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ABSTRACT
The effects of aging at 400°C on the resistive'transition at h.2°Ki
of a° superconductlng TOZr-50NDb alloy are reported Microstructural changes

were studied by criTical temperature, re81stlve critical fleld re31dual

resistivity and microhardness measurements and by x-ray diffraction, optical.

microscopy and replication electron microscopy. The result of the aging

treatment is a fine array-of w-bhase particles with a mean center to center
interparticle spacing of about 8002. At an aging time ef 300 hr. the maximum
onset critical current density is reached. The particle size at the maximﬁm
current density is about hEOZ. At timesvlonger than 300 hr. effective

particle impingement leads to lower onset critical current densities.

u%?_‘__—‘__._ . N . ! N . " .
A.D. Little, Inc., Cambridge, Mass..
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S | | INTRODUCTION -

. ' A defect-free Type IT superconductor in a magnetic fieid above Hcl
caunot sustain a transport current perpendicular‘to the applied field

without power loss in the seml;>fl_e.1'3

This power loss ie dus to flux line
motion caused b& the Lorentz force and is.manifested byAa lougitudinal
voltage.h-6 When defects are present in the material, fluwx: lines are -
pinned until the Lorentz force exceeds'the:"pinning force".. That is, 1t is
thought that flux lines reside in free-energy wells existing at the defects,'
and tue critical Lorentz force ie that which when integrated over distance
w1ll supply the free -energy dlfference necessary to move the flux line’
into a defect-free reglon of the superconductor.7 8 Crltlcal current
.density measurements obtained from the cnset of longitudine_;l» voltage for
a glven magnetic field and temperature brovide an indirect measure of the
%u | ’ critical Lorentz force or theﬁpinning strength of the defects, ) | .
| Various theoretical problems involving flux line motion and pinning
have been inrestigated. Intrinsic resistance to flux line motion or

9-11 Flux line pinning due to

"viscosity" has received some attention.
defects and the effect of defect spacing, extent and type have recelved
less consideration.12 The quaiitative relation between pinning strength
and the microstructural defects involved is becoming well-established by
experimental studies.l3_l7- fﬁie‘is particularly true in magnetization
° , i experiments where specific defects have been shown to have definite
- S X | effects.:’f8 -20 The inherent dlfflculty w1th magnetlzatlon experlments is
due to the unknown magnetic(induction and macroscopic-current distributions.
A definite relationship between critical current density'as a function

of magnetic field and defect structure cannot be readily established.

Even in direct critical current densi*y vs field studies the qevelopﬂent



2.

of ‘a quantitative relationship between microstructure and critical current

density has been hampered because competing effects (e.g., cold work and
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A

&¢ipitation) have been involved. Also, metallographic analysis of speci-

mens}hés proven difficult, especially for high—field materials. With this

in mihd we have undertaken a study of a YOZr—BONb'solidasolution alloy
which.is known to produce a very fine array of w-phase particles on low-
temperature aging. Well-azrmnealed alloy strip was chosen as starting
material so that the effect of this single process could be studied.
Parallel determinatioﬁs of superconductive properties and of microstruc-

ture are .reported here.

EXPERIMENTAL PRCCEDURE AND RESULTS

A. Material Preparation

The alloy (70Zr-30Nb) was made in a cold-mold arc furnace under a

gettered inert gas atmosphere and was homogenized for 2 hr. at'920°C in

high vacuum. After having been cold rolled to a 6-mil (0.015 cm) thickness, )

the alloy was sealed in an evacuated quartz capsule (< 10~ Torr), re-

crystallized and further homogenized in the single-phase bcc ‘region of the

phase diagram at 920°C for 2 hrs. Following a water quench portions of

the alloy were aged at 400°C for various times in evacuated quartz capsules

in order to precipitateithe w-phase. Specimens were 1 cm long with
approximately 0.015 em by 0.051 cm cross sections.

B. Property Measurements

Specimen ends were ultrasonically tinned with'indium and then soft-

soldered to the copper current connectors of a specimén holder. Voltage
’ £

connections were made by pressure contacts approximately O;h5§cm apart. 'Li_

Specimens were inserted into a liquid helium dewar vwhich was surrounded

by a pulsed magnetic-field coil (rise time: approximately 8 msec). Critical

rmagnetic fleld and critical current density as a function of transverse
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ﬁagnétic field were.determihed at 4.2°K. The procedure involved pulsiné

the magnetic field while maintaining a constant current in the specimen.

The voltage across the specimen and the current through a previously

calibrated pulsed-field coil were displayed simultaneously on a dual

 bean oscilloscope and were recorded with high-speed Polaroid film. Thus,

for various current density levels both the begipning (Jcs) and the end
(JcN) of the supercénducting transition as well asvfhe chaﬁge of voltage
with magnetic field were observed.

Representative changes of the cfiticai current density of the alloy
for several aging tiyés are shown in Fig.flé, b, ¢ and d; ‘These corre-
spond to aging treatﬁents at 400°C of 0 (unaged), 10, 300 and 600 hours,
,respectively. JcS designates the first appearance of voltage and JcN;
the fully normal state as the magnetic field is increased. The small insets
in Fig. 1 show schematically the variation of specimen voltage with time
for various qonstanﬁ values of aﬁplied current density as well as the
pulsed—field coil current as a function of time. Minima in specimen voltage
curves (Fig. la,b) indicate that the "peak-effect" océurs_for certain |

aging times. The critical magnetic field (Table I) is taken as that field

~ which leads to completely normal behavior (HfN) at low current densities 

(abéut 20A/cm2). | |

The critical temperature-éhift (Amc) in zero’maghetic field of the
aged specimené relative to the unaged.specimen‘Was détermihéd with a
calibrated, low-temperature'germanium‘resistq£. The transition was tiaced
by a standard fourfpoint'resistiQe method wifh a search current density of
less than 1 A/cmg. Chénges of the seéfch éurrent density by dn.order of
magnitude in either diréction résulted in neéligibie shifts of the transi-'

tion curves. The variatlion of AT, with aging”ﬁime,is shown in Table I.
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d{ . Metallurgical Studies

Microstructural changes were studied by X-ray diffraction, optical =

o

micr iéy, diemond pyramid microhardness detefminations, residual elec-
fricéi%fésiStiVity meaéufeménts,‘and carbon replication electron microscopy; 
Electron beam microprobe analysis indicated composiéiénal ﬁomogeneity for
all aging tréatments, at leést on the scalevofvthe inciaént electrpnbbeam~'f
(> 1 in diameﬁér).

X-ray diffraétion studies were madevwith'ﬁiékel-filtered cop?er Ko
“radiation in a scanning diffractometer. All spécimensidisplayed strong
| bcc-lines; the latticé,parameter for the unaged specimen, Qﬁtained by

extrapolation to 8 = g; is a = 3.500i0.00lK, which is in good agreement.

Withvpublished value’s.el No definite}change in bece phase latticg para-
meters with aging time was discefnible, Peak broadening at the longer
aging times, presumadbly due to strains resulting from the fine-scale
preciﬁitation,IIimited the accuracy of the 5cc lattice parameter deter-
minations to two decimal places. Specimens aged 100 hr. or less exhibited
bee B-phase peaks only; those aged 300 hr. or more exhibited hexagonal
w-phase peaks as well as B-phase peaks.  The approximate lattice parameters
of the w-phase as détermined-from low~-angle diffraction péaks are
c = 5.122, a = 5.031 and c/a §.0;620, in reasonable ggreement with publishedv. 
values.22 Within the accuracy of two decimal place;,_no chang¢ in these |
values was noted for aging times of 300 to 1000 hrs. Diffraction lines 6f
the hep a-éhase were not4observed with aﬁy specimen.

Optical microscopy indicated a clean, single-phase structure for the
unaéed material. Aging of a recrystallized specimen for 1 hr. resulted ;nﬁf
no detectable change. 'Treatmentg for 10 hr. and longer caused a ?ery fine- . .

scale.precipitatibn with predipitate-free (nude) regions near the grain
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boundaries and dense preéipitate particle pépulétions iﬁ the iﬂtefiors
of the grains. 'As,aging time increased,_the size of the nude regions
~near‘the grain boundafiQS‘decreased (Fig.‘2a,b,C).

Diamond pyramid microhardness (DPH) determinations on metallograph-
ically prepared specimens indicated an increasing hardness with aging |
fime (Fig. 3). The most significaﬁt_increase oécurs.between 150 and 300
hrs. The shape of ﬁhe microhardness éurvé_ié similar to'othérs.for
zirconium-rich Zr-lNb alloys;23 Residual (normal) electricaljréSistivity7
(Fig; 3) varieé with aging time in an inverse manner to microhardness.

This apparently refl%cts.a lower resldual resistivity of the w-phase and,

i
s ‘
perhaps, partial zirconium depletion of the B-phase. Micromardness and

residual resistivity seem to indicate a codtinuation.of the precipitation
process wilth increasing aging time, a fact.which wés not apparent from
optical microscopy alone. Thus an effort was made. to determine the size
and distribution of precipitate pafticles as a function éf aging time.

Tt was intended that transmission elecfron microscopy be eﬁpl&yed
to resolve this problém. Unfortunately, the non-unifori respénse of the
specimens to chemical or electrolytic polishing prevented the préparatioﬁ
of suitable.thin sectioﬁsl Preparation of carbon replicas of electro-
lytically polished and etched surfaces proved‘soméwhat more successful,
and the.stfucturés for the 100, 300 andv6OO hr. agiﬁg treatmeﬁts were
delineated, althouéh oniy that for 300 hrs. cculd be seen quite clearly.
The regglar array of the'érecipitate particles after 300 hrs. 6f aging
is striking (Fig. Sa,b)._ For 100 hrs. the aﬁerage ihtérparticle, center
to center.sﬁacing is about 8léz'and tﬁe average particle diameter is less
than 5502. For 300 and 600 Irs. the a%erage ihterpartiéle spacings are
" about BCO‘and 7903, respectivély, and the'average éa?ticle diametérs are’



-6-

UCRL-16657 Rev.
[~ . , .
about 420 and 4804, respectively. Thus,” the particle spacing remains

almost constant, but the size of the particles increases with aging time.,

’

DISCUSSION

Of'fhe suﬁerconducti?e properties studied énly.critical éurrént dénsity .
yaries strongly with aging tréatment. Within'the accﬁracy of the deter- |
mination, critical field (HfN) remains constant (Table I). The onset .
critical field (H}S),.howe§er, is slightly‘decregsed at thé longést aging
times (Fig. 1d). This may be indicative of zirconium-depletion in the
matrix B-phase surrounding the w-phase particles. ‘In support of this
interprefation is the observatién that critiéal ﬁémperature is increased
for the two longest aging times (Table I).E‘L¥

Onsé£ critical current density is known to be sensitive to metéllur—»
gical structure.15_:]'7 As shown in Fig. la,b,c, and d, Jcs‘increases
rapidly for the shorter aging ﬁimes (lO.hrs; or.less); while the end qf
the transition (JcN) remains almost invariant. Fér the longer aging times

J o and JCN'have the same trend, both passing through a maximum at 500'hrs.

eS
The rapid rise and fall of Jcs is accompanied, howéver,-by lesser relatifev
changes.in JcN’ The‘cause of the Vgriation'of Jcﬁ is uncertain. On the
other hand, the variation of JcS can be understood in terms of flux line
pinning.h"7 | |
Variation of the Lorentznforéevpinhing éaraﬁeter, a'='[Bchslé JcSH’
with aging time is shéwn in Fig. 4. It is apparent that for aging times
between 100 and 606 hrs;'a significant enhancement of flux line pinning
results, relativé.to.that for the unaged material. The maximum valué of a
found in this study is about 1,68x105kc‘? A/cm2 for 300 hrs. at hoq°c.
This resﬁit»suggests_thaf for a single preciéitatién érogess there must

be an optimum precipitate particle size which will lead to a maximum Jcé'
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An understanding of the microstruchure. is recesshry for explaining-

0

thé observed superconducfive properties. . Therefore, o trief discussioﬂ

of the possible solid-svate transformatio£S'foLloWs. ‘Limitéd dava exisf
on the athermai B — wtd transfofﬁation temperéture aé a function of
comﬁosition for Zr-Ib alloys.22 An exﬁrapolation of these data to 50%.
hibﬁium indicates fhat a T70Zr-30Nb alloy should not.unaefgo the diffusion—‘
less tfansformation e#en down'té'liquid helium téﬁperatpre.. Hence, pre-
exlsting nuelei will. nok be present priérito,aging, and;the materials -
studied will not suffer an& stfudfuraljchaﬁgesfbetwéen §oom temperaturev
and h;2°K. Nevértheless, because of‘thé‘tendency to form a faulted
structure and because of the simple crystallographic relationship between
the - and w-structures, it is likely that:the interphase surface enérgy |
barfier to'nucleation-will‘bé small. . T%is”appears‘togbe substantiated
byltéﬁwfine-scaie,'apéarently homogenédus;nucleationiﬁbich iS'responsible
for the precipitatexarrays‘shoﬁﬁ;ianig§“;2iandﬁ5. .

In a study of:anfBSZr—15Nb Elloje5iit was shown that the B+ faulting
which resuited from .guenching 4id not:lead to a high onset critical cufrent
density, but subsequent isothermal aging at 400°C did. + Likewise, In the
work reported'here;the"resultS'must be “interpreted in terms of the precipi-
tation andtgrowth whiéhvoccur-as agiﬁgftime'increasesaquwo'primary effects
are notea: first, tﬁe particiésfinnihé intefiors.of.tbe‘érains grow, and
second, the nude regions next”td’the grain“bonndaniééﬁdééféase in extent.
At first sight, thé latter migﬁf'be uéed.to explain'the‘behavior of Jog 88
a function of aging time: the regions of léﬁ'iesistanéé.tovflux liné
motion are decreased in size as aging ﬁimei&néfeases{*fNO'doubt this has
sc@e iﬁportance, but it would not indicate‘fhé#decregsé ih o realized at

the longest aging times employed. It is mpre”likely'fhaﬁ‘the size of the



- w-phase particles in the grain interiors. has primary importance, since"

| (Fig.'5), it'is,likeiy that'for“very'long aging times-they efféctively'

.composition gradients are produced. Either the effective nunber of pinning

e b v b e A S OTRN'S

8- | 5 UCRL-16557-Rev

this.rather than their center to center spacing is what changes with oAl

A comparison of particle size”and spacing with»the,computed': ff,‘_‘

A

area per,fi&k line at several magnétic fields is given in Table II. ThiSijfﬁ;f7'

"~ data suggests that a distribution of particles each having an area abéut" ff?”zl

two to four times that of a flux line and occupying (in the aggregate)
about 20% of a cross-section proVide_effective pinning. The geometrical
distribution of particles is'probablyAimportént also, bﬁt‘is fixed here.

Because-the;particles«are‘arrdyed in a regﬁlar mannen,ﬁﬁutvﬁot uniformly e

' impinge upon one another along rows and thus provide channels for easy flux.

line motion. This is the most plausible,explaﬁatidn for the behavior of the
specimens aged for 600 and 1000 hr. Optical metallography indicated no-
significant structural change for these specimens relative to the one aged -

for 300 hr. However, surface replicas of the 600 hr specimen viewed with

‘an electron microscope tended to support the 1dea that rows of w-phase

|
particles effectively impinge.

Pinning models which utiiize barriers eithef independent of_magnetic
field or decreasing in the same manner as the free energy difference be-
tireen the norﬁal and mixed states lead tb a considerably more rapidAdecreasen 
in JcS with H than is fpund fdr tﬁe specimen age@ 300 hr.  That igi'the. ' :5  ‘€
slow decrease in JéS with H (Fig.. lc) is‘indicative of'a pinning bariier o
which increases slightly as H increaées; as would be éx?ected if local’
sites increases with fieldﬁér the effecti&e éize of éxisting.pinning'sités.
increases with field. At the'lonéesf éging,times, whefe'impinggment of”the'f v

o particles decreases their effectiveness in pinning, composition gradients = .
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7 : are spread over longer distances, thus decreasing their effectiveness.

CONCLUSIONS

Isothermal aging at low temperature provides a useful way to study

. w3

the effect of a sing;e precipitetion prbcess.on the flux line pinning
streﬁgth.of high-field superconducvive alloys. It is found that, for &
constant w-phase parﬁicle dispersion in ehe interiors of grains of a‘.
T70Zr-30Nb alloy, ths onset critical current density increases as w—phese
particle size increases unfil effective impihgement of the ® particles

' occure. At the same time that w-phase particlee are growing, the ezteﬁt
of the nude.regionsgpext to grain'beundaries deereases in size due to the
onset of precipitation in the regions contingﬁous to the precipitate
areas. This additional precipiﬁation presumably contributes to fhe
observed increase in JcS’ as well. Negligible changes in HfN indicate
that no gross composition.changes occur in the matrix, yet slight changes

in Hr and in Tc may correspond to zirconlum-depletion of the.matrix‘regien'

S
around w-phase partiéles. The composition gradients thus set up probably

add to the pinning strength exhibited by the alloy.

Because of the composition gradients and the effective particle
impingement et very lohg aging‘times, a quantitative relationship between
pinning streeégh and micfostructure couldinoﬁvbe obfained. An experiment
to obtain such a relationship mﬁst involve a material for which composition'

* ‘ gfadiehts are;miﬁimized and not only particle eize but &lso.perticle

distribution can be varled. Such an investigation is currently under way.
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Table I. 'Critic‘;al'te'mp‘eratﬁre shift (ATC) and

resistive critical field (HcN)- of aged
70Zr-300p. . '
Aging time (hr) '; ATC(AK) S HCN(kG)
Unaged : == o | N 89
1 | - -0.1 85
10 b 0 L 8l
100 ; - 0.2 “ 8l
200 i - 8
300 o gy
600 +0.6 L | 88
= 1000 - - +0.9 S : : . 86
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Table II Flux line areas and w—pbase’paréicléfsizeé'-

o) ﬂ> Lo

©H(kG) . - Area per flux line

20 1ox107

50 -,.,37 (. t, »26167x1ofu |
o . e 510t

| | T )y
4

50“’ . '..  ]Mmi »   :Mv€: 10"
6 :“' }?i;; fm tﬁ ;3.33XlQ;_

“o = 2x107" ¢ e, the flux quantum

: Average total - Avérage area;dfb | ) Areé.fraction'f
Aging time area peg particle ah w particle . " occupied by
“(hr) . ' T 2, 2 ' .w particles .
~(nr) . (12) y TR0 P |

(%)

100 6.5x107 (B.bxl0TH . (<a3)
300 : f 6.4x10™> o 13.9>,<1o‘1L - 00

600 - 6.3x107 8ot 29
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FIGURE CAPTIONS

The critical curfent'densities;nJcS and JéN vs magnetic

field, H, and the resistive transition behavior with magnetic

‘fields for constant current densities. (a) The unaged

specimeﬁ, as—quenéhed from 920°C, (b)'the specimen aged for
10 hr at &0060; (c) the speéimén aged for 300 hr at 400°C,
and (d) the specimen aged for 600 hr at L400°C. |
Optical micrographs of 7OZr;30Nb alloy quenched from 920°C, and
() aged for 100 hr at 400°C, (b) aged for 300 hr at 400°C,
and (c) aged.for 600 hr ‘at L00°C. 2000%

The vériation of diamond pyramid microhardneés (DPH) for

100 gm load and of residual resistivity, p, at 4.2°K with
ggipg time. | |

The variation of the Lorentz;force parameter, a,'at H = 40 kG
with aging time. | o |

Carbon replication micrographs of'7OZr-30Nb'alloy quenched

from 920°C and aged for 300 hr at 400°C. a) 12,000x, and
24

.p)'h8,000x.



-18-

UCRL 16657 Rev.

3x10° T T T T T T T 1 T T
" L
ie v )
c 10° M )
'3) : -
.\ Time -
<<
H | i |
>
f% RV [ '
c  10° -
_%) 0 " Time -
' c H i ,
et |
3 A
Time
— . |
8 0] H i
=
& Y, f .
. Time.
2x 10 1 | | L | ! ! 1 | ]
o - 50 100
Magnetic field (kG)
MUB-8927

Fig. lc



-19-

UCRL 16657 Rev

T 1 T T I I I b ]’ 1 1 1
i ’ : 4
10 Vv "
NEIO : ¥ f :
8) B Time ]
= [ ;
_ - i )
- 5 |
o5 V ol
s ol My
-Qo) = Time .
~S . =
Ef - H 7]
5 | -
O i " : {
o Time
0° = "
: |
B vi f T
fi Time =
2XIO L ! l ] | |
O 100
Magnetic field (kG)
MUB-13863

Fig. 1ld



=2l = UCRL-16657 Rev.

BBH 672-22

Fig. 2a



UCRL-16657 Rev.

=24 =

BBH 672-23

Fig. 2b



-22~- UCRL-16657 Rev.

BBH 672-24

Fig. 2c



DPH

8%
UCRL-16657 Rev.

T - — — o
500} =
(&)
1
(@
i 31
4 00
NC
o]
B [qV}
<
IS
3001
>
2
F »
A i
] v
200 - -
_ o
T L il ! i ] L g g i i I i ey € *
As quenched r 10 102 0® 35
3 ; =
Aging time (h)
MUB 13864

Fig. 3



Lorentz - force parameter, a (!O3 kG-A-cm™?)

e

UCRL-1665T Rev.

| ) I Y A §

T T T XIIT[ T T T LR R T \ R Tl![
200 —
1 50 —
fodol = =
50 —
. ( ®
oo T :xx!ll’ T 1 \11|4|, ! L 1111? |[>.l
As quenched [ 10 10 103
Aging time  (h)
MU B 13865

Fig. 4



UCRL-16657 Rev.

.

T

S
ki
i

N

<

BBH 672-25

Fig. 5a



UCRL-16657 Rev.

.-

BBH 672-26

Fig. 55



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.








