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SPECIAL TOPIC — Structures and properties of materials under high pressure

Strain rate effects on pressure-induced amorphous-to-amorphous

transformation in fused silica
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Fused silica (SiO; glass), a key amorphous component of Earth’s silicate minerals, undergoes coordination and phase
transformations under high pressure. Although extensive studies have been conducted, discrepancies between theoretical
and experimental studies remain, particularly regarding strain rate effects during compression. Here, we examine strain
rate influences on the shock-induced amorphous—amorphous phase transitions in fused silica by measuring its Hugoniot
equation of state and longitudinal sound velocity (C) up to 7 GPa at strain rates of 10°~107 s~! using a one-stage light-gas
gun. A discontinuity in the relationship between shock velocity (Us) and particle velocity (Up) and a significant softening
in C, of fused silica were observed near ~ 5 GPa under shock loading. Our results indicate that high strain rates restrict
Si—O-Si rotation in fused silica, modifying their bonds and increasing silicon coordination. The transition pressure by
shock compression is significantly higher than that under static high-pressure conditions (2-3 GPa), which agrees with
some recent theoretical predictions with high compression rates, reflecting the greater pressure needed to overcome energy
barriers with the strain rate increase. These findings offer insights into strain rate-dependent phase transitions in fused
silica and other silicate minerals (e.g., quartz, olivine, and forsterite), bridging gaps between theoretical simulations and

experiments.
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1. Introduction

Si0; is one of the most abundant minerals on the Earth’s
surface, making its high pressure—temperature (P-7') behav-
ior and physical properties a subject of significant interest
in Earth and planetary science.!"*) Numerous polymorphs of
Si0,, including glass, coesite, and stishovite, have been iden-
tified under high P-T conditions through theoretical simula-
tions and experiments for over six decades.*°! Fused silica,
the amorphous form of SiO;,, represents a critical silicate melt
phase in Earth’s deep interior. Understanding its phase dia-
gram and transformation kinetics under extreme conditions is
essential for advancing knowledge in fundamental physics and
geophysics. 714

High P-T experiments and simulations have revealed a
variety of phase transformations in fused silica, leading to
significant changes in its physical, mechanical, and chemi-

s.115-18] The Si—O coordination number refers to

cal propertie
the number of oxygen (O) atoms directly bonded with sili-
con (Si) atoms within the crystal structure. Notably, changes
in the coordination number are a key physical parameter in
the amorphous transformation process. For instance, static

high-pressure experiments using diamond anvil cells (DACs)
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identified unusual physical properties at pressures around
3 GPa, likely linked to amorphous-to-amorphous transfor-
mations involving Si-O coordination number changes.[!-23]
These findings, however, are at odds with theoretical simu-
lations, which predict such transformations, specifically the
transition of silicon atoms from fourfold to fivefold coordi-
nation, at ~ 5 GPa.[?*20] Meanwhile, similar results were
observed in the shock compression experiments, marked by a
slope change in the Hugoniot curve at about 5 GPa, indicating
the possibility of amorphous transformation. These discrepan-
cies suggest that strain rate, a key variable between static and
dynamic compression experiments, may play a critical role in
influencing the transformation pathways.

Previous studies have demonstrated that the amorphous
transformations in fused silica are influenced by temperature,
strain rate, and compression duration. Different compression
techniques result in distinct transformation pathways, but the
reasons underlying these differences remain unclear. Strain
rate, in particular, has been shown to significantly affect the
high-pressure mechanical behavior of glassy materials. For in-
stance, under high strain rates, fused silica exhibits increased
compressive strength and energy absorption.?”) Shock wave
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compressions, such as high-speed impact, explosive, and pow-
erful laser, are characterized by strain rates (10%~10 s~!) be-
tween static compression (1071-10"2 s—1) and some theoret-
ical simulations (103-10'" s=1), which provides a unique op-
portunity to bridge the gap between these approaches and clar-
ify the strain rate effects on amorphous transitions.

In this study, we investigated the equation of state and
sound velocity of fused silica up to 7 GPa by shock wave
compression. We identified an amorphous—amorphous transi-
tion from SiO4 to Si04—SiO5 structures at a shock pressure of
~ 5 GPa. This transition occurs at higher pressures than static
compression experiments but aligns with theoretical predic-
tions overall. By analyzing the effect of strain rate on amor-
phous transformations of fused silica, we elucidate the mecha-
nisms governing phase transition energy absorption and struc-
tural evolution under dynamic conditions. These findings re-
solve discrepancies between static and dynamic experiments
and provide insights into the strain rate-dependent phase tran-
sition behavior of silicates.

2. Experimental methods

The fused silica sample, with a density of 2.201(2) g/cm3
as determined by the Archimedean method, was purchased
from PrMat (Shanghai) Co. Ltd. Its purity is 99.9% and poros-
ity is 0. The longitudinal wave (Ct ) and shear wave (Cs) sound
velocities of the starting sample at ambient conditions were
measured to be 5.945(2) km/s and 3.757(2) km/s, respectively,

5.18] The samples were machined

using ultrasonic technique
into a disc with a diameter of 20 mm and thickness of 2 mm,

then polished to optical quality before experimentation.
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Fig. 1. Schematic representation of the target assemblage for the reverse-
impact shock experiments. (a) Experimental configuration for longitudinal
sound velocity measurements. The LiF window is impacted by a composite
flyer composed of fused silica and aluminum rings. A thin 10-pm-thick alu-
minum foil is pre-coated to the impact surface of the LiF window to mitigate
the effects of stray light. Particle velocities at the fused silica/LiF interface
are measured using a DISAR system. (b) Schematic time—distance diagram
for the propagation of shock and rarefaction waves in the Lagrange coordi-
nate system on impact. Here, & is the thickness of the sample, Us is the shock
wave velocity, Cp. is the rarefaction wave velocity, and # and #, are the arrival
times of the shock wave and the rarefaction wave at the fused silica/LiF in-
terface, respectively.

Shock compression experiments were carried out using a
24-mm-bore one-stage light-gas gun at the Institute of Atomic
and Molecular Physics, Sichuan University. A reverse-impact
configuration was employed to simultaneously measure the
particle velocity and sound velocity of fused silica at high P—
T, as shown in Fig. 1(a). Single-crystal lithium fluoride (LiF)

with [100] orientation, 15 mm in diameter and 5 mm in thick-
ness, served as the window material, with aluminum foil coat-
ing on its front surface. Flyer velocity (W) was measured using
an electromagnetic method within 0.5% uncertainty.!>”! The
particle velocity profile at the impact interface was recorded
using an all-fiber displacement interferometer system for any
reflector (DISAR).*%! Figure 1(b) shows the principle for
wave interactions between fused silica and LiF during the im-
pact process.

Seven reverse impact experiments were carried out and
the Hugoniot density and sound velocity of fused silica were
obtained under shock wave compression. The high-speed im-
pact generates shock waves, loading the sample to high P-T
states at strain rates up to 109-107 s=! . These experiments
yielded the shock wave velocity, particle velocity, longitudi-
nal sound velocity, bulk sound velocity, bulk modulus, and
other parameters for fused silica over a pressure range of 2—
7 GPa.3!]

3. Results and discussion

3.1. Amorphous—-amorphous transformation of fused sil-
ica under shock compression

The relationship between Us and Up in condensed matter
under shock compression can be typically described by a lin-
ear equation within a single phase: Us = Cy + AUp, where
Co and A are fitted parameters. Our experimental results,
combined with previous data,>?] reveal a distinct change
in the slope of the Us—Up relationship, indicating a phase
transition. Specifically, the low-pressure phase is character-
ized by Cp = 5.85(4) (km/s) and A = —1.21(11), whereas
the high-pressure phase exhibits Cy = 5.26(6) (km/s) and
A = —0.11(9). These findings are closely consistent with pre-
vious studies.?>*32-37] Furthermore, the Us—Up relationship
enables the derivation of the Hugoniot equation of state and

the construction of the Py—p curve 383
PH _ _Us (1
po  Us—Up’
{1 i)
Py = 2 (2)

(-5

where pg, pu, and Py represent the initial density, Hugoniot
density, and shock pressure, respectively. As shown in Fig. 3,
both the Us—Up and Pg—p curves for fused silica exhibit a pro-
nounced kink at ~ 5.1 GPa.

Hasmy et al.!”] utilized percolation theory to simulate the
coordination number transformation in amorphous fused sil-
ica under high pressure within 1 ns (~ 20 GPa/ns), reporting
the emergence of substantial SiOs polyhedral populations be-
tween 3 GPa and 8 GPa. Similarly, Ryuo ez al.?*! employed
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first-principles calculations to analyze Si’ abundance and ob-
served a sudden increase at ~ 5 GPa, consistent with our ex-
perimental results. These observations strongly suggest that
fused silica undergoes an amorphous—amorphous phase tran-
sition at this pressure, corroborating both theoretical and ex-
perimental insights.
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Fig. 2. Measured particle velocity wave profiles at the fused silica/LiF
interface upon reverse impact. The times when the shock wave and rar-

efaction wave reach the fused silica/LiF interface are denoted as ¢y and
1, respectively. Numbers represent different shots.
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Fig. 3. Hugoniot equation of state of fused silica under shock com-
pression. The orange solid line represents the fitting curve of the low-
pressure phase (P-1), while the blue solid line represents the fitting curve
of the high-pressure phase (P-2). (a) The relationship between shock
velocity (Us) and particle velocity (Up). (b) The relationship between
Hugoniot pressure (Py) and density (pg).

3.2. Sound velocity of fused silica across the amorphous—
amorphous transition

Change in the sound velocities of condensed matter is one
of the most sensitive physical properties for detecting phase
transformations.*%) In this study, the Euler longitudinal sound
velocity can be obtained by

h
G = (”O)h, 3)
P/ (1) - Us

where h represents the thickness of the sample, and 7y and
t, are the arrival times of the shock wave and the rarefaction
wave at the fused silica/LiF interface, respectively.

Our experimental results indicate that the Cy, of fused sil-
ica decreases gradually up to 5 GPa. This negative relation-
ship between C, and Py in the low-pressure phase of fused sil-
ica can be explained by existing models.*!! The low-pressure
phase is well known to consist of short-range ordered SiO4
tetrahedra.>*! Under shock compression, the SiOy4 tetrahedra
could undergo rotation. This rotation causes a change in the
oxygen bond angle of the Si—O-Si system, resulting in the bulk
modulus tending towards the minimum value.*>*¥! Beyond
5 GPa, a significant turning of the sound velocity is observed
(Fig. 4). This anomalous behavior indicates a phase transi-
tion in the sample, which closely corresponds to the transition
pressure indicated by the equation of state. At this pressure,
these rotations are restricted, inducing strain in the Si—O-Si
bonds and altering the tetrahedra to pentahedra.[**! The vol-
ume change of fused silica becomes more pronounced, result-
ing in an increased bulk modulus. Macroscopically, this man-
ifests as an increase in the Cy, of fused silica. This observation
aligns well with the theoretical predictions of transition pres-
sure reported by Hasmy et al.!”!
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Fig. 4. Measured longitudinal sound velocity (Cr) and the change of
coordination number in shock-compressed fused silica. At the shock
pressure of ~ 5 GPa, the sound velocity changes and the content of Si’
and SiOs polyhedron significantly increases.

3.3. Effect of strain rate on the amorphous transformation
of fused silica

Notably, our shock experimental results display a similar
trend in high-pressure sound velocity behavior with that under
static compression. However, the transition pressure identi-
fied here occurs at approximately 5 GPa, which is about 60%
higher than the transition pressure reported under static com-
pression conditions.?%-2!] Differences in the shock tempera-
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ture and strain rate are likely the key factors contributing to
this discrepancy. To account for these effects, we employed a
thermodynamical approach to estimate the shock temperature

of fused silica along the Hugoniot3!!

dT::—T(&)dV+(m;>
% [(Vo—V)dP+(P— Py)dV], )

where 7y refers to the effective Griineisen parameter, Vy and V
are the specific volumes at ambient conditions and under shock
compression, respectively, and Cy is the specific heat capacity.

Compared to the static compression experiment temper-
ature of ~ 300 K, the estimated shock temperature only in-
creases less than 50 K up to 7 GPa (Table 1), so the tempera-
ture effect can be negligible. Consequently, the observed dis-
crepancies are likely attributable to variations in strain rate.

Strain rate (€) is calculated using the formula!*!

= pil'l% 5)
PoCL dt

The strain rate of fused silica in these shock experiments
is estimated to range from 10° s=! to 107 s~! (Table 1),
which is closer to the strain rates in theoretical simulations
(~ 108-10'" s~!, for example, the compression rate of ~
20 GPa/ns.!”)) It is approximately 8 to 9 orders of magnitude
higher than that under static compression (1072 s~1).[291 The
high strain rate characteristics are typically associated with
more rapid pressure increases, making these differences crit-
ical factors in explaining the observed discrepancies between
the results obtained from static experiments and simulations of
fused silica.

Table 1. Impact conditions and experimental results for fused silica under shock compression.

Shot No. W (km/s) Up (km/s) Us (km/s) Py (GPa) Pu (g/cm3) Cy. (km/s) Cg (km/s) Ks (GPa) Test (K) e
S1 0.416(2) 0.221(2) 5.73(8) 2.80(1) 2.290(2) 5.78(17) 3.83(17) 33(5) 316(2) 6.2x10°
S2 0.526(2) 0.289(2) 5.46(7) 3.47(12) 2.324(2) 5.73(13) 3.36(10) 26(5) 320(2) 8.3%10°
S3 0.664(2) 0.372(3) 5.29(5) 4.33(3) 2.367(2) 5.52(13) 3.46(22) 28(5) 325(3) 1.1x107
S4 0.768(2) 0.439(4) 5.08(9) 4.91(5) 2.409(5) 5.44(12) 3.37(18) 27(5) 333(3) 1.3x107
S5 0.798(3) 0.452(5) 5.22(9) 5.18(7) 2.410(7) 5.46(12) 3.66(17) 32(6) 335(3) 1.4x107
S6 0.886(4) 0.504(4) 5.20(8) 5.77(5) 2.437(5) 5.49(18) 3.71(11) 33(4) 339(3) 1.6x107
S7 1.060(7) 0.608(4) 5.19(6) 6.95(5) 2.492(5) 5.83(17) 4.20(10) 44(4) 347(3) 1.8x107

Note: po is the initial density of fused silica at ambient pressure; W is the measured flyer velocity; Us and Up are the shock velocity and particle velocity,
respectively; Py and py are the Hugoniot pressure and density, respectively; Ci, and Cg are the Eulerian longitudinal sound velocity and Eulerian bulk
sound velocity, respectively, which are calculated by formula (3) and Refs. [56-59]; K is the calculated bulk modulus; Teg is the estimated shock wave
temperature given by Eq. (4); € is the strain rate given by Eq. (5). The Hugoniot parameters used in the study are given as: LiF, pg = 2.640(0.002) g/cm?,

Us (km/s) = 5.215(0.02) + 1.351(0.03)Up (km/s).[5!
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Fig. 5. Comparisons of density, sound velocity, and bulk modulus in
fused silica under high pressure among static, shock experiments, and
theoretical simulation. (a) The densification of fused silica under high
strain rates is significantly lower compared to that at low strain rate
conditions. The transition pressure in the longitudinal sound velocity
(b) and bulk modulus (c) of fused silica shifts towards higher-pressure
regions at higher strain rates.

The shock experimental results for fused silica are com-
pared with those obtained from static compression experi-
ments and theoretical simulations. Significant discrepancies
are observed in the pressure—density (P—p) relationship of

fused silica under varying strain rates (Fig. 5(a)). These dif-
ferences can be attributed to the viscoelastic behavior of fused
silica which involves relaxation processes during densification
under high pressure.[*®! Phase transitions in viscoelastic mate-
rials typically require sufficient time to overcome energy barri-
ers. However, under shock compression and theoretical simu-
lation, the rapid pressure increase at high strain rates limits the
completion of these relaxation processes, resulting in lower
densities achieved under high strain rates compared to those
obtained under static high-pressure conditions. A similar phe-
nomenon has also been observed in the P—p relationship of
other viscoelastic solids, such as Al,05.[47-30]

Previous studies have shown that strain rates and com-
pression duration significantly influence both the amorphous—
amorphous transformation and the compressive strength of
fused silica.!'>?”] Building on these findings, we optimized
an empirical formula to describe the absorption energy during
amorphous—amorphous transitions as a function of strain rate
and pressure

Xit+1
E:/ kP
Xi-1

where Ax is the strain variable, which is highly correlated with

(x)dx = %k [P(xi—1) +2P(x)) + P(xi+1)], (6)

046101-4



Chin. Phys. B 34, 046101 (2025)

strain rate and duration, and macroscopically manifested as a
change in specific volume, k is an empirical parameter, and
P(x;) denotes the integral of pressure, influenced by strain rate
and pressure.

In Eq. (6), we present three-dimensional plots to illustrate
the absorption energy of fused silica as a function of specific
volume and pressure on the amorphous transition under strain
rates (Figs. 6(b) and 6(c)). Despite the higher strain rates under
dynamic compression, there is a less pronounced discrepancy
in specific volumes between shock and static compression. As
a result, achieving amorphous transformation and overcoming
the phase transition barrier require higher shock pressure to
provide the necessary driving force for the transition. *¢! These
observations, along with variations in sound velocity and pres-
sure hysteresis in fused silica under shock compression, can be

(b) %
= JJJ High strain rate
— 4 9 Low strain rate
% %

[* ]

g 3 X
: s

2 f
g R
L %
< 1 S J)
o ° ] 5 g
S 0.2
N '
< AV

4
Pressy re (G Pa? 0

Ring shrinking

reasonably attributed to this phenomenon.

The pressure-induced amorphous-to-amorphous phase
transition in fused silica is linked to the contraction of short-
range ordered ring structures (Fig. 6(a)), a process that re-
quires finite time.>!! Therefore, in high-strain-rate shock ex-
periments and theoretical simulations, the formation of a high-
pressure phase in fused silica is hindered by the rapid strain
rate and short duration. This results in a mixed state where
different amorphous structures coexist. In contrast, static com-
pression, with its longer duration, allows sufficient time for
crystallization and the formation of a high-pressure phase.
This discrepancy between shock and static high-pressure be-
havior is also observed in other silicate minerals, such as

[52-55

single-crystal a-quartz and olivine. I This work presents

a promising avenue for further exploration of this issue.
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Fig. 6. Proposed amorphous—amorphous phase transformation in compressed-fused silica. (a) Schematic diagram of the coordination number
change of fused silica under shock compression. (b) Relationship among absorbed energy, volume strain (AV), and pressure at different strain

rates and (c) its cross-sectional view.
4. Summary and conclusions

This study explores the phase transformation of fused sil-
ica under shock compression within the pressure range of 2—
7 GPa under high strain rates. The Hugoniot equation of state
and longitudinal sound velocity were measured, revealing a
pronounced kink at approximately 5 GPa. These findings, in
conjunction with prior theoretical simulations, indicate that
fused silica undergoes an amorphous—amorphous phase trans-
formation from SiO4 to SiO4—SiOs structures under shock
compression. By comparing results from shock experiments
(strain rates of 10°~107 s~!) with those from theoretical simu-
lations (108-10'" s~1) and static compression (1072 s 1), it is
evident that the amorphous—amorphous phase transformation
in fused silica is highly strain rate-dependent. Under shock
compression, the strain rate is significantly higher, and the
duration is much shorter than that under static compression.
As aresult, achieving the amorphous phase transition requires

higher shock pressure to provide the necessary driving force.
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