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Key Points

- We studied rheology of hexagonal close-packed Fe based on high-pressure and
high-temperature deformation experiments

- Dominant deformation mechanism was power-law dislocation creep at temperatures
above ~800 K

- We estimated the viscosity of hexagonal close-packed Fe under inner core conditions

as 2~1019 Pas

Abstract

The viscosity of hexagonal close-packed (hcp) Fe is a fundamental property
controlling the dynamics of the Earth’s inner core. We studied the rheology of hcp-Fe
using high-pressure and -temperature deformation experiments with in situ stress and
strain measurements. Experiments were conducted using DI1ll-type and
deformation-DIA apparatuses at pressures of 16.3-22.6 GPa, temperatures of 423-923
K, and uniaxial strain rates of 1.52 x 107 to 8.81 x 10 s~ in conjunction with
synchrotron radiation. Experimental results showed that power-law dislocation creep
with a stress exponent of n = 4.0 + 0.3, activation energy of £* = 240 £ 20 kJ/mol, and
activation volume of J* = 1.4 = 0.2 cm’/mol is dominant deformation mechanism at
>~800 K, whereas a mechanism with power-law breakdown prevails at lower
temperatures. An extrapolation of the power-law dislocation creep flow law based on
homologous temperature scaling suggests the viscosity of hcp-Fe under inner core
conditions is >~10" Pa s. If this power-law dislocation creep mechanism is assumed to
be the dominant mechanism in the Earth’s inner core, the equatorial growth or
translation mode mechanism may be the dominant geodynamical mechanism causing

the observed inner core structure.
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Plain Language Summary

Although many geodynamic mechanisms have been proposed regarding the origin
of the observed complex structure of Earth’s inner core, no clear consensus has been
reached. This is partly owing to the lack of accurate knowledge of the viscosity in the
inner core, which is believed to mostly comprise of hexagonal close-packed Fe (hcp-Fe).
Here, we studied the viscosity of hcp-Fe using high-pressure and high-temperature
deformation experiments. The results showed that the dominant deformation mechanism
in hep-Fe changes depending on the temperature, with power-law dislocation creep and
low-temperature creep being most important above and below ~800 K, respectively.
Based on extrapolation of these experimental results we estimate the inner core
viscosity to be > 10" Pa s. This inner core viscosity suggests the equatorial growth or
translation mode model as the dominant geodynamical mechanism in the Earth’s inner

core.

Keywords

hcp-Fe, inner core, deformation experiments, rheology, seismic anisotropy

1. Introduction

Seismic studies have revealed the existence of anisotropic and heterogeneous
structures throughout the Earth’s inner core (e.g., Morelli et al., 1986; Woodhouse et al.,
1986; Wang et al., 2015; Brett & Deuss, 2020; Frost et al.,, 2021). The single most
notable structure of the inner core is that compressional waves travel ~3% faster in
north-south directions, compared with those in the equatorial plane (e.g., Creager, 1992).

Recent studies have further clarified the details of the inner core’s structure with (i)
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anisotropy observed to be stronger in the western hemisphere, (ii) the central portion’s
anisotropy being tilted from polar direction, and (iii) the outer most 50—150 km being
nearly isotropic. Although several geodynamic mechanisms have been proposed for the
origin of these observed inner core structures, a clear consensus is still to be reached
(e.g., Sumita & Bergman, 2007; Lasbleis & Deguen, 2015; Romanowicz et al., 2016).

The viscosity of the inner core is one of the most important parameters in
determining the dominant geodynamic mechanisms occurring within the inner core.
Lasbleis and Deguen (2015) developed regime diagrams for inner core dynamics,
describing dominant mechanisms as a function of control parameters. According to their
analysis, in the case of unstable stratification, translation mode (global translation of the
inner core with solidification on one hemisphere and melting on the other) (Monnereau
et al., 2010) and plume convection (Jeanloz & Wenk, 1988) are predicted to be the
dominant mechanisms when the inner core viscosity is above and below ~10'® Pa s,
respectively. In the case of stable stratification, equatorial inner core growth
(deformation of inner core due to preferential growth in equatorial belt) (Yoshida et al.,
1996) and tangential Lorenz force (Buffett & Wenk, 2001) are regarded as the dominant
mechanisms when the inner core viscosity is above and below ~10'? Pa s, respectively.
An accurate understanding of the inner core viscosity is needed for a more accurate
constraint of the inner core dynamics.

The Earth’s core is primarily composed of Fe with lesser amounts of Ni and light
elements (possible candidates are Si, S, H, O, and C) (e.g., Birch, 1952; Alf¢ et al.,
2002; Sata et al., 2010; Badro et al., 2014; Hirose et al., 2021). Although the crystal
structure of Fe at conditions of the inner core is considered to be hexagonal
close-packed (hcp) structure (e.g., Tateno et al., 2010), the viscosity of the inner core

has been estimated mostly based on the experimentally determined diffusion coefficient
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of face-centered cubic (fcc) Fe owing to the technical difficulties of performing
diffusion experiments at pressure and temperature in the hcp-Fe stability condition. The
estimated viscosity values at the inner core conditions differ between published studies
with estimates of 10°°%* Pa s (Reaman et al., 2012), or ~10*** Pa s (Tsujino et al.,
2020) for dislocation creep. Ritterbex and Tsuchiya (2020) estimated the inner core
viscosity as ~10'"7*! Pa s in the dislocation creep regime based on the self-diffusion
coefficient of hcp-Fe, which they calculated using density functional theory. The
variation in the estimated viscosity values is partly owing to the differences in the
assumed parameters (e.g., stress exponent) used to calculate viscosity using the
diffusion coefficient. An experimental study in which the viscosity of hcp-Fe is directly
determined from analyses of deformation experiments would provide valuable insight
into the viscosity of the inner core.

Although there are number of deformation studies on hcp-Fe, most of them are
focused on texture development and operating slip systems (Wenk et al., 2000; Merkel
et al., 2004, 2012; Miyagi et al., 2008; Nishihara et al., 2018). On the other hand, only a
limited number of experimental studies on the rheology (viscosity) of hcp-Fe have been
reported. Nishiyama et al. (2007) conducted deformation experiments on hcp-Fe using a
deformation-DIA apparatus (D-DIA) at a pressure (P) of 16-18 GPa and a temperature
(T) of 300600 K, and reported a stress—strain rate relationship fitted to their
observations. Gleason and Mao (2013) measured deviatoric stress observed in
uniaxially compressed hep-Fe in a diamond-anvil cell up to P = 200 GPa at room
temperature. Because the experimental conditions were limited to relatively low
temperatures, the deformation mechanism in these studies likely differs from that
occurring in the inner core, where the temperature is close to the melting temperature.

This leads to a large uncertainty in the understanding of the viscosity of hcp-Fe in the
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inner core. Deformation experiments on hcp-Fe at higher temperatures are needed.

In this study, the rheology of hcp-Fe was investigated by high-pressure and
high-temperature deformation experiments. Uniaxial deformation experiments were
conducted on hep-Fe samples using D111-type and D-DIA apparatuses at P = 16.3-22.6
GPa, T=423-923 K, and a uniaxial strain rate of 1.52 x 10 ° to 8.81 x 107 s~! with the
stress—strain rate relationships monitored throughout in situ during deformation. Based
on these results we constrain a flow law of hcp-Fe and use it to constrain and discuss the

viscosity in Earth’s inner core.

2. Experimental procedures
2.1. Sample preparation

Presintered polycrystalline iron aggregates were used in deformation experiments,
which were sintered by hot-pressing reagent grade Fe sponge (99.9% purity, Wako Pure
Chemical Industries) at ~1 GPa and 873 K in a Kawai-type multi-anvil press installed at
the Geodynamics Research Center, Ehime University. The sintering conditions were
within stability field of the body-centered cubic (bcc) structure of metallic iron, which
can be recovered to ambient conditions. The materials used in the experiment were
similar to those used in a previous study (Nishihara et al., 2018) and are known to
contain small amounts (<1%) of iron oxide, most likely wiistite (FeO), which had
formed on the surface of the grains in the starting material (see Fig. la of Nishihara et
al., 2018). The original grain size of bcc-Fe was estimated to be a few micro-meters
based on the distribution of the iron oxide particles. The sintered polycrystalline iron
samples were shaped into cylinders with a diameter of ~0.55 mm and a length of 0.5

mm for use in subsequent deformation experiments.
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2.2. Deformation experiments

We performed most of the high-P deformation experiments with a D111-type
apparatus, which is a larger version of the deformation T-Cup (Hunt et al., 2014). Some
additional experiments (M2190, 2606, and 2609) utilized a D-DIA apparatus.
Experimental setups for each system are described below.

D111 experiments were performed at synchrotron beamline NE7A at PF-AR, KEK,
Tsukuba, Japan (Nishihara et al., 2020a; Tsujino et al., 2022; Thomson et al., 2023).
Throughout D111 experiments, 7M/2 assemblies were employed, denoting the
(Mg,Co)O octahedral pressure medium with 7 mm edge lengths and anvils with 2 mm
truncation edge lengths. In each experiment, pressure was generated using six tungsten
carbide anvils combined with two anvils made from either cubic boron nitride (cBN) or
diamond (with a SiC binder). These latter anvils are essential to allow collection of
azimuthal diffraction rings of the sample, which are used to determine lattice strain, and
subsequently stress, throughout deformation. The cell assembly (Fig. la) used
throughout experiments consists of a cylindrical graphite heater with LaCrO; thermal
insulator. Samples were packed in hexagonal boron nitride (hBN) sleeves and
sandwiched between dense Al,Os pistons. In some runs, a 10 um thick Au foil was
placed at either ends of sample to increase the clarity of the sample ends in X-ray
radiography. Temperatures were monitored using a W3%Re-W25%Re thermocouples
placed adjacent to the sample. The (Mg,Co)O octahedron and the LaCrOs sleeve along
the X-ray beam path were replaced with amorphous boron epoxy (in a ratio by weight
of 20:1) and hBN, respectively, to minimize X-ray absorption and diffraction from these
materials. Figure S1 shows the load—pressure relationship in the experiments with a
DI111-type apparatus using the 7M/2 assembly, with pressures up to 23 GPa achieved at

press loads of 300 tf.
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D-DIA experiments were performed using SPEED-MKII-D (Kawazoe et al., 2011)
installed on the beamline BL04B1 at the SPring-8 synchrotron facility in Japan. In these
runs, a cell assembly consisting of a (Mg,Co)O cubic pressure medium with 4 mm edge
lengths and anvils with 2.5 mm truncation edge lengths were used (Fig. 1b). Full details
are provided in Nishihara et al. (2018).

All deformation experiments, both DI111-type and D-DIA apparatuses were
conducted in a similar manner. First, the cell assemblies were quasi-hydrostatically
pressurized to the desired press load before heating to the target temperature. Before
commencing uniaxial deformation, Fe samples were annealed at 723-923 K to ensure
full stabilization of hcp-structure and the sample microstructure. Annealing times varied
depending on the annealing temperature, such that durations were 90 min at 723 K, > 40
min at 823-873 K, and 25 min at 923 K. Subsequently assemblies were uniaxially
deformed by advancing the top and bottom anvils toward each other at a constant (and
controlled) D-ram displacement rate. Temperatures were controlled to within =10 K of
the nominal value during deformation, with one exception (M2190-2). A total of 12
experiments were conducted (Table 1). Each experiment consisted of several
deformation steps at multiple conditions those within the range of 16.25-22.57 GPa,
423-923 K, and uniaxial strain rate (¢ = de/dt) of 1.52 x 10°® to 8.81 x 10° s In
stepped strain rate tests, we changed strain rate stepwise during one run at nearly
constant P and 7 conditions. Similarly, in the stepped temperature and pressure tests,
only the temperature or pressure were altered in a stepwise manner. After the
completion of each series of deformation conditions, the power was shut off to
temperature quench the experiment. Because the temperature reported in this paper is
the nominal temperature measured at a slightly off-center part of the assembly, the

average temperature of the specimens may have been higher by up to 10-50 K, since
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temperature gradients in high-pressure cell assemblies can be significant over
sub-millimetre distances (Raterron et al., 2013). We ignored the effect of pressure on the
temperature measurements using a W3%Re-W25%Re thermocouple because the
estimated pressure effect is comparable to, or smaller than, the above temperature

uncertainty (Nishihara et al., 2020b).

2.3. Stress and strain measurements

During the deformation experiments, synchrotron radiation was employed to
observe in situ changes in the sample’s strain and stress through a combination of
imaging and diffraction data collections. To achieve this, the incident X-rays were first
monochromatized to around 60 keV using a Si (111) monochromator. A motorized stage
with gadolinium aluminum gallium garnet (GAGG) or yttrium aluminum garnet (YAG)
scintillators coupled to a CMOS or CCD camera was used to capture X-ray radiographic
images, with exposure times ranging from 1 to 30 seconds. Sample strain was calculated
by analyzing the absorption contrast between the sample and AlO; pistons (or the
position of Au foil markers in some runs) in the X-ray radiographs (Fig. 2a) using NIH
Image-J software. The uniaxial strain was then determined using the formula & =
—In(//ly), where [ and [, represent the sample length during and before deformation,
respectively. An example of the strain changes during the [ron25 run is shown in Figure
2b. Furthermore, the strain rate (¢) during each experiment (and at each deformation
step) was determined by fitting a linear equation to the series of strain—time data.

To calculate sample stress, two-dimensional angle-dispersive X-ray diffraction was
used. The monochromatic X-rays were collimated using horizontal and vertical slits
mounted on a motorized stage, with a size of 200 x 200 um or smaller depending on the

sample shape and anvil gap width. Diffraction images were collected using a CMOS
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flat-panel detector (Dexela 2923, sensitive area of 291 mm x 230 mm, pixel size of
0.075 mm) or a CCD detector (MarCCD, sensitive area of 200 mm diameter circle,
pixel size of 0.050 mm) at a distance of 541-641 mm from the sample with an exposure
time of 60-600 s. To calibrate incident X-ray energy and sample-detector geometry, a
CeQ; standard was placed at the sample position prior to high-pressure runs. Examples
of the two-dimensional X-ray diffraction images in the experiments using D111-type
and D-DIA apparatuses are shown in Figure 3a and 3b, respectively.

Four distinct diffraction peaks of hep-Fe (1010, 0002, 1011, and 1012) were used to
analyze stress and pressure. Each diffraction image was subdivided into 36 azimuthal
sectors with equal azimuth angles n of 10°, and integrated separately using a software
[PAnalyzer (Seto et al., 2010). Position of the sample diffraction peaks in each
azimuthal bin were determined by fitting a symmetric pseudo-Voigt function to each
integrated one-dimensional diffraction pattern using PDIndexer (Seto et al., 2010). This
allows determination of the d spacings from sample diffraction peaks as a function of
diffraction azimuth. Stress in the uniaxial deformation experiments was subsequently
determined by fitting the following equation (e.g., Nye, 1985; Singh, 1993; Uchida et al.,
1996; Singh et al., 1998);

diia () = dfj {1+ (1 = 3 cos? y) 1 (1)

6(Gpk1)

where v is the angle between the direction normal to the diffracting plane and the
maximum principal stress direction, d,, () is the observed d spacing as a function of
the y angle, d,?k, is the d spacing corresponding to the hydrostatic pressure; o is the
uniaxial stress calculated for a given diffraction peak with the Miller index hkl, and
<th,> is the effective shear modulus for a given ikl at the corresponding P—T condition.
The relationship between the angles 1 and vy is expressed by cosy = cos0-cos(1] — Nmax)

where 0 is the diffraction angle, and Mm.x is the m angle at which dhk,(\ll) is the
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minimum (corresponding to the maximum principal stress direction) (see Merkel et al.,
2002). Figure 3c shows examples of dhkz(\lf)*\ll data and the fits of Equation (1). The
<thz> term was calculated from the elastic constants (Cj) of hcp-Fe at corresponding P—
T conditions using equations described by Singh et al. (1998). We assume a uniform
stress condition in the calculation of <th,> (a =1 in Equation (4) of Singh et al., 1998)
and calculated the Cj; terms at high-P and high-7 conditions based on Sha and Cohen
(2010a, 2010b). The pressure was calculated by using the unit cell volume of iron,
which was obtained from the d| ,?k, values, extracted from the fitted azimuthal patterns
(Equation (1)), and the thermal equation of state of hcp-Fe as reported in Uchida et al.

(2001) and Sakamaki et al. (2009).

3. Results
3.1. Experimental conditions

Table 1 summarizes the conditions and results of the deformation experiments.
Figure 4 compares the P—T conditions of the deformation experiments with the stability
field of hcp-Fe. We primarily conducted the deformation experiments in the
high-temperature region of the stability field of hcp-Fe in the studied pressure range.
The obtained data mostly fell within at P ~ 17 GPa with a few points at higher pressures
up to 23 GPa. The bcc-Fe starting material was partially or completely transformed to
hep-Fe after compression at 300 K in all experiments, except for run M2609. The
sample completely transformed, within the detection limits of the diffraction images,

into an hep structure during annealing at >723 K in all runs.

3.2. Texture development

Development of texture was observed in the D-DIA experiments. Figure 3b shows

10
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two-dimensional X-ray diffraction image taken at the final stage of deformation in
M2609. The Debye ring of 0002 diffraction is more intense at top and bottom whereas
that of 1010 diffraction is at right and left suggesting basal plane normal is
preferentially oriented subparallel to the compression axis. Similar observation was
reported by Nishihara et al. (2018). Development of texture suggests dislocation glide
played important role in these experiments. In the experiments using DI111-type
apparatus, observation of texture developed throughout deformation is more challenging.
This is because of the larger anvils required in D111 experiments, the intensity
difference between X-ray only transiting the anvil gap and those passing through cBN
or sintered diamond anvils is far larger, which obscures intensity variations originating

from sample texture.

3.3. Mechanical results

Figure 5 shows the variations in stress and pressure during selected deformation
experiments. The pressure was approximately constant in all deformation steps. Steady
state was generally achieved after deformation with a strain (€) of 0.02 in each step. In
the steady-state deformation, applied stress and microstructure are regarded to be
dynamically balanced with combination of concurrent processes such as dislocation
glide, dynamic recrystallization and recovery maintaining equilibrium. The steady-state
stress value in each run increased with increasing strain rate and pressure and

decreasing temperature. The stress values calculated from four diffraction peaks differed,

especially at higher-stress conditions, where the stress value by 1010 was always the

highest and that by 1012 was generally the lowest among the four peaks. This tendency

is consistent with that reported in previous studies (Nishiyama et al., 2007; Merkel et al.,

2012; Nishihara et al., 2018). The difference of stress values between diffraction peaks
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primarily corresponds to difference in magnitude of the lattice distortion, and is also
partly influenced by difference in <th,> value (elastic anisotropy). This is due to the
heterogeneous stress—strain distribution in the polycrystalline specimen caused by
plastic anisotropy (orientation dependence of viscosity) (e.g., Castelnau et al., 2008). In
M2190-2, during deformation at 723 K, the temperature instantaneously dropped ~400
K for a few seconds and then recovered to 723 K, possibly due to deformation or
buckling of the graphite heater. We used the data obtained in M2190-2 for the following
analysis because no remarkable change occurred in the strain or stress behavior before
and after the drop and recovery in temperature. For Iron17-1, we performed deformation
at 923 K, the highest temperature achieved in this study, but at these conditions the
steady state-stress was observed to below the detection limits.

Figure 6a shows a log-log plot of the strain rate versus stress in the stepped strain
rate tests (note that the error bars in Figures 6a, 6b, and 7a—d represent the range of
stresses determined by four diffraction peaks, not stress uncertainties). In these tests, we
determined steady-state stress at different strain rates under a constant temperature and
nearly constant pressure. Differential sample stress is observed to be temperature
dependent; stress was ~2 GPa at 523 K and decreased with increasing temperature to
0.3-0.5 GPa at 873 K. The data from each run mostly showed power-law behavior (i.e.,
& x ™). The slope of varying stress exponent (n) is indicated in the lower right of
Figure 6a. Stress exponents of ~3—5 were observed at temperatures higher than ~800 K
and, whereas n appears to be >5 at lower temperatures. The stress values previously
reported by Nishiyama et al. (2007) at lower temperatures (400 and 600 K) and P =
15.9-17.5 GPa are consistent with our data at similar temperatures and strain rate
(crosses in Fig. 6a). The stress exponent obtained at 600 K by Nishiyama et al. (2007)

(n ~ 6) was lower than that obtained in this study (z > 10). This could have been related
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to the extremely strong preferred orientation in Nishiyama et al.’s (2007) experiments
where bee-Fe rod was employed as a starting material.

Figure 6b shows the Arrhenius plot of stress versus reciprocal temperature for the
stepped temperature tests. Each of these tests was conducted at nearly constant strain
rate and pressure. The slope of this plot is proportional to H*/n, where H* is the
activation enthalpy. Above ~800 K, the H*/n value was ~60 kJ/mol, judging from the
steep slope in the plot. At lower temperatures, the H*/n value drastically decreased with
decreasing temperature. The changes in temperature dependence and » value (Fig. 6a)
consistently suggested a transition in the deformation mechanism at ~800 K.

Figure 6¢ is a semilog plot of stress versus pressure for the stepped pressure test
(Iron14) at a constant temperature of 823 K and nearly constant strain rate of 1.1-1.3 X
107 s”'. The steady-state stress values at P = 21.4 GPa were slightly higher than those
at P = 16.6 GPa. Although the pressure dependence of the stress slightly differed
depending on the diffraction peaks, the slopes indicated in this plot are generally gentle
suggesting that the V*/n value was substantially lower than 1 cm’/mol (V* is the
activation volume).

The mechanical data for each run were not fully consistent owing to the run-to-run
variability. The most notable example is shown in Figure 6a: the stress values of runs
Iron01 and Iron12 differed by a factor of ~2 at a strain rate of ~4 x 10 ®s™', although we
conducted both these runs at the same temperature (823 K) and pressure (16.4-17.4
GPa). One possible reason for this run-to-run variability is the run-to-run difference in
the position of the thermocouple junction. Even though the design of the cell assembly
(Fig.1) was practically identical throughout this study, a small change in the position of
the thermocouple junction could have occurred. This could have led to a systematic

difference in the temperature from run to run. Another explanation for the run-to-run
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variability is the run-to-run difference in hydrogen content (e.g., Hayashi et al., 1998).
Although we conducted the experiments under nominally anhydrous conditions, a small
amount of water may have adsorbed to the pressure medium from the moisture in the air
and hydrogen may have been incorporated in sample. Because rheology can be highly
sensitive to differences in the chemical and physical environments, run-to-run
variability is unavoidable. However, the data derived in a single run would be consistent
because the chemical and physical environments remain essentially unchanged in a
single run. Therefore, run-to-run variability must be corrected to accurately determine

flow law parameters and deformation mechanisms.

4. Discussion
4.1. Interpretation of rheological behavior

As described above, the mechanical data of hcp-Fe suggests the occurrence of
differing mechanisms at temperatures above and below ~800 K (Figs. 6a, 6b). Based on
this observation, we analyzed the mechanical data at >800 K and <800 K separately.

At >800 K, the observed stress exponent was n ~ 3—5 (Fig. 6a), which is in the
range of common values for the power-law dislocation creep of metals (e.g., Mukherjee,

2002). The constitutive equation for power-law dislocation creep is:

. Ep+PVp
& = Ap o™ Lexp (— u) )

RT
where € is the strain rate, A4 is the pre-exponential constant, ¢ is the deviatoric stress,
E* is the activation energy, V* is the activation volume, and R is the gas constant. The
subscript PL represents parameters for power-law dislocation creep. For successful data

analysis via Equation (2), the observed run-to-run variability needed to be corrected.
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This was achieved using a similar approach to that used by Keefner et al. (2011),
developed to analyze deformation experiments on olivine aggregates in a dislocation
creep regime at P = 300 MPa. In this study the authors precisely determined the
flow-law parameters using a global fit of the constitutive equation to derived
mechanical data with a correction for run-to-run variability by multiplying the
pre-exponential constant, 4, by parameter, o, where o differs between runs. We adopted
similar correction approach in this study, but instead of correcting pre-exponential factor,
A, we applied a run-to-run correction on the observed stress, Gons. The correction
parameter, 3, was used such that the corrected stress (Gcor) is determined as Geor = B X

Oobs- Therefore, Equation (2) becomes:

£ = Apy (Bogns)"rexp (— BLEEL) - (3)

Where [ differs for each run, but is close to one when the run-to-run variability is small.
The correction was applied to stress rather than pre-exponential constant in this study
because, in the case of » > 1, as in this study, the required correction magnitude
becomes smaller when a correction is applied to stress.

Equation (3) was fitted to the data at high temperatures (>800 K) whereby the
values of B for all runs were simultaneously adjusted to minimize Y;(logB;)? (Pi is B
for a run i) providing the best fitting § values close to one. Fitting results are shown in
Figures 7a and 7b. The derived flow-law parameters and [ values are presented in
Tables 2 and S1, respectively. The stress correction parameter § ranged between 0.678
and 1.332. These corrections are equivalent to temperature deviations of +39 to —27 K
(at 873 K and 17 GPa) assuming that the entirety of the run-to-run variability is

attributable to the temperature errors. The determined flow-law parameters are n = 4.0 £
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0.3, E* = 240 + 20 kJ/mol, and V'* = 1.4 + 0.2 cm’/mol. Activation enthalpy, H* (= E* +
PV*), at P =17 GPa was calculated to be 260 + 20 kJ/mol. These values suggest that the
dominant deformation mechanism of hcp-Fe at >800 K is dislocation creep, the
rate-limiting process of which is dislocation climb (Weertman creep). The stress
exponent (n = 4.0) falls within the range of typical Weertman creep values of hep metals,
3.0 <n <5.5 (Mukherjee, 2002).

In Weertman creep, the activation enthalpy, and hence the activation energy and
volume, are comparable to that of lattice diffusion (e.g., Frost & Ashby, 1982).
Although no experimental study has been published on the diffusion coefficient for the
lattice diffusion of hep-Fe, Ritterbex and Tsuchiya (2020) calculated the self-diffusion
coefficient of hcp-Fe based on density functional theory. Their results included an H* at
P =17 GPa and 7* of 500 kJ/mol and 3.0 cm’/mol, respectively, for hcp-Fe. These
values are considerably higher than those obtained for power-law creep at >800 K in
this study. On the other hand, the H* of hcp-Fe at 17 GPa was estimated to be 290
kJ/mol based on a universal relationship between the melting temperature and diffusion
coefficient for hcp metals (Brown & Ashby, 1980) using the fictive melting temperature
of hep-Fe at 17 GPa as 1990 K (Anderson & Isaak, 2000), which is fairly consistent
with the results of this study.

The diffusion coefficient for the lattice diffusion of hcp-Fe is generally assumed to
be close to that of fcc-Fe because both hep and fec are close-packed structures. £* for
self-diffusion in fcc-Fe is approximately 270 kJ/mol (Frost & Ashby, 1982). Based on
high-pressure experiments by Yunker and Van Orman (2007), H* and V*at P = 17 GPa
for Fe-Ni inter-diffusion in a fcc-structured Fe—Ni alloy were determined to be 365
kJ/mol and 3.1 cm’/mol, respectively. Compared with the activation parameters of

diffusion for fcc-Fe, the £*, H*, and J'* values of the power-law dislocation creep of
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hcp-Fe in this study are consistent (£*) or somewhat lower. Therefore, although we are
not fully certain that the power-law creep at >800 K in this study was rate-limited by
dislocation climb and hence lattice diffusion, it is our preferred interpretation that the
observed deformation mechanism was Weertman creep, which may be dominant at
higher temperatures near the melting temperature.

At temperatures lower than 800 K, the stress exponents were larger (Fig. 6a), and
the temperature dependence of the deviatoric stress was smaller (Fig. 6b). The most
common low-temperature deformation mechanism in metals is a type of power-law
creep (e.g., Frost & Ashby, 1982) whereby diffusion along the dislocation line (pipe
diffusion) is the rate-limiting process. At low temperatures, a power-law breakdown is
commonly observed, where the stress exponent is no longer constant (e.g., Frost &
Ashby, 1982). The power-law breakdown is commonly recognized as transition of
mechanism from dislocation climb-controlled flow to dislocation glide-controlled flow.
The constitutive equation for low-temperature power-law creep with a power-law

breakdown is:

&€ = A 10 cor " ETexp (—M{l - (@)p}q> , 4)

RT op

where op is the Peierls stress; p and ¢ are constants that are generally bounded as 0 <p <
1 and 1 < g < 2, respectively. The subscript LT represents parameters for the low-T
mechanism. Equation (4) was fitted to the experimental data from this study at
conditions of <800 K. Again the observed run-to-run variability was corrected using the
stress correction parameter, 5, as described above.  was fixed = 1 for runs M2606,

2609, and 2190, in which the temperature was <800 K throughout the experiments. We
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assumed n = 5, which is a common value for the low-temperature power-law creep of
metals. The £* and V* for the low-temperature mechanism, and hence pipe diffusion,
were assumed to be close to those for grain-boundary diffusion (Frost & Ashby, 1982).
We estimated the E* and V* for the low-temperature mechanism of hcp-Fe by
multiplying the £* and V* for the high-temperature mechanism by 10.8/17.3 following
the empirical relationship between Arrhenius parameters for grain-boundary diffusion
and lattice diffusion presented by Brown and Ashby (1980) (Table 2). Values of 4, cp, p,
and ¢ were manually adjusted to best fit the data, as automatic fitting algorithms were
found to be unstable (Table 2). Although ¢ is generally within the range of 1 <g <2, a
small value (¢ = 0.1) was required to fit our experimental data. This drastically changes
the temperature dependence of stress (Fig. 6b).

Figures 7c and 7d show the fits of the flow-law equations of the high- and
low-temperature mechanisms (power-law and low-7 creeps, respectively) at a
normalized pressure of 17 GPa. Assuming that the mechanisms at high and low
temperatures were independent, the total strain rate could be expressed as the sum of the
strain rates of the two mechanisms (Equations (3) and (4)). As shown in these figures,
the flow-law equations provide good fits to the experimental observations from this

study, suggesting the above analysis was appropriate.

4.2. Implications for inner core viscosity

Based on the above findings, the high-temperature deformation mechanism
(power-law dislocation creep), assuming there are no pressure-induced changes in
deformation mechanism, may be the dominant mechanism in the Earth’s inner core.
Making this assumption the above determined flow law was extrapolated to conditions

of the inner core based on homologous temperature scaling (Fig. 8). In the homologous
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temperature scaling, the activation enthalpy is expressed through melting temperature
(Twm) as H* = gRTy,, where g is semi-empirical constant (e.g., Brown & Ashby, 1980).
By susbstituting gRTy, for E* + PV* (= H*) in Equation (2), the following equation can

be used in the extrapolation:
& = Ap0™PLexp (—g T?m) . 5

The g value for hcp-Fe was determined to be 15.8 using values of H* and T}, at P = 17
GPa (260 kJ/mol and 1990 K (Anderson & Isaak, 2000), respectively). Extrapolation of
this relationship was undertaken to a commonly accepted inner core temperature of
Tw/T = 1.1 and a stress of 10> Pa (= 10’ GPa) because the inner core stress has
generally been regarded as <10* Pa (e.g., Yoshida et al., 1996; Buffett, 1997; Karato,
1999).

To evaluate the possible contribution of diffusion creep (Nabarro—Herring creep),
we calculated the stress—strain rate relationship at 7;,/7 = 1.1 using a rate equation (e.g.,
Karato, 2008) with the reported diffusion coefficient of fcc-Fe (Yunker & Van Orman,
2007). As shown in Figure 8, the strain rate of diffusion creep for grain size (d) of > 1 m
(e.g., Bergman, 1998; Yamazaki et al., 2017) is lower than that of power-law dislocation
creep under the most probable stress range in the inner core, 10°~10* Pa (= 10°-107°
GPa). Therefore, diffusion creep does not appear to be a dominant deformation
mechanism in the Earth’s inner core. This conclusion is reasonable because diffusion
creep hardly yields crystallographic preferred orientation, and hence, it should not able
to explain the observed seismic anisotropy.

At the stress condition of <10* Pa (Yoshida et al., 1996; Buffett, 1997; Karato, 1999;

Van Orman, 2004), the viscosity and strain rate for power-law dislocation creep were
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calculated to be >10"'**? Pa s and <10™">"**? 57!, respectively. According to Lasbleis
and Deguen (2015), plume convection and tangential Lorentz force mechanisms do not
appear when the inner core viscosity is >10'® Pa s. Thus, if the power-law creep
(following the flow law determined in this study) is dominant in the inner core,
equatorial growth and translation mode are the viable candidates as the dominant
geodynamic mechanisms. The equatorial growth mechanism has been regarded as one
of the most probable candidates for the dominant inner core dynamics, by which
formation of seismic anisotropy with several percent level can be reasonably explained
under some conditions with compositional stratification, pretexture, or inner core
translation (e.g., Lincot et al., 2016; Frost et al., 2021). Our conclusion supports this
model.

Although we have assumed power-law creep, as inferred from experiments in this
study, as a dominant deformation mechanism in the above discussion, other deformation
mechanisms are also possibly dominant in the Earth’s inner core. Harper—Dorn creep is
often regarded as the dominant deformation mechanism in the inner core (e.g., Van
Orman, 2004, Tsujino et al., 2020), which appears under low stress and large-grain
conditions, but its mechanism is not fully understood, and its existence has been the
subject of debate (e.g., Kassner et al., 2007). If Harper-Dorn creep is the dominant
deformation mechanism, the inner core viscosity may be lower than the above estimate,
and thus the discussion on the Earth’s inner core dynamics could be revised.

We also note that throughout the above discussion a rheology relevant for pure Fe,
neglecting the effect of compositional variation, has been assumed representative of the
inner core. However, incorporation of light element(s) (e.g., H, Si, S) can have
potentially significant influence on the rheology of hcp-Fe. Further studies investigating

this issue are desirable for accurate understanding of the inner core dynamics.
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5. Conclusion

Rheology of hcp-Fe was determined via uniaxial deformation experiments
performed using D111-type and D-DIA apparatuses at P = 16.3-22.6 GPa, T'=423-923
K. The results showed that the dominant deformation mechanism in hcp-Fe changes
depending on the temperature, with power-law dislocation creep and low-temperature
creep dominate above and below ~800 K, respectively. An extrapolation of the derived
flow law for power-law dislocation creep based on homologous temperature scaling
suggested that the viscosity of hep-Fe under inner core conditions is >~10'" Pa s. If the
power-law dislocation creep is assumed to be the dominant mechanism in the Earth’s
inner core, the equatorial growth or translation mode mechanism may be the dominant

geodynamical mechanism.
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Figure captions

Figure 1. Schematic illustrations of (a) 7M/2 assembly used in deformation experiments
with D111-type apparatus and (b) 4M/2.5 assembly used in deformation experiments
with D-DIA apparatus. The c- and d-Al,Os are crushable- and dense-Al,Os, respectively.

The X-ray passed through perpendicular to page.

Figure 2. (a) X-ray radiograph at P = 16.3 GPa and 7' = 723 K with € = 0.111 during
deformation in run Ironl3 with D111-type apparatus. Sample and Al,Os3 pistons were
visible through diagonal anvil gap (dashed lines indicate anvil surface). We determined
sample strain from distance of Au foil strain markers, which we placed at the top and
bottom ends of sample. (b) Plot of strain versus time for run Iron25. Run Iron25
included five tests at three different temperatures of 823 (step 1), 848 (step 2), and 873
(steps 3-5) K at nearly constant pressure (P = 16.5-17.5 GPa). In steps 3-5, strain rate

was changed stepwise.

Figure 3. Two-dimensional X-ray diffraction images of hcp-Fe (a) at P = 16.29 GPa and
T =723 K with € = 0.106 during deformation in run Ironl3 using D111-type apparatus
and (b) at P = 17.52 GPa and T = 523 K with € = 0.157 during deformation in run
M2609 using D-DIA apparatus. Compression direction is vertical. In (a), Diffraction
Debye rings were more intense at angles corresponding to anvil gap (from top right to

bottom left). In (b), the 0002 diffraction is more intense at top and bottom whereas the

1010 diffraction is at right and left which suggests basal plane normal is preferentially

oriented to compression axis. (c) Variation in d spacing of hcp-Fe 1010 for run Iron13 at

P =16.1-16.6 GPa. Open red circles, before deformation at 7= 823 K; solid red circles,
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green diamonds, and blue squares, during deformation at 823, 773, and 723 K,

respectively.

Figure 4. P-T conditions of deformation experiments. Open diamonds, inverse triangles,
and squares, conditions of stepped strain rate, stepped temperature, and stepped pressure
tests, respectively. Colored and black symbols, experiments using D111-type and
D-DIA apparatus, respectively. Attached numbers denote run numbers. Thick black
lines denote phase boundaries in Fe (Bundy, 1965; Uchida et al., 2001; Yamazaki et al.,

2012).

Figure 5. Plots of stress and pressure versus strain from deformation experiments (a)
Iron12 (stepped strain rate test), (b) Ironl3 (stepped temperature test), (c¢) Ironl4
(stepped pressure test), and (d) Iron25 (stepped temperature and strain rate test). Each
experiment included two or more deformation steps under different conditions. Error
bars for stress values represent errors in the fitting of Equation (1). Attached numbers

for each deformation step are strain rate in's .

Figure 6. Plots of mechanical results. (a) Log-log plot of strain rate versus stress for
stepped strain rate tests. (b) Semilog plot of stress versus reciprocal temperature for
stepped temperature tests. (c) Semilog plot of stress versus pressure for stepped pressure
test. Symbols and error bars represent averages and ranges, respectively, of steady-state
stress determined from four diffraction peaks (1010, 0002, 1011, and 1012) except for
those in (c). Purple and black crosses in (a) are data at 600 and 400 K, respectively, at

15.9-17.5 GPa reported by Nishiyama et al. (2007) for which stress values are the

average of those of 1010 and 1011.
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Figure 7. Results of (a, b) fit of flow-law equation for power-law creep (Equation (3)) to
data at 7= 823-873 K; (c, d) a simultaneous fit of flow-law equations for power-law
creep and low-T7 creep (Equation (4)) to all data. All data were after stress correction for
run-to-run variability, and were normalized to P = 17 GPa using parameters determined
by fit of flow-law equations. Fit of flow-law equations is expressed by thick lines. Data
of individual runs are connected by thin black dashed lines. (a, c) Log-log plots of strain
rate versus stress including all data as symbols. Symbol and color indicate temperature.
(b, d) Semi-log plots of stress versus reciprocal temperature including only data in
stepped temperature tests as symbols for clarity. Experimental data were normalized to
& =3 x 10°® (black) or 3 x 107 (red) s . Attached small black numbers in (a, b) denote

run numbers.

Figure 8. Extrapolation of flow-law of hcp-Fe for power-law creep to inner core
conditions. Red lines are calculated stress—strain rate relationship for power-law creep at
Tw/T = 2.28 and 1.1 based on our study (7;,/T = 2.28 corresponds to 7= 873 K at 17
GPa). Dashed lines indicate range of 95% confidence level of extrapolation. Green lines
are diffusion creep at 71,,/7 = 1.1 with grain size of d =1 m, 10 m, 100 m, and 1 km
calculated using Equation (6) and diffusion coefficient by Yunker and Van Orman
(2007). Thin black lines are isopleths for viscosity (1) of 10'%, 10", 10%, 10*, and 10*®
Pa s. Light blue area indicates range of stress in inner core, <10* Pa (Buffett, 1997,
Karato, 1999, Yoshida et al., 1996). Thick blue line represents strain rate in inner core

produced by equatorial inner core growth (Yoshida et al., 1996).
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Table 1

Experimental conditions and results

Run Pressure Temperature Strain  Strain rate Stress (GPa)
number (GPa) (K) (10 °s N 1010 0002 1011 1012
Stepped strain rate tests
Iron01 -1 17.36 823 0.011 0.15 049+0.03 0.36+£0.02 0.37+0.02 0.32+0.04
2 17.26 823 0.017 0.55 0.67+0.03 0.55+£0.03 0.46+0.02 0.37+0.03
Ironll -1 22.57 823 0.017 0.37 0.58+0.05 0.58+0.05 0.52+0.03 0.47+0.06
2 22.18 823 0.013 0.75 0.80+£0.05 0.79+0.06 0.62+0.03 0.55+0.04
Iron12 -1 17.29 823 0.024 0.41 1.09+£0.08 0.90+0.07 0.72+0.04 0.67+0.05
2 16.84 823 0.020 1.36 1.43+£0.08 1.14+£0.07 0.82+0.04 0.71+0.05
-3 16.49 823 0.031 5.09 1.51£0.07 1.18+0.06 0.86+0.03 0.64+0.07
Iron26 -1 16.99 873 0.025 0.98 034+£0.03 028+£0.03 0.29+0.02 0.29+0.02
2 17.05 873 0.016 0.57 032+0.03 026+£0.03 0.27+0.02 0.26+0.02
-3 16.94 873 0.018 0.35 029+0.03 0.24+£0.03 0.24+0.03 0.24+0.02
-4 16.83 873 0.040 1.82 0.49+0.04 0.40+0.04 0.38+0.03 0.34+0.02
-5 16.65 873 0.059 4.16 0.58+0.05 0.47+0.04 0.44+0.04 0.37+0.03
M2190 -1 17.19 723 0.062 0.79 1.95+0.03 1.42+0.04 1.25+0.03 0.92+0.02
2% 16.96 723 0.093 4.14 2.05+0.03 1.49+0.04 1.33+0.03 0.91+0.02
Stepped temperature tests
Iron06 -1 17.21 823 0.032 0.57 0.68+0.04 0.54+0.04 0.50+0.02 0.46+0.04
-2 17.07 773 0.020 0.76 1.08+£0.04 0.93+0.04 0.71+0.02 0.60+0.04
-3 16.87 723 0.023 0.90 1.38+£0.04 1.24+0.05 0.87+0.02 0.71+0.04
Ironl3 -1 16.48 823 0.032 1.69 0.75+£0.03 0.61+£0.03 0.60+0.04 0.56+0.09
-2 16.50 773 0.034 2.26 1.19+£0.06 1.02+£0.05 0.79+0.03 0.69+0.08
-3 16.25 723 0.045 291 1.62+£0.07 1.36+£0.06 0.96+0.03 0.81+0.12
Ironl7 -1 20.62 923 0.014 0.89 - - - -
-2 20.26 873 0.029 1.42 047+0.08 0.31+£0.07 0.33+0.03 0.19+0.07
-3 19.90 823 0.047 2.08 091+£0.09 0.72+£0.08 0.56+0.03 0.37+0.07
M2606 -1 17.18 723 0.030 0.79 1.95+0.02 1.59+0.04 1.25+0.03 0.97+0.01
-2 17.44 623 0.018 0.75 269+0.02 2.03+0.09 1.70+0.04 1.25+0.02
-3 17.58 523 0.021 0.87 296+0.03 234+0.11 1.86+0.05 1.36+0.02
-4 17.74 423 0.027 1.09 296+0.04 262+0.12 1.87+0.05 1.36+0.02
Stepped pressure tests
Ironl4 -1 16.56 823 0.039 1.31 0.99+0.04 0.81+0.04 0.65+0.02 0.60=+0.03
-2 21.35 823 0.031 1.12 1.16+£0.04 1.09+0.04 0.77+0.02 0.68+0.04
Others
Iron25 -1 17.50 823 0.031 0.92 0.66 £0.05 0.53+0.03 0.50+0.02 0.45+0.04
-2 17.41 848 0.027 1.26 0.56+0.05 044+0.03 043+0.02 0.39+0.04
-3 17.13 873 0.028 1.52 046+0.04 035+0.03 035+0.02 0.34+0.04
-4 16.80 873 0.040 3.87 0.57+0.05 043+0.03 042+0.02 0.38+0.04
-5 16.50 873 0.056 8.81 0.69+0.05 0.51+0.04 048+0.02 0.41+0.04
M2609 -1 16.92 623 0.023 0.51 270+0.03 222+0.07 1.68+0.04 1.32+0.02
-2 17.53 623 0.042 2.58 2.86+0.03 198+0.10 1.80+£0.05 1.32+0.02
-3 17.62 523 0.035 0.69 3.07+0.03 258+0.09 1.95+0.05 1.43+0.02
-4 17.56 523 0.054 3.04 2.87+0.06 2.65+0.08 1.81+0.05 1.23+0.03

Runs with series of run number "Iron" are conducted using D111-type apparatus, and those with series of run number
"M" are using D-DIA.

* Temperature was dropped to ~400 K instantaneously and recovered to 723 K within a few seconds.



Table 2

Flow law parameters

Parameters Power-law Low-T
creep (PL) creep (LT)
logA (s 'GPa ") 125 * 16 5.4
n 40 = 03 5
E* (kJ/mol) 240 £ 20 148°
Vo (cm’/mol) 14 £ 02 0.90°
Gp (GPa) - 2.3
p - 1
q - 0.1

a: Parameters for boundary diffusion coefficient after Brown
and Ashby (1980). Parameters for power-law and low-T
creeps are for Equations (2) and (4), respectively. See text for

details.
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Figure 1. Schematic illustrations of (a) 7M/2 assembly used in deformation experiments with D111-type apparatus and (b)
4M/2.5 assembly used in deformation experiments with D-DIA apparatus. The c- and d-Al,O; are crushable- and dense-Al,O;,

respectively. The X-ray passed through perpendicular to page.
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Figure 2. (a) X-ray radiograph at P = 16.3 GPa and T = 723 K with € = 0.111 during deformation in run
Iron13 with D111-type apparatus. Sample and Al,O; pistons were visible through diagonal anvil gap
(dashed lines indicate anvil surface). We determined sample strain from distance of Au foil strain markers,
which we placed at the top and bottom ends of sample. (b) Plot of strain versus time for run Iron25. Run
Iron25 included five tests at three different temperatures of 823 (step 1), 848 (step 2), and 873 (steps 3—5) K
at nearly constant pressure (P = 16.5-17.5 GPa). In steps 3—5, strain rate was changed stepwise.
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Figure 3. Two-dimensional X-ray diffraction images of hcp-Fe (a) at P = 16.29 GPaand T = 723 K with ¢ =
Iron13 using D111-type apparatus and (b) at P =17.52 GPaand T = 523 K
with € = 0.157 during deformation in run M2609 using D-DIA apparatus. Compression direction is vertical.
In (a), diffraction Debye rings were more intense at angles corresponding to anvil gap (from top right to
bottom left). In (b), the 0002 diffraction is more intense at top and bottom whereas the 1010 diffraction is at
right and left which suggests basal plane normal is preferentially oriented to compression axis. (c) Variation
in d spacing of hep-Fe 1010 for run Iron13 at P = 16.1-16.6 GPa. Open red circles, before deformation at T
= 823 K; solid red circles, green diamonds, and blue squares, during deformation at 823, 773, and 723 K,

0.106 during deformation in run
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Figure 4. P-T conditions of deformation experiments. Open diamonds, inverse triangles, and squares,
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black symbols, experiments using D111-type and D-DIA apparatus, respectively. Attached numbers denote
run numbers. Thick black lines denote phase boundaries in Fe (Bundy, 1965; Uchida et al., 2001;
Yamazaki et al., 2012).
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Figure 5. Plots of stress and pressure versus strain from deformation experiments (a) Iron12 (stepped strain
rate test), (b) Iron13 (stepped temperature test), (¢) Ironl4 (stepped pressure test), and (d) Iron25 (stepped
temperature and strain rate test). Each experiment included two or more deformation steps under different
conditions. Error bars for stress values represent errors in the fitting of Equation (1). Attached numbers for
each deformation step are strain rate in s
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Figure 6. Plots of mechanical results. (a) Log-log plot of strain rate versus stress for stepped strain rate tests.
(b) Semilog plot of stress versus reciprocal temperature for stepped temperature tests. (c) Semilog plot of
stress versus pressure for stepped pressure test. Symbols and error bars represent averages and ranges,
respectively, of steady-state stress determined from four diffraction peaks (1010, 0002, 1011, and 1012)
except for those in (c). Purple and black crosses in (a) are data at 600 and 400 K, respectively, at 15.9-17.5
GPa reported by Nishiyama et al. (2007) for which stress values are the average of those of 1010 and 1011.
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Figure 7. Results of (a, b) fit of flow-law equation for power-law creep (Equation (3)) to data at T = 823—
873 K; (¢, d) a simultaneous fit of flow-law equations for power-law creep and low-T creep (Equation (4))
to all data. All data were after stress correction for run-to-run variability, and were normalized to P = 17
GPa using parameters determined by fit of flow-law equations. Fit of flow-law equations is expressed by
thick lines. Data of individual runs are connected by thin black dashed lines. (a, ¢) Log-log plots of strain
rate versus stress including all data as symbols. Symbol and color indicate temperature. (b, d) Semi-log
plots of stress versus reciprocal temperature including only data in stepped temperature tests as symbols for
clarity. Experimental data were normalized to € =3 X 1076 (black) or 3 X 107 (red) s™!. Attached small
black numbers in (a, b) denote run numbers.
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Figure 8. Extrapolation of flow-law of hcp-Fe for power-law creep to inner core conditions. Red lines are
calculated stress—strain rate relationship for power-law creep at T, /T = 2.28 and 1.1 based on our study
(T,/T =2.28 corresponds to T = 873 K at 17 GPa). Dashed lines indicate range of 95% confidence level of
extrapolation. Green lines are diffusion creep at T, /T = 1.1 with grain size of d =1 m, 10 m, 100 m, and 1
km calculated using Equation (5) and diffusion coefficient by Yunker and Van Orman (2007). Thin black
lines are isopleths for viscosity (1) of 10!2, 106, 10%°, 10?4, and 1028 Pa s. Light blue area indicates range of
stress in inner core, <10* Pa (Buffett, 1997, Karato, 1999, Yoshida et al., 1996). Thick blue line represents
strain rate in inner core produced by anisotropic inner core growth (Yoshida et al., 1996).



