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Acoustic Velocities and Phase Transitions in Molybdenum under Strong Shock Compression
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We present acoustic velocity data that demonstrate a high-pressure solid-solid phase transition in
molybdenum at about 2. 1 Mbar and 4100 K. This observation is supported here by first-principles
theoretical calculations which predict a zero-temperature bcc hcp transition within our experimental
pressure range. In addition, our results show the melting transition for shock-compressed Mo at about
3.9 Mbar and 10000 K.

PACS numbers: 64.30.+t, 62.50.+p

The idea that structural phase stability in transition
and rare-earth metals is controlled by the number of
valence d electrons per atom, Zd, has gained widespread
acceptance in recent years and is now well supported by
detailed quantum-mechanical calculations. ' In the case
of the carefully studied rare earths, Zd is found to in-

crease both with decreas&'ng atomic number through the
series and with increased density for a given element,
such that for either variation the same sequence of struc-
tures is obtained, in agreement with experiment. In
transition metals, on the other hand, Zd can be increased
by increasing atomic number, alloying with an element
of higher Zd, or, in principle, by transferring electrons
from s- and p-like states to d-like states with compres-
sion (the so-called s ~ d transition ). The atomic num-

ber effect explains the canonical hcp-bcc-hcp-fcc se-
quence of structures observed across the nonmagnetic 4d
and 5d transition series and is responsible for the ex-
treme stability of the bcc structure in Mo and W com-
pared with the stable hcp structure of Tc and Re. Al-
though there has been speculation on a high-pressure
bcc hcp transition in Mo based on empirical alloy
data, heretofore no pressure-induced phase transitions
have even been observed in the nonmagnetic transition
metals to the right of the group-IVB elements Ti, Zr,
and Hf. In this Letter we present the first direct experi-
mental and theoretical evidence for such a transition in

Mo.
The absence of previously observed phase transitions

in the central transition metals partly reAects the

difhculty in making such measurements at the multi-
megabar pressures needed to drive the s d transition
in these materials. While conventional shock-wave tech-
niques can reach the required pressure regime, the
volume changes occurring for either solid-solid transi-
tions or melting are usually too small to be seen in the
pressure-volume data recorded, and in Mo at high-
pressure Hugoniot points are very scarce. Acoustic ve-

locity, on the other hand, is a derivative quantity of the
equation-of-state surface of a material and is more sensi-
tive to changes in structural properties than pressure or

volume. Consequently, measurement of the sound veloc-
ity during shock compression can be used as a sensitive
probe for detecting phase transitions. Moreover, when
sound velocities are combined with other measured
quantities —pressure, density, and temperature —it is
possible to calculate additional derivative properties such
as the Gruneisen parameter, specific heats, and bulk
moduli.

To measure the acoustic velocity in compressed Mo,
we have used a shock and rarefaction overtake method
described in detail elsewhere. The velocity of a
pressure-release wave (rarefaction) following a strong
shock is measured by observing the point at which it
overtakes the shock front. To generate the shock we hit
a target with a thin (—1 mm) Ayer plate accelerated in
a two-stage light-gas gun to velocities up to 7.6 km/s.
After impact, a shock propagates forward in the target
and backward in the Ayer. The shock is reAected as a
forward-moving rarefaction wave at the rear surface of
the Ayer. Because this rarefaction is moving into hot
dense material, it can overtake the forward-moving
shock and reduce the shock front pressure and tempera-
ture, and this may easily be observed.

The Mo target has four steps of difIerent thickness
shown in Fig. 1. Behind these steps is a brass cell filled
with bromoform, the analyzer material. When shock
compressed, the bromoform is a very efficient emitter of
thermal radiation, the intensity of which can be mea-
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FIG. 1. Schematic of the target assembly.
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FIG. 2. Sound velocity in molybdenum plotted against den-
sity on the Hugoniot curve. Solid lines are linear fits to data;
the dotted curve is the calculated bulk sound velocity assuming
the shock parameters of Table I and the approximation pyG
=const.

sured as a function of time. The target and flyer
thicknesses are fixed so that the overtake occurs in the
bromoform in each case. The four target thicknesses al-
low the eftects of the Mo-bromoform interface to be
eliminated by simply extrapolating the overtake dis-
tances and times to a larger thickness. The correspond-
ing overtake distance, D„t, represents the thickness of
target material at which the rarefaction would overtake
the shock at the Mo-bromoform interface.

The sound velocity in the shock-compressed material is
the velocity of the leading edge of the rarefaction wave.
For an impact of an Mo Ayer on an Mo target, this
sound velocity can be calculated from

C =Us(pojp) [(&+1)/(& —1)j,
where R is the ratio of D„t to flyer thickness, and Up
and p are the shock velocity and density behind the
shock, respectively. For this symmetric impact the parti-
cle velocity behind the shock is exactly one-half the mea-
sured Ayer velocity, and the shock parameters can be cal-
culated from the known Hugoniot curve for Mo. The
Hugoniot curve for Mo has been taken as a fit to previ-
ously measured data points. We have also used iron and
tantalum Ayers, both of which have been well character-
ized for both shock and release properties. The more
complicated calculation for these unsymmetrical impacts
is given elsewhere.

The experimental technique described here measures
only the velocity of the beginning of the release wave. In
a solid this velocity will be that of a longitudinal elastic
wave (C =Cz), while for a partially molten material it is
that of a bulk wave (C =Cg). The transition in wave ve-
locity from longitudinal to bulk defines the point at
which the Hugoniot curve crosses the solidus. '

The acoustic velocity measurements in shock-com-
pressed Mo are shown in Fig. 2 and listed in Table I.
We have plotted the acoustic velocity versus density be-
cause data from many other metals have shown a rough-
ly linear relationship over large density ranges. " '

The most important features of Fig. 2 are the breaks
occurring at 14.5 and 16.5 g/cm, as these are associated

TABLE I. Molybdenum shock data. Hugoniot equations are as follows: (1) iron (Ref. 10):
Us =1.58Up+ 3.955, po =7.85 g/cm; (2) molybdenum (Ref. 6): Us = 1.255Up+ 5.143,
po =10.206 g/cm', (3) tantalum (Ref. 7): Us =1.307Up+3. 293, p0=16.67 g/cm', where Us is
shock velocity in km/s, Up is particle velocity in km/s, and po is initial density.

p (g/cm ')

13.72
13.78
13.83
14.09
14.14
14.50
14.80
14.81
14.98
15.28
15.37
15.83
15.95
16.43
16.72
16.88
17.06

U „„(km/s)

3.89
3.66
4.52
4.85
4.06
4.46
5.80
4.82
5.46
5.86
6.57
6.03
6. 17
6.78
7. 14
7.36
7.58

Flyer

Mo
Ta
Fe
Fe
Ta
Ta
Fe
Ta
Mo
Mo
Fe
Ta
Ta
Ta
Ta
Ta
Ta

P (Mbar)

1.50
1.54
1.57
1.74
1.78
2.03
2.25
2.26
2.39
2.64
2.71
3.13
3.23
3.72
4.02
4.21
4.41

C (km/s)

8.20
8.54
8.33
8.91
9.03
9.35
9.18
9.29
9.29
9.48
9.51
9.60
9.71
9.91
9.33
9.42
9.62

Cg (km/s)

7.44
7.48
7.51
7.66
7.69
7.91
8.09
8 ~ 10
8.20
8.38
8.44
8.72
8.79
9.09
9.27
9.38
9.49

0.99
1.00
0.92
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with changes in the properties of shock-compressed Mo
which have not been observed previously. In Table I we
give the Hugoniot parameters used in all calculations, as
well as the data points. Typical uncertainties are ~ 2%
in sound velocity and ~ 1% in density.

The break in the sound velocity data above 16.5 g/cm
(3.9 Mbar) can be attributed to melting, as previously
observed in Fe, for example. To calculate the bulk
sound velocity, Cz, shown in Fig. 2 and listed in Table I,
we have used the common assumption that pyg is con-
stant' where yg is the Gruneisen parameter and the re-
lation '

K
30

V

0

10
tO
CP

CO

q0
LIJ

fcc

p —+fcc:
V/V = 0.56

P =- 4.? Mbar

bcc~hcp:
V/V = 0.62

P =- 3.2 Mbar

cp

Ma

~S —~H
$6 2

PH —ri( Vp/ V)BH
-30

bcc

In Eq. (2), B~ and BH are the bulk moduli defined along
an isentrope and the Hugoniot curve, respectively, and
ri=1 —V/Vp. Equation (2) allows one to calculate yG
from the bulk sound velocity, Cz =(Bs/p) ', and the
Hugoniot point, or, by inversion, Cz from the Hugoniot
parameters and a model for yG. The agreement between
the model calculation and the data above 16.5 g/cm
shows that the Mo is partially molten at the highest pres-
sures.

The first break in the sound velocity curve above 14.5
g/cm (2. 1 Mbar), on the other hand, can be attributed
to a change in elastic properties associated with a solid-
solid phase change. This phenomenon has been observed
previously in the solid-solid e y phase transformation
in iron. Since the longitudinal elastic wave velocity is
related to the bulk wave velocity through

-
&/2

Cl =Cg 3 (1 —v) (3)1+v

where v is Poisson's ratio, any change in solid phase
which changes v will be seen in these experiments. The
data between 14.5 and 16.5 g/cm are consistent with a
Poisson s ratio of 0.4, which is significantly higher than
the normal-density value of 0.26 for bcc Mo. However,
under shock conditions the microstructure of the new
phase is unknown.

In order to see if there is a basis for expecting solid-
solid phase transitions in Mo, we have studied theoreti-
cally the electronic structure and energetics of this ma-
terial within the framework of the Kohn-Sham local-
density formalism, utilizing the first-principles linear-
mu5n-tin-orbital method. ' ' Specifically, zero-tem-
perature total energies, Ep(V), and pressures, Pp(V),
have been calculated for the bcc structure over the
volume range 0.4 ( V/Vp ( 1.1. In addition, bcc-fcc and
hcp-fcc energy differences have been obtained by means
of the Andersen force theorem. ' These latter results are
illustrated in Fig. 3 and show both that the observed bcc
structure correctly has the lowest total energy near
V = Vp, and that below V=0.8Vp this structure is rapid-
ly destabilized. A bcc hcp fcc sequence of phase

0.6 0.8 1.0

transitions is predicted, with the first transition occurring
at about 16.5 g/cm (3.2 Mbar). These structural phase
transitions are driven by a continuous s d transfer of
electrons into the 4d electron energy bands with decreas-
ing volume. We tentatively identify the bcc hcp tran-
sition with the solid-solid transition observed in the
present experiments, although as yet we have not ruled
out the possibility of an intermediate (distorted or low-

symmetry) phase appearing before hcp, which would
lower the theoretical transition pressure. Also, we have
not considered the eff'ects of phonons and high tempera-
ture on the phase stability, which may bring theory and

experiment into better agreement. To address these
complications, one needs both central and angular forces
in molybdenum, and these are currently under develop-
ment. We have, however, made a simple calculation of
the Griineisen-parameter function yG(V) based on the
volume derivatives of Pp. Consistent with normal-
density thermodynamic data, we find y(,- =1.7 at V= Vp,
and consistent with the present experimental results, we
find yg =0.95 at the observed onset of melting. From
Pp(V) and yG(V) we have further calculated a Hugoniot
curve, PH(V), which is in excellent agreement with es-
tablished shock-wave data. The estimated temperatures
TH at the locations of the present observed phase transi-
tions are 4100 K near the solid-solid transition and
10000 K around melting. By comparison, the Lin-
demann melting law,

d lnT
=2yG (p) —2/3,

d lnp
(4)

with pyg constant predicts a melting temperature, T, of
9300 K at a density of 16.5 g/cm .

Relative atomic volume ( VlV, )

FIG. 3. Theoretical bcc-fcc and hcp-fcc total-energy dif-
ferences at zero temperature as a function of volume in

molybdenum.
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Our electronic structure calculations further show that
an increase in 4d occupation number Zd of roughly 0.5
electron per atom is needed to drive the bcc hcp phase
transition in Mo with pressure. The same conclusion is
reached if instead one increases Zd by continuously in-

creasing atomic number in the 4d transition series, as
can be seen from Fig. 11 of Ref. 1. To see the equivalent
eAect of alloying, one may compare the experimental
phase diagrams of the Mo-Tc, Mo-Ru, Mo-Rh, and
Mo-Pd systems. The bcc, Mo-rich, components of the
eutectics have maximum solute concentrations of 50%,
30%, 20%, and 10%, respectively. Ignoring the screening
of the solute, these systems all have roughly 6.5 valence
electrons per atom at maximum solute concentration, or
roughly 0.5 electron higher than pure Mo. A similar re-
lation applies for the alloy sequence W-Re, W-Os, W-Ir,
and W-Pt. Thus an increase of approximately 0.5 d
electron per atom appears to destabilize the bcc structure
of the group-VIB transition metals. We expect, there-
fore, that high-pressure solid-solid phase transitions
analogous to that observed here for Mo should also exist
for Cr and W.

We wish to thank C. Swenson, D. Shampine, and T.
Rust for their help in making the measurements and B.
Olinger and J. Fritz for useful discussions. This work is
presented under the auspices of the United States
Department of Energy.
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