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Crystal Structures of
Titanium, Zirconium, and Hafnium
at High Pressures

Abstract. At high pressures, as de-
termined by x-ray analysis, titanium and
zirconium metal have a distorted, body-
centered-cubic structure. This phase
persists on pressure release. The nor-
mal hexagonal close-packed structures
are recovered when the metals are
heated. An electronic shift must occur
in the transition. Hafnium metal
showed no such transition.

The isoelectronic transition elements
[nd*(n + 1)5°] titanium, zirconium, and
hafnium are all hexagonal closed-packed
(h.c.p.) metals at room temperature
and pressure, while at high temperatures
they adopt a body-centered-cubic (b.c.c.)
structure (/). From volume measure-
ments Bridgman reported a possible
transition in titanium (2) at about 35,000
kg/cm® but he did not observe effects
in its electrical resistance (3). In a dif-
ferent set of volume measurements (4),
he reported no transition in titanium or
zirconium, although the data were
somewhat anomalous for titanium. Elec-
trical resistance measurements (3)
showed a transition in zirconium at
80,000 kg/cm® (which should be cor-
rected to about 60,000 kg/cm®). Young
et al. (5) noted the zirconium transition
and that the b.c.c. forms were denser.
They suggested that the zirconium
transition was h.c.p.<>b.c.c. and that
titanium and hafnium (also yttrium)
might possibly transform between 90
and 130 kb and hence be useful for
pressure calibrations. Thermodynamic
data of Kaufman (6), together with
known volume data (Z), may be used
to estimate roughly that the transfor-
mation from h.c.p. to b.c.c. occurs at
much higher pressure than the 60,000
kg/cm® reported for zirconium by
Bridgman. I decided to investigate these
three elements by a high-pressure x-ray
technique (7)

All three metals were studied in two
ranges of purity (8) but no discernible

Table 1. Omega phases of titanium and zir-
conium at atmospheric pressure.

Phase Ti Zr
c 2813 A 3.109 A
a 4.625 A 5.036 A
c/a 0.608 0.617
plw) 4.581 6.657
p(hep.) 4,503 6.505

differences in behavior between batches
were found. Samples of each metal
(diluted appropriately with boron to
minimize absorption) were x-rayed at
high pressures. Titanium and zirconium
showed diffraction patterns character-
istic of a new structure. Hafnium did
not. On release of pressure the new
structures for titanium and zirconium
quenched (persisted at one atmosphere).
Hence undiluted samples of titanium
and zirconium were x-rayed after ex-
posure to pressure. Powder patterns
taken with filtered Mo radiation (the
forced admixing of boron with the
samples obscured patterns taken with
filtered Cu radiation) were indexed hex-
agonal with the crystallographic param-
eters given in Table 1. The intensities
(and c/a ratios) for the new phases of
titanium and zirconium were appropri-
ate for the » phase found in titanium-
vanadium alloys by Silcock et al. (9)
and Bagaryatskii et al. (10), and the
same structure found in zirconium-
vanadium and zirconium-niobium al-
loys by Hatt and Roberts (/7). This is
a distortion of the b.c.c. structure to a
hexagonal structure. As such, it is
much more open-packed than hexagon-
al close-packed, and a shift in electron-
ic levels leading to a smaller atomic
size must have occurred. Such a transi-
tion was reported recently for Ytter-
bium by Hall et al. (12) and the type
was predicted earlier by Jamieson and
Lawson (/3). A similar shift must occur
at the high-temperature h.c.p.<>b.c.c.
transitions for the b.c.c. form to be
denser.

When the o forms of titanium and
zirconium were heated at 110°C for 17
hours a complete conversion to h.c.p.
took place in the former and there was
no change in the latter. Four hours at
195°C were sufficient to alter partially
o zirconium to h.c.p. Since both pres-
sure transitions are monotropic the
true equilibrium pressures are unknown.

Some estimate of the electronic
changes that occur when titanium and
zirconium adopt the  structure may
be made by a consideration of inter-
atomic distances. The lattice points are
(0,0,0,), (%5, 4, ¥2), and (¥3, %, ).
The (0,0,0,) points have two atoms at
d: = ¢ and 12 atoms at

d: = a[¥s + Ya (c/a’)

while the other two sites have three
(coplanar) atoms at ds = a/(3)}, two
at d: and six at d-=. These distances are
tabulated in Table 2 (for 1 bar pres-

1

Table 2. Interatomic distances and number of
neighbors in the omega and h.c.p. phases.

Distances Distance (A)
and neighbors Ti Zr
d,(2) 2.813 3.109
d,(12) (6) 3.018 3.297
dy(3) 2.670 2.908
d,(6) 2.950 3.232
d;(6) 2.897 3.179
R(1) 1.324 1.454

sure) together with di, the spacing
perpendicular to ¢ and ds (for the re-
maining six neighbors in twelve co-
ordination) for the h.c.p. phase: The
latter values and h.c.p. densities have
been obtained or calculated from the
data of Swanson et al. (14).

An interesting fact emerges. The
closest approach in the structure is the
three-coordinated ds. Pauling (75) gives
a formula

R(1) — R(n) = 0.3 logun

for the change in atomic radii with
change in coordination number N, n =
v/N, where v is the “valence” and R(1)
is the “univalent radius” of the atom in
question. Half of ds is almost exactly
R(1) as shown in Table 2 (from Pauling)
for both elements. This can occur if
v = N, that is, the valence of both ele-
ments in the omega phase becomes
three. This could be achieved if one
electron adopts a “strictly” localized
d-state at each atom and leaves only
three electrons to form a true conduc-
tion band. This suggestion also receives
some support from the formation of the
o phase (9-11) in Ti and Zr alloys with
V and Nb, elements which would other-
wise increase the electron-to-atom ratio.
It should be possible to observe this
localized d-state in magnetic studies of
these elements in this form.
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