JOURNAL OF MATERIALS SCIENCE 17 (1982)1753—-1764

Superconducting properties and microstructure
of crystallized Hf -Nb-Si and Hf -V-Si
amorphous alloys

A. INOUE, Y. TAKAHASH!* C. SURYANARAYANAT, T. MASUMOTO
The Research Institute for Iron, Steel and Other Metals, Tohoku University,
Sendai 980, Japan

Amorphous Hf—Nb—Si and Hf—V—Si alloys have been produced by rapidly quenching
the melts using a melt-spinning technique. The silicon content in the amorphous alioys
was limited to 14 to 20 at% and the niobium or vanadium content was limited to 0 to
45 at% and O to 35 at%, respectively. These amorphous alloys did not show any super-
conducting transition down to liquid helium temperature (4.2 K), However, a transition
was detected above 4.2 K after inducing crystallization in these alloys by annealing at
appropriate temperatures. The highest superconducting transition temperatures, 7,
attained were 8.9 K for the Hf,5Nb,,Si;s alloy annealed for 1 h at 1273 K and 6.7 K for
the Hfy,V15Siy s alloy annealed for 1 h at 1173 K. The upper critical magnetic field, H,,,
at 4.2 K and the critical current density, J., at zero applied field and 4.2 K were about
5.1 x 106 Am™! (6.4 T) and more than 1 x 10* Acm™2 for the Hf,5Nb,,Si;s alloy and
more than 8.0 x 105 Am™ (10T)and 5 x 10®> A cm™2 for the Hfs, V35 Si;5 alloy. Detailed
transmission electron microscopic studies of the annealed structure of these amorphous
alloys established that, after crystallization, these alloys contain a body-centred cubic
B-Hf(Nb) solid solution and body-centred tetragonal Nb;Si phases in the Hf;5Nb4Si 4
alloy and hexagonal Hf;Si;, face-centred cubic HfV, and cubic V;Si phases in the
HfsoV35Si,5 alloy. Since Nb;Si and Hf;Si; are not superconducting above 4.2 K, it has
been concluded that superconductivity in these crystallized alloys is due to the precipi-
tation of 8-Hf(Nb) solid solution in the Hf—~Nb—Si alloys and to the precipitation of
HfV, and V;Si compounds in the Hf—-V—Si alloys.

1. Introduction to produce continuous amorphous ribbons in

With a view to finding amorphous superconductors
which can be easily produced in a continuous
ribbon form and yet possess good mechanical
properties, we have studied the conditions for the
formation of the amorphous phase in refractory
metal-based alloys [1-8] along with a critical
evaluation of their mechanical properties, crystal-
lization behaviour and superconducting properties.
In these investigations, it was found that, in spite
of the high reactivity, high melting-point and
heavy atomic weight of hafnium, it was possible

hafnium-based alloys. The present paper deals with
the crystallization behaviour and the resultant
superconducting properties of amorphous Hf—
Nb-—Si and Hf—V—Si ternary alloys. Reasons for
choosing these two alloy systems are two-fold:
firstly, the equilibrium phase diagrams of Hf—V
and Hf—Nb binary alloys belong to typical eutectic
and isomorphous types [9], and, hence, it is
interesting to investigate the effect of the type of
phase diagram on the crystallization behaviour of
refractory-metal based amorphous alloys;secondly,
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it was expected that the C-—15-typeHfV, [10]
and A—15-type V,Si [11] and Nb,Si [12]
compounds with a high superconducting
transition temperature, T,, and upper critical
magnetic field, H,,, might precipitate in the alloys
crystallized from the amorphous state.

2. Experimental details

Alloys of different compositions were melted
under an argon atmosphere in an arc furnace
on a water-cooled copper hearth with a non-
consumable tungsten electrode. The starting
materials were hafnium (95 wt% pure, containing
34wt% Zr and 0.05wt% Nb impurities), silicon
(99.999 wt% pure) and vanadium (99.8 wt% pure)
or niobjum (99.5wt% pure). The weight of the
mixture melted in one run was about 30g. The
ingots were repeatedly turned over and remelted
to ensure homogeneity of composition. The com-
positions of alloys reported are the nominal ones
since the losses during melting were negligible.

Continuous ribbon specimens of about 1mm
width and 0.02mm thickness were obtained by
melt spinning under a protective argon atmosphere.
Details of the apparatus have been described in
[6,13]. Typically, the amount of alloys melted
in one run was about 5g and the rotation speed
of the copper roller (20 cm in diameter) was about
4000 rpm.

The as-quenched phases were identified by
conventional X-ray diffraction and transmission
electron microscopy techniques. The ribbons were
classified amorphous when the X-ray intensity
as a function of the diffraction angle showed a
typical liquidlike structure. Samples for electron
microscopy were electrolytically thinned in an
electrolyte consisting of 95 parts methanol and
5 parts sulphuric acid, cooled to approximately
220K. The crystallization temperature, T, and
the activation energy for crystallization, AF, were
evaluated in a differential thermal analyzer (DTA)
and a differential scanning calorimeter (DSC) at
various heating rates ranging from 5 to 80 Kmin™.
The hardness of specimens was measured by a
Vickers microhardness tester with a 100 g load.
The ductile—brittle transition behaviour was
examined on specimens annealed for 1h at differ-
ent temperatures in evacuated quartz capsules.
Ductility was evaluated by measuring the radius-
of-curvature at fracture in a simple bend test.
Methods to evaluate the superconducting proper-
ties have been described in detail in [14].
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3. Results

3.1. Formation range of amorphous phase
The composition range in which the homogeneous
amorphous phase formed in the Hfgs_,V,Si;s and
Hfgs_.Nb,Si;s ternary systems is shown in Fig. 1.
It can be seen that the range is rather wide, extend-
ing from 0 to 37at% V or O to 45at% Nb. How-
ever, the silicon content is limited to the narrow
range of 14 to 20at%. Electron microscopy and
X-ray diffraction techniques confirmed the amor-
phous nature of the as-quenched material. No
evidence of crystalline inclusions was found by
means of dark-field electron microscopy for the
alloys within the composition ranges described
above.

It has been predicted from theoretical kinetic
considerations [15—18] and experiments [19—21]
that the formation of the amorphous phase is
closely related. to the reduced glass temperature,
Ty/T,, (where T, is the glass transition tempera-
ture and T, is the melting point), and the
viscosity of the alloys; that is, the larger the
T,/T,, and the higher the viscosity in the super-
cooled liquid, the greater is the ease of formation
of the amorphous phase. In fact, the composition
range in which amorphous alloys are obtained by
the liquid-quenching technique is very often
located around a deep eutectic in the alloy phase
diagram, where T is the lowest. Each of the
equilibrium diagrams for Hf-Si [22], V-Si [23],
Hf-V [9] and Nb—Si [9] binary systems features
a eutectic reaction at the compositions HfgySi,q,
Vg7Siss, Hfs;Vas and Nbg,Sipg, with the eutectic
temperatures at 2273, 2053, 1731 and 2216K,
respectively. The present amorphous-forming com-
position ranges appear to fall around the troughs
of the eutectics in the Hf -Nb—Si and Hf—V--Si
ternary systems. A similar behaviour was observed
in Ti—(Nb or V)—Si [1] and Zr—(Nb or V)—Si [24]
systems. The high tendency to form amorphous
phases in alloys having compositions near a deep
eutectic has been interpreted in terms of a com-

Alloy system |Concentration of Nb or V (at %)
10 20 30 40 SO 60
- ] - —] 1 1
Hfas -xNby Sits Amorphous Crystalline
Hfgs -xV.x Sits Amorphous A Crystalline

Figure 1 Composition range for the formation of an
amorphous phase in the Hf;,_,V,Si . and Hf ;_ , Nb,Si
alloys.



paratively large negative heat-of-formation of the
liquid alloy [25]. Further, strong chemical inter-
action between hafnium and silicon and vanadium
or niobium and silicon is expected to yield signifi-
cantly high values of T, and viscosity, thus pro-
moting the formation of the amorphous phase.

3.2. Mechanical properties and thermal
stability

All hafnium-based amorphous ribbons produced in
the present investigation exhibited good bend
ductility. For instance, the deformation structure
of a HfzsNbySi;s amorphous alloy bent com-
pletely by pressing around the edge of a thin razor
blade is shown in Fig.2. Although numerous
deformation markings are seen near the bent edge,
no cracks can be observed, even after such a severe
deformation.

Vickers hardness, H,, crystallization tempera-
ture, T, activation energy for crystallization, AF,
and critical fracture temperature, Ty, were evaluated
for the HfssV30Sigs and HfssNbyoSiys alloys, and
the results are presented in Table I. Here T is
defined as the temperature corresponding to the
start of the first exothermic peak of the differential
thermal analysis (DTA) curve measured at a heating
rate of 20K min™* and T is the temperature of
ageing for 3.6ksec which led to the fracture of
alloys in a simple bend test. AE was calculated by
measuring the position of the exothermic peak at
different heating rates by the Kissinger method.
The H,, T, and T; values are, respectively, about
610DPN, 930K and 650K for Hf;5Nb3Siss and
640 DPN, 880K and 600K for Hf55V30Si15. AISO,
AE is about 380kJmol™ for the Hf—Nb—Si
alloy and 365kJmol™ for the Hf-V-Si alloy.
The values of T,, AE and T are higher for the
Hf-Nb—Si alloy than for the Hf-V--Si alloy,
indicating that the thermal stability is superior
in the former alloy system.

3.3. Superconducting properties
3.3.1. Hf —-Nb-—-Si amorphous alloys

Electrical resistance of Hfs;5NbsoSi;s and

Hf45NbyoSiys amorphous alloys was measured at
low temperatures under no applied magnetic field
in two conditions, both as-quenched and annealed
for 1h at various temperatures. T, and AT, values
are plotted in Fig. 3 as a function of the annealing
temperature. T, is the temperature corresponding
to R/R,=0.5, where R is the sample resistance
and R, is the resistance in the normal state. The
transition width, AT,, represented by a vertical
bar in Fig. 3, represents the temiperature interval
between 0.1 and 09 of R/R,. It is clear from
Fig. 3 that the amorphous specimens remain in a
normal state down to very low temperatures and
are not superconducting in the temperature range
investigated. This result is in contrast to the result
that Ti—Nb-—Si [14] and Zr—Nb—Si [24] amor-
phous alloys exhibit superconductivity at tempera-
tures above about 3.0 K. Although the reason for
such a difference is not clear at present, it may be
due to the fact [26] that T, of hafnium metal
happens to be lower than that of titanium or
zirconium, The HfgsNbg,Siys and HfzsNbgoSiys
alloys annealed at temperatures above 973 K show
a complete transition to the superconducting state
above the liquid helium temperature. For both the
specimens, T, increases with increasing annealing
temperature and appears to show maximum values
at appropriate temperatures (the 7, value for
Hf 45 NbyoSiys alloy continues to increase even after
annealing at a temperature as high as 1273 K), as
shown in Fig. 3. The highest T, value attained is
89K and is slightly lower than the highest value
(10.0K) [27] of crystalline Hf—Nb binary ailoy.
The lower T, value for the alloy crystallized from
the amorphous state appears to be caused by the
limited annealing treatment and the dissolution
of siticon in the superconducting phase.

The critical current density, J,, was measured
by a standard four-probe resistance method under
an external applied magnetic field, H, in a liquid
helium bath. As an example, Fig.4 shows the
critical current density, J,(H), as a function of H
for HfysNbaoSiys alloy annealed for 1h at various

TABLE I Vickers hardness, H,, crystallization temperature, Ty, the activation energy for crystallization, AE, and
critical fracture temperature, T¢, for Hf (V,,Si, s and Hf Nb,, Si,; amorphous alloys

Alloy system Vickers hardness, H,, Crystallization Activation energy Critical fracture

(at %) (DPN) temperature, Ty for crystallization, AE temperature, T
(K) (Rate = 20K min™") (kI mol™!) (X 3.6ksecK)

Hf, V,,Si,, 640 882 365 ~ 600

Hf  Nb,,Si, 610 929 380 ~ 650
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Figure 2 Scanning electron micrograph showing the defor-
mation marking at the tip of Hf, Nb, Si,; amorphous
alloy bent through 180°.

temperatures. For H = 0, J,, increases with increas-
ing annealing temperature and is more than about
1 x 10* Acm™ for the alloy annealed at 1173 K.
Similar temperature dependence is recognized
for J (H). For instance, J.(H) begins to decrease
rapidly at about 2.6 x 10° Am™ when annealed
at 1023 K, while it remains unchanged up to about
4.2 x 10° Am™ (5.3 T) and the specimen possesses
a critical current density of about 6.3 x 10° A cm™
at an applied field of 4.1 x 10° Am™ (5.2 7T).
Fig. 5 shows the upper critical magnetic field, H, ,
of HfssNbsSiyjs and HfysNb,eSiys alloys as a
function of annealing temperature. Here, we define

100 41 . , —
Hlgs. (N Sirg
9.0t 1h, Annealing J
8.0} 4LONb i
X170}
(g
6.0}
5.0L J
{
L0973 o073 1173 1273

Annealing temperature (K)

Figure 3 Change of superconducting transition tempera-
ture, T, for Hf, Nb,,Si,, and Hf Nb,,Si,; amorphous
alloys with annealing temperature. The vertical bars
correspond to AT.
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Figure 4 Critical current density, J,, of Hf,,Nb,,Si,,
amorphous alloy annealed for 1 h at various temperatures
as a function of magnetic field applied normal to the
direction of current flow.

Hg, to be the applied magnetic field at which the
resistance of the sample reaches half its normal
value. The H, value increases with increasing
annealing temperature, shows a maximum value
at 1123K, for example, about 4.7 x 105 Am™
for HfssNb3gSi;s and 5.1 x105Am™  for
Hf45Nb,oSiy s, and decreases slightly with further
annealing. Such a temperature dependence is very
similar to that of J (H), but is significantly differ-
ent from that of T, as evident from a comparison
of Figs 3 to 5. The reason for such a difference
will be discussed in a later section.
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Figure 5 Change of upper critical magnetic field, H,,, for
Hf, Nb,,Si,, and Hf,,Nb,Si,, amorphous alloys with
annealing temperature.



3.3.2. Hf5yV35Si,5 amorphous alloy

The T, value of the Hf5V35Si;5 amorphous alloy
was measured for the as-quenched state and for
two different annealed states, isochronally annealed
for 1h at various temperatures and isothermally
annealed at 1223 K. The 7, and AT, values thus
obtained are plotted in Figs 6 and 7 as a function
of the annealing temperature and annealing time.
In Fig. 7, onset T, is also plotted for comparison.
The amorphous alloy remains in a normal state
down to about 3.0K, similar to the result of
Ti—-V-Si [28] and Zr—V-Si [29] amorphous
alloys. However, annealing at temperatures exceed-
ing 1123 K results in a complete transition to the
superconducting state, but the annealing tempera-
ture and time are limited to narrow ranges;i.e., in
the isochronal annealing for 1 h the temperature is
in the range of 1123 to 1223K and in the iso-
thermal annealing at 1223 K the time is in the
range of 15 to 80min. Under these conditions,
T, increases with increasing annealing temperature
or time, shows a maximum value at an appropriate
temperature or time, and decreases later. The
highest T, value attained during the present limited
annealing treatment is 6.7K, as seen in Figs 6
and 7. The transition width, AT,, is in the range
of 0.3 to 2.4 K, although a systematic change with
annealing treatment could not be observed.

Fig. 8 shows the critical current density, J,(H),
of HfsoV35Sips alloy annealed for 1hat 1223 K as
a function of H, together with the data of T, and
H,. The highest J,(H) values of Hfy5NbsSi;s
alloy also are represented for comparison. For
H=0, J, is of the order of 5x 10> Acm™ and

8'0 L T T
Hf51V34Sit5
7.0k 4
6.0} ]
<
K 5.0 e
4.0 1
J 1h,Annealing
3.0567 1173 1273

Annealing temperature (K)

Figure 6 Change of superconducting transition tempera-
ture, T, for Hf,V,,Si,; amorphous alloy with annealing
temperature. The vertical bars correspond to AT.

8.0 T T

Hf51%,Siys
amorphous alloy v Onset 7¢
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40 10 100 1000

Annealing time at1223K (min)

Figure 7 Changes of superconducting transition tempera-
ture, T, and onset transition temperature for Hf,, V. Si,,
amorphous alloy with annealing time at 1223 K.

this value remains almost unchanged for increasing
H up to about 5 x 10 Am™. With further increase
of the magnetic field, J () begins to decrease
significantly. However, as seen in Fig.7, the J,
value of HfgoV35Siys alloy is of the order of
200Acm™ even at a high magnetic field of
7 x 108 Am™, and is much higher than that of
Hf45Nbg4oSiys alloy at higher magnetic fields above
about 5 x 109 Am™. Further, one can notice
that the upper critical magnetic field, H, for
Hf50V35Si;s alloy appears to be higher than
8 x 10° Am™ (= 10 T) when annealed at 1223 K.

% I L T T
U‘IOL .
« MhsNoShs ]
% (Tc=8.3K)
~N (1173K,1h)
>
>
N4 A3 .
51 ot i Shs 1
kel (Tc=6.4K)
z (HeaM0T)
o (1223K,%h Annealing) \
£ 3 3
o107 .
T
Y he
b at4.2K
(8]
10 " 1 N

0 2 4 6 8
Magnetic field, # {106 Am™1)

Figure 8 Critical current density, J,, of Hf, V,Si
amorphous alloy annealed for 1'h at 1223 K, as a function
of magnetic field applied normal to the direction of
current flow. The data of Hf, Nb,,Si,; alloy annealed
for 1 hat 1173 K are also represented.
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3.4. Annealed structure

With a view to understanding the reason for the
occurrence of superconductivity only when the
amorphous Hf-Nb—Si and Hf-V-Si alloys
were annealed, detailed transmission electron
microscopic observations have been made on
Hf45NbgoSiys and HfgyVasSiys alloys annealed for
different periods at various temperatures, and the
results are shown in Figs 9 to 12. Fig. 9 shows
bright-field images and the corresponding selected-
area diffraction patterns of the Hf—Nb—Si (Fig. 9a
and b) and Hf—V—8i (Fig. 9¢ and d)alloys annealed
for 30min at 923 and 873 K, respectively. These
temperatures are just below the temperatures where
superconductivity begins to appear. Although a
weak contrast can be seen all over the area in the
highly magnified bright-field images (Fig.9a and c¢),
the diffraction patterns indicate that the amor-

r

873K, 30min

phous structure of these alloys remains essentially
unchanged even after such a high-temperature
annealing.

Fig. 10 shows the electron micrographs and
the selected-area diffraction patterns of the
Hf;sNbgoSiys alloy annealed for 1h at 973K
(Fig.10a and b) and 1123K (Fig.10c and d)
corresponding to the temperatures where super-
conductivity begins to appear and the 7, value
approaches the maximum value. As shown in the
micrographs Fig. 10a and b, the microcrystals with
an average size of 25 nm consist of S-Hf(Nb) with
a body-centered cubic (bcc) structure and Nb;Si-
phase with a body-centred tetragonal (bct) struc-
ture [30]. With increasing annealing temperature,
the grain size of these phases increases gradually
and is about 35nm at 1123K, as shown in
Fig. 10c and d. We could not observe any other

Figure 9 Transmission electron micrographs and selected-area diffraction patterns showing the anmealed structures
of (a and b) Hf, Nb,,Si,, alloy annealed for 30 min at 923K and of (c and d) Hf;, V,, Si,; alloy annealed for 30 min *
at 873 K. (b and d) show the amorphous nature of the alloys.
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Figure 10 Transmission electron micrographs and selected-area diffraction patterns showing ‘the crystallized structures
of Hf,;Nb, Si,, alloy annealed for 1h at (a and b) 973K and at (c and d) 1123 K. (b and d) shows microcrystals to

contain g-Hf(Nb) and Nb,Si.

phase, even after annealing for 1h at 1273K.
Hence, it is concluded that the Hfy5Nby4oSiss
amorphous alloy crystallized from the amorphous
state exhibits the duplex structure consisting of
the 8-Hf(Nb) and Nb;Si phases.

Fig.11 shows the microstructures of the
Hf50VasSi;s amorphous alloy annealed for 1h at
1223K and 1273 K. It has been shown in Fig. 6
that these annealing treatments result in the
appearance of superconductivity. The average size
of the crystallite is about 45nm at 1223K and
65nm at 1273 K. As identified in Fig. 12, these
crystalline phases are (i) HfsSi; with a hexagonal
structure [30], (ii) HfV, with a face-centred cubic
(fcc) structure [30] and (iii) VaSi with a cubic
structure [30]. It is very important to note that
the crystallization of the Hf-—V—Si amorphous
phase leads to the precipitation of superconducting

HfV, and V,Si compounds, even though the
amount of these phases appears to be rather
small.

4. Discussion
4.1. Relation between superconductivity
and annealed structures

Detailed and careful transmission electron
microscopic observations have rievealed that
the specimens showing the superconducting
transition consist of a mixture of the b c ¢ §-Hf(Nb)
solid solution and the bct Nb;Si-phase in the
Hf4sNbgSiys alloy and a mixture of hexagonal
HfsSiz-phase, fcc HfV,-phase and cubic V;Si-
phase in the Hfs,VisSijs alloy. The bet Nb,Si
[31] and the hexagonal HfsSiz [32] compounds
have been shown to be non-superconducting above
4.2 K. Hence, it is concluded that superconduc-
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tivity in these alloys is due to the precipitation of
B-Hf(Nb) in Hf—Nb—Si alloys and HfV, and V3Si
compounds in Hf—V—S§i alloy. The mechanism for
the occurrence of superconductivity also seems to
be different in these two alloy systems. While the
major phase is §-Hf(Nb) solid solution in Hf —Nb—
Si alloys, which is superconducting, the major
phase is HfsSi; in Hf-V--Si alloys, which is non-
superconducting. Hence, it appears reasonable to
conclude that superconductivity in Hf-V-Si
alloys is due to the proximity effect of Hf V, and/
or V;Si phases. Thus, it is expected that HI—V—Si
alloys exhibit superconductivity only when these
compounds are dispersed with a critical particle
size and distance [33].

Silvert and Singh [34] have discussed theor-
etically the relationship between the size of
superconducting particles and T, and have shown
that the critical condition for the occurrence of
superconductivity is given by 7, > 2.965 &, , where
1. is the radius of the superconducting particle and
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Figure 1] Transmission electron  micro-
graphs and selected-area diffraction pat-
terns showing the crystallized structures
of Hf, V,;Si,; alloy annealed for 1h at
(aand b) 1223 K and at (c) 1273 K.

£, is the coherence length in the superconductor.
£o has been reported to be 4.9 nm for V;8i [35]. &,
for HfV, appears to be of the same order, even
though experimental data are not available. As a
result, 7, is estimated to be about 15nm. This
value suggests that the radius of superconducting
V3Si or HfV, particles must be larger than 15nm
to achieve high T, values by the proximity effect.

For the proximity effect in the case of “dirty
limit”-type superconductor, as exemplified by
V3S8i and HfV, compounds, the leak distance,
K1, is given by the equation [33],

Ky = (hvgly/6nksT)"?, 6]

where h is Planck’s constant, v, is the Fermi
velocity of electrons in normal conducting theory,
I, is the mean free path of electrons in normal
state and kg is the Boltzmann constant, For
achieving a high 7, value by the proximity effect,
the superconducting V;Si and Hf'V, particles must
lie within the estimated K;' value, in addition to



satisfying the relation that r, > 2.965 §&,. Fig. 11
indicates that the average radius of the V;Si or
HfV, particles is about 23 to 33 nm, which is
iarger than the critical radius (15 nm) required for
exhibiting superconductivity by the proximity
effect. Further, considering the fact that this size
increases further with subsequent annealing, it
may be concluded that the critical condition for
particle size is always satisfied, even on subsequent

T T L L T

Heating rate: 20 K min~}

Hf,5Nb4o Sis

Exothermal (Arbitrary unit)

HfsoV3s Sits
673 7738713 913 1073 17
Temperature (K)
Figure 13 Differential  thermal analysis curve of

Hf,,Nb,,Si,, and Hf,,V,,Si,; amorphous alloys.

Figure 12 Selected-area electron
diffraction patterns taken from
Hf,,V,Si,; alloy annealed for
2hat 1223K.

annealing. On the other hand, there is no infor-
mation on the particle spacing of these super-
conducting phases because the identification of
these compounds by the dark-field technique is
made difficult by the extremely weak intensity of
their reflection spots. However, the spacing
between the particles is expected to increase
considerably with increasing annealing tempera-
ture and/or time. As a result, the particle distance
after long annealing exceeds the critical distance,
K.', resulting in the disappearance of super-
conductivity due to the proximity effect. There-
fore, in order to achieve a higher T, value by the
proximity effect for the present alloy systems, it
seems essential to increase the amount of precipi-
tated V3Si and HfV, compounds by suitable alloy
design.

4.2, Temperature dependence of 7,
and H,,

It is well known that the value of J, depends
largely on the microstructure: on the density of
precipitates,  dislocations, grain  boundaries
and other defects which can serve as pinning
centres. Hence, the temperature dependence of J,
is attributed to the microstructural change upon
annealing. On the other hand, the temperature
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dependence of T, and Hg, is considered to be
caused by a variation in the microscopic state of
the superconducting phase. As shown in Figs 3
and 5, the T, value of Hf;5NbgoSiys alloy con-
tinues to increase with increasing annealing tem-
perature in the temperature range below 1223 K,
whereas H,, shows a maximum value at 1123K
and tends to decrease with further annealing.
According to McMillan [36], T, is mainly domi-
nated by the Debye temperature,fp, the electron—
phonon coupling constant, A, and the bare den-
sity of states at the Fermi level N(0); the larger
the values of 6y, A and N(0), the higher is the
value of T,. Therefore, it may be stated that the
increase in T, with increasing annealing tempera-
ture is due to the increase of 6p, A and/or N(0)
through the concentration of niobium into the
B-phase and/or the degradation of silicon in the
B-phase. On the other hand, H, has been con-
sidered [37] to be dominated by the electrical
resistivity in the normal state, p,, electronic
specific coefficient, 7y, and T, and there exists
a relation that the larger the values of these
parameters the higher is the value of H,,. Since
v is proportional to N(0) and A [38], H,, also has
a proportional relation to p,, N(0), A and T.
Hence, it is inferred that the difference in the
temperature dependences of T, and H,, shown
in Figs 3 and 5, is due to the change in p,, during
annealing. Although the value of p, is not
measured in the present investigation, previous
results [39,40] suggest that its value is a maxi-
mum at the initial stage of crystallization where
the crystalline phase begins to appear and that
its value decreases significantly with growing
crystalline particles. As a result, it may be stated
that H, shows a maximum value in the tempera-
ture range where p, remains relatively high and
decreases with further annealing because of the
significant lowering of p,, even though the values
of N(0), A and T, increase.

4.3. Crystallization behaviour
In the present investigation we could not succeed
in clarifying the initial stage of crystallization
where the first crystallites begin to appear from
the: amorphous phase. Therefore, the crystalliz-
ation process of the Hf3sNbyoSiys and HfsoV35Siys
amorphous alloys remains unknown, but we can
have some insight into the process on the basis of
the present results on annealed structures.

Failure to detect the initial stage suggests that
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the transformation from the amorphous to the
crystalline phases occurs rapidly over a narrow
temperature range, implying the simultaneous
precipitation of S-Hf(Nb) and Nb,Si in the Hf—
Nb--Si alloy and HfsSi;, HfV, and V,Si in the
Hf-V-Si alloy. This inference receives support
from the observation that there exists only one
exothermic peak in the DTA curves, as shown in
Fig. 13. Therefore, the crystallization sequence in
these alloys appears to follow the sequence:
(a) for the Hf,sNb4oSi;s alloy,

Amorphous — B-Hf(Nb) + Nb,Si, )

where B-Hf(Nb) is bcc with ¢ =0.343nm and
Nb;Si is bet witha = 1.021 nmande = 0.519 nm;
and

(b) for the Hf sy V35Si,5 alloy,

Amorphous —> Hf;Si; + HfV, + V;8i, (3)

where Hf;Si; is hexagonal with «=0.789 nm
and ¢ = 0.556 nm, Hf'V, is fcc with ¢ = 0.739 nm
and V;Si is cubic with 2 = 0.472 nm.

Further, one can notice that the type of precipi-
tates is different for the Hf,sNbyeSiys and
Hf5V3sSiys alloys. That is, the precipitates of the
Hf-Nb-Si alloys consist of the S-Hf(Nb) solid
solution and the bc¢t NbySi-phase, in accordance
with those of Ti—(V, Nb or Ta)—Si [28, 41, 42]
and Zr—Nb—Si [24] amorphous alloys. On the
other hand, the crystallized Hf—V—Si alloy con-
tains only the Hf;Si;, HfV, and V;Si phases,
being the same as in the case of the Zr—V—Si [24]
amorphous alloy. Judging from the fact [9] that
the equilibrium phase diagram is of the complete
miscibility type for Hf—Nb, Ti—(V, Nb or Ta) and
Zr—Nb alloys and of the eutectic type for Hf—V
and Zr—V alloys, it may be suggested that such a
difference in the precipitates reflects the differ-
ence in the equilibrium phase diagram. From this
result, the following empirical rule is deduced: if
the appearance, upon crystallization of the amor-
phous phase, of intermetallic compounds consisting
of major components is desired, one must select
the alloy system of a eutectic type as exemplified
by the Hf—V and Zr—V systems.

5. Conclusions

Amorphous alloys possessing high strength and
good bend ductility were found in a wide compo-
sition range in the Hf-Nb-Si and Hf-V-Si
systems. Continuous ribbons of about 1 mm width
and about 0.02 mm thickness were produced using



a melt-spinning apparatus designed for refractory
alloys. The amorphous phase could be obtained in
alloys containing 0 to 45at% Nb and 14 to 20at%
Si for the Hf—Nb—Si system and O to 37at% V
and 14 to 17at% Si for the Hf-V-§i system.
Vickers hardness and crystallization temperature
were about 610 DPN and 930K for HfssNbg,Siys
and 640 DPN and 880K for HfssVySiys. Further,
these amorphous alloys are so ductile that no
crack was found at the tip of a specimen bent
through 180° around the edge of a thin razor
blade. The specimens continued to be ductile
when annealed for 1h at temperatures below
about 650K for Hfs;sNbsoSiys and at tempera-
tures below 600 K for Hfs5V3,Si;s.

The Hf-Nb—Si and Hf-V-Si alloys were not
superconducting in the amorphous state, but
showed a superconducting transition above liquid
helium temperature (4.2XK) after crystallization.
The highest transition temperatures, T, achieved
were 89K for HfysNbgsSi;s and 6.7K for
Hf5oVasSiys. In addition, the recorded values of
the upper critical magnetic field, H,, , at 4.2 K and
the critical current density, J,, at zero applied field
and 42K were of the order of 5.1 x 10° Am™
(6.4 T) and above 1 x 10* Acm™ for Hfy5NbyoSiss
and more than 8.0x10°Am™ (10T) and
5x10% Acm™ for HfgyVssSiss. The structure of
the superconducting samples consisted of bcc
B-Hf(Nb) and bct Nb;Si in the HF—Nb—Si alloys
and hexagonal Hf;Si;, fcc HfV, and cubic V;Si
in the Hf—V--Si alloys. Since Nb;Si and HfsSi;
are not superconducting above 42K, it was
concluded that superconductivity in these alloys
resulted from the precipitation of §-Hf(Nb) solid
solution in the Hf—Nb—Sj alloys and precipitation
of HfV, and V;Si compounds in the Hf-V-Si
alloys.
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