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Abstract

Using a contact delay-line ultrasonic device, we measured the elastic properties particularly the shear modulus μ of pure plutonium and
uranium–vanadium alloy from ambient temperature to 900 K. Several allotropes of these materials have been detected in the explored temperature
range. For plutonium metal, measurements reveal a collapse of μ(T) of about 50% for the � → � phase change and a small increase of 0.2% for
the � → � phase change. For uranium–vanadium alloy, we observe a monotonic decrease of about 50% of μ(T) for the � → � phase change. In
order to include the phase transition to describe the variation of μ(T), a model has been proposed and applied.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The knowledge of the elastic moduli is necessary in calcu-
lations with classical mechanical computer codes, both in the
elastic and in the elastoplastic regimes. When a structure is
stressed versus temperature, these elastic moduli must be known
across the whole range of temperature investigated. For materials
which are subjected to high temperatures, most of conventional
measurement methods, such as mechanical testings, are unsuit-
able. An alternative solution is an ultrasonic method [1] which
has the advantage to determine the elastic moduli [2] in the
extreme elastic limit.

Uranium–vanadium alloy and pure plutonium have been the
subject of many previous investigations in different domains:
physical properties (corrosion, thermal conductivity, thermody-
namics, . . .). Indeed with respectively three and six allotropes
between room temperature and their melting point, physical
properties of these materials vary substantially.

The main intention behind the present experiment was to
study particularly the shear modulus μ as a function of the tem-
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perature of these two materials and to compare it with the Young
modulus and previous measurements.

2. Experimental set-up

The determination of the shear modulus depends on the acoustic velocities,
in particularly on the shear velocity, which variation versus temperature can
be measured. The principle of the experiment consists in measuring the time
of flight of the acoustic wave through the sample as described in the Fig. 1.
The elastic-wave velocities determination requires the accurate knowledge of
the distance of propagation through the solid versus temperature l(T). This is
obtained using the thermal expansion of the material. A furnace is used so that the
main heating region is located on the sample up to 1000 K. This latter (cylinder of
4.5–10 mm width and 23 mm diameter) is placed between two wave-guides. At
the end of each one, two transducers (respectively, 2.25 MHz for the shear mode
and 5 MHz for the longitudinal mode) are connected with the same ultrasonic
characteristics. The two wave-guides are used to ensure the propagation of the
waves through the sample while the thermal resistance of the wave-guides is
sufficient to keep the transducers near room temperature.

3. Results

3.1. Uranium–0.2 wt% vanadium

Uranium, with a melting point of 1405 K has three allotropes:
� (below 938 K) is orthorhombic, � (938–1040 K) is tetrag-
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Fig. 1. Principle of measurements.

Fig. 2. Normalized time of flight of shear wave and variation length vs. temper-
ature for uranium–0.2 wt% vanadium alloy.

onal and � (1040–1405 K) is bcc. The addition of vanadium
improves mechanical properties of the uranium by reducing the
grain size and does not modify the physical properties of the
allotropes. Fig. 2 presents the evolution of the normalized time
of flight of the shear wave and the normalized variation length
of the uranium–0.2 wt% vanadium alloy obtained by [3] versus
temperature up to T/Tm = 0.70 with Tm = 1405 K (Tm: melting
temperature). We observed that both ultrasonic and dilatomet-

ric data are coherent. One phase transition (� → �) would be
noticed and the temperature of phase change is in a good agree-
ment. Evolution of the shear modulus of this alloy has been
represented in Fig. 3. The measures have been performed in the
temperature range 0.2 < T/Tm < 0.7 with uncertainties below 4%.
The evolution of μ(T) shows a monotonous decrease of about
50% from its ambient value to the first transition � → � where
the fall is drastic (about 20% for a very narrow temperature
range).

The results of this study are compared with those of Stein-
berg [4] for pure uranium. Steinberg et al. proposed the following
expression for variation of shear modulus as a function of pres-
sure P and temperature T in the solid state:

μ(P, T ) = μamb + ∂μ

∂P

P

η1/3 + ∂μ

∂T
(T − 300) (1)

where μamb is the shear modulus at ambient temperature (taken
as 300 K), ∂μ/∂P and ∂μ/∂T are the partial derivatives of the
shear modulus versus pressure and temperature, respectively and
η is the compression defined by the ratio of the mass density
under pressure over the mass density at ambient pressure. In
this formula, variation of the shear modulus with the temperature
does not depend on pressure.

Assuming linear variation in the shear modulus, results show
very good agreement up to the first transition phase. At higher
temperature, this model does not take into account phase transi-
tion as can be seen in Fig. 3. So in order to describe these phase
transitions, we have extended a model based on the description
of the solid to liquid drastic fall of μ(T) [5].

Our model can be written:

μ(T )

μij

= 1 + aij(T − Tij)

τ(T/Tij)

for T ∈ [0, Tij] (2)

Fig. 3. Normalized μ(T) of the U–V alloy (�) with the associated modeling (solid line and dotted line) and μ(300 K) = 86.1 GPa. Comparison to normalized Young
modulus (�) [5] with E(300 K) = 201 GPa and pure uranium Steinberg data (×).
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