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INVESTICATION OF HIGH FIELD SUPERCONDUCTING COMPOUNDS
Zelma, Johnston Olson
Inorganic Materials Research Division, Lawrence Radiation Labo*atory,

Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California

May 1967
ABSTRACT

Only thfee B-Mn structures (interstitial oompounds).are knovn to
{be‘superconductors,vtwo'ofuwhich were discovered at Berkeley. - Compounds
‘ of'this type appearvto have excellent potentﬁal ae high-field materials,
.when Judged b&wa compafison-of'ﬁpper critioel fiel& to trahsition tem-
‘peratures A review_of the crystal structure and superconductivity oflp
B-Mn structure compounds ie pfesented here alohg with a report of fhe : ‘
- discovery of a new supercohdﬁcﬁor in.this structure. (the third,of the .
group mentioned above). The new oompoond is WBRe C, which has a Tc of
7.M°K. A disouesion of the electron-to-atom ratio as applied to these
:filled interstifiai e}ioys_is aleo’inclﬁded. |

The behavior of'commercial hafd superconductorsbis extremely sen-
sitive to mlcrostructure and tne 1mprovement of superconducting properties
'of transitlon metal alloys by controlled mlcrostruCuure has recently
become veryvimportant. A study of the effect of microstructure_in two
thase compounds and alloye of'trahSition'metels is presented. One re-
“sult has been the synthes1s of a two phase hlgh—fleld superconouctor
.w1th fllamentary mlcrostructure (NbBSn in a NoC matrlx, critical field
'rhigher than 200 kG at low current densities).” A second 51gnlxlcant
accomplishment was the increase of the superconductihg pransipion tem-
perature oflTaeso pcte Zr ailoys'by controlling the formution of +the pré_

cipitate within the misoibility gap composition range of the Ta-Zr system.



;”*g utility as a vhard superconductor_ (i e., ‘a superconducto“ whieh is

I. INTRODUCTION

The effect of metallurgical variables on superconducting properties

- _ : . v
of materials has recently been reviewed by Livingston and Schadler.”
. They divide most superconducting properties of a given phase into three.

types; primary, secondary, and tertiary, in order of inecreasing

P

© structure’sénsitivity. This classification is schematically represented

in Fig. 1.

'The primary superconducting properties are (l) the criticel temperatﬁre,-‘r'
vTc,and.(2)thethermo@nmmic'critioal field at absolute zero, Ha. These

 properties can be directly reiaﬁed to the Dedbye temperature &, the dehsity“

of states at the Fermi surface,(represented by_the eleetronic speeific'*

'

- heat coerf1c1ent Vs and the electron- electron interaction parameter V.

The variations of Tc‘and-Ho with concentrated alloying are related mOSuly

" to changes in 7, V, and e wi h alloying, and not to the metallurgical

vstructure. :

For an.ailoy,'theVequilibrium properties in'avmegnetic field are

strongly influenced byithe mean free path l, which can be determined’from]

1lthe normal reSlSuiVlty p Thus the various crltlcal fields H l’ h

and H , are class1f1ed as secondary superconductrrg proper es, as they

5
.are structure-sens1tive‘to the,degree,that;they depend on the mean free
. path la

bOuh prlmary and secondary propert:es relute to o*ur’j wn be-

"hav1or. The uertlary °uoerconducting orooertlco are tnou properties

;sp°c1fically reletlng to non-eouillbrium oenavior, wnrch are evnrrolled

by the 1nhomogeﬂeous nature of uhe sample. It,ls these tertiary or -

irrever51ole suoerconductlng propertles whlch determlne the ﬁaucria 's




capable of supporting high current dénsities in nigh magnetic fields).

h)

It is only within the last six years with the discovery of ”hari super-
conductors”, that any large-scale commercial utilization of the pheno-
menon has been_visuélized.

Alﬁhough there have been greab theorétiéal edvances in the lass

ten years, it is not yet possible from theory alone

the occurrence of superconductiviity or the magnitudes of
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occurrence of superconductivity and (2) critical temperature is a sys.em-

atic function of the number of valence elechrons per atom.

gulde in discovering others. The classic example is the large numder

of superconductive B-tungsten structure compcunds. - Other crystal struc-.
tures such as the lLaves phases and the X-phase or C-manganese structure

. N - - o

. / e Ly : o s - . A
show a pronounced tendency to be superconductive. The electronic siruc-
ture of the alloy or compcund is the primary superconductive property

)

while the crystal structure 1s thought to have only a secondary influ-

ence. Yet, specific crystal structures-appear again and again

B

n thg

successTul superconduction of technology.

3]
b}
ck
)
3
[
[
H
i
w0
I3}
(o]
0
ct
)
L5}
(o]
|81
o]
£
o
o]
2
{1
8]
T
4]
<«
14}
¢!
[())
H
;:)u
[0
r3
b
¥
ty
He
(D
w
&
ct
oy
[¢]
(4]
134
‘G
(]
1]
[
ct
| e
9
.

itional inhomogeneities can afiect T,, provided the scale of tne

&



.
Y
1.

influenced by measuring techniques and metallurgical structure.
In this inVesﬁigation 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
. . - v N - ] ) ) o m};‘-)—*f‘—i— T e
g metal alloys. - =
t
i S
a
e ~




TT. PROPERTY MEASUREMENTS

Microstructural'changes_were studied,by x-ray diffraction, optical
'miéroscopy and electron beam miéroprobé anélysis; ‘X-ray diéfraétion
studies were made with nickél—filtered copper K& radiatioﬁ (n = l.5h2ﬁ)
‘in a scanning diffractometer. The approximate lattice parameters were
determinéd from low-angle diffraction peaks.

SuperconduCting-normal transitions of all saméles were detefmined by
observing the changevin impedance of a coll operatiﬁg at a frequency of one
kHZ. Ihe method.employed was,vin principle, similar to that of Merrlam and

7

Von Herzen. Thé signal from the coll was amplified, deteétedvand épplied
 to one axis 6f an x-y reéorder._ The other axis was the vol%age from a
;éélibrated germanium £hefmometer;f The midpoint of the trangition was
chosen .as the transition tempefature, alfhough the beginning and the end
'6f‘thevtransition havé also been tabulated for all samples;

Resistive transitions from the superconducting to the normal state were
measured in a high field pulsed magnet with the specinmen at various cﬁrrgnﬁ
densities and at coﬁs%ant temperature.(i.e., liquid heliunm témperature,
L4.2°K). The éxpefimental methéd is similar‘tdtﬁhat employed by Berlincourt’
and Hake.8 The ends of'"spark-cﬁt" or ”wire-cuﬂ”»samples were ultrason-
ically tinned with indium an& then soft-soldered to currgnt leads. Voltage
connections were‘maqe by pressure contaéts approximately 0.5 cm apart. The
pulséd magnetic fleld was applied perpeﬁdiculér to,the current flow through
the sample. The VOltagé aqioSs the specimen and the current thrbuéh a ~
Vpréviousl& caiiﬁrated pulsed-field.coil‘wefg displayed simultaneously on!

a dual beamioscilloécopé-and were recorded with high-speed Polaroid film.
The cfitical magﬁetic field is taken aé that‘field which leads to com-

‘pletely normal behavior (HEN> at low current densities (about:20~A/cm2).




and are therefore of littlé interest to superconductivity because of the

A FAVORABLE CRYSTAL STRUCTURE

The exact effect of crystal structure on superconducting properties
is‘hgrd té determine. It has been agreed‘for same time that certain
crystal structures, e.g;, b.c.é. structures for elemental superconductors,
B-tungsten strucfures-for intermetallic superconductors,2 seem to be fav-
orable for the océﬁrrence of‘supefconductivity. The B-manganése struc-
ture has been éhowﬁ to be a favorable crystal structure for the bccur?ence
of superconductivify with outstanding high field chardcteristics in-at
least one instance. .Mo5A120, the first known superconductor to form in

the B-Mn structure, has a critical temperature of lO°K9 with an upper
10

critical field of 156 kG at 1.2°K.”° The ratio H,, (at 4.2°K) /1, which

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

class of_materials,ll compares quite favorably with that of Nb5Sn.(which
has the ﬁighest known H02>° Therefore = ggneral survey of compounds
crystallizing in the B-Mn structure has been undértaken,

The B-Mn sﬁructure is“considered tone,an:electron*compound réquiring
approximateiy 2s, p éiectrons per _atoml2 or 7 electrons (i.e.; total
number of electrons outside a closed shell). per atom for the transition
elemenﬂs.lBI Thus the majofity of the compoﬁnds forming in this structure

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

N

complementarity between the occurrence of superconductivity and mag-

. s - .1k s .
netism within the trensition series. t recently Nowotny’s group and

15-18,20,21

others have observed the B-Mn structure in ternary carbides

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



, i

Struéturélly,‘;eitséhko, et al.m” nave shown the complex carbide
of formula TBMéC:(T>= ﬁrénsition_metal; M = simple metal of group IIB,
TIT or IV of the periodic table, aﬁd C = Earbon) are interstitial car-
. bides where the parent—lattice:consists_of an ordered B-Mn-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

vy Jeitschko, et al.l6),rthe perovskite carbide of the Nowotny ?hasesl7

(nex. D8C type). The, main feature of these ternary carbides is the
,octahedral environment of the'carbon'atom (and oécdsionally the nitrogen

~atom) with respect to the trans1tlon metal atoms, while no bonding exists
' between simple metal a*oms and carbon (nltrogen) NOWOuny et al.lB
have reported the'following ternary carbideS'and nitrides which form in

- Ny 1
the B Mh structure: VéanN V;Ga N, Nb5Al c, \DBAl N, Ta5A*EC’ AoﬂALQC.

Of these compounds Mb5A12b and Nb 2N(Tc = 1.3 Kl9)'hav¢ been found

, >
*
superconductive.
| . A . o 20,21 L e ,
Recently Kuz'ma, et al. have reported a similar structure in
the W-Re-C system. Their resul g show this comnoand WBReQC is in

eguilibrium Wluh a sole solutlon of Re and B-W C above 1500 C and with’

2_3 (a-manganese sbructure) below 1500 C.

Nb Al C and ;a3Al C samples have been tested in this 1aboratory
end found normal to 4.2°K but. the B-Mh structure could not be
detected in any of these samples because of the inter?ening‘

Chexugonal: ctrueture, the H-phase.




Al Experimental

Samples of W C were prepared by hot-pressing the stolchiometric

3
powaer-mlxtur651n graphite dies at 2000°C. Some of these samples were
then annealed in the temperature range of 2250°C to 2500°C in vacuum
(lO-5 tor )-and gas quenched. The crystal structures of the samples

were ildentified fron'x-fay diffractometer traces of both bulk and
powdered samples. Photomicrographs clearly show a second phase (Fig. é)
and electron mlcroprobe analys1s indicates that the second phase cont alns\
an»extremely low concentration of rhenium (Fig; 3). The results identify
our samples as szmllar to those of Kuz' ma. et al.20 2l described in his
~paper as "tas cast’ and annealed above lSOO °c.”

W3Re2C (B-Mn structure) was found superconductlng at T Lex, the

- criticael temperature decreasing w1th decreased carbon content (Taole l)

A sample converted almost entirely tobﬁrWQC (NaCl structure)(Fig. L) vy
 annealing in carbon at QMOO°C showed no superconducting transition above
L.2°X. Magnetic lleld data on two of the samples are also rcluded'in

Table I showing that this compound has a H /T ratio of 6. 9-T. L or

approximately_one—half that observed for Mo3AlQC«
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B.'TDiscﬁéSion

Experimental'and théoretical-attempts'to evolve concretely the
.criteria for sﬁperconductivity in eleménts, alloys and materiels stiil
persist. Some of the oldest and mbsf useful criferia have been found
in Matthias® rules‘5 These we?e developed émpirically and then qﬁali-
tatively shown by Pinészgkto be derivable on the basis of the now
generaliy acceptéd microscopic theory of Bardeen, Cooper, and'Schriefferf2
The primary empiriclsm of Matthias® rules is the prediction that alloys
with average numbers of valence electrons per atom of A.? and 6.6 are.the

" most favorable for high transition femperatures. The average number of

 '“vaience electrons is taken directly froﬁ the periodic table (tabulated‘
for the superconduéting compounds with thg B-Mn structure in column 1 |
of Table TI). S

In establishing the Bth structure as an electron compound having
-7 elecﬁrons/atom,uBafdos, ét al.ll have coﬁputed the electfoh concentvra-
tion on the.bQSis of electrons per transition metal atom (tabulated in
column 2 of Table 1) - Thatkthis'might not be a good basis is certainly
-shown in the case of Mb5A12C ﬁith a‘Tc of 10°K andran e/a, on'?he above basis
of 8.0. In looking at variatiqns of Tc ééross the periodic fable as
.Matthias did,5 an-e/a of 8.0 would be located at a minimum for supercon-
qucting properties and & T_ of 10.0 at this e/a value would be highly
unlikely. | |

_Another.possibiliff for these filled and ordered B~Mn compoﬁnds is
showp in coluﬁﬁ 3 6f Teble TI where the intérstitial étoms are considered
to give up'ail éf their electrons but only tﬁe atoms of the parent |
lattice are cquntéd (i.e;, electrons per parént lattice ﬂite).. The only

great change using this basis over that In column 1 whare all atoms are.

i




-

counted is shown by the comnound W Re C where e/a has been increased

3
from 6 0 to 6. M whlch is much more favorable to superconductivi ty as
shown by Fig. 5 OL course, in reality nothlng can be aeueraned by

three examples but even these three samples (espe01ally wheﬁ looking at

the compound W ReQC) show that this possibility cannot be overlooked

3"

‘

when considering interstitial compounds.

One of the first serious attempts to predict superconducting pro-
perties from structural similarities has been made by Sadagapan and

28 . ) P s - .
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.

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

.Metal‘(TI) to_honmetal (X) ratio (TI/X): (1) T;/X = 1; in this case each
i

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

and NoC, (2) T /X = 2; in thlsrcase each TI atom 1s shared by tnree

octahedra, phases such as Mo C, H-phases, etc., (5) I/X 33 here évery
I

T atom is shared by two octahedra phases such as B—Mn types (T X),

perovskite type (T5IMX)vand the Nowotny phases. They conclude by re-

viewing the superconducting properties of a group of molybdenum carbides

% ' .
A 31mllar conclus1on was reached for relatively dilute interstitial solld
solutions of hydrogen, oxygen, and nitrogen in group V and VII transition

metals by Ralls and Wulff.2® They pointed out that the interstitial atoms

mey donate electrons to the metal, but the interstitial atom cores are not
courtted when valence-electron-to-atom ratio is determined. This is true
because only the transition metal atoms have d-electron levels, which 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.highé; the numver of octahedra sharidg the transi-
tion metals atoms, the higher the Tc valge. Thus they predict from the
behavior of fhé binary,carbides or nitridés (Bl-tyﬁe structure) the super-
conductivity’of a number of highér,order compounds with‘crystallochemical.
siﬁilarities,to-this structure.

Applying their conclusions from the molybdenum carbides to a similar.
'group of.tungsteﬁ carbides the‘superconductivity of WBRGQC (B-Mn struc;
| ture, TI/M = 3) can be predicted since WC (cgbic,_Bl)'has been fouhd
superconducting at lO.OoK.29 Buﬁ, on the other hénd, using the same

_ N : o

argument, the cémpounds crystallizing in the (TI/M =,2) H-phase as found
by Nowotny et al.l6'Should be even more favorable for stpercondugtivity '
than the B-Mn structure (TI/M = 3), Thislwould especially be true of
those compouﬁds-containing Nb-, Ta-, or_Mo-‘atom octahedron, since the
-”binary carbides of these thfée elements have relatively high criﬁical
| temperaturés. Several .of %heSe'compoundsTha§e been tes_tedl8 including
. two'éf these containing'niébium, NngnC.and NbQSnC. No superconducting
transitions-abovevl.loK were .observed for.any‘H-phése teéted and it Was‘
' ‘concluded that thevH-phase struéture iféelflis not favorable for super-

éohduétivity.l8




IV. TIWO-PHASE MICROSTRUCTURES

The superconductive propertles of two-phase mixtures are of great
irterest in the field of superconductivity because most of . the commercial

superconductars in use today are necessarily two-phase mixtures due to their

. . ' . 0
. processing history. Early work on two-phase mlxturesj demonstrates

clearly that when a minority phase becomes superconducting, frequently

the entire alloy sample appears superconducting to resistive measurements,

havinga'T, that -is equal to or less than the Tc of that pure phase. The

sample can also appear fully diamagnetic as well, as shown by Hudson51

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

willl be measured in a sample containing two superconducting phases with

different transition temperétures has been shown by Merriam, et al.u_to‘

have several possible answers:

1. The entifeﬁsample may appear'tovbecome superconductive at the
| ~higher Tc“ :
2. The entire sample may appear to become supefconductive at the
iower T .
T c : .
3. A partial transition'may be observed at the higher Tc with the
‘remainder of the specimen becoming sﬁperconductivg at the lower TC.
4. An entirely new transition temperature may be observed (inter-'_'

mediate between those of the two phases).

All four of these possibilities were observed in the mercury-indium system,

|2

depending on the physical distribution of the phases. Since the distr

bution of the phases is so critical to the properties, any study on

‘multiple phase systems must include careful metallogrephic worit.
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- 1. Experimental

Powders of Nv, Sn, NbC, and spectrographic C.were hot -pressed in
graphite dies at 2000°C for 10 min. at 7900 psi © pressure In the
proportions indicated in Téblé Iv. X-ray analysis of all samples>showed
only an NaCl structure identified as NbC, 2 T h.5A.

‘Métallographic examination of samples of NbofsoSno.55CO.17 of
" nominal composition showed very dense hard NoC (Fig. 6) and micro-probe
vreéults on these samples showed that the .Sn was coﬁcentrated-ih the
grain Boundaries (Fig. 7). All other compositiﬁhs'used yielded very

porous incompietely sinﬂergd compacts-as:shown in Figs. 8 through 10.



R

2. Discussion

Sintering of pure refractory hard metals (carbides, nitrides, borides,

and silicides) is not fully understood. -Most of the recently developed

hard metal-base refractories are cemented, that is, retal-bonded materials.

In these systems, sintering takes place in the presence of a liquid phase
which in most cases. is répresénted by a eutectic composition.-.The oniy
practical_way_of consolidating hard-metal powders in the absence of
binders appear, aﬁ.présént tolbe hot;preésing prqcedures. But the com-
'; mqn industrial practice‘is tobfabricatevcafbides mixed with ﬁp to 14 wt %
of a metallic binder (cobalt or nickel) by hot-preséing in gréphite dies.
The hot—prggsinévchgracteristiéé of qdmmercial carbide powdéré are
.greatly influenced'by métallic impurities. In particular L. Ramquist56
has noted that those 1mpur1tles that concentrate pr1nc1oally at ﬁhe grain
boundaries cause raold grain growth by formatlon of a mlcro-eﬁtectic'or

solld solution-at the grain boundarles whlch fac1lltates material trans-

port during hot—press1ng.v He uses. the WC + Co system to illustrate th

influence of a liquld phase on hot-press1ng. The mlcrograph of WC + O.2571

. - . R : 2
.wt % Co hot-pressed at 2100°C for 8 min.- at 400 kG/cm pressure has a -
mlcrofstructure very similar to that exhibited by the Nbo.5OSnO.35CO.l7
samples in this investigation. Thus the'Sn'or_excess Nb + Sn might be
acting as a»”binder"‘during_hdt-pressing.
The superconducting crltlcal temnerature of the Nbo 508“0.33Co.17
samples (Tc = 17.2-16. O K) _suggestsvruhatJAthis “grain  boundary

- phase 1is actually'Nb'

Cioy ¥
3s,n (.Tc‘ =  18._1 X).

¥ The slight lowering and broadening of the Nb;Sn transition in the

Nbg,508ng, 5CO 17, samples from that of pure ijSn can probably be asso- .. -

ciated with the size of the superconducting phase similar to results o
H.E. Cline et al.37 on Nb wires in a Cu matrix.
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This is the only sﬁpé?cbnducting fransiﬁion observed in these
samples and therefore 1t must_bé assﬁmed‘that the "mesh" of NbBSn
is able to completely shield;ﬁhe‘bulk NbC‘(TC = 11.1°K). The mag-
netic fleld data are also cohsistent with the filamentary nature of
‘the NbBSn pﬁase} The qriﬁical éurrent‘density Jc (even low fields) .
is very small, but at low current densities (50-100 amp/cmg) the Acfi-
tical fieid Hi is higher than the bighest fiéld obtainable In this stﬁdy
.(~200 kGﬁ. This is conéistenﬁ'with the results obtained by other
38,38

- investigators on samples with similar microstructure.

. The samples which,ﬁavé been prepared with a l:1 ratio of Nb to C

l§

or commercial NbC powder all exhibited low T.'s (Table IV)(i.e., that

",

4for.NbC)* and very pOrous_ microstructures (Figs. 8 through 10). The
micrographs show a decrease i1n porosity‘when Nb3Sn is used as a_binder
.instead of Sn in pressing the commercial Nbé'(Figs. 8 and 9). t can
élso be.seen that the porosity is reduced even further if Nb pdwder
and spectrographic.carbon (1:1 rgtio) 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

| laboratoryQ

a~

* The broad transitions and range of transitlon temperatures observed in
these samples is probably due to the strong deperidence of T, on composi-
- tion in the carbldes, - :



B. Té-Zr Systenm

At elevated'ﬁemperatﬁres allays of the tranéition elements from
. gféuﬁ b to 6 in the periodic table exhibit wide ranges of mutual sol;l
ubility in the bce structure. .Excépt for compositions that are high
in a ‘group L element, the bee structure can ﬁe retained at room tem-
peraturevby quenching and several systematlc studies of the infl@ence

25,29

of composition on Superconductivity in bee alloys have been reported.

Specifically Hulm and Blaughm?5

in the, fl*st extenslve inveSU igaticon of
_vvblnary alloys of transition metals observed two transitlon tem érature
mexima with electron-to-atom ratios of approximately L.7 end 6.4,
: respeé%ively, for alloys formed between neighboring elements in a given
.-.roonf the periédic table. |
More recent work on éommercially'in*ereSting solid solutionialloys

25, h0-L5 25,45,&6

‘such as Nb -Zr and Nb-Ti

have shown that the super-
conductlng transition temperature and the resistive critical magnetie
v o ' s L5, 47-50
field (Hr) are structure-sensitive. tudles of Ta-Ti alloys
, ' . L5, L7,50
show they remain superconducting at fields comparable to Nb-Ti alloys. -
t no superconductive.infdfmation is available on the Ta-Zr system.
The Ta-Zr system exhibits a minimum melting point typé phase dla-
gram (Fig. "11) +that has the same form as the commercially interestingf
Wb-Zr system. Alloys in the range 6.5-9.55 at. pet. 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, where the latter reaction is very
- sluggish die to relatively low diffusivities in Ta. Many of the supsr-

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

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



S

of microstructure, as controlled by composition and heat treatment,
on the superconducting transition temperature, T,

s
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1. Experimental

Alloys were prepéred 5y melting tantalum and,zirCOnium-(iodide'cfys-
tal: bar).mixtureé in an arc furnéce‘on a w;ter-cooled copper hearth
using a,tungséen electrodé; Méiéing‘was accomplishéd in a purified,
gettered argon atmospheré at'a.preﬁsure of approximately L4OO Torr.
Eadﬁsamplé was turned and femelted seven times to assure complete
mixing of tantaluh and zirconium. -To‘produce single phase specimens,
',alloys were heat-treated in va.cuum (10-6 Torr) for 18 hours at 1800°C
and guenched with distilled water atomized into é highbvelocity helium.

The sﬁbsequent aging treatment of Ta-20 pct.YZr and Ta-50 pct. Zr
“alloys was?doné in &acuum (iOf6 Torr) for 24 hours at l5OOAC and
quenchéd asjabove. The phéses preseﬁt in the siﬁgle phase aﬁd‘éged'
‘alloys were identified by éptiéal metallography and electron beam

microprobe analysis.
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2. Discussion

The superconductlng transrtlon temoeratures for alroys ourrched
from 1800°C (Fl 12) exhlblts a max1mum of T. 5 X near 15 at. DCu; Zr
(L. 85 valence electrons. per atom) The maximum Tc at 4,85 valence
electrons per atom is in accord with De Sorbo's correlation which‘

52

.utilizes an effective electrop-to}etom ratio.
The superconducting transition temperatures of Ta-20 pct. Zr:and
,»Ta;50 pct. Zr are shown in Table V for aged specimens quenched from
vl8OO C and for those aged at 1500 C for 24 nrs. The.microstrﬁcture _
of the 20 pete Zr alloy consists of a flne.scale precipitate which is
; - . , -

withinﬂphetlimit of resolution of(the thical microscope but on too
fine a scale for electron‘beam mieroprobepanaiysis; From the phase
' diagrah'(Fig. 11) it is‘seen that, atyequilibrium, allojs aged at

this temperature should be composed of %wo bcc'phases of epproximately'
8 and 77 at. pct. Zr, respectively. The'superconducting transition

in thls sample ShOWS a nigh degree of broadening, occurrlng over a
1.0°K temperature 1nterval (6.2° to 7.3 K). This trensition is Lower
than that observed for single’ phase samples of 20 at. PCU. Zr, but 1s
not as low as w0uld be observed for a: slngle phase samnle contalnlng
77 at. pet. Zr (i.e., 5.5 K)  Thus thls represents an 1ntermed1aue‘
v.traps tion temperature Where the broadenlng can be relauea to the
scale oL‘the pre01p1tateq particles. The same type of transition
" . broadening has been,observed in Zr-Rh alloys with a similer typevof

25

microstructure.

The microstructure of the 50 pct. Zr alloy is characterized by much
larger precipitate particles, Microprobe results show the zirconium

:content'of’the particlesvto be 8;5 at. pct; and that of the matrix to
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be 72,7 at. pct. The 8.5 pet. Zr phase is also present in the grain
boundarieé. This sgmple exhibits a very sharp suﬁerconducting transi-
tibn'(o.loK'width) at 7.5°K. This transition temperature is almo;t a
full degree;higher,than that‘observed for single phase samplesvof

50 at. pet. Zr and is characteristic of the 8.5 pet. Zr phase. Withv
longer agiﬁg times at 1500°Cvthe superconducting transltion of the
Ta-20 pct. Zr alloy should also reach 7.3°K as a Limiting value. This

‘ L

variation with aging time was observed by Hehemann and Zeglerh' on

Nb-Zr alloys of two different compositions.
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v V. SUMMARY

Metallurgiéﬁs have relied héavily on several empirical\guideé to

find new superconductors and Ilmprove the preperties of known super-

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

advances. in the téchnology of commerclal superconductivity have been

b(l) studies based on the crystal structures of known superconductors

and (2) studies of binary solid éolutions of known superconductors.

Use of.these two empirical guides has led fo theldiscovery of scores

of new superconductors5u and recently, to the diséovery of . one super -
condﬁctor with a transition teﬁperatufe'of 20°K (found for a solid
solution alloy'between NbBAl and Nb5Ge55)7- With the advent of high
field superconductivity, correlations of,microstructurefto.the super-
condﬁcting properties'of~known high‘field superconductors have also
become useful guides in imp?évihg supercénducting'properties. Using
these empirical guildes, this investigation has led to (1) the discovery
of a new superéonductor (W5Re B-Mn structure, at T.4°K); (2) the '~
formation of a synthetic h;gh—fleld_supercondugﬁor with a_filamentary'
ﬁicrostructurg (NbBSn_iﬁ & WoC matrix, critical field higher than 200 kG
at low current densitieé); (3) the observation of a maximum in the sﬁpérf

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

pet. Zr); and (4) the increase of T, by heat treéting Ta-50 pct. Zr

. alloys within the misecibility gap.of the Ta-Zr system (6,5°K for samples

quenched from 1800°C and 7.3°K for samples heat treated at 1500°C for

24 hours).
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APPENDIX

Materials Used:

Carbon, Uhién.Carbide‘Corporafion, New York, Spectroscopic
Powder, Grade SP-2. ‘ .

- Niobium, Kaweckil Chemical. Co., Boyntown, Pa., -325 mesh powder,
99.9% puré¢ .
NoC, Fansteel Metallurgical Corporation, North Chicago, Illinois,

~325 mesh powder, 99.9% pure.

Rhenium, Chase Brass and Copper Co., Iné., Waterburg, Comn.,
~325 mesh powder, 99.99% pure.

- .- Tantalum, Fansteel Mbtallurgical Corpe; Nbrth Chicago, Illinois,
rod 99.99% pure. -

,},' 1 Tin, Cominco Electronic Materials, Spokane, Washington, -200

mesh powder, 99.9% pure.

* Zirconium, Nquéaf Materials and Equipment Corp., Apollo,lPa.,

iodide crysté% bar, 99.95% pure.
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X Ray Results""'

"Heat Treatment -~ :. . Major Phase  Second Phase T ( K) o H_(k6)

' .

6.85 »"_ch,;.;a M* . 3 1. 5 Cal

- :As Cééf;ftf;fi{f¥ fHJf; g, a

,annealed in vac., N : Lo TR
. 2250°c (20 mins) . 7 B-Mn, a = 6.86  FCC,-a
L EHOO C (30 mlns),quenchedljcfjfi‘ D S TR R

38 7.:1,‘-.7-3. CBs(heR)

1

: annealed R ’} ‘.'df<f;jff' G L S
2500°C (20 mlns),quenched SRR _y6ﬂ86 . AY?QC{:§5-LF'38;_ n7f9f7'2;.n L

=Qc-

N R T BT R )

.annealedl}n Cernen, SR . FCC, a = k.35 B-Mn, a = 6,68 normal to L —
| : R L.2°K K

. o St L ‘ B
lefractometer results show1ng the transformatlon in cnystal structure from as cast" to

annealed in carbon are presented 1n Flg. h:f 'f>
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TABLF II

Flectron Concentratlon ;f.i.

“”Compouhdfﬁ

Taen

Valéﬁcé.électrén_‘

- atom

Valence‘électron

. T metal atom. |

Valencé'electfdﬁ '

parent lattice atoms

10 o(lo)

1'-3(-31) N

"'ﬂt;:Vf;h’aﬂt-Au .

T

6o
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. PABLE ITTL!

‘Mumber of Octahedra Sharing the Transition Metal Atens

Compesition ©: Crystal . Mo Atoms % (°x)
tructure ' ' CT
%O, 3 : \ ) ’ KraS
UQQ’SS-BCO.6 hexagonal, D88 f 2 7.6
i 3 l__V . . .. S
kojAIQC. ] cublc, B-Mn S ? C.
Mo, orthorhombic 3 12,2
M r v'lﬁi i . 1C.
Ioecl_x(a) Ao.thqfromblc 3 .8
1 ok i ' “
hoecl_x(b) oruhorhomblc - 3 8.1
—M . » 1 ¢ . v. ; | = o'—
Q-MoCy cubic, Bl - . 6 .lj 5
A . s . ’ ; ) . l
MOO,5HfO.5CO.75 cubic, ‘Bl o 6 lk.?

(a) Prepared

(o) Prepargd

from T2y particle size powder.

from 4ly particle size powder.




-31-

« ~ TABLE IV.
Starting Composition' o X-ray Results TC(°K)
Nbo.508n0‘3300.17 ‘ S mC (Nagl structure, - 17.2-16.0
’ : S & = k.8R)
Moy 365% . 40%. 50 Nbc: 11.2-10.9
(i.e.,NbC + 60 wt% Sn)
_.-(Nbc)O 955,05 o  Nbc;  - 11.2-9.0
- (1.e., NbC + 10 wth Sn)
Alv(NbC)o 90 510 L ',Nbcp_“’ ;.10.7-1of2
(i.e., NbC + 20 wth Sn) o
(Nbc)o 92(Nb Sn)O 08 oo Nbckf : - 11.35-9.6
(i.e., NbC + 10 wt% Nb, Sn) ’
| TABIE V-
o , : Tra*lsfclon Temperature (°X)
Composition =~ - - S:.ngle Phase’ (1800 c) " Two Pnase_ (1506°¢C)
Ta-20 pet. Zr 75 6.2 - 7.3
Ta-50 pet. Zxr 6.5 7.3
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DRIMARY ~ SUPERCONDUCTING

s
Pfc

PROPERTIES - - . T; H

E
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Lo e de et
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[¢]
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ko
S~

SECONDARY . = . SUPERCONDUCTING

PROPERTTES '~ H , H. , H
. . C . : 05

(""’”’E"“""’—"'—" s X o s Bvatdaity

)/////g INHOMOGENEITIES

CERTEREEL. 4.’

s

TERTIARY - . SUPERCONDUCTING

BRI RS ST

PROPERTIES ' - Jc, R(H), Hysteresis and “Flux Trapplng, ;
.ac Losses, Flux Jumping, ‘Ete.

. Flg. l',_.Schematlc representation of the relatlon between primary,
secondary, and tertiary superconductlng nroperties. 7
Primary propertles are relatively structure-insensitive,

\3 secondary properties are sensitive to mean free path £,

‘and tertiary properties are sensitive to Inhomogeneities.
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ZN-5817

Fig, 2 Microstructure of hot-pressed WBRQEC (B-Mn structure)
plus second phase [250x]
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structure as drawn by I
B.W. Roberts24
Experimenial curve |
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XBB 675-2691

Fig. 6 Microstructures of hot-pressed Nb [500x].

5078, 530 4o
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XBB 675-2711

Fig. 7 Optical micrograph of hot-pressed Nb.5OSn’55C.77 (about

250X ) and electron microprobe display pattern of tin

characteristic. X-radiation of grain boundary area
(about 1000x),
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XBB 675-2689

.

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

Fig,



SN & e dpds
"y S u,«wu,.. uv’.F
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XBB 675-2690

Sn (63x),

5

Nb

Fige 9 Microstructure of hot-pressed NbC + 10 wt.%
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XBB 675-2688

Microstructure of hot-pressed NbC + approximately
60 wte% Sn (63X).

Fig, 10
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Fig. 11 Tantalum-zirconium phase dlagram (after Pease and Brophy” ).
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This report was preéepared 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.






