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ABSTRACT: The phase relationships of TiO2 polymorphs are of significance to the field of earth and planetary science, because
these phases are crucial geochemical markers of natural shock occurrences and processes that take place in the crust and mantle of
planets. In this study, we use a novel method called the laser-induced projectile impact testing (LIPIT) technique to investigate the
shock metamorphism of TiO2 polymorphs by controlled supersonic impacts of microparticles. The 3D digital microscope,
synchrotron X-ray diffraction (XRD), focused ion beam/scanning electron microscopy (FIB/SEM), transmission electron
microscopy (TEM), and density functional theory calculations are used to investigate and interpret the phase transformations of
shocked anatase. The synchrotron XRD and TEM investigations of the impact region show the phase transformation of anatase to
rutile, brookite, srilankite, and amorphous TiO2 phase. According to the impact calculation, the shocked regions experienced a high
pressure up to 2.1 GPa and high temperatures up to 986 °C. The shock waves created by impacts are attributed to shock-induced
phase changes and lattice dynamic instability. The twinned rutile nanocrystals at the impact area have planar defects following {011}
planes that formed under intense pressure or stress. The shearing on the rutile {011} planes can produce the epitaxial nucleation of
srilankite at the rutile twin boundary. The methodology of the study, which combines LIPIT microprojectile experiments with
simulations and characterization techniques, can help us better understand shock metamorphism in minerals and rocks. It will be
helpful for expanding our understanding of the process by which shock metamorphism occurs on planetary bodies, including the
Earth, Moon, Mars, and others.
KEYWORDS: shock metamorphism, LIPIT, anatase, rutile, and srilankite

1. INTRODUCTION
Titanium dioxide polymorphs are widely distributed as
accessory minerals in igneous rocks, metamorphic rocks, mantle
xenoliths, lunar rocks, and meteorites.1−6 Geologists and
planetary scientists are interested in the phase relations of
these TiO2 polymorphs due to their potential use as markers for
geochemical processes occurring in planetary crusts and mantles
as well as natural shock events.4,7−9 Titanium dioxide
polymorphs have also attracted a lot of attention from the
scientific community and industrialists as potential materials for
a variety of applications, such as catalysts, chemical sensors,
dielectric materials, cosmetics, fiber manufacturing, and solar
cells.10−14

According to theoretical and experimental observations,
titanium dioxide can exist in a large variety of structural
polymorphs under specific pressure and temperature con-
ditions.5,15−18 Rutile, anatase, and brookite are the three
common polymorphs of TiO2 that are most prevalent in
nature.15,19,20 Other TiO2 polymorphs can appear under specific
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high-pressure and high-temperature conditions, including the
orthorhombic scrutinyite-type mineral srilankite (srilankite is a
solid solution in the (Zr,Ti)O2 series, also known as α-PbO2-
type TiO2 and TiO2-II),

21 the ordered monoclinic mineral
riesite,22 the monoclinic baddeleyite-type mineral akaogiite,23,24

the cotunnite-type TiO2 polymorph,25 the fluorite-type TiO2
polymorph,26 and pyrite-type TiO2 polymorph.27 The majority
of the high-pressure phases transform into srilankite during the
decompression process.9 Srilankite and baddeleyite-type poly-
morphs are among the high-pressure TiO2 polymorphs that can
be cooled to room temperature.27−29

With the discovery of naturally occurring shock-induced TiO2
polymorphs such as srilankite and riesite, a deep understanding
of the TiO2 phase relations is required to constrain the shocked
metamorphic conditions in earth and planetary systems.22,30,31

In this study, we investigate the shock metamorphism of anatase
induced by supersonic microprojectile impacts using a laser-
induced projectile impact testing (LIPIT) technique. The LIPIT
methodology is a novel approach for testing shock meta-
morphism on a mineral surface.32−35 The phase transformation
behavior of shocked phases was studied using a 3D digital
microscope, synchrotron X-ray diffraction (XRD), focused ion
beam/scanning electron microscopy (FIB/SEM), transmission
electron microscope (TEM), and density functional theory
(DFT) calculations. The structures of the obtained TiO2
polymorphs are characterized by Rietveld refinement, selected
area diffraction patterns (SAED), and high-resolution TEM
(HRTEM) with fast Fourier transform (FFT) patterns. The
findings of this work offer essential information on the macro-to-
nanoscale shockmetamorphism of TiO2 polymorphs under high
pressure and temperature environments.

2. METHODS
Shock metamorphism experiments were carried out using the
LIPIT technique (Figure 1). Monodisperse spherical silica
microprojectiles (∼9 μm in diameter) were drop cast on a

launchpad, and an ablation laser pulse (8−10 ns pulse duration,
1064 nmwavelength) from aNd:YAG laser (Quanta-Ray INDI-
40-10-HG, Spectra-Physics) was utilized to selectively propel
the individual microprojectiles at supersonic speeds. The
launchpad is made up of a polydimethylsiloxane (PDMS)
layer (Sylgard 184, Dow Chemical) that was spin-coated onto
50 nm thick gold-coated microscope cover glass (210 μm) and
cured at 100 °C for an hour. The cured PDMS film had a
thickness of around 80 μm. Monodisperse amorphous silica
microspheres were drop-cast onto the launchpad, and an
inverted microscope was used to align individual or clusters of
microspheres to the laser’s focal point.

Silica microspheres were shot selectively at the sample at high
speeds using an ablation laser pulse that ablates the thin gold film
and quickly expands the PDMS layer. The projectile’s launching
velocity is dependent on the characteristics of the projectile,
ablation laser energy, and the launch pad structure. Recent
studies using the same LIPIT technique offer detailed
descriptions of the technique.33−35 The laser energy was tuned
for the launch padwe used to be about 0.56mJ/pulse by utilizing
an attenuator to launch the 9 μm silica sphere at 450 m/s. A
high-resolution microscope camera (Allied Vision Mako G-
234B with OPTEM FUSION 12.5:1 lens) was used to capture
images of the projectile in flight at 103 ns intervals by picosecond
laser pulses from a supercontinuum white laser (NKT photonics
EXR-20) externally shuttered by an acousto-optic modulator.

A 3D laser scanning-confocal microscope (Keyence VK-
X1000, Japan) and SEM were used to examine the 3D
topographical features of impact regions. SEM observation
and preparation of focused-ion-beam (FIB) cross sections for
the TEM study were carried out by using FEI Scios dual-beam
methods. Secondary electron (SE) images were taken in high
vacuum using a sample-to-objective working distance of ∼7 mm
and a 15 kV accelerating voltage. After identifying regions of
interest in the SE images, TEM imaging and selected-area
electron diffraction were carried out using an FEI Talos F200X
field-emission STEM and Philips CM 200UT microscope
operated at 200 kV. The crystal structures and phase
identifications of TiO2 polymorphs were determined by
HRTEM images and SAED patterns. As an additional
complementary experiment, ball milling of rutile crystals
(0.1−0.2 mm size) was carried out using a SPEX high-energy
ball mill for 30 min. A drop of the ball-milled powder suspension
was placed on a holey-carbon film supported by a TEM Cu grid
and air-dried.

Synchrotron radiation XRD patterns of shocked TiO2 were
obtained at beamline 13-BM-C at the Advanced Photon Source
(APS), Argonne National Laboratory. The X-ray beam was
focused to 12 × 18 μm with Kirkpatrick-Baez mirror and
monochromated to 28.6 keV (0.434 Å) with a 1 eV bandwidth.
The NIST standard LaB6 powder was used to calibrate the
distance and tilt of the Pilatus3 1 M detector (Dectris), which
was positioned 170 mm from the sample. Using an optical
microscope, the sample from the impact region was placed on
the silica glass capillary. The crystal structures of the obtained
TiO2 polymorphs were determined using the Rietveld method
with GSAS II software.36

The first-principles computer simulation of the structure and
energy of the rutile/srilankite interface was carried out using
DFT within the Generalized-Gradient Approximation (GGA),
with the exchange−correlation functional of Perdew and
Wang.37 This was performed using the Vienna Ab initio
Simulation Package (VASP), which spans reciprocal space with

Figure 1. An illustration of the laser-induced single projectile impact
experiment. Multiexposure images of a silica projectile in flight were
captured at 103 ns intervals using a custom-built ultrahigh speed
imaging system. The diameter of the monodisperse spherical silica
microprojectiles is approximately 9 μm. The illustration is reproduced
from Lee et al. (2020).33 (Panel A reproduced with permission from ref
33. Copyright 2020, American Chemical Society.)
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a plane-wave basis set and a relaxation technique involving an
efficient matrix-diagonalization routine based on a sequential
band-by-band residual minimization method of single-electron

energies with direct inversion in the iterative subspace.38,39 To
improve the computational accuracy, the structural relaxations
and interface structure, as well as the final calculations of the

Figure 2. (A) A multiexposure image showing a silica-projectile impacting and bouncing after a laser ablation pulse; (B) a SE image of impacted
anatase; (C) 3D topography of impacted areas of anatase from the laser scanning confocal microscope; and (D) optical profilometer trace showing the
topography along the red dashed line in part (C).

Figure 3. Slice of 2-D image plate from initial anatase diffraction (A) and from impact areas (B,C), and synchrotron radiation XRD pattern of initial
anatase and two impacted areas (D), compared to anatase, rutile, and brookite as referenceminerals.47,48 Diffraction rings from both rutile and brookite
are continuous because of their extremely small crystal sizes and random orientations.
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interface energy, were performed using the Projected
Augmented Wave (PAW) potentials40 and reciprocal-space
projected wave functions to a convergence of 10−4 eV. PAW
potentials are generally considered to be more accurate than the
ultrasoft pseudopotentials,41 since PAW potentials reconstruct
the exact valence wave function with all nodes in the core region.
This technique has already been successfully used to calculate
the elastic properties of the anatase and rutile phases of TiO2 and
to study the structure, energy, and surface stress of the low-index
surfaces of anatase and rutile with various types of
surfactants.42,43

3. RESULTS
The silica projectile’s impact speed and angle were captured on a
high-resolution microscope camera with an ultrafast multi-
exposure imaging technique (Figure 1). The silica projectile was
accelerated to a velocity of approximately 452 m/s (Figure 2A).
The rebound speed of the projectile is about 114 m/s (Figure
2A). The topographical features reveal important details about
impact mechanisms, including physical and geological pro-
cesses.44,45 The morphology of the impact crater was
investigated by using a three-dimensional laser scanning
confocal microscope and SE image (Figure 2B−D). Craters
and surface melts were created by projectile impact and laser
ablation (Figure 2B). The morphology of the crater, which has a
raised rim and a depth-to-diameter ratio of around 1/3 (Figure
2D), is similar to that of meteorite impact craters.46

High-quality spatially resolved micro-XRD patterns of host
anatase and impacted regions were obtained using synchrotron
X-ray scattering (Figure 3). The diffraction peaks of the initial
anatase show a pure TiO2 phase (Figure 3A,D). Diffraction
patterns of the impact areas show the phase transformation from
anatase to rutile and brookite (Figure 3). The major peaks at
3.249, 2.496, and 2.193 Å are associated with those from rutile,
and the peaks at 3.650 and 3.020 Å are associated with those
from brookite (Figure 3D). The Scherrer Equation49 is used to
determine the crystallite sizes of rutile and brookite from impact

area II (Figure 3). The estimated crystallite sizes of the impacted
rutile, which come from (110), (101) and (111) peaks, are
51.5(3.8), 38.8(1.2), and 33.1(2.0) nm, respectively. Rutile’s
(110) peak is noticeably sharper than other (hkl) peaks,
suggesting platelike shapes or domains caused by stacking faults
under high pressure or stress. The brookite’s estimated
crystallite sizes from its (211), (210) and (111) peaks are 29.5
(1.8), 24.1 (2.7), and 22.5 (2.9) nm, respectively.

A combination of the bright-field TEM images, TEM-EDS
maps, SAED patterns, HRTEM images, and fast Fourier
transform (FFT) patterns were used to characterize the TiO2
polymorphs in the impact area of the FIB section (Figures 4, 5,
and S1). According to the TEM-EDS examination, the impact
area is primarily composed of TiO2 with the presence of minor
amounts of Fe in some areas (Figure S1). The bright-field TEM
images show a variety of nanocrystalline and irregular grain
boundaries in the TiO2 polymorphs (Figure 4A−C). SAED
patterns identified the [211̅]-zone-axis of rutile and the [111]-
zone-axis of anatase in the FIB section (Figure 4D−G). A (211)
reflection of the brookite phase is identified in the SAED pattern
of the rutile dominant area (Figure 4G).

Nanoscale amorphous TiO2 phases formed at certain shocked
rutile areas (Figure 5A). HRTEM images and FFT patterns from
the shocked rutile domains exhibit periodic twinning along
⟨011⟩ directions (Figure 5B). A high-pressure phase of TiO2
with the srilankite-type structure has been identified in the
twinned rutile domains (Figure 5B). The (002) plane of
srilankite is parallel to the (011) twin plane of rutile, as shown in
the specific crystallographic relationship between [210]srilankite
and [211̅]rutile (Figures 5B−E). A srilankite phase has been
found in a severely damaged impact area that displays the [111]-
zone-axis in the FFT pattern (Figure 5F).

In order to better understand the relationship between
twinned rutile and srilankite, we have also studied the pressure-
induced structural change of rutile by a ball-milled experiment.
Similar to the microprojectile impacts experiment, the results of
the TEM images reveal that strong forces from ball-milling can
cause rutile crystals to become twinned along ⟨011⟩ directions

Figure 4. Bright-field TEM images of the shocked anatase area (A−C), with their SAED patterns (D−G). The initial anatase, rutile, and brookite are
identified in the SAED.
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(Figure 6). The structure at the twin boundary indicates the
presence of a unit-cell scale lamella of srilankite (Figure 6B,C).
Simulated diffraction patterns of rutile and twinned rutile are
shown in Figure 6D,E.

4. IMPACT PRESSURE AND TEMPERATURE
When a microprojectile impacts a material, the area in front of
the projectile always experiences maximum pressure and
temperature. Using the Rankine−Hugoniot relation, which is
derived from the law of conservation of momentum, P = ρ0UsUp,
where P, ρ0, Us, Up are the pressure, initial density, shock wave
velocity, and particle velocity, we can approximately calculate
the pressure during the initial impact close to this region. The
equation of state that links the particle velocity to the shock
velocity is Us = C0 + SUp, where S is the quantity that has been
observed experimentally. The particle velocities on either side of
the impact interface are calculated, taking into account the
pressure equilibrium, P1 = P2 between the projectile (P1) and

target materials (P2), and material properties for the projectile
and target material. When continuity is assumed, the particle
velocity in the target material will be calculated using the formula
V = Up1 + Up2, where V is the projectile’s impact speed. The
estimated pressure that was produced when the projectile hit
anatase at 450 m/s is 2.1 GPa (see supplementary text in the
Supporting Information).5,30,50 Within the impact area, it is
expected that there will be a temperature increase of roughly 986
°C. The total temperature increase of the material within the
strike area is caused by both laser heating and impact-induced
heating, which results in increases of 517 °C (0.056 mJ from
10% laser leakage) and 449 °C, respectively.51−53

5. DISCUSSIONS
Rutile, anatase, and brookite are the three commonly occurring
polymorphs of titanium dioxide that exist at atmospheric
pressure.3,19 Rutile is a stable phase, while anatase and brookite
are both metastable. The high-pressure phases of TiO2 include

Figure 5. (A) HRTEM images of the shocked rutile area showing the nanoscale amorphous TiO2 phases; (B) HRTEM images showing twinned rutile
area with FFT patterns; (C−E) simulated diffraction patterns in the specific crystallographic relationship at the [210]-zone-axis of srilankite, the [211̅]-
zone-axis of rutile, and their overlapped patterns; and (F−H)HRTEM images from the highly damaged area showing the [100]-zone-axis of srilankite..
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the orthorhombic polymorphs of srilankite, riesite, akaogiite,
cotunnite-type, fluorite-type, and pyrite-type polymorphs.9,21,31

On the stability of these TiO2 phases, numerous publications
have been reported.5,18,31,55−57

The anatase, rutile, and brookite at the impact area were
detected by the synchrotron XRD technique (Figure 3). The
crystal structures of shocked anatase, rutile, and brookite from
impact area II were determined by the Rietveld method (Figure
7). As the starting structures for the Rietveld refinement,
anatase,48 rutile, and brookite47 were used. Fractional
coordinates, occupancies, and isotropic displacement parame-
ters of each atom from the refined structure are listed in Table 1.
The refined unit-cell parameters, bond distances, and density of
anatase, rutile, and brookite are compared to those reported in
previous investigations in Table S1. Our refined unit-cell
parameters and bond distances are in agreement with those
determined by previous studies.47,48,54,55 The refined brookite
structure shows more regular TiO6 octahedra than that in an
early reported structure.43 The T position of Ti is at the centers
of regular octahedra (Table S1). In shocked TiO2 polymorphs,

the Uiso values for Ti atoms are smaller than the Uiso values for O
atoms (Table 1).

Figure 6. (A) Bright-field TEM image showing dense planar defects, (B,C) HRTEM images of a ball-milled rutile crystal with their FFT patterns, and
(D,E) simulated diffraction pattern of rutile’s (011) twinning that corresponds to the FFT patterns from (C).

Figure 7. Experimental and calculated synchrotron XRD patterns
(overlapped black and red lines) of the studied sample consisting of
anatase, rutile, and brookite. The residue (gray line) between the
experimental data and calculated profile is shown below the XRD
pattern.
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The TEM analyses indicate the phase transformation of
anatase to rutile, brookite, srilankite, and amorphous TiO2 phase
induced by the microprojectile impact (Figures 4 and 5). A
similar result was observed from high-energy ball milling
experiments.56−58 In the early stages of the ball milling process,
rutile is the predominant product from anatase, while other
phases, such as srilankite and the amorphous phase, are much
less common in the TEM samples. High-intensity ball milling of
anatase, with an estimated 1 GPa or higher, results in ultrafine
rutile crystallites with significant quantities of defects,
amorphization of TiO2, and formation of srilankite (Figure 6).
Other milling experiments showed the phase transformation
from anatase to rutile via brookite.59,60 The {112} anatase twin
interfaces contain one unit cell of brookite, suggesting that
brookite can form at twin planes.61

The structures of rutile, anatase, brookite, and srilankite are
illustrated in Figure 8. The temperature−pressure phase
diagram showing relationships among anatase, rutile, and
srilankite is shown in Figure 9. Under the conditions of the
given temperature and pressure, brookite is always the least
stable phase.62 The phase diagram shows that anatase can
change into rutile at high temperatures and srilankite at high
pressures. Normal shock estimates for the supersonic spherical
silica projectiles suggest that the shocked regions may have been

exposed to pressures of up to 2.1 GPa and a temperature rise of
up to 986 °C. The triple point for anatase, rutile, and srilankite is
estimated to be 1.0 GPa at 480 °C (Figure 9). According to
previous studies,57,63 when defect density and lattice distortion
increase, anatase could transform into srilankite at pressures
lower than 1GPa. In these experiments, there are twomost likely
scenarios for srilankite formation: first, rutile forms during shock
compression to 2.1 GPa and then transforms back into srilankite
upon release; second, srilankite forms directly from anatase in
off-center regions of impact damage where pressure did not
reach the stability field of rutile (Figure 9).

The phase transition of anatase to rutile has attracted the
interest of several research teams because it serves as a useful
indicator for geochemical processes in the Earth’s crust and
mantle and a variety of industrial applications such as pigments
and photocatalysts.64−67 The reported transformation temper-
atures range from 375 to 660 °C according to a variety of
technologies and processing procedures.48,66,68 As a result, rutile
is commonly found in the rocks, ashes, and soils that are the
result of volcanic activity.1,6,19 The anatase to rutile trans-
formation is reconstructive, meaning that linkages are broken
and then rebuilt during the process.28,65

In our experiment, anatase changed into rutile due to shock
impact and heat produced by projectile impact and laser ablation
(Figures 3−5). The primary cause of shock-induced phase

Table 1. Unit-Cell Parameters, Atomic Coordinates, and
Thermal Displacement Parameters (Uiso) of Anatase, Rutile,
and Brookite from Figure 7

anatase (space group I41/amd)

atom x y z Uiso (Å2)

Ti 0 0 0 0.003(1)
O 0 0 0.2077(3) 0.007(2)
lattice parameters: a = 3.7862(4) and c = 9.5116(9) Å

rutile (space group P42/mnm)

atom x y z Uiso (Å2)

Ti 0 0 0 0.004(2)
O 0.3043(3) 0.3043(3) 0 0.005(2)
lattice parameters: a = 4.5953(5) and c = 2.9730(3) Å

brookite (space group Pbca)

atom x y z Uiso (Å2)

Ti 0.1291(2) 0.1087(2) 0.8759(6) 0.005(1)
O 0.0139(1) 0.1437(2) 0.1850(2) 0.006(2)
O 0.2305(3) 0.1119(2) 0.5411(4) 0.007(2)
lattice parameters: a = 9.1905(7), b = 5.4733(5) and c = 5.1685(4) Å

Figure 8. Structural models of anatase (A), rutile (B), brookite (C), and srilankite (D). The structure of anatase, rutile, and brookite calculated from
Rietveld refinement. Sky blue atoms are titanium, and red atoms are oxygen.

Figure 9. Temperature−pressure phase diagram of anatase, rutile, and
srilankite was redrawn based on results from Murray and Wriedt
(1987).16 The red dotted line, which represents an estimated shocked
pathway, was subjected to high pressures of up to 2.1 GPa and
temperatures as high as 986 °C.
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transformation of anatase to rutile is considered to be the
volume shrinkage of anatase caused by lattice dynamical
instabilities brought on by impact-induced shock waves.4,30,31

Rutile has a larger octahedral tilt than anatase, which results in a
denser and more compressible structure (Table S1). A complex,
highly deformed nanostructure and polycrystalline aggregates of
the shocked rutile were observed in the TEM images (Figure 4).
The broad diffraction peaks of shocked rutile (Figure 3D) also
indicate a large number of defects that are responsible for the
nanoscale domains seen in the TEM images (Figures 4 and 5).
The shocked rutile grains appear as twinned nanocrystals with
planar defects in the ⟨011⟩ directions when seen along the

[211]-zone-axis (Figure 5). The twinning of rutile on the (011)
plane, which occurs frequently in crustal rocks, is known as
geniculated twinning.69

The structure at rutile’s (011) twin boundary corresponds to a
unit-cell scale lamella with a srilankite structure (Figure 10).
Figure 10C illustrates how this enables the epitaxial nucleation
of srilankite at the rutile’s twin planes.7,9 In nature, shocked
rutile and srilankite have been identified in ultrahigh-pressure
diamond-bearing gneiss,7 shocked gneiss from suevitic breccia
of the Ries impact crater,70 coesite-bearing eclogite,71 and
breccias from the late Eocene Chesapeake Bay impact
structure.4 The srilankite phase may serve as a useful P-T

Figure 10. Schematic diagram of rutile (A), srilankite (B), and the srilankite layers at the rutile twin boundary (C). Sky blue atoms are titanium, and red
atoms are oxygen.

Figure 11. (A) Periodic supercells used to calculate the formation energy for srilankite lamella in rutile TiO2. The rutile layer is highlighted by the black
box; and the srilankite layer by the blue box. Note that the smallest structure (left) is effectively a rutile (011) extrinsic planar defect observed in the
HRTEM images. (B) Calculated results showing the interface energy between host phase rutile and srilankite lamella.
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indicator of subduction of continental crust to the transition
zone of the mantle.72

We also carried out preliminary calculations from first-
principles using DFT within the generalized-Gradient approx-
imation (GGA) to examine the thermodynamic stability of the
α-PbO2-type lamella in rutile. Using this approach, the
formation energies for bulk rutile and bulk srilankite (a =
4.492 Å, b = 5.468 Å, and c = 4.911 Å) were also calculated, by
subtracting the enthalpies for the bulk titanium metal and
oxygen (from O2) from the respective compounds. The free
energy difference could also be determined using the entropy as
demonstrated elsewhere73 or calculated using theQuickThermo
software package,74 but at the same temperature and pressure
the energy difference will be similar.

To predict the interfacial energy between rutile and srilankite,
the formation energy was calculated for a series of periodic bulk
structures by successively increasing the thickness of an α-PbO2-
type or a srilankite layer (Figure 11A). In each case, the thickness
of the underlying (011) rutile layer has been set to a constant
value of 1.83 nm, and the equilibrium lattice parameters of rutile
have been used. Hence, the α-PbO2-type layer is strained to
accommodate the rutile structure. The results show that the 2-
dimensional interface energy is directly related to the lamella
thickness (Figure 11B), and distortions of the srilankite lattice
can lower the energy when the lamella are thin. As the lamella
increases in thickness, the interfacial energy converges to a
higher value as the srilankite structure is imposed and the lattice
distortions can no longer be accommodated. The difference of
ΔE = 25.91 kJ mol−1 in favor of rutile confirms rutile as the low
energy polymorph, and establishes the formation energy of
srilankite interfaces relative to this baseline.

6. CONCLUSIONS
Supersonic microprojectile impact experiments using the LIPIT
technique are a novel tool to study the shock metamorphism of
minerals and rocks. The main advantage of the LIPIT technique
is its ability to provide dynamic tests at smaller length scales and
to control the projectile size and impact speed.34,50,75 Thus, the
LIPIT technique could be used to recreate collision situations in
the lab for rock-forming minerals under various experimental
settings by varying the projectiles’ density, speed, and angles and
study the impact induced deformation processes holistically
from macroscale cratering to atomistic scale phase trans-
formations and crystal defects. The LIPIT technique was
successfully used by Lee et al. (2020)33 to investigate the phase
transformation of opal-A to coesite. In this study, the shock
metamorphism of anatase induced by supersonic micro-
projectile impacts was investigated using a three-dimensional
laser scanning confocal microscope, synchrotron XRD and
TEM. The result showed that at pressures up to 2.1 GPa and
temperatures up to 986 °C, anatase experienced a phase
transformation into rutile, brookite, the amorphous TiO2 phase,
and srilankite. The lattice dynamic instabilities driven by the
impact-induced shock waves could be the main reason for the
phase transformation. Epitaxial nucleation of srilankite results
from planar defects on the rutile’s (011) plane at the twin
boundary. In summary, the integrated LIPIT microprojectile
tests, electron microscopy imaging, synchrotron character-
ization, and first-principles DFT calculations will be useful in
understanding shock metamorphism in minerals and rocks. The
integrated approach will improve our understanding of shock
metamorphism on Earth, Moon, Mars, and other planetary
bodies.
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