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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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CORRELATION OF THERMO-MECHANICALLY VARTED MICROSTRUCTURES WITH
. SUPERCONDUCTING PROPERTIES OF Nb_Sn. PROCESSED BY
A NEW POWDER METALLURGY TECHNIQUE

' B. Naga Prakash- Babu

Inorganic:Materiéls Research Division; Lawrence Berkeley Laborstory and
Department of Materials Science and Engineering,»College of .Engineering;
University of California, Berkeley, California

~ ABSTRACT

A flexible, stabie Nb_Sn combosite was fabricated by é new powder

3
metallurgy fechnique. Related'studiéé~énd optimiigtion of parameters

in each step of the fabrication were made. The dependence of transition

temperature on microstructural aspects was considered; an explanation

was offered for the lowering of Tc at higher reaction temperatures'and

- the effect of reaction time is discussed. Short sample tests were made

and current densities at d.c. fields upto 80 KG were measured; flexibil-

ity and stability were tested. -Finally, an evaluation of all the

_brocess parémeters was made and an_optimum process schedule was developéd.

‘The Tc'for most samples ranged from 18.1 to 18.L45°K." The'current _

3Sn phase was around 2.7_* 105 Amps/cm2 at 80 KG.

~



I. INTRODUCTION

Starting with the epoch—méking discovéry'of Nb_Sn as a high field

3

superconductor'by'Kunzlef, et al,l 1961, many in?estigatqrs have
explored different wﬁys of fabricating flexible tapes and wires of

Nb Sn to circumvent its inherent brittleness. In this direction, RCA

3
ribbon  was made by vapor deposition process and G. E. tape was
made by a diffusion §focess. The basic objecti?é in every approach

3

layers; so that the composite és a whole is flexible. The super-

has'been to obtain a thin sandwich of Nb_Sn between stabilizing copper .
conducting layer near the neutral axis of the composite suffers little
deterioration in properties when the tapé is'bént, The new powder .
metallurgy teChniqueh developed in this laboratory involves making,.

such a flexible composite havingv2—h microns thick superconducting

‘filaments.

The fabricaﬁion involved, powder rdlling of porous niobium_sfrip
followed by sintering into a dﬁctile spongy structure, which was then
infilﬁratéd with tin. The two-phase network so created was éuiteA
versatile as it was possible to obtain a wide vafiety of microstructures
by variafidns iﬁ the.degree of cold work prior fobthe diffusion heat
treatmenf, aﬁd in time and femperatﬁre of the heat tfeatment. The work
reported‘hereih.providéd a correlation:of these'ﬁhermo—mechénically:
varied microstructures with,the'sgpercgnduétihg propertieé of-NbéSn.

The objective was to arrive at an optimum microstructure.



Efforts were made td_arrive_atvoptimum parameters, such as pdwder
size, roll’gap3 sintefing temperatufe, time, and environment, infiltre-
tion time and temperature, and heat treatment time, temperature;;ahd

environment. - Transition temperatures were measured resistively. Some

3

higher'témperature treatmenté. Critical current measurements could.

fascinating observations were made of the lowering of T, of Nb_Sn by the
be made only on a few’fepresentativé samples."These'wére typical short

sample characteristics obtained using steady—fiéld techniques. Similar

data obfained by pulsed field techniques on the same samplesvare-

>

presented by T. Garret in his thesis. Tentative’inferehces onvthé'
optimum degree of éold wdrk, stability and flexibiiity.were‘made.

The samples were examined metallographically. The phaséé were
usually ideﬁtified by theirvcharacteristic;colors6_obtained by énodising.
' The ideﬁtifications were checked in a few sampleé by x-ray difffactién.
The Nb3sh coﬁposifion was_détérmiﬂed with the eléctronvbeam microprdbe.'
.The scanning electroﬁ microsco?e was-used to study the,diffegent

powdersg,powdér élassification was done using the Allen-Bradley Sonic

Sifter.
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II. IMPORTANCE OF MICROSTRUCTURE

The transition temperature Tc and thé thermodynamic critical
field HC(T) are primary properties defined by the electron structure,
the phonbn spectrum, and the electron-phonon interaction. Structural

defects like dislocations, grain boundaries or intrinsic point defects

are not expected to affect these prdperties appreciably.7 ‘An under-

standing of what determines the Tc of a superconductor is still very

limitéd. Acéording to BCS theory, Té increéses quite sensitively with

‘the product NV, N béing fhe density of states at the Fermi surface

and V, the electron-electron interaction parameter. Although N cﬁn

be derived, V remains underivable unless Tc is known. However, TC

as observed in the foregoihg studies, is affected by stoichiometry

and 6rder.

Thé'GLAG theofj throws ¢onsiderablé light on the critical fields
ofAtype'II superconductors; aCCording to>tBis coﬁcept, Hc2 ;./5 KHé;
K, the Ginzburg—Landau.paraméter = A€ i.e., penetration depth of the

flux/coherence length. K is also given as Ky (= Nl/2 gt ,

‘l-electron mean free path) + KO = (= TcN3/2)” Nb3Sn has a very high N,
having the intrinsic part KO >> extrinsic part-Kg. Hake9 is of the‘
opinion that H,, of Nb_Sn cen be made as high as 830 KG, if % is made

small, that is when KZ also becomes large. The major'efféct éf

metallurgical structure is through the effect of defeéts on £, and-

.hence on K. Dislocations have a pronounced effect - their strain fields

and the stacking faults scatter the conductidn eleétrons and reduce

.



S50, the

can however be enhanced_by_:_

the mean free path - thereby inérease K. But in case of Nb
dislocation effect is questioﬁable; Hc2

'obtaininngbBSnvin the form of thin films and.by‘having'exﬁremelyvfine
'graiﬁs.

10,11

~ Trauble and Essmann have shown by their exciting series of

experiments, that critical currents in the mixed state (between H,, a
and ch)_are controlled by the interaction betﬁeen the metallurgical
and magnetic:miéroétructurés.' With the increase in.extérnally épplied 

magnetic field, the flux'penetratibn increases beginning at Hcl and is

complete at H,,- The flux filaments driven by the Lorentz force,

FL.= J x B, move with aAvelocity.V, against the pinning force Fp;

cénsﬁming a power P.=vanV (n = number of flux filaments)? ﬁhich is
evidenced as elécfrical'resiét;nce, with the consequent appe%rance Qf
. a voitage; In regard to fhéipinning force, the model deﬁeloped by
Beanlz and “that develépéd by Loﬁddnl3 state that a norﬁal partiélé in
_thé matrix or adjacent to the surface of the superconductof will ﬁfbvide‘
stronger binning thgn a superconductingVparticle, and an oxide particle
or vdid'would prdvide still stronger pinning. |

For the Nb-Nb

3

Sn-8n composite considered in the foregoing studies,
pinning by grain bounda.rieslh and surfacé pinning can be considered.

Nb_Sn filament sandwiched between normal niobium and tin or in niobium

3
matrix only will have highly pinning surfaces. For best aniéotropyfand'
so'for ektremely high.Jc, a multiple layer saméle‘of alternating

' superconductor and oxide is suggésted. In the*composité considefed

~»
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here, an oxide of niobium at the interface of Nb and Nb

“an excellent pinning source.

3

Sn

‘should be



IIT. PROCESSING OF THE STRIP ANDVRELATED STUDIES
The processingvof the composite invqlvediselection‘df powder. -
fraction, powder rollihg;‘Sinfering, infiltratibn, cold working and-

diffusion heat treatment.

"+ A. Powder and Powder Classification’

'_ Wah Chéng:—QYd mesh* Niobium Powder of §9.92% pﬁrity was used.
A siévebanalySis showed thaﬁ this powder was practically all‘—325 mésh,
aﬁd fhéf TO%:Qf it‘ﬁaé -ﬁOOvmesh. .Micro—sieQé analysis of -L0O mesﬁ?
| fractibﬁ gave almost equal percentages of -L00 + 500, -500 + 750,
; 4750 + lOOOvand'—lOOb.meSh fractions. h | :
' The croésfsécﬁipn of a strip.made with e270 mesh powdér shoﬁed
v‘a’hon—uniform pbrosity éxcép£ at the edges, where’thére was a 1aigér
poroéity;_ The édges are looéely bonded when the strip is rolled frém
powder:(See'Figs. 1(a) and (b)); The uneven distribution of pores"ié
vaftrihuted to the wide distribution in pafticle size. It was alsd;'
found that the porosity would vary with different loté‘of poﬁder for
thé_samgirolling parameters. The particle size distributiongWas foﬁnd
to.be different. - To oﬁtain a rigid control over ﬁicrostructure, an’
-accﬁréfely graded powder.fractioh waé required. -

Subesievg (-koo mesﬁ) clgssifiqation of powder was done uéing:én

:Allén—ﬁrédiéy:édnic'siftef usiﬁg'éiééffd—formed niékel mesh sieveé + 1

. operating on the principle of elutriation.by_sdnic vibration. Strips

U.S. Tyler Standard Sieve No.
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rbiled_out of the various fractions, with the same.roll gap and roll
speed, were identically sintered and ihfiltrated,l Studying thekmicfé-
structurés, éhown in Figs. lrto_h? it appearé thét the porosity - |
incféaééd with finer quder sizés, but when the'powder was too fine,
e.g., ~10u (= <1000 mesh),'the_pqre_size_tdo small for good tin
infiltration and some of thé pores were unconnected. An optimum volume

fraction, with an extremely fine distribution of pores, appeared to be

‘in -20 + 10u (= =750 + 1000 mesh) range.

A_séanning electron»microscope study of varibUs fractions showed
thatvtheipartiélesvwére angular aﬁd’highlj irfegular in shape. The
particle shape contributed to the good green strength of the rolled
strip. The'micrographs of thé sharply graded fractiohs showed the

uniformity of particle size (Figs. 6(a), (b) and (c)).

B. Powder Rolling

_The rolls15 used wére of 2 inch diameter,’ﬁhe'axes ﬁere in the
horizontal plane. The powder.feeding:was by gravity'throughra Jucite
hopper;_ The rolling mill had a stepleSs variable speéd motor drive;
Grooves i/8 in. deep were cut in the rolls, leaving a 1/4 in. wide .
rolling surface between thé»grooves, The'grooyes pfévented fhe_lateral
spread of the powder and_provided bettef edges on the rolled strip. 
To confine the powder within the grooves, two lucite side>retainer§f
of 1/8 ip.'thick were machined to stréddle the rolls. They fitted‘in
the groo#es and rested on the réduced rolls.:vThe retainers were

assembled with 1/4 in. lucite spacers, 2 in. apart. They rested. on



the follsb A lucite hop?er was added to this assembly. It had an
adjustable slide fo'metef the pdﬁdef flow and to maintain a constant
powder hegd. A photograph of ‘the rolling mill assembly is given in
Fig. T(a). | |

A roll gap of 0.012 in. wﬁs used in all expefiménts. There
appearéd‘to be a maximum_roll gap, above which compaction could not .
be accomplishéd. For finer powders,-ﬁhich givé fairly good green
strength, 0.012 in. seems_td be an optimum value.  Also with'this gap,
adequate porosity was obtained in case of -270 mesh, and -T50 + iOOO
fraction powders. A roli ébeed of S5rpm at which the strip emergeé at

2 %-feet.per minute was used throughout.

C.: Sintering of Green Strip

1The”gréen strip emergihg out of the rolls ié strong enough to -
supbortia féw.feet of its owh weight. The surface appearancé and the
green strength vary_with éifferent powder fractions for the same roll
 gap and roll speed. |

Samples 3 inches long of the green strip were mounted #érticaily
on a tantalum holder. Sintéring, infiltration and heat treatment were
all dong»in an ABAR vacﬁum furnace. The heating element was a split
tungsten mesh cylinder, 1 iﬁ. in diameter and 2 %-in.'lohg. A maxiﬁﬁm
temperature of 2350°C, and vacuum 2 X 10-5 torr or better could be t

obtained.. The tantalum holder with the samples was held by a stainless

steel rod passing into the furnace top through a vacuum seal.

EY 3



Sihtering conditions‘wéfe 2225°C for 3 minuﬁesvin a vacuum
<k x 10*5 torr; with a pfeheat'for a few minutes at 1900°C. Siniefing
time_waévnot found to be critical at this témpéréturel There was nd
detectable changé'in porosity when the time was inCreaséd'to 6 minutes,
and thé‘ductility bf'the sinferéd strip was practically ﬁhe same.
However; much iéﬁger times drastiéally décréased the porosity. It was
foﬁnd that 1/2 minute-holding at 2350°C (close.to.the melting point of
hiobiﬁm) produced the same pbrosity.and ductility that were obtained
at 222560 for 3 ﬁinutes. This would mean that'on a continuous

‘fabriéation syStem;-the length of the heating element éould be reduced

“to 15 in. for a stfip emergihg at 30 in. per minute from the rolls.

Thé‘témperature was measured using W-5 % Re Vs W-26 % Re thermocouple.

A check by a radiation pyfometer was also made, as well as temperature

chéckéfupto 1700°C made with a Pt-Pt.le% Rh fherﬁocouple. |

| F.In the ABAR furnace, strips of leés than 2 %-in..could be
sintered. The length was limited by the length of the heating element.
To méke_strips 8-10 in. long, which were requirédvfor short.sample

tésting in steady-fields, a T in. long extension sleeve was instaliéd

on top of the furnace. The long strip was paééed through the sleeve,

with the lower 2 %-in. in the element. The strip was lowered vertically

at the rate of'l'in./minﬁté,'so that the entire strip was sintered

’uniformiy in about 3 minutes.
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D. Infiltration

The'qﬁench pot attachment facility in the furQECe wa.s ﬁsed_fof
holding a¥lO in;.iong quartz tube, in which tirn bath wﬁs held in a
graphite.crucibleaheéted externally. The'furnace set upbis shown in
Fig. 7(b). The sintered sampie; when cooledeas ldwered into a molten
tin pool stabiiized a£:6sodc. When dipped in the pool, tin flowed
into théIinterconnécted'network of poreslby capillary action. Tempe?a—
tures lower ﬁhan SSO?C_reSulted in parﬁial or'no‘infiltration. Tempéra—
tures higher ﬁhan 650°C,and-longer.times at this'temperature_led to éhe
formation of Nb65n5; The formation of this hard brittle intermediate
ﬁhase had to be avoided, at least to the extent no significant .amount
of this formed-ét the intérface,. Otherﬁise tﬁe rollability of the |
infiltrated‘strip would be very badly impaired. 1-2 minutes at 625-650°C
-wasvfoqnd to be the optimum tinme. _The_infiltration and diffusion héat
treatments can be cérriedvout Simultaneously in the tin bath; but this

precludes mechanical wbrking.of the strip.prior to the heat treatment.

E. Gold Working of Infiltrated Strip ! |
The motive for cold workihg the strip prior to the diffusion-
reaction‘was to obtain elongated tin filaments in the microstructure,:

which upon alloying would form fine Nb_Sn filaments. With proper

_ 3
infiltratioﬁ, it was found that the rbllability'of the strip was fairly
gbod. The problem encountered was the edge-cracking. After about 50% -

reduétiqn, achieved in 3-l4 passes, the edges-developed tiny cracks,

which,kunless'filed or trimmed at this sﬁage would prgpagéte and break

-t
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thé sﬁrip. ~ The strip could be rolled >fromvl6.m.iis to 1 mil thiékness
with about,QS%'feduction. This was.éccomplighgd in slow stageé, with
ihtefmediéte frimﬁing of the edge cracks. .

It was found fhét some tin erm the pores had squeezed out during
coidvreauction because of the morpﬁology of the strip; and the difference
in flOw.étfesses'of‘niobium'and tin. There was a pfogfessive‘reductign
in the volume fraction of fin with increasing'mechanical.féduction, as
can be h6ted in thevﬁhoto micrographs, Figs. 5(a) to (e). A correlation
of the amount of tiﬁ lost with the degree of cold.work is shown in
Fig. 8. :The foll pressure was anothervimportant parameter. The higher
the roll pressu?e, the greater was the amount of tin squeezing out for
the' same reduction. The micrograph of the 95%vréducéd sample (Fig. 5(d))
shows-qa&ities in niobium;_whén severely réduced,uhdér relatively
high rollipressure, the cavities closed; squeezing>out tin, but.when
the preésﬁre was released, the cavities opened up elastically.

So, rolling beyond 85 to 90% is not recomménded. Extreme-useful

- reductions could possibly be accomplished if the strip is worked at a

temperature below the recrystallisation temperature of tin.

F. 'Diffusion Heat Tréétment

The diffusion heatrtreatment was carried out on short samples at
teﬁperatuﬁes varying from 800° to l?OOoCband for times ?arying.from'a
few minufes up to two‘hours;‘ The microstructures of one;'ésvinfiltrated',
samplé fréated at 1000°C f§r 16 hours, are given in Figé.v9(a) and‘(b).

The heat treatments were done either in vacuum, in inert atmosphere,
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or in & molten tin bath. Vacuunm heat treatment had a deleterious
effect bﬁ.the surface Of thé sample. Tﬁé‘tiﬁ efa?érated from the
surfacé;.ieavingvthe porés open. Thevvapor préssuré of tin is‘lo_h torr
at iOOOECAlincréasiﬁg'tb 2 torf'at l?doéc, :Hééf treating in an:ineft

' atmdsphérenﬁinimized vdporization.' However,vefforts torget a ducﬁile
samplé by sinteriﬁg in He or Argon,.could not benmaterialized but
fhere'is:no reason wﬁ& this should not be possiﬁleﬁif an ultra pure
ineftvgas is used.

Tt is doubly advantageoug to do the heat-fréatment in a tin
bath as this can réauce the stéps in the fabrication process,.because
a final tin.dip is essential to facilitafe soldering of the strip.v:A
- heavy COating of tin adds to thé stability of the composite as a
:superCOnductor, and moredver éllows ﬁhe composite to be bent Qithout

'breaking.

-
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IV. EXPERIMENTAL METHODS

A. Metalldgraphy
Théfdnodizatién method deséribed‘by ?icklesiﬁierl6 was‘used forv
delineating the phases pfesentAin the samples. The samples were
prepéré& for anodisation by mounting.in a méuntiﬁg_pdﬁder, abrading on
silicon carbide papers down to 600 grit, and micropolishing using b.o5u
alumina as a thick slurry, the liquid being composed of 10 cé of ld% NaOH,
5“ccvof.H202

anodisédﬁat 27 volts for 6 minutes, using a solution of 240 cc ethyl

and 140 cc 6f‘disti11ed water. The sémples were then

alchohol, 40 cc of distilled water, 20 cc of phosphoric acid,

Lo cé?lactic acid, 80 cc glycerine and 8 gm ciric acid kept at room

température. The_anodising conditions were similar to the ones used

T

so the characteristic colors were well standardised:

NbBSn.alWays anodised dark blue or violet, Nb 1ight blue, Sn yelloﬁ,

Nb6Sn as reddish brown color.

5

Volume fraction analysis of Sn and Nb_Sn in various samples was

3

tried by a two-dimensional systematic point count method. However,

, this was too tedious, an improvised method was adopted. This consisted

in weighing the photomicrograph, then cutting out the part corresponding

to the phase in question and weighing that part.. The weight ratios

would give the volume fraction accurately.

B. Electron Prébe Microanalysis

'_Electronvprobe micro&naleisvwas performéd on a few samples. The

3

parégfwith those from thé unreacted niqbium an&vtin phases also in the

characteristic x-ray intensities of NbKa andenLa from Nb_Sn were com~

'

B
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 same énddiéed sample; theréby avoiding the errofs aésociated with ﬁéing
differéhf'sampleé. Variations in the anodisation could affecf the
cdunts fibﬁ niobium in parficﬁlar,IS but the error:involved was con-
'siderea negiigiflefls The_fatios were correctéd for absorptidn effect
as.pervfhé'procédure'laid out in NASA PUB TND "~ 298&. The purpose of"
the apalysis was £o>determiﬁé ﬁhe coﬁpositibn“éradient,_if ahy, in
Nb3Sﬁ; astﬁ

Sn is knowﬁ to have tin cohtent varying from 17.5 aﬁ.% to
26 at.%.

3

The 'as infiltrated' sample heat treated for 16 hours at 1000°C,

. containing about 80% Nb_Sn by volume, was used for a broad analysis.

3 v
A volume fraction of 24.2% Sn is required to convert the nicbium into

3

o averageﬂvolume’fraction ofvabout 21% in the center, while at the

ektféme edges, the volume ffactidh‘wasvabout 33-34%. Thus after 16 hours

of reaction, as shown in Figs 9(a) and (b), the central portioﬁ was

3
Sn, with very little Nb.-

predominantly Nb and Nb Sn, with very little Sn; while at the edges,

there:was Sn and Nb

3

o . ‘ *
- Microprobe analysis was also made on specimens Nos. JC-3 (L.s. in

‘ E . 1.2 . . : )
Fig. 12 and JC-4 (C.s. ~in Fig. 13a). (The cross sections of specimens,

Nos. JC-1 and JC-2 are.given in Figs. 10 and 11.) The phases were so thin

in’thééé samples.that the écannihg had to be done in 0.5 micron step.

It was confirmed that at portioﬁs whére there was Nb-NbBSn two phase

equilibrium»theré Was no compositional gradation. The composition was

¥ E ‘ e
Longitudinal Section .
L I

’ Crosg Section

Nb_Sn of ot at:%'Sn.  A typiéal -QTO.ﬁesh samplé'cross—Section showed an
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estimated to be around 17 to 18 at.% Sn, the stoichiomebry referred to as
' 5,19

‘thSn_in the earlier literature, But in regions where Sn was

- present with Nb_Sn (with or without niobium), there was the expected gra-

3

dation in Nb_Sn from about 18 at.% Sn to 26 at.% Sn. Also at the tin rich

3

v ihterface in samples JC-2 and JC-3, because of their comparatively slower

3

observed. Thesé_findiﬁgs were in compliance with the phase diagram

cooling rétes, a thin layer of'the order of O.5_micronbof Nb_Sn was

given in Fig. lh.la"

C. X-Ray Methods

Filings from the rolled and reacted samples were used for x-ray
analysis on a diffractometer using CuKo radiation. The analysis was
" limited to phase identification. . The analysis was done only on -samples

JC-2 and JC-4. The presence of NbgSng

was found in both samples.

D. Transition Temperature Measurements

'Temperéture was measﬁred in the cryogénic range by meéns of a
germanium resistance thermometer calibrated to within * 0.1°K (Texas.
Instruments Model 106) over the temperature interval from h.2°'to L0°K.
The probe used was wired for two samples and it was a four poiﬁt pfébev—
a sqhematic of the circuitry is given in Fig. 15. The probe consisted
of a copper block with:two germanium thermometeérs on one side and the
pressufé contacts for mounting the sample on. the other éide. A copper
cylinder cap was used to cover the copper block to avoid sharp théfmgl
gradieéents, The probé with ﬁhe-saﬁples was_lo%ered into:a long%neékl

liquid helium Dewar. A temperature gfadientvinﬁits neck over the liquid
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He level wesdused as e means for obtaining different sample temperaturee.v.
The_pfobe”ﬁas held for about lo—ls‘minutes until thermal equilibrium . =
was oBtainedvin the probe. Vertical moveﬁent'of fhe proberproduced the
_deSired-téﬁpefature’variation. A’eﬁfrentﬂof one milliampere waé passed ’
through fhe semple,.ehd the_voltage across fhe‘eample was measured

‘with a,Nopofoltmefer (Aetfodate.Model i?l RZ). ' A current of 10 micro-
amperes-ﬁas:paSSed”throﬁgh'the Ge thermister. Both the voltage across

“the Sample-and the fesiétance‘of the thermometereWere suitably ampiified,

and theISignals were recorded simultaneously on an x-y recorder. Tﬁe
resistance_transition was taken as the tempereture et which signal

became zere (within the'sensitivity'of the instrumenfation).v Thé,

therm;ster resistance at,ﬁhich this happened wae'converted into. the

'temperafure using the supplied eelibration date, The width of the
transition-was definedfas the temperature difference between 10% and

'90% of the total voltage 51gnal recorded in the normal state. The 3

crltlcal temperature data obtalned are recorded in Flg. 16 and 8 dlscus

s;on is given in Chap. V., Sec. A.

E. Current Density Measurements

Current density measuremeﬁts were made in‘the Superconductivity
Laboratory (in Bldg 64 - LBL) Two magnets in series with a total
cap301ty of 90 KG were used each being 4 in. in dlameter, 2 E-in. long
'solen01d .wouhd of 0. 065 in. tw1sted cryomagnetlcs wire. The T in. long
1nf11trated strlp obtalned as descrlbed in Chap. ITI, Sec. C, was'relled

' down.to the_de51red'th1ckness and then'coiledjto a 1 in. diameter before

reéc%ipé}(by dippihg into the tin bath'heated'td the reaction temperature).
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Table I. Case HistoryxofiﬂHESamples, Prepared for .Current Density Measurements..

Sample Designation: Powder ‘Mechanical Specimen Length Vol. Fraction
. , Mesh Size Reduction C.S.Area inches of NbBSn
' % %
Jc-1 © SP 710303 -270 50 .086"x, 008" 12 ~ 5
JC-2 ~ SP 710315 ° -270 5 .055"x, 004" 8 ~ 11
Jc-3 SP T710k22-A  -T750 + 1000 75 .060"x. ooL4" L2 ~ 13
JC-k SP T10422-B  -T50 + 1000 90 .050"x. 001" - ~ 22
Note: All Semples: Roll gap: . 0.012 in. , roll speed:

Infiltration:

Sintering: 6 minutes at 2225°C.
I minute at 600°C.

S5rpm

Heat Treatment in tin bath: ~'2>minuteé'at 950°C.

..L*[_

s



=18-

The "short sample" coil so obtained was slipped on a 1 in. shaft mounted

oﬁ a'3/h_ih. dismeter rod; whiéh was theh'inéerted-into the center bf
the solenoid. Voltage connections &ere made close t; the ends of the
saﬁple.winding and wére broughf fovthe top of the Dewér. The voltage:
across the sample was measured with a chopper‘amplifier, which gave
a maximum sensifivity of 1 microvolt per division oh the multichannel
recorder. Currents in the magnet and in the samﬁle weré'monitored_by
series shﬁnts and a field signal was obtained from a bismuth probe |
mounted on the sémple holder. -All these signals.were recordéd'con; '
tinubusly: The resistivity was chputed from the ¢ross-sectional area
- of the.superconductor; thé lengthgof the sampie'and the current and
voltage._

.vHigh'resistivities afe undésifable; The,resisti#ity of Copper

8

at 4.2°K is 2 x 10"~ Ohm-cm. To avoid excessiVe resistive heat

generatibn, a 'design-maximum' current density for a superconductqr _
should be determined at an arbitrary resisti#ity; such as p = 10-12

Ohm--cm.20 So, in the short sample characteristic given in Fig. 18, the

data points of constant resistivity are plotted. The points were obtained

from the resistivity data given in Fig. 17. The case history of the

sampléé used for these measurements is given in Table I.

5

;:Thevpulsed field measﬁremegfs ‘made on thé sample JC-2 show that
the ?alues agrée quite weil with the sfeédy—field values when the
magnetic.field rise time is long enough, or'wheﬁ the réte of field
change'dH/dt is very small. This is the case when the field is at the
peak; tAlso in this'method, electricai 'noisé"limits.thé sénsitivity to

21

Which.fhe 6nset of resistive field can be'measgred.

¥

N
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V. EXPERIMENTAL RESULTS AND DISCUSSION

A, Critical Temperature Measurements

"Té'values'betweenv18.1°K and:l8.§5°K were:ottdned for most of the
samples tested. Considering.the very short times (l;3 minutes) of |
heat treatments, such hlgh T values suggest that the A-15 phase 1s‘
formed extremely readlly. Also, the observatlon that NbBSn of 18 at.% Sn

had as;high a Tc as the stoichiometric Nb_Sn is not in agreement with

3

some'reperts,22’23 that Nb'ricthb3Sn has a lou T', but is analogus te
the results of Reed et al. 9 and Courtney et al 2h |

It is stated25 that high transition temperatures such as 18.1° to
18;3°Kffor_Nb38n can only be obtained by an ordering formation at
optimum temperatures between 950° and lOOO°C,:but the presentdinvestiga—
tion showed that the‘Tc was fairly insensitive te temperatures between
900°fand:l300°C when the time of heat treatmentdwas limited te_one hour.

The Té was also insemsitive to the degree of cold work prior to the

diffusion reaction, although cold work assisted in the formation of

3

Nb_Sn at lower temperatures such as 800-850°C. This supports the .

18

:observation of Charlesworth et al. While the 'as infiltrated' and

reacted sample did not show any Nb._Sn, the 50%, 75% 85%, 957 reduced

3

and reacted samples gave fairly high T, values (17- 6° to 17.9°K),

At higher temperatures (> 1Loo°c), for short times of heatvtreat—
ment; very broad transitions were observed - transition width of about
9.5°K was'obServed. Wheh.the.heat treatment time was limited to a‘few
minutes,dthesstart of transition was at 18.2°K, and complete transition

occurred ‘at 8.7°K - the T_ of niobium. It appears that if the heat
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treatment time at high temperatures can be kept'infinitesimallybsmall,
the T can be held at 18.2°K. : : -
3Sn at 1000°C, before the sample

was taken to higher temperatures in vacuum, lest tin should evaporate

All thé_tin was converted into Nb

rapidly at thesé temperatures{ A sampie thus heat treated at 1700°C for
one hOUf_showed'a émali ATC bﬁt had'a’Tc'='8.T°K énd was ductile, sug-
gesting that thevétrip cohldvbe"just nidbium. _Ahofher sample similarly
_hégt pfgéfed but in an inert'atmospheré:gave a Tc-= 6.7°K, with a.small
ATc and thé sample was brittle;

For iOﬁger heat treatment times e.g;, an hour, broader transition
widths were observed even at 1400°C. For mﬁch longer periods of heat
_treatméﬁt large ATé‘were:obserVed'evén at l3dO°C. However, when the
environﬁent was anlinert atmosphefe, the degradatioh in TC with the
time of heat ﬁreatment wés hindered at these»fémperatures.

’ Weight,méasﬁremeﬁté of the samples were made prior to and aftef
the he@t #reatment.. Lérge weightAlossésvwere'obServed in samplés 
treated in vacuum at temperatures > 1#00°C, suggesting that the tin

was volatalising from the Nb_Sn lattice. The total loss of tin, observed

3
in some samples had made them ductile. In inert atmosphere, tin had
‘less tendency to volatalise.

These findings are in agreement with the observations of Courtney

L : ' - .
et al.,? who correlate the decreases in transition temperature with e

the deviations from stoichiometry, with the decrease in the lattice
parameter and with_the increase inh tin loss.  They conclude that the

A chain in the A_B structure must be<preservedvboth in continuity and

3

direction for high'Tc.
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B. Current Density Measurements
Critical currents, characteristic of NbSSn,were measured. At
80 KG, for sample JC-2, the current density in Nb

3
Amps/cme'at a resistivity = 10710 Ohm-cm. At 150 KG, as measured by

L

Sn phase was ~ 2,7 X 107

pulse field technique,.the current density was ~ 6.5 X 10 'Amps/cm2

at a p #_10_8 Ohm-cm. The details pertaining to the samples prepared

-for current dénsity measyrements are given in Table I. The resistivity

data obtained on sample JC-3 are given in Fig. 17. The slope of the

lines_defined the breadth of the mixed state at various. fields. The

12 C

current densities at two resistivities 107 amd-lo_l Ohm-cms for

“different fields obtained from thié figure were plotted in Fig. 18

,gi§ing the»conventional'shorf sample characteristic. Sample JCc-1
(C.S‘in'Fig. 10)'w§s prepéred'in the.same way as JC-2 (C;S in Fig. il)
but had only 50% deformation prior to the reaction. Tt had lower
cufreﬁtbdensities than the sample JC-2. This mighf'have been the

result of the less filamentary nature of Nb_.Sn in this sample.

3
- The above samples were made by coiling andvthen reacting. They
were mounted on the sample with great care taken hot té disturb the
3Sn filgﬁents break.; ngple JC-2 was tested in
this way. Later, the sample was unsoldered'frém the contacts,”uhcgiled
and was then reverse reéoiled aﬁd was aggin moﬁhtedvand'testéd. The

current densities rémained‘practicéily the same, suggesting that the

superconducting helix could sustain such coiling and»uncoiling; at least

~to 1l in, diameter with no deterioration in superconducting properties.
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VI. GENERAL OBSERVATIONS AND CONCLUSIONS

A. Flexibility

"The fléxibility of the strip was dependent on the thickness of
the‘superconductinglfilament. There was & ériticgl fhickness beyond
which ‘the strip would bresk if bent into 1 in. diameter; this was
around‘h—6 microns. Obviouéiy, there ﬁas no point reacting any sample
for longer periods so as to obtain larger volume fraction of Nbésh‘as
the thickness of the filaments'ﬁould'haVe been greater than the éritical
size. It was found that for gobd flexibility, 3 minutes was the
maximum time of‘reaction; So; the only way to enhance the volume
fractioﬁ_ﬁas to increésé_the reaction surface. .This was done by
‘elongating the tin into filamentary form by mechanical,réduction,
althdpgh this resuited in some tin squeezing out. Thus, for 2 minutes
of reaction, the volume fraction of Nb

3
about 5-6%, while in 75% reduced sample, it was 11-12%, and in 85% it

Sn in a 50% deformed sample was

was about 25-30%. . Thus for flexibility, the optimum,reduction was

around 85% and the reaction time was 2 to 3 minutes.

B. Stability
) . . . I
Because of its high pinhing;strength, Nb
o , .

3Sn is intrinsically very

unstabie; As the magnetic field is increased, closed loops ofvcurrent
are formed. They are generally unstable, and may suddenly decay with
‘evolution of heat. -This rapid decay is known as flux jump and may cause

a local rise in teﬁpefature sufficient to change the superconductor to

the resistive state. The instability is partially overcome by improving

-~
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the thefmal»environment within the cOil, and by'bonding the super-
conductor to a normal metal to provide a'temporary alternative current

path. In the Nb- Nb3Sn—Sn three phase compos1te, in the event of & hot
-6

~ spot, Nb with a normal state re51st1v1ty at L. 2°K p = 5x 10 Ohm-cm

and Sn with Py = 10f6 Ohm-cm 21 (compared to the p of Nb3Sn = 10

Sn phase. The'éombination of tin and

=5

Ohm-cm ) will stabilize the Nb3

niobium carry the same current with less voltagevdrOPVthan normal

Nb3Sn. So the current density of the Nb3Sn will decrease when the

Nb3Sn resistivity in the mixed state rises above the resistivity of the
Nb-Sn combination. Thus, a good tin coating on the strip enhances the

stability as well as the mechanical properties.

C. Other Optimum Parameters

29

Old and Macphail = have shown that the Nb_Sn forms partly by

3"

diffu51on and partly by a solution—depos1t10n mechanism The latter

mechanlsm is more dominant at'higher temperatures, thereby causing a

~slower growth rate. If the totally diffusion controlled reaction

0. 5, x being.the layer thickness

after a time t. A combination of the two mechanisms modifies this

equation to x = Kto'36, in the temperature range of 950° to 1150°C.

Since the activation energy of the solution—deposition process is:ldw,

it is hard to eliminste its participation.: The best way is to minimize the
3Sn layers.29

The cold work prior to the reaction made this possible by elongating the

amount of tin. This leads to improved uniformity of the Nb

tin, and enhancing the-suffece area. 'Also,eas observed in Chap. V,

Sec. B, Nb_Sn formed at lower temperatures such as 800°-850°C, when
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aééisted by the prior cold work. At 850°C, the diffusion mechanism'

0

following the usual equation x2 = 2 Dt (D ~ 107+ ¢m2/sec at 950°C for

Nb3Sn) is most likely to predominate.

Higher degree'of cold work, low reaction temperature such aé
]

850°C, and very short reaction time (2-3 minutes) tend to keep the

grain size small. This is advantageous, as the flux pinning in Nb3Sn

is believed to be‘predominantlyfoccurring by grain boundaries.3o?3l’32

Also the-filamentary form of Nb

3
It is stated33 that there is a criticalvthickness of the supercon-

Sn enhances the pinning of fluxoids.

ducting film below which there is & significant increase in H_ ,- This

2°
_ 2( 2A o

~eritical thickness given by dc = —E%%Y_ . For NbBSn, A = 29008 and

K = 34, Thus d, = 380A. Although by the present fabrication technique
-such a thin film can be formed by quenchihg after reacting for a few

- seconds, fhe question remains, whether such a thin film network wbuld

be continuous.

‘D. Potential of the Compdgite as a Practical Superconductor

The feasibility‘of continuous fabrication into the fin;l form is

" perhaps the most attractive featufe. Perhaps an inert environmént
-Suéh'as_afgon can used dﬁring sintering; Alsd operating the sysfém with
vargonrwéﬁld be a good economical consideration'cqmpared to a vacuuh
system. The possibility of.opérating_with a short cycle time - siﬁfering
taking 1/2 a minufe; infiltration 1 minute, and heat treatmenthFminutes
is anqther‘economical factor. Moreover éontinuity of the proceés,would

simplify the production management greatly.
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' temperature'and'criticgl curfents,dharacteristic'6f Nb3

‘As ‘for. the supércohducting properties,'the composite has critical -
_Sn, and it is

steble and flexible.
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~ APPENDIX A.
CYYSTAL STRUCTURE. AND PROPERTIES OF Nb-Sn COMPOUNDS
Phase Crystal Structure Lattice Parameters T H_
8 b . e v

~ NbSn, Orthorombic 9.838  5.6uk 19.21578 1.89 9_2,65°Kl8,620G (T=0°K)3h-

NbgSng  Orthorombic 5.66  9.11L-  16.993 1.6 - 2.68°k-0:35:36 500_6006(T=2.1°k) 3
"Nb3Sn”' R-Tungsten . 5.282-5.29 for 18 at.% - 26 at,%l8 18.5°K 220 KG (T=k.2°K)

_La_
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FIGURE CAPTIONS

Note: Phase Identification in photomicrographs:

' White: Tin, Light Gray: Niobium, Dark Gray:

3

Nb.Sn.

L : * o ' ;
Fig. 1(a). Edge C. S. of 'as infiltrated' sample made with -270 mesh

pbﬁder LLox. |

(b) Center C. S. of the same sample made with -270 mesh powder

_h§0x; _ !

Fig. 2. Center C. S. of 'as infiltrated' sample made with -500 + 750

\ mesh powder LLox.

mesh powder hhox.

'Fig. 3. Center C. S. of 'as infiltrated' sample made with -750 + 1000

‘Fig. b. Center C. S. of 'as infiltrated' sample made with ~1000 mesh

powder LLox.

1»270 mesh powder Lhox.

(b). L. 8. of infilﬁréted and 75% rolled
=270 ﬁeéh powder‘thx; | -
’<¢).' L. 8. of infiltrated and 85% rolled
_—270 mesh powder thx;: 8 |
(@), I.s. of'infiltrafed and 954 rolled

. =270 mesh;povder &%Ox;v  L |
(e).  L. S. of.infilt}atéd ana'7s% rolléﬁv
.iOQO mesﬁ‘fraction of Ib powder.

* o
S 0. 8y Crogs Section
Longitudinal Section.

sample_made
sample made

sample made

sample made

| N o . | R
" . Fig. 5(a). L. S. of infiltrated and 50% rolled sample made with

with
with
with

with =750 +
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6(a). Scanning Electron Micrograph of —500v+ 750 mesh powdef_250x.

(b). Scanning Electron Micrograph of -750 + 1000 mesh powder 250x.

(c). Scahning Electron Micrograph of -1000 mesh powder 250x.

T(a). Photograph of the:Roliing Mill Assembly.

(b). Photograph of the ABAR furnace set up for the infiltration

of the sample.

8. -Correlétion of the amount of tin squéezing out with the degree

of cold work.
9(a). Edge C. S. of 'as infiltrated' sample, made with -2T70 mesh
powder, and reacted for 16 hours at 1000°C. - hhox.

(b). Center C. S. of the same sample. LLox.

10. C. 8. of Specimen No. JC-1 680x.

11. .C. S. of Spegimen'No. JC-2 680x.

12; L. S. of Specimen No. JC-3 680x.

13(a). L. S. of Specimen No. JC-L €80x.

v (v). t. S. éf Specimen, 81% reduced, reacted for 2 mts. in
ﬁélium at 1200°C.‘ |

lh.- Equilibrium Diagram of Nbfsn system}8

15. Schematic_of‘tge circuitry used fof transition:temperatufe

- measurement, -

l~(a)._ Sample Connections.

-(b).  Theronister Connections.

16. ‘Variation of Transition Temperaturé with the Reaction

Temperature for times of'heat treaﬁment, varying from a few

. “minutes to one hour.
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Fig. 17. Resistivities of sample JC-3 for different current densities
at different d.c. fields.
Fig. 18. Short Sample Characteristic giving the current densities for

different fields, for Samples JC-1, JC-2 and JC-3.
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Fig. 1(a)
Fig. 1(b)
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thOx'

Fig. L.

Fig.

XBB 7112-5786
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Fig. 5(a).
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XBB T011-5225
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THICKNESS OF THE STRIP IN MILS
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Fig. 8.



Fig. 9(b).

LLOx XBB 7112-5781

Fig, 10.
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Fig. 13(b).
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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 Atomic Energy Commission, 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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