JOURNAL OF MATERTALS SCIENCE 22 (1987) 1827 -1834

Microstructure and superconducting properties
of rapidly-quenched copper-based alloys
containing immiscible lead and bismuth

elements
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MASUMOTO

The Research Institute for Iron, Steel and Other Metals, Tohoku University, Sendai 980, Japan

Copper-based superconducting alloys including finely dispersed fcc lead or hcp ¢(Pb—Bi)
particles in fc ¢ copper matrix have been obtained by rapid quenching (Cu—-M),4,-,Pb, and
(Cu—M00-x (PbgeBigs), (M = aluminium, silicon or tin; x < 10at%) alloys containing
immiscible elements such as lead and bismuth. The particle size and interparticle distance were
about 30 to 130 nm and 20 to 200 nm for lead particles and about 30 to 60 nm and 30 to

150 nm for ¢(Pb-Bi) particles. The transition temperature, 7., was in the range of 3.2 to 5.5K
for the Cu~M-Pb alloys and 6.2 to 6.3K for the Cu-M-Pb-Bi alloys. Critical magnetic field,

H,

2. and critical current density, J, for the latter alloys were 0.47 to 0.93T at 4.2K and

1.1 x 10° t0 2.7 x 10° Am™2 at zero applied field and 4.21 K. The mechanism of the appearance
of such a soft-type superconductivity for the rapidly quenched copper-based alloys was dis-
cussed, and inferred to be due to the formation of a percolation path of a superconducting
lead or Pb—Bi phase along the grain boundaries, sub-boundaries and/or tangled disiocations
where the lead or Pb—Bi phase precipitated preferentially, rather than the proximity effect

based on lead or Pb-Bi particles.

1. Introduction

Most of the investigations [1] on rapidly solidified
alloys which have been carried out to date have
focussed on the formation and characterization on
nonequilibrium phases in alloys around eutectic and
intermetallic compound compositions. This focaliz-
ation is probably due to the good possibility of non-
equilibrium phase formation due to greater supercool-
ing capacity and strong attractive interaction between
the constituent elements. However, the present authors
have very recently demonstrated for a number of
alloys of nickel- [2], copper- [3], iron- [4], cobalt- [4],
aluminium- [5], germanium- [6] and Al-O oxide- [7]
based systems, that application of rapid quenching to
alloys with the element exhibiting a large liquidus
miscibility gap against major constituent elements
results in the formation of a new type of duplex struc-
ture. This structure consists of an amorphous phase or
a supersaturated solid solution including finely and
densely dispersed immiscible metal particles. Further-
more, the duplex alloys have been found [2-7] to
exhibit useful functional properties such as improved
superconductivity, large electrical resistivity combined
with large positive temperature dependence, large
magnetoresistivity, etc., which are not obtainable for
the single phase alloys. The present study is one of a
series of investigations on rapid solidification of alloys

with a large miscibility gap, and our aim is to clarify
whether or not copper-based crystalline alloys with
finely dispersed immiscible lead or lead + bismuth
particles are formed by the rapid-quenching technique
and whether the duplex alloys exhibit a good super-
conductivity in the rapidly quenched state.

2. Experimental procedure

Alloys with different compositions (Cug s Alyes)i00-x
Pb,, (CugeSipi)ioo-xPbys (CligosSnpes)igo- . Pb, (x <
10at %), (CuggsAlygs)osPbyBigs, (CugySip )esPby,
Bigs and (CuggsSnggs)es Pb,,Biy; were used in the
present work. The concentrations of aluminium, silicon
and tin are almost equal to those of solid solubility
limit at room temperature in the equilibrium phase
diagrams of Cu—Al, Cu~Si and Cu—Sn [8]. The alloy
ingots were prepared by arc melting the mixture of the
prealloyed Cu—Al, Cu—Si or Cu-Sn ingot and pure
lead and/or bismuth metals in a purified argon atmos-
phere. Typically, the amount of each ingot melted in
one arc melting was about 3 g and the whole ingot was
used in one rapid-quenching operation to produce rib-
bon samples of about 2 mm width and 0.03 mm thick-
ness in air by a single-roller spinning apparatus with a
copper wheel. Compositions of the alloys are nominal,
since the loss of lead during melting was usually below
0.3 wt %. The as-quenched structure was examined by
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Figure 1 X-ray diffraction patterns showing the duplex structure
consisting of copper phase containing aluminium, silicon or tin and
fcc lead phase in rapidly quenched (a) (CuggsAlygs)esPb, (b)
(Cuyy8iy, )gs Pb; and (€} (Cug g5Smy o5)es Pb, alloys.

X-ray diffractometry and optical and transmission
electron microscopy. Measurements of superconduct-
ing properties, transition temperature, T, critical cur-
rent density, J, (H), critical magnetic field, H,, H, (T)
and flux flow resistivity, ¢; (H) were made by the DC
method using the four electrical probes. The tempera-
ture was measured with an accuracy of +0.01 K using
a calibrated germanium thermometer. The magnetic
field up to 9 T was applied perpendicularly to the
specimen surface and feed current.

3. Results

3.1. Rapidly quenched structure

Fig. 1 shows the X-ray diffraction patterns of rapidly
quenched (Cuggs Alys)esPby, (CugosSioos)ss Pbs and
(Cg 45 S g5 )os Pb; alloys. Some weak diffraction peaks
corresponding to fcc lead are seen, in addition to the
diffraction peaks of copper with high intensities,
indicating the formation of a coexistent structure of

fcc copper and fcc lead phases. The lattice par-
ameters of copper and lead are 0.3634 and 0.4955 nm,
respectively, for the Cu—Al-Pb alloy, 0.3619 and
0.4954nm for the Cu-Si—Pb alloy, and 0.3660 and
0.4951 nm for the Cu—-Sn—Pb alloy. The actually
measured lattice parameters of lead are nearly equal to
that (0.49502 nm) [9] of pure lead, whereas the lattice
parameters of copper phase are larger than that
(0.36147 nm) [9] of pure copper by about 0.5% for the
Cu—Al-Pballoy, about 0.4% for the Cu-Si—Pb alloy
and about 1.3% for the Cu—~Sn-Pb alloy. From the
data of the lattice parameters, one can derive the
following results: (i) copper and aluminium, silicon or
tin elements are immiscible against the lead phase, and
(it) the lattice parameters of the copper phase in the
Cu-M-Pb (M = aluminium, silicon or tin) alloys
agree with those of copper solid solution containing
about 8 at % Al, 5.9 at % Si or 7.7 at % Sn [9], and it
is therefore thought that aluminium, silicon or tin
dissolved preferentially into copper rather than lead.
The distribution of each constituent element into two
phases is consistent with the expectation from the
equilibrium phase diagrams of Cu—Pb, Cu-M and
Pb—M [8] binary alloys.

Fig. 2 shows typical transmission electron micro-
graphs revealing distribution of an immiscible lead
phase in rapidly quenched (CugygssAlyes)eePb; and
(Cuyg o5 Aly g5 )es Pb, alloys. As seen in the photographs,
the distribution of lead particles appears very hom-
ogeneous within the inner area of each grain, but there
is a preferential precipitation of lead particles on the
grain boundaries and sub-boundaries in the copper
matrix. The average particle diameter and interparticle
distance of the lead phase within the grains were esti-
mated to be, respectively, 50 to 100 and 100 to 500 nm
for (CuggsAlg s )es Pby; 30 to 90 and 20 to 150 nm for
(CupesAlygs)eg Pby; 70 to 130 and 40 to 159nm for
(Cugos Alygs)osPby; 40 to 80 and 90 to 450nm for
(CugesSiges)es Pby; 30 to 70 and 50 to 200nm for
(Cuy95Siggs)es Pby; 50 to 120 and 100 to 500 nm for
(Cugs Sngo5)ee Pby; and 40 to 100 and 40 to 130 nm for
(CugesSnggs)es Pb,. The particle size on the grain
boundaries and sub-boundaries is nearly the sime as
those within the grains, but the interparticle distance
is much smaller and in many cases the particles appear
to connect directly with each other.

Figure 2 Transmission electron micrographs showing the duplex microstructure consisting of a copper matrix containing aluminium and fcc
lead phase in rapidly quenched (a) (Cuyg g5 Alyo5)ss Pby and (b) (Cug g5 Aly gs)es Pb, alloys.
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Figure 3 X-ray diffraction patterns showing the mixed
structure consisting of copper phase containing silicon,
hep ¢(Pb-Bi) and bet X(Pb-Bi) phases in rapidly
quenched (a) (CugysAlygs)ys Py, Bigs and (b) (Cuy,
Sig.1 )eg Pby 5 Bigg alloys.

(b}
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A similar coexistent structure of copper and immis-
cible second phase was also obtained for (Cuggs
Alys)ss Pby 5 Bigg and (CuyeSig,)esPb,,Bigs alloys as
seen in Figs 3 and 4. Precipitates in the alloys contain-
ing both lead and bismuth can be identified to consist
of two phases of an hcp ¢-phase with @ =~ 0.350 nm
and ¢ ~ 0.580nm and a bct X-phase with a ~
0.993 nm and ¢ ~ 1.449nm. The ¢ phase is a super-
saturated solid solution of an equilibrium h ¢ p phase
which exists in the range of 24 to 33 at % Bi at room
temperature {10, 11] and the X phase is a nonequilib-
rium phase which appears only in a rapidly solidified
case [12]. Considering the result that the lattice par-
ameters of ¢ and X phases in the rapidly quenched
Cu-Si—Pb-Bi alloy agree with those [10-12] of Pb—Bi
binary alloys, it is inferred that the ¢ and X precipitates
do not dissolve an appreciable amount of copper and
silicon. This inference is also consistent with the result
that the [attice parameter of copper matrix in rapidly
quenched (Cug,8Siy, )osPb;,Bigs alloy is 0.3621 nm
which is nearly equal to that of Cuy,,Siy solid solution
[9]. The particle diameter and interparticle distance of
dispersed ¢ and X phases are about 30 to 60 and 30 to
150 nm, respectively, being almost the same order as
those of lead particles in Cu—Al, Cu-Si and Cu-Sn
matrices. Here it appears important from an engineer-

Figure 4 Transmission electron micrograph showing the mixed
structure consisting of copper phase containing silicon, hecp
&(Pb-Bi) and bct X(Pb-Bi) phases in a rapidly quenched (Cuy,
Sig1 Jog Pby 5 Bl ailoy.

ing point of view to point out that all the copper-based
alloy ribbons containing immiscible particles possess a
good bending ductility which is shown by 180° bend-
ing. Formation of the ductile copper-phase alloys with
homogeneously dispersed lead or lead ~bismuth parti-
cles was limited to the compositions less than about
5 at % Pb for (CugesMy g5 100 P, (M = aluminium,
silicon or tin) and about 5 at % (Pb + Bi) for (Cuy,
Sig 1 )ioe—»(PboeBiga)y. A further increase in the addit-
ional amount of lead and bismuth resulted in the for-
mation of macroscopically inhomogeneous ribbon
samples consisting of the duplex copper-based phase
with dispersed lead or lead—bismuth particles and
pure lead or the pure ¢ + bismuth phase itself.

3.2. Superconducting properties

Typical examples of the normalized electrical resistance
(R/R,) curves in the vicinity of T, in the case of no
applied magnetic field are shown in Fig. 5 for (Cuggs
Alpos)ss Py, (CugosAlyys JosPba,  (Cge5Sipp5)es Pby.
(CugosSigesJosPbys  (CugosSngps)esPb,  and  (Cuyys
Sn g5 )os Py, and in Fig. 6 for (Cuggs Alyps)es Pb; ,Bigs,
(Cugos Al gs)os PbygBiyg, (CugySiy, )esPby,Biys  and:
(Cuyg5Siy; )os Pb, 4 Bij 5. Additionally, the data of (Al,,
Siy.1)esPb, and (Al Siy , )esPb, , Biy alloys are presented
in Figs 5 and 6 for comparison. Here R, is the resistance
in the normal state. The transition occurs rather
broadly with a temperature width (A7) ranging from
1.2to0 2.2 K. The transition temperature 7., which was
taken as the temperature at R/R, = 0.5, is 3.6 K at
2% Pb and 5.3K at 4% Pb for the Cu-Al-Pb alloys,
3.2K at 2% Pb and 4.3K at 4% Pb for the Cu-Si—Pb
alloys, 3.8K at 2% Pb and 5.5K at 4% Pb for the
Cu—Sn—Pb alloys, 6.2K for the Cu—Si-Pb-Bi alloy
and 6.3K for the Cu-Al-Pb-Bi alloy. From these
data, the following conclusions may be derived:

1. T, decreases in the order of Cu-Al-Pb-Bi >
Cu-Si-Pb-Bi > Cu-Sn-Pb > Cu-~-Al-Pb > Cu—
Si—Pb. Thus T, of the alloys containing lead and
bismuth is higher by about 0.9 to 2.9K than that of
the alloys containing only lead.

2. The increase in lead content from 2 to 4%
results in a rise of 7, by about 1.1 to 1.7K.

3. T, of the lead-containing alloys is almost the
same between Cu-Si~Pb and Al-Si—Pb, but that of

1829



(AlogsSinos)asPbs

b
o

Figure 5 Normalized resistance ratio R/R,
as a function of temperature for rapidly

{CuossSnoos)esPbz

Normalized resistance R/Rpn
o
(8]

o

{Cuog5Snops)esPby
(CuogsAloos)asPby

(CuogSio1)eePbs

quenched  (CuggsAlyps)ion— Py, (Cugy
Sip; )iog-xPb, and  (CugesSng g5 hio_ . Pbs
(x = 2 and 4 at %) alloys possessing the
coexistent Cu(Al) and lead phases. The
result of a rapidly quenched (Al o5 Sig o5 )og
Pb, alloy is also shown for comparison.

20 30 %0 50 60

Temperature (K)

the alloys containing both lead and bismuth is much
higher for Al-Si—Pb--Bi than for Cu—Al-Pb—Bi and
Cu-Si—Pb-Bi.

4. AT, of the copper-based alloys are larger by
about 0.05 to 0.3 K than those of the aluminium-based
alloys.

The critical magnetic field, H,, was measured at
various temperatures ranging from 1.5 to 7. The
temperature dependence of H, and H,, is shown in
Fig. 7 for (CuggsAlygs)esPb, and (Cuggs Alygs)es Py
and in Fig. 8 for (Cugy,Sig,)ysPb,,Bigs and (Cugyys
Alyps)os Pby ,Biy, where the solid lines represent a
linear extrapolation at 7,. Here we define H, and H,,
to be the applied magnetic field at which the resistance
of the samples begins to appear. H, increases linearly
with lowering temperature over almost the whole tem-
perature range and the gradient at T,, —(dH,/dT)7,
is 1.7 x 1072TK"! for the Cu—Al-2Pb alloy, 1.9 x
102TK ' for the Cu—Al-4Pb alloy, 0.30 TK "' for
the Cu—Al-Pb-Bi alloy and 0.23TK™' for the
Cu—Si—Pb—Bi alloy. It is thus noticed that the gradient
of the alloys containing lead and bismuth is about 12
to 18 times higher than that of the lead-containing
alloy through the difference in the type of their super-
conductors, i.e., type I for lead and type II for lead—
bismuth [13]. As expected from the marked difference
in the gradient, the critical field at 2.0K is 0.027 T for
Cu-Al-2Pb and 0.066 T for Cu—Al-4Pb which are
much lower than those (0.91 to 1.42T) for the Cu—
Al-Pb-Bi and Cu-Si-Pb-Bi alloys.

The critical current density, J,, was measured at

421 and 1.40K under an external applied magnetic
field for (CuggsAlygs)esPbi2Bigs and (CuggsSiges)os
Pb, ,Bi,; alloys exhibiting high 7, among all the alloys
examined in the present work. J, as a function of
external applied field is plotted in Fig. 9. The value of
J, in the absence of applied field is about 2.7 x
10°Am—2 at 4.21K and 1.4 x 10’Am? at 1.40K for
the Cu—Al-Pb-Bi alloy and about 1.1 x 10°Am™>
at 421K and 4.6 x 10°Am~* at 1.40K for the
Cu—-Si—Pb-Bi alloy, and the value decreases rapidly
with increasing applied field. For example, at
H = 03T, J, is about 3.6 x 10°Am~?at 421K and
2.4 x 10°Am~? at 1.40K for the former alloy, and
40 x 10°Am? at 421K and 1.0 x 10°Am? at
1.40K for the latter alloy.

The fluxoid pinning force F, evaluated from Fig. 9
is plotted as a function of reduced magnetic field H/H,,
in Fig. 10, where F, is calculated as J, x H. The
maximum F, and the value of H/H,, where F, shows
a maximum value are, respectively, 3.9 x 10° Nm™>
and 0.30 at 421K and 9 x 10°Nm* and 0.10 at
1.40 K for the Cu—Si—Pb—Bialloy and 1.1 x 10*Nm’
and 0.28 at 421K and 1.5 x 10°Nm~’ and 0.03 at
1.40K for the Cu—Al-Pb-Bi alloy.

4. Discussion

In this section, the mechanism for the appearance of
superconductivity for copper-based alloys possessing
the coexistent copper-based solid solution and fcc
lead or hcp e(Pb—Bi) + bet X(Pb—Bi) will firstly be
discussed. Copper-based solid solutions dissolving a

=
o
T

(CuogSiqi)eaPb12Bios

(CuggsAlg.05)98Pb12Bio g

Normalized resistance R/R,
(o]
3]

(=]

™~ (Alo9SionesPb12Bio.s

Figure 6 Normalized resistance ratio R/R,
as a function of temperature for rapidly
quenched (Cug g5 Alyo5)100 - (PPoBlo.a)s and
(CugsSigs hioo—x(PbogBips), (x =2 and
4 at %) alloys possessing the coexistent
Cu(Si or Sn), hcp &Pb-Bi) and bct
X(Pb—Bi) phases. The result of a rapidly

50 80 70 80
Temperature (K)
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Figure 7 The critical magnetic field (H,) at various temperatures for
rapidly quenched (CuggsAlygs)i0-Pb, (x = 2 and 4 at %) alloys
possessing the coexistent Cu(Al) and lead phases. The solid line
represents a linear extrapolation near 7.

small amount of aluminium, silicon or tin are non-
superconductive. Accordingly, the present appearance
of superconductivity for the copper-based alloys con-
taining lead or ¢Pb-Bi) + X(Pb-Bi) particles is
thought to originate from one of the following three
mechanisms: (i) formation of a surface thin layer of
superconducting lead or lead—bismuth phase, (ii)
formation of a percolation path of lead or lead-
bismuth phase, and (iii) the proximity effect due to
lead or lead—bismuth particles. The present supercon-
ductivity was confirmed to remain almost unchanged
even after reduction of the sample thickness by about
20%, by any method of chemical, electrical or mech-
anical polishing. It is therefore unreasonable to infer
that the appearance of superconductivity for the
present copper-based alloys is due to the formation of
a surface thin layer consisting of a lead or lead—bismuth
phase with superconductivity.

15} ° i
[e]
[e]
(CuossAlogs)saPbizBios
10t \%\ .
[
=
X
05+
{CucsSios)esPbi2Bios
\\
\\
0 L i L L f N

0o 1 2 3 4 5 6 7 8
Temperature (K)

Figure 8 The upper critical magnetic field (H,) at various tempera-
tures for rapidly quenched (CugosAlggs)esPb,;Biys and (Cugy,
Siy 1 )es Pby,Biyg alloys possessing the coexistent Cu(Al or Si),
&(Pb-Bi) and X(Pb-Bi) phases.

Secondarily, the proximity effect resulting from lead
or lead—bismuth superconducting particles is discussed
as a mechanism for the superconductivity of the
copper-based alloys, Table I summarizes the nominal
composition, T, and residual electrical resistivity of
some rapidly quenched alloys and the particle diameter
(2r) and interparticle distance (D) of lead and lead—
bismuth phases, together with the data [5] for similar
aluminium-based alloys prepared by rapid quenching.
From the residual electrical resistivities of about 0.05
to 0.15 pQm, the mean free path of electrons (/) is
estimated to be of the order 3.4 x 107* to 1.0 x
10~°m for the copper-based alloys from the nearly
free electron model {14]. Further, the coherence length
(&) of the copper-based matrix has reasonably been
inferred to be smaller than 1000 nm from the data of
superconducting pure metals of aluminium, niobium,

TABLE I Comparison of properties of rapidly quenched Cu—M-Pb (M = aluminium, silicon or tin) and Cu-M-Pb-Bi (M = alu-
minium or silicon) alloys possessing the coexistent Cu(Al, Si or Sn) and lead or hcp e(Pb—Bi) + bet X(Pb—Bi) phases with reference to
rapidly quenched Al-Pb, Al-8i—Pb and Al-Si—-Pb—Bi alloys consisting of aluminium and lead or e(Pb-Bi) taken from [5]: particle size
(2r) and interparticle distance (D) of lead or hcp e(Pb-Bi) and/or bet X(Pb—Bi) phases embedded in copper matrix, superconducting
transition temperature (7;), upper critical field gradient at T,, —(dH,,/dT);, , upper critical field (H,,) at 2.0K, the residual electrical
resistivity (g,) and the ratio of particle radius against the coherence length of Jead or e(Pb—Bi) (r/E3).

Alloy (at %) 2r (nm) D (nm) T.(X) —(dH, /dT)Tc H,at20K 0, (p2m) r/EE
(T/K) (T
(Cug g5 Al g5)es Pb, 30-90 20-150 3.6 0.017 0.027 0.0018 0.18-0.54
(Cuggs Al 5 )os P, 70-130 40-150 5.3 0.019 0.066 0.0027 0.42-0.78
(Cuy4S8ig )es P, 30-70 50-200 3.2 - - - 0.18-0.42
(CugoSiy, )56 Py 50-100 80-200 43 ~ - — 0,30-0.60
(Cuyg58n, 45 )55 P, 40100 40-130 38 - - - 0.24-0.60
(Cuyg955n4,05)9 Pb, - - 5.5 - - - -
(CuggsAlygs)esPb, 4 Bigg 30-60 20-150 6.3 0.30 1.41 0.085 0.65-1.30
(CuysSig,)esPb, ,Big 30-50 20-200 6.2 0.23 0.91 0.13 0.65-1.09
Alg Pb, 40 40-100 4.16 ~ - 0.6027 0.24
(Al Siy | )og Pb, 40 30-100 2.94 — - - 0.24
(AlgsSiy; )os Pb, , Bigy 20-40 20-70 7.38 0.070 0.196 0.14 0.43-0.87
at 42K
(Al Sig )esPb, B, 15-60 30-60 7.75 0.075 0.212 0.16 0.33-1.30
at 42K
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Figure 9 Critical current density (J,) as a function of magnetic field
for rapidly quenched (CuggsAlygs)esPb,,Bigs and (CuygSiy e
Pb, , Biy 5 alloys possessing the coexistent Cu(Al or Si), e(Pb—Bi) and
X(Pb—Bi) phases.

lead, tin etc. The superconductivity caused by the
proximity effect has been considered to be dominated
by the characteristics of the matrix phase [15] and the
present alloys consisting of copper-based solid sol-
ution and lead or lead—bismuth phases can be
classified as typical of clean superconductors, since
[ > &, for the copper-based matrix.

The leak distance (K, ') for the proximity effect in
the case of clean limit is given by the following relation
[15]

K = hv,[2nk, T 0

where v, is the Fermi velocity of electrons in a normal
conducting copper alloy; 4 is Planck’s constant; ky is
Boltzmann’s constant. The above equation indicates
that K, ' is influenced only by electrons in the normal
conducting matrix phase. K, ' for the copper matrix
phase is roughly estimated to be about 4.5nm at 4.2K
by using the v, value (~1.57 x 10°msec™") [16] of
pure copper. The K value indicates that the high T,
values, as those of pure lead and lead—bismuth phases
caused by the proximity effect, can be achieved in the
dispersed state in which the interparticle distance is
equal to and below about 9.0 nm. As shown in Table [,
the interparticle distance is 20 to 500 nm for the copper-
based alloys. The criterion of the leak distance for the
appearance of high 7, is not satisfied for the rapidly
quenched copper-based alloys including lead or
lead —bismuth particles.

In order to achieve a superconductivity exhibiting a
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Figure 10 Fluxoid pinning force F, as a function of reduced magnetic
field H/H,, for rapidly quenched (a) (Cug s Aly o5 )es Pb, , Big s and (b)
(Cuy8iy )es Pb, 4 Big 4 alloys possessing the coexistent Cu(Al or Si),
&(Pb-Bi) and X(Pb-Bi) phases. F, . = (a) 140K, 15 Nm~?;
421K, 1.INm~?, (b) 1.40K, 9Nm*; 4.21 K, 0.39 Nm?.

high T similar to that of the superconducting particle
itself, the superconducting phase is also required to
have an appropriate particle size which varies by the
ratio of / to the BCS coherence length of the copper-
based matrix phase (£). For example, in the case of
L = [/¢ =1, the critical radius of lead or lead—
bismuth particles (r.) for the proximity effect has been
reported {17] to be above 2.965£¥, where £¥ is the
coherence length of lead or lead—bismuth particles.
Since the £¥ value has been reported to be 83 nm for
pure lead [18] and 23 nm for Pbg,Bi,, [19], 7, is esti-
mated to be about 250 nm for lead and about 70 nm
for PbyBi,, if one assumes that the £f value of
Pby, Biy, particles is nearly the same as that of Pbg,Bi,,
alloys. This estimation indicates that the radius of lead
and Pbg,Bi,, particles must be larger than about 250
and 70 nm, respectively, in the case of L = [/¢ = |
for achieving a superconductivity by the proximity
effect, in addition to the criterion of the leak distance.
As shown in Table I, the observed particle radius is
about 30 to 130 nm for lead and about 30 to 60 nm for
&(Pb—Bi) and/or X(Pb-Bi), which are much smaller
than the critical radius for achieving superconduc-
tivity by the proximity effect. Furthermore, the actual
L (=1/¢) values for the present copper-based alloys
with large / values is thought to be much larger than
the above hypothetical value (L = 1) and is roughly
estimated to be of the order 100 to 1000. The variation
of normalized transition temperature (7,/7T,) as a func-
tion of r/&¥ has theoretically been given [20, 21] for the
alloy containing superconducting spherical particles
in the cases of different //¢ values as shown in Fig. 11.
Here T, is the superconducting critical temperature



1.0 Figure 11 Theoretically estimated
T./T, values as a function of
r/¢&F for rapidly quenched (Cuy,,

ast | Alyos)ieo-xPbes  (CugoSig -
Pb,, (CugesS0y05)100-Pbs (Ciyg

o (CuogsAloos)gsPbz Al s hioo—x (Pbg ¢ Big ), and (Cug,
o (CuossAlops)esPbs Siﬂ.l)lOO)—x(P;lbOé Big4), (x = 2 m;ld
06 ; 7 4 at%) alloys possessing the
_ ’- : Egiggg:g:;::gzj coexistent Cu(Al, Si or Sn) solid
K - solution and lead or hep s(Pb-
3 v (CuogsSnops)esPb2 Bi) + bet X(Pb—Bi). Open and
Car ¢ (CuossAloos )esPbr2Bios closed marks represent the average
& (CuogSio1)gsPbi2Bics #/E¥ values of their copper-based
® AlggPb2 alloys. The data for rapidly quen-
0z 4 (AlogSionesPbz 1 ched Al-Pb, Al-Si-Pb, Al-Si-
4 (AlogSiar)asPbi2Bigg Pb-Bi ;.ﬂloys are also shown for

4 {Alog Sioy)ssPb3Bip COMPpAnSon.

]
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of lead metal or the Pby,Bi,, alloy itself. The 7./T,
values expected theoretically from the particle size
for the copper-based alloys are zero for L = [/f =
1, 10 and 100, as plotted in Fig. 11. This indicates that
superconductivity by the proximity effect is not
obtainable for the present copper-based alloys because
of the very small sizes of lead and lead—bismuth
particles as well as the large interparticle distance.
Nevertheless, as summarized in Table 1, the present
copper-based alloys exhibited a distinct superconduc-
tivity, even though T, values are lower by about 30 to
55% than those of lead metal and Pbg,Bi,, alloys. The
result is inconsistent with the expectation derived from
the theory of the proximity effect. The inconsistency
allows us to conclude that the appearance of super-
conductivity for the present copper-based alloys is not
due to the proximity effect of lead or lead —bismuth
particles. As a remaining mechanism for the supercon-
ductivity of the copper-based alloys, the formation of
a percolation path due to the lead or lead—bismuth
phase may be considered. Although it is very difficult
to obtain distinct evidence of the percolation circuit, it
was revealed in Figs 2 and 4 that (i) lead and lead—
bismuth particles tend to precipitate on the grain
boundaries, sub-boundaries and dislocations, and (ii)
their particles precipitate very densely even within the
matrix. Such a precipitation mode of the supercon-
ducting particles might allow us to infer the formation
of a superconducting circuit, even though the total
volume fraction of the lead or lead—bismuth phase is
not large enough to form a homogeneous percolation
circuit over the whole area within each grain. Accord-
ingly, the reason why the rapidly quenched copper-
based alloys including lead or lead—bismuth particles
exhibited high T, values, in spite of the smaller particle
size and the larger interparticle distance as com-
pared with the critical values for superconductivity
by the proximity effect, is thought to originate from
the formation of a superconducting lead or lead—
bismuth percolation path on the grain boundaries,
sub-boundaries and/or tangled dislocations.

5. Summary
Copper-based alloys exhibiting superconductivity
were produced by rapid quenching the (Cuggs

Alyos)i00-xPbys (CugoSig)igg—Pby, (CugosSTiggs)ioe-
Pb,(x = 1,2 and 4 at %), (CuyesAlygs )os Pby o Big g and
(CuysSiy, )es Pb ;, Big gy alloys with immiscible lead and
bismuth elements. The rapidly quenched alloys are
composed of copper solid solution containing alu-
minimum, silicon or tin and lead or h¢p ¢(Pb-Bi +
bct X(Pb-Bi) particles. The particle size and inter-
particle distance (D) within the grains are, respectively,
about 30 to 130 and 20 to 200 nm for lead, and about
30 to 60 and 30 to 150 nm for lead—-bismuth, but the
D value at the grain boundaries is much smaller. The
formation of the copper-based alloys including finely
dispersed lead or lead—bismuth particles was limited
to less than about 5 at% Pb or &Pb + Bi). The
mechanism of the appearance of superconductivity for
the copper-based alloys was inferred to be due to the
formation of a superconducting lead or lead—bismuth
percolation path on the grain boundaries, sub-bound-
aries and/or dislocations, rather than to the proximity
effect of lead and lead—bismuth particles. 7, was in the
range from 3.2 to 5.5K for the Cu-M-Pb (M =
aluminium, silicon or tin) alloys and from 6.2 t0 6.3 K
for Cu—M-Pb-Bi (M = aluminium, silicon or tin)
alloys. The temperature gradient of H,, near 7, and
the H,, value at 4.2K are 0.23 to 0.30 TK ! and 0.47
to 0.93 T for the Cu—M—-Pb—Bi (M = aluminium or
silicon) alloys. J is about 1.1 x 10°t02.7 x 10°Am™?
at H = 0 and 4.21 K and the maximum fluxoid pin-
ning force is about 1.1 x 10*Nm~> at 4.21 K. Thus,
the application of the rapid-quenching technique to
the copper-based alloys containing immiscible lead or
lead + bismuth elements was found to be very useful
for the production of superconducting copper-based
alloys including fine lead or lead -bismuth particles.
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