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[1] Stress-strain curves, i.e., relations between the
differential stress and macroscopic sample strain, of
polycrystalline e-iron have been obtained at pressures of
17(±1) GPa, three different temperatures (600, 400, and
300 K), and various strain rates between 3.8 � 10�6 and
2.3 � 10�5 s�1 using the deformation-DIA coupled with
monochromatic X-rays. Five independent stress-strain
curves were obtained on axial shortening and the sample
exhibited ductile behavior in all. Above 4% axial strain,
sample stresses reach saturation and the sample exhibited
steady-state deformation. Stress exponents at temperatures
of 400 and 600 K were determined to be �31 and �7,
respectively. These results indicate that e-iron deforms in
plasticity regime below 400 K and that the dominant
deformation mechanism at 600 K may be low
temperature power-law creep. The overall deformation
behavior for e-iron is consistent with that of zinc, suggesting
that the deformation mechanism map of e-iron resembles
those of other hexagonal metals. Citation: Nishiyama, N.,

Y. Wang, M. L. Rivers, S. R. Sutton, and D. Cookson (2007),

Rheology of e-iron up to 19 GPa and 600 K in the D-DIA,

Geophys. Res. Lett., 34 , L23304, doi:10.1029/2007GL031431.

1. Introduction

[2] Hexagonal closed packed e-iron has a wide stability
field at pressure (P) and temperature (T) conditions
corresponding to the Earth’s inner core and serves as a
reasonable starting point to model the rheology of the inner
core. Seismological observations reveal the presence of
seismic anisotropy in the inner core [e.g., Poupinet et al.,
1983] and it has been suggested that lattice preferred
orientation (LPO) attained during deformation may be
responsible for this anisotropy [e.g., Wenk et al., 1988].
Several experimental studies carried out to investigate LPO
developed during deformation [e.g., Wenk et al., 2000]
succeeded in determining the active slip system of e-iron
at high pressure [Merkel et al., 2004]. However, to date,
there have been no experimentally determined mechanical
data for e-iron defining the relationships between differen-
tial stress and strain at prescribed P, T, and strain rates.
[3] Recently, a new experimental technique has been

developed using a combination of the deformation-DIA

(D-DIA) and monochromatic synchrotron X-rays, enabling
us to obtain quantitative mechanical data at pressure above
10 GPa [Wang et al., 2003]. Using this technique, defor-
mation experiment of e-iron has been performed in its
stability field in the present study. We report stress-strain
curves for a polycrystalline e-iron obtained at pressures of
17(±1) GPa and temperatures up to 600 K. The present
mechanical data of e-iron are compared with a deformation
mechanism map of zinc, another hexagonal metal.

2. Experiment

[4] The deformation experiment was performed at the
GSECARS bending magnet beamline 13-BM-D at the
Advanced Photon Source (Argonne, IL, USA). We used
the D-DIA with a monochromatic X-ray diffraction and a
radiographic imaging system (for details see Wang et al.
[2003] and Uchida et al. [2005]). Monochromatized X-rays
at 65 keV (0.191 Å) were employed.
[5] We used four tungsten carbide and two sintered-

diamond (SD) anvils with a truncated edge length of 2 mm
which can generate pressures up to 20 GPa [Yagi and
Akimoto, 1976]. The binder of the SD is silicon carbide
(Ringwood Superabrasives, Australia), which is semitrans-
parent to X-rays [Irifune et al., 1998]. We used these SD
anvils on the down-stream side in the D-DIA, to serve as
windows for diffracted X-rays. Thus, we were able to
observe diffraction Debye rings over the entire 360� detec-
tor azimuth range, perpendicular to the incident beam
direction.
[6] The cell assembly used in the present study was

similar to that described in the previous studies [e.g.,
Uchida et al., 2005]. The starting material was an a-iron
(bcc) rod (0.5 mm in diameter and 0.6 mm in length). The
generated temperature was inferred from the input power
using a power-temperature relation which had been deter-
mined in a separate run. We used similar cell assemblies for
‘regular-DIA’ experiments and the power vs. temperature
relation was quite reproducible. We believe that the tem-
perature uncertainty of the present study is less than ±50 K.
[7] Data reported here were collected in a single run.

First, the cell assembly was pressurized isotropically up to a
load of 50 T. At this load, the sample was still a-iron and
the generated pressure of �15 GPa was calculated using a
P-V relation of a-iron determined by Mao et al. [1967]. At
this fixed load, the sample was heated up to 700 K, and the
phase transition from a- to e-iron was observed by
diffraction. After several minutes of heating at this tem-
perature, a-iron had completely disappeared and the gen-
erated pressure was calculated using an equation of state of
e-iron [Uchida et al., 2001] to be 14.5 GPa at 700 K. After
the synthesis of e-iron, five shortening-lengthening defor-
mation cycles were performed by advancing and retracting
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the differential ram pistons at various speeds. The first and
second cycles were carried out at 600 K, the third and fourth
at 400 K, and the fifth was at room temperature. In each
cycle, an average strain rate, h _"i, was calculated based on
sample length measurements during deformation.
[8] Methods of data analysis were based on those

described elsewhere [Uchida et al., 2004; Duffy et al.,
1999]. Three reflections, (100), (002), and (101), were used
for the analyses. We fitted the measured d-spacing, dm(hkl),
to the following equation: [dm(hkl) � dP(hkl)]/dP(hkl) =
et(hkl)(1–3 cos28), where 8 is the true azimuth angle, given
by cos8 = cosqcosc (q and c are the diffraction angle and
detector azimuth), and dP(hkl) is the d-spacing under the
equivalent hydrostatic pressure. dP(hkl) was determined at
8 = 54.7� and the equivalent angles, where (1–3 cos28) =
0. Using the dP(hkl), the unit cell parameters were deter-
mined and the hydrostatic pressure was calculated using an
equation of state of e-iron [Uchida et al., 2001] In order to
see the detector azimuth dependence of dm(hkl), we used a
software package, saxs15id, developed at ChemMatCARS,
the University of Chicago [Cookson et al., 2006] (the
software package is available at http://cars.uchicago.edu/

chemmat). Here, the direction of c = 0� (and 180�)
corresponds to the shortening (and lengthening) direction.
[9] We defined the macroscopic sample differential stress

(t = sa � sr, where sa and sr are the stresses in the axial
(vertical) and radial (horizontal) directions of the sample,
respectively) by averaging differential stresses calculated
from the available reflections hkl: t(hkl) = 6et(hkl)G(hkl),
where G(hkl) is the appropriate modulus of aggregate,
which is calculated using single crystal elastic moduli
[e.g., Weidner et al., 2004; Merkel et al., 2005]. Since
experimental data of the single crystal elastic moduli of
hcp-iron are limited [e.g., Mao et al., 1998; Merkel et al.,
2005], we used those determined by first-principles calcu-
lations [Vocadlo et al., 2003]. The total sample axial strain
was calculated using etotal = (l0-l)/l0, where l is the sample
length measured during deformation, and l0 is the reference
length, which can be determined for each deformation
cycle.

3. Results and Discussion

[10] Representative X-ray diffraction patterns, converted
from the original form in polar coordinates into Cartesian
systems, are shown in Figure 1, where high intensities are
represented by the darkness. Figure 1a shows a diffraction
pattern of the starting sample, which is a-iron, at ambient
conditions. The positions of each diffraction line exhibit no
c dependence indicting the absence of differential stress.
There is strong intensity variation with c, indicating lattice
preferred orientation (LPO), because the starting sample
was a polycrystalline fragment from an iron wire. The
preferred orientation may be developed during manufac-
ture. Figure 1b is a pattern collected just after the synthesis
of e-iron at 700 K. Weak c dependence of the peak
positions are observed (two maxima at c � 0� and 180�)
indicating that sa > sr. Figures 1c and 1d are patterns
collected during shortening and lengthening, respectively, in
the first deformation cycle at 600 K. In Figure 1, the peak
position of every diffraction line clearly varies with c. There
are two maxima at c � 0� and 180� in Figure 1c, indicating
sa > sr, thus, sa = s1 and sr = s2 = s3. In Figure 1d, the
peak position of every diffraction line shows minima at
these c, indicating sa < sr, thus, sa = s3 and sr = s1 = s2. In
Figure 1, we can also observe intensity variations with c. In
Figure 1c (under shortening), the (100) reflection shows
intensity maxima at c � 90� and 270�, while the (002) peak
has intensity maxima at c � 0� and 180�. These intensity
variations are similar to those observed in previous studies
performed using diamond anvil cell [Wenk et al., 2000;
Merkel et al., 2004], suggesting that the dominant deforma-
tion mechanisms under shortening are (0001)h�12�10i basal
slip and {10�10}h�12�10i prismatic slip [Merkel et al., 2004],
when the sample was under shortening. On the other hand,
the intensity variations observed in Figure 1d (under length-
ening) are different from those in Figure 1c. For example,
(100) shows intensity maxima at c � 0� and 180�. The
change in intensity variation with c between shortening and
lengthening was observed in all the deformation cycles
reproducibly.
[11] In the first deformation cycle, the reference sample

length (l0) was defined as the sample length at the very

Figure 1. Representative X-ray diffraction patterns (a) Start-
ing material (a-iron) at ambient conditions, (b) P = 14.5 GPa
and T = 700 K just after complete transition to e-iron, (c) P =
17 GPa and T = 600 K during shortening (sa > sr, sa = s1
and sr = s2 = s3), (d) P = 13 GPa and T = 600 K during
lengthening (sa < sr, sa = s3 and sr = s1 = s2). The
shortening and lengthening axis of the sample by D-DIA
(DDIA axis) is at the detector azimuth of 0� and 180�, which
is shown as dashed lines.
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beginning of deformation to calculate the total sample
strain, whereas in the other cycles, the sample lengths at
t = (sa � sr) = 0 in the shortening segments were taken as
l0. Five stress-strain curves, i.e., the relation between
differential stress (t) versus total strain (etotal), were obtained
in the five shortening segments during deformation cycles at
three different temperatures (300, 400, and 600 K), and
various strain rates (3.8 � 10�6–2.3 � 10�5 s�1). The
lengthening segments were only used to release differential
stress for the next shortening segment.
[12] Figures 2a and 2b show stress-strain curves observed

in the third and fourth shortening segments, respectively.
The PT conditions of these curves are almost identical
(17 GPa and 400 K, see Table 1), while h _"i of the third
shortening segment was more than four times higher than
that of the fourth. In Figure 2, differential stresses calculated
from the three different peaks have similar values, increas-
ing linearly with strain up to "total � 1%, where the stress
values start diverging and the curves start deviating from
linearity. We define this deviation point as the yield point
[Uchida et al., 2004]. Beyond the yield point, stress values
of (100) are larger than those of (101) but the behaviors of
the stress-strain curves of these two reflections are similar;
differential stresses increase non-linearly with "total (tran-
sient creep) and, eventually, reach saturations at "total � 4%,
where the sample starts deforming in steady-state flow. The
difference between stress values of (002) and (101) is small

up to "total � 4%; where the differential stress of (002) starts
increasing again immediately after the attainment of steady-
state flow. We observed this behavior in all the stress-stain
curves obtained in the present study. This behavior might be
related to dominant deformation mechanism, contributing to
the development of LPO. Further texture studies are needed
to investigate the deformation mechanism of e-iron using
the diffraction patterns obtained in the present study. The
technique is available and described elsewhere [e.g., Merkel
et al., 2004]. In the present study, we determined the sample
stress by averaging stresses calculated using (100) and (101)
reflections. We refer to the sample stress after the attainment
of steady-state flow as the ultimate strength. As observed in
Figures 2a and 2b, ultimate strength increases with strain
rate at these PT conditions.
[13] Table 1 summarizes the ultimate strengths determined

for all the deformation cycles. As shown in Table 1, we
obtained ultimate strengths at two different strain rates at
600 and 400 K, respectively. Pressure listed in Table 1 is the
averaged pressure throughout entire deformation segment.
The pressures of the five deformation segments are 17.0 ±
1.1 GPa. Thus we presumed the ultimate strengths deter-
mined in the present study to be obtained at a constant
pressure of 17 GPa. At a certain pressure and temperature,
strain rate dependence of ultimate strength can be fitted to _e =
A su

n where A is a constant, _e strain rate, su ultimate
strength, and n the stress exponent. We obtained n � 7

Figure 2. Representative stress-strain curves of e-iron and strain rate dependence of ultimate strength. (a) The third
shortening segment at 50 tons and 400 K. h _ei = 1.6 � 10�5 s�1 and pressure at steady-state flow is about 18 GPa. (b) The
fourth shortening segment at 50 tons and 400 K. h _ei = 3.8 � 10�6 s�1 and pressure at steady-state flow is about 18 GPa.
Hydrostatic pressure reaches saturation at etotal � 6%. Ultimate strength (see text) increases with strain rate.

Table 1. Temperatures, Pressures, Strain Rates, Ultimate Strengths (su), and Determined Stress Exponents (n) of e-Fea

Cycle Temperature, K Pressure, GPa Strain Rate, 10�5 s�1 su Average, GPa su-100, GPa su-101, GPa

1 600 15.9(9) 2.27(9) 2.1(1) 2.4(1) 1.7(1)
2 600 17.0(3) 0.87(9) 1.8(1) 2.0(1) 1.5(1)

n � 7 n � 5 n � 10
3 400 17.0(7) 1.59(7) 2.3(1) 2.8(1) 1.9(1)
4 400 17.5(7) 0.38(2) 2.2(1) 2.6(1) 1.8(1)

n � 31 n � 28 n � 35
5 300 18.1(12) 1.11(3) 2.5(1) 2.9(1) 2.0(1)
aPressure and Strain Rate are the averaged pressure and strain rate, respectively, throughout entire deformation segment. su-avg: ultimate strength of

averaged differential stress of (100) and (101); su-100: ultimate strength determined by (100) reflection; su-101: ultimate strength determined by (100)
reflection. Stress exponents (n) were determined using isothermal data (600 K and 400 K).
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and �31 at temperatures of 600 and 400 K, respectively.
The n-values can be determined using ultimate strengths
determined by (100) and (101) reflections and, in any case,
n-values at 400 K are much larger than those at 600 K. The
large difference in n-values determined at these temper-
atures indicates that the deformation mechanism at 600 K is
different from that at 400 K.
[14] Figure 3 compares the steady-state mechanical data

of e-iron obtained in the present study with the deformation
mechanism map of zinc, which is one of the hexagonal
metals, with a grain size of 0.1 mm [Frost and Ashby,
1982]. In order to plot the present data on this map, we
calculated normalized shear stress, ss/m where ss = (s1 �
s3)/

ffiffiffi

3
p

[Frost and Ashby, 1982] and m is shear modulus,
and homologous temperature, T/Tm (Tm is melting temper-
ature). To compare isobaric data at 17 GPa, we employed
the shear modulus of 173 GPa, which was interpolated from
those at various pressures determined by first-principles
calculations [Vocadlo et al., 2003]. Temperature effect on
the shear modulus was ignored. For the melting temperature
of iron at this pressure, we employed Tm = 2100 K
determined by Shen et al. [1998]. The mechanical data
points of e-iron at 300 and 400 K are in the region where the
deformation mechanism of low-temperature plasticity is
dominant for zinc, whereas the data points at 600 K are at
the boundary between the regions of plasticity and of low
temperature power-law creep. The abnormally large stress
exponent (n � 31) at 400 K for e-iron is consistent with the
insensitivity to strain rate in the ultimate strength and low-

temperature plasticity behavior under these conditions; for
zinc, n > 80 can be calculated using parameters to describe
this deformation mechanism [Frost and Ashby, 1982].
According to Frost and Ashby [1982], n = 4.5 was
employed for high temperature power-law creep when they
constructed this map for zinc. Although there has been no
data for pure zinc which lie in the low temperature power-
law regime, Edwards [1971] obtained data in this regime
using powder-metallurgy zinc containing 1.2 vol% of ZnO.
The data are consistent with n � 6. Therefore, the present
data obtained for e-iron at 600 K (n � 7) may lie in the low
temperature power-law regime. The overall deformation
behavior for e-iron is consistent with that of zinc, suggest-
ing that the deformation mechanism map of e-iron resem-
bles those of other hexagonal metals.
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