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Abstract. A review is given of experimental and calculated data
on the viscosity of iron-based melts on the melting curve. The
interest in these data originates in the division of opinion on
whether viscosity increases rather moderately or considerably
in the high-pressure range. This disagreement is especially
pronounced in the interpretation of the values of molten iron
and its compounds in the environment of the earth’s outer core.
The conclusion on a substantial rise in viscosity mostly follows
from the universal law, proposed by Brazhkin and Lyapin [1], of
viscosity changing along the metal melting curve in the high-
pressure range. The review analyzes available experimental and
computational data, including the most recent ones. Data on
viscosity of metals under shock wave compression in the mega-
bar pressure range are also discussed. It is shown that data on
viscosity of metal melts point to a small increase of viscosity on
the melting curve. Specifics are discussed of the phase diagram
of iron made more complex by the presence of several phase
transitions and by the uncertainty in the position of the melting
curve in the high-pressure range. Inaccuracies that arise in
extrapolating the results of viscosity measurements to the pres-
sure range corresponding to the earth’s core environment are
pointed out.
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1. Introduction

The current understanding of the structure of the earth’s core
is based on the observation of the propagation of seismic
waves that are generated by earthquakes and explosions and
travel through internal regions of the earth. Transverse
seismic waves are not transmitted through the outer core of
the earth, proving that it is liquid. The fact that the earth has a
magnetic field, plus some other factors, also confirm that the
outer core is liquid. Seismic data also support the view that
the inner core is solid [2].

The composition of the core is found by correlating the
data on density and bulk modulus of compression with the
pressure increase inside the earth. The density distribution
with depth was reconstructed from two somewhat differing
models that correspond to the ensemble of data on the mass
and moment of inertia of the earth and its bulk compressi-
bility corresponding to the velocity of propagation of seismic
waves. The pressure inside the earth, determined as the
integral of the density times the acceleration of gravity, is
calculated quite accurately. The currently accepted Prelimin-
ary Reference Earth Model (PREM) [3] gives the pressure at
the boundaries of the outer core as 133 and 330 GPa, and that
at the center of the earth as 360 GPa (100 GPa =1 Mbar).

Figure 1 shows the density as a function of the pressure
corresponding to the PREM model [3], iron isotherms for
T = 300 and 5000 K according to [4, 5], and the calculated
dependence of the density of iron on temperature in the
earth’s core (a geotherm) [6].

The earth’s core consists of almost 90% iron, while the
inner core is made of almost pure iron [7]. The outer core may
contain up to 6% nickel and some other light elements (S, O,
Si, etc). The presence of these elements (up to 10%) removes
the difference between the PREM density distribution curve
and the iron geotherm [6]. The density jump at the boundary
between the outer and inner cores corresponds to the
transition from liquid to solid state and to a change in
chemical composition.



672 V N Mineev, A I Funtikov

Physics— Uspekhi 47 (7)

10 |- | | | | |

150 200 250 300 350
P, GPa

Figure 1. Density as a function of pressure in the earth’s core: / —
according to the PREM model [3], 2, 3 — on iron’s isotherms for
T =300 K [4] and 5000 K [5], 4 — on iron’s geotherm [6].

The iron melting curve plays the main role in establishing
the temperature distribution in the inner regions of the earth.
The possibility of molten iron (alloyed with light elements)
existing in a limited pressure range is explained in the first
approximation by the double intersection of the melting curve
on the T— P diagram with the temperature distribution curve
in the earth’s core. The temperature change at the core—
mantle interface is caused by the change in the chemical
composition of matter, and hence the melting temperature of
iron may be lower in this region than on the geotherm. The
temperature distribution in the outer core is a function of
depth and is mostly produced by convection; it is therefore
very nearly isentropic and corresponds to the situation at the
boundary of the inner core. As a result, the melting curve
within the outer core may lie somewhat below this isentrope.

The physical properties of iron at high pressures in both
the liquid and solid state are the key characteristics for
understanding the processes that dominated in the evolution
of the earth and other planetary bodies.

In particular, the viscosity of liquid iron, together with the
viscosity of iron-based alloys and molten silicates in the
earth’s outer shell (the mantle), is among the basic parameters
for interpreting the seismic data and for justifying the models
that explain the chemical differentiation of matter that led to
the present state of the earth, as well as the temperature
distribution and the generation of the magnetic field.

A recently published review by Brazhkin and Lyapin [1]
considered the experimental data and evaluations of viscosity
of metallic melts in the high-pressure range and advanced a
hypothesis of the universal growth of viscosity on the melting
curve accompanying the increasing pressure. These authors
came to their conclusions on the basis of the experimental
results for iron obtained by one of the authors [8], the
available results of viscosity measurements in some liquid
metals and melts [9, 10], the analogy with viscosity changing
with increasing pressure in a number of organic liquids, and
the calculated extrapolation of the data obtained in [1, 8] at
pressures less than 10 GPa to a much higher range of values.

Brazhkin and Lyapin used the results presented in [1] to
predict the increase in viscosity # in the outer core from 107 to
10'! Pa s with increasing depth and the transition of iron in
the inner core of the earth to the glassy state of ultraviscous
liquid (7 > 10'! Pas).

At the same time, the available results of calculations
obtained mostly by molecular dynamics techniques [11—14]
corresponded to viscosity values ~ 1072 Pa s at the outer core
boundaries. Similar values of viscosity were obtained in a
number of computational and theoretical papers [15—20] that
appeared after the publication of [1].

The experimental results [8, 10] used in [1] are not
consistent with the new measurements of the diffusion
coefficient [21, 22] and viscosity [23—28] in liquid iron and
in liquid melts similar to iron- and sulfur-based compositions.
The interpretation of the results of viscosity measurements
under shock compression also appears to be incorrect.

The present paper analyzes the available data on the
viscosity of iron-based melts in the vicinity of the melting
curve and discusses the possibility of extrapolation to the
range of high pressure and temperature.

2. Methods of measuring viscosity
and the diffusion coefficient

A considerable number of papers were published on measur-
ing the shear viscosity and diffusion coefficient in liquid iron
and its compounds with light elements that may be present in
the earth’s outer core, in the pressure range up to 20 GPa.
Three types of measurements are used in such studies:

(1) various modifications of the falling sphere method
with viscosity calculated using the Stokes formula;

(2) measurements of the self-diffusion coefficient of iron
atoms using radioactive indicators (tracer) techniques, by
finding the distribution of an isotope such as 3’Fe in the melt
after it has cooled;

(3) determination of viscosity by the melt crystallization
technique (from crystal grain size).

The essential common feature of all types of measurement
is the use of devices that create high pressure in the bulk of the
specimen. The specimen must at the same time be uniformly
heated to a prescribed temperature in order to eliminate
temperature gradients that could drive convective mixing of
matter after it has been heated. Such mixing may impede the
fall of a ball or distort the evaluated diffusion coefficient. In
the first and second methods, such conditions must be
maintained for a relatively long period of time [29].

In recent years, the accuracy of directly measured
velocities of a ball (typically made of platinum, tungsten or
iridium) falling through molten iron or its compounds has
been considerably improved in [23-28] by applying the
shadow technique of displacement recording. This became
possible by using hard X-rays for observing the specimen.

In the Stokes method, viscosity was calculated using the
formula

2wgr?Ap
— —F 1
" o’ (1)

where ris the radius of the falling ball, V'is the fall velocity, g is
the acceleration of gravity, Ap is the difference between the
densities of the ball and the specimen, and w is the correction
accounting for the difference between the diameters of the
ball and the specimen.
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Determination of the self-diffusion coefficient by the
radioactive indicator technique is based on measuring the
concentration of radioactive atoms (*’Fe or ®°Co) at different
distances from the end face of a cylindrical specimen onto
which the radioactive marker was deposited [21, 22]. The self-
diffusion coefficient D was found from the equation

2

C ) Pexp (-
= (eDt)”/~exp < 4Dt> + A(l,x,1), (2)

where C/Cy is the relative concentration of the radioactive
component at a distance x from the end face of the specimen, ¢
is the time during which the specimen was maintained in the
compressed and heated state, and A(/, x, t) is the corrective
function that had to be introduced when the diffusion length
4Dt became comparable to the length / of the specimen. The
accuracy of the measurements was assured by a long duration
of exposure in the liquid state, which was large compared with
the times of heating and cooling of the specimen.

The method of evaluating the changes in viscosity on the
melting curve, based on finding the average grain size in
specimens that crystallized from the melt at different
pressures, was introduced in [30]. The effect of pressure on
the processes of nucleation and growth of grains in molten
iron, lead, copper, and indium was investigated in [8, 31]. As
shown in [30], the condition of homogeneous nucleation and
growth of crystalline grains is satisfied at high cooling rates
(dT/dt > 10° K s~'). The grain size dis related to the effective
activation energy that characterizes diffusion and hence melt
viscosity as

AT\’ Eact
d~CAT<T—m) exp (— kT)’ (3)

where C mostly depends on the specimen cooling rate and the
melting parameters, AT = Ty, — T, is the overcooling, T¢; is
the melt crystallization temperature, and E, is the effective
activation energy. It is assumed that the volume of the critical
nucleus is negligible, that is, that the pressure remains
constant during crystallization in the entire bulk of the melt
and equals the initial pressure.

It was established experimentally that overcooling at a
constant pressure is independent of the melt overheating
T — Ty, and that if the cooling rate remains constant, the
preexponential factor in (3) changes 5 to 10 times less in
response to a change in pressure than the exponential [30].
Therefore, the size of grains crystallized from the melt at a
small overheating is

d o exp (— Eac‘) ) (4)

kT

To obtain viscosity as a function of the temperature and
pressure, the formula for the Arrhenius-type activation
energy was used in [1, 8], with

E,.
0= 1y exp (ﬁ) (%)
Eact = Eact o+ PVaCt ) (6)

where E,q ¢ is the activation energy at normal pressure and
Vaet 18 the activation volume.

Assuming that the melt viscosity at crystallization
temperatures close to the melting point is mostly determined
by the change in pressure, Brazhkin [8] proposed an

approximate dependence of the viscosity on the size of
crystalline grains at different pressures,

n(P1) d(P2)
n(Py) —d(Py)’

(7)
which appears to be applicable in a certain pressure range.

3. Results of viscosity measurements

The main results of viscosity and diffusion coefficient
measurements in liquid iron and molten iron alloyed with
sulfur as a likely component of the outer core are shown in
Table 1. Asterisks mark the data obtained by recomputation
of the original measurement results.

The relation between the diffusion coefficient and the
viscosity is established by the Stokes— Einstein formula

kgT
T 2na’ ®)
where kg is the Boltzmann constant and a is the effective
diameter of the atom or the diffusion length. This relation
holds for the viscosity and diffusion of simple monatomic
liquids [32] but is also valid for molten metals. As shown in
[33], relation (8) holds for data obtained at normal pressure in
the temperature range above the melting point of metals. In
the first approximation, this relation allows comparing the
results of independent measurements of viscosity and diffu-
sion.

The applicability of formula (8) to FeS melts at the
pressure 5 GPa and temperatures 1300 and 1500 K (which
approximately correspond to the conditions under which
viscosity and self-diffusion were measured in [10, 22, 27])
was confirmed by first-principle theoretical evaluations [18]
obtained by molecular dynamics techniques.

All viscosity data given in Table 1, with the exception of
the data of [10], agree with one another and correspond well,
via formula (8), to the average values of the measured
diffusion coefficients.

Anomalously high values of melt viscosity were obtained
in [10] for the molten eutectic Fe73S,7 in the pressure range of
2 to 5 GPa. The measurements were carried out by the Stokes
method, recording the rise of a ball through the melt (a
corundum ball of density lower than that of the melt). The
velocity of the ball was found indirectly from the change in the
resistance between probe electrodes placed on the lateral
surface of the specimen. The high values of viscosity in [10]
were explained by the authors in terms of the possible
polymerization of the melt with increasing pressure, by
analogy to polymerization observed in the molecular melt of
sulfur. The data of [10] were directly tested in the range of
similar states of melt in [24 —27]. The structural analysis of the
Fe73S,7 melt conducted in [34] found no polymer components
at pressures achieved in [10]. First-principle calculations [13,
18] also failed to confirm the formation of such structures
under these conditions. Consequently, the results in [10]
cannot be explained by the effect of sulfur on the melt
viscosity and are interpreted by the authors of other
measurements as erroneous. The data may also differ
because the ratio of the ball diameter to the specimen
diameter in [10] was greater than in other measurements,
making them more susceptible to nonuniformities in the
temperature distribution, which could result in generation of
convective fluxes in the melt.



674 V N Mineev, A I Funtikov Physics— Uspekhi 47 (7)

Table 1. Viscosity and the diffusion coefficient in liquid iron and molten sulfur-bearing iron obtained by various measurement techniques.

Method Specimen P, GPa T,K D, 10" m?s™! 17,1072 Pa's References
Stokes Fe 2.7-5 1965-2093 1.5-24 [28]
method 5-7 2026—-2137 0.4-0.9 [28]
1.6-5.5 2050 0.24-0.36 [23]
Feo1.5Sg.s 2.5-6 1823 0.36—-1.6 [26]
Fes3S27 1.5-6.9 1253 -1821 0.8-3.6 [25]
Fe73S,7 2-5 1373-1573 160—4360 [10]
Fe73S27 1.5-5.5 1423 -1647 0.7-2.2 [27]
FeS 0.5-5 1723-1980 0.38-1.72 [27]
Feg1S39 5-6.9 1333-1373 1.6-24 [24]
Crystallization Fe 1-4.5 1850-1970* 6—8** 0.6—1.3** [8]
method 55-9.5 2000 2090* 234 8]
Method Fe 2-20 1883-2393 3.6-10 [21]
of radioactive
indicators Fe73Sa 22-5 12931373 1-10 [22]

* Estimates obtained in this work.
** Estimates obtained in [21].

The model most widely used to describe the experimen-
tally measured effect of pressure and temperature on the melt
viscosity in a limited range of these parameters is the
Arrhenius activation model (5), (6), which also corresponds
to a similar relation for the diffusion coefficient,

D = Dgexp <— Eam) . 9)

kT

The quasi-lattice approach to describing the properties of
and transfer processes in liquids was used by Frenkel and
Eyring [35, 36]. The activation volume V, in (6) is assumed
to be independent of the pressure. The approximate nature of
this approach and the desire to obtain more accurate values of
the diffusion coefficient led to creation of a number of
computational models. Among them are
e the free-volume model [37], which leads to the dependence
Do TV
e the model based on fluctuation theory (density functional)
[38], in which D o T?;

e the model of harmonic oscillations of atoms [39], in which
DxT.

The available temperature dependences of viscosity of
molten metals were mostly obtained from the Arrhenius
relation and differ in the type of the preexponential coeffi-
cient in Eqn (5), which may be a function of density and
temperature. No advantage was found in using these curves
for describing the viscosity data for liquid metals at normal
pressure as compared to Arrhenius relation (5).

Because the activation energy is the same for diffusion and
viscosity, it follows from Stokes— Einstein formula (8) that in
addition to the preexponential factor, Eqn (5) must contain a
linear dependence on the temperature. However, the effect of
this factor must be small compared to the exponential one [41].

3.1 Iron
The regions in which measurements were conducted in the
experiments discussed below are shown in the phase diagram
of Fig. 2.

Figure 3 plots viscosity as a function of pressure as
reported in [23, 28]. The sharp knee in the narrow zone of
pressure change observed in [28] was explained as a possible
change in the structure of short-range ordering in the melt,
corresponding to the structural transition in the region of
solid phases of iron. Indeed, the triple point on the melting
curve separating the bee (8 phase) and fec (y phase) structures
corresponds to the pressure 5.2 GPa and the temperature
1990 K [44] (see Fig. 2). The change in specific volume in the
& — v transition at the triple point is 1% at the melting points
of these phases: 3.6 and 4.6%, respectively [45]. Viscosity

2.5

T,10° K

1.0 | | |

0 10 20 30 40
P, GPa

Figure 2. Melting curves and the ranges of measurement of viscosity and
the diffusion coefficient. Melting curves: / — Fe [6], 2 — FeS [42], 3 —
eutectics Fe73S,7 [43]; measurement ranges: / — data [28], 2 — data [23],
3—data[21],4—data [4], 5—data [27], 6 —data [22], 7— data [24], 8§ —
data [25].
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Figure 3. Viscosity (in Pa s) as a function of pressure for liquid iron: 7 —
data [28], 2— data [23]; experimental points: e — data [28], m — data [23],
¢ —data [40].

measurements [23] carried out at a fixed temperature of
2050 K are consistent with the data in [28] in the region of
the knee. The difference observed in the viscosity value at
P = 1.6 GPa was probably caused by the increase in over-
heating 7' — Ty, up to 200 K, which reduced the effect of the
initial bce structure on the structural state of the melt;
according to the data in [15], the melt structure corresponded
to a denser packing with the coordination number slightly
higher than 12. The diffraction measurements carried out in
[46] showed the presence of mixed bee- and fec-like structures
in molten iron at temperatures up to 2300 K in the pressure
range from 4 to 5 GPa.

The original viscosity value n =0.54 x 1072 Pa s for
liquid iron (see Fig. 3) corresponds to the generalized
measurement results [40], which agree with the data in [33,
47]. The temperature dependence of the iron viscosity at
P = 0.1 MPa was shown in [40] to depend on the content of
impurities in iron and for iron with low impurity content
corresponds to the activation energy E, ~ 2.2 kJ mole™!.
On the other bands, an inflection point was also observed on
the curve describing the temperature dependence of viscosity
in the temperature range 1850—1910 K at normal pressure,
which correlated with the change of the melt density and was
explained by the near-order restructuring from a J-like
packing to the statistical packing of atoms.

The slopes of the isothermal and isobaric viscosity curves
according to Arrhenius formulas (5) and (6) determine the
activation volume

Olny
Vact = RT 1
act ( P >T (10)
and the activation energy
Olny
Exi=R|———| . 11
=573, "

In calculating the activation energy, the linearized depen-
dence of the viscosity on the parameter 1/7 is normally used.

It was assumed in [28] that viscosity is mostly affected by
pressure. Neglecting the change in temperature within the
limits shown in Table 1, the values 4.3 and 7.9 cm? mole™!
were obtained for V,, using equation (10), for P < 5 GPa
and P > 5 GPa, respectively. It was assumed in [23] that the
data of viscosity measurements in the pressure range up to
5 GPa [23-28] correspond to a weaker dependence on
pressure, namely to Vi =0.3cm?mole”! and to
2.8 cm® mole~! at higher pressure values. Both these values
have considerable errors owing to a small range of pressure
variation.

The dependence of the grain size on pressure, obtained
for iron along the melting curve in [8], also has a
discontinuity at P ~ 5 GPa, which corresponds to a change
in grain size by a factor of approximately 20. Both regions
correspond to nearly linear dependences, for which relation
(7) is valid. The separation of the d (P) dependence into two
branches was interpreted in [8] as being caused by different
values of surface tension of the melt upon crystallization of
the 8- and y- phases.

It must be emphasized that the d(P) dependences
obtained in [31] on the melting curve of lead and copper,
which do not experience phase transitions in the measurement
range, displayed no discontinuities and their slopes were close
to the slope of the dependence for iron at a pressure
P > 5 GPa([8].

The values of the viscosity and diffusion coefficient in
molten iron were not determined in [1, §]. In evaluating
changes in viscosity with increasing pressure in the high-
pressure phase of iron, it was assumed that by analogy to
molecular liquids, ¥, increases from 0.05V,¢ at P < 1 GPa
t00.2—0.4 V, at P > 3 GPa.

The diffusion coefficient was measured in [21] in molten
iron using the radioactive tracer method. The concentration
of radioactive atoms of 3’Fe and °Co was measured in iron
samples along the melting curve in the pressure range from 2
to 20 GPa at temperatures from 1883 to 2393 K (see Fig. 2).
The wide range of variation of the pressure and temperature
made it possible to compare the obtained data with the results
of calculations using the Arrhenius relation and models [37 —
39].

It was found that only the data calculated using the free-
volume model and Eqn (9) are close to the experimental data
in [21]. Figure 4 gives the results of measurements and the
calculated curves obtained with the free-volume model [37] as
a function of the parameter 103/7. Only the data of two
measurements deviate from the calculations: at P = 16 and
20 GPa, corresponding to the maximum values of over-
heating. The initial value of the diffusion coefficient
Dy =12 x 107 m? s~! at normal pressure corresponds to
the data in [48]. Curves 6 in Fig. 4 plot the log D vs 1000/ T
dependence of the diffusion coefficient on the melting curve
of iron. The discontinuity on curve 6 also seems to be
connected with the phase transition at a pressure ~ 5 GPa.

Figure 5 presents the calculated temperature dependence
of the diffusion coefficient along the melting curve of iron
according to four models [35—39]. We see a significant
difference between the curves given by the models in [38, 39],
on the one hand, and the Arrhenius curve and the free-volume
model curve [37] that are consistent with the measurement
results, on the other hand.

Estimates of the diffusion coefficient of liquid iron on the
melting curve for the data in [8] were obtained in [21] using
Eqn (8). The data in [8], shown by curve 7 in Fig. 4, differ from
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Figure 4. The diffusion coefficient (10~ m?s~') as a function of pressure
for iron (according to [2]). Experimental results: < — data from [48] for
P=0.1 MPa. m, o, ¢, 0 — data from [21] for P = 2, 7, 16, and 20 GPa,
respectively; curves /-5 — free volume model calculations for
P =0.1 MPaand P = 2,7, 16, and 20 GPa, respectively, 6 — calculations
on the melting curve, 7 — estimates obtained in [21] for the experimental
data from [8].

those in [21], which becomes especially significant for
pressures P > 5 PGa.

The parameters of the Arrhenius equation for the liquid
iron viscosity as a function of pressure at P > 5 GPa are
given in Table 2. The value Vo = 4.9 cm® mole™! for the
data in [8] was calculated using Eqn (7). It appears that the
values obtained in [21] are probably more reliable:

logD
-7k
3
2
—8
1
4
—9 1 1
1800 2000 2200 2400

s

Figure 5. The diffusion coefficient (in m? s~!) as a function of temperature
on the iron melting curve according to the following models: I —
Arrhenius relation (9), 2 — free volume model [37], 3 — density
functional model [38], 4 — harmonic atomic oscillations model [39].

Vet = 2.8 cm?® mole™!, E,q o = 120 kJ mole~!. The exces-
sively large value of V, reported in [28] was caused by
inaccurate interpretation of experimental data as a result of
using a limited interval of pressure variation and neglecting a
slight change in temperature. The value of E, corresponds
to the averaged data used in Eqn (6). The Arrhenius curve
and the free-volume model [37] can probably be used only
within the investigated range of the melting curve of iron;
their applicability to higher pressures is discussed in what
follows.

Table 2. Parameters of the Arrhenius equation corresponding to measurement results and estimates of viscosity values on the earth’s outer core

boundaries.
Sample Vact> cm® mole™! Eqet 0, kJ mole™ Eaet, kJ mole™! Masgra 1072 Pass  n350Gpa 1072 Pas  References
Fe 49° 10* 10101013 2]
2.8% 120" 1.1 70%* [21]
7.9 (28]
2.8* 23]
Feo1.5S3.5 5.8 260 0.06 1.6 [26]
Fe73S27 1.51-3.61 240-405 14 103 e [10]
4,03
9.0 213-252 [22]
4237
4,28 100 (27]
15 30 [25]
Fee1Sso 0.7 40 20 [24]
FeS 255 0.86 1.6 [27]

* Estimates obtained in the present paper.
** Data for P > 5 GPa.
“** Estimates for the free-volume model [37].
“*** Estimates obtained in [26].
e+ Estimates obtained in [22].
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3.2 FeS melts

Experimental data on the viscosity of liquid compounds of
FeS under varied pressure and temperature are of interest
both concerning the state of the earth’s outer core and for
comparing them with the results obtained for pure iron.
Such studies in [22, 24—27] were partly stimulated by
checking the anomalous viscosity values of molten FeS
reported in [10] and the estimates of iron viscosity in the
high-pressure range in [1, &].

The possibility of the presence of sulfur in the outer core
was discussed in [5, 49]. The amount of sulfur that would
explain the deficit in density relative to pure iron in the model
in [3] and in agreement with the latest data in [49] is expected
to be ~ 7% at the boundary of the inner core. The values
accepted earlier on the basis of geophysical data pointed to
10—15%; consequently, the parameters of the FeS melt were
studied in a sufficiently wide range of sulfur concentrations.

The solubility of sulfur in liquid iron as pressure increases
and the effect of pressure on eutectic’s parameters in the Fe—
FeS system were studied at pressures up to ~ 10 GPa[50]. The
eutectic at normal pressure corresponds to the compound
Fe73S,7 and its melting point is 1260 K. As pressure increases,
the sulfur content in the eutectic decreases. Calculationsin [52]
show that at pressures above 130 GPa, the stable compound is
Fe—F3S, corresponding to a sulfur content of 7.5%.

Measurements conducted with diamond anvils at pres-
sures up to 62 GPa established that the melting point of the
Fe—FeS eutectic mixture is much lower than the melting
point of iron (see Fig. 2). Estimates of the melting point for
FeS at higher pressures were made in [52] by temperature
measurements at the shockwave front.

Direct measurements of the Fe—FeS melt viscosity as a
function of the sulfur content were carried out in [52], where it
was shown that log 1 decreases only weakly as the sulfur
content increases. Thus, the viscosity at P = 2.7 GPa and
T = 1923 K decreased from = 2.7 x 1072 Pa s for pure iron
to n = 1.8 x 10~2 Pa s for the Fe73S,7 eutectic [25]. It seems
that the value of viscosity reported in [25] corresponds to the
minimum level achieved by varying sulfur content in the Fe—
FeS melt.

A lower position of the melting curve of the Fe;3S»7
eutectic in comparison with the melting curve of pure iron
on the T— P diagram made it possible to reduce the range in
which viscosity was to be measured, mostly to the interval
1250—1570 K (see Fig. 2). The measurements were conducted
by the same methods as in pure iron. The data of all
measurements, with the exception of those in [10] (larger
than the results of all other measurements by several orders of
magnitude) correspond to values in the range (0.4—4)
x1072 Pa s (see Table 1). The results of viscosity and
diffusion coefficient measurements [10, 22, 24—27] in liquid
FeS compounds are plotted in Figs 6 8.

Figure 6 compares the viscosity as a function of pressure
in the Fe73S,7 eutectic reported in [25] for two temperatures,
approximately 1310 and 1820 K, with the data in [27] for the
compound Feg; 5Sg 5[26] at 1823 K, and with the calculations
in [18]. In the low-temperature range, a knee is noticeable on
curve | in the pressure range ~ 4—5 GPa, similar to that
observed in pure iron (see Fig. 2).

The data in [25, 27] and [10] for the pressure ~ 5 GPa are
plotted in Fig. 7 as functions of the parameter 10°/7T . The
deviation of the data in [10] from the measurement results [18,
26, 27] obtained under similar conditions (see Fig. 2) confirms
that the results in [10] are incorrect.

logn

0 2 4 6 8
P, GPa

Figure 6. Viscosity (in cPa s) as a function of pressure for various Fe—FeS
compounds: /, 2— data [25] for the eutectic at temperatures of 1253 - 1373
and 18131821 K, respectively, 3 — data [26] for Feo; sSg sat 1823 K, 4—
calculated results [18] for the eutectic at 1300 and 1500 K. Experimental
points: e, m — data [25], « — data [27] (T = 1423-1563 K).

The behavior of the diffusion coefficient in molten
eutectic Fe73Sy7 [22] (Fig. 8) is similar to that observed in
pure iron [21].

Table 2 gives the values of the activation volume and
activation energy of Fe—FeS compounds, obtained to
describe the results of measurements using Eqn (9), as well
as estimates of the viscosity corresponding to the parameters
at the boundaries of the earth’s outer core.

Nearly isothermal curves of the viscosity of the Fe;3S27
melt as a function of pressure in [24, 25] (see Fig. 6) yielded the
values Vi ~ 0.7—1.5 cm® mole™!, which disagree with the
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Figure 7. Viscosity (in cPa s) as a function of temperature for the Fe—FeS
eutectic: / — data [25] for P =4.7 GPa, 2 — calculations [18] for
P =5 GPa, 3 — data [10] for P = 3.9 and 5 GPa. Experimental points:
e —data [24]for P = Sand 6.9 GPa, m — data [27] for P = 2.2 and 5 GPa,
o —data [25] for P = 4.7 and 5.6 GPa.
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Figure 8. The diffusion coefficient (in m? s~!) as a function of temperature
for the Fe73S»7 eutectic. 1, 2 — data [22] for P =2.2 and 5 GPa, 3 —
calculations [18] for P = 5 GPa.
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Figure 9. Phase diagram of iron. Dashed curves — phase boundaries and
melting curves: / — data [60], 2— data [17], 3 — data [9]. Solid curves —
shock adiabats: 4 — data [60] (with melting neglected), 5 — data [17] (with
melting taken into account). Black dot: melting on the shock adiabat at
P =200 GPa.

value 4.2 cm®mole! obtained in [26] on the basis of the
results reported in [10, 22, 26, 27]. The authors of [26] are of
the opinion that this could be caused by making methodolo-
gical errors of the Stokes method measurements in which the
chemical interaction of the ball material with the melt was not
eliminated as well as by neglecting certain changes in
temperature on quasi-isothermal curves #(P). To eliminate
the interaction with the melt, a platinum ball in a corundum
shell was used in [26]. The viscosity data in [26], as well as the
diffusion coefficient curves in [22], yielded the activation
energy Eae ~ 250 kJ mole~!.

To clarify the possible cause of discrepancies between the
results in [10] and the measurements in [22, 24, 27],
calculations were carried out in [18] to evaluate the viscosity
and the diffusion coefficient for a liquid Fe—FeS eutectic at
the pressure 5 GPa that corresponds to the available
experimental data. The first-principle molecular dynamics
calculations showed that the viscosity at 1300 and 1500 K was
1.08 x 1072 and 0.42 x 1072 Pa, respectively, that is, these
values agree with the measurements in [22, 24, 27] and
contradict the data in [10]. The calculated diffusion coeffi-
cient data (D ~ 2.5 x 1072 and 3.5 x 10~° m?s~!) roughly
correspond to the data in [22]. The calculated results in [18]
confirmed the applicability of Eqn (8) under the measurement
conditions used for Fe—FeS compounds.

It is thus justifiable, as it was in the case of molten iron, to
use the Arrhenius function whose parameters do not differ
very much from those for molten iron, to process experi-
mental data on the viscosity of Fe— FeS compounds, despite a
certain spread of data, which may originate in methodologi-
cal measurement errors.

4. Phase diagram of iron
in the high-pressure range

Before extrapolating the behavior of viscosity on the melting
curve to higher pressures, we consider the available data on
the iron melting curve.

Studies of the iron phase diagram and melting curve
carried out in the 1990s under conditions of laser heating
and static compression in diamond anvil cells covered the
pressure range up to 200 GPa and the temperature range up to
nearly 4000 K [53, 54]. Melting was detected in this work by a
change in the gradient of temperature increase upon heating
and by a change in reflectivity of the specimen surface. Novel
X-ray-based techniques for diagnosing the in situ status of the
specimen greatly helped the studies of the structure of new
phases. The measurements showed the presence of another
triple point on the iron melting curve (Fig. 9). Subsequent
diffraction experiments established that a phase transition in
the range of solid phases occurs by transforming the fcc
structure to a new 3 phase identified as the double hexagonal
dense packing in [55, 56] or as an orthorhombic structure in
[57]. The pressure at the triple point was found to be 60 GPa
and the temperature 2800 K [58]. The volume change in the
phase transition was 1.8% [45].

The y-phase range on the iron phase diagram and,
correspondingly, the melting curve of the y phase are by
now determined quite well both for the static conditions [6,
45] and under shock compression [59]. However, the data of
static and dynamic measurements begin to diverge at higher
pressures. The results of experimental studies of the iron
phase diagram and melting curve were analyzed in [6, 60].

Experiments with laser-heated diamond anvil cells showed
that transition metals display a general type of behavior,
namely a substantial decrease in the temperature growth rate
along the melting curve [61]. The slope dT},/dPy, near the
v — B — I triple point of the iron y phase is ~ 4 K GPa~!. As
the pressure increases to 200 GPa, the slope of the iron melting
curve remains small, d7y, /dPy, = 7-9 K GPa~![6, 53].

At pressures above 200 GPa, the iron melting curve was
also found from shockwave data: from measurements of the
speed of sound behind the shockwave front [62, 63] and from
the temperature measured at the shockwave front [64, 65].
Both sets of data suffer from errors due to inaccuracies in
finding the heat terms in the equation of state of iron in the
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former case and methodological uncertainty in making
corrections to measurement results in the latter.

The sharp drop in the longitudinal elastic speed of sound
as a function of pressure behind the shockwave front in iron
and the elastic speed of sound tending to the bulk plastic
speed of sound were interpreted as attributes of melting on the
shock adiabat [62]. According to the data in [63], melting
onset corresponds to the pressure 200—220 GPa and is
completed at ~ 240 GPa.

The data concerning the melting curve found from the
knee of the measured temperature curve on the shock adiabat
of iron, corresponding to the intersection point of the adiabat
and the melting curve, describe behavior in the pressure
interval 235—300 GPa [65].

The position of the triple point (y—B—1) as the starting
point for the melting curve in the range of higher pressures
imposes considerable constraints on the position of the
melting curve on the phase diagram, despite the existing
uncertainty of experimental data. This factor was used in
[60] for evaluating the melting curve using the isentropic
expansion of iron from the state on the shock adiabat [66].

Figure 9 plots the iron melting curve [60], the shock
adiabat calculated from the semiempirical equation of state
with melting neglected [60], and the calculated data [17]
taking melting into account. According to the data in [17],
melting begins at the pressure 200 GPa and the tempera-
ture 4000 K and continues on the shock adiabat up to
280 GPa.

Therefore, the data on the melting curve of iron in the
pressure range corresponding to the earth’s core and obtained
on the basis of static and shockwave measurements are
currently incompatible. The discrepancy in temperature at
200 GPa is ~ 800 K [67]. We have no explanation yet for this
inconsistency. According to the estimates in [67], the
temperatures at the boundaries of the outer core of the earth
are 3800 and 5790 K.

5. Calculation of viscosity at high pressures

Two approaches are available for evaluating and interpret-
ing the values of viscosity in the earth’s core. Geophysical
estimates are obtained by interpreting the data of measure-
ments of the propagation velocity of seismic waves,
determining the periods of natural oscillations of the earth
and of free nutations of the inner core [7]. Another
approach lies in first-principle calculations of shear viscos-
ity in liquid iron and Fe—FeS compounds by molecular
dynamics methods using the density functional model.
Recent developments in the technique can be found in [11,
12, 14-17, 20].

Large values of bulk viscosity are found by calculating the
attenuation of radial modes of free oscillations and from
propagation of seismic waves [2, 68]. According to the
estimates in [19], the bulk viscosity in the outer core must be
of the order of 10— 10! Pa s and depend on the frequency of
oscillations. For instance, the viscosity at 1073 Hz is
103—10'! Pa s. The attenuation of longitudinal, so-called
P-waves at a frequency ~ 1 Hz in the outer core corresponds
to the viscosity 10°—10° Pa s. But the obtained values of
viscosity cannot always be made to correspond with the
parameters that characterize the physical state of the core or
with the position of local regions that correspond to these
values of viscosity, and particularly, of the transitional
regions at the boundaries of the outer core.

The possibility of a substantial increase in viscosity of the
outer core was discussed in [19, 69] in terms of the presence of
alloyed components (Ni, S, O), and in [70] in terms of particles
suspended in the core. The presence of partially melted local
zones in the core was assumed in [71].

The detection of oscillations of the inner core inside the
outer core (Slichter modes) made it possible to determine the
viscosity in the inner core and in the vicinity of its boundary
[72, 73]. The obtained value of viscosity, 1.22 x 10! Pa s[73],
was assigned to the transitional, so-called F-layer at the
boundary of the inner core that consists of liquid and solid
components. It was assumed that a long-term relaxation of
shear stresses that causes the increased viscosity occurs in this
layer. However, subsequent studies [74] treated this inter-
pretation of measurement results as ambiguous.

Most of the theoretical models assumed the inner core to
be viscoelastic. The Maxwell rheological model was applied
to it in view of the value of the effective shear viscosity — from
102 to 10'7 Pas[75].

The geophysical estimates of viscosity in the earth’s core
in the vicinity of the melting curve are inconsistent with the
theoretical estimates of viscosity in the liquid state of iron and
its alloys given below. It is still important to establish the
physical properties of materials, iron first of all, indepen-
dently of the interpretation of the geophysical information.
Frenkel [35], analyzing the viscosity of metals on the melting
curve, obtained an estimate of its insignificant variation with
increasing pressure and temperature, namely, 103 —102 Pa
s for the outer core environment.

Numerical evaluations of the bulk and shear viscosity by
methods of molecular dynamics have recently achieved
considerable progress; the main difference lies in the
approaches to describing the electron state. The technique
was initially used for determining structural parameters and
the density of solid phases of iron and later its melting curve in
the high-pressure range as well [17, 20, 76, 77].

Calculations of the shear viscosity and diffusion coeffi-
cients of liquid iron were carried out for the pressures and
temperatures that correspond to the outer and inner bound-
aries of the outer core. Different calculations used somewhat
different values of temperature in the ranges 39704300 and
5400-6000 K in order to arrive at the density and pressure
close to the parameters of the PREM model [3]. Figure 9
demonstrates that these values of temperature at the core—
mantle interface fall above the iron melting curves, that is,
they point to overheating by ~ 700—800 K. As we mentioned
above, temperatures at the boundary of the inner core appear
to be closer to the data on the melting curve.

Calculations assumed that the viscosity mechanism of
iron in the outer core remains the same as in the already
investigated range of not very high pressures.

Table 3 gives the pressure, density, diffusion coefficient,
and shear viscosity of liquid iron calculated by molecular
dynamics techniques in the papers listed in column 6. The
viscosity at the core boundaries was found to be (0.9-1.2)
x1072 and (1.3-3.3)x1072 Pa s; these values are in good
agreement with earlier numerical results [78 —80] and with
scaling estimates [33] for liquid iron (Table 4). The data for
iron in [15] were obtained with an improved computational
technique and differ from earlier results by the same authors
[81] that gave too high values of the iron viscosity,
~ 90 x 102 Pa s for the conditions in the outer core, which
exceeds the viscosity of simple liquid metals by an order of
magnitude.
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Table 3. The pressure, temperature, density, diffusion coefficient and shear
viscosity of liquid iron corresponding to states at the boundaries of the
earth’s outer core.

P, GPa T,K p,gem™ D, 107° g, 1072 References
m?s~!  Pas
135 4300 10.70 5 [11]
135 4300 10.70 4 12 [12]
132 4300 10.70 5.2 0.85 [15]
132 4300 10.70 5.8 [20]
360 6000 13.30 5 1.5 [15]
330 6000 13.30 5 1.3 [12]
330 6000 13.30 4-5 2.6-3 [11]
330 5400 12.80 13 [17]
358 6000 13.60 3.2 [20]

Table 4. Shear viscosity (10~2 Pa s) of liquid iron corresponding to
pressures at the boundaries of the earth’s outer core.

Author, year P =130 GPa P =330 GPa
Gans, 1972 [78] 0.37 1.85
Poirier, 1988 [33] 0.3 0.6
Svendsen et al., 1989 [79] 0.9 1.4
Stixrude et al., 1998 [80] 0.5

The calculated estimates of the viscosity of molten iron
alloyed with 12% sulfur at the boundary of the inner core
(T = 6000 K, p =12.33 g cm~3) were reported in [14]. The
obtained value n = 1.3 x 1072 Pa s was quite close to the data
in[l1, 12].

Molecular dynamics techniques, similar to those used in
[16—18], seem to have been used for the first time in [11, 15]
for independent calculations of the bulk and shear viscosity.
As in the case of the data given above, the calculated values
of the density of liquid iron at the boundaries of the outer
core are in good agreement with those for iron alloyed with
10% nickel, and also with the data in [3]. These results are
listed in Table 5. It was observed that the bulk viscosity of
the alloy roughly corresponds to that of iron. Hence, the
presence of nickel in the outer core can reduce the bulk
viscosity of the melt only slightly. According to the
calculations for iron and the alloy, the relation n, = 0.12y,
holds in the entire range of pressures and temperatures. The
shear viscosity was ~ 1072 Pa s, as in earlier calculations for
these conditions.

We also note that iron and its alloys with nickel
demonstrate a similarity in other parameters. The differences
in the isothermal compressibility between iron and the alloy
(the experimental data in [4]) at normal temperature at
pressures up to 300 GPa were less than 1.5%. The melting

Table 5. The pressure, temperature, density, diffusion coefficient, and
shear and bulk viscosity of liquid iron and liquid alloy Fegy Nijo,
corresponding to the states at the boundaries of the earth’s outer core.

M P, T, p, D, 107 5, 1072 5, 107> Refe-
GPa K gem™ m?s”!  Pas Pas  rences

Fe 135 3970 1037 32 12 032 [l6]
330 5950  12.51 1.87 33 0.32 [16]

FegoNijp 133 3961  10.37 0.1 [19]
330 5975 12.54 034  [19]

curve for the iron —nickel alloy above 60 GPa also appears to
be close to the iron melting curve [82].

The values of viscosity at the boundaries of the outer core
yielded by approximate numerical models discussed above
are listed in Table 2.

Estimates generated in [21] using the free-volume model
[37] for the pressure 130 GPa and temperature 4300 K
corresponded to D=25x10""m?>s! and y=1.1x
102 Pas. These values are sufficiently close to the numerical
results in [15] obtained by molecular dynamics techniques:
52 x 107 m?s~!and 0.85 x 1072 Pas. But they are too high
as far as the vicinity of the inner core boundary is concerned
(P =330 GPa, T=06000 K). Estimates of the diffusion
coefficient using the Arrhenius relation in [21] yielded
substantially larger deviations (by 10—20 orders of magni-
tude), for instance, in comparison with the data in [15]. A
similar extrapolation of viscosity using the Arrhenius relation
in [10, 22—-28] also gives greatly overestimated and unreliable
results.

With the dependence of V,¢ on the pressure along the
melting curve assumed in the form Vy ~ 1/p for the
modified Arrhenius model, the viscosity at the boundaries of
the outer core was estimated to be between 5 ~ 10* and 1010 —
10'3 Pas(see Table 2). According to the evaluation in [21], the
corresponding values of the diffusion coefficient are
1.2x 1078 and 9.2 x 107 m? s~!. These results remain
considerably lower than those obtained with the free-volume
model.

The reason for the fast growth of metallic melt viscosity
along melting curves consists, in the opinion of the authors of
[1], in a steeper dependence of pressure on density as
compared with the dependence of the melting point on
density. For the melting curve, it was assumed in [1] that

Po p*3. (12)
In reality, this function, usually represented in the form
KI
P:KSQ|:1+<£> :|7 (13)
Po

where Ky is the initial value of the modulus Ky = p(dP/dp)g
for p = p, and K’ = dK/dP, corresponds to the 300 K
isotherm. The measurement data for iron obtained in [4]
correspond to K’ = 4.81 [83].

The variation of density along the melting curve can be
calculated using the semiempirical Mie— Gruneisen equation
of state with separation of cold (elastic) and thermal
components of pressure and energy,

P:PC+P1, E:EC+E1 (14)
Equation (13) was used in [60] to describe the cold
components of the equation of state in iron; for thermal

components, the equation

P[:V’[)Et, Et:CV(T_TO), (15)
was used, where y is the Gruneisen coefficient, 7y = 300 K,
and Cy is the heat capacity. In the approximation where

yp = const, using the Lindemann relation

dIn Ty, _5 y—1
dinp 3

(16)
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allows relating the melting point to the density as [84]

= () onp(-32)]
=|— exp |2ymol 1 —— ) |,
TmO Pmo mo Pmo

where Thmo, pmg, and y,o are the initial values of the
parameters.

The choice of values of yp in [60] made it possible to
describe melting curves in the region of y and B phases of iron.
The lower-slope melting curve of the y phase corresponded to
the value yp=9.5g cm™>, and the steeper-slope one to
yp=13.5 g cm™3. The shockwave data on the melting curve
in the range P > 200 GPa correspond to still a greater value
of yp. In this case, the function 70 (Py) must approach a
linear form. We note that Boehler’s initial measurements of
melting curves in the 100 < P < 200 GPa range recorded a

(17)

melting curve of iron with the constant slope
dTy/dPy = 9.5 K GPa~! [53].
In terms of the Arrhenius activation model, with
EactO Vacth
- —actm 1
n noeXp<RTm>eXp( RT. ) (18)

the linear or even faster (unrealistic) growth of the tempera-
ture on the melting curve, that is, the case where
&7, /dsz > 0, must result in a decrease of the viscosity
with increasing the pressure; in the opposite case, represented
by the data for iron, the viscosity must increase along the
melting curve.

Indeed, according to the equation of state in [60], the
viscosity in the region of the y phase increases with increasing
the pressure up to 0.4 Pa s and continues to grow. As in the
case of the & —y — 1 triple point, we can expect the density
change on the melting curve at the y —  — 1 triple point to
result in some decrease in viscosity. However, the applic-
ability of the Arrhenius model in the high-pressure range can
be rejected according to the numerical and theoretical data
given above.

The viscosity of iron in the states typical of the earth’s
outer core is thus better justified in the theoretical calculations
considered above than in the extrapolated estimates that
follow from experimental results at not very high pressures.
The calculated value of viscosity in liquid iron is
~ (1-1.5) x 1072 Pa s, which corresponds to an insignif-
icant increase in viscosity on the melting curve. Adding nickel
and sulfur to iron does not increase the viscosity. Clarifying
the nature of low viscosity in the outer core is important for
understanding the processes of circulation and convective
heat exchange in the outer core. The interpretation of high
viscosity is related to the possible existence of partially melted
systems and suspensions inside and at the boundaries of the
earth’s core.

6. Viscosity measurements in shock compression

Compression of matter by shock waves makes it possible to
achieve pressures of dozens and hundreds of GPa, far beyond
the capabilities of static methods [85]. The parameters of the
compressed material, including its viscosity, are determined
by processes that accompany shock compression: high-rate
straining of matter at the shockwave front, its nonadiabatic
heating, and the displacement of material behind the
shockwave front. We note that the viscosity of matter affects
both the width of the shockwave front and the rate of
dissipative processes involved in the shock wave propaga-

tion. Therefore, the dependence of viscosity on shockwave
intensity is by no means straightforward.

Because the results of shockwave experiments on viscosity
measurements in aluminum, iron, lead, mercury, and water in
the megabar pressure range [86—90] were interpreted in [1] as
pointing to an increase in viscosity by several orders of
magnitude, these results must be considered in more detail.

The physical picture of high-speed shockwave deforma-
tion of an initially solid matter is quite complicated owing to
the rheological properties of materials under shock compres-
sion [91]. The manifestations of viscosity in material flow
corresponding to a counteraction due to the velocity gradient
is analogous to diffusion processes involving transport of
particles and leveling of the composition in the presence of
concentration gradients. The value of viscosity is determined
not only by thermodynamic parameters but also by the
deformation rate. Depending on the type of deformation,
viscosity is classified as bulk or shear. Bulk viscosity manifests
itself in relatively slow relaxation processes, including those
connected with wave attenuation. Newton’s shear viscosity is
independent of the deformation rate.

Viscosity is also determined by the scale of processes
involved. Low values of viscosity correspond to processes
involving the generation and relaxation of dislocations. High-
rate deformation at the macroscopic level is caused by
increased viscosity [92].

The hydrodynamic approximation, in which strength and
viscosity of solid materials are ignored, is applicable in
conditions of high-intensity shock loads when the pressure
greatly exceeds the shear strength of materials. Thermody-
namic parameters — the pressure, temperature, and compres-
sion ¢ = p/p, (where p and p, are the respective densities of
the compressed and original material) — are determined from
the conservation laws for mass, momentum, and energy, as
well as from the equation of state of the material with the
kinematic parameters of the shock wave: the shock wave
velocity D and the mass velocity U of matter behind the
shockwave front [85]:

P =p,UD; (19)

Experimental studies [93] showed that as a result of shock
compression, the state of matter behind the shockwave front
becomes very nearly isotropic. However, strength properties
of materials affect the process of shock compression, which
deviates from the ideal liquid behavior.

A method for studying viscosity of materials behind the
shockwave front was suggested by A D Sakharovin 1957 [94].
The method is based on measuring the time of evolution of
harmonic perturbations created at the front of the shock wave
propagating through the material under study, and then
comparing the experimental results with theoretical evalua-
tions [86]. Experimental studies were conducted at VNIIEF
(the All-Russian Research Institute of Experimental Physics
in Sarov) by Mineev, Oleinik, and others [8§6—89]; numerical
processing was carried out in collaboration with Zaidel, who
analyzed the effect of viscosity on the evolution of perturba-
tions in plane shock waves [95].

Later, Miller and Ahrens [96] analyzed the method for
measuring the shear viscosity suggested in [86] in more detail.
They covered the effect of boundary conditions and that of
the approximations chosen in [95] on the method of
processing the experimental data representing the evolution
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of perturbations behind the shockwave front, the method
used to determine viscosity in [86—89]. The solution to the
problem of propagation of perturbations given in [96], as well
as that in [95], was obtained in the approximation of a
Newtonian liquid with a constant viscosity independent of
the loading rate. A comparison of viscosity estimates for
water [88, 90] based on two approaches [95, 96] showed
insignificant differences between the results and thus con-
firmed the reliability of data obtained in [86—89].

The plane shock wave was created in the above experi-
ments by an explosive charge. Harmonic perturbations were
generated at the arrival of the shock wave at the surface of the
material under investigation. To achieve this, recesses shaped
like parallel cavities of the sinusoidal profile were created on
the skew surface of the wedge-shaped specimen. The distance
between cavities determined the perturbation wavelength on
the shockwave front. As the shock wave propagated along the
wedge, the wave carrying the perturbation entered the gap
between the free surface of the specimen and a plate made of a
transparent material (plexiglass). Measurements of the form
of the shockwave front after the shock wave has traveled
along the specimen were conducted by recording the light
emitted from the gap. The glow was recorded by an ultrafast
photochronograph. A system of slits on the plexiglass plate
permitted the determination of the wave profile at different
moments of time, corresponding to the length of propagation
of the shock wave along the wedge.

The pressure in the shock wave was increased by using
explosive laboratory devices with spherical shock waves [97]
used at VNIIEF for studying shock compression of materials.
Experiments were set up in a similar way to those with a plane
shock wave.

In both cases, the artificially created perturbations,
characterized by a periodicity in the direction along the
surface of the shockwave front, caused vibrations of matter
behind the wavefront. Perturbation parameters were chosen
in accordance with the selected approximation [95] that
corresponded to plastic flow without taking strength para-
meters into account and neglecting the effect of low viscosity
on the perturbation evolution,

Pay 21ag

7 oo <
where ag is the initial amplitude of perturbations, 4 is the
perturbation wavelength, P is the pressure in the shockwave,
and o, is the dynamic yield strength. The constancy of flow
behind the shockwave front, required for the calculations to
correspond to the experiment, was ensured by using suffi-
ciently large explosive charges and specimens.

The experiments studied the propagation of shock waves
with different perturbation wavelengths 4 at the wavefront.
Complete geometric simulation of the process was carried
out, including the relation 2may/4 = const.

The experimental data on the perturbation amplitude at
the shockwave front as a function of the shockwave
propagation length x = s/ (where s is the length covered by
the wave) were obtained for the wavelengths A = 1.2 and
3.3 cm and for the initial amplitudes 2may/A = 0.23—1.74.
Qualitatively, the experimental curves had the same shape as
the curves calculated in [95]: the perturbation amplitude falls
off, changing sign several times in the process. At the same
time, it was found that the perturbation amplitude attenua-
tion curves a(t)/ay plotted along the x axis display phase
shifting for different values of the wavelength A and of the

(20)

parameter 2ra/ /. A numerical analysis showed that this effect
dominates when shear viscosity is calculated from the
displacement of the point of intersection of the a/ay curve
with the abscissa axis for various wavelengths Ax = x¢2 — X1,

pDAx
"KL - 1) o

where p is the density behind the nonperturbed shockwave
front and D is its wave velocity. The parameter k was found by
regression analysis of the data xo; = f(1/4;, agi/4i) [86].

The most detailed measurements of shock compression
were conducted with aluminum and lead [86, 87]. The
pressure varied in the interval from 31 to 250 GPa; this
range covered the regions of the solid and liquid states on
the shock compression adiabat. To reveal the effect of shock
heating, viscosity was also measured in porous aluminum
specimens with initial density reduced by a factor of 1 [87]. At
approximately the same pressures, the shock compression of
porous specimens made it possible to achieve higher tempera-
tures of shock compression in comparison with shock
compression of nonporous specimens [98].

Figure 10 gives the phase diagram of aluminum, the shock
adiabats for the nonporous (m = 1) and porous (m = 1.23,
1.43, and 4) specimens, and the results of viscosity measure-
ments.

The aluminum melting curve was measured in [99] under
static conditions on diamond anvils at pressures up to 80 GPa.
At high pressures, the curve comfortably agrees with the data
of theoretical calculations [100] as well as with the data on
melting under shock compression obtained by measuring the
speed of sound behind the shockwave front [101]. Later, first-
principle calculations of the melting curve [102] also gave
results close to the data in [99]. The initial region of the
aluminum melting curve up to 15 GPa was confirmed by
experiments [103].

Temperature estimates on shock compression adiabats in
nonporous and porous specimens were obtained using the
Mie — Gruneisen-type equation of state developed for metals

T, kK <02
8 -
m=1
! !
0 50 100 150 200
P, GPa

Figure 10. Aluminum melting curve (dashed line) and shock adiabats
(solid curves) for different initial porosities m [99]. The numbers by the
experimental points give the measured viscosity (in kPa s) [86, 87].
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in [104], with separation of the lattice and electron contribu-
tions to the pressure and energy; the changes in the heat
capacity and the Gruneisen coefficient were taken into
account in the equation of state. Shock adiabats in the region
of the liquid phase were taken from the data in [105]. The
discontinuity and displacement of adiabats on the melting
curves correspond to taking melting into account in shock
compression calculations.

The results of viscosity measurements in aluminum under
shock compression [86, 87] are shown in Fig. 10 (in kPa) by
numbers near the points that correspond to the parameters of
the shock waves in the experiments.

A substantial reduction in viscosity under shock compres-
sion was observed at the melting stage in the material. In the
majority of measurements conducted in this field, the
evolution of perturbations at the shockwave front was
independent, to within experimental errors, of the perturba-
tion wavelength, which pointed to a sharp decrease in
viscosity [87]. Because the limiting resolution of recording
the evolution of perturbations was Ax < 0.02—0.03, the
viscosity found in [86, 87] for aluminum at P = 202 GPa
was n < 2 kPa s; in some experiments on porous aluminum
with m = 1.43, values n < 0.2 kPa s were observed.

Figure 11 shows a melting curve and the calculated
shock adiabat for lead (m = 1) in the region of solid and
liquid phases [106]. The melting curve was found using
optical measurements of the unloading of shock-compressed
lead into a transparent obstacle; as in the case of aluminum,
the curve agrees with the data of static measurements [107].
The plot presents viscosity data for lead under shock
compression in the solid phase region [86, 87]. Viscosity
measurements at the pressures P =124 and 250 GPa
corresponding to temperature estimates of about 7000 and
20,000 K, i.e., above the melting curve, also manifested the
behavior of perturbation evolution that was similar for
different wavelengths, yielding the respective viscosity
values 7 < 30 and 13 kPa with measurement errors taken
into account.

The aluminum viscosity data in the region of the solid
phase are described in [87] on the basis of the activation model

T, kK -

0 50 P.GPa 100

Figure 11. Melting curve (dashed line) and shock adiabats (solid lines) for
lead at m =1 [106]. Numbers at the experimental points show the
measured values of viscosity (in kPa s) [87].

[35, 36]. For this, the viscosity was written as

E

This representation of the temperature dependence of
viscosity was used for describing experimental data for liquid
metals and molten alloys at normal pressure, along with other
forms of dependence, including that given in [108]. However,
as we mentioned earlier, relation (22) is not substantially
different from the classic formula (5) chosen owing to the
structural similarity of liquid and solid bodies in the vacancy
model of thermal atomic motion.

The function chosen in [87] on the basis of qualitative
arguments was

Eyi(0) =a+ bo™.

(22)

(23)

However, calculations failed to establish physically accepta-
ble values of the constants a and b.

Relation (22) was also used successfully in [109] to
describe aluminum and lead viscosity data in [86, 87] on the
shock adiabat of nonporous materials (72 =1) in the regions
of solid and liquid phases. The values of E,(g) were found
from experimental data by inverting (22) as

Eaa(0) = T(hﬂ— no) .

Ho

It was assumed that E,y(s) must be a monotonically
increasing function corresponding to the totality of the
data within the experimental errors. Numerical estimates
showed that in this case, Eae(0) is a step function that can be
written as

(24)

Eu(0) = a+b th[c(o — d)]. (25)
Numerical values of the parameters in Eqn (25) were
found from the condition of the minimal least-square
deviation of the obtained values of E,(a). The initial values
of viscosity at P = 0.1 MPa were taken from [110]. Close to
them are the data on aluminum and lead viscosity obtained in
the pressure range 0.1—5 GPa in [111—113]. The calculated
data in [109], converted to the viscosity as a function of
pressure, plus the viscosity data on adiabats of shock
compression of aluminum and lead, are plotted in Fig. 12.

The calculated curves n(P) in Fig. 12 correspond to the
activation energies 2.1 and 56 kJ mole™! for aluminum and
4.2 and 60 kJ mole™! for lead on the initial rising branch and
the subsequent falling branch, respectively. This considerable
change in the activation energy under shock compression
corresponds to the fact that the growth of pressure at the
initial stage, corresponding mostly to cold compression, is
accompanied by a slight increase in temperature.

As the pressure grows, the contribution of thermal
pressure increases. The growth of the internal energy and
temperature with increasing the pressure in the region of the
liquid state is substantially steeper than that of cold compres-
sion of the specimen [104]. Thus, the share of the thermal
energy of aluminum and lead in the shock compression
energy at P =200 GPa is about 60 and 35%, respectively.
According to estimates obtained using the equation of state in
[60], the share of thermal energy at the same pressure in
compressed iron was 54%. Therefore, as the pressure grows in
the region of liquid state of a metal under shock compression,
its viscosity must decrease in response to increasing the
temperature.
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Figure 12. Viscosity of aluminum and lead on shock adiabats (m = 1): ¢ —
aluminum, ¢ — lead; /, 2— calculated curves based on data from [109] for
aluminum and lead, respectively.

Isolated measurements of viscosity in [86] by the method
of the progress of perturbations at the shockwave front in
iron at P =39 GPa gave values close to the aluminum
viscosity in the same pressure range. Although no measure-
ments were conducted in iron at higher pressures, we can
expect that its viscosity under shock compression should
manifest a behavior similar to that observed in aluminum
and lead.

It must be mentioned that the method of measuring
viscosity by monitoring the evolution of harmonic perturba-
tions at the shockwave front corresponds to the viscosity
effects in the region of flow behind the front where the
relaxation of mobile dislocations is already complete and
their concentration, according to the estimates in [114],
reaches 107 —10% cm—2, while more than 10° cm~2 of disloca-
tions form at the front of the shock wave. The deformation
and its rate behind the shockwave front are given by

- 2map  de 4n’ayD
IV T L
The deformation rate in viscosity measurements in aluminum
at P = 31 GPa, carried out in [87], was ~ 107 s~!, and in [86]
it varied from 4 x 10° to 8 x 10° s~!. As we see from Fig. 12,
viscosity values in the pressure range up to ~ 30 GPa, where
shock heating is not very high, remained nearly constant and
independent of the deformation rate, that is, viscosity was
Newtonian. The values of viscosity in this range of pressure
were found not to be very different in aluminum and lead. As
the pressure on the shock adiabat increased in the range
P = 50—100 GPa, the viscosity grew ton ~ 10—15 kPa s.
Under conditions of dynamic loading at lower deforma-
tion rates de/df = 6 x 10> — 6 x 10 s7!, nearly equal values
n = (3—4) x 10* Pa s were found in [115, 116] in aluminum
and various grades of steel. The viscosities of aluminum and
steel were also very close in the range de/dr > 10* s~!, and
were only slightly affected by the deformation rate [113]. The
initial increase and the subsequent decrease in the aluminum
viscosity with increasing the pressure was also observed in
[117] at deformation rates de/dr > 10° s~

(26)

The viscosity obtained in measurements of the shockwave
front width at pressures of shock compression of 41 and
139 GPa in aluminum and steel [114] corresponded to a
deformation rate of 7 x 107 s~! and reached 10?> and
4% 10? Pas.

As pointed out in [109], the drop in viscosity in the region
of transition to melting on the shock adiabat is similar to a
change in the yield strength [118—120] and in the spalling
strength [121].

The change in viscosity under shock compression is thus
caused by competing processes of compression and heating of
matter; it is determined by the transition from the solid to
liquid state.

7. Conclusion

The results of measuring viscosity in the vicinity of the iron
melting curve at pressures up to 10— 20 GPa correspond to the
values ~ (0.5—1.5) x 1072 Pa s and approximately coincide
with the measurement data for iron—sulfur melts that
constitute the likely composition of the earth’s outer core.

The calculated values of the molecular shear viscosity in
the pressure range up to ~ 5 GPa are consistent with the
measurement results.

The calculations of shear viscosity of iron at the
boundaries of the earth’s outer core at 130 and 330 GPa
yield values ~ (1—1.5) x 1072 Pa s. Because both groups of
data correspond to states near the melting curve, this contra-
dicts both the hypothesis of a considerable rise in viscosity
with increasing the pressure and the hypothesis of a glassy
state of the earth’s inner core.

According to the measurement results of viscosity of
metals under shockwave conditions, a considerable drop in
viscosity is observed after melting on the shock adiabat.

The differences between estimates of the viscosity varia-
tion along the melting curve of iron in the pressure range
typical of the earth’s outer core point to a serious problem in
extrapolating the experimental data in terms of the available
model concepts, including the Arrhenius activation model.

The complicated nonmonotonic and ambiguous behavior
of the melting curve of iron that is revealed in static and
dynamic measurements makes it difficult to extrapolate
viscosity to the range of high pressures characterizing the
earth’s core.
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