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A B S T R A C T   

We report an initial investigation of the rheology of Mg2SiO4 glass through classical molecular dynamics sim
ulations. We performed simple shear tests at different temperatures (1–300 K), shear rates (108–1010 s–1) and 
pressures (0–10 GPa), from which we investigate the atomic rearrangements induced by loading. At low strain, 
atomic rearrangements, as detected by a non-affine displacement criteria, nucleate randomly in the glass. They 
then give rise to the formation of shear bands once the steady state of plastic flow is reached. We show that the 
flow stress follows a Herschel-Buckley law modified to account for the thermal activation of plastic events.   

1. Introduction 

Silicate glasses usually refer to amorphous materials in which SiO2 
forms a network of corner-sharing tetrahedra. These vitreous phases can 
further incorporate different cations leading to the well-known cate
gories of borosilicate glasses, aluminosilicate glasses or soda-lime 
glasses. The intrinsic capability of amorphous materials to accommo
date numerous elements make them excellent candidates for a large 
range of applications. As an example, complex silicate glasses have been 
extensively studied for their ability to sequester radioactive elements 
(see for instance [1–3]). 

In this study, we focus on a peculiar silicate glass of composition 
Mg2SiO4. This material corresponds to the amorphous state of crystal
line forsterite, the magnesium end-member of olivine (Mg,Fe)2SiO4. 
Compared to the silicate glasses mentioned above, where SiO2 is the 
dominant oxide, in amorphous olivine, the amount of MgO is much 
greater which may explain why olivine melts are hardly quenchable into 
an amorphous state without ultra-fast quenching [4–6]. Nevertheless, 
this amorphous state is naturally found in primitive interstellar dust (see 
for instance [7]) or in meteorites [8]. The natural occurrence of Mg2SiO4 
glass with a known poor-glass forming ability results on one hand from 
the amorphization of olivine crystals under ion irradiation [9,10] or on 
the other hand from amorphization under shock or high stress [8,11,12]. 
Most recently, amorphous olivine phase was discovered at grain 
boundaries in olivine polycrystals submitted to deformation experi
ments under high stress [13]. Moreover, it has been suggested that this 
amorphous state can play a crucial role in the mechanical behaviour of 
olivine polycrystals by promoting the grain boundary sliding. The 

mechanical properties of amorphous olivine are thus becoming of great 
interest in geology as it may enhanced the ductility of polycrystalline 
olivine at the lithosphere-asthenosphere boundary in the Earth’s interior 
[13]. 

Activation of mobility of boundaries containing a glassy phase may 
be counter intuitive since amorphous materials, or glasses, are generally 
known to be fragile, suffering of shear localization and brittle failure at 
low temperature. However, it is now well documented that such 
behaviour can be suppressed with amorphous material sustaining plastic 
flow at microscale ([14] and references therein). Numerous examples of 
this plastic mechanical behaviour have been reported over the years in 
various glassy systems, in silica glasses [15,16], amorphous oxides [17], 
metallic glasses [18–20]. Micrometric samples of silica glass can be 
plastically deformed [16] and silicate glasses also undergo plastic 
deformation in similar conditions with the appearance of shear bands 
[21]. In case of amorphous olivine phase, Baral et al. [22] have docu
mented a viscoelastic-viscoplastic behaviour of thin film deposited by 
pulsed laser deposition. 

More generally, interest in the mechanical properties of glass is 
motivated by the potentially interesting mechanical properties expected 
from amorphous phases. Indeed, amorphous materials generally exhibit 
significantly higher strengths than their crystalline counterparts. The 
mechanism of plastic deformation in amorphous system involves ac
commodation of strain at the atomic level with rearrangement of atoms. 
Two models have been initially proposed to describe these atomic mo
tions: the Shear Transformation Zone (STZ) by Argon [23] and the 
“free-volume” model adapted to glass deformation by Spaepen [24]. 
Despite the differences between the two approaches, the atomic scale 
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mechanisms share some common features, amongst those, one finds that 
both are thermally activated with similar energy scales and strength. 
Without adhering to either model, it seems nevertheless that the STZ 
model has attracted increasing attention [20] and is now fully supported 
by atomistic simulations (see for instance [25]). 

The goal of the present study is therefore to analyse the mechanical 
response and rheological behaviour of an olivine glass of forsterite 
composition Mg2SiO4 and to elucidate how local atomic rearrangements 
evolve in the deformation process at low temperature. Since the rheo
logical behaviour of this silicate composition may be of interest in the 
context of the Earth’s interior, it is studied in a pressure range 0–10 GPa 
(i.e. the range of pressure expected in the Earth’s upper mantle). To this 
end, we have performed molecular dynamics (MD) simulations for this 
specific composition and analysed the atomic rearrangement events in 
term of STZs. 

2. Computational methods 

Since the atomic bonds should be similar in crystallised material and 
its amorphous polymorph, differing only in the arrangement of the 
bonds in space, we rely on the rigid-ion interatomic potentials proposed 
by Pedone et al. [26] for the ternary Mg, Si, O system. These interatomic 
potentials have been shown to accurately reproduce the physical prop
erties of forsterite [27]. The formulation used here therefore corre
sponds to partial ion charges interacting via the classical long-range 
coulombic term, combined with short-range interactions described by a 
Morse function and a truncated Lennard–Jones function accounting for 
repulsion. MD simulations are performed with the LAMMPS code [28] 
using the as-implemented particle- particle-mesh (pppm) method to 
compute the coulomb terms. Throughout this study, we investigate a 
stoichiometric Mg2SiO4 compound and most of the calculations pre
sented below have been performed on a cubic-shaped system (14.9 ×
14.7 × 14.8 nm3 at zero pressure, later decreased by 9% and 14% at 5 
and 10 GPa of applied pressure) containing 282,240 atoms, although 
smaller system sizes have also been investigated to exclude any finite 
size effects. 

The Mg2SiO4 glass is obtained from a liquid heated to 3300 K and 
then quenched at a quench rate of 100 K.ps− 1. We used a thermostat and 
a barostat of Nose-Hoover type to control both P and T conditions during 
linear quenching. The as-quenched configurations are then heated to the 
temperature of interest and equilibrated for 20 ps. The equilibrated 
configuration is finally stabilised using a NVT ensemble before being 
subjected to a simple shear loading γxy (at constant shear rate). In the 
following, we consider a temperature range from 1 K to 300 K and shear 
rates from 1010 s− 1 down to 108 s− 1. For calculations performed at 5 and 
10 GPa, we have limited our simulations of shear experiments to a shear 
rate of 109 s− 1. 

In order to analyse the atomic rearrangements that occur during 
plastic deformation of the glass, we use the criteria proposed by Falk & 
Langer [29], now called D2

min non-affine displacement. This quantity 
quantifies the substantial deviation of molecular displacements in a time 
interval Δt with respect to what can be expect from a linear strain field. 
For a central atom i, the mean square difference D2 is calculated ac
cording to Eq. (1). 

D2(i) =
1
N
∑

j

(
rij(t)
̅̅→

− Jirij(t − Δt)
̅̅̅̅̅̅→)2

(1) 

Where rij = rj-ri, is the vector between the central atom i and its 
neighbours j, selected in a sphere of N nearest neighbours. rij is then 
computed at times t and t-Δt, and D2 is calculated according to the local 
affine transformation tensor Ji. D2 is thus minimised, and quoted as D2

min, 
as the residual of the least squares fit by which Ji is quantified. In what 
follows, it can be seen that the time interval Δt is equivalent to a strain 
interval Δγ since shear loading is performed at a fixed shear rate. Finally, 
atomic configurations are visualised using OVITO software [30]. 

3. Results 

3.1. Mg2SiO4 glass structure 

The isotropic radial distribution function g(r) of Mg2SiO4 glass at 
zero pressure is shown in Fig. 1. With broad neighbouring peaks, the g(r) 
function is typical of a disordered system. The first three peaks corre
spond to Si-O, Mg-O and O–O bonds respectively (see also the partial 
bond distribution functions given in Supplementary Fig. 2). The first 
peak, corresponding to Si-O bonds, is centred around 1.6 Å, i.e. a bond 
length similar to the length of the same bond in the crystalline forsterite 
structure (computed with the same potential). Indeed, in the amorphous 
phase, Si is found inside O tetrahedra similar to those in the forsterite 
structure. Moreover, as in conventional silicate glasses [31], most SiO4 
tetrahedra share oxygen corner atoms, but without developing a true 
glass forming network [5,32]. Indeed, around a quarter of SiO4 tetra
hedra remains isolated as a single entity, in agreement with the pro
portion of unconnected tetrahedra reported in [32]. The peak of Mg-O’s 
first neighbours, located around 2.0 Å, gives a slightly asymmetric dis
tribution with bond distances between 1.8 and 2.4 Å, reflecting the 
tendency of Mg cations to be located in a variety of polyhedra envi
ronments. This is confirmed by the broadening of the following O–O 
bonds peaks, reflecting the possibility of various coordinations in the 
glass. The local coordination of Mg corresponds to MgO4, MgO5 and 
MgO6 octahedra (as in the crystal state). However, the shift of the Mg-O 
peak to the smaller distances indicates a strong tendency for MgO 
polyhedra to relax mainly into MgO4 or MgO5 units. Such a mixture of 
polyhedral magnesium environments is consistent with the rare exper
imental characterizations of forsterite glasses (see for instance [6]). The 
glass structures obtained at 5 and 10 GPa are broadly identical to those 
described above (as shown in Supplementary Fig. 1). The average dis
tances of the Si-O and Mg-O bonds are not radically affected by the 
applied pressure, suggesting that the distances of the cationic first 
neighbours result mainly from the definition of the pairwise potential 
used. The effect of pressure is only evidenced for O–O bonds for which a 
slight shift toward the smallest distances is observed. 

3.2. Mechanical properties 

The mechanical properties of Mg2SiO4 glass are investigated by 
subjecting the system to simple shear deformations. Fig. 2 illustrates the 
different stress-strain curves recorded at different shear rates and tem
peratures for calculations at zero pressure. Note that each curve result 
from the average of five different MD runs conducted up to a total strain 
of 1. The stress-strain curves show the typical mechanical response of a 

Fig. 1. Radial distribution function g(r) at 300 K and zero pressure of as- 
quenched Mg2SiO4 glass and crystal. 

V. Delbecq et al.                                                                                                                                                                                                                                 



Journal of Non-Crystalline Solids 619 (2023) 122572

3

glassy material, i.e. a linear portion, followed by a yield point before a 
rapid decrease of stress leading to a steady-state flow at a constant stress. 

The linear regime, observed in the first part of the stress-strain curves 
and assumed to correspond to an elastic behaviour, makes it possible to 
determine a shear modulus which appears to be rather insensitive to 
strain rate and decreasing with temperature from 34 GPa to 28 GPa at 
300 K. In the temperature and strain rate range studied here, the yield 
point occurs at a strain γ ~ 0.15. Above this, we observe a flow at 
constant stress punctuated by stress drops. On average, this steady state 
stage (0.5 ≤ γ ≤ 1.0) allows us to define a flow stress associated with 
both strain rate and temperature conditions which are summarised in 
Fig. 3. We find that the flow stress depends on strain-rate and temper
ature. Low strain-rates are associated with low flow stress values and, 
simultaneously, a significant decrease of the flow stress is observed at 
high temperature. For a constant shear rate of 109 s− 1, we repeated these 
calculations at pressures of 5 and 10 GPa (see an example at 300 K in 
Fig. 4,a). It can be seen that pressure affects the stress levels reached at 
the yield and also during flow (Fig. 4,a), but overall, temperature still 
produces a significant decrease in flow stress (Fig. 4,b). 

3.3. Microstructural characterization 

To visualise the clusters of atoms that undergo local rearrangements 
during shear, we rely on the D2

min criterion mentioned in Section 2. To 

calculate D2, we use a neighbouring sphere of 5 Å which, according to 
the g(r) function shown in Fig. 1, allows us to take into account the 
different types of bonds. Considering a time interval Δt defined from the 
starting point of the simulation (t = 0 and no applied strain), we can 
visualise the cumulative local strains as a function of the time elapsed 
since the start of the deformation test, i.e. as a function of the strain-state 
of the system. Fig. 5 (a,b,c,d) shows a series of snapshots of this cumu
lative quantity for a typical simulation. It clearly shows that a shear band 
develops during the simulation, which tends to thicken as the strain 
increases. Instead of mapping the cumulative nonaffine displacement, 
we can reduce the time interval to analyse local events within a narrow 
strain window. However, the interval time Δt, or equally speaking the 
strain interval Δγ must be chosen in such a way that the system evolves 
in a diffusive regime. In other words, the time interval must be greater 
than or close to the β-relaxation time of the system [33]. To satisfy this 
condition, we have chosen a time interval corresponding to a strain 
window Δγ of 0.06. We further verified by computing the mean squared 
displacement (MSD) (here only along the z direction to avoid any bias 
due to the application of shear) as a function of the applied strain, that 
beyond a strain of 0.05, the MSD was indeed greater than the distance r2 

of the first neighbours, and characteristic of a significant atomic 
displacement. Fig. 5 (e,f,g,h) show how individual, localised events are 
distributed in the system. At small strain, Fig. 5 (e,f), we observe indi
vidual events randomly distributed throughout the volume. At larger 
strain, we note an evolution of the spatial distribution of the events 
associated with the development of the shear band. Fig. 5,h shows that 
localised events of different sizes tend to be concentrate in the shear 
band. 

Fig. 6 shows the probability distribution of D2
min, which describes the 

intensity of local atomic rearrangements associated with localised 
events. The probability distributions tend to exhibit common charac
teristics, irrespective of the temperature or the strain at which they were 
recorded. All distributions are indeed characterised by high probabilities 
at low intensity and a long tail at higher D2

min. Fig. 6,a shows that as 
strain increases, the distributions shift toward high D2

min values before 
collapsing into a typical distribution curve in the steady plastic flow 
regime. We also note (Fig. 6,b) that temperature tends to reduce the 
extend of the distribution, favouring the appearance of higher intensity 
events. Interestingly, high intensity events are often calculated within a 
cluster of atoms centred on a Mg atom. Indeed, half of the highest D2

min 
intensity events correspond to a calculation of D2 around a central Mg 
atom, whereas for these high intensity events, we found only 1% of these 
events calculated around a Si atom. Conversely, low intensity events 
tend to be associated with an over-representation of Si (relative to a 
stoichiometric proportion) as the central atomic species, since Si or Mg 

Fig. 2. Simple shear, stress-strain curves calculated at zero pressure. (a) Effect of shear rates for calculations performed at 100 K. (b) Effect of temperature for 
calculations performed at 109 s–1. 

Fig. 3. Flow stress σ as a function of shear rates γ̇ for all calculations performed 
at zero pressure. The lines correspond to a fit of the MD data obtained using 
Eq. (2). 
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corresponds to the centre of the event in the same proportion of 20% of 
the lowest intensity events. 

To go a step further, we also studied the spatial correlation of the 
non-affine displacements C(r). To do this, we used the spatial auto 
correlation function proposed by Jana & Pastewa [33]. Fig. 7,a shows 
some examples of the D2

min correlation functions calculated at different 
strains. From the decay of C(r), we define a characteristic length lc based 
on an exponential decay exp(-r/lc), since the correlation function has a 
linear slope in the logarithmic graph (Fig. 7,a). Fig. 7,b summarises the 
evolution of lc as a function of strain for the different deformation 
temperatures investigated here at zero pressure. The evolution of lc 
shows two different behaviours before and after the establishment of the 
shear band. While, in the elastic part of the stress – strain curve (below γ 
~ 0.15), the correlation length is small, it increases considerably around 
the yield strain and tends to reach a fixed high value during the plastic 
regime. This phenomenon is noticeable at low temperature (below 200 
K). However, at higher temperatures, and for larger values of strain, we 
observe a decrease in lc. It is worth noticing that the evolution of the 
characteristic length described above is identical to those recorded 
during shear deformation simulations performed at 5 and 10 GPa (as 
shown Supplementary Fig. 5). 

4. Discussion 

Shear induced irreversible atomic arrangements and their relation
ship to the mechanical behaviour of amorphous solids have been 
extensively studied in various types of systems ([34] and references 
therein). The behaviour of Mg2SiO4 glass revealed in this study is 
consistent with the typical mechanical response of metallic glasses [20] 
and viscoplastic solids [35]. At low strain, the linear relationship be
tween stress and strain enabling us to measure a shear modulus inde
pendent of the strain rate, suggesting a reversible elastic behaviour. 
Plastic flow occurs at higher strains, beyond a yield point. The shape of 
the stress-strain curves depends on both strain-rate and temperature, but 
it should be remembered that the yield stress should also be sensitive to 
glass preparation [36–38]. This characteristic will not be addressed 
later, as sample preparation was not specifically investigated here. The 
maximum stress at yield, the flow stress, but also the various stress drops 
observed on the stress-strain curves are macroscopic evidence of the 
activation of plastic events [34,38,39] during our simulations. Since the 
stress-strain curves shown in Fig. 2 or 4 were averaged over five inde
pendent simulations, the punctuation of the curves by numerous stress 
drops may, to some extent, only be visible during the plastic flow 
regime, even if stress drops occur before this stage (as shown in Sup
plementary Fig. 3). 

Localised atomic rearrangements within the STZ produce plastic 
strain and end up ordering themselves into shear bands. In case of 
Mg2SiO4 glass, Fig. 5 shows that localised events of different sizes tend 
to coalesce to form the shear band. Our observations are therefore 
consistent with what is known in different systems such as metallic 
glasses [20,40], for instance, or amorphous silica [21]. However, the 
shear band that appear in our MD simulations cannot be considered as a 
permanent shear band but rather as an elementary shear band that re
sults from an avalanche of localised events of different sizes [14]. The 
appearance of the shear band begins at a strain around the yield point 
which is a fairly ubiquitous feature of strain-controlled simulations, 
irrespective of the amorphous solid under study [34,39]. Above this 
point, the system enters a flow regime typical of an elastoplastic steady 
state and all plastic events distributions (Fig. 6) tend to collapse into a 
typical distribution. Such a behaviour has already been reported in 
metallic glasses (e.g. [37]). 

In order to quantify the characteristic length scales of STZs, one can 
rely on the analysis of the spatial correlation function C(r). It is indeed 
convenient to use the characteristic length lc of the exponential decay of 
C(r) as a measure of the STZ size [33,40]. However, depending on the 
strain state of the system, lc which provides a measure of cooperative 
atomic motions, can be interpreted as reflecting individual STZs or as 
reflecting the behaviour of the shear band [33]. Specifically, above the 
yield strain, lc can be interpreted as a measure of the distance between 
replicated shear bands (as a consequence of the use of periodic boundary 
conditions). This therefore explains the decrease in lc observed at high 
temperature (here 200 K and 300 K, Fig. 7,b). As the strain increases, the 
shear band being thicker, this distance decreases as the shear band fills 
the entire volume. Such behaviour is expected to occur at lower tem
peratures, but at strains greater than 1.0, which is not illustrated here. 
Nevertheless, prior to yield, lc should be a good indicator of the size of an 
individual STZ, since we observe no shear band development and a 
random distribution of localised events. It turns out that in Mg2SiO4 
glass, STZs are characterised by a size of ~ 5 Å (involving ca. 20 atoms). 
Due to the limited range of strain accessible for measuring STZ size, it is 
difficult to estimate if the size of STZs differs for the different ranges of 
temperature or pressure investigated in this study. 

As with other amorphous solids, in Mg2SiO4 glass we show that the 
effect of temperature decreases flow stress, while increasing shear rate 
tends to contribute positively to the flow stress (at least in the range of 
shear loading rates considered here with MD simulations). The com
bined effect of temperature and strain rate has been extensively studied 
(see, for instance, review [34]). It is generally assumed that one effect of 
temperature is to favour the involvement of more atoms in irreversible 
rearrangements, leading to a decrease in the flow stress [37]. This 

Fig. 4. (a) Simple shear stress-strain curves (γ̇= 109 s–1) calculated at 300 K for three different pressures. (b) Flow stress σ plotted against temperature for three 
pressures and γ̇= 109 s–1. The lines correspond to the fit obtained using Eq. (2). Note that parameters a2 and a3 in Eq. (2) corresponding to the contribution of thermal 
activation are held constant with a well-captured prediction of T2/3 flow stress behaviour with pressure. 

V. Delbecq et al.                                                                                                                                                                                                                                 



Journal of Non-Crystalline Solids 619 (2023) 122572

5

Fig. 5. Series of snapshots of the atomic configuration of Mg2SiO4 glass deformed at zero pressure and 100 K with a strain-rate γ̇= 109 s–1. Atoms are coloured 
according to D2

min intensity calculated from a cumulative perspective (a)-(d) or using a strain window of 0.06 (e)-(h) to highlight the distribution of localized events 
(see text for details). 

Fig. 6. Probability distribution of D2
min shown here for calculations at zero pressure. (a) Distribution plotted as a function of strain γ for a calculation performed at 

100 K using a shear rate of 109 s–1. Effect of temperature (b) and strain rate (c) on the distribution for a strain of 0.5. 
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hypothesis is supported in our case by the evolution of the D2
min distri

bution as a function of temperature (Fig. 6) for which we count more 
high intensity events as temperature increases. With respect to the 
loading rate, the increase in flow stress is interpreted in terms of dy
namic effects for which the time required for atomic relaxation will be 
not met at extremely high rates [41,42]. This consideration may explain 
why we recorded irreversible events centred on Mg atoms with little 
representation of Si atoms. Indeed, in Mg2SiO4 glass, which is inhomo
geneous at the atomic local scale, Si atoms can be expected to be more 
strongly bound within SiO4 tetrahedra, thus reducing their relaxation 
capacity relative to the other cations. 

Overall, our results suggest that an interplay between, temperature 
and strain rate can describe the rheological behaviour in Mg2SiO4 glass. 
To test this hypothesis, we rely on the universal expression of Herschel- 
Bulkley (HB) form proposed by Chattoraj et al. [42]. Based on a physical 
description of transformation zones activated by mechanical loading but 
enhanced by temperature, it allows us to combine strain-rate and tem
perature in a Herschell-Buckley-type expression of the following form 
Eq. (2): 

σ(γ̇, T) = a0 + a1 × γ̇m − a2T 2
3 ×

(

ln

(
a3T 5

6

γ̇

))2
3

(2)  

where σ(γ̇,T) corresponds to the flow stress derived from our MD sim
ulations for a given γ̇ and T. a0, a1, a2, a3 and m are constants. Fitting 
these constants to our zero pressure data leads to a unique set of pa
rameters (Table 1) that reproduce with satisfactory accuracy all the 
calculations performed here as shown in Fig. 3. In this generalised 
Herschel-Bulkley equation, a0 can be interpreted as the flow stress in 
athermal quasistatic conditions (here 2.5 GPa for a glass quenched at 
zero pressure) and we find m~0.54. The last term of the expression 
corresponds to the deviation from the classical Herschel-Bulkley law due 
to thermal activation [42]. Interestingly, such a deviation fitted at zero 

pressure almost perfectly predicts the behaviour of the glass deformed at 
5 and 10 GPa (Fig. 4,b). The effect of pressure in our simulations is only 
taken into account by the athermal quasistatic stress a0 which increases 
with increasing pressure. 

Due to the experimental difficulty of quenching glass of Mg2SiO4 
composition, there are few data available for comparison with our cal
culations. Recently, Baral et al. [22] carried out indentation relaxation 
tests on thin amorphous olivine films obtained by pulsed laser deposi
tion. They analysed their data with a power-law with a strain-rate 
sensitivity equal to ~ 0.05 corresponding to strain-rates in the range 
10− 6 – 10− 4 s− 1. On the basis of our generalised Herschel-Bulkley 
equation, our results can be extrapolated to the range of experimental 
strain-rates used in [22]. If analysed with a power-law, they yield a 
strain rate sensitivity between 0.04 and 0.05 for T = 300 K and 350 K 
respectively. Far from being perfect, the agreement between the 
extrapolation of our results and the measurements of [22], is fair 
considering that the rheological behaviour can be affected by several 
parameters like quench rate, glass preparation or ageing. 

5. Concluding remarks 

In summary, we have studied the mechanical response of Mg2SiO4 
glass under simple shear conditions. MD simulations enable us to relate 
the atomic rearrangements and their spatial distribution to the evolution 
of the glass’s stress-strain response. The mechanical properties of 
Mg2SiO4 glass follow the fairly universal pattern of the stress-strain 
dependence of amorphous solids, with two distinct regions. At low 
strain, a linear stress-strain relationship is observed on average, which 
then evolves into a steady-state regime with a constant flow stress 
punctuated by plastic events. Microscopic characterizations show that 
Mg2SiO4 glass plastically deforms with STZs a few angstroms in size. The 
flow stress of Mg2SiO4 glass follows a Herschel-Bulkley law modified to 
account for the thermal activation of STZ’s. We also show that the 
temperature dependence added to the Herschel-Bulkley equation is 
insensitive to applied pressure up to 10 GPa. 
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Fig. 7. (a) Spatial correlation function C(r) measured at different strain values in a shear experiment performed at 1 K and γ̇=109 s–1. (b) Evolution of the char
acteristic correlation length lc as a function of shear strain γ for different temperatures and a shear rate of 109 s–1. 

Table 1 
Parameters of Eq. (2) as deduced from the fit of MD flow stress data. Note that 
the predictions of Eq. (2) with respect to the MD data computed at 5 and 10 GPa 
require the adjustment of the athermal quasistatic stress a0.   

Pressure  

0 GPa 5 GPa 10 GPa 

a0 (GPa) 2.50 2.87 3.13 
a1 (GPa.s− m) 8 10− 7   

M 0.54   
a2 (GPa.K3/2) 31 10− 4   

a3 (s.K6/5) 53.3 109    
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Lille. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.jnoncrysol.2023.122572. 

References 

[1] I.W. Donald, B.L. Metcalfe, R.N.J. Taylor, The immobilization of high level 
radioactive wastes using ceramics and glasses, J. Mater. Sci. 32 (1997) 5851–5887, 
https://doi.org/10.1023/A:1018646507438. 

[2] W.E. Lee, M.I. Ojovan, M.C. Stennett, N.C. Hyatt, Immobilisation of radioactive 
waste in glasses, glass composite materials and ceramics, Adv. Appl. Ceram. 105 
(2006) 3–12, https://doi.org/10.1179/174367606X81669. 

[3] S. Gin, J.M. Delaye, F. Angeli, S. Schuller, Aqueous alteration of silicate glass: state 
of knowledge and perspectives, npj Mater. Degrad. 5 (2021) 42, https://doi.org/ 
10.1038/s41529-021-00190-5. 

[4] P. Richet, F. Leclerc, L. Benoist, Melting of forsterite and spinel, with implications 
for the glass transition of Mg2SiO4 liquid, Geophys. Res. Let. 20 (1993) 1675–1678, 
https://doi.org/10.1029/93GL01836. 

[5] J.A. Tangeman, B.L. Philips, A. Navrotsky, J.K. Richard Weber, A.D. Hixson, T. 
S. Key, Vitreous forsterite, (Mg2SiO4): synthesis, structure, and thermochemistry, 
Geophys, Res. Let 28 (2001) 2517, https://doi.org/10.1029/2000GL012222. 
-1520. 

[6] M.C. Wilding, C.J. Benmore, J.A. Tangeman, S. Sampath, Coordination changes in 
magnesium silicate glasses, Europhys. Lett. 67 (2004) 212–218, https://doi.org/ 
10.1209/epl/i2003-10286-8. 

[7] F.J.M. Rietmeijer, the irradiation-induced olivine to amorphous pyroxene 
transformation preserved in an interplanetary dust particle, Astrophys. J. 705 
(2009) 791–797, https://doi.org/10.1088/0004-637X/705/1/791. 

[8] R. Jeanloz, T.J. Ahrens, J.S. Lally, G.L. Nord, J.M. Christie, A.H. Heuer, Shock- 
produced olivine glass: first observation, Science 197 (1977) 457–459. http:// 
www.jstor.org/stable/1744975. 

[9] K. Demyk, P. Carrez, H. Leroux, P. Cordier, A.P. Jones, J. Borg, E. Quirico, P. 
I. Raynal, L. D’Hendecourt, Structural and chemical alteration of crystalline olivine 
under low energy He+ irradiation, A&A 368 (2001) L38–L41, https://doi.org/ 
10.1051/0004-6361:20010208. 

[10] J.R. Brucato, G. Strazzulla, G. Baratta, L. Colangeli, Forsterite amorphisation by ion 
irradiation: monitoring by infrared spectroscopy, A&A 413 (2004) 395–401, 
https://doi.org/10.1051/0004-6361:20031574. 
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