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The superconducting characteristics Tc and Hc2 of ternary niobium-zirconium-titanium and binary 
niobium-titanium alloys were measured in samples that had previously [1J been used in x-ray struc­
ture investigations. By varying the superconducting transition temperature Tc of the ternary alloys 
after annealing we obtained additional knowledge of these technically valuable alloys as two-phase 
systems. A concentration range (in the middle of the concentration triangle) exists for these ternary 
alloys such that their critical magnetic field Hc2 ~ 80 000 Oe does not vary significantly at 4.2°K. 

TERNARY and binary alloys of niobium (niobium- on a water-cooled hearth. The results of a chemical 
zirconium-titanium, niobium-zirconium, and niobium- analysis of the alloys are given in a table. Samples 
titanium) are technically valuable superconductors with ~20 mm long with rectangular cross sections of 0.5 to 
high critical parameters (critical currents and critical 1.5 mm" were cut from ingots. The current and paten-
magnetic fields).C2J We have previously performed tial contacts (pieces of platinum foil) were attached by 
electron-microscopic investigations of these alloys for spot welding; the instrument leads were soldered on the 
the purpose of determining the nature of their high platinum with tin. 
electric conductivity. The experiments showed that an Both the single-phase (cast) and deformed samples 
enhanced critical current density in the alloys com- were annealed in a 10- 5 mm Hg vacuum produced by a 
pared with the single-phase state results from a well- carbon adsorption pump. Homogeneous alloys (Nos. 
developed system of thin layers and filaments of a 1-9) were annealed 24 hrs at 520°C and 120 hrs at 
second, niobium-rich phasePJ 560°C. Arolled strip of the ternary alloy (No. 10) was 

In the present work the properties of the ternary and annealed 3 hrs at 670°C. Wires (Nos. 11-15) were an-
binary alloys are investigated further. To the x-ray nealed 1 hr at 400° -500°C. 
structure studies [1J we have added measurements of Tc was determined from the return of resistance at 
Tc and Hc2 in the same samples. These superconduct- the transition from the superconducting to the normal 
ing properties of niobium-zirconium-titanium and state. The value of Tc was taken to be the tempera-
niobium-titanium were studied as functions of their ture accompanied by half of the normal resistance. In 
composition in a single-phase state (cast) and in de- the range 4.2° -12°K we used an intermediate-tempera-
formed states (rolled and drawn) before and after an- ture cryostat (an inverted small Dewar in an outer 
nealing. Dewar containing liquid helium). The sample, a plati­

num thermometer, and a constantan heater were in-
1. SUPERCONDUCTING TRANSITION TEMPERATURE serted into the inner Dewar. The thermometer and 

Samples and measuring technique. The alloys were 
prepared in an argon atmosphere, using an arc furn:J.ce 

heater were wound around concentric copper tubes to 
equalize the helium gas temperature. 

Superconducting transition temperature Tc, ( BHc2/BT )Tc• 
and critical magnetic field Hc2 at 4.2°K for niobium­
zirconium -titanium and niobium -titanium alloys, in single-

phase and deformed states before and after annealing 

!Composition, at.%/ Tc• 6K 1 (aHcli3'fxi03)T<' Oe/deg 

No of I I I . 'After annealing I After annealing 

all~y Nb Zr Ti I~:,~~ A~ I A~ I Single-
phase At At 

i alloy 520 C 560 C alloy 520°C 1560°C 

1 
175 

10 1 15 9.7 - - 14±2 - -
2 ·z~ 20 15 9.8 - 9.7 14±2 - 16±2 
3 24 14 9.6 - - 17±2 - -
4 .'i2 32 16 9.4 -- 9.5 17±2 - 17±2 
:; 47 5 48 8.7 - 8.7 30±4 - 34±4 
6 48 22 30 8.9 J.1 9,0 23±4 28±4 31±4 
7 43 30 27 8.6 9.0 9.1 28±4 28±4 24±4 
8 41 44 15 8.7 - 9.3 29±4 - 28±4 
9 35 50 15 8.6 9.2 9.3 26±4 23±4 26±4 

to•• 62 24 14 9,7*0 9.6° 0 - 19±3°0 19±3°0 -
it*** 57 10 ;J3 9 .6*** - - 14±2*** - -
12 53 18 29 9.1*** 9.0*** - 24±4*** 24±4*00 -
13 41 23 36° - - - - - -
14 :J5 - 45 9.4*** - - 27±4*0 * - -
15 40 -I 60* - - - - - -

*Composition of the original mixture. 
**Rolled strip of cast alloy annealed at 67o•c. 

~~ 

phase annea.ll,ng 
Single-~ After 

alloy at 560 C 

I 57 ooo -
65000 -
69000 -
71000 72000 
89000 = 
78000 80000 
75000 77 000 
77000 76000 
79000 77 000 
76 ooo•• -
78 ooo••• -
81 ooo••• so ooo••• 
78 ooo••• 11 ooo••• 

10s ooo••• -
101 ooo••• -

••• Alloys Nos. 11-15 in the form of wires annealed at 400° - soo•c. 
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The resistances of the platinum thermometer and 
the test samples were measured with a potentiometer. 
The transition-temperature differential ofthe samples, 
measured simultaneously in two samples (in the single­
phase state and following the anneal) was determined 
with ±0.05-deg accuracy. 

The superconducting transition temperature was 
measured in a transverse 8000 ± 500 Oe field and also 
in the absence of the field. We calculated ( BRca/BT )Tc 
from the shift of the transition curve in the magnetic 
field. 

Results and discussion. The x-ray structure analy­
sisC1'4J had shown that we initially had single-phase 
ternary alloys with a body-centered cubic structure 
( {3-phase). The small circles in the concentration 
triangle of Fig. 1 denote the compositions of the single­
phase niobium-zirconium-titanium alloys. The equal 
critical-temperature curves are labeled with the re­
spective values of Tc. On the sides of the triangle the 
values of Tc pertain to niobium-zirconium and 
niobium-titanium alloys.CsJ 

The figure shows that for ternary alloys in the 
niobium corner of the concentration triangle (above 
50 at.% niobium) Tc is higher than for pure niobium.C6 J 
As the niobium content is reduced (below 50 at.%) the 
value of Tc decreases independently of the zirconium 
or titanium content. Dual behavior of the ternary alloys 
following anneal was observed as a function of compo­
sition: Following the anneal Tc either remains un­
changed (within error limits) or rises. Constancy of 
Tc was observed in ternary alloys close to the side of 
niobium-titanium alloys with 10 at.% and 50 at.% zir­
conium (Nos. 1 and 5), and also in alloys containing 
20-32 at.% zirconium and ~15 at.% titanium (Nos. 
2-4). 

Figure 2 shows the superconducting transition 
curves for alloy No. 4, which following the anneal ex­
hibited no change in either the behavior of the transi­
tion curve or in its critical temperature. 

For the ternary alloys located in the middle of the 
concentration triangle (Nos. 6-9), the character of the 
superconducting transition changes following the an­
neal; a step appears on the curve-the transition begins 
at the same temperature as in the single-phase sample 
but terminates at a higher temperature. With further 
annealing of the same sample the step disappears and 
the transition to the normal state occurs at a higher 
temperature than for the single-phase sample. The 
appearance of the step denotes the existence of two 
superconducting phases associated with different 
values of Tc. This is illustrated in Fig. 3, which shows 
the transition curves of alloy No. 9: in its single -phase 

Zr 

Ti 

FIG. I. Equal-temperature 
curves of the superconducting 
transition temperature T c for 
single-phase ternary niobium­
zirconium-titanium alloys 
(Nos. 1-9). 

FIG. 2. Curves of the superconduct­
ing transition for samples of alloy No. 4: 
semicircles- single-phase state; circles­
after annealing at 560°C. Open sym­
bols- superconducting transition in 
the absence of the magnetic field; filled 
symbols- in the magnetic field. 

0,1 

0.6 

0.2 

I 
I 

J 
T I 
~.J I; 

state with Tc = 8.6°K; represented by the stepped curve 
after an intermediate anneal; and also after the final 
anneal with Tc = 9.3°K. 

The measured values of Tc for our alloys are given 
in the table. The higher critical temperatures following 
annealing result from the precipitation of a new phase 
and confirm the x-ray structure and electron micro­
scopic investigations. 

For some of the alloys the x-ray structure investi­
gations revealed the precipitation of equilibrium 
phases following an anneal with no change of Tc, 
probably because the values of Tc are close in the two 
phases (Nos. 2 and 3). For No. 10 (ternary) and No. 15 
(binary) Tc remains unchanged, within error limits, 
following deformation; following an anneal Tc is 
lowered ~o.1 deg by the removal of strains. 

2. CRITICAL MAGNETIC FIELDS 

The table gives values of ( BRca/BT)Tc for the test 
alloys. We can infer therefrom the values of Rca and 
its dependence on the concentrations of the components. 
Since precise values of the two quantities are required, 
measurements were performed in pulsed magnetic 
fields; the samples were those for which Tc had been 
determined. Values of Rca obtained in this way are 
also given in the table. 

Measurement technique. For our pulsed technique 
we used the method developed by Borovik and Limar'l7 J 
to produce magnetic fields of long duration. A multi­
layer solenoid was wound on a textolite frame; the 
enamel-insulated copper wire was of 1. 75-mm diameter. 
The inside and outside diameters of the solenoid were 
5.27 and 21 em, respectively; its height was 210 em; 
there were 3240 turns. Each layer of the copper wind­
ing was covered with a layer of "steklonit" ~o.1 mm 

FIG. 3. Curves of the 
superconducting transition for 
samples of alloy No. 9: hori­
zontal and vertical semicircles 
(two separate series of measure­
ments)- single-phase state; 
circles - after annealing at 
520°C; triangles- after anneal­
ing at 560°C. Open symbols­
superconducting transition in 
the absence of the magnetic 
field; filled symbols- in the 
magnetic field. 
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FIG. 4. Oscillograms of (I) the magnetic field pulse, and (2) of the 
potential difference for single-phase ternary alloy No. 5; (3) zero level of 
magnetic field pulse. 

thick; this was followed by saturation with BF-2 
(bakelite) cement and heating for three hours at 150"Co 
It was shown experimentally that a solenoid prepared in 
this manner is very strong and long-lived. Our experi­
ments required more than 500 pulses. The rise time 
of the magnetic field to its maximum was 0.15 sec. The 
magnetic field H (in Oersteds) within the solenoid was 
determined from the current I (in amperes): 

H= cl, 

where c is the solenoid constant, 134 Oe/ A, measured 
ballistically. The current through the solenoid was 
determined from the voltage drop, across a known re­
sistance inserted in series in the solenoid circuit. 

Our measurements showed that at a distance of 
±3 em from the center of the solenoid the magnetic 
field homogeneity was 3%. The dimensions of the sam­
ples allowed them to fit into a region of the field with 
better than 3% homogeneity; they were placed into a 
Dewar containing liquid helium and were oriented 
either perpendicular to or parallel to the magnetic 
field. The solenoid was cooled and ope rated at 20.4" K, 
the temperature of boiling liquid hydrogen. The current 
was supplied by a battery of condensers with 1.92 
x 10-2 F capacity and a 5-kV maximum. 

Hc2 was the field at which the resistance of a sam­
ple was completely restored. The measuring current 
through the samples was 50-500 rnA [(1--10) 
X 102 A/ em 2 density]. The potential drops across the 
sample and the known resistance in the solenoid cir­
cuit were transmitted to a loop oscillograph. The 
maximum error of the critical field measurements 
was 2%. 

Experimental results and discussion. Figure 4 
shows one magnetic pulse oscillogram (1), and a vol­
tage oscillogram recorded when the superconductivity 
of a sample was destroyed by the magnetic field (2), 
along with the zero reference line of the magnetic 
pulse {3). The maximum magnetic field for this pulse 
was 91 000 Oe; superconductivity was destroyed (re­
sistance was completely restored) at 89 000 Oe. 

Zr 

FIG. 5. Curves of equal critical 
magnetic fields Hc2 at 4.2°K for 
single-phase niobium-zirconium­
titanium alloys (Nos. 1-9). 

The concentration triangle in Fig. 5 shows the 
curves of equal critical magnetic fields. The open 
circles indicate the compositions of the alloys in the 
single-phase state. 

Our results show that the maximum critical mag­
netic fields of niobium -zirconium -titanium alloys are 
below those of the binary niobium -zirconium and 
niobium-titanium alloys.· 2 = The ternary alloys are 
characterized by a broad range of concentrations for 
which Hc 2 at 4.2 o K varies only insignificantly at 
~so 000 Oe: this occurs in the middle of the concentra­
tion triangle ( 25-50 at.% zirconium, 15--30 at.% 
titanium). This result is, of course, very important for 
the practical utilization of these alloys. 

It should be noted that Hc 2 was determined in our 
experiments at quite high densities of the measuring 
current. For example, the critical field of alloy No. 
12 was 78 000 Oe when measured with a current density 
of 1000 A/cm 2 (measuring current 500 mA, d = 0.25 mm). 
This field increased to 81 000 Oe when the current 
density was reduced to 100 A/ cm 2 (current 50 mA). 
Further elevation of Hcz will obviously accompany 
further reduction of the current density. 11 

Following the annealing of the samples Hcz remains 
invariant within error limits (as seen in the table). 
However, strong deformation somewhat elevates Hcz 
above the level for the initial single -phase state. For 
example. in the case of alloy No. 10, which was rolled 
to a thickness of 0.04 mm. Hcz = 76 000 Oe: for No.3, 
with the same composition as No. 10 and in its initial 
state. we obtained 69 000 Oe. 

It is known that no great difference exists between 
the longitudinal and transverse critical magnetic fields 
of alloys. For example. in the case of our No. 6 we have 
H11 = 82 000 and H1 = 78 000 Oe. 

Hc 2 rises considerably at lower temperatures. For 
a wire of the ternary alloy that is close to the investi­
gated optimum composition (at the middle of the con­
centration triangle), when the temperature is reduced 
from 4.2' to 1.8' K the critical field rises from 78 000 
to 99 000 Oe. By using this wire we were able to obtain 
a magnetic field of 87 000 Oe in the solenoid at 
1.8'K.·8 : 

We should also note that for the binary niobium al­
loys (having ~50 at.% titanium or zirconium) the 
critical magnetic field exceeds 10 5 Oe at 4.2°K, but 
this is reduced by ~20 000 Oe when a third component 
is added to the alloy, as in No. 5. This effect agrees 
with results reported by Japanese investigators at the 
Tenth Low Temperature Conference.~ 9 : 

1 >we shall not discuss here the measurements of critical magnetic 
fields using minimal current densities. 
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