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Superconductivities and structural properties of Ti–Zr–Ta ternary alloys are extensively investigated. The TiZrTa

sample has a cubic structure (β-phase) and shows a sharp superconducting transition at a critical temperature (Tc) of

about 7.3 K. In addition, two series of Ti–Zr–Ta alloys, with nominal compositions of Ti65−xZr35Tax and TixZr65−xTa35

respectively, are prepared, and their superconductivities and crystal structures change regularly with the chemical

composition. Our experimental study also indicates that the annealing processing of this kind of material can cause the

transition temperature to increase and the highest Tc is observed to be about 8.3 K in annealed samples.
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1. Introduction

The superconductivities and the high critical
fields (Hc) for the Nb-based binary solution alloys,
such as Ti–Nb or Zr–Nb, have been of technologi-
cal and academic interest for decades, as this kind
of alloy generally has excellent mechanical properties
and good fabricability and is often used for fabricat-
ing conductors for large superconducting devices.[1−4]

Meanwhile, the superconductivities in the Ta-based
binary alloys such as Ti–Ta, Ta–Sn and Ta–C have
also been studied for many years [5−7]. From the struc-
tural point of view, these alloys mostly exhibit two
stable structures, i.e. the β phase with body-centred-
cubic (bcc) structure and the α phase with hexago-
nal closed-pack (hcp) structure. Occasionally, certain
metastable phases can also be observed in these ma-
terials during heating treatment or mechanical pro-
cessing. In previous publications, superconductivities,
crystal structures and the high-pressure behaviours of
binary (Nb, Ta or Ti)-based alloys have been exten-
sively studied.[8−10]. For instance, Bashkin et al.[11]

reported that the structural transition from the α

phase to the β phase in TiZr alloy relates to an in-
crease of the superconducting Tc under a high pres-
sure. In addition, our previous studies of the super-
conductivities in Ti–Zr–Nb ternary alloys in correla-

tion with microstructure features have revealed that
the Ti–Zr–Nb system has a cubic structure (the β-
phase) and shows up the superconductivity for Nb in
a large range; and the superstructure phase in gen-
eral coexists with the cubic β-phase, thereby yielding
two superconducting transitions.[12] In the present pa-
per, we report on the superconductivities observed in
Ti–Zr–Ta ternary materials, and we also discuss the
effects of annealing on superconducting and structural
property.

2. Experimental details

All Ti–Zr–Ta alloys used in the present study were
prepared by arc-melting high-purity titanium, zirco-
nium, and tantalum (all better than 99.9%) in melting
furnace with a non-consumable tungsten electrode and
a water-cooled copper hearth under an ultra-pure ar-
gon atmosphere. The ingot alloys were remelted a few
times for homogeneity in composition and microstruc-
ture, and then suction-cast into 1 mm thickness pieces
for further study. For annealing process, samples were
sealed into an evacuated (≈10−5 Pa) quartz tube and
slowly heated to 800 ◦C and stayed at this tempera-
ture for 72 h. The X-ray diffraction (XRD) measure-
ments were performed on an X-ray powder diffrac-
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tometer with CuKα radiation at 2θ from 20◦ to 90◦.
The chemical composition was checked by using of en-
ergy dispersive X-ray (EDX) semiquantitative analy-
sis on a Hitachi S-4800 SEM. The temperature de-
pendence of electrical resistivity ρ(T ) was measured
by a standard four-point probe method, and the ef-
fect of applied magnetic field on ρ was measured us-
ing a quantum design physical property measurement
system. The temperature dependence of alternating
current (AC) magnetic susceptibility χ(T ) was mea-
sured by using quantum design superconducting quan-
tum interference device (SQUID) magnetometer at a
magnetic field of 1 Oe (1 Oe=79.5775 A/m) with the
frequency of 333 Hz.

3. Results and discussion

Figure 1(a) shows a typical XRD pattern of the
as-cast TiZrTa sample, in which all the diffraction
peaks could be well indexed to the cubic structure with
the lattice parameter of a = 3.388(2) Å and a space
group of Im-3m. No impurity peak such as TiTa or
ZrTa was detected in our measurements. The inset of

Fig. 1(a) illustrates a structural model of TiZrTa. The
EDX analysis was used to check the chemical compo-
sition of a typical sample, and the average ratio of the
elements is estimated to be Ti:Zr:Ta=31.7:34.7:33.6,
which is almost consistent with the nominal 1:1:1 sto-
ichiometry within the experimental error. The tem-
perature dependence of resistivity for TiZrTa sample
at zero applied magnetic field is shown in Fig. 1(b),
indicating a clear superconducting transition with a
critical temperature (Tc) of about 7.3 K. We herein
define Tc as the onset temperature of the downturn in
the ρ(T ) curve. It is also noted that this superconduc-
tor above Tc shows a metallic behaviour in the normal
state and the superconducting transition is sharp with
a transition width of less than 0.5 K, indicating the
fine homogeneity of the sample. Figure 1(c) shows
the temperature dependence of AC magnetic suscep-
tibility χ(T ) for this sample. Superconducting transi-
tions in both real part (χ′) and imaginary part (χ′′) of
the susceptibility data is clearly recognizable at about
7 K in consistence with the resistivity measurements
as shown in Fig. 1(b).
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Fig. 1. (a) XRD patterns of as-cast TiZrTa sample, showing the cubic structure with a lattice parameter of about

3.388(2) Å, where the inset illustrates the atomic structure of this sample. (b) Temperature dependences of resistivity

and (c) AC magnetic susceptibility for TiZrTa sample, clearly exhibiting superconducting transition with Tc being about

7.3 K (1 emu=10−3 A·m2), and the inset in panel (b) shows resistivity behaviour through superconducting transition

and the critical transitions (Tc) is indicated by an arrow.
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In order to obtain the Ti–Zr–Ta samples with
higher Tc, we examine numerous samples with dif-
ferent compositions, and two series of samples with
nominal compositions of Ti65−xZr35Tax (x = 10, 20,
25, 30, 35, 40, 45, 50, 55, 60), and TixZr65−xTa35

(x = 10, 20, 25, 30, 35, 40, 50) alloys were selected
to be discussed in this paper. Figure 2 shows the
XRD patterns of Ti65−xZr35Tax, which demonstrate
that each of all the samples has a cubic structure
and no impurity phase appears. It is known that
each of binary Ti–Zr alloys often has a hexagonal
structure. However, our experimental results sug-
gest that the Ta substitution for Ti is conducible
to the stability of the cubic β-phase, and a similar
phenomenon was also observed in the ternary Ti–
Zr–Nb alloy in which Nb atoms play a key role as
the stablizer of the cubic β-phase in our previous
study.[12] In addition, it is clear that the diffraction
peaks shift toward high diffraction angle (2θ) with the
increase of Ta content, demonstrating that the lattice
parameters become smaller. It is estimated that the
lattice parameter a decreases visibly from 3.385(8) Å
for Ti55Zr35Ta10 to 3.352(4) Å for Ti5Zr35Ta60 with
the increase of Ta content, which demonstrates that
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Fig. 2. XRD patterns of Ti65−xZr35Tax samples with

x ranging from 10 to 60, demonstrating clearly that the

diffraction peaks shift regularly with the increase of x.

the substitution of Ta for Ti can not only yield the
variation of crystal symmetry but also lead to a re-
markable change in lattice constant.

Figure 3(a) shows the temperature dependences
of resistivity Ti65−xZr35Tax samples with x = 10,
20, 25, 40 and 60. It is recognizable that all sam-
ples show superconducting transitions with the val-
ues of critical temperature Tc ranging from 3.6 K
to 8.3 K. The superconducting transitions in general
are very sharp with the transition widths less than
0.5 K for most samples. Figure 3(b) clearly illus-
trates that the Tc in each of these samples increases
gradually with the rise of Ta content. Figure 3(c)
shows the resistivities versus temperature for sample
Ti30Zr35Ta35 under the applied magnetic field H = 1,
3, 5, 7, and 9 T, illustrating that the Tc decreases
from 7.5 K to 3.5 K with the increase of magnetic
field. Figure 3(d) illustrates the temperature depen-
dence of upper critical field Hc2(T ). According to the
weak-coupling Bardeen–Cooper–Schrieffer (BCS) the-
ory, the upper critical field at T = 0 K can be deter-
mined by the Werthamer–Helfand–Hohenberg (WHH)
equation[13] to be Hc2(0) = −0.693[(dHc2/dT )]TcTc.
From Fig. 3(d), one can obtain that −dHc2/dT =
2.38 T/K and Tc = 7.5 K, then the Hc2(0) can be esti-
mated to be about 12.4 T. This value is slightly higher
than that of TiZrNb ternary superconductor.[14] The
temperature dependences of AC magnetic susceptibil-
ity χ(T ), for samples, of x = 30, 35, 45 are presented
in Fig. 3(e), showing clearly superconducting transi-
tions in both real (χ′) and imaginary parts (χ′′). Note
that in the imaginary part of AC susceptibility for
some of the studied samples there appear two peaks.
This phenomenon is similar to that observed in our
previous study of Ti–Zr–Nb system. In Ti–Zr–Nb
system, the two peaks indicate two superconducting
transitions, which relates to the specific superstruc-
ture property. Therefore, here the two peaks may
also relate to a specific structure, which needs further
study.

In order to study the effect of Ti (Zr) content on
the superconductivity and structure property in Ti–
Zr–Ta system, we also study another series of samples
with a fixed Ta content, i.e., TixZr65−xTa35. Figure
4 shows the XRD patterns of as-cast samples. It is
demonstrated that the crystal structure changes with
the increase of Ti content. Samples with x values
ranging from 10 to 25 show certain complex struc-
tural features due to the coexistence of a cubic struc-
ture (the β phase) and an orthorhombic structure (the
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α′′ phase) as indicated by a rectangle in Fig. 4. Sam-
ples with x values ranging from 30 to 50 each has a
cubic structure and no peaks of other phases are ob-
served. Moreover, the diffraction peaks of the β phase
each shifts progressively toward larger diffraction an-
gle with the increase of Ti content, which is clearly
illustrated in Fig. 4, where the remarkable changes
of the lattice parameters for samples with different
amounts of Ti content can be clearly seen. Each sam-

ple with low Ti content often has a mixture structure.
The values of lattice parameter a for β phase are es-
timated to be about 3.459(8) Å and 3.367(5) Å for
x = 10 and 25, respectively. Each sample with high
Ti content has a cubic structure, the lattice parameter
a decreases from 3.347(8) Å for x = 30 to 3.327(3) Å
for x = 50. This change is caused mainly by the dif-
ference in atomic size between Ti (∼ 2.00 Å) and Zr
(∼ 2.16 Å).

0 2 4 6 8 10

  0

0.2

0.4

0.6

0.8

1.0

 

 
x/

 
x/

 
x/

 
x/

 
x/

(a)

10 20 30 40 50 60
3

4

5

6

7

8

9

Ta content at%

(b)

4 5 6 7 8 9 10

  
 

x/

 

x/

x/

-2.0

-1.5

-1.0

-0.5

  0

0.02

0.04

0.06

  

 

0.08
(e)

2 4 6 8 10

  0

0.2

0.4

 

 

 
0 T

 
1 T

 
3 T

 
5 T

 
7 T

 
9 T

0.6
(c)

0 2 4 6 8

0

2

4

6

8

10

 

 

 T K  T K

 T K

 T K

(d)

χ
/

1
0
-

3
 e
m

u
Sm

o
l-

1

ρ
/
m
W
Sc

m
 ρ

↼T
↽/

ρ
↼


 K

↽

H
c
2
/
T

 

T
c
/
K

Fig. 3. (a) Temperature dependences of resistivity for typical Ti65−xZr35Tax samples with x = 10, 20, 25, 40 and 60,

illustrating the variations of Tc from 3.5 K to 8.3 K. (b) The relationship between the Tc and Ta content of Ti65−xZr35Tax

samples. (c) ρ(T ) curves measured under applied magnetic field H = 0, 1, 3, 5, 7, and 9 T for Ti30Zr35Ta35 alloy. (d)

Temperature dependences of upper critical field Hc2(T ) for Ti30Zr35Ta35. (e) AC magnetic susceptibilities for samples with

x = 30, 35 and 45.

Figure 5(a) shows the temperature dependences
of resisitivity of typical TixZr65−xTa35 samples with
x = 10, 30, 35, and 50. All samples show clear su-
perconducting transitions but the transition tempera-
tures change continuously with the Ti concentration,
and the highest Tc is 7.8 K for the sample of x = 30.

Figure 5(b) clearly exhibits the Tc in this series of sam-

ple varies with the rise of Ti content. The supercon-

ducting transitions, similar to those in Ti65−xZr35Tax

samples, are very sharp, the transition width is less

than 0.5 K for most samples.
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each has a cubic structure and samples with x < 25 often

exhibit complex structural features due to the coexistence of

cubic and rthorhombic structures.
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Fig. 5. (a) Temperature dependences of resistivity for

TixZr65−xTa35 materials with x = 10, 30, 35 and 50.

(b) The relationships between the Tc and Ti content for

TixZr65−xTa35 materials.

In order to further enhance the Tc in the present

system, we perform experiments on some samples by

different annealing processes; the results demonstrate

that annealing process can increase the value of Tc

in a certain case. Figure 6(a) shows the temperature

dependences of resistivity of samples of TiZrTa and

Ti35Zr35Ta30 annealed at 800 ◦C under a high vac-

uum for 72 h. It is evident that the Tc increases from

7.3 K for as-cast TiZrTa sample to 8.3 K for annealed

one; and for Ti35Zr35Ta30 sample, it increases from

7.4 K to 7.9 K as seen from the ρ(T ) curves. It also

noted that the superconducting transitions are more

sharp with the transition widths less than 0.2 K. This

fact suggests that the annealed samples should have a

much more homogenous microstructure than the as-

cast sample. Figure 6(b) shows the temperature de-

pendences of AC magnetic susceptibility for two typ-

ical samples. The Tc value is higher than that of as-

cast sample as shown in Figs. 1(c) and 3(e), which is

consistent with the results from ρ(T ) curves.

T/K

T/K

5 6 7 8 9 10

-1.6

-1.2

-0.8

-0.4

  0

0.01

 

 

0.02
(b)

6 7 8 9 10 11

  0

0.2

0.4

0.6

 

0.8
(a)

TiZrTa
Ti35Zr35Ta30

 
TiZrTa
Ti35Zr35Ta30

ρ
/
m
W
Sc

m
χ

/
1

0
-

3
 e
m

u
Sm

o
l-

1

Fig. 6. Temperature dependences of (a) resistivity and
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Ti35Zr35Ta30 samples, showing that the values of critical

temperature Tc are respectively enhanced to 8.3 K and

7.9 K in the annealed samples.

117402-5



Chin. Phys. B Vol. 20, No. 11 (2011) 117402

4. Conclusions

A variety of Ti–Zr–Ta ternary alloys are synthe-
sized by arc-melting method, and the superconductiv-
ities and the structural properties are extensively dis-
cussed in the cases of different chemical compositions.
TiZrTa sample has a cubic structure with lattice pa-
rameter a = 3.388(2) Å and exhibits a supercon-
ducting transition at Tc = 7.3 K. Ti65−xZr35Tax and
TixZr65−xTa35 alloys show clearly superconductivity
changing continuously with chemical composition. In
addition, annealing processing of this kind of mate-
rial can lead to the notable enhancement of supercon-
ductivity in certain samples. All samples show sharp
superconducting transitions and the highest critical
temperature Tc is observed to be 8.3 K. The Hc2(0) is
estimated to be about 12.4 T for sample Ti30Zr35Ta35.
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