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COMPOSITIONS AND STRUCTURES

Optical metallography (Fig. 2) shows the struc-

TABLE I. Studies of T, in dilute Ti-M and Zr-M
binary transition-metal alloys.

Alloy or alloy
system

Zr-ah, Os
Ti-Cr, Mn, Fe, Co
Ti-Ru, Rh
Ti-Mo
Ti-V, Nb
Ti-Nb
Ti-Fe, Ru
Ti-ah, Zr-Rh
Ti-Fe, Ru
Zr-Co, Rh
Ti-Mn
Ti-V, Nb
Ti-Co, Rh, Ir
Zr-Co, Rh, Ir
Ti-V, Nb, Mo
Zr-Nb, Mo, Ru, Re
Zr-Rh
Zr-Nb
Zr-Nb

Year

1957
1959
1959
1961
1961
1961
1963
1963
1963
1963
1963
1964
1964
1964
1964
1965
1965
1966
1968

Ref.

1
2
2
3

5
6
7
8
8
9

10
11
11
12
13
14
15
16

(T,) of dilute T M-alloys have been studied over
a considerable period of time by many workers, '
as indicated by Table I. By using low-tempera-
ture calorimetry (l. 5-6'K) on a wide range of
Ti-Mo alloys, the present authors" have confirmed
that T, increases rapidly with solute concentra-
tion in the a' region. In n' Ti-Mo, T, increased,
at about the rate 1 deg /(at. %Mo), up to a value of
(2. 9a 0. 2)'K at 4-at. /0 Mo. We have also shown"
that T, can be regarded as being anomalously
"high" throughout the n' region, compared to
what would be expected for nonmartensitic alloys
with the same average electronic specific-heat
coefficient y. Proceeding to the bcc-based al-
loys, in quenched Ti-Mo (5 at, %) which marks
the beginning of the (P+ &u) field, T, was immea-
surably low in our calorimeter and therefore less
than 1.O'K. The inset to Fig. 1 shows how the
rapid increase in T, with Mo concentration ter-
minates abruptly at the end of the n' field, to
increase again with concentration in the (P+ w)

region. Superconductivity in the (P+ &u) region
of Ti-Mo alloys has also been discussed recently
by the present authors. ' Therefore, since Ti-Mo
(4 —, at. %) was of critical composition, being at

the boundary of the o.' and (p+ &) fields, it was
chosen for the following investigation; the pur-
pose of which was to determine whether T, was a
function of structural transformation, at constant
composition, from (P+ &) to (i) thermal marten-
site or (ii) deformation martensite.

0.1 aln

FIG. 2. Optical photomicrographs of Ti-Mo (42 at. %)

alloys. C: as-cast; martensitic transformation has
occurred in small patches. Q: quenched; dense mar-
tensitic structure. C+D: specimen C after being de-
formed by compression.

ture of quenched &i-Mo (4 -,' at. %)(henceforth Q) to
be almost completely e'; while in cast Ti-Mo
(4-,' at. %) (henceforth C) the o.' was present only
in small evenly spaced patches. The relative
heights of the superconducting specific-heat anom-
alies in C and Q, respectively, (Fig. 1) reflected
these observed relative abundances of n'. Clearly
in C, which contained n' and (p+&a), the o.' start-
ed to become superconducting at 3.1'K, while the
(P+ (u) matrix remained normal. Before proceed-
ing further it was necessary to determine the Mo
concentrations in the o.' and (P+ &@) regions of C
with a view to determining whether a significant
compositional diff erence existed between them.
Electron-beam microprobe analysis was therefore
car ried out on C, together with quenched Ti- Mo

(4, 4 —,', and 5 at. %) as calibrating specimens. The
results of these measurements are summarized
in Table II.

RESULTS

Thermal Martensste

The results of the low-temperature specific-
heat measurements are plotted in their usual for-
mat in Fig. 1 [C/T versus T, where C is the spe-
cific heat (mJ/mole deg), and T is the absolute
temperature]. The intercept is the electronic
specific-heat coefficient, y which is approxi-
mately proportional to n(Ez); the slope of the lin-
ear portion is a function of the Debye temperature
eD; and the anomaly is due to the superconducting
transition. The resulting data are summarized
in Table III. By interpolation from measured da-
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TABLE II. Microprobe analyses of dilute Ti-Mo alloys.

Nominal Mo
concentration

(at. %)

4
1

5

4—1

Heat
treatment

and
structure "

Q n'

Q n'

Q P +a)

Chemical
analysis

(+0.1 at. %)

3.94

5.00

Microprobe
count-rate

(counts/10 sec,
+rms dev. )

327 + 3
376+ 13
433+ 8

368+ 6
379+ 12

Composition
from

microprobe
analysis
(at. %)

38+0 08
4.5p + 0.1q

~Q, 8 h at 1300 'C, quenched into iced brine; C, as cast [j.e. , (P + +) with patches of n'].
"n' —thermal martensite; (P+ &) —bcc with precipitated phase.

Deformation Martensite

Referring again to Table II, it is seen that for
specimen C itself the composition of the matrix
(P+ &o) and the patches of n' in it were also equal
within experimental error. That is to say, the
composition of C was (a) uniform and (b) equal to
that of Q. This fact raised a question as to the
cause of the observed structural differences be-
tween C and Q (Fig. 2). It was thought that the

TABLE III. Summary of low-temperature specific-
heat data for three specimens of Ti-Mo (42 at. %).
[C/T=y+pT, where y, the electronic specific-heat co-
efficient, is proportional to n(&~), the Fermi density of
states; and P yields eD, the Debye temperature].

Q C
(Quenched) (As-cast)

C+D
(Specimen C

after
deformation)

y (mJ/moledeg2)

ea(@
r, (@'

4.65

350

3.85

350

4.20

365

2.80 —3.20 2.65 —3.10 2.50 —3.10

Temperatures noted are the peak and onset, respec-
tively, of the calorimetric specific-heat anomaly.

ta relating to higher concentration Ti-Mo alloys
('7, 8s~, 10, 15, 20, 25, and 40 at.%) and pure Ti,
plotted in the format 7, /en versus (0. 212y) t, s

T, for undistorted Ti-Mo (4s at. %)&s „„&was es-
timated to be 0. 5'K. In contrast, for the n' com-
ponent of C, Fig. 1 shows superconductivity to
commence at 3. 1 'K. The first experimental re-
sult is then obtained with the aid of Table II. A
comparison of the data underlined shows that the
Mo concentration in Q (-100% o. ') is the same,
within error, as that of the matrix (P+to) of C.
It therefore follows that at constant composition,
transformation of a structure from (P+ar) to n'
raises the superconducting transition threshold of
Ti-Mo (4-,' at. /c) from 0. 5 to 3. 2 'K.

almost complete transformation to martensite in
Q (as compared to C) was partly a result of me-
chanical deformation accompanying the rapid ice-
brine quench. If this were so, it was postulated
that a comparable effect should be obtained upon
mechanically deforming C isothermally at room
temperature. Indeed, after subjecting C to com-
pression to the point of fracture~' a repetition of
the specific-heat experiment (C+D in Fig. 1) re-
vealed that an increased proportion of the material
was able to undergo a superconducting transition
in the range 2. 5-3.1'K. In addition, the volume
fraction of martensite was increased by the com-
pression. Figure 2 (C+D) shows the deformation-
induced martensite extending from the initial
patches out, into the matrix.

To summarize, it is concluded from these ex-
periments that structural transformation of a
(P+ &o) Ti-Mo (4a at %) all.oy to either thermal
(o.') or deformation martensite, raises the super-
conducting transition temperature from 0. 5'K to
the vicinity of 2. 5 to 3.2'K.

DISCUSSION

Superconductivity in Disordered Structures

Superconductiv, "v in various kinds of disordered
structures has bg ..considered by Garland et al.
[(a) homogeneous amorphous films, (b) amorphous
metallic granules, and (c) microcrystalline films],
and by Strongin et al. (layered metallic films),
against a theoretical background provided by
McMillan. ' In such distorted structures the ob-
served enhancements of T, have been regarded as
being due to increased superconducting electron
coupling through reductions of the mean square
phonon frequency (u& ) arising from atoms occupy-
ing sites of reduced symmetry„According to
McMillan~ the superconducting transition tempera-
ture may be expressed as

en 1.04(1+X)

1.45 y- p *(1+0.62K) i
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where X is the electron-phonon coupling constant,
and p* is the Coulomb "pseudopotential. " When

coupling is weak, as defined by Z«I, Eq. (1) re-
duces to the BCS-Morel relationship

T, e,e~[- I/n(Z, )V], (2)

As shown in Table ID, the measured average
electronic specific-heat coefficient y is equal to
3.85 in C [which is mostly (p+ pp)] and to 4.65 in

Q (which is mostly n'). The expected T, ratio,
on the basis of Eq. (2) is therefore 2. 2. But the

but with an interaction strength (X —g*) taking the
place of the n(E~)V, where V is the pairing poten-
tial.

The Coulomb pseudopotential p, ~ may under fa-
vorable conditions be obtained from the isotope

shift 5, T„and6& by means of

p, *=(1- 25)' ~'/in(en/I. 45T,) (3)

enabling an empirical value of A. to be calculated
from

p, ~ }nt(&n/1. 45T,)+ 1.04
( )

(1 —0. 62@*)»(e,jl.45T,)- I 04

which is a rearrangement of Eq. (1).
According to our observations, the thermal and

deformation-induced martensites are further ex-
amples of structures which are favorable to the
existence of low-frequency localized vibrations
of relatively large amplitude or "soft-phonon
modes. " The effect of such "lattice softness" is
to increase T, above what would be expected for
an unfaulted structure [e.g. , (P+ &o)] of similar
composition.

Martensitic Structures

It is well known that martensitic transformation
takes place by a process of lattice shearing. The
resulting structure generally appears as platelets
formed by two successive shear displacements.
This mechanism of transformation is subject to
frequent departures from coherent atomic motion.
As a result the martensitic structure is so detailed
that it can be properly studied only in the elec-
tron microscope. Such observations show the
platelets to be heavily faulted, within themselves,
and separated one from the other by regions of
untransformed matrix. Because of this, b«h
spontaneously transformed structures (thermal
martensite), and structures resulting from trans-
formation under stress (deformation martensite),
must contain relatively large proportions of atoms
occupying sites of reduced symmetry. These
conditions are favorable for the existence of high
densities of localized vibrational states.

Thermal Martensite

experiments show that T, increases by a factor
3.2/0. 5= 6. It follows that the transition tem-
perature must also be sensitive to structure pre-
sumably through its influence on the phonon fre-
quencies. It is therefore appropriate to apply
McMillan's treatment, as outlined below.

In Eq. (3), 5, which does not seem to have
been determined for Ti, will be assumed to be equal
to that for Zr, i.e. , zero. Using the present
calorimetric data for Ti-Mo (4~ at. %)&g „&,that
equation then gives p, ~= 0. 16. Equation (4)

may then be solved yielding A. = 0. 5O for Ti-Mo
(42 at. /p)&~„~) .

McMillan has discussed how a maximal value
of T, may be obtained for a given "class of mate-
rials" by optimizing the average phonon frequency.
These calculations have resulted in a graph of
T,/T, (i.e. , reciprocal of the maximal T, en-
hancement factor) versus X, in case p*= 0. 13
which is not significantly different from our p*
= 0. 16. An uncritical application of this plot for
A. = 0. 5, which is probably near to being a lower
limit for the strict validity of the McMillan meth-

/T, =9. The results of the present
experiments are

T, /T. . .= 3.2/0. 5 = 6.

But the same experiments also yielded y, /y
= 4. 65/3. 85 which leads to a T, ratio of 2. 2 accord-
ing to the BCS [Eq. (2)] relations}np. We there
fore assess the phonon-induced enhancement fac-
tor to be about 3.

Deformation Martensite

Figure 1 shows that when C is deformed, al-
though the material which transforms supercon-
ductively increases (curve C+D), the specific-heat
anomaly is not magnified uniformly. Obviously in
C+D a range of T,'s exists, the highest of which

is 3. 1 'K. A comparison of C and C+D in Fig. 1
suggests that the deformation martensite tends to
transform at a lower temperature than does ther-
mal martensite. This is demonstrated more
clearly by Fig. 3 which is a plot of C /T nversus
T', where Cn(-=Co. n- Co) represents the in-
crease in specific heat brought about by the defor-
mation. Three features are noticeable: (a) the ex-
pected small positive yn, (b) an increase in Cn, rep-
resenting the onset of superconductivity in defor-
mation martensite, commencing at about 2. 8 K,
(c) finally, a "negative-going" segment of the curve
indicating that a part of the material, which could
become superconducting near 3.1'K prior to de-
formation, transforms' at some lower temperature
after deformation.

The thermal-martensitic phase e' formed on
quenching Ti-Mo alloys is well known to have a
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FIG. 3. Difference between
the low-temperature specific
heats of {C+D) and C plotted in
the format C/T versus T2. The
positive-going portion is a re-
sult of superconducting transi-
tions in the ihrformation martensite;
the negative-going section is in-
terpreted as being due to sup-
pression of superconductivity in
those regions of n' situated in
proximity to the deformation mar-
tensite.

hexagonal structure. On the other hand, recent
studies by Blackburn and Williams" on deforma-
tion-induced martensite in Ti-Mo have revealed a
bcc or bc-tetragonal structure. It is therefore
reasonable that the two forms of martensite should

have different superconducting transition tempera-
tures. Figure 2 shows the regions of thermal and

deformation martensites to overlap each other.
Thus, the partial suppression of T„asevidenced

by the negative-going segment in Fig. 3, could
reasonably be due to a proximity effect operating
between some of the deformation martensite
(T, = 2. 5 to 2. 8'K) and those parts of the thermal
martensite (T, = 3. 1'K) adjacent to it.

CONCLUSION

As a result of low-temperature calorimetry, if
the superconducting transition temperatures of a
series of Ti-Mo alloys (rapidly quenched from
1300'C) are compared with the corresponding y's
through a BCS-type relationship, they appear to
be anomalously high for alloys in the concentra-
tion range 0&at. % Mo&4a In just this range the
microstructure is thermal martensitic n', as
distinct from the bcc (P) structure of higher-con-
centration alloys (although an i~-phase precipitate
is present in the "p" alloys of up to 15-at. % Mo).
It was, therefore, of interest to observe the struc-
tural dependence of T, at constant composition.
For this purpose an alloy of 4—',-at. p~ Mo was
chosen since this was on the borderline between
the a' and (P+ &) phase fields. In the as-cast
condition Ti-Mo (4—', at. %) contains little n', but

a high abundance of it can be induced by quenching
from elevated temperatures. Furthermore, in
this alloy, as in those of compositions of up to
about 7-at. % Mo, martensite can be induced by
deformation at room temperature. It was de-
duced, from the calorimetric data for higher
concentration Ti-Mo alloys, that T, [Ti-Mo
(4 2 at. %)is~& ] = 0. 5 'K. The threshold T, for
n' in the same alloy was 3.2 K, while that for
the deformation martensite was about 2. 8'K.

The same experiments also showed that y ./yts, „&
= 4. 65/3. 85. We therefore conclude that the
martensitic structures were responsible for
significant enhancements (factor of 3) of the super-
conducting transition temperatures over what
would be expected (factor of 2. 2) from the BCS
relationship [Eq. (2)] and the above y ratio.

It has previously been suggested, particularly
with reference to V,Si, that a relationship exists
between a lattice instability which results even-
tually in a low-temperature martensitic trans-
formation at T, and the onset of superconduc-
tivity at T,&T„.In VsSi, for which T,= 17'K,
Batterman and Barrett 6 first showed by x-ray
measurements the occurrence of a martensitic
transformation at about 21'K. This was later
confirmed by specific-heat and resistivity mea-
surements 7 and acoustic studies. The sound
velocity and attenuation works' together with
recent Young's modulus studies now make it
clear that in VSSi a large low-temperature lat-
tice instability, for shear waves propagating
along the [110]polarization, leads to a marten-
sitic-type transformation; and it has been point-
ed out that this instability becomes completely
arrested at a few degrees below T,. In contrast,
the V,Ir lattice remains stable and also nonsuper-
conducting down to 0. 3'K. Consequently, con-
siderable attention has been devoted to searching
for a relationship between structural instabilities
and the occurrence of superconductivity. A con-
nection between these properties has been made
through band-structure studies by Cohen et al. ,
and by the Orsay group.

In the alloy system considered here T, and T
are not in proximity. In fact T„for Ti-Mo (4~a at. /o),
according to some authors 3~'33 is about 500'C. We
interpret our results as indicating that an enhanced

T, is a property of the distorted lattice itself; and
that the observed threefold enhancement is con-
sistent with McMillan's prescription. As men-
tioned above, enhanced T,'s have been predicted
or observed for (a) homogeneous amorphous films,



W. CQLLINGS AND J. C. HO

(h) amorphous metallic granules, (c) microcrys-
talline films, and (d) layered metallic films.

We conclude that martensitic structures, whether
induced thermally or mechanically, are further
examples of configurations in which T, is enhanced
through a soft-phonon-mode type of mechanism.
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