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Abstract—In situ electrical resistance measurements are performed on samples of iron with a hexagonal
close—packed lattice (e-Fe), compressed and heated by stepwise shock loading. Equations of state for e-Fe
are constructed. The obtained experimental results are mathematically simulated in the hydrocode based on
the developed equations of state. The modeling results are used to reconstruct the volume temperature depen-
dence of the e-Fe electrical resistivity at pressures of =20—70 GPa and temperatures of =750—950 K. The vol-
ume—temperature dependence of the e-Fe thermal conductivity coefficient is calculated according to the
Wiedemann—Franz law. The results obtained for the electrical and thermal conductivity of shock compressed
and heated €-Fe are compared with literature experimental and theoretical data for iron and silicon iron.
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INTRODUCTION

Seismological observations and thermophysical
properties of geophysical materials at high pressures
and temperatures (P-T) suggest that the Earth’s inner
cores are mainly composed of an iron alloy containing
~85% iron, =5% nickel and ~10% some light ele-
ments—silicon, carbon, etc. Therefore, understanding
the thermal state of the core, as well as the generation
and evolution of the Earth’s magnetic field, largely
depends on the reliability of information about the
electrical properties of iron compositions, and primar-
ily on pure iron (see (Zharkov, 2012; Hirose et al.,
2021; Zhang et al., 2022) and references therein).

The values of pressure and temperature of the deep
layers of the Earth are hundreds of gigapascals and
thousands of degrees, and on the phase diagram of
iron they are located in the region of existence of the
compressed and heated €-Fe phase of iron with a hex-
agonal close-packed (kcp) lattice. In this regard, an
extensive scientific literature is devoted to the study of
various properties of compressed and heated e-Fe
iron, including its electrical properties, at high pres-
sures and temperatures.

The dependence of the electrical resistivity of e-Fe
iron p = p (P, T) on pressure P and temperature 7 in
the pressure range up to 200 GPa and temperatures up
to 3000 K was measured under both hydrostatic com-
pression and shock-wave loading. Most measure-
ments of the electrical conductivity of heated e-Fe
iron were performed under static conditions of hydro-
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static compression of diamond anvils with external
laser heating (see (Seagle et al., 2013; Gomi et al.,
2013; Zhanget al., 2020; Zhang et al., 2022) and refer-
ences therein).

The electrical resistance in situ of shock-com-
pressed and shock-heated e-Fe iron samples was stud-
ied in (Keeler and Mitchel 1969; Bi et al., 2002).
Shock wave data can complement hydrostatic data for
a number of positions. First, at microsecond times of
shock-wave loading, parasitic effects associated with
possible (see, for example, (Basu et al., 2020; Yang et al.,
2022)) chemical reactions of hot iron with the sur-
rounding materials of the measuring cells of static
presses decrease. In addition, in the case of plane one-
dimensional shock-wave compression, the change in
the geometrical dimensions of the samples, which is
necessary for the transition to the specific values of
electrical resistance, is reliably taken into account.
Finally, at the same temperatures and pressures, a dif-
ference in the electrical properties of a sample heated
by shock compression and a compressed sample stati-
cally heated cannot be excluded.

Measurements of the electrical resistance of sam-
ples under plane shock wave loading are most often
performed using foil samples surrounded by an insu-
lating material with a different impedance. Therefore,
the shock-wave compression of the samples occurs in
the so-called stepped shock compression mode, in
which the Lagrangian particle of the material is con-
tinuously compressed by successive shock waves (see
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(Nabatov et al., 1979; Adadurov, 1986) and their refer-
ences).

The use of stepped shock compression, similar to
gradual dynamic compression (ramp compression
(Remington et al., 2015)) provides a choice of more
wide regions of the phase diagram of iron in the vicin-
ity of the single compression state along the material’s
Hugoniot. Along with this, the design capabilities of
the stepwise shock compression scheme make it possi-
ble to purposefully vary the parameters of the loading
regime within the required limits. Thus, in a thin sam-
ple at a certain ratio of the sample thickness and
dynamic impedance of the materials of the experi-
mental assembly, a stepped-cyclic compression mode
is realized with a high-frequency pressure component
at each step (Molodets et al., 2021). Within the frame-
work of this scheme, it is possible to measure the elec-
trical resistance of a sample in an extended range of
pressures and temperatures in a single shock-wave
experiment, which makes it preferable in the tasks of
detailing the electrical properties of materials under
conditions of strong dynamic compression.

The physical interpretation of the experimental
results on the electrical conductivity of shock-com-
pressed samples requires knowledge of the equation of
state and the possibility of modeling the electrophysi-
cal and thermodynamic properties of the material
under study under the conditions of the experiment.
Modern computers and computational methods make
it possible to calculate the thermodynamic and elec-
trophysical properties of compressed iron from first
principles (see the paper by (Vocadlo, 2007) and the
references therein). However, the results of complex
first—principles calculations are in the form of digital
arrays that are separated from the initial physical
assumptions by non—trivial numerical procedures. In
this case, the semiempirical description of the experi-
mental data remains relevant, since it can be easily
used in hydrocodes and, at the same time, provide an
accurate description of the e-Fe properties. In such a
situation, the best option is a semi-empirical descrip-
tion of the electrophysical and thermodynamic prop-
erties of iron (see, for example, (Seagle et al., 2013; Bi
et al., 2002)), which turns out to be convenient for use
in hydrocodes and at the same time provides an accu-
rate description of the properties €-iron due to a set of
free parameters in physically justified mathematical
relationships

This paper presents the results of measuring the
electrical resistance of €-Fe samples under step-cyclic
shock compressions to pressures of 70 GPa and a
modified description of the obtained experimental
results based on semiempirical models of the electrical
and thermophysical behavior of iron from (Seagle et al.,
2013; Molodets and Golyshev, 2021).
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SAMPLES, STEP-CYCLIC SHOCK LOADING
AND REGISTRATION OF ELECTRICAL
RESISTANCE OF SHOCK COMPRESSED

IRON SAMPLES

The test samples were made from ARMCO iron
foil. According to GOST 11036-75, ARMCO iron
contains impurities in mass percentages of no more
than 0.035% C, 0.3% Mn, 0.3% Si, 0.020% P, 0.030%
S, 0.3% Cu. The measured electrical resistivity and
density of the samples were 10.05(5) p2 cm and
7.85(3) g/cm?, respectively, which are characteristic of
the a-Fe phase (body-centered cubic (bcc) iron) at
room temperature and atmospheric pressure.

A schematic diagram of the stepwise shock load
generator used is shown in Fig. 1a according to (Molo-
dets et al., 2021). Here, flat metal impactor I collides
with layered target 2—4, consisting of two steel plates 2
and 4 and insulating (Teflon) layer 3 sandwiched
between them. After the collision, a single shock wave
impulse is formed in plate 2, the front of which takes
on a stepwise shape in layer 3 in the form of pressure
increases P,, P,, P; (see Fig. 1b). This transformation
is caused by the reverberation of the compression wave
in “soft” Teflon 3 between two “hard” steel plates 2
and 4.

Ribbon—shaped iron sample 5 and ribbon—shaped
manganin gauge 6 (photos of the manganin gauge and
the sample are shown in Fig. 2a) are located in the
center of layer 3. The successive arrival of each of the
stages P,, P,, P; at gauges 5 and 6 also induces rever-
berations of attenuated compression and decompres-
sion waves in them. This process is shown as a high fre-
quency cyclic pressure component at the fronts of the
stages P,, P,, P; in Fig. 1b. The stepwise shock com-
pression phase ends when the maximum pressure P,,,,,
is reached at the moment ¢,,,,. Then the pressure grad-
ually decreases down to zero, mainly due to the arrival
of the decompression wave from the free surface of
thin plate 4. It should be noted that the half—period of
the cyclic component T, at the fronts of the stages P,,
P,, P;isofthe order of Tt~ hy/C,, where A, is the thick-
ness of the gauge, C, is the speed of sound of the gauge
material. So, with A4, = 0.05 mm and C, = 5 mm/us,
which are typical of metal, T,= 0.01 us.

The stepwise shock load generator thus produces a
specific loading condition in iron sample 5, consisting
of a “stepwise—cyclic” phase of compression to pres-
sures P, followed by a phase of gradual pressure
reduction.

The electrical resistance of e-Fe sample 5 is mea-
sured if P, exceeds Py, and P,,, where P, is the pres-
sure at the end of the direct polymorphic transition
and P, is the pressure at the beginning of the inverse
polymorphic transition of a-Fe (iron with a body—
centered cubic (bcc) lattice) into e-Fe. Indeed, in this
case, in the process of shock wave compressions of the
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Fig. 1. The stepwise-cyclic shock load generator (a), and the profile (time dependence) of the pressure in the studied sample when
measuring its electrical resistance (b); (a): /—a disc—shaped steel (12X18HI10T stainless steel) impactor with a thickness of
3.5 mm, accelerated by explosion products to a velocity of W, = 2.6(1) km/s; 2—a stainless steel plate with a thickness of
3.45(1) mm; 3—insulating TVC material (Teflon films bonded with vacuum grease) with a thickness of 4, = 2. 45(1) mm; 4—a
thin stainless steel plate with a thickness of 1.85 mm; 5—the iron sample under study; 6—the sensing element of the manganin
pressure sensor (5 and 6 are located in one plane); (b)—the symbols are explained in the text.
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Fig. 2. The sensing elements of ribbon—shaped gauges (a) and their primary signals (b), (c): (a) the load cell of the magnetic trans-
formation gauge; /—the sensing element of the gauge used with a thickness of 4, = 60 um and a width of ¢ = 1 mm; 2—copper
current leads with a thickness of 30 um; 3—the manganin pressure gauge with a thickness of 60 um; (b) and (c) the primary signals
of gauges 1 and 3, respectively, in the form of electric voltage profiles U(f).

iron sample, we can determine the interval 7, <7 < 7,
of the e-Fe existence, as shown schematically in Fig. 1b.

The interval 7, < ¢ < f,, was determined and the
profile of the iron sample’s electrical resistance R(?)
was measured by means of the load cell from the study
by (Molodets et al., 2021), a photo of which is shown
in Fig. 2a, as mentioned above. Here, in the process of
stepwise shock loading, independent currents of
known amplitude are passed through iron sample /
and manganin gauge 3 to determine the change in
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their electrical resistance R(¢) from the measured volt-
age drop U(?).

The result of the single experiment is shown in
Figs. 2b and 2c as the primary U(f) (-—time) profiles
from gauge / and 3, respectively. According to the
paper by (Molodets et al., 2021), the oscillogram of
gauge [ in Fig. 2b contains signals of polymorphic
transformation. These signals appear as a negative
impulse in the region #,, and as a positive deflection at
the moment 7. It should be noted that oscillogram /
in Fig. 2b is one of three oscillograms that match
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Fig. 3. The experimental and model profiles of pressure and electrical resistance. (a): /—the pressure profile obtained from pro-

cessing the readings of the manganin gauge, 2— the calculated
Toes tmaxo Teo Poe Pmax Peg, 1S the same as in Fig. 1b); (b): /—the

pressure profile in the iron sample (the meaning of the symbols
corrected electrical resistance profile » = r(f) of the studied e-Fe

sample; 2— the electrical resistance profile of gauge /—2in Fig. 2a, in which iron sample / was replaced with its copper equivalent;
3—the calculated electrical resistance profile 7 = r(#) in the €-Fe sample (left ordinate » for 7 and 3, right R,—for 2).

within 3% in three identical experiments. Thus, it is
possible to find the time interval 7, < ¢ < t,, of €-Fe
existence in the oscillograms of Fig. 2b to determine
the primary profile R, = R,(¢) of the electrical resis-
tance of the e-Fe sample in the shock wave experi-
ments performed.

Manganin gauge 3 is of the same thickness and in
the same plane as gauge /. Therefore, its electrical
resistance changes at the same time as the electrical
resistance of the sample changes, and the primary sig-
nal U(f) of the manganin gauge in Fig. 2¢c, recalculated
into pressure, practically coincides with the ampli-
tudes of the shock compression and decompression
stepsin sample /. In Fig. 3a, /indicates the P(r) profile
in a typical experiment.

However, it should be noted that experimental pro-
file 7 lacks the high—frequency cyclic component in
the pressure steps. There are two possible reasons for
this discrepancy. The first reason is the limited fre-
quency characteristics of the manganin technique,
which does not allow the detection of signals with a
duration of t,= 0.01 ps. At the same time, the primary
signal of the manganin gauge may also be reduced by
the component of the manganin electrical resistivity
dependence on temperature. Therefore, experimental
pressure graph 7 in Fig. 3a is used only to estimate the
pressure at the plateau of the P(7) profile steps and also
to mark the time when the shock wave disturbances
arrive at the gauge plane.

As for the iron sample, the pressure profile in the
sample was further calculated in the hydrocode based
on the developed equations of state presented below.
The calculated profile of pressure in the iron sample is
shown in graph 2 in Fig. 3a, where P,,,, = 67 GPa. As
can be seen, calculated profile 2 contains all the fea-
tures of the schematic pressure profile of Fig. 1b.

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 59

Thus, the applied technique allows us to determine
the time interval of e-Fe existence to study its electro-
physical properties under high pressures of the step-
wise—cyclic compression phase up to the pressures
P, and subsequent gradual decompression.

CONSIDERATION OF COMPLICATING
EFFECTS IN THE MEASUREMENT
OF THE ELECTRICAL RESISTANCE
OF SHOCK COMPRESSED IRON SAMPLES

It should be noted that the technique described
above has a number of features that make it difficult to
analyze the measurement results. Indeed, at high
shock compression pressures, the insulator may lose
its insulating properties and shunt the sample to some
extent. One way to reduce the shunting of the iron
sample was applied in the study by (Bi et al., 2002),
where a resistant corundum insulator was used. In our
study, the electrical resistance r of the iron sample was
preliminarily shunted by the insulating so-called TVC
medium. Secondly, the electrical resistance of the
sample measured with the two—point technique con-
tains a “parasitic” electrical resistance of the copper
current leads, Rc,.

These two complications were accounted for as fol-
lows. In the experiment with the iron sample, the pri-
mary profile R, = R,(#), obtained by the recalculation
of the U(¢) oscillogram, was equated to the value R, =
2R, T rR/(r + R,). The meaning of the summands
and factors in this expression is explained in Fig. 2a:
R, is the “parasitic” electrical resistance of one cop-
per current leads, r is the electrical resistance of the
iron sample, R, is the effective electrical resistance of
the insulating TVC medium connected in parallel to r.
We then used the results of an identical experiment in
which the iron sample was replaced by a copper ribbon
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with the electrical resistance .. In the copper ribbon
experiment, the measured profile R, = R,(f) was
equated to R, =2Rc, +r.R,/(r, + R,). After excluding
the electrical resistance of the copper current leads R,
from the two expressions for R, and R,, we can write:

-
_ 1R, _ IR,
' _Ref(AR+"c +Refj[REf (AR+’E +Refj] ,

where AR = R,-R,.

It should be noted that the resulting expression for
r can be simplified. Indeed, according to the paper by
(Golyshev and Molodets, 2013), the dependence of
the effective electrical resistance of the insulating TVC
medium R, on the pressure P can be presented in the
form R,,=4.38 P707/F where R,and Pare expressed in
Q and GPa, respectively. At the maximum pressures of
=~ 70 GPa achieved in the conducted experiments, the
effective electrical resistance of the insulation was
R~ 75 €. At the same time, the experiments with the
iron sample and with the copper ribbon show that
R, < R, and R,< 0.1 Q (see profile 2 in Fig. 3b). Since
itis obvious that 7, < R,, in general r.< R,, 7, < ARand
hence,

R,AR
R, — AR

The electrical resistance profile » = r(¢) of the stud-
ied e-Fe sample adjusted according to (1) is shown by
graph 7 in Fig. 3b.

It should also be noted that the paper by (Molodets
et al., 2021) uses a capacitor of C = 1000 uF as the cur-
rent source, which is discharged through the resis-
tance R = 100 Q. Thus, an alternating current of the
order of ® ~ 21/(RC) is actually flowing through the
sample. Let us estimate the skin effect for this fre-
quency in the conducted experiments. Since the thick-
ness /1, = 60 um of iron sample 7 is much less than its
width ¢ = 1 mm (see Fig. 2a), the sample can be con-
sidered to be a plate and the well—known formula for
the current penetration depth d = 0.5(wup,/p)~"/?ina
flat layer can be applied to it. Here, W is the magnetic
permeability of the sample substance, L, is the mag-
netic constant, and p is the electrical resistivity. Using
the characteristic values (L = 5000 and p =10 pu€2 cm for
iron, we obtain the estimate d = 700 um. Thus, the
conducted experiments had the ratio d > A, which
means that the skin effect is small with almost con-
stant current density across the cross—section of the
studied iron sample.

(1)

r=

Finally, let us evaluate one more factor of possible
distortions of the results in the conducted experiments
on measuring the electrical conductivity of a sample
surrounded by Teflon insulation. Generally speaking,
the destruction of the shock-compressed Teflon insu-
lator with the release of fluorine and the subsequent
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formation of an iron fluoride film on the surface of the
iron sample are not excluded. However, the estimate
of the film thickness 8 by the formula 6> ~ Dt, with the

diffusion coefficient D ~ 10~'2 m?/s for microsecond
times 74 of the shock wave experiment is thousandths
of a micron. The smallness of the value of ¢ in compari-
son with the thickness 4, of the samples under study
makes it possible to neglect the corresponding possible
contribution to the measured electrical resistance » = ().

As noted in the introduction, the physical interpre-
tation of the experimental results in the form of elec-
trical resistance profiles » = r(f) (1) requires knowledge
of the equation of state for the e-Fe phase of iron and
the possibility of modeling the electrophysical and
thermodynamic properties of the material under study
under the conditions of the experiment. The equations
of state for the e-Fe phase of iron and modeling of the
obtained experimental data are presented in the fol-
lowing two sections of the article.

EQUATIONS OF STATE FOR e-Fe AT HIGH
PRESSURES AND TEMPERATURES

The thermodynamic state of €-Fe was calculated
from the equation of state (EOS) for o-Fe from the
paper by (Molodets and Golyshev, 2021) and the EOS
for e-Fe constructed specifically for this study. The
equations of state were found by means of partial
derivatives of the semiempirical expression for the
Helmholtz free energy of an isotropic solid com-
pressed from all sides F = F(V,T). The thermal equa-
tion of state (the dependence of pressure P on volume
and temperature 7) is determined by the partial deriv-
ative of the Helmholtz free energy with respect to vol-
ume P = P(V,T) = —0F/dV. The caloric equation of
state (dependence of internal energy £ on volume and
temperature) is determined by the partial derivative of
the Helmholtz free energy with respect to temperature
E = F-T(0F/0T). The technique of constructing the
EOSs and the formulas of the basic expressions used
for the Helmholtz free energy in the form

F= 3R[%+Tln(1 —exp(—%))} LE +E, )

where R is the specific gas constant, the key function
©® = O(V) is the Einstein characteristic temperature,
and the key function E, = E (V) is the potential energy,
are similar to those in the paper by (Molodets et al.,
2017) (See also the paper by (Molodets, 2022)), E,, is
the difference between potential energies of o.-Fe and
e-Fe iron phases. Thus, ©® = O(V) is expressed as fol-

lows:
I AVIA
=0, 21— (—Oj . 3)
DO_I/O V

In (3), the parameter v, which has the meaning of
the characteristic volume, is determined as follows:
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Table 1. Parameters for the Helmholtz free energy (2) for o- Fe (Molodets and Golyshev, 2021) and for e-Fe

Vo, @0 Vo, Uy,
Phase ’ C,, GPa C,, GPa C;, kJ E, k)
cm?®/mol K cm?®/mol cm?®/mol : 2 » Kl m /e
o-Fe 7.093 279.8 21.092 21.02 —144.5188 | 2971.046 | —572.4635 0.0

e-Fe 6.76° 262.1 17.949 13.858 —724.8081 [15070.4575 |—1876.6370 0.8127
3y, + 4 ure 4 shows calculations / and 4 for €-Fe obtained
vy =Vy| =2 ), (4)  from (2) and the data in Table 1. As can be seen, our
o =2 calculations for e-Fe are also in satisfactory agreement

where vy, = v,(Vy,Tp) is the Griineisen parameter for
the initial specific volume Vj, the initial room tem-
perature 7, = 298.15 K, and the initial atmospheric
pressure P,. Accordingly, the parameter ©, represents
the initial value of the characteristic temperature ©,
(V).

E, = E (V) is expressed as follows:

Ex = Vi (Cle +C2X)+C3, (5)
1
H, =9x° Loryoydx 11y ,
10 27 70 70 )
x=L
DX

Table 1 shows the Helmholtz free energy parame-
ters (2) for o-Fe and for e-Fe used in this study.

The adequacy of the EOSs for o.-Fe was discussed
in the paper by (Molodets and Golyshev, 2021). Fig-

with the experimental data, both for static compres-
sion (Mao et al., 1990; Dewaele et al., 2006) and for
shock wave compression (Brown et al., 2000).

MODELING OF THE THERMODYNAMIC
STATE AND THE VOLUME-TEMPERATURE
DEPENDENCE OF THE e-Fe ELECTRICAL
RESISTIVITY IN THE CONDUCTED
EXPERIMENTS

The developed EOSs for iron phases make it possi-
ble to calculate the thermodynamic properties of iron
in extensive regions of its phase diagram and to simu-
late the thermodynamic state of iron samples in the
conducted experiments. Thus, Fig. 5 shows equilib-
rium line 7 between o.-Fe and e-Fe, calculated from
(2) and the data in Table 1, and temperature 2 along
the single shock compression adiabatic of e-Fe.

u, km/s
1 2 3 4 5
300 K T T T T T 12
—1 — 4
200F © 2 o 5 o
< v 3 R 6 »
S~
e g
©) e
& Q
100 +
H46
Il Il Il
0.075 0.090 0.105 0.120
V,cm’/g

Fig. 4. The calculated and experimental results of €-Fe shock and static compression: /—the calculated room temperature iso-
therm in the pressure P—volume V coordinates; 2 and 3—the experimental room temperature isotherms from the papers by (Mao
et al., 1990; Dewaele et al., 2006), respectively; 4—the calculated single shock Hugoniot in the shock wave velocity D—mass
velocity u coordinates; 5—the refined experimental data from explosion experiments (Brown et al., 2000); 6—the experimental
Hugoniot determined with a two—stage light—gas gun according to the paper by (Brown et al., 2000).
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Fig. 5. The studied region of the iron phase diagram in the pressure P—temperature 7' coordinates: /—the author’s calculation of
the equilibrium line between o.-Fe and ¢€-Fe; 2—the calculated temperature along the e-Fe Hugoniot; 3—the calculated phase
trajectory of the e-Fe stepwise-cyclic shock loading in the conducted experiments (the arrows indicate the sequence of the states
in time); 4 and 5—the literature experimental points of the equilibrium line between the iron phases taken from the papers by

(Johnson, 1962; Kerley, 1993); the meaning of the symbols P,

The thermodynamic state of the iron samples was
simulated in the conducted experiments with the
STAG software (Kim and Molodets, 2016). This soft-
ware can calculate wave interactions and thermody-
namic states in the form of pressure P(f), temperature
1(¢), and volume V(¥) profiles for selected Lagrangian
particles of the impactor and each layer of multilay-
ered targets in Fig. 1a under one—dimensional shock
loading. The STAG software does not allow heat
exchange between target layers. The pressure P(?),
temperature 7(¢) and volume V(¢) profiles were calcu-
lated in the STAG software from the author’s equa-
tions of state for the materials of the experimental
setup. Since the width of the iron sample ¢ = 1 mm is
an order of magnitude greater than its thickness of
hy= 0.05 mm, in the hydrocode the sample was mod-
eled by a plate with an initial thickness of 4. The EOSs
for iron were used as given above, the EOS for stainless
steel was used as given in the paper by (Molodets,
2015), and the EOS for Teflon was used as given in the
paper by (Molodets et al., 2013).

Let us focus here on whether the calculation of the
temperature of the shock compressed sample sur-
rounded by the shock heated insulator is acceptable.
Figure 6a shows model profile / of the temperature
T(?) for the center of the e-Fe sample. This figure also
shows the calculated profiles of temperatures 2 and 3
in the “soft” insulator before and after the sample,

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 59

Py and P, is the same as in Fig. 3a.

respectively. As can be seen, the “soft” insulator heats
up significantly more than the “hard” sample during
shock compression. In other words, in the conducted
experiments, the iron sample plate is sandwiched
between two hot layers of insulating Teflon. There-
fore, it is obvious that neglecting the heat exchange
between the sample and the insulator is acceptable
only if the time of the experiment is much shorter than
the time T needed for the iron sample plate to heat up
to the temperature 7. of the surrounding insulator. Let
us calculate T using the well—known formula for esti-

mating T by order of magnitude:

2
1~ 7)
a

In (7), 8 is halfthe thickness of the plate, a = Vk/Cp
is the thermal conductivity coefficient, where: Vis the
specific volume; k is the thermal conductivity coeffi-
cient; Cp is the isobaric heat capacity. Let us make an
estimate from (7), taking into account the changes in
plate thickness & = 0.54,(V/V,), specific volume V =
M(t.) and thermophysical properties of iron under
the conditions of the experiment conducted at pres-
sure values P, = 67 GPaat time ¢,,,,. We find the cor-

responding values to be V'=5.691 cm?/mol (see profile /
in Fig. 6b), Vo, = 7.093 cm?/mol, & = 24 um, Cp =
25.81 J/mol K. The value 7 is assumed to be 7, =
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Fig. 6. The model temperature and specific volume profiles under stepwise-cyclic shock wave loading of the €-Fe sample and the
Teflon surrounding material. (a) The temperature profiles: /—the temperature profile in the center of the €-Fe sample with a
thickness of 60 um; 2—the temperature profile in the Teflon film in front of the sample at a distance of 30 um from the sample
surface; 3—the temperature profile in the Teflon film behind the sample at a distance of 30 um from the sample surface; (b) the
specific volume profile in the center of the e-Fe sample with a thickness of 60 um.

T (tma) = 1375 K, which is the temperature of the Tef-
lon behind the sample (see profile 3 in Fig. 6a). The
value k is assumed to be the thermal conductivity coef-
ficient of e-Fe heated to 1375 K at a pressure of 53 GPa
as in the paper by (Hasegawa, 2019), which is equal to
k = 47 W/(mK). The above values give the estimate
T~56 us, which is much longer than the time of the
experiment, which is =1 us. Thus, the relationship
between the sample heating time and the time of the
experiment allows us to neglect the heat exchange
between the sample and the insulator and to use the
resulting temperature profiles when analyzing and
modeling the experimental data obtained for e-Fe
under stepwise shock compression.

So Figure 6a shows model profile 7 of the tempera-
ture 7(7) for the center of the e-Fe sample. An example
of the calculated profile of the pressure P(7) of e-Fe is
shown above in Fig. 3a. Excluding time from the P(7)
and 7(¥) profiles will give the phase trajectory of the
sample in the pressure—temperature coordinates,
shown in Fig. 5 by graph 3, which outlines the region
of the iron phase diagram in which the e-Fe electrical
resistivity under stepwise shock compression has been
measured. This region can be characterized by pres-
sures of ®20—70 GPa and temperatures of *750—950 K.
As can be seen in Fig. 3, phase trajectory of stepwise
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shock compression 3 is significantly different from
single shock compression adiabatic of e-Fe 2.

The calculated temperature T = 7(f) and volume
V' = W(¥) profiles were also used to simulate the profile
of the sample’s electrical resistance R = R(r) along the
phase trajectory of stepwise shock compression
according to the formula:

2 )

In (8), the index “0a” means that the property cor-
responds to o-Fe at room temperature and atmo-
spheric pressure. The sample’s initial resistance Ry,
and its electrical resistivity p,, were measured before
the experiment and were Ry, = 0.23(1) Q and py, =
10.1(8) uQcm, respectively. The last factor in paren-
theses (8) accounts for the change in thickness of the
sample during one—dimensional compression. The
initial specific volume of a-Fe V,, was equal to V;, =

7.093 cm?/mol.

The function p = p(7,V) in (8) is a defining relation
for the volume—temperature dependence of the e-Fe
specific electrical resistivity in the form of a modified
function of volume and temperature as in the paper by
(Seagle et al., 2013):

)
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In (9), the meaning of the key parameters p,, O, n
is the same as in the prototype of (Seagle et al., 2013),
and the parameters v, and ¥V}, are additional parame-
ters as modified in the paper by (Molodets and Goly-
shev, 2021). According to the paper by (Molodets and
Golyshev, 2021), the parameters v, and V|, are also the
parameters that define the volume dependence of the
characteristic temperature in formula (3). For e-Fe, the
parameters v, and ¥, were taken from Table 1. The value
of the initial resistivity p, at room temperature and atmo-
spheric pressure is assumed to be p, = 51.0 u€2 cm for
metastable €-Fe as in the paper by (Gomi et al., 2013).

It should also be noted that in the time interval
toax< t < 1o, (see Fig. 6), we can approximate the tem-
perature—volume relationship 7= T(V) by the mono-
tonic quadratic function 7(V) = A + BV + CV? and
determine the coefficients 4, B, C in the standard way.
For example, for the specific model profiles in Fig. 6,
A = 33833 K, B = —626.16 K/(cm’/g), C =
33.21 K/(cm?/g)?. This possibility and equation (8)
allow us to write the model relation for the sample’s
electrical resistance profile R = R(¢) (8) as

_ (P m“z””(vo—mj‘”@
rer(2 T (] (=) () o

Thus, in the time interval #,,,, < < £, model rela-
tion (10) for the volume—temperature dependence of
the sample’s electrical resistance R = R(f) along the
phase trajectory of stepwise shock compression can be
represented by a semiempirical volume function con-
taining one predetermined parameter p, = 51.0 L cm
and two adjustable parameters: o, and ». The param-
eters o, and n are found by the least squares method
based on the best fit between model profile (10) and
the experimental profile R = R(7). Figure 3b shows a
satisfactory fit between experimental / and model 3
profiles of the sample’s electrical resistance during
unloading in the time interval #,,,,,< f < #,,. In this case,
the values of the key parameters o, #» and the coeffi-
cient of determination R? were as follows: oo = 0.77(1),
n = 3.25(10) and R*> = 0.977.

Thus, the developed equations of state for e-Fe
together with the defining relation for the volume—
temperature dependence of the electrical resistivity
make it possible to model the electrophysical shock
wave experiment and to determine the “temperature”
o and “volume” n parameters characterizing the vol-
ume—temperature dependence p = p(7,V) of the
e—Fe electrical resistivity during its stepwise shock
loading in the range of pressures ~20—70 GPa and
temperatures ~750—950 K. Consequently, defining
relation (9) with the found coefficients represents
experimentally calculated data on the electrophysical
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properties of e-Fe under stepwise shock wave loading
conditions.

DISCUSSION

It should be noted that the values p, = 51.0 u€2 cm,
o =0.77(1), n = 3.25(10) for e-Fe found from experi-
mental data in the decompression region give accept-
able results in the compression region of e-Fe as well.
Indeed, experimental / and model 3 profiles in Fig. 3b
agree with each other not only in the time interval
foax< T < t,,, When the pressure decreases, but also in
the time interval #,< ¢ < t,,., when the pressure
increases from Py to P,,. This indicates that the
model equation (9) with the found parameters o and n
for the volume—temperature dependence of the e-Fe
specific electrical conductivity is adequate to the
experimental shock wave data in the studied range of
pressures ~20—70 GPa and temperatures ~750—950 K
both during compression and during decompression.

Let us compare the electrophysical properties of e-
Fe iron under conditions of shock compression and
under conditions of high static pressures. To do this,
we use the equation of state developed above and cal-
culate the isotherms and isobars of the volume-tem-
perature dependence (9) for iron &- Fe.

In Fig. 7a the number I denotes isotherm (9) at a
temperature of 300 K in the pressure—electrical resis-
tivity coordinates up to 80 GPa. Figure 7a also shows
the model room isotherm 2 from (Seagle et al., 2013)
for experimental points 3. As can be seen, plot 7 is
located significantly higher than plot 2. The formal
reason for this difference is mainly as follows. Despite
the fact that the meaning of the main parameters py,
o, n of the model relations for p = p(7,V) in (Seagle
et al., 2013) and in formula (9) is the same, the proce-
dure for finding these parameters for (9) and in (Sea-
gle et al., 2013) are different. In (Seagle et al., 2013) it
was assumed in advance that o. = const = 1, while p,
and n were adjustable. As noted above, in our work, the
parameter p, = const = 51.0 L€2 cm was considered con-
stant, and o and n were adjustable. We preferred our own
version due to the fact that the value p, = 51.0 u2 cm has
an experimental justification for e-Fe iron at zero
pressure (see (Gomi et al., 2013)).

Figure 7a also shows hydrostatic experimental
room isotherms 4 (Zhang et al., 2020) and 5 (Gomi
et al., 2013). As can be seen, in the pressure range of
20—80 GPa, our room isotherm I/ exceeds the litera-
ture data 3, 4, 5 by 10—20 puQ cm. Obviously, this dif-
ference can be partly interpreted on the basis of gener-
ally accepted ideas. Indeed, as is well known, shock
waves generate a significant density of defects in the
crystal lattice, which leads to an increase in the electri-
cal resistivity of a shock-compressed polycrystal.

Let us discuss the relationship between the
obtained results and literature data at high pressures
and temperatures of shock-wave and hydrostatic com-
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Fig. 7. Dependence of electrical resistivity p of compressed and heated €-Fe iron on pressure P and temperature 7. (a): /—room
temperature isotherm (9); 2—fitting room temperature isotherm from (Seagle et al., 2013), 3, 4, 5—experimental results, respec-
tively, from (Seagle et al., 2013; Zhang et al., 2020; Gomi et al., 2013), 6—initial electrical resistivity of the investigated samples
of iron ARMCO at room temperature and atmospheric pressure; (b) isobars at a pressure of 105 GPa: I—calculated e-Fe iron
isobar (9), 2—shock-wave experiment (Bi et al., 2002), 3—experimental isobar of the e-Fe iron alloy with 4.3% Si from (Zhang
et al., 2022), 4 and 5—are experimental €-Fe iron isobars from (Ohta et al., 2016; Zhang et al., 2020), dotted lines are the hori-

zontal spline over points without scatter.

pression along high-pressure isobars. Graph [/ in
Fig. 7b shows the calculated isobar of relation (9) for
iron e-Fe at a pressure of 105 GPa in the temperature
range of 250—3000 K. It is difficult to compare it with
shock wave data from (Keeler and Mitchel, 1969) since
the work does not indicate the values of temperatures
and volumes. In contrast, in (Bi et al., 2002) for two
states (101 GPa; 2010 K) and (208 GPa; 5220 K) of
shock-compressed e-Fe iron, the electrical resistivity
values are 68.9 and 130.7 uQ cm respectively. The first
point (Bi et al., 2002) is indicated in Fig. 7b as number 2.
As can be seen, results / and 2 practically coincide.
The second point differs from the calculations accord-
ing to (9) by 20%. Thus, in general, the agreement
between our results and the results of (Bi et al., 2002)
can be considered satisfactory. Note for what follows
that results / and 2 in Figs. 7b, coinciding with each
other, they also coincide with isobar 3 of the heated
iron-silicon alloy Fe4.3%Si.

Figure 7b shows the static experimental e-Fe iron 4
(Ohta et al., 2016) and 5 (Zhang et al., 2020). As for
the isotherms, our isobar /7 is located significantly
higher than the experimental isobars €-Fe of iron—
here the differences reach 30 U2 cm. This discrepancy
between the obtained and published hydrostatic data
could be attributed to unnoticed parasitic effects of the
shock wave technique used. At the same time, it seems
that the list of possible methodological errors (shunt-
ing, thermal conductivity, skin effect, reaction of iron
with a heated insulator) has been exhausted above and
does not support this explanation. Therefore, it is pos-
sible that the mutual arrangement of all isotherms in
Fig. 7a and isobars in Fig. 7b is due to the fact that
shock-compressed e€-Fe iron is in a certain state in
which its electrical properties differ from statically
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compressed pure €-Fe iron and approach electrophys-
ical properties of compressed and heated Fe4.3%Si
iron-silicon alloy. However, it is obvious that this
explanation is just a working hypothesis that requires
additional argumentation and verification.

Let us now estimate the volume-temperature
dependence of the thermal conductivity coefficient of
shock-compressed €-Fe iron. Let us again use relation
(9) in conjunction with the equation of state developed
above and compare the calculated values of the ther-
mophysical properties of shock-compressed €-Fe iron
with the literature data at high static pressures. To do
this, let us calculate the baric dependence of the e-Fe
thermal conductivity k = k(V,T) along the room iso-
therm using the Wiedemann—Franz law

k=1—L (11

o(V.T)

where L = 2.45 x 10~ WQ/K? is the Lorentz constant,
p(V,T) is the volume—temperature dependence of the
e-Fe electrical resistivity (9) with the coefficients p,, o
and n determined above. In Fig. 8, [ indicates graph
(11) obtained at T'= const = 300 K. In the same figure,
diamonds 2 show the experimental values of the ther-
mal conductivity coefficient of polycrystalline e-Fe,
copied from Fig. 10 of the paper by (Ohta et al., 2018).
As can be seen, graph [/ is in satisfactory agreement
with the static experiment, passing through midpoint
3 of the data from the paper by (Ohta et al., 2018).

Let us now consider the isobar of the thermal con-
ductivity coefficient at high pressure. Figure 9 shows
isobar 1, as graph (11) at a pressure of 53 GPa against
the experimental points obtained by static compres-
sion in the paper by (Hasegawa et al., 2019) in a tem-
perature range of 1200—1500 K at the same pressure.
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Fig. 8. Dependence of the heat transfer coefficient k (11)
on the pressure P for e-Fe at constant temperature 7= 300 K:
I—room temperature isotherm (11); 2—the experimental
results from the paper by (Ohta et al., 2018); 3—the mid-
point of the data from the paper by (Ohta et al., 2018).

Here, our shock wave data 7 also consistently correlate
with the experimental points from the paper by (Hase-
gawa et al., 2019), nearly crossing their midpoint 3.

Thus, the model calculations of the thermal con-
ductivity coefficient e-Fe of iron in a highly defective
shock-compressed state, carried out using the Wiede-
mann-Franz law and the theoretical value of the
Lorentz number, satisfactorily agree with the static
experiment.

Finally, let us consider algebraic calculations
according to formulas (9) and (11) for e-Fe at constant
volume in the region of extrapolation to higher pres-
sures. For example, we will set the specific volume in
these formulas to V= const = V; = 4.282 cm?/mol and
construct isochores (9) and (11) in the temperature
range 7= 1000—6000 K. According to the equation of

(a)
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Fig. 9. Dependence of the thermal conductivity coefficient
k (11) on the temperature 7 for €-Fe at constant pressure
P= 53 GPa: I—isobar (11); 2—the experimental results
from the paper by (Hasegawa et al., 2019) in a range of
1200—1500 K; 3—the midpoint of the data from the paper
by (Hasegawa et al., 2019).

state for e-Fe constructed above, the range of pres-
sures P, = P(V,,T) will be 256—297 GPa, which
includes the pressure at the boundaries of the Earth’s
inner core. The resulting graphs p = p(7,V}) and k =
k(T,V,) are indicated with 7/ in Figs. 10a and 10b,
respectively.

Figures 10a and 10b also show the results of the
fundamental calculations (Xu et al., 2018) of the tem-
perature dependence p = p(7,V)) and k = k(T.,V))
based on density functional theory method 2. As can
be seen, graphs 7 and 2 are in reasonable agreement
with each other both qualitatively and quantitatively.
The best fit between 7 and 2 is observed in a tempera-
ture range of 4000—6000, where the differences do not
exceed 5% for p = p(T,V;) and 20% for k = k(T,V)).
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Fig. 10. Extrapolation of the dependences of the electrical resistivity p (a) and the thermal conductivity £ (b) on the temperature
T'to the 300 GPa pressure region. a: /—isochore (9), 2—the calculated temperature dependence of the e-Fe electrical resistivity,
given the saturation effect (Xu et al., 2018); b: I—isochore (11), 2—the calculated temperature dependence of the €-Fe thermal
conductivity coefficient, given the saturation effect (Xu et al., 2018).
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CONCLUSIONS

The electrical resistance of iron samples with a
hexagonal close—packed lattice (¢-Fe) was measured
under specific loading conditions consisting of a step-
wise—cyclic compression phase followed by a phase of
gradual pressure reduction. The measurements were
made in the region of the iron phase diagram at pres-
sures of *20—70 GPa and temperatures of =750—950 K.

The value of complicating effects during the mea-
surement of the electrical resistance of shock com-
pressed iron samples, caused by the conductivity of
the insulating medium, the skin effect, and the heating
of the sample by the surrounding hot insulator, was
considered.

The equations of state of e-Fe of iron have been
developed, which, together with the determining ratio
for the volume-temperature dependence of the resis-
tivity, allow modeling an electrophysical shock-wave
experiment, moving from the resistance of samples to
specific values and determining the parameters char-
acterizing the volume-temperature dependence of the
resistivity of €-Fe of iron during its stepwise shock
loading and subsequent unloading

The volume—temperature dependences of the e-Fe
electrical resistivity under high static and dynamic
pressures were compared. It was shown that in a pres-
sure range of 20—70 GPa, the shock wave electrophys-
ical data exceed the experimental literature static data
by 10—30 pu cm.

The difference in the electrical properties of €-Fe
iron under static and shock compression and the sim-
ilarity of the electrical properties of shock-compressed
e-Fe iron with the electrical properties of statically
compressed and heated silicon iron have been estab-
lished.

Calculations of the volume—temperature depen-
dence of the e-Fe thermal conductivity coefficient
based on the Wiedemann—Franz law were performed
to describe the thermal properties of e-Fe at high
dynamic pressures, and the calculated values of the
thermal properties of shock compressed €-Fe were
compared with literature data at high static pressures.
It was shown that in a pressure range of 20—50 GPa,
the pressure dependence of the thermal conductivity
coefficient along the room isotherm is in satisfactory
agreement with the static experiment. It was also
shown that the calculated values of the thermal con-
ductivity coefficient in a temperature range of 1200—
1500 K consistently correlate with the experimental
points along the 53 GPa isobar.

Extrapolation of the found volume—temperature
dependences of the e-Fe electrical resistance and ther-
mal conductivity to the 300 GPa pressure region is in
reasonable agreement with the literature theoretical
results on electrical and thermal conductivity of iron.
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