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Preparation of nickel-based amorphous alloys 
with finely dispersed lead and lead-bismuth 
particles and their superconducting properties 

A. INOUE, M. OGUCHI* ,  K. MATSUZAKI  *, Y. HARAKAWA*,  T. MASUMOTO 
The Research Institute for Iron, Steel and Other Metals and *Graduate School Department of 
Metallurgy, Tohoku University, Sendai 980, Japan 

The application of the melt-quenching technique to Ni-Si-B-Pb, Ni-P-B-Pb, Ni-Si-B-Pb-Bi 
and Ni-P-B-Pb-Bi alloys containing immiscible elements such as lead and bismuth has been 
tried and it has been found to result in the formation of a new type of material consisting of 
fine fcc Pb or hcp ~(Pb-Bi) + bct  X(Pb-Bi) particles dispersed uniformly in the nickel- 
based amorphous matrix. The particle size and interparticle distance were 1 to 3 and 1 to 
4#m, respectively, for the lead phase, and less than 0.2 to 0.5#m and 0.2 to 1.0#m for the 
Pb-Bi phase. The uniform dispersion of such fine particles into the amorphous matrix was 
achieved in the composition range below about 6at% Pb and 7at% (Pb + Bi). Additionally, 
{hese amorphous alloys have been found to exhibit a superconductivity by the proximity effect 
of fcc Pb or s(Pb-Bi) superconducting particles. The transition temperature To was in the 
range 6.8 to 7.5 K for the Ni-Si(or P)-B-Pb alloys and 8.6 to 8.8 K for the Ni-Si 
(or P)-B-Pb-Bi alloys. The upper critical field Hc2 and the critical current density Jc for 
(Ni0.8P0.1B0.~)95Pb3Bi 2 at 4.2 K were, respectively, about 1.6T and of the order of 7 x 107Am -2 
at zero applied field. Melt quenching of amorphous phase-forming alloys containing an 
immiscible element has thus been demonstrated, enabling us to produce amorphous com- 
posite materials exhibiting unique and useful characteristics which cannot be obtained in 
homogeneous amorphous alloys. 

1. I n t r o d u c t i o n  
Up to this date, the preparation of an amorphous 
alloy by the melt-quenching technique has been very 
actively tried for quite a large number of alloy sys- 
tems. However, almost all the compositions of their 
alloys have been focused [1] on the region near to the 
eutectic point in metal-metalloid systems and on the 
regions of eutectic point and stoichiometric com- 
pound in metal-metal systems. The selection of such 
alloy compositions has generally been believed due to 
the expectation of a great supercooling ability and an 
enhanced glass transition temperature, through strong 
metal-metalloid and metal-metal interactions. Sur- 
prisingly, there is no information available on the 
effect of melt-quenching on the microstructure and 
properties of alloys containing a solute element which 
is immiscible in the liquid or solid state with the 
constituent elements of the amorphous phase. This is 
probably because of a fear that the addition of the 
immiscible elements might result in a significant 
reduction of supercooling capacity in the alloy during 
melt-quenching. 

The equilibrium phase diagram of the Ni-Pb system 
[2] indicates a great difficulty in obtaining a nickel 
alloy with a uniformly mixed structure of lead phase 
when the alloy is solidified at a normal cooling rate. 

However, there is a high possibility that the appli- 
cation of melt-quenching to the Ni-Si(or P ) - B - P b  
and Ni-Si(or P)-B-Pb-Bi  alloys results in the forma- 
tion of ductile nickel-based amorphous alloys with 
finely dispersed lead or lead-bismuth particles, so that 
their melt-quenched duplex alloys exhibit supercon- 
ductivity by the proximity effect of superconducting 
lead or lead-bismuth particles, even though no super- 
conductivity is expected for the N i -S i -B  and 
N i - P - B  amorphous alloys. 

The aim of this paper is to examine the microstruc- 
ture and superconducting properties of melt-quenched 
Ni-Si(or P)-B-Pb and Ni-Si(or P)-B-Pb-Bi  alloys 
and to investigate the usefulness of the addition of 
small amounts of immiscible elements into the nickel- 
based amorphous alloys. 

2. Experimental procedures 
Alloys with the composition (Ni0.75 Sio.o8 Bo.17)loo xPbx, 
(Nio.sPo.lBo.1)~oo xPbx, (Nio.vsSio.08Bo.17)loo-x(Pbo.6Bio.4)x 
and (Ni0.sP0.1B0.])]00 x(Pb0.6Bi0.4)x were used in the 
present work. The alloy ingots were prepared by arc 
melting the mixture of the pre-alloyed Ni-Si-B or 
Ni-P-B ingots and pure lead and/or bismuth metals in 
a purified argon atmosphere. Typically, the amount of 
each ingot melted in one arc melting was about 2 g, 
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Figure 1 X-ray diffraction patterns showing the duplex structure 
consisting of amorphous and fcc lead phase in melt-quenched 
alloys: (a) (NioTsSio.o~Bo.17)95Pb 5 (a = 0.4957nm), (b) (Ni0.sPo. l- 
Bo, l)95Pb5 (a = 0.4952 nm). 

and the whole ingot was used in one melt-quenching 
operation to produce ribbon samples of about 2mm 
width and 0.03 mm thickness in air by a single-roller 
spinning apparatus with a copper wheel (-~ 20 cm in 

diameter). The compositions of the alloys are nominal 
ones since the losses during melting were negligible. 
The as-quenched structure was examined by X--ray 
diffractometry, differential scanning calorimetry 

1 (DSC) and optical microscopy. Measurements of 
superconducting properties To, Jo(H), Ho(T) and 
Hc2(T) were made by the d.c. method using four elec- 
trical probes. The temperature was measured with an 
accuracy of + 0.01 K using a calibrated germanium 
thermometer. A magnetic field of up to 9 T was 
applied perpendicularly to the specimen surface and 
feed current. 

3. R e s u l t s  
3.1. M e l t - q u e n c h e d  structure 
Fig. 1 shows the X-ray diffraction patterns of melt- 
quenched (Nio.vsSio.osBo.~7)gsPb5 and (Nio.sPo.lB0.~)95Pbs 
alloys. One can see some sharp diffraction peaks 
corresponding to lead as well as a broad peak of 
amorphous phase, indicating the formation of a 
coexistent structure of amorphous and lead phases. 
The lattice parameter of lead is 0.4957nm for the 
Ni-Si -B-Pb alloy and 0.4952 nm for the Ni -P-B-Pb  
alloy, being nearly the same as that (0.49502 nm [3]) of 
pure lead. This indicates clearly that no dissolution of 
the other constituent elements (nickel, silicon, boron 
and phosphorous) into the lead phase takes place, as 
is expected from the equilibrium phase diagrams of 
Ni-Pb [2], Si-Pb [4] and B-Pb [51. Optical micro- 
graphs presented in Fig. 2 show the distribution of the 
lead phase on the freely solidified surface of (Ni075- 
Sio.osBo,17)lOO xPb~ and (Nio.sPo.lBo.l)lOo_xPb x (x = 2.5 
and 5.0) ribbon samples. It can be seen that the lead 
particles are uniformly dispersed in the amorphous 

Figure 2 Optical micrographs showing the duplex structure consisting of amorphous and lead phase in melt-quenched alloys: (a) (Nl07 S 
Sio.osBo, t7)97.sPb2 s, (b) (Nio.75Sio.08B o 17)95Pbs, (c) (NiosPo 1Bo 1)97.5Pb25 and (d) (Nio.sPo. 1Bo.i)9sPbs. 
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Figure 3 Scanning electron micrographs 
showing (a) topological and (b) compo- 
sitional states on the free surface of  melt- 

quenched (Ni0.75Si0.08B017)95pb 5 ribbon, 
and X-ray images showing the distribution 
of  (c) lead and (d) nickel. 

matrix. The average lead particle size is 1.5 to 3.0 #m 
for the former alloys and 1.0 to 1.5 #m for the latter 
alloys. Although there is no appreciable change in the 
particle size with lead content, the interparticle 
distance tends to decrease slightly from 3.0 to 4.0/~m 
at 2.5% Pb to 2.5 to 3.5/tm at 5.0% Pb for the N i -S i -  
B-Pb  alloys, and from 1.0 to 1.5#m at 2.5% Pb to 0.8 
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Figure 4 X-ray diffraction patterns showing the mixed structure 
consisting of  amorphous ,  h c p e(Pb-Bi) and b c t X(Pb-Bi)  phases 
in melt-quenched alloys: (a) (Ni0.75 Si0.08 B0.17)95 Pb3 Bi2, (b) (Ni08 P01 - 
B0.1)95Pb3Bi z. For h c p  ~, a = 0.350 nm and c = 0.579 nm; for b c t  
X, a = 0.993 nm and e = 1.449 nm. 

262 

to 1.5#m at 5.0% Pb for the N i - P - B - P b  alloys. In 
order to confirm the distribution of  alloy components 
in the amorphous matrix and lead precipitates, X-ray 
diffraction images of nickel and lead were examined 
for the present duplex alloys. As an example, Fig. 3 
shows the scanning electron topological image (Fig. 3a) 
and compositional image (Fig. 3b), and X-ray images 
showing the distribution of lead (Fig. 3c) and nickel 
(Fig. 3d). The results in Fig. 3 allow us to confirm that 
the second-phase particle is lead and the matrix is the 
nickel-based amorphous phase. 

A similar coexistent structure of  amorphous phase 
and immiscible metal was also obtained for N i - S i - B -  
Pb-Bi  and N i - P - B - P b - B i  alloys, as shown in Figs. 4 
and 5. The precipitates in the alloys containing both 
lead and bismuth consist of the two phases of an h c p 
e phase with a --- 0.350nm and c = 0.579nm, and a 
b c t X phase with a = 0.993 nm and c = 1.449 nm. 
The ~ phase is a supersaturated solid solution of the 
equilibrium h c p phase which exists in the range 24 to 
33 at % Bi at room temperature [6, 7], and the X-phase 
is a non-equilibrium phase which appears only in the 
rapidly solidified case [8]. Furthermore, one can see in 
Fig. 5 that the simultaneous addition of lead and 
bismuth results in a further reduction in the particle 
size of  the immiscible phases, e.g., 0.2 to 0.5 #m for 
(Ni0.75 Si0.08 BoA7)95 Pb3 Bi2, and the e and X precipitates 
in (Ni0.sP0.~B0.~)95Pb3Bi2 alloy are too fine to dis- 
tinguish their particles by optical microscopy. Here it 
appears important from an engineering point of view to 
point out that all the duplex alloy ribbons containing 
less than about 6 at % Pb or 7 at % (Pb + Bi) possess 
a good bending ductility as shown by 180 ° bending. 

3.2. Superconduct ing  propert ies 
Typical examples of the normalized electrical resistance 
(R/R,) curves in the vicinity of Tc in the case of no 



Figure 5 Optical micrographs showing the mixed structure consisting of amorphous, ~(Pb-Bi) and X(Pb-Bi) phases in melt-quenched alloys: 
(a) (Nio.75 Siooa Bo 17)95 Pb3 Bi2, (b) (Nio s Po 1 Bo i )95Pb3 Bi2. 

applied magnetic field are shown in Fig. 6 for (Nio.75- 
Si0.osBo.lv)~o0_xPbx, in Fig. 7 for (Ni0.8P0.1B0.])lo0_xPbx 
and in Fig. 8 for (Nio.vsSi0.08BoJ7)95Pb3Bi 2 and Nio.8- 
Po.1BoJ)95Pb3Bi2. Here R, is the resistance in the 
normal state. The transition occurs rather sharply 
with a temperature width (A To) of less than 0.80 K for 
the lead-containing alloys and less than 0.35 K for the 
alloys containing lead and bismuth. The transition 
temperature T¢, which was taken as the temperature at 
R/R, = 0.5, is 6.8K for Ni-Si-B-2.5Pb, 7,1K for 
N i - S i - B - 5 P b ,  7.2K for N i -P -B-2 .5Pb ,  7.5K for 
Ni -P-  B-5Pb, 8.6 K for Ni.-Si-B-3Pb-2Bi and 8.8 K 
for Ni-P-B-3Pb-2Bi.  From these data, the following 
description may be derived: (a) T~ for the alloys con- 
taining lead and bismuth is higher by 1.1 to 2.0 K than 
that of the alloys containing only lead, (b) the increase 
in lead content from 2.5 to 5.0% results in a rise of T~ 
by about 0.3 K, and (c) To is higher for the N i - P - B -  
Pb(or Pb-Bi) alloys than for the Ni-Si-B-Pb(or  
Pb-Bi) alloys. Additionally, whilst the variation with 
temperature of the normal electrical resistivity for the 
Ni-Si -B-Pb and Ni -P-B-Pb  alloys is positive and 
the slope Js rather large, no variation is seen for the 
Ni-Si(or P)-B-Pb-Bi  alloys in the temperature range 
below 17K. Thus, the temperature dependence of 
normal electrical resistivity is significantly different 
between the Ni-Si(or P)-B-Pb alloys and the Ni-Si 
(or P) -B-Pb-Bi  alloys. 

The critical magnetic field, Hc, was measured at 
various temperatures ranging from 1.5 K to T c. Fig. 9 
shows the transition curves from the superconducting 
state to the normal state at different temperatures at a 
current density of 6.0 x 104Am -2 for (Ni0.sPojB0.~)9< 
Pb5 and 2.5 x 106Am -2 for (Ni0.sP0.1B0.1)95Pb3Bi 2, 
Resistive states for the former alloy are limited to an 
extremely narrow range of fields (0.01 to 0.03T), in 
strong contrast with a relatively wide range (0.09 to 
0.27 T) for the latter alloy. Such a markedly different 
transition behaviour is thought to reflect the difference 
in the type (I or II) of their superconductors. Here we 
define Ho and Hc2 to be the applied magnetic fields at 
which the resistance of the samples begins to deviate 
from its normal value. The temperature dependence of 
Ho is shown in Fig. l0 for (Nio.8 Po.l Bo.l )95Pb5, and that 
of H~2 is shown in Fig. 11 for (Nio.ysSio,08BoJT)95Pb3Bi 2 
and (Nio.8 Po.l B0.1)95 Pb3 Bi2, where the solid lines repre- 
sent a linear extrapolation at To. Ho increases linearly 
with falling temperature over almost the whole 
temperature range and the gradient at T~, -(dHo2/ 
dT)rc, is 5.99 x 10-3TK -1 for the Ni -P-B-Pb  alloy, 
0.17TK -1 for the Ni-Si -B-Pb-Bi  alloy and 0.16T 
K -I for the Ni -P-B-Pb-Bi  alloy. It is thus noticed 
that the gradient for the alloys containing lead and 
bismuth is higher by a factor of 32 to 34 than that of 
the lead-containing alloy through the difference in the 
type of their superconductors, i.e., Type I for lead and 
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Figure 7 Normalized resistance ratio R/R n as a function of 
temperature for melt-quenched alloys (Ni0.sP0. ~ B0.~)~00_ x- 
Pbx (x = 2.5 and 5.0) possessing coexisting amorphous 
and lead phases. 

Type II for lead-bismuth [9]. As is expected from the 
marked difference in the gradient, the critical field at 
4.2K is 0.046T for the Ni-P-B-Pb alloy which is 
much lower than those (1.4 to 1.6T) found for the 
Ni-P(or Si)-B-Pb-Bi alloys. 

The critical current density, Jo, was measured at 
4.27 K and 2.86 K under an external applied magnetic 
field for (Ni0.8 P0.1B0.1)9s Pb3 Bi2, the alloy exhibiting the 
highest Tc among all the alloys examined in the present 
work. J~ as a function of external applied field is 
plotted in Fig. 12. The value of J~ in the absence of 
applied field is about 7 x 107Am -2 at 4.27K and 
1.5 x 108Am -2 at 2.86K, and the value decreases 
rapidly with increasing applied field. For example, at 
H = 1.2T, Jois of the order of 8.3 x 105Am -2at  
4.27K and 8.0 x 106Am -2 at 2.86K. The relatively 
high values of J~ at H --- 0 are probably due to the 
lead-bismuth dispersed particles in the amorphous 
matrix acting as effective pinning centres, owing to the 
particle size being comparable to the coherence length 
(~-20nm) [10] and the existence of a high density of 
quenched-in defects in lead-bismuth alloy particles. 
The fluxoid pinning force Fp evaluated from the data 
in Fig. 12 is plotted as a function of reduced magnetic 

field H/Hc2 in Fig. 13, where Fp is calculated as H x 
Jc- The maximum Fp and the value of H/Hc where Fp 
shows a maximum value are, respectively, 1.5 x 
107N m -3 and 0.26 at 4.27K and 2.5 x 107Nm -3 
and 0.31 at 2.86 K. These values are much larger than 
those (~-104Nm -3 and 0.2) [11] for homogeneously 
amorphous superconductors without effective fluxoid 
pinning centres. 

4. D i s c u s s i o n  
In this section, we shall firstly consider the reason why 
the duplex structure containing a small amount of 
lead or lead-bismuth particles in the nickel-based 
amorphous matrix results in an appearance of super- 
conductivity, despite the fact that the homogeneously 
amorphous nickel-based alloys do not exhibit super- 
conductivity even at a temperature as low as 50 mK 
[12]. Judging from the micrographs shown in Figs. 2 
and 5, it is concluded that the present appearance of 
superconductivity for the nickel-based amorphous 
alloys containing lead or lead-bismuth particles is due 
to the proximity effect which results from lead or 
lead-bismuth superconducting particles embedded in 
the amorphous matrix. The nominal composition and 
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Figure 8 Normalized resistance ratio R/R. 
as a function of temperature for melt- 
quenched alloys (Nio.75Sio.osBo.lv)95Pb3Bi2 
and (Nio 8PoA Bo 095Pb3Bi 2 possessing 
coexisting amorphous, h c p ~(Pb-Bi) and 
b c t X(Pb-Bi) phases. 
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T c o f  the duplex alloys and the particle radius (r) and 
in te rpar tMe distance (2) o f  lead and  l ead -b i smuth  
phases  are summar ized  in Table  I, where 2 implies the 
distance between the centres of  their particles. The  
residual electrical resistivity o f  Ni75SisB17 and 
Nis0 P~0 B ~0 a m o r p h o u s  alloys at 4.2 K was measured  to 
be abou t  1.80/~f~ m and 1.85 # ~  m, respectively. F r o m  
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Figure 10 The critical magnetic field H e at various temperatures for 
melt-quenched (Ni0.sP0.,B0~)95Pb5 alloy possessing coexisting 
amorphous and lead phases. The solid line represents a linear 
extrapolation near T~. 

these values of  electrical resistivity, the mean  free pa th  
o f  electrons (l) is es t imated to be abou t  I nm f rom the 
nearly-free electron model  [13]. Fur ther ,  the coherence 
length (Co) o f  a m o r p h o u s  superconduc tors  has 
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Figure 11 The upper critical magnetic field H~2 at various 
temperatures for melt-quenched alloys possessing coexist. 
ing amorphous, h c p  e(Pb-Bi) and b e t  X(Pb-Bi) phases: (0) 
(Ni0.75 Sio.08 B0.17)95 Pb3 Bi2, (13) (Nio. 8 Po.i Bo,l )95 Pb3 Bi2. The solid lines 
represent a linear extrapolation near T c. 

265 



T A B L E  I As-quenched structure, the particle size 2r and interparticle distance 2 of  lead and lead-bismuth phases embedded in 
amorphous matrix, the superconducting transition temperature T¢, the transition width ATe, the critical field gradient at T¢, - (dH~2/dT)r ~, 
the critical field at 4.2 K, the residual electrical resistivity 0, and the ratio r/~ o of  particle radius to the coherence length of  lead or ~(Pb Bi), 
for melt-quenched (Nio7sSi0.0sBol7)100 .,.Pb.,., (Ni0.sPoiBol)lO0_xPbx, (Nio.75Sio0sBo.17)95Pb3Bi 2 and (Nio.sPo,lBo.l)95Pb3Bi 2 alloys possessing 
coexisting amorphous and lead or e(Pb-Bi) + X(Pb Bi) phases 

Alloy 2r 2 T~ ATc -(dH~2/dT)T c H~ or H¢2 O. r/~o 
(/~m) (#m) (K) (K) (T K -  ~ ) at 4.2 K (gf~ m) 

(T) 

(Ni075Sio.08Bo tT)975Pbz5 1.5 to 2.5 3.0 to 4.0 6.8 0.47 - - 0.19 9.0 to 15 
(Ni0.75Si0.08B017)95Pb 5 1.5 to 3.0 2.5 to 3.5 7.1 0.73 - 0.17 9.0 to 18 
(NiosPolBoJ)975Pb2.5 1.0 to 1.5 1.0 to 1.5 7.2 0.80 - 0.21 6.0 to 9.0 
(Nio.sP0.1BoJ)95Pb 5 1.0 to 1.5 0.8 to 1.5 7.5 0.55 5.99 x 10 3 0.046 0.64 6.0 to 9.0 
(Ni0nsSi0osB0.17)9sPb3Bi 2 0.2 to 0.5 0.2 to 0.7 8.6 0.35 0.17 1.6 1.70 8.7 to 22 
(Ni0.8 Po.] B0j )95 Pb3 Bi2 - - 8.8 0.18 0.16 1.4 2.00 - 

generally been reported [14, 15] to be of the order 50 
to 100 nm from the data for low-temperature specific 
heat and magnetic susceptibilities. Since the mechanism 
for the appearance of superconductivity by the 
proximity effect has been considered [16] to be domi- 
nated by the characteristics of the matrix phase, the 
present duplex alloys consisting of amorphous and 
lead or lead-bismuth phase can therefore be classified 
to be typical of dirty superconductors because l ~ 40 
for the amorphous matrix. 

For the proximity effect in the case of the dirty limit, 
the leak distance (Kn -1) is expressed [16] by 

KE' = (hvnl./6nkB T) 1/2 

Here v, and In are the Fermi velocity and the mean free 
path, respectively, of electrons in normal conducting 
alloy. The above equation indicates that K. -1 is 
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Figure 12 Critical current density Jc as a function of  magnetic field 
for melt-quenched (Ni0.sPo.l B0.095Pb3Bi2 alloy possessing coexist- 
ing amorphous, h c p  ~(Pb-Bi) and b c t  X(Pb Bi) phases: (O) 
2.86 K, (n) 4.27 K. 
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influenced only by the electrons in normal conducting 
alloy (matrix phase). Kn ~ for the amorphous matrix 
phase is very small because of the small In value, and 
hence the superconducting lead and lead-bismuth 
particles must disperse closely to each other to exhibit 
a high T c by the proximity effect. Additionally, it has 
been shown [17] that the critical radius of supercon- 
ducting lead or lead-bismuth particle (re) for the 
proximity effect in the case of L = l/4 = 1 must be 
above 2.965~*, where 4 is the BCS coherence length of 
the matrix phase and 4" is the coherence length of the 
lead or lead-bismuth particle. The 3" value has been 
reported to be 83 nm for pure lead [18] and 23 nm for 
Pbs0Bi20 [19]. As a result, rc is estimated to be about 
250 nm for lead and about 70 nm for Pb6oBi40, if one 
assumes that the 40 value of Pb60Bi4o particles is nearly 
the same as that of PbsoBi20 alloy. This estimate indi- 
cates that the radii of lead and Pb60Bi40 particles must 
be larger than about 250 and 70 nm, respectively, for 
achieving high Tc values by the proximity effect, in 
addition to a very short leak distance. 
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Figure 13 Fluxoid pinning force Fp as a function of  reduced mag- 
netic field H/Hc2 for melt-quenched (Nio 8P0.1 B01)95Pb3 Bi2 alloy 
possessing coexisting amorphous, h c p e(Pb-Bi) and b c t X(Pb-Bi) 
phases: (o) 2.86 K, (D) 4.27 K. 



As summarized in Table I, the particle radius of 
lead and Pb60Bi40 phases is about 3 to 6 r~ for the 
Ni-Si-B-Pb alloys, 2 to 3 r e for the Ni-P-B-Pb 
alloys, 1.5 to 3.5 re for the Ni-Si-B-Pb-Bi alloy and 
smaller than 1.5re for the Ni-P-B-Pb Bi alloy. 
Theoretical analyses [17] on the variation of normal- 
ized transition temperature (Te/Te~) of duplex alloys 
as a function of r/~*suggest that the T~/Td value is in 
the range 0 to 0.50 for the Ni-Si-B-Pb alloys and zero 
for the other Ni-P-B-Pb, Ni-Si-B-Pb-Bi and Ni-P- 
B-Pb-Bi alloys. Here To~ is the superconducting criti- 
cal temperature of lead metal or Pb60 Bi40 alloy itself. 
Nevertheless, the actually measured To values (6.8 to 
8.8 K) of these duplex alloys are much higher than the 
theoretically expected values (0 to 3.6K), implying 
that the real critical radii of superconducting lead and 
Pb60Bi40 particles in the duplex alloys are much smaller 
than the estimated values. 

The reason for such a remarkable difference is con- 
sidered to be due to the fact that the present duplex 
alloy superconductors are extremely dirty because of 
an amorphous structure of the matrix phase. For such 
an extremely dirty superconductor, the degree of dirti- 
ness defined by L -- l/~ is estimated to be as small as 
about 0.01, and hence the real critical radius of the 
duplex alloys is calculated to be about 0.225~' from 
Silvert's analysis [20, 21] as shown in Fig. 14. It is 
worth noting that the value is much smaller than the 
radius (2.965~') calculated by the assumption [17] of 
L = 1. Under the assumption that the L value is 0.01 
for the present Ni-Si-B and Ni-P-B amorphous 
alloys, the 7"~/Te~ value is theoretically estimated 
[20, 21] to be 1.0 for (Ni0.75Sio.osBo.17)95Pbs, 1.0 for 
(Nio.sPo.l B0.1)9sPbs, 0.98 to 1.0 for (Ni0.75Si0.osB0.17)9 s- 
Pb3Bi2, and smaller than 0.98 for (Nio.sP0.1Bo.t)gs- 
Pb3 Bi2 from the actually measured R = r/~*values, as 
plotted in Fig. 14. It is noted that the estimated values 
are nearly the same as the actually measured Te values 
for the melt-quenched alloys. Accordingly, the reason 
why the duplex alloys exhibit almost the same To 
values as those Of pure lead metal or Pb60 Bi40 alloy in 
spite of the small sizes of the dispersed particles is 
reasonably thought to originate from the extreme 
dirtiness of the amorphous matrix phase. 

As shown in Figs. 10 and 11, the temperature gradi- 

ent of H~ and He2 near To is 5.99 x l0 3TK-~ for 
(Ni0.8 P0.t B01 )95Pb5, 0. l 7 T K-t  for (Ni075Si0.08 B017)95- 
Pb 3 Bi2, and 0.16 T K-  l for (Ni08 P01 B0.1)95Pb3Bi2, and 
the critical magnetic field at 4.2 K is 0.046 T for the 
Ni-P-B-Pb alloy, 1.6 T for the Ni-Si-B-Pb-Bi alloy 
and 1.4T for the Ni-P-B-Pb-Bi alloy. Thus, the 
critical fields of the latter two alloys are larger by a 
factor of about 33 than that of the former. The 
remarkable difference is thought to originate from an 
inherent difference in the mechanism of superconduc- 
tivity; the superconductivity of the Ni-Si(or P)-B-Pb 
duplex alloys is due to the proximity effect of lead 
particles which are Type I superconductors, whereas 
that of the Ni-Si(or P)-B-Pb-Bi duplex alloys is due 
to that of the Type II Pb-Bi superconductor. Addition- 
ally, the actually observed Ho(~-0.046 T at 4.2 K) for 
(Nio.sP0.1B0.1)95Pb5 is nearly equal to the previously 
reported He(~-0.047T ) of pure lead [19], but the 
measured He2 values (--- 1.4 to 1.6 T at 4.2 K) for the 
Ni Si-B-Pb-Bi and Ni-P-B-Pb-Bi alloys are higher 
by a factor of about three than the reported value 
( -~ 0.53 T at 4.2 K) [19] of Pb60 Bi4o alloy itself, despite 
the result that the appearance of the present supercon- 
ductivity is due to the proximity effect of lead-bismuth 
alloy particles. 

The value of He2 is closely related to the dirtiness of 
the superconductor as well as Te and the coefficient of 
low-temperature electronic specific heat (7), and the 
larger the T e, 7 and residual resistivity ~n the larger is 
He2 [22]. Consequently, the achievement of such high 
Ho2 values for the present Ni-Si(or P)-B-Pb-Bi 
duplex alloys is probably due to the high ~n values of 
1.70 to 1.98 ~tO m for the Ni-Si(or P)-B-Pb-Bi alloys 
which are generated by the introduction of a high 
density of internal faults and large internal strain into 
lead-bismuth alloy particles by melt-quenching, in 
addition to the high Tc values comparable to that 
(8.6 K [ 19]) of pure Pb60 Bi40 alloy. Furthermore, it has 
been seen that the He value of the Ni-P-B-Pb alloy is 
nearly the same as that of conventionally solidified 
lead. This enables us to infer that the lead particles 
imbedded in the Ni-P-B amorphous alloy do not 
contain a high density of quenched-in defects. This 
inference is consistent with the result that ~, for the 
Ni-P(or Si)-B-Pb alloys is as small as 0.17 to 
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Figure 14 Theoretically estimated T~/Tct values as a 
function of r/~ for melt-quenched alloys possessing 
coexisting amorphous and lead or e(Pb-Bi) + X(Pb-  
Bi) phases: (e)  (Nio.75Sio.08Bo.17)95Pbs, (111) (Nio.sPo. ~- 
Bo.I)95Pbs, (A) (Nio.75Sio.08Bo.tT)gsPb3Bi2, (v) (Nio. 8- 
Po.t]Bo.1)95Pb3Bi2. Symbols represent the average r/¢* 
values of each alloy. 
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0.21 #f2m, being almost comparable to that of con- 
ventionally cast lead. The remarkable differences in 
critical magnetic field and ~n between the Ni-Si(or 
P)-B-Pb and Ni-Si(or P)-B-Pb-Bi  alloys remind us 
that a structural modification by melt-quenching is 
effective only for alloys consisting of two or more 
alloying elements. 

5. Summary  
Duplex amorphous alloys exhibiting superconductivity 
and high ductile nature were produced in (Ni0.75 Si0.08- 
B0.~7)~0~_xPbx, (Ni0.sP0.~B0.0~00_xPbx (x = 2.5 and 5.0), 
(Ni0.vsSi0.08B0.17)95Pb3Bi2 and (Ni0.8P0.1B0. ~)95Pb3Bi 2 
alloys. The duplex alloys consisted of amorphous and 
lead or lead-bismuth (h c p e + b c t X) phases. The 
particle size and interparticle distances are 1 to 3 and 
1 to 4#m, respectively, for the Ni-Si(or P)-B-Pb 
alloys and less than 0.2 to 0.5 and 0.2 to 1.0/~m, 
respectively, for the Ni-Si(or P)-B-Pb-Bi  alloys. The 
formation of amorphous alloys with uniformly dis- 
persed lead or lead-bismuth particles was limited to 
less than about 6at % Pb for the Ni-Si(or P)-B-Pb 
system and about 7at % (Pb + Bi) for the Ni-Si(or 
P)-B-Pb-Bi  system. 

These duplex alloys were found to exhibit supercon- 
ductivity by the proximity effect of finely dispersed 
lead or lead-bismuth particles at temperatures higher 
than 4.2K. The transition temperature Tc tends to 
increase slightly with increasing volume fraction of 
lead and lead-bismuth phases, and reaches a maxi- 
mum value of 7.1 K for (Ni0.TsSi0.o8BoJ7)95Pbs, 7.5 K for 
(Ni0.sP0., B0.1)95Pb5, 8.6 K for (Ni0.75Si0.08B0.17)95Pb3Bi 2 
and 8.8 K for (Ni0.sP0.~ B0.1)95Pb3Bi2. The temperature 
gradient of critical magnetic field (He and H~2) near Tc 
and the critical field at 4.2K are 5.99 × 10-3TK -1 
and 0.046T for (Ni0.8P0.1B0.1)95Pb 5, and 0.16TK -I 
and 1.4 T for (Ni0.8Poj B01 )95Pb3 Bi 2. The critical cur- 
rent density J~ is of the relatively high order of 
7 × 107Am -2 at zero applied field and 4.2K for 
(Ni0.sPoJ BoA)95Pb3Bi2. It is thus very important from 
scientific and engineering points of view that the appli- 
cation of the melt-quenching technique to the nickel- 
metalloid alloys containing lead or (Pb + Bi) elements, 
which are immiscible in an equilibrium state against 
their consituent elements, results in the formation of a 
duplex structure consisting of fine lead or (Pb + Bi) 
particles dispersed uniformly in the nickel-based 
amorphous matrix, and their duplex alloys exhibit 
rather good superconducting properties combined 

with high hardness and good ductility. Further 
development of the ideas presented here seems to be 
capable of producing amorphous composite materials 
having unique characteristics which cannot be 
obtained in homogeneous amorphous alloys. 
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