PHYSICAL REVIEW B 78, 184202 (2008)

Rheology of liquid fcc metals: Equilibrium and transient-time correlation-function nonequilibrium

molecular dynamics simulations

Caroline Desgranges and Jerome Delhommelle
Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA
and Department of Chemistry, University of North Dakota, Grand Forks, North Dakota 58202, USA
(Received 17 February 2008; revised manuscript received 15 August 2008; published 13 November 2008)

Using classical molecular dynamics simulation together with the quantum-corrected Sutton-Chen many-
body embedded-atom model, we study the rheology of several liquid fcc metals (Pb, Pt, Ir, Ag, and Rh) at
ambient pressure and at four temperatures ranging from 5% below the melting temperature to 75% above the
melting temperature. We first carry out equilibrium molecular dynamics simulations and determine, using
Green-Kubo’s formalism, the shear viscosity 7k, the shear modulus G.., and the Maxwell relaxation time 7.
By scaling the shear stress autocorrelation function or, equivalently, the time-dependent viscosity 7(z) by 7gk
and the time ¢ by 7,,, we show that the scaled time-dependent viscosity for all metals collapses onto the same
curve. This demonstrates that the relaxation behavior is the same for all metals studied here. We then apply
transient-time correlation-function nonequilibrium molecular dynamics simulations to determine the response
of liquid metals subjected to shear rates ranging from 10 s~ to 5X 10'> s~!. We show that for all metals, the
shear rate-dependent viscosity 7(7y) (scaled by 7gk) as a function of the applied shear rate y (scaled by the
inverse of 7)) collapses onto the same curve. We obtain the same result for the shear rate-dependent pressure
P(7) (scaled by G..) and for the potential energy (scaled by its equilibrium value). Fits to power-law expres-
sions show that 7(+y) follows the prediction of mode-coupling theory and that nonanalytic exponents are found

for the shear rate dependence of pressure and potential energy.
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I. INTRODUCTION

Transport properties, such as shear viscosity, play a cen-
tral role in many applications ranging from biological sys-
tems to materials processing. An understanding of how the
liquid responds when subjected to an external field is essen-
tial in analyzing the behavior of liquids and supercooled lig-
uids. Computational physics methods, i.e., ab initio and clas-
sical molecular dynamics (MD) simulations, have proved to
be a valuable tool in helping us understand how the structure
and in turn the transport properties of liquids are affected by
shear. Previous work based either on ab initio' or on classical
molecular dynamics simulations®>? have demonstrated how
the shear viscosity of liquid metals could be determined
through the evaluation of the shear stress autocorrelation
function and of Green-Kubo relations.* A complete under-
standing of the rheology of liquid metals using molecular
simulations has remained elusive so far. Nonequilibrium mo-
lecular dynamics (NEMD) simulations should be, in prin-
ciple, of great help since they provide a direct access to the
microscopic structural changes induced by the applied shear
rate. However, most NEMD studies have been restricted so
far to liquid metals subjected to very high shear rates, i.e.,
several orders of magnitude higher than the experimentally
accessible rates. For instance, in previous work,23 the shear
rates explored by NEMD simulations were at least of the
order of 10'” s™! and mostly one to two orders of magnitude
higher. As a result, in these simulations, liquid metals exhib-
ited a pseudoplastic fluid behavior and underwent shear thin-
ning over the range of shear rates simulated. We showed in
recent work® how the transient-time correlation-function
(TTCF) formalism®° could be applied to determine the rhe-
ology of a liquid metal during the course of nonequilibrium
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molecular dynamics (TTCF-NEMD) simulations. The
transient-time correlation-function formalism is essentially a
simple nonlinear generalization of the Green-Kubo relations.
The TTCF-NEMD method is a marked improvement over
conventional NEMD methods since TTCF-NEMD simula-
tions allow the studying of the response of systems subjected
to an arbitrarily low (i.e., realistic) shear rate.

The objective of this work is twofold. Our first goal is to
assess the ability of the quantum-corrected Sutton-Chen
embedded-atom model (qSC-EAM) (Refs. 10 and 11) poten-
tial to predict shear viscosities that are in good agreement
with the experimental data for liquid Pb, Pt, Ir, Ag, and Rh.
Having a simple and accurate model for liquid fcc metals,
which can be used in classical molecular dynamics simula-
tions, is essential for many applications. This is the case here
since, as we will see, the TTCF-NEMD simulations we carry
out to study the rheology of liquid Pb, Pt, Ir, Ag, and Rh
requires simulation of the time evolution of the system over
tens of thousands of molecular dynamics trajectories of ten
picoseconds each (i.e., well beyond reach of ab initio mo-
lecular dynamics studies, which typically involve simulating
a single trajectory over a few tens of picoseconds'). Having
such models is also crucial in many other types of study such
as, for instance, the simulations of crystallization from liquid
metals,'>!3 which require simulating the time evolution of
large systems and over long-time intervals (typically of the
order of 10°~10° atoms and of several nanoseconds'*!7).
The second aim of this work is to demonstrate that all the
liquid metals studied in this work present the same rheology.
More specifically, by appropriately scaling the results of
EMD as well as of TTCF-NEMD simulations, we will show
that, for all liquid metals studied in this work: (i) the shear
stress relaxation behavior is the same and, (ii) when sub-
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TABLE 1. Parameters, melting temperature (7, 4sc) of the gSC-EAM potential, and experimental melting

temperature (7, .y,) for Pb, Pt, I, Ag, and Rh.

Pb Pt Ir Ag Rh
a (A) 4.9495 3.916 30 3.834 40 4.069 10 3.798 40
e (1072 eV) 0.557 72 0.978 94 0.376 74 0.394 50 0.246 12
¢ 45.882 71.336 224,815 96.524 305.499

m 7 7 6 6 5

n 10 11 13 11 13

Tasc (K) 575 1925 2740 1000 2125

Tpexp (K) 601 2042 2683 1234 2239

jected to a shear rate, the response, in terms of shear viscos-
ity, departure from the equilibrium pressure, and potential
energy, is the same for all systems. We will also determine
from the TTCF-NEMD simulations how shear viscosity,
pressure, and energy depend on the applied shear rate and
compare our results to the predictions of mode-coupling
theory and to previous simulation work.

The paper is organized as follows. In Sec. II, we present
the gSC-EAM used for liquid Pb, Pt, Ir, Ag, and Rh. We give
an account of the EMD and TTCF-NEMD methods used to
evaluate the shear stress as well as the viscosity of liquid Pb,
Pt, Ir, Ag, and Rh. We then present and discuss the results
obtained at ambient pressure and at four different tempera-
tures, ranging from 5% below the melting point to 75%
above the melting point.

II. QUANTUM-CORRECTED SUTTON-CHEN
EMBEDDED-ATOM MODEL POTENTIAL

The accuracy of the classical MD simulations relies on
the ability of the model used in these simulations to repro-
duce either experimental data or the results of ab initio cal-
culations. A simple and accurate model is the embedded
atom model (EAM) potential,'® which can be derived by a
second moment approximation to tight-binding molecular-
orbital theory.!” In this work, we use the gSC-EAM (Refs. 10
and 11) to model the interactions in liquid Pb, Pt, Ir, Ag, and
Rh. For a system of N atoms, the potential energy U is writ-
ten as the sum of a contribution arising from pairwise inter-
actions and a contribution of a many-body term,

N a\n N
228<—) -eC> \p;, (1)
i=1

1
250 j#i \ij

in which ry; is the distance between two atoms i and j, and

the density term p; is given by

=3 (ﬁ)m @

j#i \lij

We give in Table I the parameters used in this work. We also
provide in Table I the melting temperatures of the qSC-EAM
potential obtained from two-phase molecular simulations'!
together with the experimental data. The melting tempera-
tures predicted by the gSC-EAM potential are generally in
excellent agreement with the experimental data (within 5%
for Pb, 6% for Pt, 3% for Ir, and 5% for Rh), with the
exception of Ag for which the agreement is only good
(within 19%).

II1. SIMULATION METHODS

We first determine through a series of molecular dynamics
simulations carried out at constant temperature and constant
pressure, the equilibrium densities for all liquid metals con-
sidered at ambient pressure and temperatures: (i) 5% below
the melting point, (i) at the melting point, (iii) 10% above
the melting point, and (iv) 75% above the melting point.
Then, in order to determine the shear viscosity and study the
rheology of liquid metals for each set of conditions, we carry
out EMD and TTCF-NEMD simulations on systems of N
=256 atoms in the NVT ensemble, in which the volume of

TABLE II. Rheology of liquid Pb at ambient pressure: simulated density pg,,, shear viscosity [nexp:
experimental data (Refs. 20 and 21) and #gk: Green-Kubo estimates], infinite frequency shear modulus G.,

and Maxwell relaxation time 7.

T Psim Mexp 7GK Go ™
(K) (g cm™) (mPa s) (mPa s) (GPa) (fs)
550 9.84 2.8+0.1 9.3+0.1 301 =4
575 9.79 2.4+0.1 9.2+0.2 258 +3
650 9.60 2.27 1.98 £0.05 9.0=0.1 221+2
1000 8.76 1.00£0.05 8.0x0.1 125+2
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TABLE TII. Rheology of liquid Pt at ambient pressure: experimental (pey,) (Ref. 22) and simulated (pgim)
densities, shear viscosity [7.y,: experimental data (Ref. 22) and 7gk: Green-Kubo estimates], infinite fre-
quency shear modulus G, and Maxwell relaxation time 7).

T Pexp sim Texp 7GK Gy ™
(K) (g cm™) (g cm™3) (mPas) (mPa s) (GPa) (fs)
1830 19.43 18.55 6.65 7.8+0.2 65.2+0.5 120+2
1925 19.33 18.44 5.66 72+0.2 64.9+04 1112
2125 19.13 18.08 4.22 5.6*+0.2 62.5+04 90=1
3375 16.16 2.8+0.05 52.5+0.2 53+1

the system V is chosen so that the ratio N/V matches the
equilibrium density previously determined for each tempera-
ture. The equilibrium densities used in the simulation, to-
gether with the available experimental densities, are given in
Tables II-VI.

In EMD simulations, we use the following set of equa-
tions of motion

. _Pi
I‘i— N
m;

p;i=F;— ap;, (3)

where m; denotes the mass of atom i and F; denotes the force
on atom i resulting from the interaction potential. « is the
thermostat multiplier,” which fixes the kinetic energy, and
hence, according to the equipartition principle, the tempera-
ture is defined as Ty, =(=Y mv?)/3Nkg, where kg is Boltz-
mann’s constant. « is given by

configurations during the course of a long equilibrium trajec-
tory [governed by Eq. (3)]. Each of these configurations is
the starting point for a nonequilibrium trajectory. The non-
equilibrium trajectory is generated by a homogeneous shear
field in the SLLOD equations of motion® together with ap-
propriate periodic boundary conditions.>* This method cor-
rectly describes an isolated bulk system under arbitrarily
strong shear.” For a fluid undergoing Couette flow in the x
direction with a velocity gradient along the y direction, the
SLLOD equations for a particle i are as follows:

. P
r=—+7ye,,
m

pi = Fi - 7pyiex - ap;, (6)

where vy is the imposed shear rate and e, is a unit vector
along the x axis. In this case, the thermostat multiplier «
fixes the peculiar kinetic energy, i.e., the kinetic energy rela-

EN F/ tive to the flow, and hence the temperature defined as
=y Pi Xilm; @
oa=""_—~ - . .
EN pz/m Ei mi(vi - Wiex)Z
=1 Ei’ _
Tkin - ) (7)
3Nkpg

During the simulation run, the shear stress is evaluated as the
opposite of P,,=X/p,p,/m+Fy;)/V. Shear viscosity is
then estimated according to the following Green-Kubo ex-
pression:

= f (P (5P, (0))ds. (5)
0

kgT
The TTCF-NEMD method consists of monitoring the re-
sponse of a system over a large number of nonequilibrium
trajectories. For that purpose, we generate many equilibrium

a is given by

E~(Fi'Pi—7px. )
a=—" iy ®)

Eipi'pi

The TTCF formalism may be used to determine the shear
viscosity, and more generally any phase-space property, of
fluids undergoing shear flow.>? For any phase-space property
B(7), the average of B at time 7 is equal to

TABLE IV. Rheology of liquid Ir at ambient pressure: experimental (Ref. 23) (p.y,) and simulated (pg)
density, shear viscosity [7ey,: experimental data (Ref. 23) and 7gk: Green-Kubo estimates], infinite fre-

quency shear modulus G.., and Maxwell relaxation time 7.

T Pexp Psim Texp 7IGK Ge ™
(K) (g cm™) (g cm™3) (mPa s) (mPa s) (GPa) (fs)
2600 19.6 19.15 7.41 10.7£0.2 1031 104+ 1
2740 19.48 18.44 6.91 10.0£0.2 1011 99+ 1
3000 19.22 18.08 7.7£0.2 98+ 1 79+1
4800 16.16 3.0£0.1 75+1 40+ 1
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TABLE V. Rheology of liquid Ag at ambient pressure: simu-
lated density p;,, Green-Kubo estimates for the shear viscosity
1k infinite frequency shear modulus G.,, and Maxwell relaxation
time 7.

T Psim 7GK G ™
(K) (g cm™) (mPa s) (GPa) (fs)
950 9.23 5.0*0.2 299+04 167+2
1000 9.14 4.0*0.1 29.3+0.3 136 +2
1100 9.00 3.05+0.05 284+04 107 +2
1750 8.10 1.45£0.05 23.9+0.2 61*1

(B(1)) = <B(0)>—— f (B(s)P,(0))ds. 9)

If we choose B()=P,,(7), the equilibrium average (P,,(0)) is
equal to zero and we obtain the following expression for
(Py(0)):

(ny(t)>=— f(P (s)Py,(0))ds. (10)

It is then straightforward to evaluate the shear viscosity ac-
cording to

(n(1)) = J (P (s)P(0))ds. (11)

The TTCF approach is particularly advantageous over con-
ventional NEMD methods since it allows studying of the
response of the fluid for experimentally accessible shear
rates>?>3! (it has also been applied in previous work to
simple liquids undergoing elongational flow? and to deter-
mine the electric conductivity in molten sodium chloride’?).
An additional advantage is that a number of issues arising
from the very large shear rates used in conventional NEMD
methods will not affect the TTCF calculations such as, e.g.,
the effect of the thermostatting method on the results. In
simulations, dissipation of heat is accounted for by a homo-
geneous thermostatting force which fixes the expression for
the temperature given in Eq. (7) and enables the system to
reach a steady state. When the applied shear rate is large,*%
the flow velocity is known to depart from the linear profile
assumed in the expression for the temperature given in Eq.
(7). In this case, using a thermostat based on Eq. (7) might

TABLE VI. Rheology of liquid Rh at ambient pressure: simu-
lated density (pg,), Green-Kubo estimates for the shear viscosity
76k, infinite frequency shear modulus G..,, and Maxwell relaxation
time 7.

T Psim 7IGK G, ™
(K) (g cm™) (mPa s) (GPa) (fs)
2125 10.64 8.0+0.1 84+ 1 96+2
2340 10.44 5.7%0.1 81+1 702
3720 9.27 24+0.1 65+1 38+ 1
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result in an artificially low estimate for the viscosity at high
shear rates.3®3 This problem can be circumvented by using
a configurational thermostat’**? based on a purely configu-
rational expression of the temperature.*'~** However, previ-
ous work on a variety of atomic*>*® and molecular fluids*’*3
has shown that both types of thermostats give the same re-
sults (both for the energy and the viscosity) for shear rates
below 10'? s~!. Since the aim of this work is to determine
the response of liquid fcc metals subjected to experimentally
accessible shear rates, i.e., several orders of magnitudes
smaller than 10'? s~!, we will use the most computationally
efficient strategy, i.e., the Gaussian thermostat presented in
Eq. (6).

We integrate the equations of motion with the operator
splitting algorithms proposed by Zhang*® for the EMD simu-
lations and Pan et al.*® for the TTCF-NEMD simulations. In
all cases, we use time steps of 5-10 fs. We also use a cut-off
radius, set to be equal to twice the value of the parameter a,
beyond which interactions between atoms are neglected. Pe-
riodic boundary conditions are applied to the system either in
the standard form for EMD simulations* or in the form pro-
posed by Lees and Edwards?* for TTCF-NEMD simulations.
For each liquid metal and each set of conditions, EMD simu-
lations were run for 10 ns, over which the correlation func-
tion for the shear stress given in Eq. (5) was evaluated. The
TTCF-NEMD simulations were carried out as follows. Dur-
ing a subsequent EMD simulation run, we selected 10 000
equilibrium configurations of the system at intervals of 10
ps. From each of these configurations, we defined three other
equilibrium configurations: (i) by reversing the sign of the
momenta of all particles (also termed as time-reversal
mapping’), (i) by mirror symmetry (reversing the sign of x
and p, for all particles), and (iii) by applying both the time-
reversal mapping and the mirror symmetry. The 40 000 con-
figurations so obtained were the starting points for the non-
equilibrium trajectories. In addition to being more efficient,
this procedure also ensures that the (P,,(0)) is exactly zero.

IV. RESULTS AND DISCUSSION

We first present the results obtained from the EMD simu-
lations. We report in Tables II-VI the densities, pg,, Ob-
tained for the various state points for each liquid metal as
well as the shear viscosities, 7k, estimated according to the
Green-Kubo relation given in Eq. (5), together with the
available experimental data, pey, and 7y, respectively. For
all metals considered here, the liquid densities predicted by
the qSC-EAM are in very good agreement with the experi-
mental data (within 5% for Pt and Ir, and within 2% for Rh
for the state points considered). The ability of the gSC-EAM
potential to predict the shear viscosity depends on the liquid
metal as well as on the state point studied. The agreement is
good, e.g., for Pb at T=1.1T,, (776x underestimates 7y, by
12%) and for Pt at T=0.95T,, (ngk overestimates 7y, by
17%). As we increase the temperature, the departure of the
value predicted by qSC-EAM from the experimental value
increases. For instance, for Pt, at 7=0.95T,,, the difference
between the two is of 17%; at T=T,,, it is of 27% and at T
=1.1T,,, it reaches 33%. On the other hand, the agreement
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FIG. 1. Logarithm of [ 7gx—7(r)]/ gk as a function of time at
T=1000 K (solid line), T=800 K (dashed line), T=650 K
(squares), and T=550 K (circles)].

between the shear viscosity predicted by the qSC-EAM and
the experimental value is only fair for Ir. The qSC-EAM
overestimates 7., for the two lower temperatures by 41%
and 44%, respectively. We recall that experimental data for
the viscosity are only available at temperatures close to the
experimental value for the melting temperature. Therefore,
since the melting temperature predicted by qSC-EAM is
higher than the experimental value (unlike for the other met-
als), it makes sense that gSC-EAM overestimates 7y, for
these temperatures. It should also be noted that Sutton-Chen
potentials are known to break down for solids where bond
anisotropy becomes important (e.g., the adatom migration in
Ir is not correctly predicted by the SC-EAM potential which
ignores angle-dependent forces’!'). This could also play a role
in the lesser ability of the gSC-EAM potential to predict the
shear viscosity in the case of Ir.

We now compare the shear stress relaxation behavior ob-
served for all systems. For this purpose, we start by applying
the Maxwell model of viscoelasticity®? to the liquid metals
studied in this work. The Maxwell model has been shown to
correctly describe a variety of systems, such as simple
liquids>> and molten salts.*® The Maxwell model, in which
the shear stress autocorrelation function (i.e., the memory
function) is assumed to decay exponentially, provides a route
toward the evaluation of a relaxation time 7, for the system.
In the Maxwell model, the characteristic decay time 7, is
calculated as 7y,=7n/G.,, where GOC:V(P)ZCy(O))/kBT is the in-
finite frequency shear modulus. The calculated values for G,
and 7y, are given in Tables II-VI. We also plot in Fig. 1 the
variation with time of the logarithm of [ 7gx— 7(f)]/ gk in
the case of Pb for the four state points studied (this should
appear as a line if the system is correctly described by the
Maxwell model). As shown in Fig. 1, liquid Pb rigorously
follows the Maxwell model for temperatures well above the
melting temperature (7=1000 K, i.e., 75% above the melt-
ing temperature of the model). However, for temperatures
below T=1000 K, the values of 7;, are much shorter than
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the time needed for #(¢) to reach its plateau (see Fig. 1). In
fact, Fig. 1 shows that liquid Pb obeys the Maxwell model
for very short times only. For instance, for 7=550 K and for
times below 0.5 ps, we find the slope of the logarithm of
[ 76k — 1(1)]/ 7k to be in excellent agreement with the value
of the Maxwell relaxation time. Similar results are observed
for the other metals.

We then scale the time-dependent viscosity 7(¢) defined
by

(1) = k_VT f (P ($)P(0))ds, (12)
B 0

and the time ¢ by 7gk and 7y, respectively, for each liquid
metal and for each state point considered in this work. For
each state point, we collapse on the same graph the plots
obtained for all liquid metals of the scaled time-dependent
viscosity against the scaled time (Fig. 2). The main conclu-
sion we draw from Fig. 2 is the fact that there is an excellent
agreement between the results obtained for all liquid metals
at the same state point. This convincingly demonstrates that
the shear stress relaxation behavior is the same for all the
liquid metals for a given state point. However, although the
relaxation behavior is the same for all metals, it is state point
dependent. As temperature decreases, it takes a longer time
(even scaled by 7,) for the ratio 7(t)/ 7gk to reach its lim-
iting value of one. For instance, this ratio reaches one within
the first 5 X 7, for T=1.75T,, and approximately 20 X 7, for
T=0.95T),.

We now turn to the results obtained for the rheology of
liquid metals obtained during the TTCF-NEMD simulations.
We start by showing in Fig. 3 the results obtained for the
rheology of liquid Pb at T=550 K (7=0.95T,,). This three-
dimensional plot, representing the variations of shear viscos-
ity as a function of time and of the logarithm of the shear
rate, provides a full picture of the rheology of liquid Pb. The
region associated with short times represents the transient
regime. The plateau region associated with large times and
low enough shear rates represents the Newtonian regime.
This finding is in agreement with recent experimental results
showing that Pb melt behaves as a Newtonian liquid.>> As
shown in Fig. 3, the Newtonian plateau is reached for times
larger than 4 ps and for shear rates lower than 107 s~ (we
emphasize again that this range of shear rates is not acces-
sible by conventional NEMD methods). As the applied shear
rate increases beyond 107 s7', the value of the shear viscos-
ity in the steady state steadily decreases. In this region, liquid
Pb enters the non-Newtonian regime and undergoes shear
thinning.

As we did with the EMD results, we now compare the
results obtained for the shear viscosity, pressure, and poten-
tial energy as a function of the applied shear rate for the
various liquid metals studied here. The work carried out here
brings two types of information on this issue. First, while
many studies have focused on determining the shear rate
dependence of these properties for systems modeled with
pair potentials,’ only a few studies have studied this issue
with two- and three-body potentials®*>> and none with many-
body potentials such as the qSC-EAM potential used here.
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FIG. 2. #5(t)/ ngk as a function of ¢/ 7, for Pb (open circles), Pt (filled triangles up), Ir (solid line), Ag (open triangles down), and Rh
(filled squares): (a) for a temperature 5% below the respective melting points, (b) at their respective melting point, (c) for a temperature 10%
above their respective melting points, and (d) for a temperature 75% above their respective melting points.

Second, previous NEMD have focused on the very high
shear rate regime, which makes it difficult to relate the simu-
lation results to the predictions of the mode-coupling theory
(valid in the limit of zero shear rate).”® On the other hand, a
connection between the predictions of the mode-coupling
theory and the TTCF-NEMD results obtained here can be
made since the TTCF-NEMD method allows the study of the
response of liquid metals subjected to an arbitrarily low
shear rate.

We first consider the dependence of shear viscosity on the
applied shear rate. We start by scaling the viscosity 7(y)
obtained for an applied shear rate y by gk and by scaling y
by the inverse of 7;,,. We then collapse the results obtained
for all liquid metals in Fig. 4 for 7=T,, and fit the results by
the following expression:

7 ek =1-A(y7y)P, (13)

where A and S are two fitting parameters. Fitting the simu-
lation results for each metal leads to the following range for
the two fitting parameters: 1.05<A<1.28 and 045<p
<0.59. If we now include in the fitting procedure the simu-
lation results obtained for all metals, we obtain A=1.136 and
B=0.504 with a root-mean-square (rms) deviation of 0.045.
The value of the exponent 3 is in excellent agreement with
the prediction of the mode-coupling theory (8=0.5). We

therefore conclude that the shear rate dependence of viscos-
ity of liquid metals is that predicted by mode-coupling theory
(we also plot in Fig. 4 the fit to the prediction of the mode-
coupling theory, i.e., B fixed at 0.5 and A=1.127, with a rms
deviation of 0.045).

We now move on to the shear rate dependence of the
different contributions to the potential energy. We scale the
two-body repulsive potential energy U,.,(¥), the many-body
attractive potential energy Ugam(7), and the sum of these
two contributions U, () by their equilibrium values. We

FIG. 3. Shear viscosity (in centipoise) as a function of time (in
femtosecond) and of the logarithm of the shear rate (in s™') for Pb
at T=550 K.
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FIG. 4. 5(y)/ ngk as a function of 7, for Pb (open circles), Pt
(filled triangles up), Ir (filled diamonds), Ag (open triangles down),
and Rh (filled squares). The fit to the prediction of the mode-
coupling theory is plotted as a solid line.

then collapse on the same graph the plots of these three
quantities against the scaled shear rate y (scaled again by the
inverse of 7)) for all metals in Fig. 5 and fit the results by
the following expression:

U/ Ueq=1+A(y7y)P, (14)

where A and S are two fitting parameters. Fitting the simu-
lation results obtained for all metals leads to A=0.445 and
B=1.033 with a rms deviation of 0.007 for the two-body

I ,2-body |
* /V
1.1k ma© .
/7
V4
- / -
70O
/7
1.05F el -
U\ O
S A ov EAM
1 —
I 50“"-%_Total
| |

|
0 01 02 03 04
T

FIG. 5. Ratio of the potential energy U(7%) in the sheared liquid
metal over its equilibrium value U as a function of y7y. Top:
repulsive two-body potential energy; middle: many-body EAM po-
tential energy, and bottom: total potential energy. Pb (open circles),
Pt (filled triangles up), Ir (filled diamonds), Ag (open triangles
down), and Rh (filled squares). Fits to Eq. (14) are plotted as a
dashed line (two-body potential energy), a solid line (EAM poten-
tial energy), and a dotted-dashed line (total potential energy).
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FIG. 6. Ratio of pressure P(¥) in the sheared liquid metal over
the shear modulus G., as a function of y7,: Pb (open circles), Pt
(filled triangles up), Ir (filled diamonds), Ag (open triangles down),
and Rh (filled squares). The fit to a power law is plotted as a solid
line.

contribution, to A=0.095 and B=1.201 with a rms deviation
of 0.077 for the many-body contribution, and to A=-0.089
and B=1.095 with a rms deviation of 0.001 for the total
potential energy. This last result shows that the shear rate
dependence of the total potential energy follows neither the
prediction of the mode-coupling theory, which suggests a
value of B of 1.5, nor the analytic dependence observed in
system modeled with two-body and Axilrod-Teller three-
body interactions,” which suggested a value of 8 of 2.

We finally analyze the shear rate dependence of pressure.
We scale the increase in hydrostatic pressure P(7y) from its
equilibrium value by the shear modulus G.. We then col-
lapse on the same graph the plots of P(y) against the scaled
shear rate y7), for all metals in Fig. 6 and fit the results by
the following expression:

P(9)/G..=A(ymy)", (15)

where A and S are two fitting parameters. Fitting the simu-
lation results obtained for all metals leads to A=0.560 and
B=1.197 with a rms deviation of 0.006. This result shows
again that the shear rate dependence of the total potential
energy follows neither the prediction of the mode-coupling
theory nor the analytic dependence observed in the system
modeled with two-body and Axilrod-Teller three-body
interactions.>

V. CONCLUSIONS

Using EMD simulations, we assess the ability of the qSC-
EAM potential to predict the shear viscosity of liquid fcc
metals at ambient pressure and at temperatures ranging from
5% below the melting temperature to 75% above the melting
temperature. We show that while the model generally gives
results that are in good agreement with the experimental
data, some discrepancies are observed, e.g., in the case of Ir.
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These discrepancies could be attributed to a too high melting
temperature predicted by the model but could also be attrib-
uted to the fact that the model neglects angle-dependent
forces. By appropriately rescaling the memory function or,
equivalently, the time-dependent viscosity and the time, we
demonstrate that the shear stress relaxation behavior is the
same for all liquid metals studied in this work. We then ex-
tend these findings to nonequilibrium systems, when the lig-
uid metal is subjected to a shear rate according to the TTCF-
NEMD method. In particular, by appropriately rescaling the
viscosity, pressure, and potential energy of the liquid metal
under shear, we show that the shear rate dependence of all
these quantities is the same for all metals considered here.
We found the shear rate dependence of the shear viscosity
following that predicted by the mode-coupling theory while,
in contrast with the previous work on fluids modeled by
potentials including a three-body contribution, we found
nonanalytic exponents for the shear rate dependence of pres-
sure and potential energy. More work needs to be done how-
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ever to fully determine the dependence of the exponents of
the shear rate for energy, pressure, and viscosity on the state
point studied. As shown by Todd on the Lennard-Jones fluid,
the exponents exhibited a strong dependence on density, and
to a lesser extent on temperature, and the predictions of the
mode-coupling theory were only adhered in the vicinity of
the Lennard-Jones triple point. Todd>’ was also able to show
that the exponents of the strain rate for energy, pressure, and
viscosity were all linear functions of temperature and den-
sity. It remains to be seen whether such relations hold for
many-body potentials such as the EAM potential used in this
work to model liquid metals.
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