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Abstract

In the potential energy landscape theory of liquids, the energetic configurational
landscape of a liquid is modeled using a potential energy function comprising a
population of stable potential energy minima called inherent states, which represent
the stable atomic configurations of the liquid. These configurations are separated by
saddle points that represent barriers for configurational hopping between the inherent
states. In this article, we survey recent progress in understanding metallic glass-forming
liquids from a potential energy landscape perspective. Flow is modeled as activated
hopping between inherent states across energy barriers that are assumed to be, on
average, sinusoidal. This treatment gives rise to a functional relation between viscosity
and isoconfigurational shear modulus, leading to rheological laws describing the
Newtonian and non-Newtonian viscosity of metallic glass-forming liquids over a broad
range of rheological behavior. High-frequency ultrasonic data gathered within the
supercooled-liquid region are shown to correlate well with rheological data, thus
confirming the validity of the proposed treatment. Variations in shear modulus induced
either by thermal excitation or mechanical deformation can be correlated to variations
in the measured stored enthalpy or equivalently to the configurational potential
energy of the liquid. This shows that the elastic and rheological properties of a liquid
or glass are uniquely related to the average potential energy of the occupied
inherent states.

Introduction

During the last three decades, the
phenomenological theories proposed to
explain flow in metallic glasses and liquids
can be grouped into two categories: free
volume theories! and shear transforma-
tion zone theories.?

Spaepen introduced the concept of free
volume.! By drawing an analogy between
glassy and granular materials, he pro-
posed that deformation of metallic liquids
and glasses is accommodated by the cre-
ation of microstructural free volume via a
mechanism of flow-induced dilatation.
Owing to their ability to effectively repli-
cate the fictive temperature* of the glass,
free volume models are capable of simu-
lating the flow characteristics of metallic
glasses and liquids and consequently have
been widely embraced. Although experi-
mental assessment of excess molar volume
by positron annihilation spectroscopy?
and x-ray synchrotron radiation* provided
evidence of deformation-induced dilata-
tion, it has not been possible to quantita-
tively link measurable free volume to flow
as predicted from free volume models.
This can be attributed to the lack of a fun-
damental thermodynamic definition of
free volume, leading to constitutive mod-
els that possibly lack thermodynamic con-
sistency.

Argon, on the other hand, introduced
the notion of the shear transformation
zones (STZs).> Inspired by the deforma-
tion of soap bubble rafts, he proposed
that deformation of metallic glasses
and liquids is accommodated by plastic
rearrangements of atomic regions that
involve tens of atoms, termed shear trans-
formation zones (STZs). Experimental evi-
dence gathered from several recent
studies>” shows that the STZ hypothesis
by Argon is consistent with the classical
thermodynamic theories of liquids and
glasses based on the concept of potential
energy landscapes.®”

In the potential energy landscape
theory, a potential energy function is used
to model the energetic landscape of the
system, which comprises a population of
inherent states (basins) associated with
local minima that are the stable configura-
tional states of the liquid. These are sepa-
rated by saddle points that constitute the
barriers for configurational hopping
between liquid configurations. By assum-
ing the average potential energy versus
shear strain in the vicinity of a basin to
be a sinusoid, as employed by Frenkel'

*Fictive temperature is a temperature repre-
senting the energy state of the frozen-in glass
configuration.

MRS BULLETIN e VOLUME 32 » AUGUST 2007 e www/mrs.org/bulletin



Rheology and Ultrasonic Properties of Metallic Glass-Forming Liquids

to calculate the theoretical shear strength
of a dislocation-free crystal, useful func-
tional relations arise that capture the
underlying flow mechanism of metallic
glass-forming liquids. In this article, we
survey recent progress in understanding
metallic glass-forming liquid rheology
using a model based on these concepts.

Link between Viscosity and Shear
Modulus

Following Frenkel,!° one can relate the
average potential energy density ¢ to the
canonical shear strain coordinate y via

0/ 0, = sin® (y/4y,), (1)

where ¢ is the barrier energy density and
4y_is the average configurational spacing.
A plot of this function in the vicinity of two
inherent states is presented in Figure 1.
Here, v, is the shear strain limit of the mate-
rial, which was found to be universal for
all known metallic glass systems, taking
the value of 0.036 + 0.002.5 The STZ shear
modulus is given by

G=d*/dv|, _,, @

which leads to a linear relationship
between barrier energy density and shear
modulus as

0, = B8/m)12G. ®G)

Multiplying by an effective STZ vol-
ume £, the total energy barrier for con-
figurational hopping between inherent
states, which can be regarded as the
activation barrier for shear flow, can be
expressed as

W=(8/1%)72GQ. 4)
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Figure 1. A plot of the potential energy
density function ¢/¢, = sin? (wy/4y,) in
the vicinity of two inherent states; ¢, is
the barrier energy density and 4, is the
average configurational spacing.

Noting that the variables determining
the barrier height are G and €, the expres-
sion for the energy barrier can be
rearranged as

W=W,(G/G)(Q/Q), ®)

where G; is the shear modulus, Q, is the
STZ volume, and W, is the flow barrier of
the frozen configuration at the glass-
transition temperature T;. While G, is an
experimentally accessible property, Q, is
not. The flow barrier of the frozen con-
figuration can be expressed as

W, =8/ nz)yCZGgQg, (6a)
and as will be shown in the following
section, it is determined solely by T,. Its
value for most metallic glasses ranges
between 2 x 107 J and 3 x 107 7J.
Considering a typical value for G, of 30
GPa, an estimate for the STZ volume can
be made as

Q, =(®/8)W,/(y2G)=5nm’,  (6b)

which for a typical atomic volume of
0.02 nm? corresponds to ~250 atoms.

The seminal variables G and Q now
refer to the shear modulus and STZ vol-
ume of the liquid state, respectively. More
specifically, G is the average shear modu-
lus of a fixed liquid configuration at tem-
perature T (i.e., averaged over the liquid
configurations occupied at temperature
T). At T, the occupied inherent states,
which constitute the possible liquid con-
figurations, have an average potential
energy €. Both parameters are tempera-
ture- and pressure-dependent, G = G(T,P)
and & = ¢(T,P). For an equilibrium liquid, it
follows that G can also be expressed as a
function of € and P:G = G(g,P). Similarly,
one expects the STZ volume € for typical
barrier crossing events will depend on T
and P:Q = Q(T,P). Ultrasonic shear wave
measurements in the liquid measure this
G(T,P), provided that the frequency of the
measurement is much higher than the
Maxwell relaxation rate of the liquid.5”

Alternatively, a liquid equilibrated at T
and P and configurationally quenched (or
frozen) to glass at ambient temperature
will give an ambient-temperature shear
modulus that reflects the configuration of
the liquid at T and P.%” The configura-
tional potential energy e(T,P) of a
quenched liquid configuration can like-
wise be determined by the enthalpy
h(T,P), assessed from enthalpy recovery
measurements.!12 For a fixed ambient
pressure P_, the experimental data give

&T,P)=hTpP,), (7)
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that is, the configurational potential
energy is equal to the configurational
enthalpy. Combining enthalpy, enthalpy
recovery, and ultrasonic measurements,
one can determine both G(T,P ) and
G(e,P,) for a glass-forming liquid.

It is the T-dependence (or, equivalently,
the e-dependence) and P-dependence of
G and Q in the liquid that control the bar-
rier height for configurational hopping in
the liquid and thus the liquid viscosity.
Experiments show that G(T,P,) falls rap-
idly with T above the glass-transition tem-
perature, T,.5"* The functional form of this
dependence is discussed in the next sec-
tions. The form of (T,P,) is experimen-
tally less accessible. One can formally relate
these dependencies using the relationship

(G/G"=(Q/Q), ®)

where the exponents n and p are
reduced elastic and STZ volume softening
indices, respectively, relating to the rheo-
logical character of the liquid in the fol-
lowing paragraphs. Using these indices,
the flow barrier in the liquid can be writ-
ten as

W=W,(G/G)", ©)
where g =n/(n+p).

Taking the barrier-crossing rate normal-
ized by an attempt frequency to follow
a Boltzmann distribution (equivalently,
thermally activated hopping), one arrives
at a viscosity law that takes the form

1/
N o) o] e 6
nm‘eXp[kTJ‘eXp kT [ Gg] -+ (10

where 1 is the viscosity and n_ is the high-
temperature (Born-liquid) limit of viscos-
ity, which can be realized in the limit of
W — 0. In analyzing Zr-based® and
Pt-based®® glass-forming liquids, it was
determined that the best correlation
between G and 1 can be obtained when
n=p, thatis, §=1/2. In the present discus-
sion, we assume g = 1/2 to hold for all the
liquids considered.

Newtonian Viscosity and Shear
Modulus

Newtonian flow can essentially be
regarded as thermally activated flow,
where barriers are overcome entirely by
thermal fluctuations. The Newtonian vis-
cosity would therefore be determined by
the shear modulus corresponding to the
equilibrium configurational state, G,
which can be expected to decay with tem-
perature in an approximately exponential
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trend. As previously proposed,5’'* differ-
ent functions can be employed to describe
such decaying behavior, including an
exponential decaying law, exp(-nT/T), a
power law, (T,/T)", or other decaylng
laws such as exp(nT /T) or tanh(nT /T).
In these expressions, 71 is the elastic soften—
ing index identified in the previous sec-
tion. To maintain consistency with earlier
studies,”"® the exponential decaying law
will be adopted here:

wp{ T }
Gy T,

Substituting to Equation 10, the follow-
ing Newtonian law can be formulated
(assuming g = 1/2):

n;(j) =exp {Z\; exp {Zn [l Tng]}/ (12)

where k is the Boltzmann constant. The
parameter W, can be determined by
requiring Equation 12 to yield the
Newtonian viscosity limit at Tg,

(11)

N, = ne(Tg) =10"2Pas, (13a)
which gives
Wg = kTgm(ng/ n.). (13b)

As mentioned in the previous section,
M., constitutes the limit of viscosity real-
ized at high temperatures, and in metals
can be well approximated by the Planck
limit. Therefore, the only unknown vari-
able in the Newtonian law given by
Equation 12 is n, and as discussed in ear-
lier studies,®”!? this variable is related to
the fragility of the liquid." The fragility
parameter m, as defined by Angell,"* can
be related to 7 via
m=(1+2n)logm,/n.).° (14)
As recently demonstrated,” by means of
the Newtonian viscosity law given by
Equation 12, the Newtonian viscosity of
metallic glass-forming liquids can be
modeled remarkably well for a broad
range of fragilities. The Angell plots of
low- and high-temperature viscosity data
for Pd,CuSig5, PdygNiygP,y, Zry,,Tij
Ni,,Cuy,5Be,,s, and LasAlL:Ni,, along
with the fit of Equation 12, are shown in
Figure 2. The fit parameter n and the cal-
culated fragility for each liquid are given

*The fragility of a liquid is defined by Angell'*
as the steepness of the viscosity temperature-
dependence in the vicinity of the glass
transition.
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Figure 2. Angell plots of the high- and low-temperature Newtonian viscosity data for
several metallic glass-forming liquids, and fit of the equilibrium viscosity law (Equation 12).
Experimental viscosity data for these liquids are taken from the literature.”1823

in Table I. It is interesting to note that the
one-parameter law presented here is capa-
ble of capturing Newtonian data more
accurately than the two most widely
adopted viscosity laws: the two-parameter
Vogel-Fulcher-Tammann law! and the
three-parameter Cohen—Grest law.1¢

The basis of the new viscosity law rests
on the argument that viscosity should
be related to shear modulus through
the activation barrier for configurational
hopping between the inherent states of
the potential energy landscape. We have
validated this argument by using
Equation 10 to correlate the Newtonian
viscosity data of various liquids to equi-
librium high-frequency shear modulus
data assessed from ultrasonic measure-
ments for the liquid at varying tempera-
ture. Reported shear modulus data for

Pty; sNis ;Cuyy Py 5,1 PdygNiy Cuy, Py, 7
and Zr,,,-Tig,-Ni,,Cu, Be,, - ,° are shown
in Figure 3. The data are fitted to an
exponential decaying law using Equation
11. The fits are presented in Figure 3,
while the fitting parameters n and inter-
polated parameters T, and G, are listed in
Table II. Using reported Newtonian vis-
cosity data for Pt Ni.,Cuy,,Py,:,"
Pd3Ni;(Cuy, Py, ' and - Zry, 5Tig 55N
Cu,:Be,,-," one can use Equation 10 to
determine a corresponding shear modu-
lus. The rheological shear moduli deter-
mined from measured viscosity data
(Figure 3) overlay onto the ultrasonic
shear modulus data very well, verifying
that Newtonian viscosity has a unique
functional relationship and a one-to-one
correspondence with the equilibrium lig-
uid shear modulus.

Fit Parameters to the Newtonian Viscosity Law.

Table I:
Metallic Glass- M., (Pas)
Forming Liquid
Pd,, ;CugSi;q 5 7.7%x10°
Pd,;oNi,oPa 3.7x103
Zry 5 Ti5gNijoCUy, 5Bey, o 9.3x 10
LagAl,-Niy, 52x10*

T, (K) Fit Parameter, n Fragility
Parameter, m

634 1.663 61

560 1.241 50

613 0.930 40

450 0.715 37

Note: Fit parameters to the equilibrium viscosity law for four metallic glass-forming liquids of varying fragility.
The reported glass-transition temperature Tg is the interpolated value for which ng= 10'? Pa s, while the
high-temperature limit of viscosity n_, is a value near the Planck limit that resulted in a best fit (as typically

implemented when fitting viscosity).
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Figure 3. Equilibrium shear modulus data (with associated error bars) measured
ultrasonically for Pt-based,®'® Pd-based,'” and Zr-based®'® glass-forming liquids, shown
with Newtonian viscosity data converted to shear modulus via Equation 10. Fits of the
equilibrium shear modulus law (Equation 11) are also presented.

Fit Parameters to the Non-Newtonian Viscosity Law.

Table II:

Metallic Glass-Forming Liquid m_ (Pas)
Pty sNi5 3CU14 7Py 5 45x 105
Pd5Ni;(Cuy,Pyy 5.1 x10°
Zr 4605 Tig 55Ni; ,CU, (Be,, o 40x10°
Zryy 5 Ti153gNigoCUy, sBeyy 5 9.3x10°®

T,(K) G, (GPa) FitParameter,n o
489 30.5 1.290 39.2
567 30.4 1.128 45.9
597 34.7 0.693
613 33.2 0.930 16.2

Note: Parameters for the equilibrium and nonequilibrium viscosity and shear modulus laws to fit data for
Pt-based, Pd-based, and Zr-based glass-forming liquids in the vicinity of the glass-transition temperature Tg.
o is an unknown parameter in Equation 19 quantifying the deviation of the system’s relaxation rate from
Maxwellian. No o value for Zr,g ,:Tig ,sNi,,Cu, ;Be,, 5 is reported, since its non-Newtonian viscosity has not
been investigated. Also, due to the lack of high-temperature Newtonian viscosity data for Pt, ;Nis ,Cu,, ,P,, 5,

Pd;Ni;,Cu,,P,o, and Zr,q ,:Tig ,sNiy Cu, ;Be,, ¢ liquids, the high-temperature limit of viscosity n_

is taken to

be the Planck limit. G, is the shear modulus of the frozen configuration at 7.

Non-Newtonian Viscosity and
Shear Modulus

The proposed barrier softening law,
Equation 10, was extended to the case
of a driven (nonequilibrium) system.” A
non-Newtonian flow law can be formu-
lated by assuming that the irreversible
barrier-crossing events are associated with
a flow-induced shift in the configurational
state and its potential energy € with conse-
quent softening of W. The rate of barrier
softening can be formulated as

=¢3W/3¢, (15)

sof -

where & o my? is the rate of dissipated
mechanical energy density (7 is the strain

rate), which at steady-state can be taken to
be equivalent to the production rate of
specific configurational potential energy
density. Meanwhile,

SW/Se = (QW/IT)/(9e/aT) (16)

is a thermodynamic parameter denoting
changes in W with respect to changes in €.
Near Tg,

dW/oe= -2nW,/T,Ac,, (17)
where Ac, is the specific heat capacity
change at T, associated with configura-

tional excitation of inherent states in the
liquid. The rate of configurational relax-
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ation is then formulated by assuming the
irreversible barrier-crossing events to be

unimolecular Maxwellian relaxation
processes:
=(W-W,)/ozy,, (18a)

where

W(T) = W, exp[2n(1-T/T,)]  (18b)

is the equilibrium barrier energy density,
o is an unknown parameter quantifying
the deviation of the system’s relaxation
rate from Maxwellian, and

t=n/G=n/[ G, W/W)2| (189
is  the Maxwell relaxation  time.
Requiring W, ; = W, for steady flow, a
self-consistent nonequilibrium law has
been obtained:

W, . (W=-W(WW,2
o gmz:< JWWg)' '~ (19)
TgAcy, "G,

Using Equation 19, the non-Newtonian
viscosity of metallic glass-forming liquids
can be modeled remarkably well over a
broad range of strain rates. The non-
Newtonian data for Pt -Ni.,Cu,, P’
Pd;Ni,(Cuy,Py,” and Zr,;,Ti; gNijCyy 5
Be,,,® are shown in Figure 4. The experi-
mental parameters 1, Ty, G,, and the fit-
ting parameters n (obtained from Figure 3)
used for these liquids are listed in Table II,
while the measured Ac,is listed in Table IIL.
The nonequilibrium law, Equation 19, is fit-
ted to the non-Newtonian data by adjust-
ment of only one parameter, o, where n
was already determined by the Newtonian
viscosity fits (Figure 3). The fits to the data
are presented in Figure 4, and the opti-
mized values of o are listed in Table II. As
can be seen, the nonequilibrium law effec-
tively describes the non-Newtonian viscos-
ity of liquids by adjustment of only one
additional parameter.

As with the Newtonian law, the non-
Newtonian law can be validated by corre-
lating the non-Newtonian viscosity data
to the nonequilibrium shear modulus via
Equation 10. We have utilized nonequilib-
rium shear modulus data for Pt., Ni;,
Cu147 ns' P d43Ni10CU27 o/ and Zry,

Tij; gNi; (Cuy, 5Be22 5/ measured ultrasoni-
cally on specimens deformed at constant
strain rate and T and then quenched. The
results are shown in Figure 5. The data are
fitted using Equation 4 in conjunction
with Equation 10 and by using the opti-
mized o values listed in Table II. We also
used non-Newtonian viscosity data for
Pty; Nis ,Cuyy ,Pyy 5,7 PdgNiy Cu,, P,y and
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Figure 4. Fit of the nonequilibrium viscosity law, Equation 19, to the non-Newtonian data of
(top) Pt-based,® (center) Pd-based,” and (bottom) Zr-based® glass-forming liquids.
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Zry; ,Tij3gNij Cuy, sBe,, 5 which  we
converted into shear modulus using
Equation 10, and superimposed them
onto the shear modulus data of Figure 5.
The correlated non-Newtonian viscosity
data are shown to overlay onto the shear
modulus data remarkably well, hence val-
idating that the relationship between vis-
cosity and shear modulus holds for driven
systems as well.

Dependence of Shear Modulus on
Configurational Potential Energy

So far, it was demonstrated that varia-
tions in viscosity with both temperature
and strain rate can be uniquely correlated
to variations in isoconfigurational shear
modulus and hence verified that viscosity
has a unique functional relationship and a
one-to-one correspondence with shear
modulus. This viscosity—shear modulus
relationship implies that softening of
metallic glass-forming liquids induced by
either thermal excitation (by varying tem-
perature) or mechanical deformation (by
varying strain rate) is governed by the
dependence of isoconfigurational shear
modulus on configurational potential
energy. As recently demonstrated,'? soft-
ening of metallic glass-forming liquids is
indeed governed by a unique functional
relationship between shear modulus and
configurational potential energy. Such
relationship arises directly from the poten-
tial energy landscape theory and has been
validated by recent molecular dynamics
simulations.??

The change in the shear modulus
induced by thermal annealing near T, with
respect to changes in configurational
potential energy can be determined as

(AG/AD), = @G MD); [Ac, — (20)

where (dGe/dT)|T is the slope of the
temperature-dependent equilibrium shear
modulus at T,. One can estimate (dG,/
dT)|T for each of the liquids presented in
Figure 3 by performing a linear regres-
sion to the ultrasonic data. The calculated
(tilG/dAh)lth for each liquid is given in Table
III.

For each liquid, we can compare
(dG/dAh)|th realized by thermal excitation
to (dG/dAh)lme realized by mechanical
deformation. The change in configura-
tional potential energy during steady-state
deformation can be assessed by means of
enthalpy recovery measurements, as dis-
cussed earlier. Enthalpy recovery meas-
urements were performed on deformed
Pty sNi5 ;Cuyy Py 5% PdysNiy Cuy, Py, '
and Zr,, ,:Tig ,sNi,,Cu, -Be,, -1 specimens
for which ultrasonic data were previously
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Table Ill: Relationship between Calorimetric and Ultrasonic Data.

Metallic Glass-Forming Specific Heat ~ dG/dT? (dG/dAh)l,> (dG/dAh)I .
Liquid Capacity Change, (MPa/K)
Ac, (MJ/mK)
Pty oNig ;CU, 4 Py s 2.56 -80 -31.2 -31.0
Pd5Ni,,CUy; Py 2.50 -60 -24.0 227
Z1 46 25 Tig 25NisgCUy BE, 5 1.70 -35 -20.6
Zt41 5Tig aNi1oCUsp sBEss s 1.50 -17.2

Note: Relationship between calorimetric and ultrasonic data gathered for Pt-based, Pd-based, and Zr-based
glass-forming liquids in the vicinity of T,. No (dG/dAh) | ., value for Zr g 5. Tig ,sNi;,Cu, ;Be,, s is reported,
since its nonequilibrium shear modulus has not been investigated. Also, no (dG/dAh) |‘h value for

Zr,, 5 Tii56Ni;,Cu,, Be,, 5 is reported, since its equilibrium shear modulus has not been investigated.
2dGe/dT is the change of the equilibrium G with respect to T at T, and is evaluated from the ultrasonic data

gathered at different temperatures.

b(dG/dAh)|,, is the change of G with respect to Ah realized by thermal excitation, and is evaluated using

Equation 20.

¢(dG/dAh)|,. is the change of G with respect to Ah realized by mechanical deformation, and is evaluated
from ultrasonic data gathered at different strain rates and the associated enthalpy recovery data.
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Figure 5. Nonequilibrium shear modulus data (with associated error bars) measured
acoustically for Pt-based,®'® Pd-based,” and Zr-based”?° glass-forming liquids, shown
together with non-Newtonian viscosity data converted to shear modulus via Equation 10.
Fits of the nonequilibrium law, Equation 19, are also presented.

obtained. In Figure 6, the shear modulus
of the deformed specimens measured
ultrasonically is plotted against the
change in stored enthalpy assessed by dif-
ferential scanning calorimetry data for
the three liquids considered. We can esti-
mate (dG/dAh)lme for each of the liquids by

performing a linear regression to the data.
The calculated (dG/dAR),, for each liquid
is presented in Table III.

By comparing (dG/dAR)|, to (dG/dAR),,
for each liquid in Table III, we notice that
the corresponding values are equal within
experimental error. It should be noted that
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even though Zr,,.Tig,.Ni, Cu,-Be,,. and
Zr,, ,Ti;3¢Ni;Cu,y, Be,, s are essentially
different variations of the same alloy
family, (dG/dAR)|,, for Zr,,,:Tig,Nis,
Cu, ;Be,, s compares well with (dG/dAh)lme
of Zr,,Ti;¢Ni,Cuy,-Be, .. This equiva-
lence can be illustrated graphically by
superimposing the plot of (dG/dAh)|ﬂ1 onto
the respective data for each liquid, as
shown in Figure 6. It has therefore been
demonstrated that softening of metallic
glass-forming liquids induced by either
thermal excitation or mechanical deforma-
tion is governed by a unique functional
relationship between shear modulus and
specific configurational potential energy of
the corresponding liquid inherent states.

Concluding Remarks

The new rheological model described
here is properly termed a “cooperative
shear model.” It provides a simple
description of the average height of the
barriers that separate the stable configura-
tions of a liquid in terms of a single config-
urational coordinate, the macroscopic
shear strain imposed on the liquid. The
barrier energy density is taken to have a
simple sinusoidal form, which gives rise
to a relationship linking the barrier energy
density to the isoconfigurational shear
modulus G and the critical shear strain at
the barrier. This critical shear strain has
been found to be universal for all metallic
glasses studied, taking the value of

2y.=2x0.036 = 0.072. 1)

As such, the elastic energy density at the
barrier depends on a single parameter,
the experimentally measurable liquid
shear modulus. The absolute barrier
heights for cooperatively shearing STZs,
which determine the liquid viscosity, are
also proportional to the effective volume Q
of the corresponding STZ (i.e., the region
of cooperativity). By recognizing a func-
tional interdependence between G and Q,
a rheological law has been formulated that
uniquely relates the absolute barrier height
for cooperative shearing to the measurable
isoconfigurational shear modulus.

This new rheological law provides
a consistent description of both the
Newtonian and non-Newtonian viscosity
of metallic glass-forming liquids over a
broad range of fragility. The model has
been experimentally validated by demon-
strating that high-frequency ultrasonic
measurements of the liquid G as a func-
tion of temperature and strain rate are
directly correlated to the measured liquid
viscosity. It was also demonstrated that
variations in shear modulus induced
by either thermal excitation (Newtonian
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Figure 6. G(ah) data (mechanical): Variations in nonequilibrium shear modulus induced by
mechanical deformation plotted against changes in stored enthalpy for Pt-based,>'3
Pd-based,'?1” and Zr-based®”'7 glass-forming liquids. G(ah) function (mechanical):
Functional relations governing variations in nonequilibrium shear modulus with respect to
changes in stored enthalpy induced by mechanical deformation (fit to the data). G(Ah)
function (thermal): Functional relations governing variations in equilibrium shear modulus
with respect to changes in stored enthalpy induced by thermal excitation (from Equation 20).

viscosity at varying liquid temperature) or
mechanical deformation (non-Newtonian
viscosity at fixed temperature and varying
strain rate) are uniquely related to varia-
tions in the stored specific enthalpy of
the liquid. It is thus established that the
softening of G (with temperature and
strain rate) in these materials is governed
primarily by the dependence of the shear
modulus on the specific enthalpy (or
potential energy) of the liquid configura-
tion. Both G and the height of the flow bar-
riers separating occupied liquid inherent
states decrease systematically and pre-
dictably with increasing potential energy

of these occupied inherent states. In sum-
mary, the new model reveals simple
relations between liquid rheology and
average features of the potential energy
landscape.
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