Shock Compression of Covalently Bonded Planetary Materials
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Research Objectives

Olivine and perovskite are the most abundant minerals in Earth’s mantle. Laser shock
and isentropic compression on the covalently bonded planetary materials in an extreme
regime of pressures and strain rates can be used to explore the deformation
mechanisms of the interior of Earth. The objective of this study is to explore a new
mechanism for deformation of covalently bonded materials under the extreme conditions
of shock and quasi-isentropic compression.
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Fig. 1 The structure of Earth's interior, and some examples of minerals found in the mantle [1].
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Three important minerals: olivine (Mg%*, Fe?*),SiO, forsterite (Mg,SiO,), and
perovskite (CaTiO5) will be investigated in this research project. Diamond is another
typical covalently bonded material that is of interest to this project.
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Fig. 2 Planetary materials olivine, forsterite, and perovskite that will be subjected to shock compression at different amplitudes. (a) SiOi_
tetrahedra (blue) are shown with Mg?*, Fe2* (orange) and O% (red) atoms. SiO}~ tetrahedra are isolated in olivine [2].
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Fig. 4 Strain rate vs stress in shock regime showing different regimes of
10°8 deformation and failure: as stress increases, strain rate and temperature
giving rise to four different shear-driven deformation mechanisms.
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Fig. 3 Strain rate vs. temperature plot showing different regimes of deformation and failure.

Experimental Setup

Omega Laser Facility can generate large amplitude stress pulses
with nanosecond duration, sufficient to shock the materials above
their phase transition threshold. The target was assembled in a
vacuum chamber to prevent oxidation of the target and absorption
/scattering of the laser. The high energy density laser was
deposited onto a target package which is comprised of a metal foil
(~100 pym) and a mineral crystal (3 mm in diameter and 5mm in
height) encapsulated in a metal cup to prevent it from shattering
under shock compression and release. A 3 mm thick momentum
trap was used to trap the shock wave at the rear surface. The close
acoustic impedance of the metal to the mineral serves to minimize
reflection of shock waves at interfaces/free surfaces, reducing
damage and aiding successful recovery.

The metal foil has three functions: (1) as an ablator to transform
laser energy into stress pulse; (2) as a heat shield which minimizes
the preheating induced by laser irradiation; (3) as a pulse shaper to
make the shock pulse on the target surface planar (uniaxial strain
condition). The rear (free) surface velocity of the metal foil to the
laser shock is characterized by velocity interferometry (VISAR).
Separate VISAR experiments were conducted to measure the
particle velocity and further infer the shock pressure.
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Fig. 5 (a) Experimental assembly for laser shock compression of covalently
bonded monocrystals; (b) detail of monocrystal with impedance matched
capsule and momentum trap
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Fig. 6 Isentropic Compression Experiment (ICE) Drive for shock recovery experiments

Four covalently bonded elements (Si, Ge) and compounds (B,C, SiC) were investigated by our group using the

Omega facilities to generate the shock and quasi-isentropic pulses.
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Fig. 7 Shear stress/pressure ratios for four covalently bonded
materials studied at Omega.
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Fig 10. Shock/shear amorphization in (A) Si, (B) Ge, (C) B,C, and (D) SiC [4].
Fig. 8 Shock temperature as a function of pressure and melting
point for materials with negative Clapeyron slope. —Si —Ge SiC —B4C
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Fig. 9 Peierls-Nabarro stress for metals and covalently bonded materials
as a function of structural parameters h (spacing of atomic planes Fig. 11 Energy change of phasg transition from crystalline to amorphization with pressure
between which dislocations glide) and & (lattice periodicity in the of four covalently bonded materials

direction of the dislocation glide); A and B are correction parameters [3].
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Discussion

Both observations and molecular dynamics calculations shown in Figure 12 predict the
formation of amorphous bands at angles close to 45° relative to the shock front.

Fig. 12 Experimentally obtained (a) and computationally simulated (MD) amorphization band (b) in silicon [6].

Preliminary Results of Olivine

Preliminary experiments (Zhao et al., unpublished results, 2019) on shock recovered
olivine at Omega Laser Facility at low and intermediate pressures showed that olivine
deformed by dislocation activities. Figure 13 (a) shows a high density of dislocations
generated below the shock surface with a shock compression of 20 GPa. These
dislocations generally have a Burgers vector of <100> and tend to group together and
exhibit a band-like morphology. At a shock pressure of 40 GPa, planar deformation
features are observed shown in Figure 14 (a). This shear band-like feature has a thickness
of tens of nanometers. This suggests that the deformation is localized, and we suspect that
this dislocation activity forming planar deformation feature is the precursors to solid state
amorphization. The experiments were carried out at a shock pressure below the threshold
of amorphization. We plan to use a higher shock pressure to trigger amorphization in the
following experiments.
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Fig. 14 Post-shock olivine exhibits shear faulting under shock pressure of 40 GPa [7].
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