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Abstract

The Fe^FeS melt is thought to be the major candidate of the outer core material. Its viscosity is one of the most
important physical properties to study the dynamics of the convection in the outer core. We performed the in situ
viscosity measurement of the Fe^FeS melt under high pressure using X-ray radiography falling sphere method with a
novel sample assembly. Viscosity was measured in the temperature, pressure, and compositional conditions of 1233^
1923 K, 1.5^6.9 GPa, and Fe^Fe72S28 (wt%), respectively. The viscosity coefficients obtained by 17 measurements
change systematically in the range of 0.008^0.036 Pa s. An activation energy of the viscous flow, Q = 30.0 þ 8.6 kJ/mol,
and the activation volume, vV = 1.5 þ 0.7U1036 m3/mol, are determined as the temperature and pressure dependence,
and the viscosity of the Fe72S28 melt is found to be smaller than that of the Fe melt by 15 þ 10%. These tendencies can be
well correlated with the structural variation of the Fe^FeS melt. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Earth's outer core consists mainly of liquid
Fe^Ni alloy with a signi¢cant amount of the light
elements such as S, O, C, Si, and H [1^3]. Among
them, sulfur is considered to be the major candi-

date of the light element in the outer core [3].
Therefore, it is important to study the e¡ect of
temperature, pressure, and sulfur content on the
viscosity coe¤cient of the Fe^FeS melt in the
wide ranges of conditions.

LeBlanc and Secco [4] measured the viscosity of
the Fe^FeS eutectic melt (Fe73S27) using the elec-
tro-detection falling sphere method at 2^5 GPa
and 1373^1573 K. According to their results, vis-
cosity coe¤cients are 0.5^14 Pa s and the values
are higher by 2^3 orders of magnitude than those
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of Fe and FeS melts at ambient pressure (Lucas
[5] and Barmin et al. [6]).

X-ray radiography falling sphere method (Kan-
zaki et al. [7]) enables us to directly observe the
falling behavior of the marker sphere in the high
pressure cell through synchrotron X-ray shadow
imaging. Especially for the low viscosity melt, this
method is superior to the quenching method
(Dingwell [8]). We have applied it to the Fe^FeS
eutectic melt (Fe72S28) and obtained the viscosity
at 6.9 GPa and 1333 K, which was comparable to
the atmospheric pressure values (Urakawa et al.
[9]). Recent measurement with the similar method
by Dobson et al. [10] on the FeS and Fe^FeS
eutectic melt up to 5 GPa also indicated similar
results.

Continuous e¡ort has been made to improve
the accuracy of the viscosity measurement and
to clarify quantitatively the e¡ect of temperature,
pressure, and sulfur content on the viscosity. In
this study, in situ viscosity measurements have
been conducted in the ranges of 1.5^6.9 GPa,
1233^1923 K, and Fe^Fe72S28 composition. Tech-
nical improvement using a new sample assembly
realized viscosity measurement at high tempera-
tures and increased reliability of the measured
values. The results were used to obtain the ther-
modynamic parameters of the temperature and
pressure dependence and the compositional de-
pendence in the range between pure Fe and eutec-
tic. Their correlation with the structural variation
of the melt and comparisons with the previous
study are also discussed.

2. Experimental procedure

High pressure and temperature experiments
were performed by MA-8 multianvil press system
(SPEED-1500) installed at BL04B1, SPring-8,
Japan [11]. 8 mm truncated-edge-length tungsten
carbide anvils were used with a Cr2O3 doped
MgO semi-sintered octahedron pressure medium,
14 mm in size. Starting material was a mixture of
Fe (Rare Metallic Co., Ltd., 4N) and FeS (Rare
Metallic Co., Ltd., 3N) powders, and its compo-
sition was Fe72S28 (weight ratio), which corre-
sponds to the eutectic composition at atmospheric

pressure. We also used Fe80S20, Fe87S13, and Fe100

compositions to investigate the e¡ect of S content
on the viscosity. Fig. 1 shows the schematic image
of the cell assembly. Experimental pressure was
determined from the equation of state for hexag-
onal-boron nitride (Urakawa et al. [12]), which
was used as a sample capsule. The h-BN is one
of the proper internal pressure standards at tem-
peratures higher than 1273 K and pressures lower
than 10 GPa, because it has a high melting point
and a slow grain growth rate at high temperature.
Further, it is chemically inert with both of Fe^FeS
and silicate samples. The h-BN capsule was de-
oxidized in advance with the induction heater at
2273 K with N2 £ow. The heater was made of
cylindrical graphite. X-ray window and thermal
insulator around the heater was composed of
MgO and ZrO2, respectively. Molybdenum foil
and rod were used as a electrode. Temperature
was monitored by the W3%Re^W25%Re thermo-
couple, of which junction was positioned just
above the h-BN capsule inside the heater. No
correction was made for the e¡ect of pressure
on the electromotive force.

Viscosity was measured by the X-ray radiogra-
phy falling sphere method (Kanzaki et al. [7]).
Using white X-ray, transmitted beam was trans-
ferred to visible light by the YAG £uorescent disc
and then detected by the high-speed exposure
CCD camera (C4880-80-14A, Hamamatsu Pho-
tonics K.K.). Images of the falling sphere were

Fig. 1. Schematic diagrams of the 2 step falling sphere cell
assembly.
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observed with a resolution of about 5 Wm and
with the exposure time of 29 ms, and were re-
corded by the computer with the frame grabber
board and the video cassette recorder (VCR). Cal-
ibration of the distance in the radiographic image
was carried out by the records of the stepwise
shifts of the press system, which is controlled
with a Wm step. We used Pt, W, and Au spheres
with a diameter of 100^150 Wm, as viscosity
markers.

After applying pressure, X-ray di¡raction of
the h-BN was collected for the pressure determi-
nation at room temperature. Temperature was
raised with the rate of about 100 K/min until
1123 K, which was well below the Fe^FeS eutectic
melting point, and then raised to the target value
within 1.5 min.

In the usual sample assembly, viscosity mea-
surement is possible only at temperature just
above the solidus, especially for the melt with
low viscosity. We designed the double-layered as-
sembly (Fig. 1), which consisted of the Fe^FeS
and silicate layers in a cell. The silicate layer is
positioned at the top of the Fe^FeS sample (Fig.
2). Two spheres were set in a single run as the
viscosity markers. One is in the Fe^FeS layer
and another is in the silicate layer. During heat-
ing, the Fe^FeS starts to melt ¢rst, and melting of
the silicate at higher temperatures followed.
Therefore, the sphere in the silicate layer is held
to higher temperature. The run temperatures (T1st

and T2nd) correspond to the melting temperatures
of the Fe^FeS and the silicate, at which respective
spheres start to fall in the Fe^FeS melt. This new
technique enables us to study the temperature de-
pendence of the viscosity by changing the silicate
composition. We adopted either of albite
(NaAlSi3O8) or, jadeite (NaAlSi2O6) or, diopside
(CaMgSi2O6) as a material of the silicate layer.

After the falling of the spheres, temperature
was kept constant, and the di¡raction of h-BN
was collected again at the run temperature to de-
termine the run pressure. In some runs, heating
was terminated at the initial stage of the falling
sphere, or just after the settlement of the sphere.
The recovered samples were mounted in epoxy
and polished for the scanning electron microscop-
ic observation (JEOL, JSM-5400) and the micro-

probe analysis (JEOL JXA-8621 electron micro-
probe).

3. Results

Experimental conditions and results are sum-
marized in Table 1. Fig. 3 shows time falling dis-
tance pro¢les for the two spheres. The settling
behavior of the lower sphere in the Fe^FeS was
divided into two stages (Fig. 3-(1)). In a ¢rst
stage, the falling velocity is slow with horizontal
oscillations and movements, and in a second

Fig. 2. (1) X-ray radiographic image of 2 step falling sphere
cell, showing the clear boundary between sample and silicate.
(2) Schematic diagram of (1). The diameter of metal sphere
is about 120 Wm.
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stage, it is rapid with a straight vertical path. Mi-
croscopic observation of the recovered sample,
which was quenched in the initial stage of the
falling sphere, showed that the collision with the
residual FeS grain caused the irregular movement
of the sphere. Thus, the ¢rst stage was judged to
be in the partial molten state. We adopted the
velocity in a second stage as those in the complete
molten state. On the other hand, in the falling
pro¢le of the second sphere, only a rapid vertical
path has been observed (Fig. 3-(2)). It means that
the Fe^FeS has completely melted before the sec-
ond sphere starts to fall.

Textural observation of the above-described
sample also provides us a useful constraint on
the temperature distribution in the cell. The resid-
ual FeS grains concentrate at the vertical center
and small areas of complete melting zones are
observed at both upper and bottom of the sample.
From this textual distribution, the central part is
inferred to be a lower temperature, due to ther-
mally conductive MgO window around the heat-
er. The actual maximum temperature di¡erence
between the cold center and the hot ends is about
30 K, because the thermocouple reading temper-
ature at the onset of melting in the radiographic
image accords with the published phase diagram
of the Fe^FeS system. Under such conditions,

convection of the molten sample is not likely to
occur, as already estimated in the £uid dynamic
basis in our previous study [9].

Settling velocity was obtained from the con-
tinuous radiographic images, and the viscosity
coe¤cients (R) were calculated using Stokes'
equation including the Faxen correction for the
e¡ects of the wall (W) and the container end (E)
[13,14] :

R � 2gr2
s �b s3bm�W

9XE
�1�

W � 132:104
rs

rc

� �
� 2:09

rs

rc

� �3
30:95

rs

rc

� �5
�2�

E � 1� 3:3
rs

hc

� �
�3�

where X is the falling velocity, bs and bm are the
densities of sphere and sample melt, rs, rc are the
radius of sphere and capsule, respectively, and hc

is capsule height, taken to be the falling distance.
The correction factor of the wall e¡ect (W) is
about 0.7^0.9 and that of the end e¡ect (E) is
typically about 1.2^1.7, depending on the falling
distance.

Sphere size was calculated from the measure-

Table 1
Experimental conditions and results

Run# P T1st T2nd S Silicate layera X1st X2nd R1st R2nd

(GPa) (K) (K) (wt%) (mm/s) (mm/s) (Pa sU1032) (Pa sU1032)

S350b;c 1.5 1253 1623 27.7 Di 2.31 ^ 1.47(0.59) ^
S308c 2.5 1273 1673 27.7 Ab 3.29 7.38 2.66(1.07) 0.91(0.23)
S275 3.5 1303 ^ 27.7 ^ 3.19 ^ 3.56 (1.42) ^
S315 2.7 1258 1503 27.7 Jd 1.91 12.90 2.12(0.85) 0.94(0.24)
S361 3.2 1259 ^ 27.7 Jd 1.45 ^ 2.51(1.00) ^
S318b 4.7 1353 1813 27.7 Ab 3.39 13.96 2.44(0.98) 0.82(0.21)
S317c 4.7 1364 ^ 27.7 Jd 1.33 ^ 2.41(0.96) ^
S226d 5.0 1373 ^ 27.7 ^ 2.69 ^ 1.60(0.64) ^
S346 5.6 1365 1821 27.7 Ab 2.68 9.32 2.46(0.98) 1.23(0.31)
S230d 6.9 1333 ^ 27.7 ^ 1.95 ^ 2.40(0.96) ^
S321 2.7 1323 1669 19.8 Ab 10.15 1.24(0.31)
S325c 2.7 1553 1611 12.6 Ab 7.98 1.31(0.33)
S356 2.8 1891 1923 0 Di 6.37 1.76(0.44)
aAbbreviation: Ab, albite (NaAlSi3O8); Jd, jadeite (NaAlSi2O6); Di, diopside (CaMgSi2O6).
bTemperature was estimated by power^temperature relation.
cPressure of this run was estimated by load^pressure relation referred to the previous experiments.
dThe same data with those of Urakawa et al. [9].
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ment by the scanning electron microscopic obser-
vation prior to the sampling. Sphere densities of
the platinum, tungsten, and gold at high pressure
and high temperature were calculated from shock
wave data of Jamieson et al. [15], and Walsh [16]
using the Mie^Gru«neisen equation of state. A
density of the Fe^FeS melt was calculated from
the density at ambient pressure reported by Na-
gamori [17] and Hixon et al. [18], and the static
compression data of Sanloup et al. [19] using the
Birch^Murnaghan equation of state. Capsule size
was determined by the radiographic image obser-
vation.

We could not ¢nd any prominent reaction
among the Fe^FeS sample, the capsule (BN)
and the silicate materials. A small amount of oxy-
gen (V0.7 wt%) was detected in the recovered
samples. This oxygen may be derived from the
oxidized crust of the starting iron powder or the
con¢ned air. The dissolved sphere component in
the sample melt contributed little to the viscosity
because of its negligible amount (V0.23 wt%).

On the time scale of the chemical reaction be-

tween the sample melt and the marker sphere, we
have two sources of information: (1) The marker
sphere is observed to dissolve into the Fe^FeS
melt over a 20^30 s in the in situ radiographic
images. (2) In the run products quenched just
after the settlement of the falling sphere (2^3 s
later), we observed di¡usion pro¢les of the
marker sphere component in the Fe^FeS samples,
which extended to V140 Wm.

The ¢rst marker sphere was in contact with the
sample melt for several seconds, so that size re-
duction up to 10% would be possible. However,
the second sphere came from the silicate layer and
went through the sample melt within 0.15 s. Ac-
cordingly, e¡ect of the chemical reaction would be
negligible for the second sphere during the viscos-
ity measurement. We estimated the error arising
from the velocity measurement and the calcula-
tion of the sample and sphere densities, to be
25%. The e¡ects of the size reduction due to
chemical reaction increase the error to 40% for
the measurement using the ¢rst sphere.

The viscosity coe¤cients obtained by this study
ranged from 8.0 U1033 Pa s up to 3.6U1032 Pa s.
The present results could successfully be expressed
as a function of pressure, temperature, and sulfur
content through the following thermodynamic pa-
rameterization.

Fig. 3. Falling pro¢les of run S318 and S346. The width of
the anvil gap corresponds to the full scale of the distance.
(1) Falling path of the ¢rst sphere in the lower layer at 1353
K (diamond) and 1365 K (circle). The data in stage 1 are
partial melting indicated by open symbols. Valuable data for
viscosity analysis are acquired from the complete melting
zone in stage 2 (shown by the closed symbols and the dashed
lines). (2) Falling path of the second sphere at 1821 K. Com-
plete melting in the entire path is realized before the falling
sphere. The sphere position at the time before the pro¢le is
out of frame.

Fig. 4. Temperature dependence of the viscosity coe¤cient.
Each symbols show the viscosity of the Fe72S28 melt at dif-
ferent pressures. Dashed lines show the results of the least
square ¢tting of the Arrhenius equation at 2.7 and 4.7 GPa.
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The viscosity data set of the Fe72S28 melt was
¢tted to the following Arrhenius equation:

R � R 0 exp
Q� PvV

RT

� �
�4�

where R is a gas constant. Activation energy
(Q) of viscous £ow, activation volume (vV), and
the pre-potential viscosity factor (R0) obtained
from the least square analysis of the present re-

sults are 30.0 þ 8.6 kJ/mol, (1.5 þ 0.7)U1036 m3/
mol, and (7.5 þ 5.2)U1034, respectively.

The e¡ect of temperature on viscosity coe¤-
cient of the Fe72S28 melt is shown in Fig. 4. It is
found that viscosity values of this study decrease
with increasing temperature and its dependence is
relatively small. Pressure e¡ect on viscosity value
is shown in Fig. 5, which indicates a slight in-
crease of the viscosity coe¤cient with pressure.

Fig. 6 shows the e¡ect of the sulfur content on
the viscosity coe¤cient at 2.7 GPa. We assumed
linear dependence of logarithmic scaled viscosity
on the sulfur content in the range of 0^28 wt%.
The data shows that the viscosity coe¤cient de-
creases with the increasing sulfur content and the
following equation comprises, log R= log
R*3CXs, where R* is the Fe viscosity at 2.7
GPa and 1923 K, Xs is the weight fraction of
sulfur, and C is constant (0.03 þ 0.008).

Fig. 7. Comparison of the viscosity data of this study with
other data. Thick bold and dashed lines show the viscosity
variation calculated by the present results. Upper ends of the
dashed lines represent the eutectic temperatures of the corre-
sponding pressures. Square symbols show the viscosity of Fe
melt (solid squares; Lucas [5]), FeS melt (open squares; Bar-
min et al. [6]), and Fe^Fe81S19 melt (Vostryakov et al. [20])
at 0.1 MPa. Di¡erent pixel pattern in the square symbols
represents the sulfur content (Numbers represent the sulfur
contents). The data of Vocadlo et al. [21] at 5 GPa (open di-
amonds) are based on the Ab initio molecular dynamic cal-
culation. The data of Dobson et al. [10] are also shown by
open triangles with their experimentally investigated pressures
in brackets.

Fig. 6. Dependence of the viscosity coe¤cient on sulfur con-
tent. Solid circles show the original data at 2.7 GPa. Dashed
lines represent the regression at 1273, 1673, and 1923 K and
numbers show the run temperature.

Fig. 5. Pressure dependence of the viscosity coe¤cient. Open
circles, and solid diamonds show the viscosity of the Fe72S28

melt at 1253^1373 and 1813^1821 K, respectively. Dashed
lines represent the results of the least square ¢tting of the
Arrhenius equation at the corresponding temperatures.
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4. Discussion

The present high pressure data are compared to
the viscosity of liquid Fe [5], FeS [6], and inter-
mediate composition of Fe^FeS (Vostryakov et
al. [20]) measured at ambient pressure in Fig. 7.
Ab initio molecular dynamics calculations were
applied to the Fe^S melt at the conditions up to
5 GPa and 1500 K (Vocadlo et al. [21]). Their
results are also shown in Fig. 7. Recently mea-
sured viscosities at high pressure by Dobson et
al. [10] can be plotted in this viscosity range. All
these data consistently suggest small pressure and
compositional dependences of the viscosity. Only
one exception is the results by LeBlanc and Secco
[4], which reported the higher viscosities by 2^3
orders of magnitude at high pressures, outside the
range of Fig. 7.

The empirical estimations from the liquid metal
theory (Poirier [22]) provide additional support on
the validity of the thermodynamic parameters of
the present study. The linear empirical relation-
ship between melting temperature (Tm) and acti-
vation energy (Q) or between atomic volume
(Vatm) and activation volume (vV) for liquid met-
al has been found as:

QV22TmV2:6RTm �5�

vVV0:1 Vatm: �6�

Since Tm and Vatm are 1261 K and 9.6U1036

m3/mol respectively for the Fe72S28 alloy [3], these
values become Q = 27.3 kJ/mol, and vV =
1.0U1036 m3/mol. Those are quite consistent
with the present result (Q = 30.0 þ 8.6 kJ/mol,
vV = (1.5 þ 0.7)U1036 m3/mol).

The e¡ect of pressure, temperature, and sulfur
content on the viscosity can be explained by the
structural variation of the Fe^FeS melt. Viscosity
decrease is generally caused by the structural re-
laxation, which is represented by the nearest
neighbor distance (r1) of the Fe^Fe bond in the
compositional range between Fe and Fe^FeS eu-
tectic. Structure analyses of the Fe^FeS eutectic
and FeS melts were performed by Urakawa et al.
[23,24] up to 7 GPa. According to their results, r1

of the Fe^FeS melt increases with sulfur content,

and r1 naturally increases with the thermal expan-
sion and the decompression, without any drastic
structural change. The similar conclusion has
been reached by Dobson et al. [25], on the basis
of the measurements of the inter-di¡usion coe¤-
cients of the Fe^FeS melt.

The viscosity values of LeBlanc and Secco [4]
(0.5^14 Pa s at 1373^1573 K and 2^5 GPa) can
not be accommodated with the present data (Fig.
7). As noted by themselves, the high viscosity val-
ue can only be explained by the data with drastic
structural change of the Fe^FeS melt under high
pressure. The results of the recent viscosity mea-
surements ([9,10], and the present study), the dif-
fraction studies [23,24], and the di¡usion study
[25] exclude such possibility, and the viscosity
data reported by LeBlanc and Secco [4] are likely
to be an experimental artifact.

By the comparison and combination of the
present study with Dobson et al. [10], we can
point out two issues on the activation energy
and the compositional dependence of the Fe^
FeS viscosity. Firstly, from their three data at
di¡erent pressures (1.5, 2.2, and 5.5 GPa) they
obtained a large activation energy (Q = 100 þ 5
kJ/mol) by ignoring pressure e¡ect. Pressure e¡ect
is not large but signi¢cant, as clari¢ed in this
study. We believe that our value (Q = 30.0 kJ/
mol) should be preferred for the activation energy
of the eutectic melt in the Fe^FeS system. Sec-
ondly, they concluded that the viscosity increases
monotonously with sulfur content from the mea-
surements on the FeS and Fe73S27 melts. Our
study clari¢ed the opposite tendency between
pure Fe and Fe72S28. It is likely that the viscosity
takes a minimum value at the eutectic point
(VFe72S28), because the near neighbor atomic
pair changes from Fe^Fe pair to Fe^S pair at
higher sulfur content [23]. Accordingly, sulfur
content of the outer core is considered to be
S = 8^11 wt%. [1], so that estimation of the outer
core viscosity would require a revision.

5. Conclusion

The viscosity of Fe^FeS melt was measured by
the X-ray radiography falling sphere method to
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clarify the e¡ects of pressure, temperature, and
sulfur content. A new sample assembly enabled
us to measure the viscosity at high temperatures
with high accuracy. The results are summarized as
follows:

1. Viscosity of the Fe72S28 melt was measured at
conditions of 1233^1923 K and 1.5^6.9 GPa,
respectively. The viscosity coe¤cients ranged
from 8.0U1033 Pa s up to 3.6U1032 Pa s in
these conditions.

2. The viscosity coe¤cient decreases slightly with
increasing temperature, decreasing pressure,
and increasing sulfur content. The activation
energy (Q) and activation volume (vV) ob-
tained from the present results are (30.0 þ 8.6)
kJ/mol and (1.5 þ 0.7)U1036 m3/mol, respec-
tively, and the viscosity of the Fe72S28 melt is
found to be smaller than that of the Fe melt by
15 þ 10%. These tendencies can be well ex-
plained by the structural variation of the Fe^
FeS melt.
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