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A detailed study was made of anomalies in the temperature dependence of the thermal
expansion and of the elastic constants of several single crystals of vanadium. The anomalies
were characterized by a transition temperature T, different for each crystal and lying in
the temperature range 160—270 K. A simple thermodynamic theory based on a hydride-
precipitation model due to Westlake accounts for the experimental results. The applicability
of this model points to the precipitation of interstitial hydrogen as the cause of the observed

anomalies.

I. INTRODUCTION

In the preceding paper' (referred to as I) we pre-.

sented the results of a study of the elastic proper-
ties of single-crystal vanadium from 4.2 to 300 K
The emphasis in I was on the over-all temperature
dependence of the elastic properties of vanadium in
this temperature range. Striking anomalies were,
however, observed at specific temperatures in both
the thermal expansion and in the elastic constants

Cyand C' =% (Cy; - Cyp). These occurred, depend-
ing upon the particular vanadium specimen, in the
temperature range 160-270K. In this paper we
describe these anomalies in greater detail and pre-
sent a simple thermodynamic theory, based on
Westlake’s model of interstitial hydrogen precipi-
tation in bce metals, which is found to be in excel-
lent agreement with the experimental results.

Anomalies in the temperature dependence of many
of the physical properties of vanadium have been
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reported: lattice parameter, =5 electrical resis-
tance, 2%%~% thermal expansion, >*'° magnetic sus-
ceptibility, ""'! and thermoelectric power. 2 One
proposed explanation®'® of these phenomena was that
of the onset of an antiferromagnetic ordering. Nu-
clear-magnetic-resonance!®!* and neutron-diffrac-
tion'® experiments failed, however, to show any
evidence of a magnetic transition. A detailed cri-
tique of previous experiments and a proposed expla-
nation for the anomalies have been given by West-
lake.'® As a result of his extensive work on vana-
dium-hydrogen alloys, " Westlake suggested that
precipitation of hydrogen impurities in so-called
“pure” vanadium could account for the anomalies in
the temperature range 180-250 K in which they

had been observed. Suggestions that an ordering
transition of unspecified gaseous interstitials was
responsible for the anomalies had previously been
made. 27!2 The hydrogen-precipitation hypothesis
is not inconsistent with any of the anomalies which
have been verified for vanadium. ® In particular,
the structural change from cubic to tetragonal sym-
metry indicated by x-ray diffraction experiments®
may be a consequence of the onset of hydrogen pre-
cipitation.

In Sec. II a thermodynamic theory based on West-
lake’s model is outlined. Experimental results
specifically bearing on the anomalies are presented
in Sec. III. In Sec. IV results are compared with
the predictions of the theory. A preliminary report
of this work has been published. '®

II. THEORY

The hypothesis!? that hydrogen precipitation is
responsible for the observed anomalies in the tem-
perature dependence of many physical properties
of pure vanadium suggests that a dilute-solution
theory may be applicable. "2 At sufficiently high
temperatures one assumes that all of the hydrogen
atoms wander randomly through the vanadium lat-
tice. As the temperature is lowered, a point is
reached at which the number of hydrogen atoms
present in the specimen is equal to the maximum
number capable of being dissolved in the “solvent, ”
in this case the vanadium lattice. This represents
a saturated solution. As the temperature is lowered
further, more hydrogen atoms are present than can
be accommodated so that hydrogen atoms are forced
out of solution forming a precipitate, presumably
vanadium hydride.

We define N(T') as the maximum number of hydro-
gen atoms (expressed in at.%) which can be dis-
solved in vanadium at the temperature 7';N(T) is
the “limit of solubility.” From Westlake’s work,’
N(T)=xe™®'T, where k=3.4x10% and B = 1467 K. If
ngy is the total amount of hydrogen present in the
crystal, then for N(T)>n, all of the hydrogen is in
solution, while for N(T) <n, the fraction n(T)=n,
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—N(T) is in the ordered vanadium-hydride phase.
We define a transition temperature T, at which
precipitation of hydrogen begins, by N(T,)=#n,. The
amount #(T) of precipitated hydrogen is thus

n(T)=ny{l - exp[-BQ1/T-1/T )}, T<T,

n(T)=0, T>T,. M

In the discussion that follows we use the notation
W(T, To)={1 - exp[-B(1/T-1/T,)]}.

Since the solution is extremely dilute, one may
expand the Helmholtz thermodynamic free energy
of the system in terms of #(T'), F(T)=Fy(T)
+F(T)n (T'), where Fis the Helmholtz free energy
of the vanadium specimen in the absence of any pre-
cipitated vanadium hydride. The Gibbs potential
G(T) may be similarly expanded. The physical
quantities of interest are derivatives of G or F with
respect to variables such as pressure, strain, etc.
In the region T > T, the measured elastic properties
(see I) depend approximately linearly on 7. We
assume that in the absence of the hydride-precipita--
tion phenomenon the elastic properties continue to
depend linearly on T for T < T, down to tempera-
tures of the order of 100 K. The behavior of the
several specimens studies in I, which exhibit dif-
ferent transition temperatures, supports this as-
sumption. We treat F; as independent of T over
the limited temperature range of interest.

An experimental quantity X (T') is given by

X(T)=Xo(T) +xngW(T, T,) , @)

where X, (T') and x are appropriate derivatives of
Fy(T) and F,, respectively. An example is

Cu(T)=C(1)1(T)+ YunoW(T,T,),

where C3(T)=8%F(T)/9e3, vy, =9°F,/%}, and e,
is the appropriate strain. If we assume B to be
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FIG. 1. Thermal expansivity Al/7, for V(II) along
[100] and [110] crystal axes.
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FIG. 2. Thermal expansivity Al/l, for V(IIIA) along
[100], [101], and [110] crystal axes. Insert shows details
of curves near the critical temperature 7.

known (Westlake’s value of B =1467 K), the func-
tion W(T, T,) is completely specified by T,. The
quantity xng is determined by matching theory to
experimental results at some temperature T<T,.
The quantity x which is obtained from F, is a ma-
terial property of the vanadium-hydride precipitate
and should be the same for all vanadium specimens.
If one evaluates xny; for a specimen with transition

leo

temperature T, using the experimental data for
X,(T), then for any other specimen with transition
temperature 7; the quantity xn,; is predicted to be

xng;=xng exp[-B1/Ts;=1/Ty)] . 3)

Thus Eqgs. (1)-(3) and a fit to the data for one spec-
imen are sufficient to predict the behavior for all
vanadium specimens over the entire temperature
range; there are no adjustable parameters.

III. EXPERIMENTAL RESULTS

The experimental procedures for preparation and
analysis of specimens, and for the measurements of
thermal expansion and elastic constants have been
described in I.

A. Thermal Expansion

The thermal expansivity Al/l, as a function of
temperature for the crystals V(II) and V(IIIA) is
shown in Figs. 1 and 2. The length at 7=273. 2K
is denoted by Z,. The curve for Al/l, in the [100]
direction of V(II) (Fig. 1) shows a marked break at
233 K; no noticeable break is observed for Al/l; in
the [110] direction. For V(IIIA) (Fig. 2) anomalies
occur for the [100], [110], and [101] directions at
approximately 260K. A detailed inspection of the
original data indicates that the break for the [100]
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direction occurs at 262K and is extremely sharp,
while that for the [110] and [101] directions, occur-
ring in the same temperature range, is more dif-
fuse. This difference is shown more clearly by the
expanded curves forAl/l, given in the insert of

Fig. 2. The thermal-expansivity curve for V(I) was
given in I; an anomaly occurs at 182K. Thermal-
expansivity measurements on V(IV) indicated a
slight anomaly in the [100] direction at T,= 160 K.

The thermal-expansion coefficient a = (1/1,)dl/dT
for V() [100], Vv(I) [100], V(IIA) [100], and V(IIIA)
[110] is plotted as a function of temperature in Fig.
3. The values of «(T) were obtained graphically
from the slope of the corresponding smoothed curves
of the thermal expansivity. The sudden and oppo-~
sitely directed changes in the thermal expansion for
the [100] and [110] crystal axes of V(IIIA) are clear-
ly shown in this figure, as are the critical tempera-
tures for the three crystal specimens.

In Fig. 4 are shown on an expanded scale some
data corresponding to the thermal-expansivity
curves for V(IIIA) [100]in the vicinity of T,. Of the
five runs shown, three were taken with tempera-
ture decreasing, two with temperature increasing.
In the latter cases the temperature T, at which the
break occurred was independent of the rate of heat-
ing, which varied from 1K/min to 1X/10 min. In
the former cases a marked “supercooling” of the
anomaly was observed when the rate of tempera-
ture decrease was fast (of the order of 1 X/min).
For very slow rate of decrease (of the order of
1K/10min), the curves for temperature decreasing
were found to agree with those for temperature
increasing. Similar “supercooling” behavior was
exhibited for thermal expansivity of V(IIIA) along

the [110] crystal axis.
B. Elastic Constants

Expanded curves of the acoustic velocities cor-
responding to C,;, Cy, and C’ in the temperature
range of the anomalies in V() and V(II) are shown
in Figs. 5~7, respectively. The ordinates are giv-
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FIG. 5. Mechanical resonance frequencies (corre-
sponding to Cyy) for V(I) and V(II) in the temperature
range about 7.
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sponding to C,y) for V(I) and V({II) in the temperature

range about 7.

en in terms of the experimentally measured quanti-
ty, the mechanical resonance frequency w,/2m, which
is directly proportional to the acoustic velocity [see
I, Eq. (1)]. The transition temperatures, evidenced
by sudden changes in slopes, are 182K and 233K
for V(I) and V(II), respectively. The upward con-
cavity (discussed in I) of the curves (Fig. 6) cor-
responding to C44 is characterized by changing slope
without, however, the sharp “break” evident in
Figs. 5 and 7. In the case of the curves for the re-
maining directly measured elastic quantity C, (not
shown) there is no noticeable change in slope in the
temperature range 100-300K for V(I), but slight
“breaks, ” at the transition temperatures noted
above, for V(II) and V(IIIA).

The specimens V(IV), V(V), and V(Alers) all ex-
hibited relatively small anomalies in C’ at approxi-
mately 180 K. These three specimens were all sim-
ilar in that they were grown by electron-beam bom-
bardment, had approximately the same initial hy-
drogen-impurity content (~0. 2 at. %), had no more
than two cuts made on them, and were cylindrical
in shape. (There is some indication that the act of

AND MILLER 3

cutting can introduce additional hydrogen into the
crystal. ) The curves for C’, Cy4, and Cp for V
(Alers) are reproduced in Fig. 8 from data supplied
by Alers.? The over-all behavior of V(Alers) is
similar to that of the specimens investigated in the
present work.

In Fig. 9 we show data corresponding to anomalies
at T,=267K for Cy; and C’ in V(IIA) which, of all
of the specimens, exhibited the most marked anom-
alies. Data taken with temperature increasing and
temperature decreasing illustrate a “supercooling”
phenomenon analogous to that for the thermal ex-
pansion shown in Fig. 5. As in the case of the
thermal expansion, it was found that the faster the
rate of cooling, the lower the temperature T, at
which the anomaly occurred. Changing the rate of
heating, however, produced no change in T, and
T, (heating) always corresponded to T, obtained with
the slowest cooling rate. T (elastic constant) for
V(IIIA) occurred at 267 K; this disagrees with the
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value of 7T, (thermal expansion)=~262K. This dis-
crepancy is not understood. A possible explanation
based on the pressure dependence of T, has been
proposed. 2

IV. DISCUSSION OF RESULTS

Comparison between the theory of Sec. II and the
experimental data for thermal expansivity Al/l, and

for the elastic constants C;; and C’ is shown in Figs.

10-12. In each case Eq. (2) was matched to the
experimental curve at one temperature below T,
for one crystal; then the entire temperature depen-
dence for both crystals was determined using Eqgs.

(2) and (3). The assumed forms of the temperature
dependence were
AL ﬂ) 296G,
I, " (lo . +onoW(T, Te), B=3p )
0 _9%F,
Cu=Cii+yun W(T,T,), yu= @‘ (5)

2 2
C'=Co+y'n,W(T, T,), 7'=1<%—321§;2> (6)
where the e{s are the strains and P is the pressure.
For Al/l, the data were matched at 253K for the
[100] expansivity in V@IIA) (Fig. 10), yielding
Bg)rrra = 6. 90X 10" for T,(IIA)=261K. For Cy,
and C’ the data were matched at 180K for V(II),
yielding vy, (2¢)r = 0. 142X 10* dyn/cm? and ¥’ ¢20)5r
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FIG. 9. Mechanical resonance frequencies for V(IIIA)
in the temperature range about T, for temperature in-
creasing and temperature decreasing; corresponding to
(a) c“, and (b) C'= % (C“ - C12)'

=0.0924% 10" dyn/cm? for T,(I)=233K. The deri-
vative with respect to temperature of a quantity x
shows a discontinuity at 7', of magnitude xnB/T2.
Although difficulty in obtaining an accurate value
for the temperature derivative from the experimen-
tal data precluded a quantitative comparison be-
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FIG. 10. Matching of theory (solid lines) to experi-

mental points for Al/I, [100] in V(II) and V(IIIA). B0ze)rrza
=6.90x10"%; T,(IIIA)=261K.
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tween theory and experiment, this behavior is clear-
ly illustrated in Fig. 3 for the thermal-expansion
coefficient a=(1/1y)dl/dT.

The theoretical curves of Figs. 10-12 were cal-
culated using Westlake’s value 1467 K of B, which
is known'” to apply to hydrogen in vanadium. If the
experimental data of the present work is used to
evaluate B, a value of 1370K +10% is obtained, in
agreement, to within our experimental error, with
the Westlake value. Since B depends critically on
the size, mass, and, perhaps, bonding character
of the interstitial atomic species involved, the close
agreement with Westlake’s results may be taken to
exclude the possibility that other interstitial gas
atoms, such as carbon, nitrogen, or oxygen, con-
tribute significantly to the observed temperature
anomalies in the elastic properties of the vanadium
specimens we have studied.

Although the theory in Sec. II is macroscopic in
character, some qualitative statements concerning
the microscopic nature of the transition at 7=T,
are in order. The data indicate that the transition
can be supercooled but not superheated (see Figs.

4 and 9). This may be understood by noting that
upon heating hydrogen atoms may “boil” off from
the vanadium-hydride precipitate, the process being
limited only by the relatively fast diffusion rate for
hydrogen in vanadium. Upon cooling, however, hy-
drogen atoms must satisfy energetics requirements
and locate in specific positions in the lattice in or-
der to form the vanadium-hydride precipitate. The
relatively slow rate for this rather selective pro-
cess may account for the supercooling., The forma-
tion of vanadium-hydride “clusters” may also play
a role in the supercooling phenomena. 2
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The elastic constant Cyy fails to exhibit the anom-
alous sharp change in slope characteristic of Cj,
and C’. The microscopic distortion involved in a
C44 shear strain is such that the average nearest-
neighbor bond length in vanadium is unchanged. If
the primary effect of the hydrogen-precipitation
process were to change the bond length, then one
might speculate that the effect on Cyy would be
small. Regarding the absence of a marked anomaly
in C;, cubic symmetry requires that C,=Cy~ C’
+Cyy. Since Cyy exhibits no anomaly, and C’ and Cyy
exhibit similar anomalies, one expects a diminution,
at least, in the anomaly in C, compared to those in
C’ and Cy;. This indeed is the case for all three
vanadium specimens (I, II, and ITIA) which have been
studied in detail. The very slight departure from
cubic symmetry below T, (as evident from the pres-
ent thermal-expansion results and from the x-ray
diffraction work?*®) should have little effect on this
fortuitous diminution of the anomaly in C;.

The thermal-expansion results of the present
work indicate a structural change at the transition
temperature, in agreement with the results of x-
ray diffraction studies.® The present work lends
strong support to the hypothesis of Westlake that
ordering of interstitial hydrogen is responsible for
the anomalies in the elastic constants, thermal ex-
pansion, and many of the other physical properties
of “pure” vanadium.
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Lattice vibration frequencies of Tl at 77 and 296 K have been measured along the lines A
and £ by neutron inelastic scattering. Modified axially symmetric force-constant models
were fitted to the neutron data and were used to calculate phonon-dispersion curves along

other symmetry directions in the crystal.

Frequency distributions calculated from the 77-K

models are compared with the results of superconducting tunneling experiments of Clark and

Dynes.

I. INTRODUCTION

Phonon-dispersion curves of a large number of
hcp metals have been measured by neutron inelastic
scattering, including Mg, 2 Be, ** Zn, ® Ho, ® Y, ”
Zr, % Sc,® and Tb.'® Many hcp metals undergo a
transition to a bee structure at high temperature.
Transition temperatures of hcp metals which under-
go this transition and have been studied by neutron
inelastic scattering are 1523 K for Be, 1715 K for
Ho, 1760 K for Y, 1135 K for Zr, 1583 K for Th,
and 1608 K for Sc.!! None of the neutron inelastic
scattering studies report results above room tem-
perature, so the hcp-bece transition could be ex-
pected to have little effect on phonon modes studied
previously.

The present paper reports a study of the lattice
vibration frequencies of thallium along the directions
[0001] and [0170] at 77 and 296 K. Since Tl under-

goes the hep-to-bee transition at 507 K, a relatively
low temperature, it was expected that considerable
softening of modes which take part in the transition
might be observed at room temperature.
Considerable study has been given to the mechan-
ism for the bcc =2hep phase transformation. Habit-
plane studies in Ti and Zr indicate that the trans-
formation involves {112}(111) shears in the bee
phase. Burgers'? concluded that the {0001} planes
of the hcp phase of Zr become {110} planes of the
bcc phase. He showed that this could be accom-
plished by a primary shear along {10. 0} planes of
the hcp phase in a (11.0) direction. The reverse
shear system in the bee phase is {112}(111) with
small dilatation strains needed to complete the
transformation in either direction. Fisher and
Renkin!? have pointed out that the {10.0}(11.0) shear
in the hcp phase corresponds to the Cgq elastic
shear modulus which displays a strong temperature



