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SUPERCONDUCTING PROPERTIES OF LIQUID PHASE SINTERED
Nb- NbBSn AND HOT PRESSED Nb5Sn—NbC COMEACTS
R. D. Goolsby, R. H. anes, V..F. Zackay, and E. R. Parker
Inorganlc Materlals Research D1v151on, Lawrence Radiation Laboratory

Department of Materials.Science and Engineering, College of Englneerlng,
' Un1vers1ty of Callfornla,-Berkeley, Callfornla

ABSTRACT"

’ThéiprOPertieé of severalwbulk'superconductors prepéred by two

- powder metallurgical techniques are shown to be related to the

morphology, @istribuiion end composition of the superconducting phasé
(Nb3Sn)m.'In one technique, iiquid‘tin was infiltrated into a porous
niobium compact (1iquid phase sintering), and in the second,.a mixture

of tin, niobium and carbon ‘powders was hot pressed. The critical

-,temperatures, Tc , upper critical fields, H e ? and crltlcal current
. _ _ ep

_densities, JC s werelmeasured;, The superconducting property found most

sensitive to microstructural variations-was that of current carrying

capacity.  The microstructures of specimens having the highest values
of Jc were characterized by a uniformly,distribufedanetwork of .Nb_Sn

surrounding other phases.
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INTRODUCTION

Research in high field superconductivity for the‘past‘décadé.has Been
cehCehtréféd”in two afeaé?'é‘seafch for new materiglé (in either the‘bulk
or thin film'configuratiéns), and the improvement of"commerciai
sﬁpgrcéﬁdﬁcforé,  A steady>imprOVéﬁéht in the prdpérties of commefcial
products‘hés been achieved'with‘cOmposité'structuréég"ana'also by the
control of compésiﬁibn, microstructure and‘defect structure of the‘supér—
conducting maferia1 itself. The research reéofted heréin wés.a further.
attemptvtoueﬁhance the supercbnducting.prOpérties of ﬁb3Sn by optimizihg
the microstructure. | |

The épécific objectivé §f~this stﬁdy'was‘témprepare bulk'super—'

conductors with Nb_Sn present in the form of a network surrounding a

3
second phése. The nﬁmbér of cufrént carrying paths per unit of éross—
sectional afea was changed by.altering processing variables. The teéﬁni@ues
used varied the current carrying capacity while maintaining a high critica1
fémperatﬁre,“Tc,-and a high upper critical field.,.Hc ; Materials were |
pfepare&'by.two methcds. 'In one liquid tin was infiitrated intb a pre-

sinteféd, porous niobium compact, and in the other mixed powders of tin,

niobium,»ahd carbon were hot pressed. The cfitical temperature, critical

current denéity, and upper critical field of the specimens were méasured.

The compositions and structures of these specimens were examined by X-ray

diffrécﬁion, optical ﬁetallography,and electron prebe micrvanalysis.



Specimen‘Pfeparation

The hot pressed specimens were prefared by pressing niobium, carbon,
and tin powders mixed in the ratio of 6:4:3 respeétively. The puriﬁy
levels and powder sizes of the raw materials are shown in Table I. The
powder mixture.was blended in a rotating jar,.placed in é double-acting
graphite die, and simultaheoﬁsly pressed and heaﬁed in a vacuum. The

dimensions of the sintered Spécimens were 3 x 3‘x 10 mm. The die fem-,
peratures were measuréd; With an estimated accuracy of #50°C, ﬁith an
optical pyrometer. Schematics {1lustrating two'variatiOﬁS of the sintering
treatments used are sthn in Fig. 1.
The other type of Specimen'was'prepared'by infiltrating a porous
niobium compact with liguid tin (liquid phase sintering)»in a vacuum.
The porous niobium éompact was producéa by hot préésing cqarse.niobium
powder (+206vmesh) at 1@0000'for 30 minutes with a'pressure of lCOinsi.
.Tin powdér wéé then plaéed in the spacémabove the compactfinbthe graphite
die, and]the.compactﬂwas infiltrated with tin by heating the die at
800°C (1) at a pressure of 10_06 psi for 15 minutes. Finally, the die
temperaturg was increased to'appfoximately,1050°c (Té) for 2 to 3 minutes
with the préssure still sapplied, as shown séhematicélly in Fig. 2. ’The
resulting Spécimens hadvapp¥oximately the same dimeﬁsioné as thqse of
hot.pressed specimens. N
Shown. in Table II is 8 3ummary.of the processing treatments used ih '
this feéearch. 'The_hot pfessed speéiméns‘are numbered 1 through 9, and

the infiltrated ones 10 and 11l.

Phase Identification
The'microstructural phases were identified by X-ray diffréction analysis,
optical metallography, and electron probe microanalysis. Metallographic

identification was aided by anodization, using Picklesimer's solution,;
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: Byrmaintainiﬁg‘standard anodizing conditions (27 volts, 6 minutes), constant

phaéeécblor relationships were obtained. The microanalysis was done on non-

anodized spécimens. ‘These results are shown in Table III.

Critical Témperatﬁre Measurements -

The superconducting transition temperature, T, was measured by

a2 method described by'Némbagh,z This method consists of observing the

‘change in mutual inductance of two coaxial coils surrounding a specimen

as it passes through the critical temperature. The coaxial coils were wound
as primary'and secondary, with the voltage of the secondary being amplified

and plotted on a multichannel recdrder. A germanium resistance thermometer

.located near the specimen was used to measure the temperature. The ger-

manium_resistor was calibrated betweenllh.and 20°K agaiﬁst the vapor pressure
of no:mal hydrogen. |

The critical tempefature, Tc’ was defined as the temperature at wﬁich .
the secon@ary coil voltage was the average of the Qoltages'for the completely
normélland gompletely_sgperconducting states of the $pecimen. »The width
of the transition, ATC, was defined a§ the temperature differenée corres-

ponding to 10 and 90% of the total secondary coil voltage change. The

“eritical temperatures are shown in Table Iv . The accuracy of these measure-

" ments is estimated to bé_iO.l°K.

Critical Current and Field Measurement

The ciitical currents. and upper critical fields ofvfhe siecimens

vere measured»at 4,2°K using a pulsed magnetic field teChnique.3 The

'sparkacut specimens had dimensions that were tyﬁically 2.1 x l.O:x'lo.'mm.

The specimeh was mounted on the test probe such that the applied.

magﬁetié‘field was perpendicular to the direction



he

of the current through the'specimen.' The cu;;ent pdieetwas started prior
to the magnetic-one.acd then stopped at tbe peak fieid.to reduce heating.
(The magnet risevtimé;was lO{msecvand'the maximum field‘available
was 220 kG.). The chenge in the voltage drop across the epecimen
end the magﬁetic field Chenge‘were fcllcwed with a dual beam oscilloscope. s
A schematic}of a typica;‘quaroid £ilm recofd is shown in.Fig. 3. The
voltage induced by the pulsed_magnetic field in the Specimen and the .
attached eres, at zero spec1men current, was also recorded on the Polarcld £ilm.
The latter curve was subtracted from the aforementloned curve to obtain a cor-
.rected curveufor the condition when the current was passed through the

S : . » . - - v

specimen. The critical current densities and upper criticei fields are
A . , . - ‘ |

- given'in Table IV.

©
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- DISCUSSION
The propérties of the bulk superconductofsfwereointerpreted in terms

-of microstrucﬁure and composition. The_procéssing technique employed es=

/fablishedbtheimicrostructure. The- influence of se#éral process variables

.on the microstructure are summarized below.  The objective in all cases

was to obtain a microstructure wherein the Nb_Sn supefoonducting phase

3

was distributed in the form of a continuous network: surrounding a second

phase.

Microstructure

A‘desirable microstructure was obtained by using two variations of

the hot press technique. One was a sintering operation performed undér

& high pressure (8000 psi) at a high temperature (ofg. 1900°C) followed

by & lower temperature treatment (1100°C), as shown in Fig. 1(a). The
second .consisted of hot pressing at a lower témperature (e.g} 500°C) and
pressure (e.g. 2000 psi) followed by a high tembératuréatfeatmeht (e.g.

1500°C), as shown in Fig. l(b)."Photomicrogfaphs_of_thé microstructurés of

- two speéimens'made'by the two variations of the hot pressing technique are

shown in Fig;'h and 5. Both specimens had grains of NbC surrounded by a

" discontinuous network of Nb3Sn. Using the first variétion, a decrease from

abouf 2000° to 1600°C in the initial temperature appeared to favor thé;for-

mation of a higher volume fraction of Nb

3Sn, as shown in Table II. However,

.. specimen number 8, which was made by the second variation, was characterized

by a finer grain size. A higher magnification'photomicrogfaph'iliustratingb
the finer structure of specimen 8 is shown in Fig. 6. When the initial tem-

peraﬁﬁre of reaction was too low, i.e. Ti_f: 500°C,. the less désirable
o . . . o
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structure shown in Fig. 7 was obtained. A further advéntége of using an
intérmgdiaté'value of T, (1050°C) was that compounds of niobium and tin,
other than that of the desirablé Nb3Sn, did not form. Small changes in
thé témpérature and time of sintering for either of the two vériations -
had relatively minor effects on the resulting microstrﬁctufes;

The-micfdstructure of the infiltrated speciméns consisted of niobium
grains surrogﬁded by a mixture of Nb3Sn:and NbSné} >A typical-microstructure

~1s shown in Fig. 8. Microscopic examinations of these specimens showed that

the Nb3Sn networks were diécontinuous."

Critical Temperature

The method of preparation of Nb_Sn is important because both

3

the sﬁperconducting critical temperature and the'transition width

are influenced by metallurgical.variables such as composition and the

- 10

degree of order. In the present study, the critical temperature

~ was found to be directly related to the Nb_Sn composition. Four

3
sintered specimens (numbered 2, 5, 6, and 9) were examined with the
electron béam miéroﬁrobe and the relation between the Chemical eom-
position and the 'fc' are gi.v.'en.in.Table IIT. As the ita.ble shows ,
the Tc inpreases as thevéomposition of the compouﬁd approaches‘the
ideal stoiphiometry. |
It hasvbeen shown8 thatva3

" of Nbenl_x, where x = 0.72 to 0.80, when prepared at 1200°C. Bachner and v

Sn exists over a composition range

»_Gatos? ; Courtney et al.lo, and Reed et al.8 found that above a
cqmposition of approximately 80% niobium, the Tcyabruptly_decreased
to a very low value (about 6°K). Bachner and CGatos’ surmised that the

_ decrease in Té of Nb_Sn was due to the volatilization of the:tin atoms.,

3

with the subsequent migration of niobium atoms to the vacant tin sites

~in the A-15 crystal structure. This would result in a discontinuity
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in theyniobium chains, and in'the'opinion of-Reed et a1.8, the

continulty of these chains is the key to ‘the hlgh T . The results

'Lof the present study are not incon51stent with the conclus1ons of

these investigators.

:j ‘The width of transitionm, AT, is usually an indicator of the
' ' . ' N

degree of nonstoichiometry in the supercenducting compound. From

the chemlcal composition and T data given 1n Table III, no clear
correlation between deviation from st01ch10metry and ATC could be made.

However,sfor the one specimen (number 9) that was very close to ideal

vStoiehiemetry;vATc was very small. No quantitative correlations

, betWeen tne upper reaction temperatures'and the critical temperatures
,were observed, but specimens prepared at lower reaction temperatures
'.usually had smaller AT values, as can be seen by a comparlson of '

" Tables II end IV.

The critical temperatures for spec1mens prepared by the

-‘inflltratlon technlque were typical of st01ch10metr1c Nb Sn and

3°

FN_Were generally higher than those prepared by the hot press technique.
‘This was probably due to the fact that volatilization of the tin
_ oceurred-at the high processing temperatures that were used for -

-sintering.

Critical Current Density

The critical current’density, Jc, is the most structure sensitive

" high-field superconducting property. It is not Surprising.therefore‘

that byithe process control used'in the present study the critiéal

current den51ty could be varled over a w1de range of values.‘ The

_crltlcal current den31ty, Jc > 1s ‘defined as the current den51ty at

)



whiﬁh the .voltage drop éqross the-specimen réaches the normal state value
for a éiven field. Itvrepresents the upper Boundlfor the Supercpnaucting
.state for all fields b?low the upper critical field, ch. Tﬁe ?ritigal
currént.déhsity, JCS, of é supércondﬁctqr is‘the curreﬁt denéity‘af
which a'Voltage'drop across the specimén is first detected for a given
fielq..iThe éfiticélicurfént density; va, could not be'determined

for any of the specimens above fields of 15 kG because the Nb_Sn network

3
was diSConﬁinuous and thereforekthe speéiméns aiways:had a finite initial
resistance. The voltage drop across the specimeh observed at low fields
\was'attribﬁted to éurrént cpnductionvin fhé nbnsﬁpercohducting compounds
NbC,:Nb2C, Nb6Sn55'NbSn2, and in tin, which were the:phases linkiﬁg the
»discbntinuous NbBSn. |

_‘_The JcN Yersus H curves'of some ﬁot pressed speciméns are shown
in Fig.l9;-‘The current density can be calculated in two ways:-‘Ohe
iébtoAﬁse only'the cross¥sectional:area-pf the Nb3Sn:phase, and tﬁg
other‘is £6 use the cross-sectional area of the bulk specimen.v_The
curfenfldensities.obtainéd‘in this study arevreporféd inbbdth ways in>

Teble IV.: Quantitative metallography was used to determine the approx-

imate area ofbessn in the cross-sections of the specimens.

:The'two specimens prépared by the second variation of-the hot
press technique (i.e. 8 aﬂd 9) had higher bulk current densities fér
all fi;lds Below about 180 kG than spgciﬁens 1 through T.. The micro-
structures of these two specimené were entirely different, as is shown
ih Fig. S‘and T. - The microstructgre of specimen number 8 was charac-
térized by a fine grain size and the presence of qnly one'niobium - tin

compound. This specimen had a more- uniformly distributed network of
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be'Sn, which presumably acounted for the higher J  values

°3 . e , o SN

observed for all fields. The influence of elemental tin on the super-

conducting propertieé is;not'kndwn.  The_low.curreht'dénsities observed

ét all'figids for specimen 2 were gvidently dué t§ the nonuniform

distriﬁutidn and unfavorable mdrphology of th¢ phases; as shown in Fig. k.
-:rhe JcN versus H curvés afe'shown in Fig?flo for an infiltrated

specimen and for bne of the best hot pressed specimens. The micro-

structural features of the infiltrated Specimens were quite different

- from those of optimally processed hot pressed spécimens, as can be

seen by comparison of Fig. 5 and 8. It was a little surprising,

therefore, that their properties were so similar.

"The‘Upper cfitical Field

All the extrapolated values of the upper critical field, H s
Cs’
for both the hot pressed and infiltrated spec1mens were within the

rangé of .about 200 to about 235 kG, as shown in Table IV. These values

‘ , 11
of Hc* are consistent with those reported by Montgomery and Sampson
2 ' o

for bulk material containing Nb3Sn.

There did hot appear to be any correlation between the micro-

structure’and the values of Hc2 bbtained. ThiS‘is not surpfising
bécause ch is known ﬁo be largely depéndent on Tc_a?d hot pn the
mqrpholégy‘of NbBSn. The narrow range of chlvalﬁes is consistent with
the-corresponding narrow spread.of T, values (1less thén two.degrges

Kblvin).
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'SUMMARY

" The microstfucfure of bulk higﬁ—field superconductors was varied
by controiling processiné variables. Two processes were used - infil- o
tfafing'a‘porous niobium'cbmpact'Qith.ligﬁid.tin (iiquid phase sintering),
and hot pressing of a tin, nioﬁiuﬁ; éarbonlpowder mixture.‘ The optimﬁm _ v
microsfructure prepafed by both féchniqués consistéd of é network of
supérconduCtinésphase Surrbunding othervphasesf " The critical temperature,
cur£éﬁtﬁcarrying'capacities, aﬁd upper criticai_fields of a number 6f
épeéimehé were measured. Attempté were made to ¢orfelate‘the measured
‘ properties with the obéerved microstructures. - |
VTHe eritical teﬁpefaturés for specimens prepéred by the infiltrgQ

tion.techniqué were typical of stoichiometric Nb_Sn and were higher than

3

most bf'those prepared by hot pressing. The lower critical tempefatures

. obtained'Vith‘SOme hot preSséd specimens weré'probably due to thervol;
afili;étipn of tin at the higher temperatures used.

By»apprdpriate pfoceSs'coﬁtroi the criticai current dengity,.J;N, :
was'faried over a wide:réhge of values. Hot pfeésed specimen_nﬁmber 8,
prepared b& an initial low temperature (1050°C) sinﬁering treatment
followed by a high temperature treatment.(l900§C); exhibitedvthe highest

vcurfent carrying capééity. The micfoé?ructure of this specimen was |
characterized by a fine grain size and the presence éf only one niobium-
tin qémpoﬁnd, Nb Sn. |

The Jc versus H curves of specimens 8 and 10 (hot pressed versus
~ N

infiltrated) were similar in spite of the fact that their microstructural

o/

features were different (because of the differences in chemical com~

position - one Eéing NbC based, the other Nb based).
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A1l the valﬁes of Hc extrapolated to JCN = 0?'(i.e. Hcé) for
both the hot pressed and infiltrated specimens were within the range
of about 200 to about 235 kG. This narrow range 6f values is
consistént with the C§rresponding,narrow spread of Tc values, i.e.
léés than two degrees Kelvin. ' N

.The results of this study confirm the obseratiqns made by
previoué investigators that the microstructure of bulk high-field
superconductors plays‘an important role in determining values of

critical current. Thg results also suggest that by process control

desirable microstructures could be produced which would optimize Jc
N
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TABLE I. Purity, Size and Suppliers of Starting Powders v
Material Purity(l) Powder Size Supplier
niobium 99.9% -325 mesh Kawecki Chemical Company
tin 99.999% -200 mesh Cominco Electronic Materials
carbon < 2 ppm - Union Carbide Corporation
(1) Purity as stated by supplier.
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TABLE II.. Processing Treatments and Estimated

Percentage of Nb_Sn in Microstructure

3 ‘ 3
o ) Specimen ' ': Specimen (1)
Specimen . Temp T Tl?e Pres§ure Temp T2 ,Tl@e Pres§ure %NbBSn
Number Preparation (°C) (min) (psi) (°c) (min) (psi)
1 Hot Pressed 2030 8 8000 llQO iS. 8000 3%
2 Hot Pressed 1950 8 8000 1100 60 8000 8%
3 , Hot Pressed 1930 8 8000 1100 15 8000 3%
N Hot Pressed 1840 8 8000 1100 15 8000 -
5 Hot Pressed 1730 8 8ooo 1100 15 8000 29%
.6 Hot Pressed = 1730 8 8000 1100 60 8000 12%
T Hot Pressed 1600 8 8000 llOO‘ 60 8000 19%
8  Hot Pressea 1050 30 1000 1880 8 1000 10%
g’ vHot Pressed =500 ’ 15 2000 1500 15v 2000 -
10 - _Infiltratéd =800 15 1000 1050 2 1000 5%
11 Infiltrated =800 15 1000 = - - .

(1) Estimsted by lineal analysis.
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TABLE ITI. Critical Temperatures and Electron Probe Microanalysis

Results for Selected Hot Pressed Specimens

T AT (1) Sn in Nb,Sn  Nb in MbSn Specimen
(°K) (°K) (Atomic %) (Atomic %) Number
16.4 2.0 21.6 78.% 6
16.7 1.2 22.} 7.6 5
17.3 .6 - 24.3 75.7 2
17.8 0.3 247 T5.3 9
(1)

ATc is the width of the transition region.
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- TABLE 1IV. Superconducting Properties

S5 only) )

Specimen - T 0T, Hc;f;)JcN(bP;k specimen) JcN(Nb3 ‘ . o
* Number . (OK),‘(°K) (kG) at 120 kG(amp/cm®) at 120 kG(amp/cm®)  (nohm=cm)
1 16.0 2.1 = - SRR -
2 173 1.6 235 1030 | 12,900 - 69
3 159 1.4 200 1610 " 53,700; | ko
4 16.3 3.0 - - o - -
5 ;16,7' 1.2 220 1020 - 13,520 B 111
6 ,ié.h 2.0 215 800 '__j' ,6;660v o 120
7T 17.8 0.2 - - | -‘i | L
8  17.2 1.1 230 3000 27,200 2l
9 - 17.8 0.3 215 1700 | l11,3op, L8
10 17T.6 0.3 . 225 3400 © €B,000 L

11 ~17T.6° 0.2 - - - S

(1)‘.EXtrépolated value to Jé = 0,

(2)"pn 1 resistivity of normal sample at 4.2%
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- Fig. 1

Fig, 2

Fig. 3
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FIGURE CAPTIONS

Schematic of temperatures'and times for two variations of the

hot‘pressing process. Specimen pressﬁre equal to 8000 psi.

(a) Specimen number 2. (b) Specimen number 8.

Schematic of temperatures'and times for=the infiltration process.

-Specimen pressure equal to 1000'psi.

Schematic pulsed fiéld record for speciméﬁ number 2. Maximum

H = 26 kG and J = 3,240 amp/cm?. ", is the highest field at
which specimen shows zero voltageydrop, i.e. is in the superconducting

state. Hc is the field at which the specimen transforms to the

normal state. Between H, end Hé the specimen is in the mixed

S N

~ state.

Fig. L

{.designation: (1-NbC, 4-Nb

Microstructure of specimen number 2 infanodizéd«condition. Phase

3

Sn, 5-Nb6'sn5, 7-Sn). Magnification

1000 times.

~ designation: (1-NbC, L-Nb

| (1-NbC, L-ND

- Microstructure of specimen number 8 in anodized'COndition;'zPhasé

Sn, 7-Sn). Magnification 1000 times.

._Highef magnification of another area of'spécimenﬁnumber 8 (which

ﬁas shown at a lower‘magnification in'Fig. 5);  Phase designa;ion:

3Snb,v 7-Sn).  Magnification 2000 times.



. Fig. 7

" Phase designatiops (1-NbC, 3-Nb, L-Nb

Fig. §
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Microstructure of specimen number 9 in'anodizéd condition.

3Sn, S—NP6SnS . "'{—Sn) .
Magnification 1000 times.

.v . ) . . » L
Microstructure of specimen number 10 in anodized condition.

~Phas.e designation (3_Nb.’ h—N’bBSn, 6-—N’bSné, 7-Sn). Magnification

Fig. 9

Fig. 10

1000 times.

Jc ~versus H curves for specimen numbers 2, 8, and 9. The

N : - . _

values of Jc were calculated from the bulk specimen dimensions
| N = .

and the total current.

Comparison of Jc _versus H curves for a hot pressed specimen
: . N

* (number 8) and an infiltrated specimen (number 10). The

* values of'Jc were calculated fromvbulkvspecimen'dimensiohs

N

_and the total current.

N
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XBB 688-5052

Fig. 4
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XBB 699-6014

Fig. 5
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XBB 688-5058

Fig. 6
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XBB 699-6015

Fig. 7
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: ‘

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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