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EFFECTS OF FINE PRECIPITATES ON CRITICAL CURRENT
DENSITIES OF SUPERCONDUCTING NIOBIUM 1% ZIRCONIUM

Masaki Suenaga

Inorganic Materials Research Division, Lawrence Radiéﬁion Laboratory
Department of Material Science. and Engineering, College of Engineering
University of Callfornla, Berkeley, California

ABSTRACT

A simple model for flux pinniné by nen—supErconducting precipitates
was developed and was compared with the experimental results on Nb 1% Zr
alloy. The model predicted that critical current densities, Jc, were
approximately proportional to

- 1 ' _ _
< § )3/2 <—’t‘—g > /2 <H——"——“c2 - > for b <<
: _ 2k -1 ~H /
where 2b 1is the‘diameter of precipitate, 28 is the interparticle spacing
is the energy of a flux line, K 1s the Landau-Ginzburg constant,
HCQ is the upper criﬁical field of the alloys, and H is the applied field.
7 The magnetic field dependence of Jc was in good agreement with ex-.
perimental results in the cases of intermediate pinning strength. Bﬁt,
for Very weak of strong piﬁning strength, aeparture of experimental and
theoretical-resu}ts wasﬁnoted at higher fields. Although it was very
diffiéulf'fo determine exact slepes of a plot
ln-lJc/(b)B/QJ.vsv in B

*

. © due to experimental scatter in measured b*and 8, the size and the’ spacing-
dependence of J was thought to be reaqonably consistent w1th the experl-

mental results in Qplte of lepllfylng assumptions used in the model.
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For measurements of b andv5 of precipitates, Zr02, a carbon extraction
reﬁlica method was emplbyéd; 'Transéission electron-and éptical micro-
gcopies were also used;tb inveétigaﬁé the precipitaﬁes.

H02 (h.éoK) and JC were measured with use of arsupercondgcting mag-

net. Critical temperatures,_Té of the alloys were also measured, and

it was found that TC, 9.5bK, varied less than 0.2°K with heat treatments.
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I. INTRODUCTION

In type II superconduétors, magnetic fields’péneﬁrate in a form of

a quantized flux lattice when the applied field, H, exceeds the lower

‘ 1,2 |
critical field, H .’

c, _

are forced to move because of the Lorentz force. Flux movement produces

'In a hombgéneous supercondﬁctor, the flux lines

a voltage drop acrbss a sample when a_trans?oﬁt éurreﬁt, which is not
parallel to H, is presen‘c.’5 Tt is well knoﬁnrthat the motion of flﬁx T
lines can be prevented or retafded to much higher current densities when
crystal lattice defects} such as dislocationé and precipitates,‘are

L L : S
5 Numerous papers have been published on

present to pin flux  lines.
the qualitative relationship between the critical current densities

and the nature of defects in superconductors, . but practically no

' ' : L _
guantitative inveéstigatddn of the subject have been reported. This is

.partly due to the very complicated defect structures of the materials

that have been investigated, and to the &bsence of a simple theoretical

model which can be applied to complicated sy8 tems (except-in'the case

Pa

. . ' - " . o
~of grain boundaries at the normal -and superconducting m.ate-rlall Y. In

the pfesent invéstigation, a simple model for flux pinning by non-super-

cdnducting precipitates was developed and the model was compared with the

experimental results of Nb 1%_Zr alloy. . The model developed is very

17,18

similar to Orowan's theory . of the yield strengths of metals cbntaining

non-deformeble precipitated particles. Since Orowan's theory has been

very successful in spite of its simplicity, and because there is & great

deal of similarity between dislocations and flux lines, as has been pointed
out by Goodman and Mlatricon,l9 a similar pinning mechanism approach was
employed to freat the variation of critical current densities with

precipitate size and spacing.
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For an,investigation of this type, it is desirable that the alloy to
be studied forms very fine homogeneously distributed precipitates whose
sizes and spacings can be varied with suitable heat treatments. It
is also desirable to retain nearly constant superconducting properties.
such as critical témperatures, Tc’ and critical filelds, Hcg, for»all con-

ditions of heat treatment. With these considerations in mind, an alloy

'system,bNb—I% Zr plus oxygenyhas been chosen. A precipitste, Zr0., was

2
formed by internal oxidation. Homogeneous nucleation of ZrOé ocecurs in

20,2 22 v
0,21 According to De Sorbo , interstitial oxygen in solution

this alloy.
decreasés_Tc more than any other gaseous impurity (TC de;reasing.by 0.95°K
per at. % oxygen). To maintain c}itical temperature variation within
0.5°K, ﬁhg oxygen. content must be kept below 1000 ppm.

Although changes in Hc with heat treatments cannot be avoided, it

'is 1iké1y that‘theiﬁariatioi will not be very large since well annealled .
Nb—l%_Zr plus ogygen\is‘ekpected to be é relatively low K material where
K 1g the Ginzburg-Landau constant. Hég 1s proportional to K, The total
Kk is a sum of two terms, Ko and Kl,where Ko is the Gingburg-Landau
_constant which depends on the intrinsic properties of the alléy such as
critical temperature and the coefficient of electronic specific heat per
unit volume 7Y, and where Ky is the Ginzburg-Landau coﬁstant which depends
on 7y and the normal resistivity,'pn. Ir KO is comparable with Ky the
variation of Dn with heat treatments will not change K appreciably. 'Hence,
H02 should Varj but 1little with gging tréatments. Wifh.small structural
and supefconducting paramefer variatioﬁs, the analysis Qf experimental

results 1s greatly simplified.
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II. THEORETICAL ASPECTS

In this section, avmodel for a flux pihning mechanism by dispersed -
non-superconducting precipitates in a_type IT superconductor is considered.
The model is intended to show the functional relationship of the critical”
current densities, JC(H), ~to the interpfeéipitate spacing and preci-
pitate size, The model is similar in form to that used for the pihning\

'V 17,18

of dislocations in crystals by precipitates. The Similafities be;wv

tween magnetic flux lines in'a typé IT superconductor and dislocations in

a crystal are strikingol
The main assumptions of this analysis are:
1) Applied magnetic fields, H, are in a region where the‘denéity
of flux lines is low enough so that the long range intefaction between
flux lines is relatively weak in comparison ﬁith'the flux line preci-
‘pitate interaction.
2) The number of pinning centers per unit area; np,xis approximately

equal to or larger than the number of flux lines per unit area, n¢ .

Using these assumptions, one can consider the intéraction between a
single flux line and precipifates.in a Lorentz force field in determining
an .expression for critical current density. in the following we shall first
ﬁreat the effect of interpreéipitate spacings oh critical current density.
The precipitate volume effect is then conéideréd. 

Consider a type 1T superconductqr in a magnetic field, H > Hcl’ and
a transport current density, J._vThe diréctibn of.J is perpendicular to
H as shavn in Fig;’la. In such_a case, there exists a Loreh£z force on

. o 24,2
flux lines. A general form of Lorentz force can be expressed as: 2
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(a)

Flg. la A dlagram.show1ng the respectlve orienta-
tion of magnetic fields and currents thru
a specimen. :

(b)

Fig. 1b A schematic diagram of s flux line which
is pinned by precipitates.

XBL68II-7129
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FegBxerl®(5) (1)
Unless thére are flux pinning centers_ih the superconductor, the lines
will be moved in the direction according to F. Wheﬁ there are crystél
structural defects such as‘diélocations and precipitates in~the'super-
condutor, the potential energy of a flux line varies in the area of

the defects., Thus, in thé présence of suchvdefeéts'the‘motion of flux
lines is retarded and the fiux lines afe in equilibrium for a curfent

up to a value such that

ﬁﬁ‘xcuxl’ﬁ(ﬁ)-?:O (2)
where P is the total pinninguforce per unit volume. Here it is assumed
thét there is no température gradient in the region of interest. With
the assumptions which have been stated before'ahd with a definition of a

transport current density, J = c¢/bm curl B (g), Eq. (2) can be simplified

- as

o‘ J.‘P‘*Ov. _ B (3)

-

) Ly
. ) c

where p is the pinning force per unit length, & is the flux quantum,

0
2><1O"7 g;cm?; and ﬁ L 5 is aséumed.  In this simplifiéation We thy
consiaer the force on a "single' line instead‘of4a force on a lattice of
lines. |

Thé critical valdevéf J for,ﬁhichAthe Loientz:force'éxceeds'the pinnig"
force 1s designated as fhe critical éurrehf'density, J;(H), in_én applied
magnefic field, H. In eiperimshtal_meaSurements of JC(H), a longitudinal
voltagévon a specimen is cofreléted with depinning of fluxvlines since

motion of flux lines creates an electfic field perpendiculaf to the
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direction of motion of flux lines.”
In order to deterﬁiné the depéndence'of JC on the interprecipitate
v spacing,v26, we consider a flux line pinned_by:a row of precipitates of a
uﬁiform diameter, 2b. As J increases, the pinned lines will increésingly
bow out between two neighboring precipitates. (A schematic diagram of
thekline under Lorentz force is shown in'Fig. 1b.) Then, the eritical
’ conditibn for flux depinning of Eq. (3) can be rewritten in terms of the
folléwing: Lorentz fofce, the distance which a segment of a line is

moved, Ay,and the pinning energy of precipitatés, FP,

2 . _ | S
E‘@OJ DAy—Fp = 0 ) (ll-)

The nature and the precipitate size depéndence of the pinning energy, Fp,
will be discussed later. |

Now, the obtaining of Jc(H> in terms of & and Fp with the use of
Eq. (A) and trigonometric relationships shall be considered. = The average

distance that a segment of a flux line 1s moved -can be expressed as

o) 2 2,1/2
oy - [ =D - (LR
sin (-1;{-) ’

where R is the radius of the curvature as shown in Fig. 1b. Then,

cF ‘ -1 : :

P ) 2 2\1/2

23 5 . 15\ (R__ -8%) _ . (5)
o] SlI’_l (ﬁ)

,JC(H> =

The limiting values of J, for 7 =.1 and §'<.< 1. can be put as,

B



‘mated as

~T]Tic EE. . v6~" —
Jc=(1:>(5-> 5 for =1 ‘ (6a)

and
F 1/2 . 3 - |
(Y[R q) 1 : el .

J, “<®o)< 5 %) =7E for & <1 (év)
where ?;is the line energy per unit length of a flux line. ‘3'is approxi- -
23,27 h S

2.2

_ H, A ' :
~ (3.1 b . -
z < 27T> Kl'6 for .2 <k <10 | (72)

=
R

and

x)'fork»l o (7o)

e
/\
prt
]
——
|

&

In order to obtain Egq. (6b), a relationship,'%éb = Fp;_is also used where
46 is the increase in the length of the line cauéed by ﬁhé Loreﬁtz foféé,
F.frbnlg =0 condition. |

Two limits which have begn considered above imply.the followiﬁg in
terms. of relative énergies of Fp andﬂa: .the ;imit, —%7<< 1, in.the'case‘
1, in the case Fp = %6._ Or in terms of

e

P, << (5 and the Limit, =
relative sizeé of § ahd b, —%-<< 1 and é% =1 Qorfespond to %% <2
and ‘%7 Z.E,Vreséectiveiyx Also, Est (6a,b) suggeét-that J, becomes
infinite as ® goes to zero, however, é more careful observation points
out that the lower limit of ® is the radius of & precipitate, b, by the
definition of the interprecipitate separation, B.r Also, invsuch a.limit

5 - b, the érgument which has been presented here will not be very valid

since the superconducting regibn of a sample may diminish as & — b.
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It'4s . interesting to" compare these resuitslwith other published results.

5 . :

Friedel et al, 0 obtained a relationship.Jé o éﬁ and Coffey in his

"modified London Mbdel"?6 showed that JE o« £§ in the limit np ~ g
' 5

Although'Coffey's method is entirély different fromthis approach, his
' , v s -
result 1s in accordance with the present result for the. limit g =1.

The next task‘is to approximate FP(H) which appears in the expression

for Jc; The free energy:of'saperconducting electrons in a magnetic field

can be expressed as 23
.. | -

J?é (H) = | E dlx +kain + Emag (8)
where F 1s the energy of the electrons in a condensed state at rest,
e ‘ _

E, . the kinetic energy associated with permanent currents, and E
kin _ : _ mag

the magnetic field enefgy. The basic idea of the origin of the pinning
energyFE,'ithhat-thevfree'enerngVariesvdepending'onwhbw flux‘linés:are posi-
tioned with respect to ﬁhé‘précipita%eé, .In.partiCular-supechnduéting conden-
sation energy is iqst both in the normal cores of the flux lines and in

the precipitates so that the eﬁergy is minimized by superimposing the flux
~lines on the precipitates. Also, changes.in the magnetic field distribu~

tion of flux lines take placeé when flu#.lines.are moved into or out of the -
precipitates. This resuits in a change of (Ekin
| Emag'are proportioﬁal £o | (vﬁ)? &r and [ (Ee)dgr, respectively. An

+ E ) since E_._ and
mag’ - kin

exact calculation of Fp is a very difficult task; theiefore we only'
considef cases where simplificafions are possible,

Supposeﬂﬁhat the radius of precipitates, b, is smaller than the super-
conducting coherence length, t. Then the decrease in energy by'positioning,

a flux iine_at_the precipitate is approximately given by
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Pe

Foo= % > g() | (9)

where g(H) is the free energy of a type II superconductor in magnetic
L . ' . 1 .
fields, per unit volume. Using Abrikosov's expression” for g(H), Eq. (k)

becomes : : ' o
. 1.3 <HCQ 'H) .
roox LY 2 (10)
Pe 1.2 (2k° -1)

where H, is the upper critical field and K is the Ginzburg-Landau para-
meter. Strictly speaking, the exmression for g(H) is only applicable for

R

H Hc and for a reversible type II superconductor. We can appfoximate
2 v - .

g(H) for the.non-reversible superconductor with that of the reVersible one

in the abseénce of more accurate expressions for g(H) non-reversible.

When & < b, the contribution to Fp from thevmagnetic energy terms
becomes important. ' Phenomenologically, one can write the pihning energy -

as.

b
[

. + :
é (Ekin Emag)

(11)

,4(%; - [h72'+,}2(v’x’ﬁ)gld?r)

Where & indicates the difference of the energies, (E . + E . ) with or
, o - kin mag

without a précipitate about the flux line. In order to calculate this-

energy, Fp s the magnetic field distributions with and without precipi-
tates about a flux line have to be determined. However, determinations of

5

h(r) are again difficult except in a very special case where K >> 172 and

"ir a case where no precipitates are present. In other cases the use of

: - :  sGe8 _ . .
computer calculations are required. 8 Since it was shown that Fp >
- S | | E W ¢
Fp for « > 177 and we are interested in the region £ > b, we will not
m ‘ ' , o
proceed with the discussion of F_ 'and we assume that F = F .,
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Finally, combining the above results critical current densities, Jc,-

become
5 (HC -H)2
5% & bg ,5_22 (12a)
' e 1,2(2k"-1)
for %21 -and L
| i H -H
gz <9k?>l/2 ',-('c2 ) - (12b)
. c q>055f2 5 (1.2)2 (2" 1)2/2
for §-<< L., - : .

‘In the experimentai measuremenﬁs,_é voltége which appears between the
two ends of a samble'is measured and the criteriéﬁ fqr Jé;will-dépend'bn the
sensitivity of the véltage detecting System. If a preselected voltage

(e.g- 1076 volts/em) ié used as a criterion, the appedrénce of the voltage
may not éorréspond to the current densities at whidh‘ g8ll flux lines are de-
pinned from precipitateé at all fields. The voltage which is detected between
the - ends  of thé samplexwill depend on the number of flux lines in motion
and their velocity. It was expressed by Kim et al_.5 as

v O . S
P A L .
= T el B (13)

where £ is the lengﬁh of the samble,_ is the veloeity of flux lines,

3 »
and % is the number of flux lines per uniﬁlarea. Assumingﬂthat YL qogs
not vary'substantially'witthé, the vbltage is directly related to the
pumber of fluz 1ines per uﬁit area orvthe magnétic field strength in a
supercopdgbtor, Therefore,»the experimentél value of'Jé should be

miltiplied by a factor prbporﬂional'tb‘B; or

o exp = B I ) . . (lh)v

<Y

&
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where m is a multiplicity factor which takes into account that all flux

-

lines would not be released from pinning sites at the same inétance.

Finally, critical current densitiés become

(B -H)®.
J g'E;-rﬁ 2 L e &z (15a)
¢ exp g i (2®-1) R o

R

¢ exp 2K2—l H

and : ) H ;H ‘ |
_ 3/2 /2 e : :
5 e (2)n <i> 2 sr 2«1 (%)

In the‘following Sections, experimentai results are éompared with

these. relationships.
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'IIT. EXPERIMENTAL

A. Material Preparations

The alloy wasg prepéréd byvmelting appfoxiﬁately 15 grams each of
swaged high purity Nbvrodé and cold'preSSed Nb poweder‘pellets-with 0.3
grams of Zr wire in a cold mold ar§ furm ce under an AT On étmosbhere.

The ingots were turned and-remelted Eeverai times to enhaﬁce homogéneity
of #he'alloy.l Then, these ingots Wefe cold~roiled té,approximately'30
mils and cut to approximately 2 in, X 5/8 in.'pieces for heat treatment..

After the surfaces of“alloy sheets ‘were chemiéally cleaned with
50% HF - 50 HNO5 at room temperature, they were subjected to homogeniza=
~ tion and solution treatﬁentsbin an "Abar" furnace. Thé‘émouﬁt of iesi-
dual gaseous impurity conténts in theﬂailby,after heat temperature depended
greatly on femperatufe, Vacuum conditions; and tﬁe length'of heat treat-
n@nt-eg_ Theréfore, iﬁnqrder to prepare alloys with different oxygen
;ontents, the specimens were solution treated invthe following mannef:

alloy A at 1800°C for 3 hours and 2) alloy B, at 1900°C for 1-1/2 hours¥

The chemical analysis of these alloys and starting materials were made by

. % . '
Temperatures were determined with the use of an optical pyrometer.

Since the accuracy of the temperature measurements by_an optical
pyrometer at high temperatures becomes somewhat poor, the pyro-~
meter reading was compared with the melting point of a pure platinum
wire. It was found that the pyrometric reading was approximately
L0 degrees higher than the melting point of Pt (Tp = 1769°C). Hence

the homogenizing temperatur which were used could be as low as 1860 C y

and 1760°C instead of 1800°C and 1900°C, respectively.

€
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Anamet Laboratories, Inc. and are given in Table I.
After the solution tfeatments were coﬁpleted, the glloys were
quenched in a diffusion pﬁmp 0il bath. This resulted in the formation
of the thick black Nb-carbide layers on surfaces of the samples. The
layers were so hafd ﬁhat surfgcegriﬁding wifh metallurgical polishing,
papers ﬁas necessary in order-to remove the layers; During polishihg,
special care was taken to prevent ahy bulk deformation of éamples. Before
further heat treatments each sample was chemically polished in a solutioh
of MO% HF + 60% HNO5 at 0°C. Chemical polish.accomplished two purposes.
One was surface cleaning and tHekother wasg the remoVal of deformed sur-
. face materials that produced by the grinding process.

In ordsr‘to form the desired precipitates, pieces of the homogenized
alloys were encapsulated in quartz tubings at approximately 100 Torr of
purified argon, and heafed at 1000°C in a platinum resistance heating
furnéce for specifiéd periods. Aécording to the phase diagram showing the

51,52 Zr02 precipitate was. expected

solubility of oxygen in Nb 1% Zr alloy,

to form during this heat treatment; Aftef specified heating periods, the

quartz tubes Were_quenched into iceﬁwatergand the tubing was then’brokeh.
Spécimens for superconducting property measﬁrenﬁnts were spark cut

in order to avoid‘deformation of samples. However,.& thin layer of Nb car-.

bide formed on the surfaces of the alloy during spark cutting. Thus it

'W;s necessary to_electro-pélish the éurfaée'of the.alioy before testing

for superconqﬁcting properfies. ’Samples;fér the éritical’current densities

and critical fieids measurements had cross sections of approximately

20 mils X 15 mils.

Specimens for optical microscopy and replication electron microscopy
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TABIE I.

Chemical Analysis of Starting Material and Alloys (ppm)

W, 0q) Mo ser) Alloy A Alloy B
c 20 650 7T 20
N 60 670 © 50 12
0 60 1000 1330 - 70-100 -
Fe <50 480 o
" Mo <20 _
Ta 830 1400
W <100
Zr <100 0% o 1_olF
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were taken from the same specimen used for Jc and_HC measurement s.
~ . : 2
For transmission electron microscopy, a special set of specimens,

épproXimately 6 mils thick was prepared. After being homogenized,

instead of cooling by quenching into the diffusion pump oil btaths, they

were rapidly cooled by iﬂtrddﬁcing cold argon into the furnace. By the

use of this cooling method, it was péésible to use thin foil (~ 6 mils).
specimens which‘makespecimen preparation for transmission electron‘microg
scopy easier. These samples were then heat treated as described above. |
Electropolishing of the foils was carried out in a solution (600 ml Methyl
Alcohol, 30 ml HQSOuIand 15 ml HF)vat approximately -60°C. The voltage

used was between 25 to L0 volts, depending on the samples and the exact

temperature of the solution.

B. Superconducting Properties Measurements

Superconducting ctiticél témperatures'were measured by 5bsérving'
changes in impedancé of & éOpper wouhd coil in which.the sample was
placed. All measﬁrements were carried out using‘l kHz. vIﬂ priﬁéible
tﬁe method employed was similgr to tﬁat of Merriam and von Herzen.52
The signal from the coil was plétted on one of thebaxés of an x-y recorder.
The.signal from a_calibraﬁed germanium resistance thermomefer was plotfed
on the other’ax%é. The accuracy of the thermistor was + 0.1°K. The

regsults of the Tc'measurements are tabulated in Table II. To indicate

width of the transition, the on-set and the completion of the tranéition

as well as the half inductance témperatures.are'showh. The half inductance

'temperature was taken as the critical temperature for superconducting

parameters calculations.
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TABLE II.

Superconducting Properties of Alloys

heat treatments

ceritical

temperatures Tc

eritical field

,Hc2 (4.2°K) kG

Normal State
Resistivityfbn

9+15-9435-9+5,

°K i ohm~-cm

.Ag gquenched 9.0_8-9.18-9.h2 '5.20 1.84
1,6 hrs 9.08-’9.25-9.h2 ' 5.0 1.54
2.5 hrs. 9.16-9.51-9.h5 bty 1.15
1.0 hrs. 9.25_9.59-9.5é h;65 1.16
10. hrs. 9.25-9.5359;§5 | L. 1 1.05
| 27. nrs. 9020-9.53-9.62_ k.5 9.82
As quenched ’9,16-9.22-9,h8 5.0; 1.98
10 hrs. 9:15-9+2,-9. g 5.0, 1.79
17 hrs. 902549533-9.57 4.8, 1.50
25 hrs 9.12-9.27-9_u5 4.8 1.29-
50 hrs 9f12-9.26-9,u8 h,75 1,27
100  hrs A.65 ~ 1.20
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The result of critical temperatures were in accordance with

‘our gxpectétions. ‘The TC of'the guenched samples for alloys A and B were

very close to ‘that of pure Nb. Due to purifieation of the matrix by

. , x
internal oxidation forming Zr02 and other oxides, increased. very slightly
(about 0.1°K) with increased aging time. Some Zr remained in solution after

all of the oxygen was used up in.forming ZrOQ. This made the chof the

alloy slightly higher than that of Nb. The width of the nommal to super-

conducting state transition was between 0.3°K and 0.4°K, indicating that
alloys were homogeneous.

In measuringbcfiticél fields (4.2°K) and critical current densities,
a standard four-contact resistance probe method was used. The distancé

between the voltage contacts was 1 in. The magnetic fields were supplied’

‘by a superconducting magnet made from’Nb-Zr‘wire. Currents were supplied

by a transitor-operated direct current'éupply whiéh was capéble‘of supply-
ing up to 150 amps; In order to avoid destruction of specimens at high
éurrent.dénsities after the tfanéition had taken piace, a preselected
voltageb(~ 10-5»volts) across the spécimen‘was fed back to the current
supply so that the supply could be shut off before appreciable héating of
the specimen could éccur. HoweVer, at very.highﬂcﬁrrent densities:
(7 >5 x'loh A/cmg), the délay time‘for the cufrenﬁ Shﬁt off was not
always-éhort enough to avoid melting ofithe speéimen. - |

The results of the measurements of J_ &nd Hy, are shom in Fig. 2.

For simplicity‘onlyvrepreséntatiye results are plotted. Some'specimens of

|
i

Identification of precipitates will be discussed in the next section..’
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fields for the alloys A and B.

@



“ 0.5 kG which is approximately 10% of'Hc

" the normal gtate résiSti&ity'iS'in accordance with GIAG theory.
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alloy B.which were quenched and aged for short periods exhibi£ed "peak -
effect" for which the mééhgnism is not yet compietely understood. -With
incréasing aging time cfitiéal curréﬁts increased and the peak effect
disappeared. Aging of specimens for'more than 100 hours was not attempted
because an oxygen pick ﬁp wa.8 noticed for longer treatments at 1000°C,
Critical fields values were taken as the field where Jc decreased
very rapidly for a small increase in gpplied field. It was also possible
to détermine HCE from very loW current re;istive transition as‘the applied
field was swept over the transition field. Howevér, this method was hamper-
ed by the féct that there was an appréciablé amount of sﬁrface:supercon—
ducﬁivity below 10 amp/cm2 making it very difficult_to determine congistent

H, ‘values., The values HC for ail Speciméns are included in Teble II. The

variation of critical fielis with heat treatments was approximately
. e. Als=o, tﬁevvariatioh'of HG with
: ' ’ 1,54, 35

‘A specimen was tested before and affer‘being electropolishéd sinée
fhere wés a questioﬁ in pinning flux lines by rough surfaces.,’ Hoﬁever,:it

wés found that surface pinning of flux limes was negligible compared with

bulk pinning.

€. Metallography

1. Optical microscopy
All specimens were electropclished in a solution, (300 ml, methyI
alcohol 15 ml HESOM’ 7.5 ml HF) at a temperature of .50°C, Electropolish-

ing proved to be necessary to avoid surface damages from mechanical:.
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polishing.' This was especially true for those specimens which were not
‘heat treated for a long period to produce an appreciable amount of precipi-
tate. After electro—pélishing, specimens were chemically etched in an-

aqueous solution of HF - HNO, - Hgsoﬁ between 30 sec and 1-1/2 min.. de-

)
pending on the thermal history erthe specimen.,

" The sequence of events during aging of‘alloys are shown in Fig. 3.
The presence of some undissolved precipitates cbservable in the alldy'A
indicated that the homogenization process was not fully completed. How-
ever, the alloy B was complebely homogenized and no precipitates were de-a
tectable in ‘the unaged specimep.. During the initial stage of aging (1 hourx
for'ailoy and lO.hours for alloy B at 1000°C) very small precipitates
started to appear. Then a very deﬁse precipitate appearance was observed
with further heat treatments. With an optical_microscOPé'variation in
precipitafes in size and density was not very clearly seen after the initial
stage except.iﬁ.the alloy B-heated for 100 hours which indicated coarsen-
ing of precipitates. Ascbservéd by Barber and Morton52, segregation of
precipitate and Iemg&tallizatioh in soﬁe areas were also observed in the
‘alloy; AlSo, a very large difference in gfain sizes between the alloys
A and B are observed. ‘This is due to the difference in homogenizing

temperatures.

2. Electron Microscopy

There are two experimental methods that can be used in. determining
precipitate sizes and densities. These are transmission electron microscopy
either by foils or replication, and scanning electron microscopy. The
guaranteed resolution of a scanning electron microscope is approximately
2%0A., This method was not used in our investigation because the size

] o
of precipitates were expected to be in a range of 50A - 1000A.
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XBB 6811-6833

as quenched

Fig. 3a. Optical micrographs of the alloys A. (a)
) 1 hour, (c)

from 1800°C, and aged at 1000°C for (b
10 hours, and (d) 27 hours.
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XBB 6811-6837

Fig. 3b. Optical micrographs of the alloys B. (a) as quenched
from 1800°C, and aged -at 1000°C for (b) 10 hours, and
(¢) 25 hours, and (d) 100 hours.
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Although the interpretation of the projected images of precipitates
in a thin foil by transmission electron microscopy is difficult, there is
generally more information available on the nature of the precipitates by
transmission electron microscopy than by the two dimensional measuring
methods37, such as replicati on microscopy. A considerable amount of effort
was expended in determination of the sizes and densities of precipitates by
means of transmission electron microscopy. However, in this method we
encountered a major difficulty in the measurement of the foil thickness
which is necessary in determining the digtribution of the precipitatese.
Among several possible methods available37 for the thickness measurement,
the slip trace analysis was considered to be the best method for our pur-
pose. But it was almost impossible to obtain consistent thickness mea-
surements due to the multiple slip system in a bee crystal. Also, when there
are densely placed precipitates in a foil, it is again almost impossible
for dislocations to move freely so that slip traces become observable.

Although very few quantitative measurements were made on the precipi-
tates by transmission electron microscopy, the information that was
obtained is wvaluable. Micrographs for different heat treatments are
shown in Fig. 4. We note that the densities and the sizes of precipitates
increased with aging time. In some cases precipitates had grown into elon-
gated rods with increasing aging time. Although it is not obviais in these
micrographs, these precipitat es were later shown by replication microscopy
to be cubes or rectangular rods. It was also observed that very few
dislocations were present. Hence, we can conclude that pinning of flux

lines was solely due to the presence of precipitates.
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XBB 6811-6834

Fig. 4. Transmission electron micrographs of
the alloys Nb 1% Zr. (a) as quenched from 1900°C
then aged at 1000°C for (b) 10 hours and (c) 35
hours.
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With surface replication electron microscopy, the information which
obtained is two dimensional (gurface projection), in contrast to the trans-
mission electron-microscopy ("bulk" projection). Hence, the interpretation
of micrographs in measuring sizes and distributions of precipitates is
greatly simplified. However, there are disadvantages in the use of the
ordinary replica method in comparison with the transmission method in
areas of lower resolution,* in areas of possible unfaithful replication
of a real surface, and in areas of unsuitable specimen condition for
electron diffraction.58’59 In addition, because a replica is a substitute
for an actual surface, the occurrence of artifacts is more prevasive, and
their recognition is very important in the interpretation of an electron
micrograph. Furthermore, the preparation of surfaces to be replicated
requires a painstaking skill in order to obtain consistent guantitative
measurements of very fine precipitates. However, with the use of the car-
bon "extraction" replica metho@%l which is extensively used for investi-
gation of precipitates in ferrous metals, many of the difficulties can be
avoided. The method congists of evaporation of carbon film on a surface,

a preferential etching of a matrix and an adhesion of precipitates on a car-
bon film. Because precipitates on the surface of the film are directly
observed by the microscope, the resolution of electron micrographs be-
come much better than an ordinary direct carbon replica. The accuracy

in gize measurements i1s greatly enhanced.

#*
The useful range of sizes of the topographical details imaged is

o
from about 3y down to about 100A.
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For this reason, we have employed the extraection replica method to mea-
sure sizes and distribution of the precipitates in Nb. It was also possible
in our experiment to measure precipizates to 50 R or less with very little
error.

Figure 5 shows representative electron micrographs of alloys A and B.
Variation in sizes and distributions of precipitates with aging time and
contents of oxygen is clearly shown. Apparently the quenching rate which
was employed was not rapid enough to completely retain Zr and oxygen in
solid solution, and very small precipitates (less than 30 & - 50 &) were
observed .in some areas. Precipitates were mostly cubic, but some of them
were rectangular in rhape when longer aging times were used.

In the optical microscope scale, precipitates were very uniformly
distributed in the alloys B and also in the alloys A as shown in Fig. 3.
However, the sizes and distributions are not as uniform as one would like
to have in the electron microscope scale. An example of how the sizes and
the distributions appear at different magnifications are shown in Fig. 6.

Confirmation of precipitates as tetragonal ZrOe, a high temperature
phase of ZrOQ, was made by analyzing electron diffraction rings, such as
those shown in Fig. 6(d). When the precipitates were very small in size
or low in number, the intensity of the rings was very weak, and measure-
ments of lattice spacing ratios were difficult in such cases. The results
of studying the ring patterns indicated that at early stages of the aging
process only tetragonal ZrO, lines were observed. Some weaker, possibly

2

Lo
NbO2 lines in addition to the tetragonal ZrO2 lines, begin to appear as

the aging was extended. No attempt was made to complete identification of phases

possibly present such as Nb,,O_ - 6ZrO5 and ZrC52 gince these phases are

275
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XBB 6811-6835

Fig. 5a. Carbon replgcation micrographs gf the alloys A. (a)
as quenched from 1800°C, and aged at 1000°C (b) 2 hours,
(¢) 10 hours, and (d) 27 hours.
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XBB 6811-6838

Fig. 5b. Carbon replication micrographs of the alloys B. (a)
as quenched from 1900°C, and aged at 1000°C for (b) 10 hours,
(¢) 25 hours, and (d) 50 hours.
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0.5 p

XBB 6811-6831

Fig. 5c. Carbon replication micrograph of the alloy A quenched
from 1800°C and aged from 1 hour at 1000°C showing details of
the precipitates.
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XBB 6811-6832

Carbon replication micrograph of the alloy A quenched

from 1800°C and aged for 27 hours showing details of precipi-

Vige Sds
tates.
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XBB 6811-6836

Fig. 6. The alloy B aged at 1000°C for 50 hours. An example
of replication micrographs showing variations of precipitated
distributions which are observed at different magnifications,
and an electron diffraction rings from the area shown.
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most likely non-superconducting and the pinning of fluxblines by these
possgible phases should not chahge from the pinning by ZrOQ.

D. Précipitates Size and Spacing
" Measurements

1. Determination of Average Sizes, 2b

4345

There are several published discussions- on comprehensive method
of determining parficle size distributions in opague bodies from a pélishedv
cross section. However, these methods are not applicable to size deter-
mination of particlesfrom extraction replica data since an extracted sur -
face does not represent a smooth polished cross section. Hence,’we'hafg:
taken a simple but reasonable approach in determining average précipitate
sizes, i.e. we assumed that a precipitate which was obéerved in micrographs
such as shown in Figs. 5 and 6 did notlrepresent.a p&rt of the'precipitafe;¢
Such a problem arises in the case of picture taken from a smooth polishé@ C
cross section since the surface may'oﬁly cut a very small part of a'preéié
pitate which consequently may be observed as a sméll particle. .Thevad-
vantages of an extraction replica method isvthat the éntire preéipitate
is seen instead of a parfbof it. Hence, observed'?recipitateé on the .
micrographs represént true sizes in bulk. If we assume that there is no

preferential extfaction of precipitates with respect to sizes of precipitates;
then pérticles obsérved in the micrographs truly represent all those in a
bulk specimen. _This assumption seems to be well jusfified by»comparing
the sizes of extracted précipitates and the sizes bf‘precipitates which
were not extracted. Unextracted precipitates were observed in the micro-
graphs because they produced carbon film thickness contréstQ However

when precipitates were very small (< 100 ﬁ), it was very difficult to

. extract many precipitates and avoid large.etch pits which introduce
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difficulties in measuring.af precipitates‘sizes. Only painstaking effort
in preparation of replicaé can minimize this prbﬁleﬁ.

Determihation of "the averége sizes of precipitatgs consists of mea-
suring each precipitates with a méasuring magnifier (X7) on micrographs
and making histograms. Magnifications which ﬁere used were approximately
x68;OOO and x34,000 for small (g 150 K) and large(= 150 ﬁ) average sizes
of pfecipitates respectively; Exact ﬁagnifications-of each:: micrographé
vary slightly from one té another due to small variétion of specimen
position in an,elecfron microscope. Calibration of magnification was made
by the use of a carbon gfating (54,800 line/inch) for each objective lens
current setting forzconsfant intermediate and projector current settings.
Since the accurascy in ﬁeaéuring Withbﬁhedmagnifier ig better than *0.50 mm
the accuracy of each reading is approximately i?K or +151 for the small
and large precipifateé} respectively. Howevef, for larger,'erfors which
“were introduced in. magnification célibratioﬁ, many become 1érger4than ilSK.

Histograms are made for each specimen and each histogram is.a result
of more than 40O preéipitates measurements. Exampleé of histograms'ére

shown in Fig.7 . From such histograms, two types of average sizes were

3 \1/3

. o s . . _ > n: b5 i
determined. They are defined as b = £ i bi and b = ———eri——~— .
‘ ) Zni v ni )

bv is volume weighgd average. The determination of_Ev was necessary since
ﬁhg pinning strengih depends on the volume Qf precipifates and larger
precipitates are more effective than smaller_énes in pinning.

Variations of Ev with aging time are'plétted in Fig.8 ‘Ev for the as-
quenéhed specimens was not determined since precipitates were too small
to obtain consistent values of Ev and b by the present method. The
variations of average sizes of the two sets of alldys approximatély fall

into stfaight lines in In (b) or 1n (Ev) vs. 1n (%) plofs. According to

the theory of kinetics of precipitate coarsening, the growth of precipi-
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tates with time is apprbximately expressed as b (tﬁ = tl/B. 4 . Hence,

the slope of 1ln (b) vs'ln (t) should be l/j. The rate of precipitate

growth for the alloys.A énd.B were faster than the rate which was expecteéd ‘
from the theory. This is prpbably due to some oxygen diffusion in.the'

aging process. This accounts for the faster rate of growth of precipitates

for the alloy B than for the alloy A.

2, Determination of Interprecipitate Distancés, 20,

The determinééion of average interparticle distances, 25 ig a more
difficult task than that-of the average sizes since it is almost impossible
.to make any sort of histograms of distances. Therefore,‘the'apbroach.Waé
égain a simple one, ise. numbers of precipitatesin a given area were |
counted. These were then divided by the volume (fhe ares times average
precipitates size, 25); This gives the number of precipitates per unit’
volume, Np, and 2% is given‘by (l/Np)l/5. Tﬁié method, in effect, assumes
a cubic array of precipitates of constant size. In reality, the distri-
bution of‘the precipitates is faf from such an idealizéd fofm¢‘ However,
the mefhod is simple and will probably give‘réaéonable measurement s of the
interprecipitateé distances. N |

As it was shown in Fig. 6 unfértunately the distribution of the
precipitétes is not alWays unifeorm from one to another at magnificatioﬁé.
which have been émployed. Thig fact requires that counting. of précif
_pitates has to be taken ffoﬁ several areas of micrographs for each-
specimen +to determine the avefage distance.v The reéults of ~such mea-
surements are shown in Fig. 9, with;ranges of disténce variations. |
These results indicate’. that nucleatioﬁ‘ of precipitates has
occurred during ﬁhe quenching operation and that the growth

of the precipitate was by larger precipitate consuming smaller ones.
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IV. DISCUSSION

-

In Section II, we defived‘a relationship between critical current
densities and metallurgicgl‘variables. These theoretical - expressions
for JC(H) have been compared with the experi mental results, and the cbrrela—
tion of the theory with experimental resulte is discussed in this section.
In order to make such a comparison, we must first exsmine the validity
of the assumptions which were used in deriving the expressions for;Jc(H).
The major assumptions were the following: (1) The flux line - flux line
interactions are wéak_with.respect to thé strengtﬁ,of the flux line - pre-
cipitates interaction. (2) The number of flux lines per unit area n¢',
is equal to or less thaﬂ that of precipitates per‘unit area, np. (
To check the validity of the first  assumption appréxi- .
mate calculations of the relative enefgies of “the interactions - flux
line - flux line and flux line - precipitate interéctioﬁsumuéﬁ be made. InA
order to make calculation of the flux line - flux line Interaction energy
an approxims e expressibn of the interaction energy for high K materials%m£:

25

‘used. The interaction energy of o flux‘liﬂés separdted by a distance r, is
‘ b 2 {r
u(r) = 1/2 <—~—X—2W ) KO<—>:>
where KO is the zero ordér Bessel function of an iméginaryv@rgumentw The
values of r for applied magnetic fields at 2 and 4 kG are approximately
'103ﬁ and 7103, respectively. For A\ we take a value 500ﬁ (see Table IIT
in Appendix). Then the interaction energy isg approximately.e X 10-6
and 5 X 10 Ge - cmg. These are compafed with the pihning energy per
unit length, F /25 = (1/n )l/2 and d¢ = (1/n )1/2 where d, 1s the
P P o- bo” - by "

interflux lineldisfance. The respective value of np and ng, can. be studied
. , ‘ o
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compar ing 25 and'd¢ . As ﬁentiongd above, dg, is 10°A at H = 2 kG and
7102 at H= L kG. ;he values of 2B vary;ﬁromohboi’:to 1000A. There-
. fore, the assumption,qﬁo < np ig well justified. Aiso, in the calcula-
tion of the pinning energy, it was assumed that b < £. To chetk the
validity of such‘approximation,.vaiues of & are calculated with other
superconducting parameter in Appendix. Such a study indicates that the
approximation, b < &, is valid for all the alloys.

Fiﬁally, the conditions for the limiting expressions for JC(H),
Eg. 1%a and b, weré studied to determine which expressions should be
compared with the experimental results. It was observed that the ratio
of the precipitate sizes to the interprecipitate spacings for all speci-
men was much larger than 2., Thus iﬁ follows that 8/R << 1 and the limiting
expressions for JC(H), Eé._(lﬁb), arelnore'appfopriate. In the following
the variations of JC with the applied fields, H,.is studied with reference
to Eq. 15b. The dependenqe of Jc on the precipitates sizes and the inter-
precipitates spacings are then discussed..

To make a comparison-of expgrimental and thearetical plots of JC(H)
vs. H, we replot the data in J¢ vérh where h is H/Hég; Then the theoreti-
cal plot, Jc o lﬁg was compared with the Jc vs h curves of the heat

treated alloys. Since the multiplicity.factor, m, in the expression of

JC(H) is unknown, only variations of J, with h could be compared. This

was done by fitting the’l_h curve on the experimental curves (instead

h
oflcomparing With exact valves of Jc(h)). Representative examples of
such plots are shown in Fig. 10, Whefe agreement between the experimental
and the theoretical curves are shown to be best far specimens with interf
mediate pinning strength-spécﬁnen B ages for 25 hours. The poor agree-

ment observed for the very weak pinning specimens (specimen B as quenched)

was probably due to "peak effect.” At low fields the agreement is rea.
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sonably good, but as the applied field iz increased, the interaction force

among flux lines becomes stronger than the pinniﬁgvfrom the particles.

" The critical current densiﬁiés fér'weak'pinning sam@les at higher fields
are mainly controlled by the flux line-flux 1attice interactions and

such interaction is probébly reéponsible for'"peak:effeéf," The effect

of this is to cauée an inqreésingideviatian 5f the expérimental points

from the theoretical curve as the field strength ié'increased.

As the pinning ofvflux lines by:precipitétes becqmes'very‘effective,i
the agreement between the ekperiﬁaltal and tﬁeoretical curves again ber
comes iﬁdreasingly poor at higher field strength. It is reéalled that one
of the main assumptions in obtalning an expression for the pinning energy.
was to approximate Qhe magnetization behaviof of our superconducting
specimens as - rgversible. However, the magnetization of high ecritical
current superconductors.is irreversible, and a depérture of the.magneti-
zation<from the reversible oné is more pronouncéd when pinning becomes
more effective. Thérefore, the approximation of reversible'magnetization
becomes increasingly poor ag the critical current density increases. Thig
causes an increasing departure of experimental points from the theoretical
curve.

Although the theoretical analysis'éould not account for variations
of JC(H) for all ranges of pinning strength, the agreements between Eé. 15b
and_JC(H) curves for specimens with intermediate pinning strengths were
very good in spite of the simplicity of the derivation of Eq. 15b. In
order to obtain better expressions for JC(H) iﬁ.tﬁe cases of extreme
pinning strengths (very strong or_weak), more detalled investigations
would be necessary, but these investigations ;re beyond the scope of
the present study. |

In order to compare the experimental results of critical current

densities of precipitate sizes and'spacings variations with the theoreti-
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I (H) |

cal results, Eqa 15b,—-—?56?—— at congtant fields was plotted against the
b .

interprecipitates spacing, 28, for alloys A and B, (Fig. 11). Althoug?
, o - H 1/2
JC depends on Hc and K as well as b-and 8, the factor & - 22 -

2 B ' - 2K-l)2
in the expression o JC(H) was not included in plofting the experimental
results, -——~37§—~— vs B. As it was discussed above, the expression for

J (H) accounted only for the variation of J w1th H for some range of

pinning strength. Als/, in comparlcon with the varlatlon of b and ®
2

(HCa &Wae
the factor — T v does not vary appreciably from specimen

to Qpec1men for field with which we were concerned. Thefefore,_it was

thought that the plot, 1n ~iéégz- vs 1n 8. would be the best ferm of present—

ing the experimental results for comparison w1th Eg. l5b _
From the expression: 15b, one expécts the slope'of 1ln Jc/b5/2 vs In &

to..be —5/2; Lines with a slbpetof 45/2 are drawneﬁhrough’the experimentai

| 5/2

points as is shown in Fig. 11. The difference in the values of Jé/b

for the two sets of alloys is probably due to the smaller grain sizes and
the presence of some large undissolved precipitates in the homogeniZing
process for the alloy A..

Tt is possible to draw lines with other slopes between -1 and -2

through the experimental points, but a line with the —3/2 slope seems

to fit the data as well ae any other line would. Hence, it is concluded
that the experimental fesults ar e reasonably ccnsietent with the theory in

spite of the somewhat crude method which was used in measuring the inter-

-precipitates spacings.

Furthermore, it is instructive to observe the slopes of In Jc/b5 vs.1ln O.
The slopes turned out to be » -4 which is much larger than the slope (~2)

viiich would be expected from Eq. 1%a. This fesﬁlt confirms that the choice

of the limit, 8/R << 1, was a valid choice and that the volume dependence

onlJC(H) waslproperly accounted for in the theory. Hence, it sSeems that
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"Eq. (15b) provides a properivafiatioh of.Jé with the volume of précipitates.

Furthermore, we can conclude that the simple model developed can reasonably
account for variations of,Jc(H) with precipitates charges in spacings and
sizes within the approx_ima.t'ions of the model.
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Friedel et al.”” and Coffey26-deriVed ekpressions for the critical
current densities dependehce-on the.interprecipitaﬁes‘spacings; .However, -
it was not possible to make meaningful comparison bétﬁeen-our~experimehtal
resuits and their predictions. k. value for:the présent all@wﬁ'were‘much
too small to apply their theories. Alsoc, their expressions do not give

the explicit precipitate volume dependence for Jé‘ As it wase discussed
'abové, the sizes of precipitaﬁes aie véry critical in gontrolling the‘valuév_'
of criticai current densities. Thus, it is difficult to study the inter-
pgrticle spacingreffeét on Jcrwithout knowing the volume dependeﬁce. For -
this reason we did notuake:attempts to compare their theory andvouriexperi-

mental results.
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V. SUMMARY

A model for flux pinhiﬁg'by hon-supéfcdhdﬁcﬁihg'brécipitates has been
developed: This model Was”éompdredlwith experimentél result s of the heat -
treated Nb 1% Zr alloysvwith regdrd to critical current densities and micro-

structural variations of the alloys.

l); The model developed predicts fhat critical current densities
: H.,. -H i
cp

vary with applied fields as JC(H) ~ g . Experimental results

showed that such variation of Jc with H was in a good agreement for alloys
with ‘intermediate pinning strength. However, thé agreement became poorer
for alloys with much stronger or very weék pihning_strength. Those dis- o
"crepancies were thought to be due to the effecfs ﬁhichvﬁere not accountedi
for in the simplified model.

2). The model aiso-ﬁredicted thatlcritical currem densities vary -

3/2
with prec1p1tates size, 2b, and 1nterpart1cle spa01ngs, 25 as J ~(g)

.

The experlmenta] reqults were plotted as In J /b5/ vs Ind ., It was

observed that slopes of the plots were approxlmately -3/2. Although it

was difficult to. determlne the exact slopes of 1n J /bB/ vs 1n ® piots’due

to the scattering of experimental points, the experimental results and
“the model were in accord in spitecffsimﬁlifying assumptions made in

/

déVelopihgvthe model.
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APPENDTX
Calculations of the therencé léngth( theapénetratiqn deptﬂ, and the

Ginﬁburg-landau parametér, | | |

"~ The magnetic properties of.a'Type IIfSuperCOnductor aré characterized
by two lengths - thé coherence length, §,7éhd the'behetratibn depth, A -
and by the-Ginzburg~1aﬁdaugparametei; kK. In this‘sectibnAwe-calculafe
- fhese parametefé following B.'B.AGoédman'sh7-simplification Of.the micro-
scopic the@ry,h8’h9
| According to.this simpiifiéation, thréé:pafaméters'dan be expressed

as follows:

‘ E (t) _ B .O"5_22€_Q _ v s
[{1at) 7<1fo.,752'(§o/z.)>11/ = (A‘,—l)
1+ o-.‘752 (e /) Y2 |
AE) = & (0) — (a-2)
2(1-t) -
1—' N
K = -fgg = K Te5 X .10'6>onsl/2

= 0.96 X L0) 7.5 x 1070 pnﬁl/z

€o

@
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where &5 is the B.C.S. coherencevlength5o and is given by

C_ AeA , . R 17 23, ' 1
E = 0,181, op (kp T )™ & 7.95 x 107" 07’7 (8/8p) (v T)
and‘where’AL(O)is the London low field penétration depth which is given
byh7 | /
. . 1/2
: ; _ >¢ch " (A EY
M(0) = S () o (a-5)

\

.Also, ! is the mean free path of an electron in thevalloy, t is the ratio

af the experimental temperature to the critical temperature, 'y the electronic

specific heat constant, S the velocity of an electron at the Fermi sur-

F
face, S the free area of the Fermi surface in momentum space, and SF the
area of the Fermi surface for a free electron gas of denisty, n..:

The value of Y. was chosen as 6990 ___g_rg__ 5 for all alloys. DeSorbo

: v cm - deg v
has shown that the value of ¥ is relatively constant with variation in
51

interstitial gaseous impurity contenﬁs of Nb. <A’piot of (HcE/Té) Vs
N for Nb‘l%"Zr +:0 alloys 4dlso showed: apprdﬁimatelyilihear depen-
dendance of_Hcg/Tc on pnin,accordance with DeSorbots result. In order

to determine the value of S, the S/SF value for Nb, 0578,52'is used with

the value of S£° So 1s calculated from the electron denéity, n, of 3.18 X

F
2 » . . ’ . s . .
10 5 —*fi%gz—-. The relationship petween F and I' is given bvalppard53
-as
6 ™ n o
I = - L ' - (A=5)
€ pn S :

With the use of the values and the definitions Which are described
above and with the experimental value of Tc mmii%T for the alloys in |

Table II. The values of &, A, K and K are calculated and tabulated

‘in Table IIT,



A ;h8;'

TABIE III

Superconducting Parameters of Alloys

ALLOY A

ATIOY B.

Heat treatment éoherence Tength® vp.enei.:ration'dépfh* Glnzburg-
o ) M) St
f y
As quenched 1.81 10'6cm | 5.06 - 10'6cm 1.98
1.0 hr 1.89 R . 1.85
25 o.oh bs8 1,61
5.0 2.0k N . L
10.0 . 2,06 b5 153
27.0 - 2.10 o b | - 1.k9
As quenched .77 5.30 N 2,12
10 hrs 1,84 5.16 2 L4
17 hrs.. 190 o B f 1.80
25 hrs 1.95 b - CL.72
50 hrs - 1.18 o .68 o ©L.67
100 hrs e | Cb.58 1.61

0.45

)
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FIGURE CAPTIONS

a) A diagram showing the respective'ofientation of magnetic fields,

H, and currents, J, through a specimen.

b) A schematic diagram of a flux line which is pinned by precipitates.

- Plots of critical current densities vs. applied fields for the alloys

A and B.
Optical micrographs of fhe alloys‘b

(a) as quenched from 1800°C, and aged at 1000°C for (b) 1 hours,
(c)vlo hours, and (d) 27 hours. |
Optical micrographs of the alloys B.

(a) as guenched frém 19oo°c;.ana aged at 1000°C for (b) 10 hours

(c) 25 hours and (d) 100 hours. |

Transmiséiqn-electron micrographs of the alloys‘Nb 1% Zr

(a) as éueﬁched from 1900°C then aged at 1000°C for (b) 10 hours and
() 35 hours. . | |
Carbon replication micrographs of the alloys A.

(a) as guenched from 1800°C, and aged at 1000°C for (b) 2 hours,
(¢) 10 hours and‘(d) 27 hours. |
Carbon repliéation micrographs of thé alloys B.

(a) as quenched from 1900°C, and égéd at 1000°C for (b) 10 hours,
(¢) 25 hours and (d) 50 hours. | |
Carbon repiication micrograph of the alloy A quenéhed from 1800°C
and aged for 1 hour at 1000°C showing detgils of the precipitates.7
Carbon reélicatién micrograph of thé alloy A quehchéd from 1800°C"
and aged‘for 27 hours-showiﬁg details of precipitates.

(a) The alloy B aged at 1000°C for 50 hours. An éxample of replica-

tion micrographs showing variations of precipitated'distributions
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which are observed at different magnificationé, and .an.electron
diffraction rings from the areas shown. .
Example of histograms of the number pf preéipitates v8 precipitates

sizes, (a) Alloy A aged at lOOO°C for 10 hours. (b) Alloy B aged at

1000°C for 10 hours.

A plot of the variations of precipitates sizes with aging time.,

& plot of the variations of interprecipitates spacing with aging time. .

‘Comparigon of the experiméntal,Jc vs H curves with Eq. (15b). .

Plots of Jc:/bB/2 vs &8 for the.alloy A and B. .
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A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or :

B. Assumes any liabilities with respect to the use of, or for damages

‘ resultmg from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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