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Materiale and Molecular Recearch Division, Lawrence Berkeley Laborasory
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Abstract

Superconducting materials vere made by ouenching
supersaturated solutions of V~Ga and Nb-Al, deforming
the quenched specimens, and then preclpitating the AlS
phrse by aging at intermediate temperature. The cri~
rical current characteristics of the product materisls
depend both on the inherent properties of the AlS phase,
which presumably reflect its compesition, and on the
details of the precipitation procesa, which determine
the graien size, coatiruity, and volume fraction of the
AlS5. These features of the precipitation process dif-
fer qualitarively between V-GCa and Nb-Al. They are
described and used to interpret the critical current
characreristics.

Introduction

Multifilamentary superconducting wires vhich uti-
l.ze the Nb3Sn and ViGa Al5 compounds to achieve high
current~carrying capabilities ir high magnetic fieids
have been successfullv manufactured by the so-called
"bronze" pru:ess"!z. However, for thermodynamic rea~
sons che bronze process is inapplicable to some of the
wost promising of the AlS superconducting cowpounds,
including Nb3al?, Wb3(Al,51), and NbyGe“. If these
compounds are to be succassfully used in wound super-
conducring devices, alternative manufzcturing techni~
ques musr be developed.

An alturnative approach which has been under in-
vesigation 1n our laboratory is the "direct precipitz-
tion process"sv"’, which has che merallurgicsl advan-~
tage of being the simplest possible way of manufactur-
ing an AlS superconducting wire. In this process the
elements which form the A:B AlS compound are arc melted
in proportion which permits the formation of an A-rich
homogencous solution at elevated temperatura, The
homogenized solutionr 1s quenched to low temperature at
a rate sufficiently rapid to prevent the formation of
the AlS5 phase, and rhen r>lled or drawn at low tempera—
ture into a tape or wire. After deformacion the ma-
zerial !s aged at interwedlate temperature to precipi-
tate the AlS5 r.ase.

In our work the direct precipitation process was
firsct applied to the V-Ga svstem, vhose simpls phase
diagram tn the 415 :omposition range makes 1L a natu-
ral candidare. The studies were subsequently extended
%o include the Nb-Al svstem, which i3 o direct eogi-
neering interest. The experimental details and initial
properties obtainad have been publighed elsewhere®>®.
Al5 superconductors were succesafully manufactured
from both the V-Ga and Nb-Al systems. Taeir critical
current characteristics were good but poy: competritive
with those ohtainable in the better multifilapentav
wvires. Microastructur-. investigations were heace un-
derraken to characterize the precipitation process and
to provide guidelines for property improvement. The
present paper reporte some of the results and implica-
tions of these microutructural studies.

Characteristics of the Direct Precipitatilom Process

The direct precipitation orocess yilelds a super-
conducting material in which discrete crystallites of
the Al5 phase are distributid through a matrix of reai-
dual solution. The critical current characteristic of
the material at 4.2K is expected to be a function of
at least four parameturs: the stolchiometry of the
AlS phsse, che grain size of tn: Al5 precipitares, the

continuity of the precipitate network, and the aggraz-
gate volume fraction of AlS5. The first paraceter is

related to the composition of the AlS phase; :t-e lac-~
ter three concern its a.crosiructural charazteris:ics.

A. Composirion
The composition of the AlS phase should Zater=ize
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Fig. 1. {a} Critical temperature veruns aging time

for V-Ga. (b) Critical field versus aging
time for v-Ga.



and also increase monotonically with aging for times
up to 500 hours. The deta suggest & gradual increase
in the Al content of the AlS5 phase, which apparently
resains lean fn Al since the greafest values of T. and
H_; are aign%’lcnn:ly below their values for stoichio-
metric NbgA'."9.

B. Microstrmcture

Fxample microstructures of deformed and aged V—Ga
and Nb-41 samples are presented in Figa. 3 and 4.
There are significant differences betueen the pat-
. e e terns of precipitation in the two materials. In speci-
mens which are pot deformed prior to aging, the preci-
200— i [ T T pitation of V3Ga is confined to - e grain boundaries
i of the prior solution, while Nb3Al oucleates and grows
; densely within the interior of the grains. After se-
| vere w. m deformation, both materials contein a high
450%— 4 density of dislocations. In the early stazes of aging
| the dislocations organize themselves into low-sngle
|
|
|

- —.’_,_'/-—/‘.' subgrain boundaries. These subgrain boundaries then
furm a template for nusleation of a network of AlS

- precipitates,

As shown in Figs. 3 and &, the mort’ “ogical char-
acceriscics of the two orecipitares are oifferent.
V3Ga precipitates as a set of discrete particles which
grow in a lenticular skape avay from the bouadaries
into the interior of cthe grains. The precipicates
® Nb-177at% Al tend to be surrcunded by matrix phase, ruggesting a
A Nb-B8at%al
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Fig. 2. ({a) Crirical temperature versus aging time
for Nb-Al. {b) Critical field versus sging

time for Nb-Al.

izherent superconducting properties such as its crici-
vzl temperature (T.) asd upper critical fleld (Hes).
“eace these properties have been used as a rough mea-
e of composition. A more exact determinatiom is
available through scanning transmission electror micro-
scopy (STEM): cthe relevant studies are now in progress.
Fxamples of the critical temp:rature and upper
rirical field of precipitated V-Ga are given in Fig. 1.
se of preclpitated Nb-Al are shown im Fig. 2. The
critical temperatures vere dererulned by an inductive

thed with a calibrated germanium resistance thermo— Fig. 3. TFM micrograph of V-15.6 at.X Ga aged at
=eter. The cricical f'elds were esrimared by exrrapo- 700°C for 108 hrs. Regions A and B are
lating the crirical current chtracteristic as sugges-— 415 and BCC phases respectively.

ted by Kramer’. Assuming that the prrecipitated crys-—
tallitaes have a range of compositions, the forzer tech-
nique will tend to measure the propertiece of the mnst
zearly stoichiometric (highest Tg) particles, while tne
larrer will reflect a composition closer to the mean.
“ence, it is not surprising that the preperty curves
ve slightly different shapes. Preliminary resuits
<o suggest, however, that the T, measurement gives a
reasopable indirzilon of compositrion when the particies
are well-developed. Careful STEM analysis of the AlS
phase in V-18 arX Ga after 24 hrs aging at 700°C gives
a Ga content slightly above 23 at.Z. The weasured T,
14.6K, 15 in good agreement with that previously deter—
:J_xmdé for V3Ga having this Ga content.

In V-Ga aged at 700°C both the critical rempera-
sure aund critical field increases with the Ga content
of the starting alloy. They tend to reach a maximm,
then decrease ~fter long aging times, a behavior par-
zern which suggests an eventual decrease in the GCa
cootent of the ALS pkase. The ocaximum T, of V-18Ga,
15K, corresponds to a nearly stoichlometric Al5 phase ;
the mzximum critical field also suggests a Ga content Fig. 4. TEM micrograph of Nb-18.0 at.X Al aged at
near 25 2t.%. The critical temperature and the eriti- 750°C for 1.5 brs. Regions A and B are Al5
cal field increase with the starting coutent of Al, and BCC phi<es respectively.




preferencial wetting by the matrix waterial. As the
reaction develops, the 'grains grow and eloagate into
particles of relatively high aspect rario. Alterna-
tively, Nb3Al precipitates as small, gore nearly equi-
axed particles which densely cost the subgrain bound-
aries at an early stag- of the reactiom. The micro-
graphs reveal good particle-to-pacticle contact sug-
gesting preferential self-wetting by the Al5 phase.
As the reaction proceeds, the Al5 particles do coarsen
somewhat, but the primary process extending the reac~
tion into the interior of grains is the nurleacion of
new precipitates on the surface of those already pre-
eent. Sigonificant grain growth occurs only at a rela-
tively late stage in the reacrion when the AlS volume
fraction is well established and the particles coarsen
at the expense of one another.

C. Implicati for Superconductiug Properties

Prom the perspective of establishing a microstruc-
ture conducive to good current-carrying properties, the

NbiAl orecipitation patter) revealed in these studies
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Fig. 5. Critical current versus applied fleld foz
VY-Ga samples with different aging times.
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Fig. 7.

is clearly preferable to that of V:Ga. The b:Al re—
action establishes a good im.erparticle ccnract berwveen
small precipitates which are dense on tne network of
subgrain boundaries, hence vielding good continuity
vith fine grain size at a reasonable volume fraction.
The ViGa pattern vields particles vhich tend to be isu-
lated from one another by buffer films of the macrix
solution and which grev to relatively iarpe size hefore
good contipulty i achieved. Om the other hand, the
inherent superccnductlng properties are Letzer in the
ViGa case. The AlS phase in V-Ga achieves a ~rirical
tegperature and upper critical field reasonatliv near
the best obtairable in V:Ca, <hile the Nh-al Al5 phase
has a crirical tecperature and field well below the
best found {n ¥b:al. The tuo amaterials we hare pro-
dueced to cate hence 1lnclude one having a basically good
AlS phase in an undesirable morphology and ore having a
less artracrive AlL in a verv promising dorphology.
These features are reflected in their relarive critical
current characceristics,

Critical Currenc Characteristics

The variatjon of overall criticsl curien:t with ap-
plied magnetic fleld was measured for a cumber of V-Ga
and Nb-Al specimens. Examples cof the data are given in
Figs. 5, 6 and 7. Figures 5 and 6 shov the variation
of properties with heat treatmest time for examples of
V-Ga and Nb-Al, respectively.

In the V-Ga case represented in Fig. 5, the cur-
rent-carrying properties improve over the whole range
of fields studied as the heat treatment time {s in-
creased to 48 hours but deteriorate thereafter. The
improvement apparently reflects both the better fntrirn-
sic characterist’:s of the AlS precipltates, which pat-
ticularly determine high-field properties, and the in-
=reasing continuity and volume fraction of the Al5
vhase, The subsequent deterioration presumably 1e-



flects the low of iutrinsic properties (Fig. 1) cou- 9.
pled with the increzasing grain size of the Al5. The
ecritical current is relatively low at all fields {com- 1Q
pared with multiilamentary V3an and increases only
slightly as the field is decreased. Both these fea-
tures may be due to the tendency of the Al5 phase to
form in isulated particles?®

In the Nb-Al case represeated in Fig. 6, the low—
field propertics improve for heat trestwment times up to
12 hours and detetiorate thereafter, while the proper—
ties st the highest fields continue to improve. 7The
latter effict 15 almoat certainly due to the enhance-
ment of the intrinsic supercondncting properties at
long aging times documented in Fig. 2. The former
probably reflects the competition beiween increasing
continuity and volume fraction, which cause the criti-
cal current to increase, and grain growth of the AlS
rrecipitates, which causes J. to decline. The very
rapid increase in the overall critical current of the
12 kr specimen for decreasing field below H.; suggests
a very good balance betveen Al5 grain size, continuiry

and volume fraction. The relatively slow increase in
Je of the 1.5 hr specimen presumably reflects the poor
conrinuity of the Al5 phase ar this early stage of the
precipiration process.

The microstructural considerations discussed in
the previous section suggest that the overall critical
current charactevistic of Nb-A) will be improved by
either increasing the deformation of the sawple prior
to agiug, which should refine the size of the subgrain
petwork on which the precipitates form, or by increas-—
ing Al con*rnt of the starting alloy, which should im-
prove “he intrinsic properties of the Al5 phase. The
data presented in Tig. 7 show that both of these pro-
cessing modifications enhance the critical curreat char-
acteristics.

Given the results of this investlgation, the ae-
velopment of a competitive Nb-Al superconducting wire
through the direet precipitation process will necessari-
ly require = sutstancial improvemer: ir the Intrimsic
properties, i:nd henc~ the stoichiometry of ° e A15
pcecipitate prase, There aie merallurgical technigques
which may lead to a more sLzichiometric AlS precipitate,
and these z2ie now under investigation.
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