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The viscosity of liquid Fe and FeS has been extensively studied, yielding results differing by almost a fac-
tor of ten (2.4–23.7 mPa s for liquid Fe, 3.6–17.9 mPa s for liquid FeS, and 7.4–35.6 mPa s for the Fe–S
eutectic composition), possibly due to the low resolution of slow cameras previously employed (typically
30–60 frames/s) in falling sphere measurements using X-ray radiography. Here we revisit the viscosity of
liquid Fe and FeS up to 6.4 GPa using recently developed ultrafast X-ray imaging. In this study, we imaged
the falling spheres at a rate of 500 frames/s, which is around 10 times faster than previous viscosity mea-
surements. Our measurements showed that terminal velocity is achieved only in a limited region of fall-
ing distance, and that substantial oversampling, using sufficiently high-speed X-ray imaging, is essential
to accurately determine the terminal velocity and the resulting viscosity. We obtained a viscosity of 6.1–
7.4 mPa s for liquid Fe and 4.7–5.7 mPa s for liquid FeS at pressures to 6.4 GPa along their respective melt-
ing curves. The viscosity of liquid FeS is about 25–35% lower than that of liquid Fe between around 2 and
6.4 GPa along their respective melting curves. After correction for the effect of different melting tem-
peratures between Fe and FeS on viscosity, we found that viscosity of liquid FeS is 31–42% lower than that
of liquid Fe at 1800 �C and 1–6 GPa, suggesting that sulfur markedly decreases viscosity in liquid Fe.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Viscosities of molten iron alloys are among the most fundamen-
tal properties required to understand the formation and dynamics
of liquid outer cores in the Earth and other planets. It is thought
that some planetary cores, including the Earth’s, are mainly com-
posed of liquid iron with certain light elements (e.g., Birch, 1964;
Poirier, 1994; Stevenson, 2001; Weber et al., 2011). Efforts have
been made to determine the viscosity of liquid iron-light element
alloys at high pressures and high temperatures, particularly for liq-
uid iron-sulfur alloys (LeBlanc and Secco, 1996; Dobson et al.,
2000; Terasaki et al., 2001, 2002, 2006; Urakawa et al., 2001;
Rutter et al., 2002; Perrillat et al., 2010). The pioneering study of
LeBlanc and Secco (1996) reported a high viscosity of 1.6–
43.6 � 103 mPa s for Fe-27 wt.% S liquid at 2–5 GPa and 1100–
1300 �C using the falling sphere technique by analyzing probing
sphere positions in samples quenched from high-pressure and
high-temperature conditions. In contrast, later studies used an
in situ X-ray radiography technique to monitor the fall of the prob-
ing spheres and reported that liquid Fe–S alloys have very low vis-
cosities around 10 mPa s, about 3 orders of magnitude lower than
those reported by LeBlanc and Secco (1996). However, the reported
results from these previous in-situ studies are also scattered, cov-
ering a range of almost one order of magnitude: 2.4–23.7 mPa s for
liquid Fe (Terasaki et al., 2002; Rutter et al., 2002), 3.6–17.9 mPa s
for liquid FeS (Dobson et al., 2000; Perrillat et al., 2010), and 7.4–
35.6 mPa s for the eutectic Fe–S liquid (Dobson et al., 2000;
Terasaki et al., 2001; Urakawa et al., 2001). For example for liquid
Fe, Terasaki et al. (2002) reported an increase of viscosity with
increasing pressure from 17.4 mPa s at 2.8 GPa and 1692 �C to
23.7 mPa s at 5.4 GPa and 1820 �C, and then a rapid decrease to
about 6–9 mPa s at 6–7 GPa around 1900 �C, respectively. In con-
trast, Rutter et al. (2002) reported nearly constant low viscosity
values of 2.36–4.80 mPa s at pressures between 1.6 and 5.5 GPa
at a temperature close to 1777 �C. Precise viscosity measurements
are required to understand the viscosity of liquid Fe–S alloys.

Falling sphere viscosity measurements are based on the Stokes’
equation. The viscosity (g) can be calculated via the Stokes’
equation with correction factors for the effect of both the wall (F)
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(Faxén, 1925) and the end (E) (Maude, 1961) of a cylindrical
sample container:

g ¼ gd2
s ðqs � qlÞ

18m
F
E

ð1Þ

F ¼ 1� 2:104
ds

dl

� �
þ 2:09

ds

dl

� �3

� 0:95
ds

dl

� �5

ð2Þ

E ¼ 1þ 9
8

ds

2Z
þ 9

8
ds

2Z

� �2

ð3Þ

where q and d are density and diameter, with subscripts s and l
denoting properties of the probing sphere and liquid sample,
respectively. Z is the sample height; m is terminal velocity of the fall-
ing sphere. It has been pointed out that uncertainties in terminal
velocity play a dominant role in the precision of the viscosity deter-
mination (Brizard et al., 2005). For liquid samples with identical
sphere and container geometries, the precision of the terminal velo-
city measurement depends primarily on the camera frame rate. Pre-
vious high-pressure viscosity measurements were conducted using
limited imaging rates (�30–60 frames/s (fps), except for 1 data
point for liquid Fe78S22 in Terasaki et al. (2006), which had an imag-
ing rate of 125 fps). Such low-speed imaging may be sufficient for
studying viscous melts such as silicates or oxides, but it is insuffi-
cient to study less viscous liquids such as liquid Fe alloys. For exam-
ple, some viscosity results were based on only 2–4 images of the
falling balls (Dobson et al., 2000; Terasaki et al., 2001; Urakawa
et al., 2001; Perrillat et al., 2010). Such limited imaging rates make
it difficult to ensure that the falling sphere has reached terminal
velocity and therefore result in large uncertainties in the calculated
viscosity. On the other hand, Rutter et al. (2002) determined low
viscosities by adopting a composite sphere having a similar density
to that of the liquid sample in order to reduce terminal velocity. As a
result, they were able to monitor the position of the sphere with
sufficient sampling rate to determine terminal velocity. The draw-
back of this approach is that it magnifies a different source of uncer-
tainty, since small uncertainties in the liquid density lead to large
relative changes in the density difference between the liquid and
the probing sphere. Since Rutter et al. (2002) did not measure liquid
density and viscosity simultaneously, uncertainties in liquid density
may be a significant source of errors in their reported viscosity. To
minimize errors due to uncertainty in the density of the sample, it is
important to use probing spheres that have a large density contrast
relative to the sample liquid, but this, in turn, will result in high
terminal velocities. To overcome this problem and to precisely
determine the viscosities of less viscous liquids at high pressures,
we have implemented a high-speed camera that can collect images
at a rate of more than 1000 fps (e.g., Kono et al., 2013, 2014a,b).
Here we reexamine viscosities of Fe and FeS liquids up to 6.4 GPa
by using the latest technique of viscosity measurement.
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Fig. 1. Pressure and temperature conditions of viscosity measurements for liquid Fe
(a) and FeS (b) in this study and previous studies shown with melting curves of Fe
(Strong et al., 1973) and a natural pyrrhotite (38 wt.% sulfur) (Sharp, 1969),
respectively.
2. Experiments

Viscosity measurements were conducted in a Paris-Edinburgh
(PE) cell at the 16-BM-B beamline of the High Pressure Collabora-
tive Access Team (HPCAT) at the Advanced Photon Source. We used
a standard PE cell assembly (cf. Kono et al., 2014a) with a cylindri-
cal sample enclosed in a BN capsule. The diameter of the sample
was 1.0 mm for Fe and 1.5 mm for FeS with a height of 2.0 mm
for both samples. We used Fe (99.9% purity, Sigma–Aldrich) and
FeS (99.9% purity, Sigma–Aldrich) powder as starting materials,
which were compacted into cylinders with the stated dimensions
and compressed in the PE cell prior to melting. Temperatures
were estimated based on power-temperature curves that were
determined in a separate experiment using an identical cell
configuration (Kono et al., 2014a). The estimated temperatures
were consistent with the melting curve of Fe (Strong et al., 1973)
with a standard deviation of 20 �C (Fig. 1), similar to those of
previous study (Kono et al., 2013) confirmed by the melting curves
of NaCl and KCl (standard deviation of 50 �C at pressures up to
7.3 GPa). Pressures were determined by the equation of state of
MgO (Kono et al., 2010). Details of the Paris-Edinburgh cell high-
pressure and high-temperature experiment are described in Kono
et al. (2014a).

Falling-sphere viscosity measurements were carried out
through X-ray radiography using a high-speed camera (Photron
SA3). The pixel size of the high-speed camera (5.46 ± 0.01 lm/pix-
el) was calibrated by using a 497 lm WC ball as a scale reference.
In this study, we adopted a frame rate of 500 fps with 2 ms expo-
sure time. Terminal velocities were determined with a standard
deviation of 0.8–5.3%. Precise determination of the diameter of
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Fig. 2. X-ray radiography images of a falling W95%Re5% sphere (124 lm in
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the probing sphere is also important for accurately determining
viscosity. Diameters of the probing spheres were determined by
using high-resolution X-ray imaging with 2 lm resolution (cf.
Kono et al., 2014a) for the liquid FeS experiment. In the liquid Fe
experiment, we found that the sphere size decreased before the
ball dropped, probably due to dissolution of the W95%Re5% sphere
into the liquid Fe. Since the volume of the liquid sample (1 mm dia-
meter and 2 mm height) is significantly larger than the size of the
sphere (up to 0.131 mm in diameter), the dissolution of sphere
material into the liquid Fe would cause negligible influence on
the density of liquid Fe. On the other hand, determination of
sphere diameter during falling is important to precisely deter-
mine viscosity. Fortunately, we confirmed that the sphere size
did not change while it fell, probably because of the short time
(up to �200 ms) required for the drop. The diameter of the sphere
was determined using the high-speed camera image during fall-
ing with 5.46 lm resolution. The low image resolution causes
large uncertainty in the viscosity measurement for liquid Fe.
Errors in the diameter of the spheres yield 2.2–3.2% uncertainty
in the viscosity of liquid FeS and 6.4–11.8% uncertainty in that
of liquid Fe. In order to calculate viscosity, we used the density
of liquid FeS calculated from the equation of state by Nishida
et al. (2011). The density of liquid Fe was calculated by using
the thermal expansion coefficient at ambient pressure (Hixson
et al., 1990) and the bulk modulus reported by Jing et al.
(2014). For the density of the probing sphere, we calculated den-
sity of a W95%Re5% sphere by using the reference density of
19.4 g/cm3 at ambient condition combined with the equation of
state for tungsten (Dorogokupets and Oganov, 2007). The overall
uncertainty in our viscosity determination is up to 4.7% for liquid
FeS and up to 15.6% for liquid Fe.
diameter) in liquid FeS at 2.2 GPa and around 1350 �C (a) and the results of the
falling distance analysis for each frame (2 ms interval). Terminal velocity was
achieved only in a limited region of falling distance, indicated by solid symbols.
3. Results and discussion

3.1. Importance of ultrafast imaging in determining viscosity
accurately

Fig. 2 shows a series of images representing the path of a
W95%Re5% sphere falling through liquid FeS at 2.2 GPa and
1350 �C. We analyzed the position of the sphere in each frame by
using the Tracker plugin in the imaging analysis software ImageJ.
The motion of the falling sphere could be monitored with sig-
nificant oversampling by using the high-speed camera. Although
the distance-versus-time plot appears, to the eye, to have a large
linear segment, a careful analysis of the time derivatives shows
that terminal velocity has been achieved only within a limited
region of the falling distance (�0.95–1.20 mm) (Fig. 2b). It is diffi-
cult to identify this terminal velocity using the slower frame rates
employed in previous viscosity measurements. In order to appreci-
ate the influence of the camera frame rate on the determination of
terminal velocity, we simulated the previous falling velocity ana-
lyses with varying camera frame rates, by removing certain record-
ed images periodically (Fig. 3). At a frame rate of 200 fps, it is
possible to identify 4 data points with about the same falling velo-
city (Fig. 3d). However, no constant velocity region can be identi-
fied below 100 fps (Fig. 3a–c). In order to determine the terminal
velocity accurately, it is essential to use ultrafast imaging and to
confirm the region where terminal velocity is achieved by using
substantially oversampled data.

In a previous study, Urakawa et al. (2001) suggested that the
time and distance required to reach terminal velocity were short
(9 ms and 36 lm, respectively) and negligible in the viscosity mea-
surement for liquid Fe–FeS from a calculation. They estimated time
and distance required to reach terminal velocity using the follow-
ing equations, which were derived from Stokes’ equation:
mðtÞ ¼ ðm0 � mTÞ exp � gðql � qsÞ
mTqs

t
� �

þ mT ð4Þ

DðtÞ ¼ � ðm0 � mTÞmTqs

gðql � qsÞ
exp � gðql � qsÞ

mTqs
t

� �
� 1

� �
þ mT t ð5Þ

These equations represent the change of falling sphere velocity (m)
with time (t) from the initial velocity (m0 = 0) to the terminal velo-
city (mT) and the resultant falling distance (D). Urakawa et al.
(2001) calculated the time (9 ms) and distance (0.036 mm) required
to reach terminal velocity by assuming ql = 6 g/cm3, qs = 20 g/cm3,
and mT = �3.81 mm/s in simulating the falling of a 50 lm diameter
sphere in a liquid Fe–FeS having viscosity of 20 mPa s. We also cal-
culated the time and distance required to reach terminal velocity
for the experiment shown in Fig. 2 using the parameters
ql = 4.6 g/cm3, qs = 19.2 g/cm3, mT = �19.7 mm/s, and obtained the
time and distance to reach terminal velocity to be around 20 ms
and 0.342 mm, respectively (Fig. 4). Although the simulation result
is somewhat different from the experimental observation (the time
and distance to reach terminal velocity was around 30 ms and
around 0.5 mm in the experiment), the result clearly shows that
the time and distance to reach terminal velocity are not negligibly
short.

A factor that causes longer time and distance to reach terminal
velocity in actual experiment may be incomplete melting, possibly
due to heat transfer speed or minor temperature gradient in sam-
ple during the fall. In a falling sphere viscosity measurement for
liquid NaCl, with a faster falling velocity of 53 mm/s (Kono et al.,
2014a), the sphere fell immediately after melting, following a
curved trajectory with non-uniform velocity profile; the sphere
did not reached the terminal velocity. We interpret this behavior
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calculated by Eqs. (4) and (5), respectively.

Table 1
Experimental conditions and the viscosity results.

Pressure
(GPa)

Temperature
(�C)

Size of
sphere
(lm)

Terminal
velocity
(mm s�1)

Viscosity
(mPa s)

Fe
1.6 1600 82 ± 2 5.7 ± 0.2 6.1 ± 1.0
2.6 1630 98 ± 2 7.4 ± 0.4 6.5 ± 1.0
5.2 1730 131 ± 2 10.5 ± 0.5 7.1 ± 0.8
5.9 1700 104 ± 2 6.9 ± 0.2 7.4 ± 0.9
6.0 1740 87 ± 2 6.1 ± 0.2 6.4 ± 1.0
6.4 1770 126 ± 2 10.3 ± 0.1 6.7 ± 0.5

FeS
1.2 1250 115 ± 2 14.5 ± 0.2 5.7 ± 0.3
2.2 1350 124 ± 2 19.7 ± 0.2 4.8 ± 0.2
3.8 1520 146 ± 2 25.4 ± 0.1 4.8 ± 0.1
6.3 1540 106 ± 2 14.7 ± 0.2 4.7 ± 0.2
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as due to the presence of (non-molten) NaCl crystals in the sample.
In regions of a sample with incomplete melting, terminal velocity
cannot be reached. Thus, it is important to monitor the motion of
the sphere with high time resolution by using ultrafast imaging.
Another way to avoid the influence of such incomplete melting is
to release the probing sphere at sufficiently high temperature to
ensure complete melting, by using a double-layer setup (e.g.,
Terasaki et al., 2001; Liebske et al., 2005). With this method, it is
possible to avoid uncertainty of incomplete melting of sample.
However, even when the sample is completely molten, it is still
important to confirm terminal velocity. High-speed cameras pro-
vide the finer time resolution needed to accurately determine the
terminal velocity.

The difference between Urakawa et al. (2001) and this study is
mainly due to a difference in ball size (50 lm in the simulation of
Urakawa et al. (2001) and 124 lm in this study), which results in
different terminal velocities. For the falling sphere measurement
using a small ball size of 50 lm, the time and distance to reach ter-
minal velocity may be negligible. However, a ball size of around
100–150 lm is common in previous falling sphere viscosity mea-
surements (e.g., Urakawa et al., 2001; Terasaki et al., 2002, 2006).
Actually, Urakawa et al. (2001) used a 100 lm ball in their falling
sphere experiments, although they used 50 lm ball in the simula-
tion. An examination of the impact of the different sphere sizes on
terminal velocity, with other parameters in Eq. (1) held constant,
shows that terminal velocity for a 100 lm sphere should be 4
times higher (15.24 mm/s) than the result in their simulation for
a 50 lm sphere (3.81 mm/s). The high terminal velocity requires
longer time (16 ms) and distance (0.21 mm) to be reached.
3.2. Viscosities of liquid Fe and FeS

Viscosity measurements are carried out up to 6.4 GPa at tem-
peratures just above melting (Fig. 1), and the results are summa-
rized in Table 1. Fig. 5 shows viscosities of liquid Fe (Fig. 5a) and
liquid FeS (Fig. 5b) as a function of pressure along their respective
melting temperatures. The viscosity for liquid Fe is found to be
6.1–7.4 mPa s, exhibiting a slight increase with increasing pressure
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from 6.1 mPa s at 1.6 GPa to 7.4 mPa s at 5.9 GPa (Fig. 5a). The
viscosity results of liquid Fe are fitted to the Arrhenius equation
of pressure (P, in GPa) and temperature (T, in Kelvin):

g ¼ g0 exp
Q þ P � DV

RT

� �
ð6Þ

where g0 is viscosity at a reference condition; R is the gas constant;
and activation energy Q and activation volume DV are fitting
coefficients. Activation energy Q is fixed as 51.6 kJ/mol, which is
derived by fitting the viscosity data at ambient pressure reported
by Assael et al. (2006) in an equation:

g ¼ g0 exp
Q
RT

� �
ð7Þ

Fitting of the viscosity results of liquid Fe to the Eq. (6) with a
fixed Q of 51.6 kJ/mol yields g0 of 0.20 ± 0.01 mPa s and DV of
1.29 ± 0.19 � 10�6 m3/mol. The viscosity equation for liquid Fe
yields 5.70 mPa s at ambient pressure and 1577 �C, which is in
agreement with the reported value (5.443 mPa s at 1577 �C)
(Assael et al., 2006). Our obtained viscosity results for liquid Fe
are slightly higher than those of Rutter et al. (2002), but much lower
than those of Terasaki et al. (2002) at pressures lower than 5 GPa
(Fig. 5a). Terasaki et al. (2002) suggested a strong decrease in the
viscosity of liquid Fe from 23.7 mPa s to 3.6 mPa s at around
5 GPa. Although our data show a slight decrease in viscosity at
around 6 GPa (Fig. 5a), the change is only �1 mPa s and is within
the size of errors.

The viscosity of liquid FeS is almost constant (4.7–4.8 mPa s)
between 2.2 and 6.3 GPa, with a slightly higher value (5.7 mPa s)
at 1.2 GPa. Our data are lower than those of previous studies
(Dobson et al., 2000; Perrillat et al., 2010) up to �3 GPa, with the
temperature conditions of this study similar to those of Perrillat
et al. (2010) and lower than those of Dobson et al. (2000). At higher
pressures, our results are in consistent with those (3.8–4.2 mPa s at
4.8–5.0 GPa and 1650–1707 �C) reported in Dobson et al. (2000).
Similarly to liquid Fe, viscosity data of liquid FeS are fitted to
Eq. (6) with fixed Q of 29.8 kJ/mol, which is obtained by fitting
an ambient pressure viscosity data reported by Barmin et al.
(1970) in the Eq. (7). We obtain g0 of 0.50 ± 0.05 mPa s and DV of
0.69 ± 0.30 � 10�6 m3/mol.

The effect of sulfur on the viscosity of liquid Fe–S alloys is con-
troversial in previous studies. Dobson et al. (2000) studied vis-
cosity of liquid FeS (36 wt.% S) and Fe-27 wt.% S, and suggested
an increase in viscosity of liquid Fe–S alloy with increasing sulfur
content. In contrast, Terasaki et al. (2001) proposed that sulfur
decreases the viscosity of liquid Fe–S alloy from viscosity measure-
ment for liquids Fe-12.6 wt.% S, Fe-19.8 wt.% S, and Fe-27.7 wt.% S.
On the other hand, Perrillat et al. (2010) argued that the difference
in viscosity between liquid Fe and FeS is insignificant. Our results
clearly show that, while the viscosities of liquid Fe and FeS are
similar at around 1.5 GPa (6.1 mPa s at 1.6 GPa for liquid Fe and
5.7 mPa s at 1.2 GPa for liquid FeS), viscosities of liquid FeS are
lower by around 25–35% than those of liquid Fe at pressures
between 2 and 6.4 GPa along their respective melting tem-
peratures (Fig. 6). Since the temperature conditions of liquid FeS
are lower than those of liquid Fe due to the lower melting
temperature of FeS, the viscosity differences at comparable tem-
peratures would be larger than those found in the experimental
results. In order to understand the viscosity difference at the same
temperature condition, we calculated the viscosity of liquid Fe and
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FeS at 1800 �C using Eq. (6) and the obtained parameters. The data
show that viscosity of liquid FeS is 31–42% lower than that of liquid
Fe at 1800 �C and in a pressure range between 1 and 6 GPa (Fig. 6).
This estimation depends on the activation energy. Our adopted
activation energy value for liquid FeS (29.8 kJ/mol) is similar to
those of Fe-27.7 wt.% S (30.0 kJ/mol) by Terasaki et al. (2001) and
of FeS (35 kJ/mol) by Perrillat et al. (2010), while Dobson et al.
(2000) reported a significantly higher value of 100 kJ/mol for Fe-
27 wt.% S and 255 kJ/mol for FeS. Determinations of the activation
energy and activation volume obtained by fitting viscosity data
taken at high pressure and high temperature conditions are strong-
ly interdependent. If a higher activation energy is used, the esti-
mated activation volume will be different. In order to accurately
determine activation energy and activation volume and to discuss
the effect of sulfur content on viscosity precisely, it may be neces-
sary to conduct systematic experiment at isothermal and isobaric
conditions. Nevertheless, the fact that viscosities of liquid FeS
obtained at lower temperatures (1350–1540 �C) is much lower
than those of liquid Fe obtained at higher temperatures (1630–
1770 �C) (Fig. 6) suggests that sulfur markedly decreases viscosity
of liquid Fe.
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Fig. 7. The reduced pair distribution function G (r) of liquid Fe (a) and FeS (c) at high pres
function of pressure. The position of r2 in liquid Fe was determined by the integrated m
3.3. Structural change in liquid Fe and liquid FeS at high pressures and
its correlation with viscosity

A previous study of Sanloup et al. (2000) reported a structural
change in liquid Fe in the vicinity of the d-c-liquid triple point
(around 5.2 GPa, 1718 �C; Strong et al., 1973). At similar pressure
and temperature conditions, Terasaki et al. (2002) showed a strong
change in viscosity. However, our result does not show clear evi-
dence of a viscosity change around the d-c-liquid triple point. In
order to investigate the possible existence of a structural change
in liquid Fe and the correlation of such a transition with a viscosity
change, we measured the structure of liquid Fe just after the vis-
cosity measurement using a multi-angle energy dispersive X-ray
diffraction measurement by collecting diffraction patterns at 2h
angles of 2.5�, 3�, 4�, 5�, 7�, 10�, 13�, 18�, and 23� (Kono et al.,
2014a). Unfortunately, we failed to obtain structure data at
5.2 GPa because the liquid sample leaked during the long data
collection.

Fig. 7a shows the pair distribution function G(r) of liquid Fe.
Sanloup et al. (2000) showed an appearance of two distinct peaks
at the 2nd peak position at high pressures, and suggested a
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structural change from bcc-like local order structure to a mixture
of bcc- and fcc-like local order structure at high pressure and high
temperature. However, our data showed no distinct peak splitting
in the 2nd peaks even at the highest pressure condition. We
observed slight broadening in the width of the 2nd peaks above
6 GPa. Fig. 7b shows positions of the 1st (r1) and 2nd (r2) peaks
as a function of pressure. The r2 distance showed marked decrease
at 6 GPa in our data, and the r1 distance also decreased slightly. The
decrements of the r1 and r2 distances obtained in this study are
similar to those of Sanloup et al. (2000) (Fig. 7b), although the pres-
sure condition is different due to a different temperature condition.
These data show that the structural change from the bcc-like struc-
ture to the bcc-+fcc-like structure suggested by Sanloup et al.
(2000) is not identified in our experiments, while there is change
in the r1 and r2 distances at 6 GPa.

The structure of liquid FeS was also investigated just after the
viscosity measurements (Fig. 7c and d). The r1 distances showed
no remarkable change up to 6.3 GPa, while the r2 peak shows
marked change with increasing pressure. Similar to previous stud-
ies for the structure of liquid Fe–S alloys ( Urakawa et al., 1998;
Sanloup et al., 2002; Morard et al., 2007), the r2 peak is broad at
low pressures, which implies that sulfur breaks intermediate range
order in liquid Fe with moderate sulfur content at low pressures.
The r2 peak sharpens with increasing pressure probably due to
better local ordering. This result is in agreement with Morard
et al. (2007). In addition, the r2 distance significantly increases at
1.2–2.2 GPa. Similarly, the viscosity of liquid FeS shows marked
change between 1.2 GPa and higher pressures. It is difficult to
discuss detailed effects of structure on viscosity, because the
experiments were made along the melting curve. However, the
correlation between structure and viscosity changes suggest
that the shorter r2 distance at 1.2 GPa may be the cause of the
difference in the viscosity between 1.2 GPa and higher pressures.
The possibility of a structural change in liquid FeS at low pressure
was suggested by Nishida et al. (2011) as a cause of significant
increase of density of liquid FeS between 0 and 0.5 GPa. Both our
obtained viscosity change and the density change observed
by Nishida et al. (2011) may be attributed to the change of r2

distance.
4. Concluding remarks

We revisited the viscosity of liquid Fe and FeS by using an
advanced technique of falling sphere viscosity measurement with
ultrafast synchrotron X-ray imaging. Our data clearly show that
monitoring the sphere motion with substantial oversampling is
important to identify terminal velocity for the falling sphere and
to accurately determine the resultant viscosity. Ultrafast imaging
with sufficiently high camera frame rate is essential to investigate
viscosity of low viscous liquids such as liquid Fe and Fe-light
element alloys. Since viscosity measurements were conducted
using frame rates of �30 frames/s in early 2000’s, these viscosity
results, particularly for less viscous liquids, may contain large
uncertainties due to the limited frame rate. Later, the viscosity
measurements were carried out with improved frame rate of
60–125 frames/s in 2005–2006 (e.g., Liebske et al., 2005; Terasaki
et al., 2006). In the present day, viscosity measurement with much
higher frame rate of up to 2000 frames/s (this study; Kono et al.,
2013, 2014b) enables us to precisely measure viscosity of less
viscous liquids at high pressures.
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