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ILM, UMR5306 University Lyon 1-CNRS, University of Lyon, 69622 Villeurbanne cedex, France.

Modelling the mechanical response of silica glass is still challenging, due to the lack of knowledge concerning
the elastic properties of intermediate states of densification. An extensive Brillouin Light Scattering study on
permanently densified silica glasses after cold compression in diamond anvil cell has been carried out, in
order to deduce the elastic properties of such glasses and to provide new insights concerning the
densification process. From sound velocity measurements, we derive phenomenological laws linking the
elastic moduli of silica glass as a function of its densification ratio. The found elastic moduli are in excellent
agreement with the sparse data extracted from literature, and we show that they do not depend on the
thermodynamic path taken during densification (room temperature or heating). We also demonstrate that
the longitudinal sound velocity exhibits an anomalous behavior, displaying a minimum for a densification
ratio of 5%, and highlight the fact that this anomaly has to be distinguished from the compressibility
anomaly of a-Si0O, in the elastic domain.

tis well known that glassy materials, despite their strong brittleness character, can undergo plastic deformation

under high stresses, such as high hydrostatic pressure or indentation'?. Two different mechanisms are

involved during plastic deformation: a volume-conservative one, i.e shear flow, and a permanent densifica-
tion™*. Such densification can vary drastically depending on the atomic packing density, i.e on the free volume of
the starting material®®. Greaves et al. have demonstrated in numerous types of glasses, that the Poisson’s ratio of
an amorphous material (which is related to its atomic packing density), is an excellent criterion to identify its
ability to permanently densify®. Unlike metallic glasses or soda-lime silicate glasses, strong oxide glasses such as a-
GeO, or a-SiO, can densify up to 15% and 21% respectively, due to their open, tetrahedrally-connected network.
For fused silica, the elastic yield under hydrostatic pressure at ambient temperature is around 9 GPa’. Below the
elastic yield, the deformation is purely reversible. Above 9 GPa, permanent structural changes occur and the
retrieved sample is densified. The densification is gradual up to 25 GPa (known as the saturation pressure), a
pressure marking the end of the densification process (saturating at 21%). The elastic yield and the saturation
pressure can be reduced if the sample is simultaneously heated during compression or if shear stresses occur®.
Between these two pressures (determining the onset of the densification and its saturation), the densification ratio
increases continuously’. However, despite extensive experimental and simulation studies on SiO, under high
pressure’ ™, the structural modifications and the elastic properties of such mildly densified glasses are not well
understood. This lack of knowledge restricts the modelling of plastic deformation® .

The aim of this study is to characterize by Brillouin spectroscopy a large set of densified samples after cold
compression in order to deduce a relation linking elastic moduli of silica glasses with the densification ratio. From
longitudinal sound velocities measurements, we first deduce the longitudinal modulus as a function of the
density. Thanks to the Cauchy relation, all the elastic moduli are then calculated, providing phenomenological
laws which link a-SiO, density with the elastic moduli. These laws display excellent agreement with the sparse
data extracted from literature, whatever the thermodynamic path taken during the densification process (room
temperature or heating), revealing that the elastic properties only depend on the glass density. Finally, the
observed anormal behavior of the longitudinal sound velocity, which shows a minimum at 5% of densification
ratio, is interpreted at the structural scale. The fundamental differences between this anomaly and the well-known
compressibility anomaly observed in the elastic regime*® are highlighted.

Results

The diamond anvil cell (DAC) was used to densify Suprasil 300 vitreous SiO, from Heraeus ([OH < 1 ppm] at
ambient temperature, applying hydrostatic pressures® (details can be found in the Methods). Seven SiO, samples
were compressed in the DAC at different permanent densification ratios Ap/p, depending on the pressure
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‘ Table 1 | Maximum pressure reached in the DAC and densification ratio of the recovered samples. Compression was carried out at Tgmp, with
a holding time of 24 h at P,.... The values of the elastic moduli of the compressed samples are also displayed
Pmax (GPa) 0 9.8 12.0 13.6 14.6 15.5 18.1 26.2
Ap/p (%) 0 1.4 44 8.6 1.7 14.3 19.1 210
Elastic Moduli
L (GPaq) 77.3 77.3 78.4 85.6 92.2 102.8 123.2 132.2
G (GPaq) 304 304 30.7 32.8 34.8 38.0 44.0 46.7
K (GPa) 36.8 36.8 37.5 41.8 45.8 52.1 64.5 69.9
E (GPaq) 71.5 71.5 72.4 78.1 83.3 91.7 107.6 114.6
v 0.176 0.176 0.178 0.188 0.197 0.207 0.222 0.227

reached. The densification ratios of the compressed samples, which
have been already determined in a previous study’, are displayed
Table 1.

All the recovered samples were then put on a crystalline silicon
plate in order to record ex situ the back-scattered Brillouin signal
displayed in Fig. 1 (see Methods). In such a configuration, the lon-
gitudinal Brillouin shift allows measuring the longitudinal sound
velocity using the relation Eq. 1, resulting from the conservation law:

(1)

where ¢ is the longitudinal sound wave velocity, v; the Brillouin
frequency, A the laser wavelength, and n the refractive index.

Fig. 2a displays the evolution of the longitudinal Brillouin fre-
quency shift as well as the permanent densification ratio as a function
of the pressure reached.

Although permanent densification starts from 9 GPa, the shift of
the Brillouin line, corresponding to the longitudinal acoustic mode,
is roughly invariant for P, = 12 GPa, with a frequency of
32.4 GHz. Above P, =12 GPa, the Brillouin line shifts monoto-
nously toward higher frequencies and saturates at 40.8 GHz for P,
= 25 GPa. Such variation of the Brillouin shift v; with P,,,,, with an
abrupt increase at 12 GPa, can be fitted using a Gompertz function
rather than a simpler sigmoidal function:

Vi

C =
2n

Vi = (Vimax — Vio ) exp[ — exp[ — k(Piax — Po)]] + Vio (2)

where v = 32.4 GHz and v, = 40.9 GHz are respectively the
Brillouin shift of the non-densified and the fully densified silica, P, =
15.0 GPa and k = 0.546 are two fitting parameters.

While no variation of the shift of the Brillouin line is observed
below P ..« = 12 GPa, the elastic yield of silica around 9 GPa has
been exceeded, resulting in a permanent densification. The offset
between these two pressure values is not an uncertainty as previously
shown from Raman measurements on the same samples’.

The evolution of the densification ratio Ap/p of a pure silica glass
with P, is today well established in the case of a hydrostatic com-
pression at ambient temperature®. This evolution is well described
by the following sigmoidal relation:

v~ el (7)
p 1+ﬁexp[—Pmux/P0} P/ max

where (Ap/pP)max = 21% is the maximum densification ratio, B =
5000 and Py = 1.67 GPa are two fitting parameters.

According to Eq. 1, the evolution of the longitudinal sound velo-
city ¢ as a function of the densification ratio Ap/p can be deduced
from the Brillouin shift v; and the refractive index n, which both
depend on P, i.e on the densification ratio (see Eq. 3). The depend-
ence of v, is given by Eq. 2 and the variation of the refractive index n
has been deduced from the data of Tan et al.*, which have high-
lighted the linear relation linking n and Ap/p in permanently densi-

fied silica:
Ninax — Mo Ap)
n=ng+ | 2| (== 4
’ [(Ap/p)max] ( P @

(3)

where ny = 1.459 and n,,,x = 1.543 are respectively the refractive
index of non-densified and fully-densified (21%) silica glass. Hence,
combining the four previous equations, the evolution of the longit-
udinal sound velocity as a function of the densification ratio has been
calculated and is displayed in Fig. 2b.

The longitudinal sound velocity ¢, decreases from 5930 m.s™' to
5840 m.s~' when increasing Ap/p from 0 to 5%. Above 5%, ¢
increases monotonously with the densification up to 7050 m.s™".
Thus, the longitudinal sound velocity exhibits a minimum as a func-
tion of the densification ratio. Such behaviour recalls the well-known
compressibility anomaly observed in silica glass under pressure,
between P, and 3 GPa* . Nevertheless, these two anomalies
need to be clearly distinguished: one appears after plastic deforma-
tion while the other takes place in the elastic regime of silica glass.
This aspect will be discussed later. To go further, we have evaluated
the elastic moduli of permanently densified silica glasses. The lon-
gitudinal (or P-waves) modulus L, function of the density and lon-
gitudinal sound velocity ¢, can be directly deduced from our
Brillouin scattering measurements and is reported in Fig. 3. The
analytical relation linking L to Ap/p can be deduced from the four
previous equations.

In the range Ap/p = [0-0.21], this relation between L and Ap/p is
accurately fitted by a second order polynomial function:

A Ap\*
L=L0+L1—p+Lz(—p) (5)
p p

where Ly = 77 GPa is the longitudinal modulus of pristine silica
glass, L; = —24 GPaand L, = 1370 GPa.

On the other hand, the transverse sound velocity, which would
provide all the other elastic moduli, is lacking. However, for isotropic

1
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—— 1 Bar
=5 |—9.8GPa
< |—12.0GPa
=4 13.6 GPa
"§ 14.6 GPa
g |——155GPa
= 18.1 GPa
= 26.2 GPa
1o
N

32 . 36 40 44
Brillouin shift (GHz)

Figure 1 | Brillouin spectra of the pristine silica sample (black line) and of
the permanently densified a-SiO, samples after hydrostatic compression
in DAC (the spectra are recorded ex situ). The first three Brillouin lines
(1 Bar, 9.8 and 12.0 GPa) are almost indistinguishable. Dotted lines
represent the Lorentzian fits.
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Figure 2| (a) Longitudinal Brillouin line shift versus pressure reached P, recorded at atmospheric pressure, i.e after densification. The experimental
points (black circles) are fitted using a Gompertz function (black line). The red line represents the evolution of the permanent densification ratio (right
scale) as a function of Py, (b) Longitudinal wave velocity ¢; as a function of permanent densification ratio, calculated by combining Eq. 1, 2, 3 and

4. ¢ displays a minimum at Ap/p = 5%.

solids such as glasses, the generalized Cauchy relation®, linking the

longitudinal modulus L to the shear modulus G, can be applied:
L=a+bG (6)

This relation was shown to hold with constant values a = —24.8
and b = 3.36 for differently densified silica glass samples'®.
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Figure 3 | Longitudinal modulus L of silica glass as a function of the
densification ratio. Full black circles are the data calculated from Brillouin
scattering results. The black line represents the polynomial fit from Eq. 5.

Knowing L and G as a function of the permanent densification
ratio, all the elastic moduli can be then determined, applying the
well-known relations for homogeneous isotropic materials recalled
in Table 2.

The evolution of the shear, bulk, and Young moduli (as well as the
Poisson ratio) with densification ratio are displayed in Fig. 4.

The L, G, K and E moduli exhibit similar behaviours with densi-
fication: a monotonous enhancement is observed from 0 to 21%
densification ratio, but the rate of this enhancement is extremely
low, up to Ap/p = 5%, due to the softening of the sound velocity
in this densification range. The bulk modulus shows the greater
enhancement, from 37 GPa for a non-densified SiO, glass to
70 GPa for a fully densified one. Although the existing data concern-
ing elastic moduli after cold densification of silica glass are sparse in
the literature, some comparisons with previous experiments can be
made. From the longitudinal and transverse sound velocities mea-
surements of Polian et al** and Zha et al.*' for pristine and fully
densified silica glass in a DAC, the deduced elastic moduli L
77 GPa, G = 32 GPa, K = 34 GPa, E = 73 GPa and L =
129 GPa, G = 46 GPa, K =67 GPa, E = 112 GPa respectively are
in excellent agreement with our results. As shown in Fig. 4d, the

U

Table 2 | Relations between elastic moduli: K, v, and E as a function
of Land G

K v E

4
L-=-G
3
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Figure 4| (a) Shear modulus G, (b) Bulk modulus K, (c) Young modulus E and (d) Poisson ratio v as a function of the densification ratio. Full black
circles are deduced from our Brillouin scattering measurements, applying the Cauchy relation Eq.6. The lines represents the fits deduced from Eq. 5,6 and

Table 2. The results are compared with previous measurements after densification at T, by Kondo et al.>°
(full blue squares) and Rouxel et al.’ (full red diamonds), and after densification at high temperature by Zanatta et al.'®

et al.”' (empty purple circles) and Wakabayashi et al.' (empty cyan star).

evolution of the Poisson ratio is roughly constant up to 5% densifica-
tion (v = 0.18), and then increases almost linearly to v~ 0.23 up toa
densification ratio of 21%. These data are also in good agreement
with previous measurements on permanently densified samples at
Tamp>>*, thereby further validating the use of the Cauchy relation.

Let us now compare our results with elastic moduli of densified a-
SiO, at high temperature, determined by Brillouin scattering'®, ultra-
sonic measurements®' and by fitting the Birch-Murnaghan equation
of states to the volume data recorded during compression'. For cold
and hot compressions, the P-T routes to plastically deform SiO, glass
are extremely different. Such differences in thermodynamic paths
provide glasses with same density but different structures®.
Despite this, the elastic moduli are similar (Fig. 4). This result sup-
ports the conclusion that the values of the elastic moduli only depend
on the densification ratio of the glass, and not on the thermodyna-
mical way to reach the permanent densification. This means that the
relations given previously linking elastic moduli with Ap/p are valu-
able for all densified a-SiO,, whatever the thermodynamic paths
taken to compress them.

Discussion

In order to discuss the permanent structural changes responsible for
such evolution of the elastic moduli, first let us recall some general
aspects concerning the densification process. At ambient pressure,
silica glass has an open three-dimensional network structure, con-
sisting of corner-shared SiO, tetrahedra which forms wide Si-O-Si
bond-angles and ring size distributions. Several kinds of structural

(full green triangles), Zha et al.*!
(empty orange squares), E’kin

transformations occur during the compaction under high pressure.
Between P, and 3 GPa, reversible structural transitions similar to
those which underlie the f—a transition in cristobalite, first sug-
gested by Vukcevich®, were recently observed in molecular-dynamic
simulations****. This change in the six-fold ring conformation is
responsible for the softening of the elastic moduli under pressure,
i.e the well-known “compressibility anomaly”*~*. Indeed, the B-like
rings, which are more symmetric than a-like rings, have higher
elastic moduli. Upon compression, the B-like rings collapse into o-
like rings by an abrupt rotation of Si—-O-Si bridges, and the elastic
moduli of silica glass decrease gradually from P, up to 3 GPa. A
gradual reduction of the Si-O-Si bond angle is also observed under
compaction and is reversible below 9 GPa. The rate of the Si-O-Si
angle reduction is maximal at 3 GPa, i.e at the pressure where the
compressibility is maximal*. Below 9 GPa, the structural trans-
formation occurs without breaking any bonds.

Above 9 GPa which marks the elastic-plastic transition, the glass
deformation results in an irreversible change of the network topology
implying permanent densification. The appearance of intermediate
fivefold Si-O coordination defects explains the network reorganiza-
tion*****¢. These local plastic events are gradual between 9 and
25 GPa, as can be seen on previous Raman scattering experiments’.
The intermediate range order is highly affected by the densification
process. Notably the ring statistics change drastically, with the
formation of smaller average ring size®, and the Si-O-Si angles
gradually decrease with permanent densification”?¢. These structural
transformations are responsible for the permanent densification,
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Figure 5| (a) Longitudinal sound velocity ¢ as a function of density on permanently densified silica glass (black circles) and during in situ experiments
(blue circles from Zha et al.*'). (b) Comparison of Raman spectra recorded in situ (blue lines) and ex situ (black lines) on glasses of same density,
at two different densities p = 2400 Kg.m ™ and p = 2660 Kg.m ™. The ex situ spectra are extracted from Deschamps et al.” and in situ spectra have been
recorded at 3.0 GPa and 6.7 GPa, corresponding respectively to a density of p = 2400 Kg.m > and p = 2660 Kg.m during elastic deformation.

which saturates for a compression-decompression cycle up to
25 GPa, and were previously interpreted in terms of a growing pro-
portion of high density amorphous (HDA) local structure* in the
frame of the LDA-HDA amorphous-amorphous transition'>*%*.
When P,,,,, = 25 GPa, the maximum densification ratio of 21% is
reached, indicating the inability of silica to accommodate further
irreversible structural changes. Further compression of silica glass
above 20-25 GPa leads to an increase in the Si-O coordination
number, from a tetrahedral to an octahedral amorphous network®>.
This reversible transformation ends around 40 GPa>**.

Using Brillouin spectroscopy, we have shown herein that after cold
compression the longitudinal wave velocity decreases with the den-
sification ratio at the beginning of the permanent densification. Such
behaviour was also reported recently on SiO, samples heated and
quenched at high pressure in a multi-anvil apparatus'®. In this later
article, the authors explain that the resulting sound velocities are
consistent with previous measurements of Zha et al.*'. However,
the measurements of Zha et al. concern the elastic deformation of
silica glass followed in situ by Brillouin scattering. We argue that such
comparison between plastic and elastic deformations appears to be
incorrect. To illustrate this point, we plot Fig. 5a the longitudinal
sound velocity as a function of silica glass density from in situ experi-
ments*' and ex situ experiments (our data and the one of Zanatta
et al.'®). It is worth noting that the article of Zha et al. displays sound
velocity as a function of pressure, but also provides the relation
between the applied hydrostatic pressure and the in situ glass density.

For both ex situ and in situ experiments, the longitudinal sound
velocity ¢ displays a non-monotonous behaviour, with a minimum
as a function of the density. However, the two behaviours must be
distinguished. For in situ measurements, ¢; decreases strongly from

6000 m.s™' at Py, (p = 2200 Kgm™) down to 5300 m.s™' at
3 GPa (p = 2400 Kg.m™), and then increases monotonously. We
note that ¢, = 5600 m.s™' at 6.7 GPa (p = 2660 Kg.m™>). The large
amplitude of the anomalous decrease of ¢; observed in situ at the
beginning of the compression makes the anomaly visible on the
elastic moduli.

This behaviour is at variance with ex situ experiments, where ¢
first decreases slightly from 6000 m.s™' to 5850 m.s™' at p =
2300 Kg.m* and then increases drastically up to 7050 m.s™" at the
density maximum of a permanently compressed silica glass (p =
2660 Kg.m™?). The longitudinal sound velocity experiences a much
less pronounced minimum than the one observed in situ, and the
elastic moduli display a monotonous behaviour with densification.
At p = 2660 Kg.m™>, ¢ is largely above the initial value, implying the
hardening of the glass with densification (Fig. 3), while at this den-
sity, in situ data show that ¢ < 6000 m.s™".

In order to compare the structure of silica glass at similar densities
during in situ experiments and after permanent densification, Fig. 5b
displays simultaneously in situ and ex situ Raman spectra at p =
2400 Kg.m ™ and p = 2660 Kg.m™>. The ex situ spectra have been
recorded on the samples recovered after compression in the DAC up
to Prax = 13.6 GPa and 26.2 GPa, i.e densified at p = 2400 Kg.m™
and p = 2660 Kg.m™> respectively. The in situ spectra have been
recorded in the DACat P = 3 GPaand P = 6.7 GPa, corresponding
to those same densities*". These spectra clearly confirm the fun-
damental differences between in situ and ex situ experiments. At
equivalent density, strong discrepancies appear in the a-SiO, struc-
ture. In particular, the main band is sharper and the D, band (breath-
ing modes of 3-membered rings) located at 600 cm™' is weaker in
situ, revealing strong differences in the Si-O-Si angles distribution
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and ring statistics. The planar geometry and the high symmetry of
small rings conferring a lower compressibility to a-SiO, network, the
formation of smaller rings during plastic deformation is probably
responsible for the glass hardening. Such permanent structural trans-
formations have also been revealed by Raman spectroscopy on pure
silica glass after indentation®*®. Indeed, indentation causes an
increase of the D, and D, defect lines and a shift of the main band
to higher frequencies. The similarities observed when comparing the
SiO, Raman spectra after hydrostatic compression and indentation
clearly shows that the plastic deformation through indentation is
driven by compaction rather than shear-flow. More details concern-
ing ex situ Raman characterization and its relevance to characterize
indented glasses can be found in a previous study (see Deschamps
etal’).

In spite of the fundamental differences between in situ and ex situ
transformations, the decrease of the sound velocity as a function of
the density observed at the beginning of the permanent densification
can be still explained by the f—a cristobalite-like transition which
gradually softens the structure. Up to the elastic yield around 9 GPa,
this transition is fully reversible. Above 9 GPa, the plastic deforma-
tion probably involves a gradual and permanent conformation
change from B-like to a-like 6-fold rings: a certain part (depending
on P,,..,) of the B rings population is permanently transformed into o
rings type. Such phenomenon perfectly describe the gradual weak-
ening and loss of the compressibility anomaly with the densification
ratio”**. The minimum of the sound velocity versus permanent
densification can be well explained by the competition between
two different irreversible mechanisms: the p—a transition which
softens the structure, and the formation of smaller rings making
the network elastically stronger.

In the recent article of Keryvin et al.*> which proposes a mech-
anical model of silica glass under hydrostatic pressure, the authors
use a linear function to describe the evolution of the elastic moduli
versus densification ratio. It is also specified by the authors that the
lack of information between 4% and 20% prevents a more accurate
law. Our results clearly reveal that the evolution of elastic moduli is
far from linear (see Fig. 3 and 4). Taking into account the polynomial
laws proposed previously would considerably improve such mod-
elling, whether for hydrostatic compression or indentation®"*.

Methods
A diamond anvil cell (DAC) was used to densify Suprasil 300 vitreous SiO, from
Heraeus ([OH < 1 ppm] at ambient temperature. The pressures reached in the DAC
were determined in situ by the ruby-fluorescence method. The hole of the metal
gasket, 200 um in diameter, was filled with a glass splinter (typically 50 pm in size),
several ruby spheres, and a liquid pressure medium (a 20:4 : 1 mixture of methanol-
ethanol-water). This pressure medium has been reported to remain perfectly
hydrostatic up to 12 GPa and quasi-hydrostatic above®. All the recovered samples
were in one piece, suggesting low shear stresses during the compression-decom-
pression cycle.

The Brillouin scattering signal was recorded using a Sandercock tandem Fabry
Perot coupled with a microscope in back-scattering geometry. The excitation source
used was a Nd**-YAG laser operating at A = 532 nm.
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