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Il\T\fESTIGATION OF HIGH FIELD SlJPERCO~l)UCTING COlvJPOmmS 

Zelma Johnston Olson 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Mineral Technology, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

Only three ~-Mn structures (interstitial compounds) are knO'tm to 

·be superconductors, two of.which were discovered at Berkeley. Compounds 

of this type appear to have excellent potential as high-field materials, 

when judged by a comparison of upper critical field to transition tem-

perature 6 A review of the crystal structure and superconductivity 9f 

~-Mn structure compounds is presented here along with a report of the 

discovery of a new superconductor in this structure. (the third of the 

group mentioned above). The new compound is W
3

Re2C, which has a Tc of 

7.4°K. k discussion of the electron-to-atom ratio as applied to these 

filled interstitial alloys is also included. 

The behavior of con~ercial hard superconductors is extremely sen-

sitive to microstructure .. and, the improvement of superconducting properties 

of transition metal alloys by controlled microstructure has recently. 

become very important. A study of the effect of microstructure in two 

phase compounds and· alloys of transition metals is presented. One re,.. 

sult has been tl;1e synthesis of a two phase high-field superconductor 

'-lith filamentary miqrostructure (Nb
3

Sn in a NbC matrix, critical field 

higher than 200 kG at low current densities). A second significant 

accomplishment was the increase of the superconducting transition tem-

perature of' Tn-50 pet. Zr o.lloysby controlline the f'ormat:l.on of the pre-

cipitate within the miscibility gap composition range of the Ta-Zr system. 
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I. INTRODUCTION 

~.L'ne e~.L~ec+ of me+allur'g~cal va~".J..·ables on'su:oe "~. ~. - v v ... _ ;. ~ rconc.ucL.:i.ng properL.:Les 
'I' 

of naterials has recently been reviewed by Livingston and Schadler. k 

They divide nost superconducting properties of a given phase into three 

types; prinary, secondary, 'and tertiary,. in order of increasing 

structure·,sensitivity. This classification is schematically represented 

in Fig. 1. 

The primary superconducting properties are (1) the critical temperat~e . 

T ,and (2) t.'1.c tbermo<'lyn?Jnic critical field at absolute zero, H. These c 0 

properties can be directly related to the Debye temperature e, the density 

of states at the Fermi surface, (represented by the electronic spe~ific 

heat coefficient ,,/), and the electron-electron interaction parameter V. 

The variations of T and·H with concentrated alloying are related mostly c 0 

to changes in "/,. V, and e with alloying, and not to the metallurgical 

structure. 

For an alloy, the equilibrium properties in a l'l'.agnetic field are 

strongly influenced by'the mean free path £, which can be determined' from, 

.the normal resistivity p. Thus the various critical fields H l' H 0' p ,c c~ 

and H 3 ar~ .classified as secondary superconducting properties) as they c ' 

are structure-sensitive to the degree that they depend on tl'.e mean free 

path 1..,. 
.. ' .. . ; ~ . , 

Both primary and secondary propert:i.es relate to E~quil:i:t: :d.un: be-
, •.•. j I,' 

"havior.· T..l"le .tertiarysuperconducting properties are. those r-:~'iJ;?e!'ties 

spec,ifically relating to non-equilibriu,'l1behavior, which are C) ntrolled'. 

by the inhomogeneous nature of the sample. It is these tertj·£!:.'Y or 

irreversible superconducting properties which determine the material's 

r,,' utility as a "hard superconductor" (i. e., 'a superconductor ",hi.ch :is :';'!,~ , 

. " 



-2-

capable of supportirlg densities in :rielcls) , 

It is only idthin the last si:·: 
.. , 

ye2 .. r S '\V'l"C!l the discove:;.';;.r of ':hard. super-

conci.uctor s II) large-scale co~.ercial utilization of :pheno-

menon has been visualized. 

Although there have teen gre8.t theoretical ad.vances in the last 

ten years) it is not yet pos sible from theory alone to predict d.tter 

the occurre:1ce of superconductivity or the :i;agnitudes of the p;:-i::,a17 

supercon~uct:ve pro:gerties. T11l:S it is necessary to rely u:D0rl e:"":'!pi~ical 

guici.es ... the most :L'l1portant of wbicr. "lere first p:;.-oposeci. by 3.'I'. :,;e,t-'.:;l-.:'as. 2 )) 

'l'he.se are) briefly) (1) certai:1 crystal structures a;:-e favorable for tne 

occurrence of supercond.uctivity a:1d (2) critical temge;:-ature is a system-

atic function of the nn.'Uber of valence electrons per atom. 

The crystal structure 0: knmm superconductors hE'.s been a useful 

guide i:::1 discovering others. The classic exar:lple is the large nurener 

of superconductive p-tungsten structure compo)lr..ds. otr.er crystal struc-

tures such as the Laves phases a:1d the X-phase or a-manganese structure 

I show a pronounced tendency to be superconductive. The electronic struc-

ture of the alloy or compolli"1d is the primary superconductive property 

while the crystal structure is thought/to have only a secondary influ-

ence. specific crystal structures appear again a:1d agalrl 

successful superconduction of tech:1ology. 

The Sensitivity of su?erconcluctive prQpe:;.·ties to T.ne st.:i.te of a 

-a.1.e .... -oal -; s ""'os~ ~''''''ono''nc'''Q' -J..'n '" sy~+p~ ~.·.j(-.e;'!::· ~ra"""',; o!=: ,..,"-1+~ c("',i""'r""Io·-::::':-:-·':o· i -'ti v.J.. ,_ ....... ::''". "'-' ~ • ~ ~v __ ·_ H --.c ...... -~ ._v .• ~.~::' ~_v_ .• 

i:1r1G~ogeneity is large enough. 



.,.3-

. . 4 
influenced by measuring techniques and metallurgical structure. 

In this investigation we have searched for .new superconductors) 

using empirical considerations such as crystal structure and electron-

to-atom ratio) and have examined the effects of two~phase microstructures 

on equilibrium superconductive properties of compounds and transition 

metal alloys. 

(. 

. . ~ . 

I···· . 

~" " 

',,' . ,I' 
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II. PROPERTY MEASUREMENTS 

Microstructural changes were studied. by x-ray diffraction, optical 

. microscopy and electron beam microprobe analysis. X-ray diffraction 
. 0 

studies were made with nickel-filtered copper Ka radiation (~ = 1.542A) 

in a scanning diffractometer. The approximate lattice parameters vTere 

determined from low-angle diffraction peaks. 

Superconducting-normal transitions of all samples were determined by 

observing the change in impedance of a coil operating at a frequency of one 

kR • z The method employed was, in principle, similar to that of Merriam and 

Von Herzeno 7 The signal from the coil was amplified, detected and applied 

to one axis of an x-y recorder. The other axis vTaS the voltage from a 

. ~alibrated germanium thermometer •. The midpoint of the transition "Tas 

chosen.as the transition temperature, although the beginning and the end 

of the transition have also been tabulated for all sa~les. 

Resistive transitions from the superconducting to ~he normal state were 

measured in a high field pulsed magnet with the specL~en at various curr~nt 

densities and at constant temperature (i.e., liquid heli~~ temperature, 

4.2°K) •. The experimental method is sL'llilar to. that employed by Berlincourt' 

8 and Hake. The ends of trspark-cut" or "wire-cut!! samples were ultrason-

ically tinned with indium and then soft-soldered to current leads. Voltage 

connections were made by pressure contacts approximately 0.5 cm apart. The 

pulsed magnetic field was applied perpendicular to. the current flow through 

the sample. The voltage across the specimen and the current through a 

previously calibrated pulsed-field coil were displayed simultaneously on; 

a dual beam oscilloscope ·and wererecor-ded "lith high-speed Polaroi<i fiL'il. 

The critical magnetic field is taken as ~~at field which leads to com­

pletely normal behavior (HrN) at low current densities (about20A/cm
2
). 

~ 
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A FAVORABLE CRYSTAL STRUCTURE 

1':"1e exact effect of crystal structure on superconducting properties 

is hard to determine.. It has been agreed for same ti.'11e that ce:c'tain 

1 crystal structures) e.g., b.c.c. structures for elemental superconductors) 

t)-tu...'1gsten structures for intermetallic sUperconductors,2 seem to be fav-

orable for the occurrence of sUperconductivity. The ~-manganese struc-

ture has been shovrn to be a favorable crystal structure for'the occurrence 

of superconductivity with outstanding high field characteristics in at 

least one instance. .M0
3

A12C, the first k..'Y101'm superconductor to form in 

the 13-f4n structure, has a critical temperature of 10oK9 vTith an upper 

critical field of 156 kG at 1.2°K.
10 

The ratio Hc2 (at 4.2°K)/Tc' "Thich 

may be taken as a useful index of the high magnetic field potential of a 

II ( class of materials, compares quite favorably ,-lith that of 1'1)38n "Thich 

has the highest knOlfn Hc2 )" Therefore a general survey of compounds 

crystallizing in the 13-~m structure has been undertaken. 

The I3-Mn structure is consi.dered to bean.-electron-compound requiring 

12 
approximate~ 2s, p electrons per atom or 7 electrons (i.e.) total 

number of electrons outside a closed shell)- p~r atom for the transition 
- p: 

elements .. ) Thus the majority of the compounds forming in this structure 

contain at least one of the magnetic elements (i.e.) Cr, lm, Fe, Co) or Ni) 

and are therefore of little interest to superconductivity because of the 

complementarity between the occurrence of superconductivity and mag­

netism within the transition series.14 BLlt recent~ NQ1iwtny: s group and. 

othe.rs15- 18, 20, 21 have observed the t3-Mn structure in ternary carbides 

and. nitrides of the group V and VI transition metals (i.e., Nb, Ta, Mo; 

etc.). 
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, . 15 
structurally, Jeitschko, et al. have shovln the complex carbides 

of formula T3~C CT = transition metal, M = simple metal of group IIB, 

III or rv of the periodic table, and C = .carbon) are interstitial car-

bides where the parent-lattice' consists of an ordered ~-Vm-type structure, 

the carbon filling the octahedral voids in a surrounding of the transi-

tion element atoms. The same is true for the H-phase (T2MC as described 

by Jeitschko, et al.
16)" the perovskite carbide of the Nmrotny phases17 

(hex~ D8c type). The, main feature of t0ese ternary carbides is the' 

octahedral environment of the carbon atom (and occasionally the nitrogen 

atom) with respect to the transition metal atoms, iV'hile no bonding exists 

between simple metal atoms and ,carbon (nitrogen). 
18 

Nmfotny, et al. 

have reported the'following ternary carbides and nitrides which form in 

the ~-M:n structure: V32...Yl2N, V3Ga2N, I\Tb
3

A12C, Nb
3

A12N, Ta
3

A12C, II~Ojll..12C. 

Of these compounds M0
3

A12C a.nd l\Tb
3

A12N(Tc = 1.3
o

K19) have been found 

* superconductive. 

, ' 20 21 
RecentlyKuz'm~ et al. ' have reported a similar structure in 

the \oJ-Re-C system. Their results show this "compound,\oJ3Re2C, is in 

equil.ibrium with a solid solution of. Re and ~-W2C above 1500° C and ,fith' 

,\\TRe2 _
3 

(ex-manganese structure) below 1500
0
.C. 

* Nb3Al2C and ~a3A12C samples have been tested in this laboratory 

and found normal to 4.2°K but the j3-Mn structure could not be 

detected in any of these samples because of the intervenin{£ 

', .. ":,,, . '. 
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A. Experimental 

Samples of W
3
Re2C were prepared by hot~pressing the stoichiometric 

povder-mixtures in graphite dies at 2000°C. Some of these samples "Tere 

then annealed in the temperature range of 2250°C to 2500°C in vacuum 

(10- 5 torr) and gas quenched. The crystal structures of the sa~ples 

were identified from x-ray diffractometer traces of both bulk and 

powdered samples. Photomicrographs clearly show a second phase (Fig. 2) 

and electron microprobe analysis indicates that the second phase contains 

an extremely low concentration of rhenium (Fig. 3). The results identify 

our samples as similar to those of Kuz t ma et a1. 20)21 described in his 

paper as IT!as cast! and annealed above 1500°C. IT 

W
3

Re2C (13-Mn stru~ture) was. found superconducting at 7 .~. oK, the 

critical temperature decreaSing with decreased carbon content (Table I). 

A sample converted almost entirely to i3~W2C (NaCl structure) (Fig. 4) by 

annealing in carbon at 2400°c showed no superconducting transition above 

4.2°K. Magnetic field data on two of the samples are also included in 

Table I showing that this compound has a H 2/T ratio ,of 6.9-7.4 or c . c 

approximately one-half that observed for MO~2C. 
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B. ':Dis cus s ion 

Experimental ~nd theoretical attempts to evolve concretely the 

.criteria for superconductivity in elements, alloys and materials still 

persist. Some of the oldest and most useful criteria rave been fo~~d 

in l'-1atthias t rules • .3 These were developed empirically and then quali­

tatively shown .by Pines
22 

to be derivable on the basis of the no"" 

generally accepted microscopic theory of Bardeen) Cooper, andSc~~ieffer.23 

Tne primary empiricism of Matthias t rules is the prediction that alloys 

i-lith average numbers of valence electrons per atom of 4.7 and 6.6 are the 

most favorable for high transition temperatures. The average number of 

valence electrons is taken directly from the periodic table (tabulated 

for the superconducting compounds with the ~-Mn structure in column 1 

of Table II) .. 

In establishing the ~-Jlfm structure as an electron compound having 

, 11 
7 electrons/atom" Bardos, et al. hav:e computed the electron concentra-

tion on the basis of electrons per transition metal atom (tabulated in 

column 2 of Table II)". That this might not be a good basis is certainly 

,shown in the case of Mo
3

A12C with a Tc of lOOK and an e/a) on'the above basis 

of 8.0. In looking at variations of T across the periodic table as 
c 

Jlfatthias did,3 ane/a of 8.0 would be located at a minimum for supercon-

ducting properties and a T of 10.0 at this e/a value would be highly , c , 

unlikely. 

Another possibility for these filled and ordered ~-Mn compounds is 

shrn~ in column 3 of Table' II where the interstitial atoms are considered 

to give up all of their electrons but only the .atans of the parent 

lattice are counted (i.e'., electrons per parent lattice sit,~). 'rhe only 

great change using this basis over that in column 1 ,·,here all a toms are, 

-, 

l 
! . 
i 

! 
l 

"1 
i 
I , 
; 

/ •. 1 , 
I 

! 
I 
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counted is shcMn by the ,compoundW
3

Re
2

C where ela has been increased 

from 6.0 to 6.4, which is much more favorable to superconductivity as 

shown by Fig. 5. Of course, in reality nothing can be determined by 

three examples but even these 'three samples (especially 'tThen looking at 
I 

the compound '\{3Re2C) show that this possibility cannot be overlooked 

* ,.,hen considering interstitial compounds. 

One of the first serious attempts to predict superc0nducting pro-

perties from structural similarities has been made by Sadagapan and 

28 ) 
Gatos in the case of superconductivity in transition metal carbides 

and nitrides. They consider the carbon-centered transition-atom octahedron, 

which is the common crystallographic characteristic of these materials, 

to be primarily responsible for superconductivity in these compounds. 

They classify these compounds into three categories on the basis of the 

Metal (TI) to nonmetal (X) ratio {T1 Ix) : (1) TI Ix := 1; in this case each 

atom TI is shared by six octahedra; phases with Bl structure such as TiC 

and NbC, 
. I . I 

(2) T Ix := 2; . in this case each T ' atom is shared by three 

octahedra; phases su~h as Mo
2

C, H-phases, etc., (3) TI/x:= 3; here every 

TI atom is shared by two octahedra phases su~h a~ ~-M~ types (TI
3

M2X), 

perovskite type (T3~) and the Nowotny phases. They conclude by re-' 

viewing the superconducting properties of a group of molybden~~ carbides 

-)(-

A similar conclusion was reached for relatively dilute interstitial solid 
sO}l1tio'ns of hydrogen, oxygen, and nitrogen in group V and VII transition 
metals by Ralls and Wulff. 26 They pointed out that the interstitial atoms 
may donate electrons to the metal, but the interstitial atom C0res are not 
counted ,,,hen valence-electron-to-atom ratio is determined. This is true 
because only the transition metal atoms have d-electron levels, 'tThich are 
most important for the superconducting properties of the transition metals, 27 
and the d-band must be only slightly perturbed by the interstitial atom . 
cores. 
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(Table III) that the higher the number of octahedra sharing the transi-

tion metals atoms, ~hehigher the T value. Thus they predict from the 
c . 

behavior of the binary. carbides or nitrides (Bl-type structure) the super-

conductivity of a number of higher order compounds with crystallochemical 

sL~ilarities. to this structure. 

group 

ture, 

Applying their conclusions from the molybdenum carbides to a sL~ilar 

of tungsten carbides the superconductivity of i,lT
3

Re2C (i3-1'ID struc­

I T /M = 3) can be predicted since WC (cubic, Bl) has been found 

superconducting at 10.OoK.29 But, on the other hand, using the same 
) 

argument, the compounds crystallizing in the (Tr/M = 2) H-phase as found 

by Nowotny et al. 16 should be even more favorable for superconductivity 
. . I 

, than the i3-Mn structure (T ./M = 3).. This would especially be true of 

those compounds containing Nb-, Ta-, or Mo- atom octahedron, since the 

binary carbides of these three elements have relatively high critical 

is 
temperatures. Several of these compounds have been tested including 

two of these containing n~obiurn, ]\'02InC and Nb2SnC. No superconducting 
. 

transitions above 1.loK were ,observed for any H-phase tested and it was 

concluded that the H-phase structure itself is not favorable for super­

conductivity. 18 

• 



-11-

IV. ~~O-PF~SE MICROSTRUCTURES 

The.superconductive properties of two-phase mixtures are of great 

interest in the field of superconductivity because most of the corr~ercial 

superconductarsin use today are necessarily two-phase mixtures due to their 

processing history. Early work on tyro-phase mixtures30 demonstrates 

clearly that when a minority phase becomes superconducting, frequently 

the entire alloy sampl~appears superconducting to resistive measurements, 

hav:inga'Tc that is equal to or less than the Tc of that pure phase. The 

sample can also appear fully diamagnetic as well, as shovm by Hudson31 

with some Ge-Sn alloys. In none of these early stUdies are photomicro-

graphs of the structure available. 

In more recent studies the question as to what transition temperature 

will be measured in a sample containing two superconducting phases vrith 
4 . 

different transition temperatures has been shown by Merriam, et al. to 

have several possible answers: 

1. The entire sample may appear to become superconductive at the 

. higher T .. 
c 

2. The entire sample may appear to .become superconductive at the 

lower T • 
c 

3. A partial transition may be observed at the higher Tc with the 

remainder of the specimen becoming superconductive at the 10lfer Tc. 

4. An entirely new transition temperature may be observed (inter-

mediate between those of the two phases). 

All .four of these possibilities ,fere observed in the mercury-indi'U."'l1 system} 

depending on the physical distribution of the phases. Since the distri-

bution of the phases is so critical to the properties, any f;tudy on 

multiple phase systems must include careful metallogrc.phic 'i:·O:::.'}:. 
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all predict the finitc penetratiO!1 of :r.J8.snetic field into sup'::l'cond.uctors) _ 

and very ·large enhanccment of critical fields Hhenthe d.imension( s) of 

tn.e superconductor becomes small compared to the charac"ceristic per1etra., 

ticm depth. The possibility, thereforS'!, arises that very hard su:p8r-

conductors may be synthesized by suitable Y!l3.nipula,tion of the ~icro-

structure to achieve net'ilorks of thi~1 supercond.ucting fila~erlts. 3ean,. 

t 
' 

35 " . ~, . J.. ' • . b' . .l.-e, a~. nave succeeQea ~n vue aoove y press~ng mercury ~nvo porous 

Vycor glass; the critical field. in tnis case vIas at least b;enty ti:les 

greater than the critical field of bulk n~rcury. 

I 
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1. R'(per:Lmento,l 

Pm.;ders of J:lib, Sn, I\TbC, and spectrographic C were hot -pressed in 

graphite dies at 20000 C for 10 min. at 7900 psi pressure in the 

proportions indicated in Table Dr. X.,..ray analysis of all sample s showed 

only an NaCl structure identified as NbC, a = 4.5A~ 
Metallographic examination of samples of ~oO.50SnO.33CO.17 of 

nominal composition showed very dense hard WoC (Fig. 6) and micro-probe 

results on these samples showed that theSn ,.;as cO!1centrated in the 

grain boundaries (Fig. 7). All other compositions· used yielded very 

porous incompletely sinter~d compacts as sh~~ in Figs. 8 through 10. 
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2. Discussion 

Sintering of pure refractory hard metals (carbides) nitrides) borid.es) 

and silicides) is not fully understood~ ·Most of the recently d,:::veloped 

hard metal-base refractorie s are cemented) tba. tis) metal-boLded materials. 

In these systems) sintering takes place in the presence of a liquid phase 

,{hich in most cases is represented by a eutectic composition. The only 

practical way of consolidating hard-metal pOi"ders in the absence of 

binders appear, at present to be hot-pressing procedures. But the com-

mon industrial practice is to fabricate carbides mixed with up to 14 wt % 

of a.metallic binder (cobalt or nickel) by hot-pressing in graphite dies. 

The hot-pressing characteristics of commercial carbide pOHci.ers are 

greatly influenced-by metallic impurities. In particular L. RamqUist36 

has noted that those impurities that concentrate principally at the grain 

boundaries cause rapid grain growth by formation of a micro-eutectic or 

solid solution, at the grain boundaries '"hich facilitates material trans-

port during hot-pressing. 'He uses .the WC + Co system to illustrate the 

influence of a liquid phase on hot-pressing. The micrograph of WC + 0.25' 

. wt % Co hot~pressed at 2l00oC for'S min.' at 400 kG/cm
2 

pressure r..as a 

micro-structure very similar to that exhibited b~ the 1~0.50SnO.33CO.17 

samples in this investigation. Thus the Sn or excess No + Snmight be 

acting as a "binder" during hot-pressing. 

The superconducting critical temperature of the IWO.50snO.33CO.17 

samples (T = 17.2-l6.o
0

K) c _ . suggests :,that .. :. this .' grain' bounci.ary 

phase is actually 'Nb
3

Sn (Tc 

-x- The slight lOi"er1ng and broadening of the Nb
3

Sn 
I\~0.50SnO.)3CO.17 samples from that of pure I\~3Sn 
ciated with the size of the superconducting phase 
H.E. Cline' et a1.37 on Nb ",ires in a Cu matrix. 

transition in the 
can probably be asso­
similar to results of 

I 
I 
I 
r 
I 

i ., I 
~ 
! 

'. I 
f ,. 
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This is the only superconducting transition observed ir. t~ese 

sa.'l1ples and therefore it must be assumed that the "mesh" 

is able to completely shield',the bulk NbC (T = lL 1° r<:) • 
c The mag-

netic field data are also consistent with the filamentary nature of 

the Nb3Sn phase. The critical current density J c (even Im{ fields) 

is very small, but at low current densities (50-100 amp/cm2 ) the cri-

tical field. H is higher than the highest field obtainable in this study r 

(-200 kG). This is consistent with the results obtained by other 

. 38 38 
~nvestigators' on samples i'lith similar microstructure. 

The samples which have been prepared with a 1:1 ratio of 1lb to C 
,--

or commercial NbC powder all exhibited 10y1 T~f s (Table IV) (Le." that 

, * 
for 11bC) and very porous microstructures (Figs. 8 through 10). The 

micrographs show a decrease in porosity when Nb
3

Sn is used as a binder 

instead of ,Sn in pressing the commercial ~~C (Figs. 8 and 9). It can 

also be seen that the porosity is reduced even further if Nb powder 

and spectrographic carbon (1:1 ratio) are used instead of prepared 

NbC with the binder metal (Fig. 10). A complete study of the hot-

pressing characteristics of this system are now in progress in this 

laboratory. 

* The broad transitions and range of transition temperatures observed in 
these samp~es is probably due t~ the strong dependence of Tc on composi-
tion'in the·carbides. . 
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B. Ta-Zr System 

At elevated temperatures alloys of the transition elements from 

g~oup 4 to 6 in the periodic table exhibit wide ranges of mutual sol~ 

ubility in the bcc structure. Except for compositions that are high 

in a group 4 element, the bcc structure can be retained at room tem-

perature by quenching and several systematic stUdies of the influence 

of composition on superconductivity in bcc alloys have been reported. 25,39 

Specifically Hulm and Blaughel5 in the. first extensive investigation of 

binary alloys of transition metals observed two transition temperature 

maxima with electron-to-atom ratios of approximately 4.7 and 6.4, 
-' 

respectively, for alloys formed between neighboring elements in a given 

row of the periodic table. 

More recent work on commercially interesting solid solution alloys 

such as :Nb_zr25,40-45 and Nb-Ti 25,45,46 have shown that the super-

conducting t,ransition temperature and the resistive critical magnetic 

45 47 50 field (Hr) are structure-sensitive. Studies of Ta-Ti alloys ' -

show they remain superconducting at fields comparable to Nb-Ti alloys.45,47,50 

But no supe·rconductive information is available on the Ta-Zr system. 

The Ta-Zr system exhibits a minimum melting point type phase dia­

gram (Fig. :il) that has the same form as the commercially interesting 

1~-Zr system. Alloys in the range 6.5-9.55 at. pct. Zr. undergo a 

separation into two body-centered cubic phases at temperatures from 

1775°C to 785°C. At 785°C the monotectoid reaction should produce 

primary Zr and Ta solid solutions, ,.,here the latter reaction is very 

sluggi'sh due to relatively low diffusivities in Ta. Many of the sUp2r-

conductive properties of the 1~-Zr alloys are related to phase separation. 

The present study of Ta-Zr alloys was undertaken to examine the influence 

;" 
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of microstructure, as controlled by composition and heat treatment, 

ori the'supercortducting transition temperature, Tc. 

,:/" 

11.·.· 
. ~,' 

" .' 
.~ " 

' '',' 

.\ 

.; .' '. 
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1. E)...yerimental 

Alloys were prepared by melting tantalum and zirconiu.'U (iodidec rys­

tal bar) mixtures in an arc furnace on a water-cooled capper hearth 

using a, tungsten electrode. Melting was accomplished in a purified) 

gettered argon atmosphere at a pressure of approximately ~·OO Torr.' 

Each sa...'D.p1e was turned and remelted seven times to assure complete 

mixing of tantalum and zirconiu.'U.To produce single phase specimens, 

alloys were heat-treated in vacuum (10-6 Torr) for 18 hours at l800°c 

and quenched with distilled water atomized into a high velocity heliu.'U. 

The subsequent aging treatment of Ta-20 pct. Zr and Ta-50 pct. Zr 
., . 6 . 

alloys was .:done in vacuum (10- Torr) for 24 hours at l500°C and 

quenched as above. The phases present in the single phase and aged 

alloys were identified by optical metallography and electron beam 

microprobe analysis • 

. . 

. , 
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2.. Discussion 

The superconducting transition temperatures for alloys quenche,d 

from 18000 c (Fig. 12) exhibits a maximum of 7.5°K near 15 at. pct. Zr 

(4.85 valence electrons per atom). The maximum T at 4.85 valence c 

electrons per atom is in accord with De Sorbo r s correlation 'which 
" 52 

utilizes an effective electron~to-atom ratio. 

The superconductihg transition temperatures of Ta-20 pct. Zr ,and 

Ta-50 pct. Z~ are shown in Table V for aged specimens quenched from 

18000 c and for those aged at 1500
0

C for 24 hrs. The microstructure 

of the 20 pct .. Zralloy consists of a fine scale precipitate YThich is 
. ( 

within the limit of resolution of the optical microscope but on too 

fine a scale for electron beam microprobe analysis. From the phase 
I 

diagrrun (Fig. 11) it is seen that, at equilibrium, alloys aged at 
- , . 

this temp,erature, should be composed of two bccphases of approximately 

8 and 77 at ... pct. Zr,. respectively.. The superconducting transition 

in this srunple shows a high degree of broadening, occurring over a 

1.00K temperature interval (6 .. 2° to 7.3°K). This transition is Im'i'er 

than that observed for single:' phase srunplesof 20 at. pct.. Zr,' but is 

not as low as would be observed for a-single ,phase sample ,containing 

77. at. pct. Zr (i.e.) 5.5°K). Thus this represents an intermediate 

, transition temperature where the broadening can be related to the 
, , 

scale of the precipitated particles. The same type of transition 

broadening has been observed in Zr-Rh alloys with a similar type of 

microstructure .. 53 

T'ne microstructure of the 50 pct .. Z,r alloy is characterized by much 

larger precipitate particles. Microprobe results show the zirconiu.lJl 

content of the particles to be 8.5 at. pct. and that of the ~~trix to 
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be 72 .. 7 at. pet. The 8.5 pet. Zrphase is also present in the grain 

boundaries.. This sample exhibits a very sharp superconducting transi-

tion (O.loK width) at 7.3°K. This transition temperature is almost a 

full degree higher than that observed for single phase samples of 

50 at~ pet. Zr and is characteristic of the 8.5 pct .. Zr phase. vlith 

° longer aging times at 1500 C the superconducting transition of the 

Ta-20 pct. Zr alloy should also reach T.3°K .as a iimiting value. This. 

41. 
variation with aging time was observed by Hehemann and Zegler . Qn 

Nb-Zr alloys of two different compositions. 

./ 



,!if;;. 

-21-

v. SUMMARY 
, 

Metallurgists have relied heavily on several empirical'guides to 

find ne"; superconductors and improve the preperties of knOlm super-

conductors. Two of these guides which have made possible the great 

advances in the technology of commercial superconductivity have been 

(1) studies based.on the crystal structures.of known superconductors 

'. and (2) studies of binary solid solutions of known superconductors. 

Use of these two empirical guides has led to the discovery of scores 

of new superconductors54 and recently, to the discovery of. one super-

conductor with a transition temperature of 200 X (found for a solid 

solution alloy between Nb
3
Al and Nb

3
Ge55)... Ttlith the advent of high' 

I 

field superconductivity, correlations of microstructure to the super.;. 

conducting properties of known high field superconductors have also 

become useful guides in improving superconducting properties. Using 

these empirical guides., this,investigation has led to (1) the discovery 

of a new superconductor (W
3

Re2C, ~~4h structure, at 7.4°K); (2) the 

formation of a synthe~ic high-field superconductor with a filamentary 

microstructure (Nb
3

Sn in a NbC matrix, critical field higher than 200 kG 

at low current densities); (3) the observation of a max:L"UuIn in the super:­

conducting transition temperature of Ta-Zr. alloys (max. 7.5°K at 15 at. 

pct. Zr); and (4) the increase of T by heat treating Ta-50 pct. Zr . ' c . 

. alloys within the miscibility gap of the Ta-Zrsystem (6 .. 5°K for sarnples 

quenched from l800°c and 7.3°X for samples heat treated at V500°C for 

.. '. , \; 

I' 
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APPE11J) IX 

Materials Used: 

Carbon, Union Carbide Corporation, NevI' York, Spectroscopic 

P01vder, Grade SP-2. 

Niobium, Kaw'ecki Chemical Co., Boyntown, Pa., -325 mesh powder, 

99~910 pure. 

J\lbC, Fansteel Metallurgical Corpo.ration, North Chicago, Illinois, 

-325 mesh powder, 99.9% pure. 
) 

Rhenium, Chase BrasE. and Copper Co., Inc., Waterburg" Conn., 

"'325 me sh powder J 99. 99% pure. 

Tantalum, Fansteel Metallurgical Corp., North Chicago, Illinois" 

rod 99.99% pure. 

Tin, Cominco Electronic l-faterials} Spokane, Washington, -200 

mesh powder, 99.9% pUre. 

'Zirconium, Nuclear Ms,terials and Equipment Corp. J Apollo, Pa.) 

iodide crysta~ bar, 99.95% pure. 

'., " 

,:.' ' 

. .~' -.! ..... 

, . , . 

. . 
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':,' ". 
,.,,: 

Heat Treatment 

"As Cast' 

annealed in vac ~', 
2250

0
C (20 mins) , 

2400°c (30 minst quenched 
, , 

annealedinvac., ,"-, 
2500

0
c (~o mins),quenched 

:," , . 

annealed in vac. ~ 
24000 c (1 hr.), qu~nched, 

annealed in Carbon, 

" , 

.... 

TABLE I 

x- Ray Results 

Major Phase 

.' ". 

t3-Mn, a 6.86 

't3~Mi1: a=:6 .86 

, , 

t3-Mn, a =: 6.86 

t3-Mn' a =: 6.86 

'-, 

FCC, a =: 4.35 

. . ~. 

~" . 
- ", 

Second Phase T (OK) 
c 

FCC, a = , * 
4.4 7.3-7.5 

FCC, a =: 4.38 

'," 

FCC, a =: 4.38 

, * f3-Mn' a =: 6.68 

.. ' . 

7.1-7.3 

7.0-1.2 

- 6.6-6.9 __ 

normal to 
4.2°K ' 

Hc2 (kG) 

53.5(4.2°K) 
" 

,", . 

46.5(4.2°K) 

..:", 

* ' Diffractometer results showing the ,transformation in crystal structure from lias castl! to 

uannealed in carbonI! are. presented in Fig. 4., 

.' ,", 

\0 ~" ., 

C' 

I 
r0 
co 
I 



.. ',,~ ...... ~.",: ............. ~ ~..,. ........... +~.- .... P •• • 

!- . 

. !~ .. :. 
." 

Compound T(OK) 
c 

Mo
3

A12C 10.0(10) 

Nb3A12N 1.3 ~11)" 

.:':.". 

W3Re2 C .. , 7.4 
..... -~ 

.TABLE II 

Electron Concentration 

Valence electron 
atom 

. 
4.67, 
~. : .;. 

4:33 
',' . 

6.0 

.' 

Valence electron 
T metal atom 

: 8~0 
..:," 

7.0 

:6~4 

'f.:. ," 

Valence electron 
parent lattice atoms 

4.8 

4.2 

6.4 
. , 

I 
1\). 

\D 
I 
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TABLE 11i17 

Ntunber of Octahedra Sharing the Tl'cmBi tion }f;etal Ato:r,,, 

Mo2c
l

_
x

(a) 

M0
2

C
1

_
x

(b) 

a-MoCl ' , -x 

. Crystal 
'Structure 

hexagonal, n88 
, 

cubic, !3-:tVill 

orthornonibic 

, orthorhombic 

orthorhombic 

cubic, Bl 

cubic,'Bl 

2 

2 

3 

3 

3 

6 

6 

" .... ~. . 

(a) Prepared from 72~ particle size po~der. 

(b) Preparrd fror:1 44'j.l particle size pOvTc.er. 

...... 

,"" , 

r< I" 
( .0 

LC.O 

12.2 

10.8 

8.1 

13.5 

11~.2 



.. 

0. Starting Composition 

I, •• 

NbO.50SnO.33CO.17 

Nbo.30SnO.40CO.30 
( i • e • ,NbC + 60 wtojo Sn) .. 

(NbC)0.95snO.05 
(i.e., NbC + 10 wtojo Sn) 

(NbC)0.90snO.l0 
-

(Le., NbC + 20 wtojo Sn) 

(1~C)0.92(Nb3Sn)0.08 
(Le., NbC + 10 wtojo Nb3 Sn) 

Composition 

Ta-20 pet. Zr 

Ta-50 pct. Zr 
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TABLE rY . 

X-ray Results. T (OK) 
c 

NbC (NaCl structure, 
a :: 4.51\) 

17.2-16.0 

NbC 11.2-10.9 

.: I 

'NbC 11.2-9.0 

' ,I ~ . NbC 10.7-10.2 

NbC 11.35-9.6 
. l:: 

TABLE V 

Transition Temperature (OK) 

Single Phase (1806°c)·· two Phase (15000 C) 
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~ .~ PROPERTIES 
ij 

·5 pi 

TERTIARY 

PROPERTIES 

, Fig. 1 
" 

T 

, ~~, 1 (or P ) 
'~ ~_. n 

SUPERCONDUCTING 

= 

SUPERCO:NDUCTING 

Jc,R(H), Hysteresis and Flux Trapping, 

ac Losses, Flux Jumping; 'Etc. 

Schematic representation of the relation between primary, 

secondary, and tertiary superconducting properties. 

Primary properties are relatively structure-insensitive, 

secondary prop~rties' are sensitive to mean free path 1, 

and tertiary properties are sensitive to inhomogeneities. 
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ZN-5817 

Fig. 2 Microstructure of hot-pressed W
3

Re2C (~-Mn structure) 
plus second phase [ 250x] 



ZN-5816 

Fi g. 3 Electron microprobe display patterns of rhenium characteristic 
x - radiation (left) and of tungsten characteristic x-radiation 
(right) for specimens shown in Fig. 2 [about lOOOX J. 
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20!r------,------,-----~~----~------.------.------~ 

Note: 
--~ Enve!ope for A-IS 

struc;'urG as drawn by 
8. VV. Roberts24 

- Experimen·iol curve 

~:.7 
I 
I 

/"', 
I I 
I 
I 

I 
for S. S. by J. :<. Hulm 
er R. D. Blougher25 

I 

I 
I Exparimental points for 

known (3- Mn supsrconductors I 
I o Valence electrons/atom 

l 

5 

f 
X Val en ce e lect:-ons/porent 

lattice atom I 
o Valence el2ctrons Itrans- J 

ition mel·ol o~om 
I ' Zr- Nt' 
I Ox ~ 

: 1\ 
I I 

I 

6.5 
I 
~ 

/ \ 
I \ 
I 1 
! 

I Ti-V 1\ i I cal 0 [:lJ 

'/ {j i Nb-!\)~o I 
I HI-TC\~ \ 
I . 1\ '/ \\ \ I C 
I, ,1 ; W- Rc I 

ij d-
W 

/ I 
\'"",,-/ xo \'~ / j 

\ 
D. 

\. 

- 0 
I 
I 
j 

I 

O~------~------~~-----~-----~-------~I ------~----~ 
2 3 5 6 7 

VALE NCE ELECTRONS/ATO W 

Fig. 5. Critical temperature versus valence elect~on per cto;,~ ra~io for 
[3 - Mn type compow1ds compared to experinental curves i'm: bcc sol:'J. 
solution-::>1l1loys (Hulm and Blaugher2 5) and for [3 - T,'[ type q:;:.pC1.c!']Cc 
(Robercs- ') . 
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Fig. 6 Microstructures of hot-pressed Nb.50sn.33c.17 [500xJ. 
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XBB 675-2711 

Fig. 7 Optical micrograph of hot-pressed Nb.50Sn.33c.77 (about 

250X) and electron microprobe display pattern of tin 

characteristic. X-radiation of grain boundary area 

(about lOOOx) . 
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XSB 675-2689 

Fig. 8 Microstructure of hot-pressed NbC + 10 wt. % Sn (63X). 
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XBB 675-2690 

Fig. 9 Microstructure of hot-pressed NbC + 10 wt.% Nb
3

Sn (63X). 
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Fig. 10 

XBB 675-2688 

Microstructure of hot-pressed NbC + approximately 
60 wt. % Sn (63X). 
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Fig . 11 Tantalum-zirconium phase diagram (after Pease and Erophy5l). 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
m1SS1on, nor any person acting on behalf of the Commission: 

A. Makes any wa~rinty of 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 

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

matiori, apparatus, meth6d, 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 stich 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 pur~uant to his employment or contract 
with the Commission, or his employment with such contractor. 




