfbperties. The first compound discoVefed to Have high
magnetic'fiéld properties and magnet potential,l’2 Nb-Sn, has undergone
.considerable study and developmént during the past 15 years. Because:
the AsB type compounds are inherently brittle, speéiél'methodolégieé_
are:réquired fo fabricafe them into usable forms; ‘A brief hisforié
‘réview'df the nujbr prOcegs-defélopménfs is given‘in the neﬁt‘section.
Atvthe‘Météfials and Molecular Research Diyision of the Lawrence
Berkeley Laboratory, a unique powder metallurgy épprdach has beeﬁ

3,4 The method

deVelbpedbto fébricate a flexiblé‘filamentary‘tape.
’ihvolves'roil cbmpatting powder of componeﬁt A (for A3B compound )
into a poroﬁé,Strip followed by sintering and infiltration with
'cdmponent B. The strip is them mechanically reduced and heat treated
to‘fbfﬁ_thé ASB‘filaments embedded in the A matrix. Previous
il'westigatofsjBabu5 and Tom6 have successfully demonstrated the .
applicability of this approéch to NbSSn and'Nb3A1 réspcctive1}. This
proceduré alsonhas the potential for syéteﬁs such as.V~Ga and Nb-Ga

in which the second Component melts below the diffusion heat treatment

temperature.

CO0 I ObFONEO
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One objectivé of the cufrent investigation is ‘to make improvements
in the overall current-carrying capacity of the NbSSn filamentary ¥
tape, throughba variation in the process parameters. One Qifficulty v
encountered by Babﬁ5 Was that the impregnated tin escaped during
mechanical reduction causing lower volume.fractiOhs of NbSSn. In
Chapter III, two methods for'preventing loss of fin are described.
.Ohe ié hardening the tin with particles of a second phase and the
other, cold working the tépe at a low temperature.7. Also described
are attemptsvté enhance the critical current denéity JC by doping the
tape with zirconium. |

By following the basic idea of the powder metallurgy approach,

process modifications have been made to fabricate a superconductor
in the form of a wire..8 Chapters IV and V deal with the developmental
work for a single core wire and a multicore compbsite wire respectively.
:The_relative merits of different cladding materialé and types of
cold reduction are discussed. By reducing the filahent size, significant
improvements were made in the JC of the wires as ‘compared to the tapes.
A ‘systematic study was condﬁcted to determine the iﬁfluence of time
and temperature of heat treafment on the transition temperature (TE)
and JC. The’dependence of JC on filament size was also determined. ..
Transmission electron microscopy was employed to study the microstructure -
of NbSSn with réspect to grain size and precipitates. Transition
temperatures were measured inductively. Critical»current density
measufements were made on short samples under transverse fields of
up fo ~170 kG using a pulse magnet. Some results wéré compared with

data obtained under steady fields of up to 100 kG. The susceptibility
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to mechanicalldamage of the NbiSn filaments was estiméted for some
wires by measurlng the degradatlon of crltlcal current due to bending.
Small 2.5 cm dia coils were wound from representatlve 51ngle core
wires, and thelr magnetization behavior was detgrmlnod HystereSJS_
1osses_as a function of time rate”of change of~externa1-field were

established. -Finally, an attempt is made to understand the magnetization

7 characteristics of the wires on the basis of their filament morphology.
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IT1. HISTORICAL REVIFH
Since 1954 when Matthlasl dlscovered the hlgh crltlcal tempelature '
| of NbSSn, and espe01a11y since 1961 when Kunzler et;3172 tlrst roported
_ the'highpmagnetic field'properties of‘NbSSh,'e new'era began in the
studyvand development of superconductors. 'Beceuse'szsn-iS a brittle
compound, conductor fabrication required speciai.teehniques;” The
first usable A-15 superconductor was made by a powder core wire'

processz’9 10

in which a mixture of niobium and tin powders was packed .
' inside a nloblum'tube and reduced to a fine wire. The superconductive
NbSSn core had to be formed via a high temperature'(900°C) heat
treatment after the conductor wes'would into its final magnet con-
figuration. The disadvantéges of this."wihd'and react' procedure,

| namely, the‘difficulty of'gettingjabuniform corehfroh.a,powder mixture
on a prdduction'basis; of finding an insulation to withstand the

heat treatment, and‘the occurrence of "magnetic instabilities" have made ‘
. the process v1rtua11y obsolete. | “
_ Another pioneering approach was that by Hanak et al. 11,12 who
comblned the high current density of an NbSSn layer obtained through
a chem1ca1 vapor-phase deposition with the necessary mechanlcal
strength. contributed by a Hastalloy wire or rlbbon substrate. In
this RCA process a mixture of n1ob1um and tin clorldes was rcduced
with hydrogen resultlng in a deposit of Nb Sn on the hot substrate.
The early high field devices de51gned and built utlllzlng this ribbon
conductor had demonstrated the ba51c technical soundness of thlS

approach. However, the economics of the process and the market

situation apparently forced its original developers to reassess
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their commitment to this type of product.

In a thifd major approaoh'developed by the General Electric Company
and now called the "G. E. process", tin is Coated on a niobium tape
and a thin 1ayer of ijSn is formed on either side_of the type by a
diffusion treatment.ls’14 Two layers of high coﬁductivity copper: or
éluminum-for~cfyogehic stability and a IAYer of stainless steelifof
mechanical strength are added on the diffosed ribbon to meke it a
'flexible,'practicél conductor. The G. E.'diffuéion process has also |
been adapted to form moltistrand wire by:drewingedown a number of |
tin- coated nloblum wires together in a nobium or copper jacket, and

then heat treating the assembly. 15,16

" The development of mu1t1f11amentary wire by laehlkawa17 18 'ﬁ
" 1967 resulted in a process ‘that has been extensively: explored in the
recent past to-fabrlcate an 1ntr1n51cally stable.fllamentary conductor.lg'23
The desired multifilament‘cohfiguration'is processed by'draoing‘a
composite of niobium wires in a copper-tin alloy mafrix.' Cut sections
of'thisAdrawn composite are bundled in tubing and redrawn. The
procedure is Tepeated until the desired niobium filament size is obtained.
NbSSn is then'formed at the "interface of niobium énd the matrix by a
~lengthy (10-200 hr) solid-state diffusion reaotion af’600—700°C. The
b;onze matrix cen be replaced by pure copper to eliminate the need for
annealing of tﬁe bronze during mechanical reduction.’ The necessary
tin is later applied externally and is diffused through. The solid-
state diffusion approach which can be adapted to othef.superconductor
systems as well (for e.g., V-Ga and V—Sizs) is currently employed on
a commerciol basis to produce Nb3Sn and VSGa multifilamentarf composite

wires. 24-26

B,
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Among other major process developments of the 1970's are the

27,28

twisted filamentary ribbon by Coles and the casting technique

_ by Tsuei.29‘31 The filamentary ribbon process is based on photoresist
etching, utilized in printed circuit technology, to establish discrete
helical éurrent paths; the NbSSn itself is produced by the G. E. diffusion
méthod. While the imprbved stability is an advahtége, the current
densities attained so far are low compared to the cdnventiona1 ribbon.

The production of long lengths also seems to be pfohibitively ‘
expensivé._ In Tsuei's caéting technique,va coppef alloy casting
containingfémall amounts of tin and niobium precipitates is heavily
cold-worked fd elongate the niobium into thin filamenté. After a long
solid-étate‘diffusion heat treatment the niobium filaments are partially
converted iﬁto NbSSn. The bverlapping interf@lament distance being
very small, the currents areicarried by a proximity effect. Becagse
of its simplicity, this approach has a potential'fbr large scale
production’té filamentary conductors. The realiiafion of only small
“ ovérall‘Current,densities thus far; pefhaps puts -a restriction on

the use of these conductors to applications like power transmission

where low magnetic fields are ipvolved.
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ITI. PROCESSING OF TAPES AND RELATED STUDIES
The ndrmal procedure for making the.niobium?tin tape by the
powder metallurgy techniques is as follows Niobium powder of
99.9% purity hav1ng a maXimum particle 51ze of 44 microns and a
particle 51ze distribution as shown in Table I, was 1olled>1nto_a
self supportinc porous strip. The strip was then‘sintered in_a‘vacuum

-4 nm Hg at a temperature between 2200 2300 C for 3 to 5 min.

of l~SXl0

The result was a ductile tape w1th a definite volume fraction of

1nterconnected pores The pores were filled w1th tin by umnerslng

the 51ntered tape for 1 min in a 650°C tin bath contained in a graphlte‘

cruc1b1e Flat rolling the 1nf11trated tape at room temperature to

a reductlon in thickness of 75 to 90° established the de51red morphology

_The deformatlon caused a pronounced elongation of the tin and resulted

1n a comp051te con51st1ng of thin fllaments of tin arrayed 1n a

nlobium matrix A thennal treatment for approx1mately 3 to 5 min

at 950-100°C converted the material 1nto a superconducting compo51te

in which thin filaments of NbSSn phase were dispersed in a;niobium |

matrix. | | | | : |
Because of the difference in flow stressvbetween niobium and tin,

some of the latter was squeezed out to the surface at severe reductions

in thlckness The loss of tin 51gn1f1cantly reduccd the volune

fraction of Nb Sn and resulted in a lower current carrying capacity

than would have been ant1c1pated from the amount of t1n in the

infiltrated tape. Several nethods were dev1sed for retaining as

much of the tin as possible. In one, the 1nfiltrated tape was rolled

at a temperature of -72°C. It was expected that the 1ncrease flow

C o0l 0EF RO



8-
! .
stress of tin at the low temperature would réduce the squeeze-out.
This was indeed the result.

In a second modification, 2% by weight of copper was added to
fhe molten tin bath. The limited solid solubility of copper in tin
resulted in'é-dispersion of Cu68n5 ;ryg}allites that'hardened the
tin. However, it was observed after the rolling‘operation that these
crystallites were ﬁoo large to be accommodated in the tin filaments
of tin. Therefore, in an alternate'attempt, tin;Wé§ hardencd by a
Cohtrolled inc1usion of intenmediéte phases. Refé;eﬁce to Fig. 1,

a phase diagram for the.hiobium~tin system, shows ﬁhat after the usual
impregnation at 650?C; it is thermodynamically poséible to have Nb;

6
However, the reaction kinetics at this temperature for the short

NbSSn, Nb Sns; NbSn2 and Sn all present»in-the same infiltrated tape.

immersion times employed are such that Virtually.none of the intermediate
phases is preéent, as may be seen in Fig. 2(a). if the infiltration
temperature is increased to 850°C, there is a marked change in tﬁe
reéction kinetics. Figure 2(b) shows a tape infiltrated at 850°C for

30 sec. ‘It céntains a considerable amount of intefmediate phasés,
predominantlyva()Sn5 which is readily distinguished by the characteristic
reddish brown color imparted by anodic etching. A'tépe that had been
infiltrated at 850°, rolled at room temperature and-hcat treated af

970°C for S min is illustrated in Fig. 3(c). Figures 3(a) and 3(b)

show typical longitudinal sections of tépes produéed by "normal"
processing and cryogenic rolling respectively. The progressive

increase in the volume fraction of the dark NbSSn filaments from

Fig. 3(a) to Fig. 3(c) is readily apparent.
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It is well known that imperfections such as.dislocations, grain
boundaries and sécond phase inclusions in a superconducting material
increase the intrinsic critical current density J.- The defects
effectively pin fluxons which in the abséhcé:of‘défécts move due to
Loreﬂtz.forcé, (IxH), causing a voltage.: In_practiVe; superconductors
are doped with materials such as zirconium?z’33 ' After being pre-
cipitatedfas‘oxide particles, these dopants lead to’a fine grain
size and retard further grain growth.

In the present tape-making procedure, 1.5at.%Zr was added to the
infiltrant tin contained in a quartz,crucible.'“A:graphite crucibleA'
could not be used due to formation of ZrC which hindered wetting of
sintered Nb‘stfip.by;the molten tin alloy. - Alternatively, a Nb-1.5 at.% Ir

powder was prepared by a hydride -technique and was eniployed in place

of pure Nb powder. -

F OO0 ,_.7-5:, 0k FO 5“00



-10-

IV. PROCESSING OF SINGLE CORE WIRES

- A. Philosophy Behind Wire Making

When a superconductor is operating in the mixed state i.c., ”c1<

applied field <HC2, any perturbation (for examplé; a change in dpplied
magnetic field) can céuse movement of flux lines resulting in a
Voltage.l If>the voltage is large enough, the heat generated will
locally drive the superconductor normal.. Conseqﬁently, this puts more
éurrent load on thelremaining portion driving it.nqrmal if its»JC 1is
exceedéd. This process is commonly known as a ”quenéh”, or an
"instability"véf a superconductor. To circumvent the problem of

34,35 have been derived to_serve as

instability, several criteria
guide lines in the design of intrinsically stable practical super-
conductors. Sﬁith, et al. have developed an adiabétic stability
criterion that assumes no heat loss from the superconductor during
the perturbatiqn, The criterion limits the superconductor filament

' size x by the following relation.

9

x < (10 nCpTd')O’S

/4J¢

Where
T, = J./ (-dJ_/dT)

Cp is the.specific heat and Je the critical current density of the
superConducting material. This relationship yields a value of’NbSSn
filament size of the order of 10 um or less for stable perfofmance.
Further, Héncox36’37 has shown that with sufficiently fine filaments,

partial flux jumps may not quench the transport current.
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In the P/M tape-process, the width of the.tApe is not altered
due to the'plane strain mechanical reduetion; Thns, as can be seen
in Fig. 4, the final filament width ie typitally 40-60 um, approximately
the size of an infiltrated‘pore ‘Even though the filament‘thickness
‘is only about 3-6 um, the most cr1t1cal d1mens1on is fllament w1dth
1f the appl1ed field is perpendlcular to the plane of the tape.
Therefore, the reduct1on by a factor of 4 to 6 in the filament width
is necessary to makc the conductor 1ntr1n51cally stable Consequentlv
'mod1f1cat10ns were made to adapt the ma1n features of the tape- proccs>
:for fabrlcatlng the superconductor 1n the form of a w1re A wire form
prov1des an add1t10na1 advantage be51des stablllty Su1tably clad, the
51ngle wire can be used as a basic element of a flex1blo multltore
W'conductor or a transposed multlstrand cable to tarry laxoe LUIICHtS
Flgure S 1llustrates the essent1al steps in the w1re maklng procoss

B. Process Development

1. Slnterlng and Inflltratlon

| Two variations of 51nter1ng were employed to produce cvllndrlcal
niobium rods with the required volume fraction of interconnected |
pores. In'one,’several batches of niobium powder with diffefent ;'
partlcle size ranges were separately pressureless s1ntered in mulllte
tubes for ~5 min at 1600°C Self supportlnp rods 4. Oxma in dia were
obtained when the mullite tubes were removed. The rods were resintered
for 10 to 12 min at 2250 to 2300°C in a_vacuum of 5-8x10"% mm Hg. |
The porous rodsbthus obtained Werevinfiltrated.wlth_tindby mersing
them fof ~30 eeo;in a‘700°C tln bath. ABoth_eintering and_infiltration
were accompliehed in an:Abar fdrnace.: A schematicbdiagram, Fig. 6,

e

S00DtOFEEONGO
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illustrates the essential features of the furnace. Cross sections of
the infiltrated rods made with different grades of niobium powder

are shown_in Fig. 7. ‘It can be readily seen that -400 mesh powder
(Fig. 7(b)) fesulted in a porosity ~20%, comparable to that of powder-
rolled tape. The other powder fraction (-325+400 mesh) produced porosity
(or tin)_ievels much beyond the 30% necessary to convert ali the
niobiun into NbSn. o

In the éeCond variation, niobium powder was packed in rubber

molds and isoétatiéally compacted at 173-207 N/hm2 (25-30 ksi) into
self sﬁpporting rods. These rods were then vacuum sintered for

10-15 min in the 2250-2300°C range. Infiltration with tin was
performed in the manner described previously. Figure 8 shows typical
cross-sections of infiltrated rod§ made from (a) ;270 mesh and

(b) -270+400 mesh powder. The latter appears to result in a more uniform
pore size. Because of the relative ease of fabrication, the isostatic
compaction was employed for all the wires whose propefties will be
'reported later. |

2. Cladding

Cladding the infiltrated rods was necessary to prevent loss of

tin and to impart support during mgchanical deformation. Therefore,
the rods were firsf ensheathed within a niobium or tantalum tube.
Because of the susceptibility of both niobium andlfantalum to galling,
the assemblies were reclad in tubing of another metal having a much |
lower galling tendency when the deformation mode to be used was wire
drawing. Copper and monel were separately used aé the exterior clad.

The intermediate sheath (niobium or tantalum) was to serve as a
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diffusion barrier preventing any reaction between ﬁhe outer sheéth
and the infiltrated core during the high temperafﬁré-diffﬁSion heat
treatment. For some wires, the expensivé interidrishcdth was eliminated
to -determine the extent of reaction between thé moﬁel and thc-éorc.

3, Mechanical Reduction

In orqéf to elongate thé fin’in the poréus nidbiumlrdds,'C1ad

' assemblies héd”to‘be subjected to a suitable nbdc-of deformation.
Therefore,.thé.aséembiies were reduced to Wire”by'éné or a‘combination
of the.following deformation processes: swagiﬁg; form rolling.énd
wire draiing. A metallographic study (Fig. 9(a)) of' wire fs’e‘ctidns ‘
has indicated that swaging produced a_characteristic.sffﬁcfuré
 related to the severe twisting action of the rotating'hammers{ As

can be seen from Figs. 9(b) and:9(c), form‘folliﬁg'followed by wire
drawing, and Qire drawing alone, yielded‘wires with much more’
isotropic cross-section than the fully swaged one. Prior to the

final wire drawing, fonmrrolling-thé composites to about 2.5 mm o.d.
~using the rolling mill shown in Fig. 10 proved especially useful

for an increased speed of wire production. By these two deformation
methods reduction ratios (initial cross section area of infiltrated
rod + final cross sectional area of the cOre)—of,Qp‘;o 500 were realized.
on some wires. A 1ab0ratory»buiit drawing bench (Fig. 11)' equipped
wifh an air motor was used for wire drawing. Of the several commercial
lubricants tested in wire drawing Vidax AR, a'susbénsion of teflon

in tfichlorotriFfluoroethane (supplied by DuPont), required the lowest

38

load for a given reduction.®® Consequently, Vidax AR was used as a

O 00t bk n o on
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lubricant in all the wire drawing operations.

~One serious problem faced in the deformatioﬁ'df the composite
was the wrinkling of the niobium or tantalum jacket. This wrinkling,
in conjunction with the various defects of commercial niobium tubes,
some times led to wire breakage. This problem waé partly solved by
using annealed tubes of niobium or tantalum made from a rod. Furthernore,
since the grooves in the rolling mill were rectangﬁlar, use of a
copper tube with a round hole and a square outer.section as an exterior
cladding resulted in a cylindrical core and less»wrinkling of.the
tantalum sheath. |

4. Diffusion Treatment

The diffusion heat treatment was carried out on wire samples at
temperatures fanging from 750°C to 1200°C and for times varying
from 1 min to 2 hr. Before heét treatment, samplés were either
- encapsulated in argon filled quartz tubes or sealed in stainless steel
bags purged with argon. While both the methods proﬁed satisfactory,
the latter was especially convenient for heat treating long sections
of the wire. Affer the exposure at temperature, the samples along with
their containers were normally cooled in wafer.

FOr'tembefatures and durations tried, the heat treatment resulted
in no observable reaction between the diffusion barrier niobium (or
tantalum) and the exterior sheath. However, in wires without the
diffusion barrier, three brittle reaction layers of varying thickness
were formed betWeen the central core and'the monel cladding. Figures 12(b)

and 12(c) show these layers for two wires that had been thermally

treated for 3 min at 900°C and 1 min at 930°C respéétively. Figure 12(a)
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is a cross-section of an unreacted specimen. The influence of this

reaction on T. andJC will be reported in Chapter VII under results

and discussion. For wires with only copper as the cladding, a rapid

- mixing of copper and tin occurred upon heating.. The resulting bronze

greatly retarded the formation of NbSSn.
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V. PROCESSING OF MULTICORE WIRES

A preliminary investigation on multiéore wires was conducted
for the,following reasons: to find out if the sintered and infiltrated
core would lend itself to the high reduction ratios beyond 500 neccssary
for.multicore.composites; and to determine possible Je improvements
due to submicron filament size. Two series of wires containing 6 and
7 cores weré prepared by a bundling and co-reduciﬁg process. In one
set, the mdnel jacket of the single core wire was dissolved in a 50%
‘nitric acid solution leaving the tantalum sheafh protecting the core.
The wire thén;measured 1.2 mm o.d. Six 10 cm long sections of the
wire were placed around a 1.2 mm dia copper wire and the bundle was
inserted in aﬁ annealed monel tube. The purpose of the‘central
copper core was to provide a thermal and electrical shunt when
operating in the mixed state. The multicore assembly was then wire
drawn to ~0. 66 mm 0.d. when the cores began to break internally.
Sections of the wire without breaks'wgfe saved and heat treated for
1 to 2 min at 9505C in a manner previously described. Figure 13(a)
shows the Cro§s¥section-of a diffusion treated 6-core wire. It is
important to note that the copper core, being totally Surrounded by
the tantalum ciad superconductor cores, was not contaminated by the
outside monelnduring the heat treatment.

The seéondvseries of multicore conductors were made from monel-
clad single core wire.that did not have the tantalum barrier. Seven
sections of 0.66 mm.o.d; wire were assembled in a nmnCl tube. The
composite was then form rolled and wire drawn to ~0.75 mm o.d. when

core breakage was noticed. Figure 13(b) shows a cross-section of the
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rulticore wire reacted for 1 min at 930°C. The characteristic reaction
layers between the cores and the monel jacket wére observed under -a

high magnification.

001 apEDCOD
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VI. CHARACTERIZATION TECHNIQUES

A. Metallography

1. Optical Metallography

An anodic oxidation method developed by Picklesimer39 proved
indenspénsable in identifying niobium, tin and their.intérmetallic
compounds prééent in samples. The anodization resulted in characteristic
colors for eaéh phase: 1light blue for Nb, dark blue:or violet for
and yellow for SnQ-_Anodized'tantalum

NbSSn, reddish brown for Nb_Sn

675
had a violet color much deeper than NbSSn. Howe&e%, in the presence
of eithervcopper or monel claddings, the anodization produced phase

' Cblors that were indistinguishable. Therefore, the clads were normally
dissolfed in nitric écid before the specimens were set in Koldmount.
Chemical etchiﬁg of polished samples in a éblution containing equal

parts of HNO, and CH,COOH was employed for observing reaction layers

3 3
between monel and the infiltrated core. Volume fractions of tin and
Nb3Sn were estimated, when necessary, by cutting and weighing the

individual phases from micrographs. .

2. Electron Microscopy

Transmission electron microscopy, TEM, was employed to investigate

Nb.Sn graih size and the presence of second phasevpafticles. Samples

3
were preparcd by a technique similar to the one described by

Scanlan et 31.40 A single-core composite with tantalum and moncl
claddings was form rolled to 2.5 mn o.d., drawn t0 1.7 m o.d. and
then flat rolled into a ribbon about 0.1 mm thick and-3 mn wide. The

flat rolling operation produced a cross-section more suitable than

round wires for subsequent thinning for TEM. The outer monel clad was
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removed from the tape by dissolving it in nitric acid. Small lengths

of this tape were heat treated in argon for Yarious-tﬁnes at 950°-1100°C.
2.3 mm discs were.spafk~cut from the tape’énd the exterior tantalum
sheaths were carefullyrrembved to.obtainAééntrélhpiates approximately
0.04 mm thick; These discs were than ﬁlaééd'in”a'TéchhicS ion micromilling
instrument in which argon beamé direéﬁedaoﬁto both sides of the specimen
slowly sputter'away material until holes éppearffh}dﬁgh thexsample.
Micromilled diScs;were stpred in a vacuum deésicdtbf?(to prevent any -
oxidation of'fhe thinned areas) prior to their examination in a

Siemens IA'eiéétron microscope at an;operéting vblfagé'ofllﬂo KV. Since
the Nbssn filaments were only several microns widé; it was possible to
'photograph‘érains of.both‘Nbgsn‘andiNb simul taneously at 4 magnification
of about 23,000. The NbSSn phésé could easily be identified’by the
clarity of its grains as well as its selected area diffraction pattern.

~ Niobium, on the'bther'hand,Fshbﬁed a marked cold worked structure

and a body centéred cubic diffraction pattern.

B. Transition Temperature Measurements

The superconducting-to-normal transition tempefétUré'Thlof samples
was'determined inductively. In principlé, the indﬁcfive method relies
on the fact that the self—inductance‘aﬁd the'frequénCy of a coil‘

, around the sample Vafyuwith the mqgnetic pérmcabilify of thc Sumplcsj
The method has the advantage that it requires no direct elcctrical
‘contacts with the sample, and that it may be used fér_samﬁlcs'of
irregular shabes.

The experimental setup;is shown in the block diagraﬁ in Fig. 14.

The setup provided an isothermal space containing a Manganin wire .

60010k ECGDOO
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heater and an Au-7 at.% Fé thermocouple. Cooling was achieved by

.the evaporation of Helium through the bottom end of the probe

at a constant rate. The amplified output of the thermocouple drives
both the x-axis of a chart recorder and a feedbéck‘system of the

heater controiler. The susceptibility of the sahmle was measured

by a standafd Schawlow-Devlin resonance method41 Qith an added detector
circuit that extracts the frequency shift and power loss in the resonant
coil circuit. The coil had a resonant frequency of 41 kHz and a

peak field of ~75 mG. The transition temperaturé was measured by
recording the freqﬁency shift as the sample changed from the super-
conducting tb the hbrmal state during heating. The temperatures
measured by the appératus were beliefed to be acéurate within 0.1°K.

C. Critical Current Measurements

Two methods were employed to measure the magnetic field dependence
of critical current density for tapes and wires processed by the P/M
techniques. In one, samples were tested in a Superconducting dc magnet
capable of déveloping steady magnetic fields of up fo 100 kG. The
second method cqnsisted of utilizing a pulse magnet that could generate
transient.fields beyond 100 kG. Both the tests were conducted at 4.2°K.
Because of the relative ease of opération, the latter.testing procedure
was used to evaluate most specimens.

1. Steady Field Technique

The steady field magnet consisted of two concentric solcnoids
connected in series, each capable of generating ~50 kG. The outer
solenoid was made from a single-filament Nb-Ti wire and the immer from

a NbSSn tape. The magnet bore had an effective diameter of 5 cm and
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a length of 38 cm. lhermally treated wire sections ‘each'70 cm long,
were tlghtly would on a 3.8 cm dia holder as shown in F1g 15(a).
Since the w1nd1ng entalled a rather sharp bend at the mlddlo of
the wire; the central port1on had been preformed before the heat
treatnent Soldered current leads overlapped about 5cm of the sample
wire. Voltage connections were made in order to measure the potentlal
across a 50 cm 1ength of wire. ’ | |

The testlng procedure con51sted of cool1ng the sample probe with
liquid n1trogen before placing it in the superconductlng magnet nmnersed
in 11qu1d hel1um The arrangement of sample coil in the magnet bore
was such that the field was transverse to the transport ‘current.
After the magnet was charged to a de51red fleld strength the current
in the sample was gradually 1ncreased unt1l a tran51t1on to the .
normal state occurred The transport current and the voltage drop
'1n the sample were 51multaneously recorded in a Clev1te Brush 6-channel
recorder w1th a maximum sen51t1v1ty of 1 uV Tran51tlons from the
superconductlng to nomal state were recorded at least three times in
order to observe any "tralnlng" the wire m1ght show However tho
variations in the critical currents were almost negllglble fOr each
spec1men The above procedure was repeated at dlfferent field settings
to obtaln a J vs H plot over the fea51ble range of 0- 100 kG.

_ 2. Pulsed FlCld Technlque

Superconductor sanples were tested at 4.2°K for current- carrylng
behavior u51ng a pulse magnet (F1g l6(a)) capable of produc1ng field
strengths H in excess of 200 kG. The time for the pulse to rise from

zero field to peak was approximately 8 milliseconds. The orientation

ClotapkooooD
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of transport current in the sample with respect to the field, as well
as the main features of the pulse magnet apparatus, are shown
schematically in Fig. 16(b). For determining the J. vs H relationship,

42 and Garrett43.was,employed. “In

a methqd described in Chabanne
order td havé_the pulse-field~datarcorrelate wellﬁhith steady field
results, dH/dt should be as nearly zero as possible. This condition
was achieved bybcontrolling the magnet field so that for a set sample
current, the_resistive‘transition occurred very close to the peak of
the field pulse. A typical oscilloscope record'of~the sample current,
the magnetic'field and the voltage drop across thé’sample is illustrated
in Fig. 17.V'Tb prevent overheating of the test specimens after the
upper transition had occurred, the sample currenf was automatically
cut off just beyond the peak of the field pulse.'.‘

The WOquqf caution is necessary in regard to the sample founting.
When a short straight sample is soldered betweenbthe current 1eads,‘
- the transport current can create hot-spots at the solder joints.
These hot4spots can easily raise the sample tempetature near the
potential contacts leading to erroneous vameasurgments. To circumvent
this difficuity; a previously bent and reacted wife sample was mounted.
As can be seen in Fig. 15(b), the current transfef length as well as.
the separation of the current joints from the voltage connections were

increased. In the case of testing superconducting tapes, U-shaped

sections were carefully cut before mounting on the probe.
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D. Magnetization Measurements

A standard "bucking" technique was ﬁsed to obtain the magnetization
behavior of several singie core}Wires. The block diégram in Fig. 18
indicates the salient featufes of tﬁe apparatus: {Wires; éach
approximétely'ZSO'cm long, were individuéliy wbﬁnd on 2.54 cm dia
bobbins with a nylon string separating the thrns;_as shown in Fig. 15(c).
The sample was placed in one of alpair‘of search coils situated in a
time—aependént magnetic field. These coils Wéreiééhhééted in series-
oppositidn,SO that there was no signal in thevabéencé of a sémpie.

Thus, with thé sample in place, the integratéd‘outﬁut voltagé.from the
bucking coiis was proportional to the samplé:magnétizafion;34 The
external field'was génerated By a supéfconducting magnet wéund Qiﬁh é
Nb-Ti multistrand-multifilamentary wire. This 10 ¢m high and 5 cm

~ bore magnet wés capable of ﬁroducing a maximum peak field of ~46 kG.

- The maximm and minimum field rates attainable were ~28 kG/secc and‘
~1.1 kG/sec respectively.  The former value was limited by the power
supply voltage; the latter by internal drift of the ihtegrator.

The outbgt from the integrator was fed to the Y-axis of an XY
plotter. The X-axis input was from a magnet—currént measuring shunt
whose signal was proportional to the field strengfh'B; With the peék
field set at a constant value, several magnetizatioh_curvcs were
recorded for different magnitudes of é. The areaS'df each loop, a
measure of hysteresis losses in the éample, were simul taneously determined
44

by a Digital-Multiplier-Integrator circuit (not shown in Fig. 18).

The above ptocchre was repeated for a few other yélues of peak fiecld.

L1 o0t opbBGAGD



-24-

E. Mechanical Properties

The éUsééptibility of a superconductor to meéhanical damage can
limit its usefulness for somc applications. Siﬁce.wires are subjected
to severe treatment in operations such as coil winding, cabling and
braiding, their current-carrying capacity can be easily dégraded. The
decrease in critical current due to'bending of arsingle core wire was
evaluated by wrapping 15 cm 1ohg wires around a mandrel, straighteﬁing
them and ﬁéasﬁring the critical current. The same samples were bent .
around sucéessively smallier mandrels. The tests wére conducted At
4.2°K under a steady magnetic field of 50 kG perpendicular to the
transport current. Distance between potentialvleads‘was 2;5 cm. The

bend-test data are discussed in Chapter VII.
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VII. RESULTS AND DISCUSSION

A. Transition Temperature :

The superconducting transition tehperéture;iTE; wes iﬁdﬁetively
measured for samples heat treated in:the temperature tange 750-1200°C.
The critical - temperature was detined as the‘temperature‘eerresybnding
to the mideointvof the‘frequency change at traneition. The TCAef |
wires with tantalum-clad 3 mm dialceres is shown in Fig. 19 as a '
function of Nb Sn‘formation tempereture The widthbof the transition
AT, indicated by Vertlcal bars, was deflned as the tempcrature
dlfference between 10%- and '100% of the total 1nductaqte 51gna1 The
10% limit was arbltrarlly chosen because of a gradual chanqc in the
output 51gnallat the beglnnlng of the tran51t10nhfrem.superconductlng
to normal state. As shown in Fig. 20, the_end ofbtfaﬁSition (also
referred to as the 'onset" while coolingj was mueh‘sharpet than tﬁe
beginning. - l |

Tﬁe wires heat treated in the range.900-iZOQ°C had aﬁ exposure
time of oniy Z min at temperature. The three specimens teectcd for
1 hr at 750°, 800° end 950°C respectively, had the eemevvqiues of T.
and AT as the ones heat treated for 2 minvat eachvtemperature.
However, the longer reaction at 750° andv800°C reéﬁlted in.un inductance
signal greater than the corresponding 2 min durdtlone ‘ Tﬁjs is to be
expected because of the slugglsh formatlon of NbSSn and fast growth
of other intermetallic compounds at these low temperatures. The
absence of any noticeable'chahge in the signal fer the§§50°C specimen::
heat treated‘fbr 2 min and 1 hr teépectively,.suggeets that the reaction

was complete in only 2 min.
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In spite of the short heat treatment, the_TC values plotted in
Fig. 19 arc in general agreement with those reported in the litera-

ture2,45,46

for sintered NbSSn; The slightly higher values, 18.2-18.3,
measured by other researcherss’47 are considerod £oAbe the result of

a resistive method employed for T. determinationf - Since the current
through the Specimen is very small, the resistive transition may sample
é continuous -but extremely small, high-TC region of the specimen. On
the other hand, the resonant coil in the inductive method senses the
bulk of the superconducting material, theréby indicating the variation
of T, within the compound. This was in fact obséfﬁed as shown in

Fig. 20, for a superconducting tape processcd from a 1.5% zirconium
doped niobium powder. The TE of the doped matctiﬁl was 17.2°K and

the AT was 1.3°K. Such broad transitions and lower critical temperaturcs
as comparéd to those of undoped material (Fig.'ZO).have been reported
by others (e.g;, Suenaga et al..in Ref. 33) for nwltifilamentary

Nb.Sn wires doped with zirconium. A possible reason for the low T.

3
and broad AT is the existence of regions containing small grains of

NbSSn and precipitates of ZrOz. These precipitates and the increased
density of gfain boundaries may disturb the long-range crystallographic

48,49

order necessary for high T. in A-15 compounds. It has been

establishcd49’50

that the integrity of A atom chuing in the A;B
structure must bc maintained for the maximum attainable TC. The
obsefved reductions in the TC of specimens reacted below 900°C (Fig. 19)
may be explained on the basis of a lack of'enough atomic mobility to

achieve the crystallographic order in the reaction times employed.



27~
For monel-clad wires that did not have any,diffusion barrier the
'TC and AT wérg 17.9°K and 0.35°K respectively. These values indicate
that the brittle réacfion layersvformed between the monel and the
core during a 1 min heat treatment at 930°C'did3n¢t degrade the
.criticai témperature of the sﬁperconduéting matéfial.
'B. Pulsed Fields vs Steady Fields

Pulsed field technique551-54'havé long been employed for

investigating critical fields of various supercdnductors. tlowever,
comparisons of pulsed-field behavior with observations in steady

fields so fér Haﬁe been scanty.‘ Offen'the'criticél_current VS magnetic
field characteristics reported in the two kinds of fields have differed
substantially because of variations in experimental'techniques_énd

iﬁ definitions of the superconducting propertieé._:ln the preéent
study, curfent_densities of several P/M processed wires were'meésured
usingvboth pulsed and steady field techniques as described in

Chapter VI. Typical results are blotted in Fig. 21.. Puised field
values corrésponding to the end of the resistive trénsition shown

in Fig. 17 were used for computing the JC vs H characteristics. In

the case of tests performed under steady fields,‘the current densities

were determined ‘at a resistivity oflO-12 Q-cm. As can be seen from

Fig..Zl, there is good agreement between the two sets of data at high
fields. However, at fields below 50 kG, thevcriticql curfent densitics
measured under pulsed fields are low relative to thé values determined
in sfeady fields.‘ This disagreemeﬁt is'attribufed'to joule heating

at the current contacts of the short sample used in the pulsed field

tests. The c;itical currents at these low fields range between 100A

el 0L obb 0o g‘}(}
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and 200A. The transfer of such large currents may create enough
heat at the selder joints to raise the specimen temperature thus
influencing the results.

Babu‘5 has studied the current-carrying behavior of powder-rolled
tape undet pulsed and steady fields. According to his results, the
two sets of data match when the steady field J_ is calculated at a
resistivity of ~S><10_9 Q-cm. A possible reason‘for.the apparent
discrepancy_in the matching resistivity levels of tapes and wires
is the fact thet the resistive transition in puised fields is much
broader for the tapes than for the wires. The transition width
for wires was always less than 5% of the peak field while the
transition extended up to about 30% for tabe samples. Indications
are that if the start of the resistive transitien_had been taken
as the criterion for determining the critical field for the tapes,
the current-carrying behavior in pulsed fields would have matched
with the steady field data at a resistivity level close to 10_12 f-cm.

C. Critical Current Density of Tapes

Critical current density values J. were determined on the basis
of the entire cross-section of the tape, exclusive ef'the surtace
coating of tin. Reporting the data in this manner circumvents the
uncertainties .involved in the determination of the NbSSn volume
fraction which is required for calculating the intrinsic critical

current density of the superconducting phase. These uncertainties
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arise from the complex filament morphology, a characteristic of the

present P/M approach. Furthermore, since the overall current density

vdepends‘on both the intrinsic critical current density and the volume

fraction.of Nbssn, the Jé computed as above provides a meaningful
indication of the merit of the tape as a practical superconductor.

Brief proce551ng hlstories of tapes that were tested under
pulsed fields are presented in Table II. The dependence of J on the
transverse magnetic field of three tapes w1th different thenm)-
mechanical histories is shown in Fig. 22. As can be seen, the
cryogenlcally rolled tape 2, carried higher currents than the normally
processed tape 1. However, tape 3 which had a hioh temperatuxe tin
1nf11trat10n, performed better than both 1 and 2. The purpose of
the high temperature 1nfiltrat10n was to harden the tin by the formatlon
of tin- rich 1ntermetallic phases Approx1mate NbSSn volume fraction
determined from the1r Cross- sectional photomlcrograprs (Fig 3)
were 30% for tape l 40% for tape 2 and 50° for tape 3. As was
anticipated, the ratios of J for a given field taken from the three
curves of Fig 22 are found to agree well w1th the corresponding
ratios of the volume fractions These flndinos clearly 1nd1cate that
the high temperature 1nfiltrat10n is effective in preventing loss of
tin during mechanical reduction. |

The influence of zirconium doping on the cUrrent—cdrryinﬂ behavior
of the’tapes‘is shown in Fig 23 The dopant was 1ntroducod either
through the 1nf11trant tin (tape 4) or in the niobium powd01 (tape 5).
Tape 1 was undoped Since the volume frqction of NbSSn in hoth of

the doped tapes is nearly equal, 1t is obV1ous from Fig 22 that the

rzsogr’eeeﬁﬂ
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dopihg is most effective in raising the'criticai current density of
NbSSn only when the zirconium is added to the starting niobium powder.

D. Critical Current Density of Wires

1. Effect of Deformation Mode

In ordef to find the best mode of deformation, wire samples
fabricated by different mechanical reduction processes were tested
for current-carrying'capacity under pulsed magnetic fields. Because
of the limited ductility of initial batches of sintered rods, all
.the infiltrated cores were redﬁced to a'diameter Qf 0.45 mm. The
critical cﬁrfent density based on the entire core is shown in Fig. 24
as a function of transverse field. The three curves were obtained
from wires whose cross sections are shown in Figs;-9(a), 9(b) and 9(c).
The wires that had been reduced by wire drawing,vand by form rolling
followed by wire drawing carried more than twice the amount of current
carried by the fully swaged one. Partial form rolling prior to |
swaging improved the JC vs H characteristics of the wire only
slightly (not plotted in Fig. 24) over the fully swaged wire. Since
the volume ffaction of NbSSn appears to be the same for all the wires, th¢
marked difference in their critical curfent densities must be related
to the nature‘of the filament disposition in the conductor itself.

2. Effect of Heat Treatment

Singlercdfe wires reacted at temperatures in the range 700-1200°C
for times varying from 1 min to several hours were tested in an attempt
to optimize the current-carrying behavior of undoped NbSSn wires.

The specimens selected for this study were made erm isostatically

compacted -325+400 mesh niobium powder. Tantalum and monel were
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emplOyed‘és claddings. The diameter of the cores was 0.3 mn after
reduction by form rolling and wire drawing. .Longitudinal anﬁ cfees
sectional micrographs of reacted wires es;typified by those in |
Figs. 25(a) and 25(b) respecti\}el'y, indicate the NbsSn filament sizec
to be appreximately 1-2 um. Floure 26 shows a plot of the results of
tests on 4 specimens reacted at 800°C for 2, 8 30 and 120 min
respectlvely There i5 a substantlal 1mprovement in the overall
critical current density of the central core as the reactlon time

is increased. These results are in general agreement with motallograph1t
observations Wthh showed a progressive growth of‘the NbSSn 1ayer with
time. A metallographic examination of theﬁsﬁecimen heat treated for

2 hr at 800°C indicated a comﬁlete reaction of‘the-tin; Thus, significant
1mprovements in the critical current behavior of the w1res by heat
treatments 1onger than 2 hr at 800°C appear unllkely

For all the above specimens, the overall ‘critical current deneity

of the core is surprisingly high in view of the repofted fact that
predominantly NbSn2 and traces of Nb6SnS form below 845+7°C, the
peritectic temperature of NbSnZ.SS As can be seeqvfrem the niobium-tin
equilibrium phase diagram in Fig. 1, none ef the‘tin;rich intermetallics
15 stable above 930:8°C. The fate of gfowth of Nb»Sn is high at 950°C'SS
consequently, the formation of NbSSn is v1rtually complcte in as short
a time as 2 min. This can be 03511y seen from Flg. 27 in which current
data are plotted from seven specimens heat treated for times ranging
from 1’to 60 min'at 950°C. ‘The 1 min heat treatment resulted in

relatively lower cutrent densities at all fields indicating an incomplcte

reaction. Ibm@Ver, all other samples with 2 min or longer heat



-32_
treatments ha&e exactly similar J. vs H characferiStiqs. The slight
scatter in the data points (Fig. 27) 1s withinlthe experimental error
limits of the tests under pulsed fields. _

It should be noted here that for specimens reacted at 950°C,
no reduction in the overall critical current density has been observed
by prolonged heat treatment. Reaction periods up fo 30 times thé
miniﬁum required for a complete reaction have apparently had no
detrimental influencé on' the microstructure of'the'NbSSn phase. This
is consistent with the fact that a transmission electron microscope
investigation (Figs. 28(a) and 28(b)) of the microstructure has
revealed thaf no noticeable grain growth occurred when the reaction
time was increased from 2 min to 30 min. The.graihs are néarly'
equiéxed with an averége size of ~0.5 um. Such a fine grain structure
formed at thevliquid tin-niobium interface was poSsible in the G.E.
diffusion-processed tape only by doping the niobium with zirconium.

In the present‘approach to wire fabrication, the sintéred niobium is
severely cold worked prior to the final heét treatment. The dense
dislocation networks thus introduced in the niobium are believed to
serve the purpose of the dopant to some extent in cfeating nucleation
sites for the formation of fine-grained NbSSn.

In Fig. 29, additional results are plotted for the 0.3 mn dia
core specimens subjected to a 2 min heat trecatment at 950°, 1000°,
1100° and 1200°C respectively. There is a pronounccd_degradﬁtion in
fhe current-carrying capacity as the reaction temperature is increased
above 1000°C. Progressively larger grains formed at 1100° and 1200°C

are considered to be mainly responsible for such a behavior. In a
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sample heat treated for 2 min at 1100°C, transmis#idn electron
microscopy has, indeed, revealed a grain size twice that in a specimen
reacted for 2 min at 950°C

The vériation of overall critical current density with rcaction
temperature is shown in Fig. 30 for three Conveﬁient magnetic field
values. Thejfeaction times at 700°C, 800°C and Odd°C were respectively
50 hr, 2 hr énd 30 min. For temperatures of 950° and higher the heat
treatment period was 2 min. As found in a metéllbgraphic study,
the formation of Nb38n was practically completé in_a11 the specimens.
It can be readily seen from the three curves in Fig. 30 that a heat
treatment ‘in the rénge 950-1000°C is'the optimum Qith respect to the
critical current behavior of the present undoped wires.

From ﬁhé results reported so far, an'interesting observation
can be.made concerning the grain size of NbSSn in the filamentary
conductors. The grains of Nb;Sn formed at 700°C afé smaller than those

formed at 950°C.40

Also, the peritectic temperature of NbSSn being
2130°C, grain growth may be assumed to be insignificant after a 50 hr
heat treatment.at 700°C. This assumption is not incorrect in view of
the results.reported by Scanlan et al..in Ref. 40. Thus, the specimen
reacted at 700°C should have a higher overall critical current density
than a wire which is subjected £o a heat treatment 5t 950°C. “lbwcvcr,
a comparison of the current-carrying behavior of the specimens has
éhown no such improvement. »This appears tb be due to the difference
in critical temperature; TC, in these wires. It iS'Well known40’56"57
that the T. directly influences the thermodynamic critical field HC(T),
which is proportional to Tcll - (TYT&)ZI, and whiéb_in turn limits the

el ol okbk OO0
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ultimate critical currents. The 700°C heat treatment resulted in a
lower TC of 16.6°K relative to 17.9°K of the specimens reacted at 950°C.
This lower TC may offset the increase in JC Causéd by the finer grain
size. The same agrument holds true for the spocimén heat trcated

at 800°C.

3. Effect of Filament Size

Infiltfated rods identiéal to those employed'in the study of
.diffusion_heat_treatment were used to investigatcifhc critical current
dependencq on the filament size of NbSSn. FilaméhtS'of different
thickﬁess were achieved simply by varying the amounf of mechanical
reduction in each wire. To ensure complete reaction, the wircs were
heat treated at 950°C for various times depending on the size of the
central core. -The overall critical current density of the cores is
plotted in Fig. 31 for 6 wires as a function of transverse pulsed-
field. These results indicate that the wires with less than about
0.2 mm dia core have reached an optimum current-céffyigé capacity
after a mere 1 min reaction. The strong dependence of £he critical
current on the amount of reduction is illustrated in Fig. 32. lHere,
the overall éfitical current densities at 50, 100 ahd 150 kG are
plotted as a function of the square root of the reduction ratio R
(R = cross sectional area of infiltrated rod * cross scctional arca
of core in the final wire). Since filament size is proportional to
the core diameter (and, therefore, inversely proportional to VR),
values of filament thickness measured from micrographs are also shown
on top of Fig. 32. The current density increases'ieés than linearly

with the inverse of filament thickness. Since the only major difference
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among the wires tested here is the amount of reduttion, formation of
finer Nb,Sn grains may be expected in‘the small@r wires. llowever,
at the very high reductions, it is possible that the increase in the
density of disloéation netwofks in niobium will not be significant
enough to reduce the NbSSn grain size noticeably,v If this is true,
reducing the core diamefer beyond a certain Valuei(about 0.21mn»in
the present case) will not improve the critical éurrent densify.

The hcdt-treatment to form NbSSn always peruéed sﬁbmicron
pores disperséd in the superconducting phase. This ﬁorositybwas a
result of thé density difference between the NbSSn compound and the
reécting cdmpqhents. Cross-sectional micrographs Shbﬁﬁ in »
Figs; 33(3); 33(b) and 33(&) indicate the distribution of thc pores in
three wireswith 0.4, 0.3 and 0.22 mm dia cores réépectiveiy. .Thc
pores, O.Z—O.Syum in size, are dispersed m&ré randémlf in the smaller
wires, while‘they tend to cluster in the larger ones. As can be seen
by comparing Figs. 33(b) and 33(c), reaction times longer thaﬁ |

necessary to convert all the tin into NbBSn did not result in any

>8, 60 ~that these micro

change in the porosity. It is widely accepted
voids along w1th the grain boundaries effectively pin the flux lines
thus improving the J vs H characteristics The microstructural
findings seem to be in generil agreement W1th the critical current
densities of the various wires reported here. A quantitdtivc undur;

standlng of the flux pinning by the voids is difficult in view of

the complex1t1es and uncertainties in the pinning mechdnlsm 1tself



_36_

4. Multicore Wires

Multicore wires fabricated in the manner deStribed in Chapter V
were tested in pulsed fields. The J. of a 6-core wire is shown in
Fig. 34 as a function of perpendicular magnetic‘fiéld. In addition
to the six‘ihfiltrated cores, the conductor contained a copper core
in the centerias illu§trated in Fig. 13(a). As“expectcd, the JC which
is computed on thé basis of thecorecross—section is‘comparable to
that of single core wires with similar reduction ratios. However, since
the six c0f§$ constituted only 17% of the 0.7 mm dia conductor,
the overall“JC_will.be scaled down in direct proportion relative to
the values shown in Fig. 34. The presence of a copper core in the
present wire reduced the sample voltage signal‘at.the resistive
tranSition forcing the operation of the oscilloscope at 1ts sensitivity
limit of fO;Z.mV. The JC vs H characteristics of the wires containing
a bundle of 7 infiltrated cores and no tantalum barrier are not reported
here due to the inability of producing sufficient specimen lengths with
no breaks iﬁ the cores.

In view of’the data presented above, it appears that a multiwire
cable will probably be a better concept than a multicore conductor.
Practical cables to handle a few thousand amperes may be built by
braiding scveral singlc core wires along with elcctrical and cryogenic
stabilizers,>and mechanical strengthening elements. Two obvious
advantages of the cables over large solid conductors are: (1) improved
stability34 due to twisting and transposing of the. individual wires,
and (2) betterfflexibility due ‘to the freedom of the movement of each

wire when the cable is bent.
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5. Infiltrated Wires vs Bronze-Processed Wire

Two wires made by the infiltration approdéhiénd a commércial bronze-
processed_‘wire61 were tested for curreht—carrying capaéity under pulsed
fields. The cross-sectiohal miérOgraphs of the'threé wires are shoﬁn
in Fig. 35; The,outside diameter bf.each wire was-0.32+0.01 mm; The
overall critical currenf density based on the enfire‘cross—éection
of the wirés is plotted in Fig. 36. fhe infiltréted wires represented
by curves 1 énd 2 were clad with monel, but_only the first wire coﬁtained
a tantalum diffusion barrier. Both these wireslﬁere reacted for 1 min
at 930°C. ”Cﬁfve>3 is obtained for the commefciai wire containing
1045 filaments of Nb 1 at.$ Zr, éach 4 ym in diaméter. The wire was
heat treated for 70 hr at 700°C. The approximate Nb3Sn filamenf
thickness in all three wires was 2 pm. -

As can be seen from Fig. 36,lthe critical cﬁrfeﬁt densities of
the undbped infiitrated wires are éuperior to those of‘tﬁeébronze-
processed wifé”at high magnetic field. Also, the»current-carrying
capécity of the latter appears tovféll more rabidly‘as'the applied
field is increased. This SehaVior is considered to be dué té the
existenﬁe of a major portion of the NbSSn 1aYer having a reldtively

62 As mentioned earliér, the low Th limits JC at high fields.

low T.. »
Furthermore,‘it.should be noted that no attempts had been made to
_optimize the amount of clad material(s) on the infiltrated Qircs.

. Consequently, only 25% and 58% of the.tdtal cross-scctions.wcré composed
of the Nb-NbSSnicores in the two wires réspectivcly. Fér the commercial

wire, on the other hand, the central region consisting of the niobium

filaments fdrmed-about 60% of the entire wire section. Therefore,

glo0otaptonno
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there 1is sédpe for substantial increases in the overall critical
current densities of: the infiltrated wires by meéns‘of additives
and optimiZation with respect to cladding to core ratio.

Another important observation from the abovefrésults is a
reduction:of approximately 60% in the JC of the core that had not been
ensheathed iﬁbtanta1Um relative to the protected core. The 60% figure
is obtained Qhen_areas of individual cores are taken into account.

As reported earlier, the three brittle layers fqrmcd between monel
and the core.did not élter the TC of the material. :The mechanism
respOnsiBle for the critical current degradation is not understood at
the present time.

E. 'bbgnetization

Whén:a superconductor is subjected to changing magnetic fields,
screening currents are created at its surface to bppdse the motion
of fiux through the material. . If the field is cycled, thevmaterial
with the stfeening currents is driven around its g}éle of magnctization.
Thus, the magnetization curves of the defect-containing Type II
superconduétof fepresent hysteresis losses that occur under ac
conditions. These losses are generally dependent on the rate of change
of field ﬁ, and they have. significant importance in_all ac applications
of superconductors. In order to investigate the magnctization behavior,
several wires made by the present powder metallurgy approach were
tested in a manner described earlier.

The twd single core wires selecﬁed for this study were cach
250 cm long and contained infiltrated cores 0.30 and 0.22 mm iﬁ

diameter respectively. Figure 37(a) shows a typical magnetization
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loop obtaiﬁéd for the larger wire when the external field was cycled
through 0-17.7-0 kG at a frequency of 2.08 kG/séc;. Figures 37(b) and
37(c) are plots obtained at thé same’é.but withipéak fields (Bmax) of
35.4 and 46 kG respectively. The‘downwafd motion'of‘the hngnetization
at low fields was due to the fefromagnetit“p}ope;fy of the monel
cladding. Wﬁen the monel was removed from the wire by'etching, no

such initial deflection was recorded. This is indicated in Fig. 37(d).
From the aréé'of the magnetization loop shown ih-Fig. 37(¢) for a monel-
-clad unreacted wire, it is interesting to note that Virtué11y all the
energyfloSS is due to flﬁx trapping in the NbSSn filaments. The little
area ehcloSed'by the curve in (e) 1is probably.contriﬁuted by the niobium.

Tﬁé depehdehce of hfsteresis losé on ﬁ with Bﬁax as the péramcter

is shown in Fig. 38 for the larger wire. Since the testing method

has thé.inhefent limitation that the losses can ndt be evaluated
absolutely, the energy dissipation/cycle normaliiéd_for a unit volume
of the superconducting core is calculated in atbifrar% units. The
results indicate that the losses in both the wires are esséhtially
'independent of é up to ~27 kG/sec, the maximum rate studied. This
vsuggests thaf ﬁhe measured magnetization is mainly the individual
magnefizationvof the NbSSn filaments themselves and the coupling
'curfents between the filamehtszére negligible. (Thc;coupiing currents
are responsible5for eddy current 1ossés in the matrix.) This fact is
not surprising in view of the numerous intérconnections betwccﬁ the
filaments--the induced screening currents circulate only within the
Filaments. In:commercial mul tifilamentary Nb-Ti ahd'NbSSﬁ conductors,

the filaments are usually twisted to render them 1éés sensitive to

610t OE P OGPOO
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increaseé ih thé frequency. The frequency indepéndent loss behavior
of the infiltrated wires 1s at present encouragiﬁg.

As can be seen from Fig. 39, the smaller wi:e is about three
times more lossy than the larger one at all excitations. One reason
| fdr the highér losses is the occurrence of flux.ijping at fields

less thanvaAkG. The recording of a flux jump is'Shown in the
magnetizatiogvloop (f) of Fig. 37. 1t was obtained for the smaller
wire from which the monel cladding was removed. The flux jumping
was observed in all cases irrespective of excitétibﬁ rate and peak
value of the field. The exact rcasons or mechaniéhs responsible
for this maghetic instability phenomenon present only in the coil wound
with smaller wire are not yet identified fimmly. .Thc variaﬁion in the
cross section of NbSSn filaments may be contributing .to the higher
hysteresis'ldsses to some extent. For given excitafioh conditions,
as the filaméhts get smaller, the volume of the superconducting phase
that becomes saturated with critical screening currents increases.
Since the losses are proportional‘to this'saturated volume they may
be expected tb be correspondingly higher for wires’with larger
meCHanical.reductions. |

Flux jumping was avoided in subsequent testing of the small wire
by means of é small bias ficld of the order of 5 kG. The resulting
magnetization loop 1is shown in Fig. 37(g) for a ﬁ of 6.5 kG/sec and
Bmax of 46 kG. The losses/cycle nommalized for unit volume were
found once again to be independent of é and were approximately equal

to those of the larger wire tested under similar conditions
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F. Mechanical Properties

Flexibility is one of the most necessary featurcs of a super-
conductor. Since all A-15 compounds ére.inherentiy brittle, strains
as small as 0.2% usually fracture the superconduéting phase resuiting
in'a serious degradation of current-carrying Capétity. The limiting
strains may-Be caused either by the bending of a conductor in the |
constructioh'of devices or by magnetic stresses (JXBj on the conductor
during operation.

Bend tésts on single core wire samples were conducted as described
"in Section IV-E. The critical current I.(D) for a bend diameter D,
normalized to the initial current prior to bending, Ic(m), is shown
in Fig. 40. 'The values of iC(D) correspond to 'a core resistivity
~10-12'Qicm.'jAs can be seen from Fig. 40 the wire with 0.16 mm dia
core has slightly better bending characteristics than the larger wire
with 0.30 mm core. Bdth these wires coﬁtained”ah inferﬁédiéte
tantalum Sheath. Thé third wire with 0.25 mm dia core'did not have
any diffusion barrier. Its bending characteristics clearly indicate
that the briftle diffusion layers formed between monel and the core did
not alter the current carrying behavior as-a function of bend diameter.
As wrapping diameter was successively reduced, the voltage sustained
by the wires at the poiﬁt of sﬁdden.transition to completely normal state
gradually incfeased. This was due to micro-cracks-dévelopod in the A
brittle superconducting phase. These micro cracks acting as rcsistors
in the supercurrent paths, lead to current sharing between the filaments

and the matrix. Similar current sharing behavior was reported by

Suenaga and Sampson20 for NbSSn multifilamentary wires produced by a

0ZO0IOoORE0O0D
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solid state'diffusion. A comparison of the present bending test data
with fhose bf solid state diffusion wireszo’()z’()-3 indicates that the
P/M proceésed wires are more flexible than the ofhérs. While bends

of about 2.5 cm dia reduced the current capacity:by approximately 20%

20,62 the P/M processed wires

in the solid state diffusion wires,
suffered an equal decrement at a bending diametefjof ~1.5 cm. This
improvement in the bending characteristics could:be due to two factors:
the-intercénnections of the NbSSn filaments and th§ variation in the
filament size itself. When the larger filaments-déyelop micro cracks
as their 1imiiing strain is approachéd, part of tﬁe Sampie current

can be transported via the interconnections to the finer filaments
which still may be intact. Such a mechanism isunot'possible in the

solid-state-processed conductor containing paraliél filaments that

have a uniform thickness throughout
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.. VIII. SUMMARY AND CONCLUSIONS'

Based on powder metallurgy techhiques, theffébrication of filamentary
Nb3Sn supercohductors in the form of tapes and wijes has Eeen successfully
demonstrated. Several comments can be made regdraing the processing
of the conductors: |

(1) In the tapé-pfocess, fhe loss of tin can be most effeétively
reduced by elevating the infiltration temperafure tb about 850°C.

(2) The isostatic compacting of niobium powder followed by sintering
- offers a simpie approach for achieving a controlled porosity.

(3j A high vacuum in the range 1-5x10"° mn Hg and a temperature
close to 2300°C are réquired during sintering for the'deVeldpnent of
essential dquility of thé sintered rods.

(4) The filament morphology is strongly dependent on the mode of
1 mechanical deformation employed to reduce the infiltréted rods to wire.

" Form rolling and wire drawing operations appear to result in a favorable
filament struéture. |

- (5) In the present investigation, wires with reduction ratios
of approximately 500 or higher require a mere l-min'heat treatment
at 950°C for a complete reaction of the tin to formbeSSn filaments.

| (6) Protection of the infiltrated core by a tanfalum or niobium
sheath appears necessary to avo;d reaction of the outer copper cladding
and the core during heat treatment. In view of the brittle rcaction
vlayers fonned betweeﬂ monél and the'core, the wires with no diffusion
barrier should be heat treated fér the shortest times and at the

lowest temperatures possible. One minute at 930°C séems to be the

optimﬁm for the system.

lZotobb0o000
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The transition temperature TC, the critical'current density JC
as a function of magnetic.field, fhe magnetization behavior, and the
mechanical flexibility of the conductors have been.eValuated.' The
effects of certain important process variables én these properties
have also been investigated. From the above study, the following
observations can be made with respect to these characteristics:

1 Zirconium doping is effective in improving the JC only when
the starting niobium powder has been alloyed with it. Alloying the
tin bath has no significant effect on the Je- Aﬁ.additioh of 1.5 at.%
zirconium to ﬁiobium has increased the Jc by moreithan 50% relative
to the undoped conductors at fields above 100 kG;

(2) For a conductor prepared from undoped niobium powder, the
superconducting-to-normal transition is sharp (AT = 0.35°K) and the
midvpoint T, ié 17.9°K. On the contrary, the doﬁed powder has reéulted
in a broad transition (AT = 1.3°K) and a T, of 17.2°K.

(3) The TE decreases with decreasing reaction temperature below
930°C. -

€] Sati$féctory agreement at 60-100 kG has been observed between
the values of JC measured by a pulsed field technique and data obtained
under steady fields.

(5) Although the timcs required for a completevréaction at
700-900°C are of the order of hours, the current—éarrYing capacity of
the wires heat treated at these temperatures is as high as thoée
resul ting from a short rcaction at 950-1000°C. After the formation

of Nb,Sn has been complete, the JC appears to be fairly insensitive to

3
further increases in the duration of heat treatment at 950°C.
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(6) The JC vs H characteristics deterioraté fapidly when the
ﬁeat treatment is performed at temperatures abové.1000°C. |

(7N The currenF measgrements indicate that the JC incrcascs with
decreasing filament thickness down to about 2 um beyond which there
is a tendeﬁc&ltoward leveling off. |

(8) Coils wound from the wires have hysteresis losses that are
independent of the raté of change of field up to'ébout 28 kG/sec. In
genéral,.the flux jump stability results are also encouraging. |

9 The ﬁinimum diametef to which the wireSitén be bent withoﬁ#,
any degradafion in the critical currents is 2 cm.> |

From the various results obtained so far,bsoﬁe optimum conditions
would include; (a) copéér and tantalum for cladding materials,

(b) form rolling and wire drawfng tO'achieve a faVofable filamént
morphology, (c) 1-2 ﬁinfreaétion at 950-1000°C, and (dj Nb3Sn filament
thickness of i-Z um. Although more optimization remains to be done
with respect to.the amount of cladding materials and doping with
zirconium, the overall current-carrying capacity of the infiltrated
wires is already shown to be superior to the multifilamentary conductors
produced by the well developed 'bronze épproach”.;"

Continuance of the researcb program appears Qell warranted and
the immediate work should be concerned with the development of
continuous lengths of.the filamentary wire suitablé for testing in a
full scale solenoid device. A simple calculation shows that a
‘2 cm diax10 cm long sintered rod is needed for a'one_kilometcr wire
with a 0.2 mm'dia_centfal core. If the cladding materials constitute

half the wire cross-section, the final diameter wili be 0.283 mm or

0.011 in.
ceotaoprlk0oD0oo0
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Among pfher things that need additional work are: ) an
investigation.into the mechanism responsible for the JC degradation
in the monel'éiad wires containing no diffusion barrier, (2) enhancement
of the JC of the wires by means of dobing, (3) a better qnderstanding
of the magnetization behavior resulting from thetintefconnected
network of'filaments and (4) a quantitative estimation of ac 1osses;
| Finally, theiadaptability of the present powder mefallurgy approach to
the other féchnologically important A-15 compounds (e.g., VSGa) should

be explored; 
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Table 1. Sieve and sub-sieve analysis of niobium powder.

Sieve Particle Size | Distribution

(um) | %)

2704325 53-44 : 2
3254400 44-37 - 26
-400+500 37-30 ‘ ‘ ', 18
_5004750 . o 30-20 o 18
 Z750+1000 20-15 B 18
~1000 <15 S 18

Be
N
>
]
=
-
Ty
po J
3



Table II.

Thermo-mechanical history of powder-rolled tapes.

Tape Powder Infiltrant Mechanical Diffusion Approximate
Designation Composition Composition Reduction Environment Nb3Sn
' and Temp. Vol. Fraction

1 Nb ~ Sn 650°C . Room Temp. Sn 307

2 Nb Sn 650°C ~72°C Sn 40%

3 Nb Sn 850°C Room Temp. Sn 507

4 Nb Sn-1.5 at.% Zr Room Temp. Sn-1.5 at.?% Zr 347

5 Nb-1.5 at.% Zr 800°C* Room Temp. He 36%

Common things for all tapes: Powder size: <44 um; vacuum sintering at 2100t20°C for

3-4 min; 7% mechanical reduction:

%
The higher infiltration temperature was necessary for wetting.

75-80; heat treatment 'at 970 10°C for 5 min.
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Fig. 2.

Fig. 3.

Fig. 4.
Fig. 5.

“dark-Nb
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FIGURE CAPTIONS
Equilibrium phase diagram of niobium—tin:syétcm.
Porous niobium tape infiltrated with tihl(a) at 650°C and
(b)'af 850°C. Phase identification: white-tin; grey-niobiunm;
65" |
Iongitudinal sections of tapes reacted at1970°C for 5 min;
(a)Ainfiitrated at 650°C and rolled at fodm'temperature
(b) infiltrated at 650°C and rolled at -72°C, and (c¢) infiltrated
at SSO?C and rolled at room temperaturef:vPhase identification:
white;ﬁnreacfed tin; grey-niobium; dark-NbSSn. |
Typical cross section of reacted tape.

Schematic diagram of filamentary wire fabrication process.

Fig. 6. Schematic diagram of Abar furnace; 1. extension tube, 2. tantalum

Fig. 7.

Fig. 8.

Fig. 9.

rod, 3. back filling port, 4. electrical'iéads, 5. heating
element, 6. niobium specimen, 7. radiation shie1ds,‘8. water
cooléd wall, 9. W-5% Re vs W-26% Re thermocouple boint,
10.'Vécuum connection, 11. quartz tube, 12. graphite crucibie,
13. liquid tin bath and 14. resistance heﬁfer.

Tin-infiltrated niobium rods made by pressureless sintering of
(a) -325+400 mesh Nb and (b) -400 mesh Nb.

Infiltrated rodé made by isostatic compaction and sintcring of
(a) -270 mesh Nb gnd (b) -270+325’mqsh Nb. |
CrOSS'égctions of heat treated wires reduced by (a) swaging
only; (b) form rolling followed by wire drawing and (c) wire

drawing only.
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Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

10.
11.
12.

13.

14.

15.

16.

17.

18.
19.

20.

21.
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Form rolling mill.

Wire drawing bench.

Cross sections‘of wires clad with monel alone; (a) bhefore heat
treatment; (b) after 3 min at 900°C and.(c) 1 min at 930°C.
Cross sections of multicore wires containing (a) 6 tantatum
cladd infiltrated cores around a central copper core and

(b)Y 7 in. filtrated cores in monel with no tantalum barrier.
The outer sheath is monel in both.

Schematic of the circuitry used for inductive measurement of
trénéition temperature.

Probes with specimens in place for meaSuring (a) critical
currents in steady fields, (b) critical.éurrents in pulsed
fiélds and (c) magnetization behavior.

(a)'Pulse magnef and (b) a schematic representation:pf of pulsed
field apparatus for critical current measurements.
TYpiCal'oscilloscope facings of sample current, sample voltage
and magnetic field.

Block diagram of magnetization setup.

Variation nf transition temperature with the reaction
temperature.

A comparison of the superconducting transition of conductors
made from undoped niobium and niobium doped with 1.5 at.%
zirconium.

Critical current density of  the corc as a function of magnetic

field under pulsed and steady field conditions.



Fig.

Fig.

Fig.
Fig.
.Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

23.
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Pulsed field dependence of critical current density of Tapes 1,

‘2 and 3 which correspond to the micrographs (a), (b) and ()

respectively of Fig. 3.

Pulsed field dependence of critical curfent density of Tapes 4
and 5. 1.5 at.% Zr was added to the tin in Tape 4 and to
the niobium in Tape 5. Tape 1 1is plottedvfor comparison.

Influence of deformation mode on the critical current density

.of the core (JC) as a function of pulsed field (11).

Typical (a) longitudinal and (b) cross sectional micrographs
bf feacted wire with 0.3 mm dia core o

Jé vs H characteristics for 0.3 mm-dia core wire reacted for
different times at 800°C.

J. vs H characteristics for 0.3 nm-dia core wire rcacted for
different times at 950°C.

Transmission elecfron micrographs showing NbSSn grains of
specimens reacted at-950°C for (a) 2 min and (b) 30 nin.

JC vs H charactéristics of 0.3 mm-dia cofe wire reuacted for
2 min at different temperatures.

JC of 0.3 nm-dia core wire at 50, 100 and 150 kG as a function

of reaction temperature.

JC vs Il characteristics of wires with varying core sizes.

Jé as a function of reduction ratio (and NSSn {filament

size). -

Submicron poroSity resulting from the formation ol NbgSn at
950§C; (a) 0.22 mm dia core reacted for 2 min (b) 0.3 rm dia

core reacted for 2 min (c) 0.3 mm dia core reacted for 15 min

and (d) O.4gmn€.§iaecorzé rﬁa_CE}gd E-ﬂfaor{@ mn a0



Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

34.

36.

-38.

39.

40.
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2

~ Pulsed field dependence of the critical current density in

the 6 infiltrated cores of a multicOfe conductor.

Cross sectional micrographs of (a) tuhtﬁ]um and monel clad
infiltrated wire (b) monel clad i.llfiltr;{_fCLI wire and (<)
commercial multifilamentary NbSSn wire; 

Pﬁlsed field dependence of the overall criticalvcurrent

density (i.e., for the entire cross section) of three wires.

Curves 1, 2 and 3 correspond to the wires whose cross scctions

afe shown in (a), (b) and (c) respectively'of Fig. 35.
Typical magnetization tracings.

HYsteresis loss of wire with 0.3 mm dia core as a function
of réte Qf Changeiof'field for different values of peak

field.

" ‘Hysteresis loss as a function of peak field for two wires with

0.22 mm dia and 0.33 mm dia cores.
Degradation of current-carrying capacity with bending diamcter

for‘three infiltrated wires.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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