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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
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
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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of the most recently discovered compounds). Some of these materials are
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INTRODUCTION

The existence of supércbnductive cerémiq compounds has been recég—
nizgd for more than}thirty—five years. In the early 1930's the interest
level in superconductivity was high. -This active period was followed bLy
one of decline unﬁil 1961.when there wasja~rekindling of interest because
éf ﬁhe discovery of high-ﬁagnetic-field hiéh-ourrent—density superconduc-~
tors.. In the years between 1930 and 1955, éome research was done on
ceramic éuperéonductorsvbecéusela few of them were known to‘have high
critical temperatﬁres. Characterizatibn of their pfoperties was hampered,
ho@ever; because of the difficulties_involved'in preparing specimens and

the problems encountered in identifying the important microstructural .

features.

Ceramic superconductors comprise a large class, ranging from transi-

tion metal borides, -carbides, nitrides and oxides (including SrTi0,, one
of potential practical importance because of their high-field properties,

whereas others are of interest only because they help to provide an under-

standing of superconductive behavior which may lead to a better rundamental

-undefstanding of_the solid state. The materials aspect of supefconductivity '

is particularly intriguing because of the sensitivity of certain parameterc,

particularly the critical eurrent, to micrpstruéturo,




e elsewhere.

- -

‘A Simple compariSon of the electrical pover necessar} to operate

oonventional and superconducting solenoids illhstrates one reason-that high-
:field superconductivity is receiving so much attention. Specially designed
conventional solenoids,'euch as those in the National Magnet Laboratory,
‘oamrgenerate.stead& magnetic fields up to 90kG‘in a two-inch bore for
extended periods of time; However, to produce a 90kG field, a Current.
ofil0,00QA at-aboﬁt'250v (i.e., about 2;5MW of electrical power) is re-
quired. AOnoe a steady field is'established .the'electrical power merely
generates heat which requlrvs about lOOO gallons per minute or de-~icnizcd
water for removal A superconducting solenoid could generzte an identical
field in the same volume with only ten amperes (available from a power
suppLy_such as an automobile~battery) or about 120 watis. The total
'_eiectrical power expenditure in a superconducting.nagnet is negligible

ih comparison to that comsumed by a conventional eolenoid, and it is from
thie:that the technologicel significance'stems. Cooiing a superconducting -
solenoid to very'low temperatures neeessitates the use of liquid helium
and.eryogenic liquid containers, but even with this handicap, the‘totul
- cost of operating a small~bore superconductlng solen01d is only 2 small

fractlon of that for a conventlonal solen01d
SUPERCONDUCTIVITY

A brief introductiOn_to the phenomenology of supercooductivity will
_be presented'herein. For more comprehensive accounts the reader is referred
(1-3) ”
The most strlklng property of guperconductors, wvhich led to the dis=-
_covery of superconductiv1ty 1n 1911 by H. Kamerllngh Onnes,.;s the lack of

electrlcal res1st1v1ty below a critical temperature, T., which separatcs

C.

superconductlve and normal states. The temperature variation of resistivity




(Fig. 1) shows this characteristic behavior for a solid-solution alloy

(75Nb-25Zr) and for a ceramic superconddctor. The‘resistivity of a
superconductor is truly zero according to experiment as_well ds‘thcory.
Unlike superconductors, materials such as copper with high normal con-
ddctivity show a continuods decrease in resistivity down to the lowest
testihgytemperatures attainable. At room temperature, good'normal_con—
ductors.have lower resistivities than many superconductors. At low
tehperatures, although the resistivity of the normal metals.may be very
small, it is stili many orders of magnitude Larger than the resistivity
of superconductors. :

- The highest known.cfitical temperature is about 18.1°K (for NbBSn),
as is shown‘in Table I.(Refs. 4 and 5); not much lower (17.8°K) is that
for 70 mole % NbN-30 mole % NbC. '

A second unlque property of superconductors is that they are ncreeculy
diamagnetlc at low magnetlc fields, i. e., mgnetic flux is comoletely

excluded from the bulk of the superconductor. This is illustrated by the

magnetization curve for an ideal superconductor shown in Fig. 2. It is

-an experimental fact that <M = H (or.B = 0) at low fields. One Cl&S& of

superconductor (Type I) remains perfectly diamagnetic up to a eritical

| field, Hc, where a first-order phase transition to normal behavior occurs;

bulk Type I materials are low-field superconductors,"i e., H, does not eXm

ceed a few thousand gauss. The other class of superconductor (Type II) is

perfectly dlamagnetic only up to the "lower crltlcal fleld" Hcl,‘where

Long; cylindrical specimens whose axes are parallel to the applied mag-
netic field are used in order to avoid demagnetization effects,

/



e

magnetic_fiux, begins to penetrate the specimen; such samples;'howevér,
'remain largely'superconduétihg up to an»"upper critical fieldf Hée,

. above which normal behavior occurs. Between HCl and Hc , @ supefconductor
: 2

LA]

~is said to be in the "mixed state", a condition 'in which normal filaments
containing mégnetic flux'("fluxoids“)-aré surrounded by a sﬁperconductina_
' matrix.>‘The Type'II class of éuperconduétofs ihclude$ all high-field
_supérconductqrs; Hcglmayvbe lOO»timés larger than HCf

The upper critical field'is.temperature dcpendenf'(Fig. %), rising -
- from zero:at T, to a maximum value at absolute zero. This curve sepafates
the superconducting region from the nofmal area, High-field properties can
. only.be obtained at temperaturés well bélow Tc; Consequehtly; the highe;
' the‘vﬁlué of T, fhe'eaéier'it 1s to make use of high—field'supefconducti#ity
at liquid heiium’temperéfure'(4.29K).

critical current

' A-thifd_important superconductiﬁe property is the
denéiﬁy‘Jc;f Critica; cufreht density is cqnventionally taken to be the _
current dgnsity (at T < T, and H <ch2) which causes the onset of re-
‘sistive behavior. It is a function of temperaturé and of mégnetic fi:ld.
For an_ideal.TypevII material with a reversible magnetization curve, JC
Vshoﬁld be ektrémely small. There is a Lorentz force interaction Between
the current and the fluxoids which leads to fluxoid motion and thus ﬁo’

- resistive behavior. However, if the fluxoids are "ﬁinnéd" so that they
_canﬁot mpve, Jc ¢an beqome very large { and a hysteresis develops in
" the magnetization behavior). Fluctuations in cheﬁical composition on a
micrdstructﬁral scale can lead to fluXoid pinning, énd J, has been found o
to be miéfostructure-sensiﬁive, as sden in Fig;vh fér an Nb-Zr ailoy.
Plots of critical currgnt density vs applied transverse magnetic

field (at constant'temperature) éhow the superconductive and resistive



behavior conditions. Such curves are shown in Fig. 5 for the same
material in two different microstructural states. The zero current'

density intercept gives H . Also indicated on the figure are two
. . ‘

‘possible "operating states" for superconducting solenoids designed to

generate a maximum magnetic field of 0.7 Hc (about 49 %G in this case).
_ . ' 2 '
The operating conditions for such solenolds are restricted to the-

superconductive region where p = 0. The ends of the "design reference"

" curves were kept somewhat below the respective Jc vs H curves to provide

a safety factor. The importance of a large critical current density'for

 solenoid applications is evident from an examination of the simple sole=

noid equation: .

H = 0.4 mI
which can be written inifhe more useful form
‘H = 0.4 m\ Jt,-

where H is the fleld generated by the solenomd (1n gauss), n is the nurber

of turns per cmy, I is the current (1n amperes), A is the geometrical

'packlng factor of the superconductive windings (i.e., the fraction of

the solenoid winding cross section occupied by the superconducting wire),

J is the current density (in A/cme), and t is the thickness of the sole-

_noid windings (in cm.). Slnce J is limited by the material propcrty I

1t is apparent that a solenoid made of the material with the lower J

(Flg. h) would require thlcker windings than one made of the material

“with the higher JC. At the "operating state" (7= 1.5 x lO A/cm )

selected to produce a field of L9 kG with the material of low Jc.it is

. necessary that t =z 6.5 cm, if a reasonable packing factorv(x = 0.4) 1is

chosen. At the "operating state" (J = 7.5 X 10& A/cm?) for the material

of high J, a thickness of only 1.3 cm is required.



most important of which Weregfirst proposed. by B. T. Matthias.

‘been said about the local arrangements of atoms in a cryétal, althoursh

nééessary to clarify this point.

-6

High Jc values are important economically, but another'fqétor.also
imposes a limit on the current that can passvthrough a supercohducting
solenoid. A hoop-stress is generated in the solenoid'windingé because

of the magnetic field generated by the current passing through the wire.

I, For a solehoid that will provide a certain field, the higher the current

density, the higher will be thé'hoopvstress. This stress mpst not be

allowed to exceed the yield Stress for a ductile material or the fracture -

stress for a brittle material.

EMPIRICAL GUIDES

»Although there have been great theoretical advances in the last ten

' yéars, it is not yet possible from theory alone to predict either the
-occurrence'of supefcondqctivity'or the magnitude of the supercondubtive

. properties. Thus, it 1is! necessary to rely upon empirical guides, the

(7,8)

* These are, briefly, (1) certain crystal structures are favorable for the

occurrence of superconductivity, and (2) critical temperature is a systém;

-.atic function of the'numbep of valence electrons per atom.

vauperconiuctivity occurs at the highest temperatures for materials

-having crystal structures with high symmetry, such as cubic; Little has

i

this feature is known to be important, but more extensive studies are

Thé-quaiitativé variation Of,Tc with,the number of valence electroné,_

‘per atom (e/a), as shown in Fig. 6, has been well substantiated for

.

elements, metallic solid-solutions, and, to some extent, intermetzllic

compounds. The transition metal series comprise 2 particularly inter-

esting region where, in the absence of ferromegretic or antiferromapgnctic
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behaviér, maximum velues of Tc occur at e/a ratios somewhaf below 5 and
somewhat below 7. The use of e/a ratios for predicting composition of
ceramic compounds (such as the carbides) having high criticdl temperatures
requires that all atams must be includéd. Oﬁ such a basis the maximun
in T, occurs at the commonlyAQbserved e/a‘ratio of approximately 5.
Héwever, on the basis of the total number of valence electrons per
transition metal atom (e/t), T, is akmaximum'for e/t'$,10; seeATdble.II.(g)-;

We would expect MOC énd We, which exist with the NaCl structures
only at high temperatures, to have high cfiticél temperatures.. These'v
compounds éanfbe retained'in‘the Nall structure by means of rapid_quenching.
AS shoﬁn in Table III, the anticipated high valpes of Tc weré obtained
witthuenched spécimeng.' Furthermore, a'compariéon of Tc'for equilibrium
and mefastable.structufés indicéteszthat the NaCl étructure is more
favorable than the_hexaéon&l structure.

The T, data'in.Tables II and III aie présénted as if gach compound. .
existed only at a fixed stdichiometry. A¢tually, all of the compounds
have rgnges of compositioﬁ, and it—is not unlikely that TC will vary with_
compo;ition. The literature contains‘sédttered Tc.data for céeramic
compbuhds. ‘Glorgi and cQ—workers(l2).mea§ured the T of niobium éarbide '
and tantalum carbide in the NaCl structure as a function of composition.
They shéwed how variable the expefimental'results can‘be:(Fig.‘7); A

change of carbon content‘éf less than 6 atomic percent in N’bCl,x changed

'Te from below 1°K to over 11°K. Since the critical temperature can be

extremely sensitive to composition change, it follows that the effects
of impurities on Tc may also be large.

‘The three primary.~ factors that affect the critical temperature of

‘superconducting ceramic compounds are crystal structure, deviations from

A
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thefcomposition, and imourity content. . Good control Q‘d knowledge of
these factors are necessary in guperconduct1v1ty inves 1gatlonu.
The theory of suoerconuuct1v1ty for hlgh fleld Tvoc IT meterinls

is reasonably well developed. In prlnciple,‘one can predict the umper

eritical field at a given temperature with feir accuracy fram a knowledsze
of Té; the normal-state (residual) resistivity, and the normal-state
electronic specific heat coéfficient.. The critical temperaturc can be - -

wwwww

fmeasured readily, but the specific heat coefflclent is somewhat arl;;cul*
to determ;ne. Therefore, it is ueually eaSier to determine experimextally
H . There are no reliable empirical guides for estimating the variation

C2
Of'Hc2 with composition, microstructure or crystal structure. The : o

existance of high.critical-temperature is no assurance that Hcl,will o
- - . N , . . . . . . A 2 . N .
‘also be high. -

- CERAMIC SUPERCONDUCTORS
Early‘investigatore studying the superconductivity of ceramic'com_
pounds generally were not ‘concerned w1th mlnor ~compos ition variations.

Some earLy determlnatlons of crltlcal tenperatures were surprisingly

accurate compared to result° reported later (e. g., work by Meil ssner and

'<:o-~workers(13 -17) and by McLennan et al. (18)) One especially inter-

estlng result was thet of Melssner, Franz and Westerhoif( 17) who in
B 1953, found an 1nd1cation of superconduct1v1ty for NbO Althoh”h these
early workers questioned tke rcllaoillty of this v'egult the supercon- ' A

_,ductiv1ty of NbO was confirrcd in 1964, (19) In the 19140'n and oarly

11195O's, superconductlve nloblum nltrlde attracted att entlon beceuse of >
1tg hlgh crltlcal temperature (ovez lH K).(2°‘25) Thevextensivéiinvestin

”%?{ﬁ-: ' ‘gatlon of NbN by Rogener(Qg) in 19)2 has remeined tte most'significaht,

_ work unt;l recently.



. present, Until the work of Giorgi et al.

9.

(26-32)

“VDufing the‘peéf deca&e.Matthias, Hﬁlm and co-workers' . _ ‘haVe'
discovered many neW'supechnducting eomﬁouhds.'_ln their work, they u5ed'.
a magnetic testing technigue, rather than the commonly-used resistive
techniQue,,to determine Tc in ordef to eliminate the possibility of a
buik.speeimen appeering'to be supefcondﬁctive whereae the results migﬁt
be dﬁe to smail, eontinuous filaments of a second phase. In reﬁrospect,
it:seems likely that a magnetic teehﬁique might'also yield misleading re-
sults when a thin continuous superconducting grain boundary phase was |

(12) on MC and TéC, however,

| -the.effects of sfoichiometry variations and impurities were virtually

ignored.

‘A, . Current Research

i
Recent investigataens have been mainly involyed Witﬁ:studies of
ceramic eompo;nds haviﬁé the NaCl (Bl) sfﬁucture. Williams et al.(35)
prepe:ed cﬁbic.NbN compoﬁnds in & previouely'unexplored composition
range. The critical temperatures ef these low#oxygen materials were
fouhd to‘be‘higher than has been reported, and the'fariation of TC with

composition was found to be such that the maximum T, (17.3°K) occurred

somewhat below the ideal stoichiometric composition (Fig. 8). This

6)

W

maximum value is rather close to that predicted by'Ceballe et al.(

for high-stoichiometry NbN. Pessall et al.(35’37) and Williams et al.(58)

-have also investigated the variation of critical temperature witli com-

‘ posifioh'fbr cubic niobium carbo-nitrides near stoichiomefry (Fig. 9).

The NbN-rich solid solutions of Pessall et al. were evidently soﬁewha@

-beldw stoichiometfy, as 1s indicated by the lOW‘repOrtelec values, and

.theerC—gich solid soiution may,have been slightly below'stoichioﬁetry,

as' is indicated by the low‘fé’vu}ue for "pure" NbC (less than the 12.0°K
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" or'a hlgh T niobium carbo—nltrlde. Pessall and co-workers’

from about 118 kG for'NbN neaxr stoichiometry to about 12 kG-for Ao,

: 39
for Nbcl.o).

When various TC data for NaCl structure ceramic compounds and their

solid solutions (based on transition elements of the second and third

long periods),'as_well as for fcc alloys based on iridium, are plotted A
"as a function of valence electrons per atomic volume of the pure metallic
elements involved, a single curve results (Fig. 10). This suggests a

uniform electronic band structure, or, more correctly, a unifornmly

varying band structure for these materials. One implication from these
data is that critical temperatures hlgher than 17.8° K are not likely
to be found for NaCl structure ceramic compounds.
At the Westinghouse Research Laboratories, exten51ve investigations
(35,37,40)
of NaCl structure compound SOlld solutions are in progress AlL
of the SOlld solutions inVestlgated have been variations of either NbN

= | (55, 10)

have

o measured the upper crltlcal fields of these solid solutions and the

critical current densities as a functlon‘of applled transverse magnetic
field.
For nloblum carbo-nltrldes near st01chlometry, the H values at .

€2
4.2°K of Pessall et al§35’uo)and of Williams et al. (38) are shown in

Fig. 11, Although the former found a peak in HC‘ between 10 and 20

, _ : 2 .
mole % NbC in NbN, these results of Pessall et al. can be explained il -

it assumed that their niobium nitride had a-sub—stoiehiometric‘composi-

tion. 'Williams et al. found Hc to.decrease-continuously-(solid line

in Fig. 11) with increasing NbC content. This behavior, with HC varying Lo

2

contrasts sharply with the critical temperature behavior (Fig. 9) where

Té varlcs from 17.3 K Ior NN and 17 8°K for NbCO 7\0 7 to about



3 taining a smallvamountbof oXygen.

A~ 10° A/cm ) for NaCl-type compounds,(

-11_— )

10-12°K for NbC.'Whils Tc.decreases:only about Lo%, Hceidecréases al-
most'go%;vthus, a high_Tc does not nocessarily indicate the exispenoe |
of a high Hééf &nd 50 separate'measunsments of Tc anu ﬁC2 are necessury
to ohafactefiZe superconductors. The‘highest upper'critical fields
found to date for NaCl structure ceramic compounds af 4,2°K are about
153 kG for an NbN-TiN solid solution(Bs),and-about 132 kG for NbN con-
(38) , . _
Thé variation of thelcritical current density (j ) as a function
of ‘the applled transverse magnetic field has received cursory attention
only. (35,hl h}) Some results indicate that Jc is exceptionally low
- 41)

however, no one has varied

the microstructure systematically and studied the resulting Jc levels.

Certainly the possibility of obtaining hiéh Jc levels exisﬁs, as is

indicated by'fhe literature on metaliic solid solutions and by the

preparation of fine NbC-NbN whiskers(he) with J ~ 107 A/cme. Tests in

longitudinal magnétic fields result in'high current density measurements,

but these are of little practlcalwznportance because the transverse-
field Jc‘is the limiting factor in solenoid applications. Turthermore,-

whereas Hé values in the range:ieo-lBO.kG at 4.2°K are potentially

useful, niobium-titanium metallic solid solutions have only slightly

lower Hc values and are much easier to,fsbrioate; Results to date

o) _ _
indicate that future work should be. directed toward the discovery of

. new ceramic compounds w1th higher upper crltlcal flelds, and crystu]

structures other than the NaCl type should be 1nvest1gated

(43)
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.»B. Iuture Work:
-Cémplex_carbides and nitrides having the B-Mn (A15) structure
. appeai to be éspeciaily favorable Tor superconductivity. The 11r”t ‘
Superconductor with this structure, MOBAlgc, was diséoveréd in 190k SL ) .v
'and only threevhave.been found to date (éee Table IV). Whj this
structure is promising can be seen through a comparison of HC2 tOch o ﬁ
at h.e-x (the.rat;o H, /Tc may'be taken as a useful index of the high ‘

magnetic field potential of a class of materials, as can bé,séen in s

Table V). In order to make thls comparlson it has been necessary to .

approximate H_ (4.2 K) for h03A1 C from H (1.2 K) and T (given in

2 2
~Table IV) w1th the theoretlcal temoerature aependence of H " (showm
€2
schematlcally in Flg..B). ‘The result is H, (H 2°K) ~ 126-130 xG, i.e.,
L Co

almost the same as for nloblum nrtrlde, yet T for MoaAlQC is much

lower than that for NbN As a_useful guide, data for NbBSn and for
metalllc golld-soluthn alloys are ingluded; SincevaBSn not.only,-

has the highest known Tc‘but also the h;ghest known HCE, it serves well
‘as the standard for Qomparisop. Thgt Héef(u.2°x)/chfor MbaAl C compares

favorably to that for Nb_Sn is readily apparent (Table V), and both

)

-exceed the values for NaCl-type ceramic compounds. o :
CONCLUSIONS

‘A summary of the effects of the three structural variables on %he

three main superconductive properties.is given in Table VI. Although

" microstructure per se has a large effect on JC, microstructural studies

<

are essential in all supcrconductivity investigations so that in
multiphase alloys the measured TC and.H values can be attributed to

. - : )

- the proner phase, . A conbln‘ tion of ovtical mlcroacopy, electron micro-

probe analysis, x-ray diffraction, impurity analyses and, perhaps,
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phase present in the alloy.

~13a

electron microscopyﬁaré invaluable aids'in‘the'characterization of
materials prepared for superconductivity studies. As-an'example, a

photomicrograph of a specimen of wjkggc (8-Mn structure), wiich had been

" hot-pressed in a graphite die, clearly showed a second phase Tig, 12).

The second phase could not be identified by'x-fay diffraction analysié
because the diffraction pattern for WZRGEC; which is complex, was in-
- ’ ’ . A -

extricably intermixed with that of the second phase, and also, only a

-small amount of the second phase was present. Electron microprobe unalysis

as it should; but that the second phése contaihéd no rhenium (Fig. 13).
The microhardness of both prases was found to Se very-high:‘ It was |
conclﬁded that the Secqnd vhase was probably hexagbnal Wéé, which is not
superconductivé above 4;2°K; Thus, the resﬁlts shown in Table IV for

3 20 seemed cleérly.tb be for that compound rather than for the other )

g

With the ekception of many NaCl-typé ceramié compdundsvand a couple
of‘B-Mh structure ceramic compounds, the_magnetic field proberties of
ceramic éuperconductors éré unknown. It is consideied highly likely that
there are many potentiélly useful but as yet undiscovered o} discovered
but not fully evaluated ceramic superconductors. Cergmists can very likely

make significant contributions to this field through careful preparation,

accurate micrdstructural analysis, and careful superconductivity tests

of ceramic compounds.
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FICUKE CAPTIONS

Representative vuriutiqn of electrical resistivity as a function

. of temperature:for high-purity hormal_metals and for two”high-

critical temperature superconductors.

Ideal isothermal magnetization curves for a. Type I superconductor

(broken line) and for a Type II superconductor (solid line).

Phase diagram for a Type II supefconducfop showihg séhematic

temperature variation of the upper critical field'(Hce) and

~the’ lower critical field (H, ).
" The effect of micrbstructural variation through cold work and

' precipitation on the criticdl current density (Jc)“as a function

of-applied transverse magnetic field at 4.2°K for a T1Nb-29Zr

alloy;6

Critical cﬁrrént'density (Jc) as a function of applied trans-

verse magnefic field at 4.2°K for a 71 Nb- 29 Zr élloy»ih two

microstructural states.(heavy curves) and "design reference"

~curves for superconducting solenoids (light lines).

Qualitative correlation of'critical temperature as a fuhction v

of valence electronsﬁper atam for the elements (modified, after

Ma_tthias).l8

The .composition dependence of critical témperature-for Bl -

" structure nicbium carbide and tantalum carbide,

The composition dependence of critical temperatpre for Bl

structure niobium nitride [0 (Ref. 33), 6 (Ref. 2L), O (Ref. 21),

-V (Ref. 3k4), & (Ref. 55).]
‘The composit ion depandence of critical témperature for Bl

‘structure niobiunf carbo-nitrides near stoichiometry (solid curve)

By s

[x ( Ref.'38)‘t 6‘ (Refs._35&57)~1 g



Fig. 10
Fig. 11 -

Fig. 12

Fig. 13

o | - . "
(right) for specimen shown in Fig. 12.[about 1000x].

-50-
The variation of critical tempefature with valence electrons
per metallic atomic volume for various Bl structure ceramic - -
compounds and FCC alloys based on iridium.

The composition-depcndencé of upper critical field for Bl

~ structure niobium carbo-nitrides near stoichiometry {s0lid

curve). [x (Ref.'38), 0 (Ref. 35, 40).]
Microstructure of hot-pressed W;ReC (B-Mn structure) plus
second phase [250X].u6 .

Electron microprobe display patterns of rheniumcharacteristic

'x—radiation'(left) and;of tungstén characteristic x-radiation

6

»
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TABLE I, Occurrence of ‘Superconductivity

:Rahge of CriticalvTemperaturc

R

" Elements _ ' '-‘ : S 0 - 9.5°K_

Metallic Solid Solutions . 0 - 1h0°k

18.1°K

O
|

intérmetallic Compounds

Ceramic Compounds o SR N 0 - 17.8%K




- TABLE IT - |
Superconducting'PrOperties of the Carbides and Nitrides
) ' with the NaCl Structure '

Total valence

- Total valence

- Compound »électrons Tc( K) Compound electrons Tc( K)_-
" Group ITT : Group IV
Nitrides ) ‘Carbides
“‘ff”ff—f* ) | N ”f“‘”f“—_
- ScN 8 Normal - TiC 8 Normal
YN 8 Normal zZrC 8 NOrmgl
' LaN:, 8 Normal Hie 8 . Bormal
ﬁGroﬁﬁz M. , 'Groupr
- _Nitrides - ' - .Carbides
TIN 9 5.6 VCo.88 8.5 Normal
ZrN 9 10,7 NbC 11.1
HEN 9 6.2 TaC 9 9.7
“Group V Group VI
- Nitrides Carbides -
. VN 10 8.2 Crc (10) - =
ITbN 10 15.8° ¥oC 10
Tali (10) x% e 10
?fﬁormﬁl' 2 not zupereoniuctirg dowm to.zbout 1°K.
TDoen not o 2C1 structure. )
< ¢




i
Pt

L%,

~ TABLE III

Superconducting Critical Temperatures and Crystal

Structures for Some Metastable Compounds

Rapid-Quench
Structare

Cubic (NaCl)
13.040,5 K

Cubic (NaCl)

~12 - 1k.3°K

Cubic (INaCl)
~T = 10.0°K

Compound, v Fquilibrium
: Structure
. MOZCQ Hexagonal
P .
_ 9.0+0.2°K
*¥ . '
MoC _ Hexagonal
9.5°K
_WC . . Hexagonal
Normal to 0.3°K -’
o
Ref., 10,
Ref. 11.

'TABLE IV

Superconducting Ceramic Compounds of the Beta=-Manganese Structure

Hc‘(kGS
2 :

‘Compound rTé(oK) '
Mo.AL.CF 10.0
05150 SRS
W;ReC . o T L= TS
- mb.aL L o lA ' :
372 I

156 (1.2°K)

53,5 (4.2°K)

-t o o @0 0 wm e -

Ref. Lk, L5,
Ref., L6.
¥ per. W7,

*¥
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TARLE V.

. . B .
Comparison of High Magnetic Field Superconductive Materials
- s ] A° 3 _ o " M
Material Hcg(kG) at L.2°K TC( K) Hcg(u.e x)/lc.
T5Nb =257y 70 10.9° 6.4
L5Nb-55Zr 96 - 10.2 9.4
60 w/o Nb-bO w/o Ti = 11%.% 9.2 12.6
(=6 afo Ti) '
Nb3Sn' 221 18.1 12.2
' . : . e} .
”NbNb.95_O.96 118 17.3 6.8
1. | L )-i-
NbCO.iNO.T 114 17.8 6.
Mo, AL,C \- 126-130 10.0 12.6-13.0
1 . ’
,l‘ i‘\
<



! .v.f:‘%..".
| TABLE VI
N : |
: ‘Effect of Structural Parameters on.Superconductive Properties
Effect of - Crystal Structure - - Composition Microstructure
on - ‘ ’ :
V.
- Critical , | |
- Temperature © " Large Large Negligible
: ’LTc] " . ] .
., Upper‘Critical '
. Field- 7 Large Slight
[H, (T)] . ' :
) "
Critical . o - :
Current Density ‘Negligible . Slight Large
[7,(5,T)] R o
: !
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- Very high | 4
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= 10 = mefals ,~Ceramic ]
I - superconductor _
g’) 1 (—)|4._ - |
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MUB 11628

Fig. 2.
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Mixed state

MUB 11626

Fig. 3 ~
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Fig. 4

l I | T | | I
.
" ' _
R 71 Nb - 297Zr
< 1o —
£ Amount of cold work
S B (% R.A.) £§ -
' S ] 0]
= b o 84 .
- , A 96.2 .
0% v 98.7 -
| O 99.2 L :
7% X 99.2 plus optimum W_
A fine-scale precipitation L _
0 1 | 1 | | i‘
O 10 20 30 40 50 60 70 80
H (kilogauss)
MUB-10716
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Fig. 5.
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Column of

periodic—> 0 {a 2a 3b 4b Sb 6b Tb 8b Ib 10b 1b 2b 3a 4a 5a 6a Ta 0

table

T (n) - the qualitative behavior of T,

d shell

Empty Partly filled

C =31~

d shell

L
T

Closed -

—»

d shell

I T 1 1T 1 T 1 T | S — T
Transition-metal Nontransition-
superconductors metal super-

' conductors

w w [7]

= S 1Y

@) (o] P @]

S ° / o

D > 3

- ° o

=4 c c

o S Q

(] (& Q

— 5 !a-’

a Q a

D 3 3

(7] [72] n U

o (o] (@]

4 zZ 4

_J
L 41T 1 & 1 | | 1 1 1
0 2 4 6. 8 10 2 4 6 8
Valence electrons per atom
MUB11629
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| FeAd

2
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ZN-5817

Fig. 12.
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ZN-5816

Fig. 13.



This report was prepared as an account of Government
sponsored work. ‘Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes. any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.






