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Numerical simulation of the behavior of enstatite up to 1.4 TPa
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An accurate description of the effect of extreme pressure and temperature on the physical properties of materials
is required to understand the structure and composition of the mantle of the Earth and similar planets. One
of such materials is enstatite MgSiOs, which causes increased interest in the investigating of its behavior under
intense dynamic loads. It is proposed to consider the shock-wave loading of enstatite as a mixture of quartz oxides
SiO, and MgO periclase in an equal stoichiometric ratio based on experimental data in which decomposition of
magnesium silicates was observed. Calculations are performed using a thermodynamically equilibrium model that
takes into account the phase transitions of the components. Phase transitions of SiO, and MgO are taken into
account when modeling high-energy effects on enstatite. The results are compared with the data obtained on the
basis of shock-wave loading experiments, as well as with calculations based on the PREM model performed based

on the results of seismic exploration.
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1. Introduction

Fundamental issues of structure, dynamics and evolution
of the mantle of the Earth and new exoplanets are solved
with the help of numerous experiments on geological
materials at high pressures and temperatures corresponding
to those expected in the planets’ interior [1,2] . In particular,
the investigations of phase equilibria determined various
phases of silicates and oxides at high pressure [3,4]. Ab
initio calculations performed for enstatite MgSiO3; show
that this mineral shall dissociate into MgO and SiO,
at pressures and temperatures that are expected on the
terrestrial exoplanets [5].  Previous experiments [6] in
the region of 33 GPa have already shown such dissoci-
ation for Mg;SiO4 into MgO and SiO; in the form of
stishovite, because SiO, is transformed into stishovite at
pressureshigher than 10GPa [7]. Simulated compositions
of mantle materials with six components were investigated
in [8]: CaO, FeO, Na,0, Al,03, MgO, SiO;. In this context,
it was noted that MgO and SiO, contribute the major
share to the mantle materials composition. To understand
the impacts of extreme pressures and temperatures, exact
description of their influence on physical properties of
the component materials is required, which necessitates
further experimental and theoretical investigations. Phase
relations and other calculated data were investigated in [9]
at pressures up to 12 GPa and temperatures up to 2000 K
for MgSiO;. Impact tests on MgSiO; with pressures
up to 1400 GPa and sample densities more than 9 g/cm?
are described in [10]. Experiments for the study of
phase diagrams at high pressures and phase transitions
in MgO—SiO; are described in [11]. Experimental data

on compression of MgSiOsz crystals up to 400 GPa and
equations of state for pressures up to 950 GPa are pro-
vided in [12]. Equations of state for MgSiO3; and phase
diagram of Mg,SiO4 at pressures up to 130 GPa were
provided in [13].

Great attention is paid to the possibility of phase transition
of the studied magnesium silicates [13]. Thus, [14] attributes
such high interest in this materials to the fact that such
materials as MgO, MgSiO; and Mg,;SiO4 are one of
the most essential finite elements of the Earth’s mantel
and similar planets. Therefore, detailed knowledge of
the phase diagram of these magnesium finite elements
is essential for correct simulation of the planets’ interior
structures. As a result, phase diagrams shall be stu-
died in wider pressure and temperature ranges using, in
particular, dynamic compression methods. Various the-
oretical and experimental investigations of dynamically
compressed magnesium silicate phases have been carried
out recently, but some contradictions have not been resolved
yet [14]. In [15], molecular dynamics simulation was
used for ab initio calculations of physical properties of
MgO in conditions extending from those occurring in the
Earth’s mantle to those expected for giant planets such as
Jupiter.

2. Problem formulation

The idea that the Earth’s mantel is composed of decom-
position products of ferro-magnesian silicates into MgO,
SiO; and small amounts of FeO is verified in [16] using
the information obtained from the shock wave compression
experiments carried out on periclase and SiO; up to
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250 GPa. It is assumed that abnormal density growth may
be attributed to phase transitions of silicates. According
to these assumptions and experimental data on magnesium
silicate dissociation into MgO and SiO, [6], that were
obtained at pressures near phase transition of SiO,, an
assumption was made that phase transitions of magnesium
silicates are determined by phase transitions of components
into which the initial materials decompose at appropriate
pressures. To verify this description of such processes,
a model shall be provided to calculate the behavior of
mixtures with components undergoing phase transition
under high dynamic loads. Additive approximation is the
most commonly used method which assumes the volume
of shock-compressed mixture equal to the sum of volumes
of components achieved by separate shock compression
at the same pressure. Satisfactory data was obtained for
solid samples [17]. However, the rule of additivity in
this approach is approximate, because it assumes unreal
identity between compression of heterogeneous mixture
components and shock compression of components. Prob-
lems also occur in the presence of phase transitions
in samples. In particular, an attempt to restore shock
adiabat of SiO, [18] by the shock adiabat of the mixture
of aluminium and SiO; and the shock adiabat of pure
aluminium using the additive model was not successful.
This was because the experimental data obtained for the
high pressure phase in which the substance exists after
the phase transition corresponds to the shock adiabat of
the high pressure phase with the initial sample density.
Taking into account that the high pressure phase density
is higher than the low pressure phase density, calculation
of the shock adiabat of a porous substance is actually
necessary and, therefore, an equation of state is required,
as appropriate.

For materials undergoing phase transition, a thermody-
namically equilibrium model is used [19]. Shock wave
impact calculations for Mg,SiO4 that is considered to be
a mixture of SiO, and MgO are provided in [20,21]. The
model is based on the assumption that mixture components
exposed to shock wave loading are in thermodynamic
equilibrium, ie. component temperature equality is also
considered. For a two-phase medium, this assumption
was used in [22]. The proposed model reliably describes
the high-intensity impact on materials in a wide pressure
range, including for SiO, and MgO [23,24]. Consideration
of the mixture component temperature equality enables
the mixture shock adiabats to be calculated within the
experiment accuracy limits [25,26]. In the phase transition
region, the sample is treated as a mixture of low pressure
and high pressure phases in order to reliably describe the
region of polymorphous phase transition for the substances
in question [27]. Now it is possible to describe ther-
modynamic properties of mixtures containing components
that undergo phase transition when exposed to a shock
waveimpact.

3. Calculation model

The Mie—Gruneisen type equation of state is used to
describe the behavior of the condensed phases as follows:

P(p,T) =Pc(p) + Pr(T), (1)

Pr(p,T) =TpEr(T), Er(T)=cv(T -To). (2)

Here, Pc is the potential pressure component, P, Er are
the thermal components of pressure and specific energy,
cy is the thermal capacity, Tp is the initial temperature.
Cold pressure component P¢ is described by the following
equation: Pc(p/po) = A((p/po)k — 1), (o, po is the current
and initial density of the condensed component, A, k are
the coefficients of the equation of state). For gas in case of
porous materials, ideal gas equation of state is used. mass-
flow conservation conditions for each mixture component
and momentum and energy conservation conditions for
the mixture as a whole are established. For material
composed of n solid components with initial volume ratios
uno, the following dependence of pressure on component
compression may be derived:
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With hy=2/Ti+1; h,=2/(y—1)+1. 06i=pi/pio are
compression ratios of condensed component i =1, ..., n,
Oy = Pg/Pgo, and pg, pgo are current and initial gas densi-
ties, adiabatic exponent y = 1.41. Temperature-dependent
function I' = PV /Er, which defines the contribution of
thermal components, is introduced into the equation of
state to describe the high-intensity impact on materials with
different porosity [19]. Consideration of dependence of
function I' on temperature allowed to describe reliably the
shock wave loading results for solid and porous samples,
which is essential for calculations taking into account phase
transitions in wide pressure and porosity ranges. Using
the component temperature equality and equations of state
of each component, shock adiabats of the multicomponent
mixture are calculated.

In the phase transition region, volume ratio a of the low
pressure phase changes to the high pressure phase, and it
was shown before that dependence « on the internal energy
is near-linear. According to the experimental findings, the
pressure corresponding to the phase transition process onset
is determined. The shock adiabat calculations address three
simulation sections for materials undergoing polymorphous
phase transition. Before the start of phase transition a = 0;
in the second section, @ grows linearly in function of
internal energy @ = (E — E,)/kf, whereby kf = E; — Ey,
(E is the current internal energy, E, is the internal energy
at the phase transition onset, Ef is the internal energy,
when the whole material has entered the high pressure
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Phase transition onset parameters

Material P:, GPa kf, kJ/g
SiO, 11 2.50
MgO 325 2.50

phase). The end of phase transition is determined by full
transition of the low pressure phase into the high pressure
phase, further calculation is carried out at « = 1. It should
be noted that kf that correlates volume ratio @ with the
internal energy and found for one porosity value also allows
reliable description of other porosity values of the material
in question. Pressures at which phase transition P; starts
and Kkf are listed in the Table.

4. Simulation results

Calculation of shock adiabats for low pressure phase of
MgOT and high pressure phase of MgOIIl, as well as the
curve describing MgO phase transition region in pressure—
density variables are shown in Figure 1. Data obtained
from experiments [28,29] and dependence of pressure on
the Earth’s mantel density obtained from PREM model are
also shown here [30]. Boundaries of SiO, and MgO phase
transition regions and pressure in the Earth’s center are
given for comparison.

To verify the description reliability of oxide mixtures
with other materials, calculations were carried out for the
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Figure 1. shock adiabats for MgO. Calculated curves:

1 —MgOI, 2 — MgOIl, 3 — phase transition of MgO, 4 —
PREM data [30]; solid lines: 5 — phase transition onset of
SiO,, 6 — end; 7 — phase transition onset of MgO, 8§ — end;
9 — pressure in the Earth’s center. Data: light circles [28], dark
circles [29].
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Figure 2. shock adiabats of periclase, corundum and mixture of
MgO and Al,Os. Calculation: curve I — MgO, 2 — Al,03, 3 —
mixture of MgO and Al,Os. Data: 4, 5, 6 [31].

mixtures for which shock-wave loading test findings were
available. Using the parameters found for oxides [20], data
for such samples at the experiment accuracy level were
described consistently.

Simulation results of shock adiabats of periclase MgO,
corundum Al,O3; and their mixture in equal molar volumes
with density po = 2.118 g/ecm? compared with data [31] in
pressure — mass rate coordinates are shown in Figure 2.
Taking into account the experimental pressure range up
to 150 GPa, these calculations were carried out for the
low pressure phase of MgO. Calculations for the mixture
components in question are also given there. The simulation
results correspond to the experimental data for pure oxides
and their mixture.

Similar calculations were carried out for various mixture
compositions, including SiO, as a component. Simu-
lation of shock adiabats of SiO, mixtures with metals
compared with data [32,33] in the pressure—compression
coordinates are shown in Figure 3. The calculations were
carried out for quartz and tungsten mixture with density
po = 10.19g/cm? and and quartz and aluminium mixture
with pg = 2.684 g/cm?®. For these mixtures, the calculation
was carried out up to 200GPa. The calculation curve
for the aluminium mixture is given with compression shift
by 0.2, for clarity. In this range, SiO, undergoes phase
transition, stishovite is assumed as the high pressure phase.
Similar to [20], it is assumed that quartz, bypassing the
intermediate coesite phase, changes directly to stishovite.
The thermodynamic parameter calculation for the mixture
taking into account phase transition of SiO, after the end of
phase transition above 40 GPa has been, therefore, carried
out for the tungsten, aluminium and stishovite mixtures.
Taking into account the observed dissociation of Mg,SiO4
into MgO and SiO; in the form of stishovite at 33 GPa [6],
it can be assumed that stishovite will be also present for
enstatite at this pressure. Calculations do not contradict with
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Figure 3. shock adiabats of SiO, mixtures. Calculation:
curve / — mixture of SiO, and tungsten, 2 — mixture of SiO;
and aluminium. Data: 3 [32], 4 [33].
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Figure 4. shock adiabats of SiO, mixtures. Calculation:
curve | — mixture with PTFE; 2,3 — with paraffin, 4 — with
epoxy resin. Data: 3, 8 [34], 6,9 [31], 7 [35].

this assumption. According to the calculation, at 33 GPa,
most of SiO, has changed to the high pressure phase.
Calculations for various mixtures of organic materials and
SiO; as a component, and experimental data [31,34,35] are
shown in Figure 4. Using the proposed approach, exper-
imental shock-wave loading results for mixtures of SiO,
with PTFE — pg = 2.38 g/lem® (curve I); with paraffin —
po = 1.92g/cm? (curve 2), po = 1.78 g/cm? (curve 3); with
epoxy resin — po = 1.66 g/cm® (curve 4) are described
consistently. Calculation curve 2 for the mixture with
paraffin is given with compression shift by 0.2, curve 3 is
given with shift 0.4, curve 4 is given with shift 0.6. The
possibility of simulating the parameters of a mixture with

two components undergoing phase transition under shock-
wave loading is shown in [24]. Reliable description of the
available experimental data was obtained.

Using the experimental data reporting dissociation of
magnesium silicates under pressure, assumption on possi-
bility of considering these materials as oxide mixtures was
verified. Shock-wave loading of mixture of SiO, and MgO
with corresponding stoichiometric ratio 1:1 was simulated
and compared with the experimental data for enstatite. The
simulation results for with py = 3.01g/cm?® samples are
shown in Figure 5 in the wave rate — mass rate coordinates.
Porosity defined as the ratio of solid material density and
sample density, m = 1.03, was calculated by the mean value
of samples used in the experiments. The data of two groups
of experiments for samples with a mean density of 3.01
and 2.95g/cm? [31] are also shown here. The deviation, in
particular, is explained by the density scatter.

1251

100

P, GPa

0 | | | |
1.0 1.2 1.4 1.6 1.8 2.0

P/Pg

Figure 5. Shock adiabat of enstatite. Calculation — solid curve.
Data: [31].

150

100

P, GPa

50

U, km/s

Figure 6. shock adiabat of porous enstatite. Calculation — solid
curve. Data: [31].
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Figure 7. Shock adiabat of enstatite. Calculation — solid line.
Data: 1 [35], 2 [36], 3 [37].

Simulation results for porous enstatite samples with
po = 2.836 g/cm3, with this m = 1.1, are shown in Figure 6.
Data obtained experimentally are also shown [31]. Taking
into account the data range, Figure 5,6, used to verify the
calculations up to 120 GPa, simulation was carried out in
view of phase transition of SiO,.

The calculation for the enstatite samples with
po = 4.10g/cm? covering the range up to 1400 GPa and the
experimental data [10,37,38] is shown in Figure 7. In this
case, phase transition of MgO is considered. The calcula-
tions carried out using the thermodynamically equilibrium
model have proved the possibility of simulating high-energy
loading of magnesium silicates considered as a mixture of
SiO, and MgO with the appropriate stoichiometric ratio.
For MgSiO; this is 1:1, for Mg,SiOy4 this is 1:2 as shown
earlier in [20].

5. Conclusion

Taking into account the experimentally observed disso-
ciation of magnesium silicates into MgO and SiO; [6],
it can be assumed that the phase transition of SiO, into
stishovite contributes to the density modification of the
Earth’s upper mantle near 30 GPa that corresponds to the
phase transition of SiO,. The Earth’s mantle density jump
near 330 GPa according to [30] corresponds to the phase
transition region of MgO. Based on the analysis of the
available data, Py for MgO was corrected up to 325 GPa
compared with [20]. Phase transition region of MgSiOs
from the low pressure phase to the high pressure phase was
defined within 300—400 GPa [38] and justifies the suitability
of this value P¢. It has been shown that by considering
magnesium as a mixture of components under high dynamic
loads, behavior of the studied material within the pressure
range up to 1.4TPa can be described reliably. Description
of a complex substance as a mixture of components for
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carbides is provided in [20]. The proposed model provides
reliable description of phase transitions of all components
of the material in question. Additional experimental data
could help define the phase transition region of components
and clarify the question of high pressure phase transition for
SiO, that has been discussed or a long time.

Compatibility of the model calculations to the results
obtained experimentally for MgSiO3 shows that the used
technique may be helpful to describe reliably the behavior of
materials undergoing phase transitions under high-intensity
loads.
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