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We show for the first time that amorphous soda-lime glass undergoes polymorphic transformation to its densest
crystalline stishovite phase at only ~5 GPa of pressure and room temperature, by uniaxially compressing the
soda-lime glass nanopillars of 500 nm diameter and observing the post-deformed pillars under transmission
electron microscopy. This contrasts with the recent shock-compression experiments of amorphous fused silica
glass plates which report a pressure threshold of 34 GPa for stishovite formation. Our findings support recent
dislocation dynamics simulations on W pillars which show that small domain size acts as a proxy for high
temperature, thereby reducing the pressure threshold.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Highly dense and ultra-hard stishovite phase is the most stable form
of silicon dioxide (SiO,). It is formed under extreme conditions of
temperature and pressure. Small quantities of stishovite were first
found in nature in intensely shocked quartz sandstone at Meteor Crater
in Arizona [1]. Microcrystals of Stishovite were also discovered as inclu-
sions in amorphous silica grains in shocked melt pockets of a lunar me-
teorite [2]. Stishov and Popova 3] were the first to synthesize this phase
in 1961 by statically compressing silica above 160,000 atm at 1200-
1400 °C. Recently, stishovite has been formed by shock-loading of SiO,
phases under very high pressures (>34 GPa) by simulating the condi-
tions under which it is formed in nature [4,5]. Molecular Dynamics
simulations have provided more mechanistic details of this transforma-
tion and have confirmed that stishovite becomes the most stable
polymorph of SiO, under very high pressure ~50 GPa under shock con-
ditions [6]. In this communication, we report nucleation of the stishovite
phase in soda-lime glass (SLG) at room temperature at a remarkably
low compressive stress of only 4.8 GPa. We attribute this unusual obser-
vation to the presence of high shear stresses which induce diffusion of
Na™ and Ca®" cations within the intensely sheared regions of SLG to
create localized cation-free regions to allow nucleation of the stishovite
phase. Practical implications of this observation are somewhat counter-
intuitive in that SLG with a density of 2.6 g/cm? can be used as an armor
material for protection against ballistic impacts as the transformation to
the much denser stishovite phase (4.3 g/cm?) should consume an
enormous amount of impact energy by undergoing almost 40% volume
compression [7,8].
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The surprising observations in SLG were uncovered while studying
the effect of size in polymorphic transformations in pure SiO, glasses
through uniaxial compression of sub-micrometer diameter SiO, pillars
using a microindenter stationed inside a scanning electron microscope
(SEM). The small pillar diameter allowed generation of very high
pressures which in previous studies were generated through triaxial
compression of macroscopic samples inside a diamond anvil cell. In con-
trast to the diamond anvil cell where the glass is subjected to a state of
pure pressure, the pillar material in our experiments is subjected to
both pressure and shear as the pillars can expand laterally when com-
pressed along their longitudinal axis by the indenter head. Focused
Ion Beam (FIB) was used to machine sub-micron pillars of approxi-
mately 400 nm in diameter on a commercially available thin SLG micro-
scope slide. SEM images of the as-fabricated pillars in Figs. 1A and 2A
show the characteristic tapering and rounded tip that are known to
result from FIB milling. These amorphous SLG pillars were compressed
in-situ along their axis using a nanoindenter which was installed inside
the SEM. More details about in-situ nanocompression tests can be found
in the Supplementary Videos 1 and 2. Fig. 3 shows representative engi-
neering stress-strain plots for the two SLG pillars at room temperature
when loaded at a strain rate of 107> s, After reaching a peak stress
of around 1000 MPa, both pillars show a remarkable capacity for plastic
deformation, accommodating almost ~60% strain, with no evidence of
any fracture. Figs. 1B and 2B show SEM images of the deformed pillars.
A maximum stress of 4.8 GPa and 4.2 GPa was calculated for pillars 1
and 2, respectively, by using their mid-height diameters. Besides the
unusual plastic deformation, both pillars show a remarkable strain
hardening effect which cannot be attributed to pillar tapering alone.
This might be indicative of the formation of a much harder phase during
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Fig. 1. Stishovite formation in a sub-micron glass pillar after 4.8 GPa of compressive stress. A, B, 35° tilted-view SEM images of glass pillar 1 before and after compression test. C, Thinfilm FIB
prepared from the compressed pillar shown in B. D, High-resolution TEM image from the center of the pillar showing nanocrystalline regions in the compressed amorphous matrix. E, Fast
Fourier transform (FFT) of the image shown in D displaying some crystalline spots in addition to the amorphous rings. F, Fourierfiltered atomicresolution TEM image of Stishovite phase as
reveals its FFT shown in G. Interplanar spacing measurements from E and G are collected in Table 1. Note edge dislocations (marked in yellow) located on the {011} planes of the Stishovite.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

compression. This was further investigated by analyzing the microstruc-
ture of the deformed pillars by high-resolution transmission electron
microscopy (HRTEM).

TEM samples from top to bottom of the compressed pillars were
prepared by FIB as shown in Figs. 1C and 2C. These images reveal that
excessive compression is accommodated inside the pillars through the
formation of localized shear bands which are visible at the pillar surface
as indicated by black arrows in Figs. 1C and 2C.

Using HRTEM and Fast Fourier Transform (FFT) analysis, we con-
firmed the presence of nanocrystalline regions, about 4 nm in size,
distributed within an amorphous matrix (Fig. 1D). Its indexed FFT in
Fig. 1E reveals four diffraction spots in addition to the amorphous rings.
We have identified these crystalline phases as stishovite by comparing

(AR

the experimentally measured interplanar spacings (Table 1) with those
expected for the tetragonal stishovite [9]. The relative errors between
the measured and tabulated interplanar spacings (Table 1) are quite
low which further confirm our main finding. Two stishovite crystals
separated by a grain boundary (highlighted by a white arrow) can be
observed in the atomic resolution TEM image in Fig. 1F as confirmed by
its indexed FFT (Fig. 1G). Their corresponding interplanar spacing mea-
surements are also collected in Table 1. It is interesting to note that
edge dislocations (marked in yellow) are located on the {011} planes of
the stishovite suggesting a deformed stishovite crystal during compres-
sion, where the slip planes are oriented about 45° with respect to the
loading direction (LD). In addition to finding the stishovite crystals
within the pillar volume, we also found them just below the base of

Fig. 2. Stishovite formation in a sub-micron glass pillar after 4.2 GPa of compressive stress and in the glass substrate underneath. A and B, 35° tilted-view SEM images of glass pillar 2 before
and after compression test. C, TEM sample prepared by FIB from the compressed pillar shown in B. Shear bands are visible at the pillar surface indicated by black arrows. D, High-resolution
TEM image of the substrate region highlighted by a square in C. Inset is its FFT showing diffraction spots corresponding to Stishovite phase as confirmed by their interplanar spacing

measurements collected in Table 1.
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Fig. 3. In-situ SEM nanocompression tests of sub-micron glass pillars. Engineering
compressive stress-strain curves reaching 4.8 and 4.2 GPa as the maximum compressive
stress at around 60% of strain for pillars 1 and 2, respectively.

the compressed pillars inside the SLG substrate. Fig. 2D shows the
HRTEM image of one such region below Pillar 2. Its indexed FFT (as
inset) and their interplanar spacing measurements (Table 1) confirm
that this crystalline phase also corresponds to stishovite.

We are aware of the effects of the electron beam irradiation that can
promote crystallization in some amorphous materials such as Si film
doped with impurities [10]. To rule out this effect, we studied the effect
of electron beam irradiation on the initial amorphous SLG sample by
subjecting it to different electron beam exposure times (0, 7 and
12 min). TEM examination did not reveal the presence of any crystalline
phases (see Supplementary Figure). Therefore, any possible effect of the
electron beam irradiation on crystallization can be conclusively ruled
out in our work.

We are unable to directly compare our observations of very low
stishovite nucleation stress to any prior experimental or simulation
studies on SLG. However, this phenomenon has been thoroughly investi-
gated in fused silica over the last several decades. The most recent
conclusive study on this topic by Tracy et al. [11] showed that shock com-
pression of fused silica below 34 GPa results in a 4 to 6-coordinated

Table 1
Interplanar spacing measured from FFTs and comparison with the tabulated values
for Stishovite.

# d measured d Stishovite hkl Int Error
(nm) (nm) (%) (%)
FFT data from Fig. 1E
1 0.29 0.2958 110 100 2.0
2 0.25 0.2600 001 7 3.8
3 0.22 0.2249 011 22 22
4 0.20 0.1981 111 38 1.0
FFT data from Fig. 1G
1 0.30 0.2958 110 100 14
2 0.22 0.2249 011 22 2.2
3 0.20 0.1981 111 38 1.0
4 0.15 0.1531 121 37 2.0
FFT data from Fig. 2D
1 0.29 0.2958 110 100 2.0
2 0.22 0.2249 011 22 2.2
3 0.20 0.1981 111 38 1.0
4 0.15 0.1531 121 37 2.0

dense amorphous structure rather than a mixed-phase (crystalline) re-
gion as previously theorized and that it is only beyond 34 GPa that
there is the requisite thermal energy to transform fused silica into poly-
crystalline stishovite. Unlike previous efforts which examined post-
shocked samples, Tracy et al.!! used in situ X-ray diffraction to analyze
the changes in the fused silica structure during shock compression of
the sample by a high velocity plate impact setup. The transformation
from highly coordinated amorphous phase into the crystalline stishovite
structure on shock compression time scales of few nanoseconds suggests
that such transformations arise from local correlated motions of atoms as
opposed to longer length scale diffusive rearrangements. This is consis-
tent with the MD simulation work of Shen et al. [12] which supports
formation of stishovite within nanosecond time-scale.

The extremely low stishovite nucleation stress in SLG compared to
that in fused silica of 34 GPa is very surprising especially because in
SLG in addition to atomic rearrangement one must also move the Na™
and Ca®™ ions to create cation-free regions into which pure stishovite
crystals can be nucleated. Thus, we require both high local stresses for
enhanced atomic mobility as well as diffusion of Ca and Na ions to create
cation-free regions. Interestingly, there is support for both these
mechanisms as discussed below.

For amorphous materials such as metallic glasses, the plastic defor-
mation at room temperature is characterized by the formation and
movement of highly localized shear bands [13,14]. It has been suggested
that the plastic flow within the shear bands destroys the short-range
compositional order existent in the glass [15]. It can be understood as
mechanical deformation-induced crystallization as reported for Al-
based metallic glasses [16]. In this case, the large plastic strain during
mechanical milling induces atomic displacements and enhanced atomic
mobility. Therefore, plastic flow in silicate glasses requires shear defor-
mation involving the breaking of interatomic bonds and the formation
of new bonds (equivalent to dislocation motion in metals) or densifica-
tion, which involves simply a collapse of the structure into a more close-
packed arrangement by minor bond rotation and changes of bond
angles [17]. Such a mechanism is clearly plausible in the intensely
sheared regions of SLG in our experiments.

It is well known that among the three types of crystallization of
amorphous solids, (primary crystallization, eutectic and polymorphous),
primary crystallization requires atomic diffusion due to the large compo-
sitional difference between the amorphous phase and its crystallized
product [18,19]. SLG contains about 16 wt% Na in the form of Na,0 and
10 wt% Ca in the form of CaO in addition to SiO, [13,20,21]. Therefore,
during crystallization of stishovite from SLG, atomic diffusion of cations
such as Na* and Ca?* might be involved due to the large compositional
difference between the amorphous SLG (SiO,-NaO,-CaO-....) and crys-
talline stishovite (SiO5).

Previous studies on cation diffusion in SLG have reported that Na™
ions are always more mobile than the Ca?™ ions [22,23]. The peculiar
diffusion behavior of Ca?* is explained based on the formation of dis-
similar Na—Ca pairs in soda lime silicates observed by nuclear magnetic
resonance (NMR) studies [23]. We believe that the formation of these
Na—Ca bonds provides the SLG with localized cation-free regions,
where the stishovite phase can be formed. That would explain why
the stishovite transformation is not uniform along the entire pillar but
only in localized regions within the pillar as well as in the substrate
just below the pillar.

In summary, we have demonstrated for the first time that small do-
main size can substantially reduce the pressure threshold for transfor-
mation at room temperature to the highly dense stishovite phase in SLG.

Commercial SLG in the form of thin microscope cover slip was used
for this study. Sub-micron glass pillars around 400 nm in diameter and
aspect ratio between 1:2 and 1:3 were machined from the SLG by
Focused lon Beam (FIB). The FEI Nano 600 dual beam Scanning Electron
Microscope/Focused lon Beam (SEM/FIB) was used for this purpose. A
series of concentric annular milling patterns with different currents
were applied to minimize the tapering.
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Microcompression tests were conducted at room temperature under
displacement control mode and at a strain rate of 107> s~ ! using a PI 85
SEM Picolndenter (Hysitron Inc.) with a 5pum flat punch diamond probe.
In order to avoid any overestimation of the measured stress due to pillar
tapering, diameter at half-height was used to estimate the stress inside
the pillars.

Thin foil TEM samples from the compressed pillars were prepared by
FIB. TEM analysis was carried out using a FEI-Titan Scanning/Transmission
Electron Microscope (STEM) operating at 300 kV.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2019.06.005.
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