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Abstract. Titanium-richtransition metal alloys are metastable in their quenched bcc/~phase.
The instabilityis relieved by low temperature structural transformations. We have investigated
this in a series of Ti-Nb alloys, through the measurements of electrical resistivity (p),
superconducting transition temperature and upper critical field. Supporting structural
evidence has been obtained from transmission electron microscopy (~M) and x-ray studies. It
is shown that both p and dp/dTcanbe used as useful indices of this instability. The enhanced
value of resistivity on account of the instability results in the enhancement of upper critical
field as shown from dHc2/dTmeasurements.
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1. Introduction
Titanium-rich transition metal alloys which are quenched from high temperatures
(,,, 900~ can generally be retained in the ,br162
~ phase. The retained p phase is
metastable and its instability is relieved by a ",ariety of structural transformations
(Collings 1983). Technically important Ti-Nb superconductors fall under this category.
It is well known that commercially used alloys are Ti rich per atom wise in spite of the
fact that the superconducting transition temperature T~peaks on the Nb rich side. The
reason for this stems basically from the anomalous increase in the normal state
resistivity p,, just before the onset of superconductivity, as one increases the Ti
concentration. This increase in p, more than compensates for the slight decrease in ~,
the-electronic specific heat coefficient and To, resulting in the enhancement of Hc~ for Ti
rich alloys (Larbalestier 1981). Although the underlying physical mechanism for the
increased p, and He2 in commercial superconducting wires, which have been heavily
cold-worked and which have undergone unspecified heat treatments, are not clearly
understood, it is nevertheless becoming apparent that the instability of the p phase may
have an important role to play. Closely associated with this instability is the training
and degradation behaviour observed in superconducting magnets. The magnetothermal effects resulting from flux jumps etc are now well understood (Wilson 1983) but
poorly understood are the mechanothermal behaviour. By this is meant the serrated
yielding behaviour widely observed in Ti-Nb alloys under the application of stress and
the consequent evolution of heat (Koch and Easton 1977). Evidence now exists for
stress-induced low temperature structural transformations in Ti-Nb alloys (Obst et al
1980). Hence an understanding of the instability of the quenched ~ phase and the
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mechanism by which it is relieved is important both from fundamental and applied
viewpoints.
In this paper we report the results of investigations of x-ray, ~M, lOW temperature
resistivity T~and Hc~, carried out on a series of Ti-rich Tix Nbl -x alloys (x = 0-65, 0-73
and 0-83). One at. % nitrogen added to the last alloy has resulted in considerable
enhancement of He, over the base alloy. These results are discussed as being direct
consequences of the instability of the quenched p phase and the dynamical process
through which the instability tends to be relieved by the athermal to precipitation.
The paper is organized as follows: In w the experimental details are briefly sketched.
Section 3 contains the results of measurements. In w is discussed the existence of
equilibrium and non-equilibrium phases in the Ti-Nb systems, followed in w by an
interpretation of the results based on the decomposition of the metastable/~ phase.
Section 6 contains the conclusions and certain speculations concerning the implications
of the results to technical superconductors. Some directions for future work are also
brought out.

2. Experimental
The alloys were prepared by repeated electron beam melting of the high purity
constituents. A homogenization heat treatment was carried out at 1200~ under high
vacuum (10-Storr) for 4 h r before quenching to room temperature. Electron
microprobe analysis revealed that the alloys were spatially homogeneous to within 1%
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Figure 1. Schematic of the exchange gas cryostat used for critical field studies. The sample is
located at the centre of the superconducting solenoid.
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of concentration. In the 83 at. ~ Ti alloy, nitrogen was introduced by an ion nitriding
process (Sunderaraman et al 1980). X-ray characterization was done using a Philips
140 diffractometer. Electron microscopy was carried out at room temperature in a
Philips EM 400 electron microscope. Low temperature resistivity and T, measurements
were performed using an exchange gas cryostat in conjunction with a temperature
controller (Chandrasekaran et al 1979). A calibrated germanium resistance thermometer (ORT) was used to record temperatures in the range 4-70 K and a calibrated
platinum thermometer was used to measure temperature in the range 50-300 K. The
temperature control was typically 10-20 mK in the 4-20 K range and 0.1 K for higher
temperatures.
For critical field measurements a similar exchange gas cryostat with a tail end, which
goes into the bore ofa 5 tesla superconducting solenoid was employed. Figure 1 shows a
schematic of this experimental arrangement. For temperature measurements under
field a 47 ohm Allen Bradley carbon resistor was used. This was first calibrated at zero
field against a calibrated GR1r.Intermediate temperatures were interpolated by fitting
the data to the standard three constant formula. Field corrections for the measured
carbon resistance values were done based on published data (Neuringer and Rubin
1972). All the superconducting transitions were measured resistively using the standard
four-probe technique. The measuring current densities we,re restricted to less than
7 A/cm e. The T, was identified with the temperature where the resistance drops to half
the normal state value.

3. Results
3.1 Structure at 300 K
The structures observed at room temperature by x-ray are shown in table 1. For the
quenched alloys Nb-73 at. ~o Ti (hereafter referred briefly as Ti73) and Nb-65 at. ~ Ti
(Ti65) all the lines could be indexed to the bcc phase. In the case of Nb-83 at. % Ti (Ti83)
x-ray revealed the room temperature structure to be a mixture of orthorhombic at~
martensite phase with traces of retained bec/~. When 1 at. % nitrogen was added to this
ahoy, designated as Ti83N, the room temperature structure reverted back to/~. No
evidence for the presence of a" phase could be found. In table 1 we have also collected
the lattice parameter values for all the alloys.

Table 1. Crystal structure and lattice parameter at r o o m
temperature,
Alloy

Structure

Ti83

Ti83N

Ti73

Ti65

~'(Orthorhombic)
+ traces o f

p(bcc)

p(bcc)

/~(bcc)

~(bce)
Lattice
parameter

a = 3-181
b = 4.854
c - 4.649

a -- 3.279 a = 3'281

a = 3'282
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3,2 TEMresults
Figure 2 which is a T~M micrograph for Ti83 shows the characteristic plate-like
structure corresponding to ~" martensite. Micrograph in figure 3a corresponds to Ti65
and reveals a mottled contrast which is indicative of microstructural features on a very
fine scale (typically < 50 A). Figure 3b is a selected area diffraction (SAD)pattern of the
region in figure 3a. This shows pronounced streaking normal to ( 111 )p directions.
Figure 4a is a bright field micrograph of Ti83N. No second phase can be detected. SAD
pattern of the region in figure 4a is shown in figure 4b. Analysis shows the structure is
bcc. This is quite unlike the Ti83 pattern shown in figure 2. The intense streaking
normal to ( 111 )p directions is seen here also, The similarity of the features seen in
figure 3b and 4b is very striking and emphasizes the point that the origin of the
streaking observed lies in a common mechanism.
3.3 Low temperature resistiv,ty
Results of our low temperature resistivity measurements are shown in figure 5 in which
the resistance values normalized to those at room temperature are plotted as a function
of temperature. In a concentrated disordered alloy the resistance usually drops only by
a factor of two or so on cooling the sample from room temperature to 4.2 K. This
happens for the alloy Ti83 which has already undergone an ~" martensitic transformation. But in the ease of Ti65 and Ti73 although dp/dTis positive the resistance drops
only by about 10 % on cooling to liquid helium temperatures. Ti83N which is in p phase
at room temperature has a negative dp/dT in the temperature interval 300-80 K. At
about 80 K the resistance peaks before decreasing with decrease in temperature, then
tapers off before the onset of the superconducting transition. The absolute values of the
resistivity p, and the corresponding temperature coefficientsare tabulated in table 2 for
various alloys. Notice that as long as the alloy is in/~ phase including Ti83N at room
temperature the magnitude of the resistivity increases and dp/dT decreases with
increasing Ti concentration. The onset of ~" transformation brings about a drastic
reversal in the trend.
3.4 T~ results
These are given in table 2 and follows the general systematics observed in Ti-Nb alloys
(Hulm and Blaugher 1961). Note T~for Ti83N is slightly greater than that for the base
Ti83 alloy.
3.5 Upper criticalfield
Figure 6 shows the superconducting transition curves taken at various magnetic fields
for the Ti73. From the parallelism of the curves it is evident that the widths of the
transition is not affected by magnetic fields. This is a general feature we observe in all
our alloys. From these the superconducting T~ are extracted and are plotted against
magnetic field in figure 7. It is noticed that at low values of magnetic field He2 is
proportional to T. From these curves the initial slope dHc,/dTat T~is evaluated: these
are also included in table 2. dHc,/dTis found to scale roughly linearly with p, with the
exception of Ti83N. But in comparison with its unnitrided counterpart dHcJdT and
hence He2 (if we neglect the small differences in T~)are about 60% more for this alloy.

Figure 4a. Bright field micrograph for Ti83N, showing no evidence o f a
second phase. This is to be contrasted with figure 2 for Ti83.

Figure 2. TEM micrograph for Ti83 showing plate-like structure characteristic of ~ martensite.

Figure 3b. Selected area diffraction (SAD) pattern of a region in figure 3a.
Pronounced streaking normal to ( 111 ~ can be seen.

Figure 3a. Bright field TEM micrograph for Ti65. The mottled contrast is
indicative of microstructural features on a very fine scale, typically 50 A~
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Figure 4b. SADpattern of a region in figure 4a. Pronounced streaking is seen as in figure 3b
for Ti65.
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4. Phase diagram
Figure 8 shows the Ti-Nb phase diagram (Collings 1983). The equilibrium phase
consists of hop ~t at the extreme left and goes over to a mixture of ~t and # as the Nb
concentration is increased. Since the growth of~t is sluggish, the alloy can be retained in
the high temperature fl phase by rapid quenching. This quenched fl phase is at best
metastable and transforms into other metastable phases, which are nevertheless stable
with respect to ft. The Ms curve depicts the at" martensitic transformation and the to
curve is the phase boundary for to transformation. Which of the two transformations
actually takes place depends on the alloy composition, temperature, stress state of the
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sample etc. Before going on to discuss the athermal t~ transformation we would like to
draw a distinction between this and the so-called thermal co precipitation. The latter
forms on ageing the fl quenched Ti-rich alloys at moderately elevated temperatures like
350-450~ Their formation is essentially diffusion-controlled and therefore irreversible and although the two are identical crystallographically the to's formed thermally
are richer in Ti than the matrix, unlike the athermal to's which have the same
composition as that of the matrix. The formation of thermal o~ results in a partial
stabilization of the fl against further to instability (Chandrasekaran et al 1974).

Table 2. Some superconducting and normal state properties of alloys studied.
Alloy

Ti83

To(K)
p, (/A2cm)
dp/dT(laQcm/K )
- dHc2/dT (T/K)
7 mJ/mole K 2
7 J/m 3 K 2
4.48 x 10a ),p,(T/K)

6-02
56+6
0"176
1"75
7.9b
743
1.86

Ti83N

Ti73

Ti65

6.16
7.43
154+ 15
91 + 9
-0"005 ~ +0"034
2"80
2-99
7.9~
8.8b
743
827
5.13
3.37

8.97
73+7
+0"050
2-49
9.9b
928
3.03

"Evaluated in the temperature range 100-300K; bValues from
Savitskii et al (1973); Walues assumed same for Ti83 and Ti83N.
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4.1 The athermal co transformation

The athermal co phase found in Ti-rich transition metal alloys is formed by a
diffusionless transformation (Sikka et al 1982). The basic driving mechanism for this
transformation is now bdieved to be the softening of the 2/3(111) longitudinal
phonons. This corresponds to displacements such that pairs of planes normal to
( 111 ~ direction move towards each other having every third plane unmoved. The
phonon dispersion curves for the isomorphous Zr-Nb alloys have been calculated by
Simons and Verma (1980) who attribute the 2/3(111) mode softening to changing
features of the Fermi surface on alloying.
On cooling below the transformation temperature To,the athermal co formation was
found to be highly reversible (de Fontaine et al 1971) and electron microscopy results
have shown that the new hexagonal phase with c/a = 0-613 is finely distributed in the
bcc matrix with a typical size of 20-50 A (Dawson and Sass 1970). To,has been found to
decrease with increasing solute concentration and it is also sensitive to interstitial
impurities (Paton and Williams 1973). Diffraction results have shown that above To,
and over a certain temperature range below To, the diffuse co peak is shifted from the
ideal wave vector position ko, = k(2/3, 2/3, 2/3) by Ak to a higher value (de Fontaine et
al 1973). Dawson and Sass (1970)find a decrease of Ak on cooling.
It was not clear from x-ray and electron diffraction results whether the diffuse
intensity observed above To, was dynamical in orion resulting from soft lattice
vibrations or static resulting from small co particles. Using neutron inelastic scattering
techniques Moss et al (1973) resolved this question in favour of static small co particles.
Their results agree with those of Lin et al (1976) who estimated the life-time of these
fluctuations to be ~ 10-7 sec from their inelastic M6ssbauer scattering experiments.
Cook (1975) has been able to explain all the features of the// to athermal co
transformation on the basis of his planar displacement model for the free energy in
conjunction with the Landau theory of phase transitions.

5. Discussion

The athermal co instability becomes more pronounced as one increases the Ti
concentration (Sass and Borie 1972). Whenever the competing martensitic transformation is suppressed as happens in the case of Ti83N the retained ~ phase becomes
unstable to athermal co transformation. Much above the actual p to co transformation
temperature strong precursor effects are seen in the form of dynamical co fluctuations
(de Fontaine et a11973). These fluctuations have life-times of the order of 10 -7 sec (Lin
et al 1976) which is very large compared to typical electronic life-times. Hence the
electrons can distinguish between these two low lying degrees of freedom and get
scattered. By mechanisms similar to Kondo effect or the situation existing in metallic
glasses this can give rise to a negative temperature coefficient of resistivity. This we
observe in the case of Ti83N which has the maximum concentration of Ti and is still in
the ~ phase. In the case of Ti73 and Ti65 the anomalous effects are not transparent but a
detailed analysis (Hariharan et al 1986) fits in quantitatively with the above picture.
The decreasing value of positive dp/dTas Nb concentration is decreased from 35 to
27 at. % and its reversal of sign for 17 at. % (Ti83N) are thus qualitatively interpreted as
being direct manifestations of dynamical co fluctuations becoming more pronounced as
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one increases the Ti concentration and as one goes down in temperature. The arrest of
this negative dp/dTat about 80 K in Ti83N is being interpreted as being due to a fl to to
structural transformation. With further decrease in temperature the usual metallic
behaviour is observed. In Ti83 stabilization of the lattice having been achieved by at"
martensitic transformation, we do not observe any anomalies. Results of very similar
nature have been reported by Hochstuhl and Obst (1982) for the alloy Ti-22 at. % Nb.
Here a stress-induced martensitic transformation to ct" makes dp/dTturn positive from
an initial negative value in the fl quenched state. The small slope change observed for
Ti73 (Hariharan et al 1981) is again interpreted as being due to athermal to
transformation. The transformation temperature is lower because of lower Ti content.
For the same reason we expect the structural transformation to occur even at lower
temperatures for Ti65; as such no features are observed in the p ( T ) curve.
As a direct consequence of this o) instability the normal state resistivity p, as shown in
table 2 increases with Ti concentration. The p, value of 154 + 15/zf~ cm observed for
Ti83N in this work i~ the highest reported for Nb-Ti alloys and this is about three times
the resistivity measured for Ti83.
The initial slope of the upper critical field is given by (Orlando et al 1979),

%1-_
dT It, 4"48x 103 ~p, (dirty limit).

(1)

(mks units)
The values of ~ are available in literature (Savitskii et al 1973). In figure 9 we plot
dHcJdT vs 4.48 x 103 ~p,. We assume the same values of ~ for the nitrided alloy also
since its T, is not very different from that of the base alloy. The large error bars are d u e
to errors in estimating the geometrical factor. The dashed line shows what is to be
expected from theory (1). It can be seen that the data points lie roughly on a straight line
excepting for Ti83N and there is a slight deviation from theory. These can be attributed
to Pauli paramagnetic limitation since the Maki parameter ~ also depends linearly on p,
(Larbalestier 1981). It is nevertheless interesting to note that the addition of 1
nitrogen to Ti83 has resulted, via to instability mechanism, in an Hc~ increase by about
60%.
Negative temperature coefficient of resistivity has been observed in a variety of Tirich transition metal alloys. For an excellent review see Chandrasekaran et al (1974) and
Collings (1983). Chandrasekaran et al, based on their resistivity and electron
microscopy studies on Ti-Cr alloys, conclude that negative dp/dT has nothing to do
with the reversible fl to athermal ~o transformation, as believed by Ho and CoUings
(1972), but is in fact due to the inherent metastability of the p phase itself. Prekul et al
(1974) have done detailed low temperature measurements on a series of Ti-V, Ti-Nb
and Ti-Ta alloys and find negative dp/dTin the case ofTi-rich Nb and V alloys, but not
in Ti-Ta alloys. The effect decreases as one goes from V to Nb to Ta. They propose these
results from the decisive role the d bandwidth, which broadens as one goes from V to
Ta, has to play in determining the transport properties. In justifying the anomalous
resistivity they invoked a spin-flip scattering mechanism. Very accurate resistivity
measurements at four fixed temperatures between 77 and 300 K on a series of Ti-Mo
(Ho and Collings 1972) and Ti-V (Collings 1974) have been reported. These authors
find negative dp/dT in the concentration range that is prone to maximum athermal co
transformation. They explain these as arising from additional scattering of electrons
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from instability related soft phonons. We believe that the anomalous resistivity
behaviour found in Ti transition metal alloys has their common origin in co instability
or dynamical co fluctuations which are direct manifestations of the metastable character
of the fl phase.

6. Conclusions

We have investigated the fl phase instability in Ti-rich Ti-Nb alloys and have shown
that when the competing at" transformation is suppressed the instability is relieved by
athermal co transformation. The manifestation of this is the increased values of p. and
decreased or negative values of dp/dT. A critical field enhancement has been shown to
be a direct consequence of promoting this instability in Ti83N by nitriding.
The athermal co transformation results in submicroscopic co particles of s~e typically
20-50 A uniformly dispersed in the bcc matrix (Dawson and Sass 1970). It has been
shown that the thermally aged co particles are better pinners of flux lines compared to at
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precipitates (Ricketts et al 1970). Since pinning by precipitates comes about mainly
from core pinning interactions and since the size of athermal to precipitates is
comparable to the coherence length there is reason to believe that these can also act as
effective pinning centres. This coupled with the enhanced Hc~ may result in an enhanced
high field Jc with implications that need hardly be emphasized. Work to substantiate
this is in progress.

Acknowledgements
The authors would like to thank Shri V Sankara Sastry for carrying out the x-ray
analysis and for stimulating discussions, and Shri C V Sundaram, Dr P Rodriguez and
Dr G Venkatraman for their interest in this work.

References
Chandrasekaran S, Hariharan Y, Radhakrishnan T S and Subramanian V 1979 Cryogenics 19 669
Chandrasekaran V, Taggart R and Polonis D H 1974 J. Mater. $ci. 9 961
Collings E W 1974 Phys. Rev. B9 3989
Collings E W 1983 A source book of titanium alloy superconductivity (New York: Plenum)
Cook H E 1975 Acta Metall. 23 1041
Dawson C W and Sass S L 1970 Metall. Trans. I 2225
de Fontaine D, Paton N E and Williams J C 1971 Acta Metall. 19 1153
de Fontaine D, Paton N E and Williams J C 1973 Acta Metall. 21 489
Hariharan Y, Valsakumar M C and Radhakrishnan T S 1981 J. Low Temp. Phys. 43 341
Hariharan Y, Janawadkar M P and Radhakrishnan T S 1986 (to be published)
Ho J C and Collings E W 1972 Phys. Rev. B6 3727
Hochstuhl P and Obst B 1982 J. Phys. (Paris) 43 133
Kaufman L and Bernstein B 1970 Computer calculations of phase diagrams (New York: Academic Press)
Koch C C and Easton D S 1977 Cryogenics 17 391
Larbalestier D C 1981 Superconductor materials science: Metallurgy fabrication and applications 1981 (eds)
S Foner and B Schwartz (New York: Plenum)
Lin W, Splat H and Batterman B W 1976 Phys. Rev. BI3 5158
Moss S C, Keating D T and Axe J D 1973 Phase transitions (ed.) L E Cross (New York: Pergamon)
Neuringer L J and Rubin L G 1972 Temperature--Its measurement and control in science and industry (ed.)
H H Plumb (Instrument Society of America) Vol. 4, Part 2, pp 1085
Obst B, Pattanayak D and Hochstuhl P 1980 J. Low Temp. Phys. 41 595
Orlando T P, McNiff Jr. E J, Foner S and Beasley M R 1979 Phys. Rev. BI9 4545
Paton N E and Williams J C 1973 Scripta Metall. 1 647
Prekul A F, Rassokhin V A and Volkenshtein N V 1974 Soy. Phys. JETP 40 1134
Ricketts R L, Courtncy T H, Shepard L A and Wulff J 1970 Metall. Trans. 1 1537
Sass S L and Borie B 1972 J. Appl. Crystallogr. 5 236
Savitskii E M, Baron V V, Efimov Yu V, Bychkova M I and Myzenkova L F 1973 Superconducting materials
(New York: Plenum)
Sikka S K, Vohra Y K and Chidambaram R 1982 Progr. Mater. Sci. 27 245
Simon A L and Verma C M 1980 Solid State Commun. 35 317
Sunderaraman D, Sgetharaman V and Raghunathan V S 1980 Proc. 4th Int. Conf. on Titanium, Sendal Japan
(eds) H Kimura and O Izumi (Warrendale: The Metallurgical Society of AIME)
Wilson M N 1983 Superconducting magnets (Oxford: Clarendon)

