JOURNAL OF MATERIALS SCIENCE 16 (1981) 3077—-3086

Crystallization -induced superconductivity in
amorphous Ti-Ta- Si alloys

A. INOUE, Y. TAKAHASHI,*C. SURYANARAYANA A. HOSH]I,
T. MASUMOTO

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

Amorphous alloys containing O to 40 at% Ta and 15 to 20 at% Si have been produced in
the ternary Ti—Ta-Si system by rapidly quenching the melts using a melt-spinning
technique. The amorphous alloys did not show any superconducting 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
superconducting transition temperature, 7., increased with increasing tantalum content
and showed the highest value of 7.6 K for the Tiss Tas Siys alloy annealed for 1 h at
1073 K. An upper critical magnetic field, H,, of 4.7 X 10° Am ™! at 4.2 K and a critical
current density, J., of 1.5 X 10* A cm ™2 at zero applied field and 4.2 K were recorded
for this alloy. Detailed electron microscopic studies of the crystallization behaviour of
the amorphous alloys established that a supersaturated solid solution of tantalum in 3-Ti
with a bcc structure forms first, followed by the precipitation of the bc tetragonal Ta, Si
compound. Since Ta; Si is not superconducting above 4.2 K, it has been concluded that

superconductivity in the crystallized alloys is due to the precipitation of 3-Ti(Ta) solid

solution.

1. Introduction

It has been found [1] recently that amorphous
superconductors possess high tolerence to irradi-
ation. Thus, amorphous superconductors with a
high transition temperature (7,) as well as good
mechanical properties, could be used under high
electric/magnetic fields as well as under irradiation
conditions. With a view to obtaining an amorphous
superconductor with a high T, and good ductility,
we have investigated the composition ranges for
the formation of amorphous phases and their
superconducting properties in refractory metal
(Ti, Zr,Hf, V,Nb, Ta,Mo, W)-based alloys obtained
by melt quenching. As a result, we have been
successful {2—7] in detecting superconductivity
with a T, above 4.2 K in amorphous alloys of Ti-
Nb-(8i, B, C and/or Ge) [2, 3], Nb—~(Zr or Mo)-
(Si, B, C and/or Ge) [4, 5] and (Mo or W)-Si-B
[6, 7] systems. Very recently, we also found a

ductile amorphous single phase with complete
bend ductility in the Ti-Ta-Si system. The form-
ation range is quite similar to that for the Ti-Nb~
Si [2] and Ti-V-Si [8] amorphous alloys. Additi-
onally, it was expected that the Ta;Si compound
with the A-15 cubic structure possessing a high
T, and upper critical magnetic field, H,,, may
precipitate in the Ti-Ta-Si alloys crystallized from
the amorphous state. The present paper describes
the composition range for the formation of the
amorphous phase in the Ti-Ta-Si system, the
crystallization behaviour of the amorphous phase
and the superconducting properties of the crystal-
lized alloys.

2. Experimental details

Mixtures of 99.5 wt% pure titanium, 99.9 wt%
pure tantalum and 99.999 wt% pure silicon were
melted in an arc furnace on a water-cooled copper
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Figure 1 Composition range for formation of an amorph-
ous phase in the Ti—Ta—Si system.

hearth with a non-consumable tungsten electrode.
Melting was accomplished in a purified and gettered
argon atmosphere at a pressure of about 8 x 10*
Pa. The compositions of the alloys reported are
the nominal ones since the losses during melting
were negligible.

The method of producing ribbon specimens of
about 1 mm width and 0.02 mm thickness and
methods of characterizing them by X-ray and
electron metallographic techniques have previously
been described [8]. The crystallization tempera-
tures were determined using a differential thermal
analyser (DTA) while continuously heating the
alloys at a constant rate of 8.33 x 107> K'sec™.
The Vickers hardness was measured with a 100 g
load and ductility was evaluated by a simple bend
test. Methods for evaluating the superconducting
properties have been described by Inoue et al. [2].

0.1lum

3. Results
3.1. Formation range of the amorphous
phase
The composition of the melt-quenched Ti-Ta-Si
ternary alloys at room temperature is shown in
Fig. 1 which maps the amorphous and crystalline
phase fields. It can be seen that the amorphous
phase forms in the wide composition ranges O to
40 at% Ta and 15 to 20 at% Si. The amorphous
nature of these alloys has been confirmed by elec-
tron microscopy and electron diffraction. Fig. 2
shows a bright-field electron micrograph and the
corresponding diffraction pattern for a thinned
Tigs Taqe Siys alloy. The lack of features in (a) and
the diffuse haloes in (b) confirm the amorphous
nature of this phase.

According to Turnbull [9], a deep eutectic in
an alloy system is connected with a comparatively
large negative heat-of-formation. It is also observed
that many amorphous phases have been detected
in alloys corresponding to the eutectic compo-
sitions [10]. The binary systems Ti-Si [11] and
Ta-Si {12] feature eutectic reactions at 14 at%
Si and 1606 K, and 15 at% Si and 2580 K, respec-
tively. An amorphous phase has already been
reported near the eutectic composition in Ti-Si
alloys [13]. Thus, the present amorphous-phase
forming composition range also falls near the
trough of the eutectic in the Ti-Ta-Si ternary
system, indicating that the ease of formation of
an amorphous phase is closely related to the large
negative heat-of-formation of the liquid alloy.

3.2. Mechanical properties and
crystallization temperature

Vickers hardness (H,), tensile fracture strength

(07), crystallization temperature (T%) and the

Figure 2 (a) Transmission electron micrograph and (b) selected-area diffraction pattern showing the as-quenched

structure of Tiy, Ta,,Si,; alloys.
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TABLE I Vickers hardnesses (Hy), tensile fracture strength (og), crystallization temperature (7 ) and critical fracture

temperature (Tg) for several Ti—Ta—Si amorphous alloys

Alloy system Vickers hardness, Tensile fracture

Crystallization temperature

Critical fracture temperature

(at%) H, (DPN) strength, og (MPa) T»(K),8.33 X102 Ksec™® T¢ (K), 3600 sec
Ti,sTa,Si;, 595 2220 792 -
Ti,, Ta, Si,, 610 - 816 -
Tig, TanSi,s 620 2230 837 750
Ti, Ta,,Si,, 640 2280 875 680
Ti, Tag,Si,; 640 - 877 -
Ti,s Ta, Si,;, 680 2390 910 660

critical fracture temperature (T) of Tigs_, Ta, Siis
amorphous alloys are shown in Table 1. Here T
is the temperature of ageing for 3600 sec which
led to the fracture of alloys in a simple bend test.
The hardness and the tensile strength values are in
the range 600 to 680 DPN* and 2200 to 2400
MPa, respectively. The crystallization and critical
fracture temperatures are in the range 790 to 910
K and 680 to 750K, respectively. One can see
that H,, oy and T, increase with increasing tanta-
lum content while Ty shows the oppisite trend.
No clear trend in the properties with silicon con-
tent is recognized.

These amorphous alloys posses very good bend
ductility. Fig. 3 shows the deformation structure
of a Ti4s Tagy Siys amorphous alloy bent completely
over the edge of a thin razor blade. While numerous
deformation markings can be seen near the bent
edge, no cracks are observed.

10um

M

Figure 3 Scanning electron micrograph showing the
deformation markings at the tip of Ti,, Ta,, Si,, amorph-
ous alloy bent through 180°.

* Diamond pyramid number,

3.3. Crystallization behaviour

Fig. 4 shows the DTA curve for the Ti;Ta,qSis
alloy. Similar behaviour has been observed in
other alloys also. The curve exhibits two exother-
mic peaks suggesting that crystallization might
take place in two stages. To obtain a better under-
standing of the crystallization behaviour and the
nature of the phases produced, detailed trans-
mission electron microscopic observations have
been carried out and representative results are
shown in Fig. 5.

On ageing for 1800 sec at 773 K, fine precipi-
tates (mostly with a rectangular cross-section) are
seen over the entire specimen area (Fig. 5a). These
crystals have a very slow growth rate and average
size of less than 25nm. The corresponding dif-
fraction pattern, Fig. 5b, clearly shows that both
the amorphous phase and the crystalline phase
with a bce structure co-exists. Thus, it has been
shown that these fine particles have a bec struc-
ture with a lattice parameter of ¢ = 0.33 nm, which
corresponds to a §-Ti(Ta) solid solution [14]. No
other crystalline phase could be detected at this

= T T T T
€ | Heating rate:8.33x1072 K sec™
S| TizslaoSits

:".5

<

S

£

& 792K BBIK

°

W | { { {
700 750 800 850 900

Temperature (K)

Figure 4 Differential thermal analysis curve of Ti, Ta,,
Si,; amorphous alloy.
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Figure 5 (a) to (e) Transmission electron
micrographs and selected-area diffraction
patterns showing the annealed structures of
Ti,Ta,,Si,; amorphous alloy.



stage of decomposition. Since the §-Ti(Ta) solid
solution is stable only at higher temperatures and
not at room temperature, the 8-Ti(Ta) solid solu-
tion present at room temperature can be considered
metastable. According to the terminology used in
the literature, we can call this MS-I, a supersatu-
rated solid solution of tantalum in §-Ti. The very
slow growth of MS-I particles may be due to the
enrichment of silicon in the amorphous phase.

Ageing for 3600 sec at 773 K results in the pre-
cipitation of a second crystalline phase, MS-II, co-
existing with MS-I. MS-II phase particles are large
and have an oval shape (Fig. 5c). The electron
diffraction pattern recorded from the MS-II par-
ticles (Fig. 5d) clearly shows that they are Ta3Si
with a bc tetragonal structure with ¢ =~ 1.02 nm
and ¢220.52 nm. Another interesting feature of
the MS-II particles is that they contain a large
number of internal defects which could have
resulted from the internal strain generated during
crystallization. Ta;Si particles have an average
size of about 1 um diameter and 2 um length and
are much larger than the MS-I particles.

At higher annealing temperatures, the remain-
ing amorphous phase completely transforms to
a mixture of §-Ti(Ta) and Ta;Si phases (Fig. 5¢)
and eventually to a-Ti + Ta3Si. At no temperature
was the Ta,;Si phase with the cubic A-15 structure
detected in the present investigation (Fig. 6). The
detailed crystallization behaviour is represented
in Table II.

From the foregoing it can be concluded that
the first peak in the DTA curve (broad and low
intensity) corresponds to the precipitation of
B-Ti(Ta) while the second (natrrow and high inten-
sity) peak corresponds to the precipitation of the
Ta;Si compound. Thus, the crystallization sequ-
ence in these alloys can be represented as:

Am~—Am' +MS-1->MS-I +MS-II - Stable phases.

Such a sequence agrees with that in other Ti-based
amorphous alloys [8, 13, 15, 16].

3.4. Superconducting properties

Flectrical resistance in the vicinity of 7. was
measured for the Tigs_,T2,Si;s alloys both in the
as-quenched and annealed conditions under no
applied magnetic field. The annealing treatment
was carried out for 3600 sec at temperatures
ranging from 923 to 1173 K. The value of T, was
taken as the temperarure corresponding to R/R,, =
0.5, where R,, is the resistance in the normal state.

The transition width AT, is the temperature dif-
ference between 0.1 and 0.9 of R/R,,. The values
of T, and AT, are plotted in Fig. 7 as a function of
the annealing temperature. The amorphous alloys
continued to exhibit normal state resistance down
to liquid helium temperature. This result is similar
to that noted for amorphous Ti-V-Si alloys [8],
but different from that of Ti-Nb-Si alloys {2},
which show superconductivity in the amorphous
state. A possible reason for this anomalous behav-
jour could be the relatively low T, values (4.48
and 5.30 K) of tantalum and vanadium compared
to the high value (9.23 K) of niobium. The crystal-
lized Ti-Ta-Si alloys, however, show a very clear
and complete superconducting transition similar
to the Ti-Nb-Si [15] or Ti-V-Si [8] alloys.
Fig. 7 shows that T, increases with increasing
tantalum content. Another observation that can
be made is that T, increases with annealing tem-
perature, reaches a peak value and then decreases
with further heating. The highest T, values attained
are 6.9 K for Tigs TayoSiys, 7.3 K for Tigs Tas Siss
and 7.6 X for Ti45 Ta40 SilS .

The critical current density (J,) was measured
by a standard four-probe resistance method at
external applied magnetic field (H) in a liquid
helium bath. As an example, we chose the
Tiss TagsSiys alloy which showed the highest 7.
J(H) as a function of H for this alloy annealed
for 1 h at various temperatures is shown in Fig. 8.
For H=0, J. is about 1.5x10* Acm™ and
decreases rapidly with increasing A when the
alloy is annealed at 923 K. On the other hand, J,
remains fairly constant up to a H value of about
3.5%10° Am™ for the specimens annealed at
temperatures ranging from 973 to 1173K. At
higher field values, J, drops sharply for all the
alloys. Thus, the flux pinning force (given by the
area under the J.~H curve) shows a maximum
value for anneals at 1023 K for the Tizs Taq,Siis
alloy. This is found to be true in the case of other
alloys also. Further, one can see that the upper
critical magnetic field (H.,) is about 4.7 x 10% A
m~! when the alloy is annealed at 1023 K. Here,
we define H,, as the applied magnetic field at
which the resistance of the sample reaches half
its normal value.

4. Discussion

4.1. Change in T, with alloy composition
and annealing temperature

The present transmission electron microscopic
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Ta3Si,bct* - -

observations have indicated that the specimens
showing the highest T, consist of the bce -Ti(Ta)
solid solution and the bc tetragonal TasSi com-
pound. Deardorff er al [17] reported that the
bct TasSi compound is non-superconducting
above 4.2 K. Hence, it is concluded that supercon-
ductivity in crystallized Ti-Ta-Si alloys is due to
the precipitation of the §-Ti(Ta) solid solution,
similar to the mechanism for the superconducting
binary Ti-Ta alloys [18]. It has been well recog-
nized that T, is independent of the microstruc-
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Figure 6 (a) Transmission elec-
tron micrograph and (b) to (e)
selected diffraction patterns of
Tiz;Ta,,Si,; amorphous alloy
annealed for 1 hat 1075K.

tural features, e.g. in this case, the grain size of
the B-Ti(Ta) solid solution or size of the Ta;Si
particles. Thus, the marked change in 7, on
annealing can be correlated with a change in the
tantalum content of the solid solution. The
decrease in T, beyond the peak value may be
attributed to the formation of the equilibrium
o-Ti (hcp) phase from the metastable 8-Ti (bec)
phase. Earlier investigations of Colling ef al [18]
showed that the T, of crystalline Ti-Ta binary
alloys changes with tantalum content. For example,



TABLE II Crystallization process of Tig,_,(V, Nb or Ta),Si,; amorphous alloys

(1) Ti45—65 Ta20~40Sj15

Am. - Am. + g-Ti(Ta) - p-Ti(Ta) + Ta,Si + (w) — p-Ti(Ta) + Ta, Si + («-Ti)

B-Ti(Ta) :bee,a =0.33 nm

Ta,Si : be tetragonal, ¢ =~ 1.02 nm, ¢ 22 0.52 nm
w : hexagonal, 2 =~ 0.46 nm, ¢ >~ 0.28 nm
a-Ti chep,a = 0.295 nm, ¢ =~ 0468 nm

(2) Ti55—80 VS -30 Sll 5

Am.— Am. + g-Ti(V) - g-Ti(V) + hexagonal Ti;Si; + (w)— -Ti(V) + Ti, Si, + (a-Ti)

(3) Ti45~75Nb10-40Sl.15

Am.—~ Am. + g-Ti(Nb) — g-Ti(Nb) + bc tetragonal Nb, Si + (w) ~ #-Ti(Nb) + Nb, Si + («-Ti)

it was reported that T, is about 4.8 K for Tigy Tayg
and that it increases gradually with tantalum con-
tent, reaching a value of 8.9 K for TisqTasy. The
tantalum content in the TigsTaySiys alloy cor-
responds to about 23.5at% for the pseudobinary
Ti-Ta alloy and the T, for Tis sTass is esti-
mated to be 5.4 K from the previous data [18].
However, as seen from Fig. 7, the TigsTaySiss
alloy shows T, values higher than 5.4 X in the
temperature range 973 to 1123 K and the highest
T, recorded is about 6.9 K at 1073 K. This value
corresponds to the binary crystalline Ti; Tayg,
indicating that the high T, in these alloys is due
to the enrichment of tantalum in the §-phase. On
the other hand, the highest T, values (7.3 and
7.6 K) of TissTazSiys and Tigs TagSiys alloys

9.0 T T T

Tigs-xTa x Sits

~
2

50

1 1 —d A
40 873 973 1073 173

Annealing temperature (K)

1273

Figure 7 Change of superconducting transition tempera-
ture T¢ for Tig_,Ta,Si,, amorphous alloys with anneal-
ing temperature. The vertical bars correspond to A7,

are lower than those (7.7 and 8.6K) of the
pseudobinary Tigs Tass and Tisy Tas; alloys. This
difference is found to increase with increasing
tantalum content. Such a lowering in T, for the
Ti-Ta-Si alloys containing large amounts of tan-
talum appears to be related to the crystallization
behaviour as follows: The Ta;Si compound pre-
cipitates out immediately after the S-phase begins
to appear and hence the tantalum content in the
B-phase is not high. This inference receives support
from the result that with increasing tantalum con-
tent, the broad DTA peak (corresponding to the
precipitation of the §-phase) shifts to higher tem-
peratures and the sharp peak (corresponding to
the precipitation of the Ta;Si compound) hardly
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Figure & Critical current density (/) of Ti,, Ta,, Si,,
amorphous alloy annealed for 1 h at various tempera-
tures as a function of magnetic field applied normal
to the direction of current flow,
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changes. Another observation that supports this
hypothesis is that the annealing temperature
required for the highest T, increases with increas-
ing tantalum content, which again is due to the
higher T, values for the precipitation of the f-
phase in higher tantalum content alloys.

As already indicated, the transition tempera-
ture decreases rapidly after reaching the peak
value. This trend is more pronounced in alloys
containing a small amount of tantalum. The
reason for this decrease may be the formation of
the o-Ti phase. As shown in Table II, the §-Ti(Ta)
solid solution transforms to the o«-Ti phase after
the formation of the Ta3Si compound. This trans-
formation is facilitated by the precipitation of
the Ta;Si compound since a large amount of tan-
talum is required for the formation of Ta,;Si and
thus the B-matrix is depleted of tantalum. Since
the solid solubility of tantalum in ¢-Tiis much less
than that in 8-Ti [11], the tantalum-depleted (-
phase can transform to «-Ti. Thus, the lowering
of T, beyond the peak is both due to a decrease
in the tantalum content of the B-solid solution
and formation of « from the $-phase. The volume-
fraction of a-phase decreases with increasing
tantalum content and hence the tendency for
lowering of T, becomes weak as seen in Fig. 7.

4.2. Comparison of crystallization behaviour
and the resultant superconducting
properties among amorphous Ti—(V,
Nb or Ta)-Si alloys

The crystallization processes of Tigs-.(V, Nb or

Ta),Si;s amorphous alloys, clarified by the present

authors [8, 15], are summarized in Table II. These

alloys transform to the stable phases through the
formation of MS-I and MS-II phases. The MS-I
phase is a 8-Ti(V, Nb or Ta) solid solution for the
three-alloy system, the MS-II phase is the bc tetra-
gonal (Nb or Ta);Si for the Ti~Nb-Si and Ti-Ta-

Si systems, and the hexagonal TisSi; for the Ti-

V—Si system. Thus, a V;Si-type compound was

not detected in the Ti-V-Si system. This result

suggests that the bonding between titanium,
vanadium, niobium or tantalum and silicon
becomes progressively weaker in the order of Ta3Si
~Nb,S8i> TisSiz > V3Si and the forming ten-
dency of A-15-type cubic compounds such as

V3Si, Nb,Si and Ta,Si is weaker than that of bc

tetragonal (Nb or Ta);Si or hexagonal TisSi;

compounds.
The highest T, values of Tigs-,(V, Nb or Ta),
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Figure 9 Change of maximum superconducting transition
temperature (T,) for Tig_,(V, Nb or Ta),Si; alloys
crystallized from the amorphous state with concentration
of vanadium, niobium or tantalum.

Siys alloys annealed for 3600 sec at various tem-
peratures from the amorphous state are plotted as
a function of vanadium, niobium or tantalum con-
centration in Fig. 9, based on the previous [8, 15]
and present results. T, shows peak values for the
alloys containing about 30 to 40 at% V, Nb or Ta
and the T, of Ti~Nb-Si alloys is much higher than
that of Ti-V-Si and Ti-Ta-Si alloys. Further,
the alloy concentration at which a superconduct-
ing transition begins to appear (at temperatures
above 4.2 K) shifts to the high concentration side
in the order: vanadium, niobium and tantalum.
It is remarkable that the alloy containing as little
as 5 at% V exhibits a T, > 5.0 K. This is closely
related to the fact [11] that the alloy compo-
sition where the §— « transformation occurs in
each binary alloy system is located on the high
concentration side in the order: vanadium, nio-
bium and tantalum. That is, for the Ti-V-Si alloys
the B-phase is stable even at very low vanadium
compositions and hence the §—> « transformation
is suppressed. In addition, the MS-II phase in
Ti-V-Si alloys is TisSiz and hence a large amount
of vanadium dissolves in the B-phase, leading to its
greater stability. This may be the reason why the
Ti-V-Si alloys exhibit a high T, even at low
vanadium concentrations.

Fig. 10 shows the H,, of Tigs—(V,Nb or Ta),
Si,s alloys as a function of annealing temperature.
The H,, value increases in the order of tantalum,
vanadium and niobium and it is to be noticed



E

<x10%,..

\_&x‘lo T T T L

g8t d & deone {100

%’ 7L & & dsom

G 6l /A\A\3OV 180

qg: 5r 40Ta {603

Jat -
x

g 3F 1409

2 2t

o 4120

€ 1T at4.2K Tigg( V.ND.Ta),Sis

% o ] L

873 973 1073 1173
Annealing temperature,1h (K)

Figure 10 Change of upper critical magnetic field (H,,)
for Tigs_,(V, Nb or Ta),Si,, amorphous alloys with
annealing temperature.

that the Tigg—ss ND3g-g0Siys alloys exhibit Hey
values higher than 9 to 10tesla in the wide range
of annealing temperatures. It is evident from the
above-described results that the most appropriate
alloy system for endowing good superconductivity
via crystallization from the amorphous state is the
Ti-Nb-Si system and the highest T, H., and J,
are about 10K, above 10tesla, and about 10°
Acm™, respectively. These values are almost
equivalent to those [19] of conventional Ti-Nb
binary alloys. Therefore, from the technological
point of view, the present results seem to suggest
the possibility that the melt-quenching technique
makes the processing of superconducting materials
much simpler. First, the amorphous ribbons which
are very flexible can be fabricated by the now
well-developed techniques of melt-spinning, used
in the proper assembly for application and then
heat-treated to produce the desired superconduct-
ing properties.

5. Conclusions

Amorphous alloys possessing high strength and
good bend ductility were found in a wide compo-
sition range in the Ti-Ta-Si system. Continuous
ribbons of about 1 mm width and about 0.02 mm
thickness were produced using a melt-spinning
apparatus designed for high melting alloys. The
amorphous phase could be obtained in alloys con-
taining 0 to 40 at% Ta and 15 to 20 at% Si. Vickers

hardness and tensile strength were about 630 DPN
and 2280 MPa, respectively. Crystallization tem-
peratures were in the range 790 to 910 K. Further,
these amorphous alloys were so ductile that no
crack was found at the tip of a specimen bent
through 180°. The specimens continued to be
ductile when annealed for 1h at temperatures
below about 660 K.

The Ti-Ta-Si amorphous alloys were not super-
conducting, but showed a superconducting tran-
sition above the liquid helium temperature (4.2 K)
after crystallization. The transition temperature,
T,, increased with increasing tantalum content
and reached a value as high as 7.6 K for Tiss Tagg
Si;s. The same tendency was recognized for the
upper critical magnetic field, H,,, and the critical
current density, J,. The values of H,, and J
obtained were of the order of 4.7 x 10 Am™ at
42K and 1.5x10* Acm™ at zero applied field
and 4.2 K for TissTagSiys alloy. The structure
of the superconducting samples consisted of bec
§-Ti(Ta) and bc tetragonal Ta;Si phases. Since
Ta;Si is not superconducting above 4.2 K, it was
concluded that superconductivity in these alloys
resulted from the precipitation of the S-phase, a
supersaturated solid solution containing much
more tantalum than the equilibrium limit.
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