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Predicted transport properties of liquid plutonium
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The fluid-phase transport properties, diffusivity and viscosity, are calculated by equilibrium and nonequilib-
rium techniques for plutonium, whose interatomic interactions are described by the modified embedded-atom
method. The transport coefficients are evaluated at zero pressure, for temperatures between 950 K and 1300 K.
We find the calculated viscosity to be noticeably higher than experiment, while the structure of liquid Pu
appears to be similar to other liquid metals.
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The structural behavior of plutonium metal at ambie
conditions is arguably the most complex of all elemen
since it consists of six allotropic phases between room t
perature and its melting point of 913 K. Upon melting, P
exhibits a volume contraction similar to water and seve
semi-metals: Bi, Sb, Ge, Si, Ga, and Te.1 In addition to its
unusual properties and its well-known importance to nucl
technologies, Pu can be difficult to work with in the labor
tory due to its oxidative, corrosive, reactive, and fissile n
ture. Thus, the physical properties of the liquid are eit
unknown~experiments too difficult to perform! or data may
be inaccurate~due to impurities or other experimental lim
tations!. Knowledge of the transport properties and the str
ture of liquid Pu is of great practical interest in casting o
erations, as well as in its melting and recrystallizati
behavior.

Recently, the modified embedded-atom method2 ~MEAM !
has been applied to describe the interatomic interaction
plutonium.3 The original embedded-atom method~EAM!4–7

is based on the local-density approximation, where the e
tron density in the neighborhood of a nearly free-elect
metal ion is assumed to be spherically symmetric. In addit
to pairwise-additive forces, an embedding energy, which
pends in a nonlinear way on the local electron density, gi
a volume dependent, many-body interaction energy. MEA
modifies EAM by including angular dependence and scre
ing in the local electron density. In addition tos character,
there isp-, d-, and f-characters, as is appropriate to the
creased degree of covalent bonding in semimetals, trans
metals, and the actinides. The model developed for
showed excellent agreement in predicting the energetic
the various allotropic solid phases.3 Our aim is to apply the
MEAM potential to Pu, in order to predict its liquid prope
ties, primarily transport.

Moreover, we suggest that the range of validity of t
MEAM interatomic interactions can be extended far beyo
the traditional low-temperature, low-pressure solid regim
where semiempirical potentials are fitted to normal dens
cohesive energy~preferably as a function of density at ze
temperature—the so-called cold curve!, elastic constants
and defect energies. Indeed, beyond melting, a more c
plete description of the interatomic interactions ought to
clude the mechanical behavior of the fluid, i.e., the line
relationship between stress and strain rate~Navier-Stokes
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shear viscosity!, which is the fluid analog of the linear stres
strain relationship~elastic constants! in solids.

In a recent paper, we showed that MEAM could descr
the liquid properties of nickel quite well.8 Because of the
greater inherent complexity of its angular bonding, Pu p
vides a more interesting test for MEAM. Because of t
aforementioned difficulties in working with Pu, there exists
limited amount of experimental data that we can use to v
date MEAM Pu in the fluid phase. However, it is encoura
ing that the melting point predicted by MEAM was found
be within 10% of experiment.3 Thus, we have every expec
tation that there exists a parametrization of the MEAM p
tential for Pu that describes both the solid and liquid phas

Transport properties in the fluid phase can be compu
either from equilibrium fluctuations in molecular-dynami
~MD! simulations,@using Green-Kubo~GK! theory9,10#, or
else from the direct response to external driving in noneq
librium MD ~NEMD!. Time-correlation functions of fluxes
~velocity for diffusion and shear stress for viscosity! can be
evaluated in equilibrium MD simulations of the fluid an
integrated in time to get the appropriate transport coefficie
Since the GK method is statistically sensitive to the tim
origin, we utilize a method of overlapping-time-interval co
relation averages,11 wherein the time interval is chosen suc
that the initial correlation function has sufficiently decay
to '20% of its original value. This minimizes the overa
length of the simulation, as well as improves the quality
the autocorrelation functions.

Equilibrium calculations for the viscosity and the diffusiv
ity were performed under constant volume and energy c
ditions, following melting at 2000 K, adjusting the volume
get zero pressure, and equilibrating to the final desired t
perature, which usually required'5 ps. Then 1500 indi-
vidual correlation functions of lag 2 ps, spaced 0.2 ps ap
were averaged together. We estimated the errors in the
culated diffusivity to be less than 2% and, for the viscos
less than 12%.~System size was 1024 atoms, and the tim
step was set to 1 fs.!

We have also applied a new, simple, and much more
ficient NEMD method12 to evaluate the shear viscosity d
rectly, at about 1/10th the computational time required
the GK approach. Traditionally NEMD uses sliding boun
ary conditions established by Lees and Edwards,13 as were
earlier applied successfully to EAM Ni and Al.14,15 For our
©2003 The American Physical Society04-1
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calculations here, however, using the method outlined
Holian,12 standard three-dimensional~3D! periodic boundary
conditions are imposed, along with a mass-average velo
up on one side of the sample, and its opposite on the o
side. In order to maintain this flow, an external accelerat
g(t) is applied to each atom~in the direction of the velocity
up), which can be obtained from the forces summed up
each side of the sample. The result is a sinusoidal velo
profile predicted from Navier-Stokes hydrodynamics. The
nematic viscosity,n5h/r (h is the shear viscosity andr is
the density of the fluid!, can then be obtained

n52
ḡssw2

p2up

, ~1!

whereḡss is the steady-state time-averaged driving accele
tion, andw is half the width of the periodic box. The she
viscosity at several shear rates (ġ52up /w) is extrapolated
to obtain the GK limit at zero shear rate, using the gene
ized Lorentzian functional form12,16

h5
h0

@11~tġ !2#m/2
, ~2!

whereh0 is the shear viscosity at zero shear rate,t is the
shear-thinning relaxation time, andm is a constant.~Results
were fitted by weighted nonlinear least squares, where
weights are 1/s2; s is the standard deviation ofh at a given
ġ.! An example of this fitting process is given in Fig. 1. No
that the error increases significantly with decreasing sh
rate. The fits yielded values ofm from 0.72 to 0.84 over the
temperature range of 950 K to 1300 K. The shear-thinn
relaxation time,t decreased uniformly from 19 ps to 10 p
from 950 K to 1300 K.

The system size for our NEMD simulations was 20
atoms in a box of approximate dimensions 54340324 Å,
which gives a density appropriate to zero pressure at z
shear rate~as long as the length in thex direction was greate
than about 35 Å, results were reliable!. Temperature was

FIG. 1. Lorentzian fit to shear viscosity as a function of sh
rate for plutonium at 1200 K.
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maintained with a Nose´-Hoover thermostat,17 and the time-
step was set to 1 fs. The simulations were allowed to equ
brate at the desired shear rate for 5 ps before averaging
driving force over 15 ps. We estimate the errors in the v
cosity to be less than 7%.

As can be seen in Fig. 2, at low shear rates, the flow is
expected Navier-Stokes sinusoidal velocity profile. At t
lowest rates, standard deviations are large~See Fig. 1!. How-
ever, at very high shear rates, the system develops a s
like columnar structure, as shown for Ni in Fig. 2. Since th
is far from the Navier-Stokes regime, we can hardly exp
to include it in the extrapolation to the GK limit. We applie
this method to MEAM Ni ~Ni4 in Ref. 8! and found the
extrapolated NEMD value for the zero shear rate viscosity
coincide with GK results to within 3%. Adjusting the stra
rates using the mass ratio between Pu and Ni, we chos
extrapolate the Pu data using shear rates from 3.73109 s21

to 2.231011 s21. In Table I we present the heat of solidifi
cationDH, relative volume change on meltingDV/V, melt-
ing pointTm , liquid densityr, temperature derivative of the
liquid density]r/]T, and liquid specific heatCp for MEAM
Pu.3 Most of these agree well with experiment, apart fro
DV/V. Although DV/V is about twice experiment, MEAM
«-Pu shows expansion upon solidifying, as does experim

In Table I we show a recalculation of the zero-press
melting temperature (Tm) compared to experiment, using th

r

FIG. 2. Velocity profile in they direction as a function of the
x-position for MEAM Ni. Open symbols represent a low shear ra
(1.331012 s21), where the velocity profile is sinusoidal; solid sym
bols are for a high shear rate (6.631012 s21), where a solid-like
columnar~or liquid-crystal-like! structure develops.

TABLE I. Thermo-physical properties of the liquid and solid
liquid transformation predicted by the parameters given in Ref.

Thermo-physical properties Calculated Experimenta

DH ~eV/atom! 0.025 0.029
DV/V ~%! 25.9 22.5
Tm ~K! 91865 913
r (g/cm3) at 913 K 17.29 16.62
]r/]T (mg/cm3 K) 22.0 21.5
Cp ~J/K mol! at 1000 K 46.8 41.8
4-2
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moving interface method.3 Rather than determiningTm by
extrapolating the velocity of the solid-liquid interface
zero, we constructed a two-phase cell from a series of c
stant volume and energy simulations. The result is rema
ably close to the experimental melting point.

In Fig. 3, we present the radial distribution functio
~RDF! for liquid Pu at 950 K, calculated by taking the ave
age of 10 configurations spaced 0.1 ps apart. Typically in
RDF of a liquid, the distance to the first peak is appro
mately the nearest-neighbor distance in the phase prio
melting: for «-Pu, the bcc phase prior to melting, the fir
peak is at 3.14 Å. Indeed, we see that the first peak
MEAM liquid Pu occurs at 3.175 Å.~If a-Pu were presen
we would expect to see a peak at 2.58 Å.! Note that since
there is no peak at short (;2.6 Å) atomic separation, th
number of Pu dimers in the liquid must be very low. We a
present in Fig. 3 the experimental RDF for aluminum, wh
has a similar melting point to Pu. Obviously, there
nothing strikingly ‘‘peculiar’’ about the structure of liquid
MEAM Pu.

In Fig. 4, we show the calculated self-diffusivity in liqui
MEAM Pu, which obeys the Arrhenius form

D~T!5D~Tm!expF2
ED

k S 1

T
2

1

Tm
D G . ~3!

whereD is the diffusion coefficient,ED is a diffusional ac-
tivation energy,k is Boltzmann’s constant, andT is the tem-
perature~the melting temperature isTm). The resulting val-
ues for liquid MEAM Pu are given in Table II.

Experimental data for liquid Pu viscosity18 is compared to
MEAM Pu in Fig. 4. NEMD results are extrapolated to ze
shear rate, in excellent agreement with equilibrium GK
sults. Viscosity as a function of temperature can also be fi
to an Arrhenius expression

FIG. 3. Radial distribution function g~r! of MEAM Pu ~solid
line! at 950 K for distancer scaled by the cube root of the numb
densityn, compared with the experimental RDF for Al~symbols! at
943 K. The upper axis givesr for Pu.
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h~T!5h~Tm!expFEh

k S 1

T
2

1

Tm
D G , ~4!

where values for the parametersh(Tm) andEh are tabulated
in Table II. The fit was weighted using the errors associa
with the data, which for the NEMD simulations is less th
2%, and less than 7% for the equilibrium GK results. No
that the GK method would require an order of magnitu
more computing time, in order to reduce its errors to th
of NEMD.

Before turning to the comparison of experiment a
theory, we make the following interesting observation ab
MEAM Pu. Since the diffusivity is so well-represented b
Eq. ~3! and viscosity by Eq.~4!, we see that the model liquid
obeys the classic Stokes-Einstein relationship over the
ited temperature range studied, i.e.,

D~T!h~T!

kTA3 n~T!
5

D~Tm!h~Tm!

kTmA3 n~Tm!
'const. ~5!

FIG. 4. Diffusivity and viscosity of liquid MEAM Pu as a func
tion of temperature. The diffusivity and viscosity are normalized
the GK value at the melting temperature. The diffusivity is depic
by the open circles. Viscosity~at zero shear rate! as calculated by
NEMD ~triangles! and GK ~circles! methods are depicted by th
solid symbols. The dashed lines represent an Arrhenius fit thro
the calculated data. The experimental viscosity is represented b
solid line.

TABLE II. Arrhenius fits to the diffusivity and viscosity data
presented in Fig. 4 whereE is the activation energy in eV/atom
h(Tm) is the viscosity at melting in mPa-s andD(Tm) is the diffu-
sivity at melting in cm2/s.

Method Eh h(Tm) ED D(Tm)

NEMD 0.205 25.2
EMD 0.208 24.8 0.37 2.3 x 1026

expt.a 0.133 5.93

aReference 18.
4-3
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wheren is the number density. We determine that the con
in Eq. ~5! is 0.15460.0123 or'1/2p. This value is signifi-
cantly greater than the 1/6p predicted by the Stokes-Einste
expression or the 1/4p predicted by the Sutherland-Einste
expression.

The temperature variation of the calculation and exp
ment are similar, but the calculated values are a factor of f
larger than experiment. The experimental methods emplo
are known to produce errors by as much as 30%;19 hence, it
is extremely unlikely that experimental errors are sufficie
to explain the disparity between the calculated and exp
mental results. It is also unlikely that surface oxides or i
purities could affect the experimentally measured Pu visc
ity by a factor of four. The most likely source of discrepan
is the MEAM potential for Pu, which had no input from
09210
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liquid-phase data for its parameters. In an earlier paper,8 the
authors observed significant variation in viscosity betwee
number of potentials produced for Ni. Preliminary calcu
tions have shown that when the angular screening valu
reduced to 0.8 the calculated viscosity was lowered by
much as an order of magnitude. However, the melting po
was reduced significantly. This strong dependence of liq
transport properties on potential presents a unique oppo
nity to use information about the mechanical response of
fluid to improve the range of validity of the MEAM treat
ment of interatomic interactions.
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