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a b s t r a c t 

For small tension the response of a solid to an applied stress is given by Hooke’s law. Outside this linear 

regime the relation between stress and strain is no longer universal and at present there is no satis- 

factory insight on how to connect for disordered materials the stress-strain relation to the microscopic 

properties of the system. Here we use atomistic computer simulations to establish this connection for the 

case of silicate glasses containing alkali modifiers. By probing how in the highly non-linear regime the 

stress-strain curve depends on composition, we are able to identify the microscopic mechanisms that are 

responsible for the complex dependence of stress on strain in these systems, notably the presence of an 

unexpected quasi-plateau in the tangent modulus. We trace back this dependence to the mobility of the 

modifiers which, without leaving their cage or modifying the topology of the network, are able to relieve 

the local stresses. Since the identified mechanism is general, the results obtained in this study will also 

be helpful for understanding the mechanical response of other disordered materials. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In contrast to crystalline solids, disordered materials such as ox- 

de glasses, gels etc. have the advantage that their composition can 

e chosen basically at will, thus allowing for a great flexibility for 

uning their mechanical, optical, and electric properties [1–3] . This 

eature, in combination with the structural isotropy of the mate- 

ial, makes them highly attractive for many applications such as 

indows panes, optical fibers, polymeric materials, high strength 

evice, food, drugs, micro-devices, etc. The seeked modification of 

aterial properties by a change of composition is, however, not al- 

ays a trivial task since often the relation between composition 

nd property is highly non-linear, as it is, e.g., the case in poly- 

eric systems to which one adds a small amount of plasicizers to 

nhance the flexibility of the material [3] . This strong dependence 

s related to the fact that the structural and dynamical properties 

f disordered systems are influenced by a multitude of competing 

nd counteracting mechanisms, many of which have not yet been 

nderstood. 

Silicate glasses, arguably the most important class of ox- 

de glasses, are known to have a complex non-linear strain- 

ependence of the elastic modulus [4–7] , which has been shown 

o be important for questions relating to strength [7–10] . Under- 
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tanding this non-linear behavior is thus not only of fundamental 

nterest for glass physics but also of importance for the application 

f these materials, notably in applications under extreme condi- 

ions [11–13] . Due to its importance, silica glass has been studied 

xtensively and it has been found that its tangent modulus E t in- 

reases with strain ε up to a maximum at around ε = 0 . 1 and then

ecreases again [7,14,15] , a behavior that has been termed “anoma- 

ous” since most glasses show a decrease of E t with strain. The 

aximum of E t upon tension has been associated with the obser- 

ation of a maximum in the isothermal compressibility on hydro- 

tatic compression [14,16–19] , the origin of which has been at- 

ributed to the presence of floppy modes in a mixture of high- and 

ow-density amorphous phases [20] . 

Many previous studies have focused on the influence of the 

odifiers on fracture strength and the local atomic defects me- 

iated nanoductility of the glasses [21–24] , whereas the origin of 

he non-linear elastic behavior of modifier-containing glasses, such 

s alkali silicate, has been investigated much less. It is found that 

he anomalous properties of silica glass disappear with the addi- 

ion of modifiers, e.g. Na [13,15] . The transition from anomalous to 

ormal has been attributed to the reduced three-dimension con- 

ectivity due to the presence of the network modifiers, although 

he behavior of these modifiers during deformation has so far 

ot been understood. We also note that previous studies mainly 

ocused on the elastic properties of the glasses at small strains 

typically < 5 %) [7] , whereas the elastic behavior at higher strains 

important for applications at extreme conditions) is basically 

nknown. 

https://doi.org/10.1016/j.actamat.2022.117855
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The goal of the present work is therefore to probe the highly 

on-linear regime of the elastic properties of silicate glasses and 

o identify the relevant mechanisms that give rise to the com- 

lex strain and composition dependence of the stress-strain curves 

f these systems. Importantly, we find that, without changing the 

opology of the Si–O network, the local variation of the modifier’s 

onding environment plays a crucial role in determining the non- 

inear mechanical response of the glasses. Finally we reveal that 

he nonlinear elastic behavior of the glasses is manifested on the 

icroscopic scale in the heterogeneous response of the local inter- 

etrahedral linkages. 

. Methods 

.1. Simulation details 

The compositions we investigate are pure SiO 2 , the binary mix- 

ure Na 2 O- x SiO 2 (NS x ) with x = 3 , 5 , 10 , and the mixtures A 2 O 3 -

iO 2 (AS3) with A = Li, Na, K. These systems are of great impor-

ance in various fields, such as the glass-making industries and 

eosciences. Molecular dynamics simulations were performed us- 

ng a two-body effective potential (SHIK) [25,26] which has been 

hown to give a reliable description of the structural and mechan- 

cal properties of sodium silicate glasses [27,28] . Our samples con- 

ain typically 6 × 10 5 atoms, corresponding to a cubic box of side 

ength around 20 nm, which is sufficiently large to avoid noticeable 

nite size effects [27] . Periodic boundary conditions were applied 

n all directions. The samples were first melted and maintained at 

0 0 0 K for 800 ps, a time span that is sufficiently long to equili-

rate the liquids. (At the end of these equilibration runs the mean 

quared displacement of Si, i.e. the slowest atomic species, was 

arger than 100 Å 

2 for all samples.) Subsequently, the melts were 

ooled down to 300 K with a constant cooling rate of 0.25 K/ps. 

he as-produced glass samples were then annealed at 300 K for 

60 ps. All the simulations were carried out in the isothermal- 

sobaric (NPT) ensemble under zero pressure. Finally, the prepared 

lass samples were subjected to uniaxial tension with a constant 

train rate of 0.5 ns −1 . The deformation of the glass was performed 

n the NPT ensemble, setting the pressure in the directions or- 

hogonal to the strain to zero. We emphasis that the sample size, 

ooling rate, strain rate, etc. were chosen such that the results 

resented in this paper do not depend significantly on these pa- 

ameters (see discussion in Refs. [27,29] ). In the Supplementary 

aterials (Fig. S1) we show that the failure strain, strength and 

oung’s modulus of the simulated glasses are in good agreement 

ith experimental measurements, demonstrating the reliability of 

ur simulations. 

Temperature and pressure were controlled using a Nosé-Hoover 

hermostat and barostat [30–32] . All simulations were carried out 

sing the Large-scale Atomic/Molecular Massively Parallel Simula- 

or software (LAMMPS) [33] with a time step of 1.6 fs. The temper- 

ture and pressure damping parameters were chosen to be 0.16 ps 

nd 1.6 ps, respectively. The results presented in the following 

ere obtained from only one melt-quench sample for each com- 

osition but we emphasize that the system sizes considered in this 

tudy are sufficiently large to make sample-to-sample fluctuations 

egligible as long as the samples do not start to fracture. The error 

ars were estimated as the standard deviation from 3 simulations 

n which the samples were put under tension in the 3 different 

xial directions. 

.2. Bonding environment of the modifiers 

The modifiers’ behavior was investigated by analyzing the 

hange of their bonding environment during deformation. The 

onding environment of a given modifier atom was determined by 
2 
dentifying, at a given strain, the oxygen neighbors in its first co- 

rdination shell, which is defined by the minimum between the 

rst and second peaks in the radial distribution function of alkali- 

xygen. We then calculated the probability that a modifier changes 

his bonding environment by comparing two adjacent configura- 

ions separated 1% strain. 

.3. Vibrational displacement of the atoms 

Below we will see that it is useful to study the vibrational mo- 

ion of the atoms. To characterize this local motion of the atoms 

s a function of the deformation, we take the configuration cor- 

esponding to a given strain and then performed a simulation at 

00 K in the NVT ensemble (constant volume and temperature) 

or several tens of picoseconds. From this simulation, the displace- 

ents of the atoms were monitored. We then measured the size 

f the cage of local atomic vibration using the vibrational displace- 

ent which is defined as λi = 

√ 〈 [ � r i (t) − �
 r i (0)] 2 〉 τ0 

, where � r i (t) is 

he position of atom i at time t and τ0 is the time interval over 

hich we take the average of the atomic displacement. We have 

hosen τ0 to be 0.4–0.5 ps since this time scale corresponds to 

he appearance of the plateau in the mean-squared displacement 

MSD), see Fig. S2 in the Supplementary Materials. 

. Results and discussion 

Fig. 1 presents the macroscopic stress-strain (SS) curves and 

heir derivatives, i.e., the tangent modulus E t of the glasses. From 

anel (a) one recognizes that the addition of Na 2 O to the SiO 2 glass

eads to a decrease of the strength, i.e., the maximum attainable 

tress before failure, and an increase of the ductility, i.e., the abil- 

ty of a material to elongate under tensile loading. Also, the de- 

reasing slope of the SS curve with the addition of Na shows that 

he presence of the network modifiers softens the network at large 

trains. 

In panel (b) the influence of the modifier on the mechanical 

roperties is quantified and one recognizes that already at ε = 0 

he addition of 25% Na 2 O reduces the Young’s modulus of the 

lass from around 71 GPa for silica to 56 GPa for NS3, in good 

greement with experimental findings [35–37] . This softening of 

he glass is mainly due to the decrease in network connectivity 

s the concentration of modifiers increases [38] . Other concurrent 

actors, including the enhanced cohesion of the glass by the for- 

ation of new alkali-NBO bonds and the decreased free volume, 

an also be relevant but, for the case of sodium silicate glasses, 

lay only a minor role [39] . From this graph one also recognizes 

hat the non-linear elastic behavior of the glasses can roughly be 

ivided into three regimes, each of which has a different strain 

ependence of E t , marked by the two arrows which indicate the 

wo strains ε1 and ε2 that delimit these regions. In Fig. 1 (c) we 

how the derivative of E t and one sees that for all the considered 

lasses with sodium this function has a clear minimum, followed 

y a maximum. The strain at the mid-point between these min- 

ma/maxima can thus be used to define ε1 , marked by circles in 

he graph, and the strain ε2 , marked by squares, at which the func- 

ion is zero (before the final decay upon approaching the failure 

oint). For ε < ε 1 the addition of Na makes that E t (ε) gradually

ransform from anomalous (i.e. E t increases) to intermediate ( E t 
emains almost constant) and finally to normal ( E t decreases), in 

greement with experimental findings [5,7] . In the second regime, 

.e., ε 1 < ε < ε 2 , one finds for the Na-rich glasses, NS5 and NS3,

hat E t is basically independent of strain. This result is surprising 

ince naively one anticipates a continuous softening of the glass 

pon increasing strain. In order to ensure that this finding is not 

ust a particularity of the interaction potential, we have also calcu- 

ated E t using other popular potentials [40,41] (although computa- 
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Fig. 1. (a) and (b) are, respectively, the stress-strain curves and the corresponding tangent modulus E t for the NS x glasses. The black dashed curve in (b) is the fit to 

experimental data of silica glass fibers up to 7% strain [34] . The red dashed lines are a guide to the eye, highlighting two characteristic strains, ε 1 and ε 2 , which are 

indicated by the symbols. (c): Derivative of E t . The circles and squares show the location of ε1 and ε2 , respectively. See main text for details. (d)–(f) are the corresponding 

curves for the AS3 glasses. All three compositions show a bend in their tangent modulus at ε ≈ 0 . 08 but this feature is most pronounced for NS3. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Fraction of Si atoms that have changed their bonding environment, see main 

text for definition. The vertical arrows from left to right indicate approximately the 

ε2 of silica, NS10, NS5, and NS3, respectively. 
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ionally more expensive) and the results (see Fig. S3) show that the 

bserved plateau in E t for the Na-rich glasses is a robust feature. 

f the Na concentration is lowered, the ε-dependence of E t in this 

econd regime becomes also anomalous, although the slope of E t 
s different from the one at small strains, from which we conclude 

hat the mentioned plateau is related to the high concentration of 

etwork modifiers. For the third regime, ε > ε 2 , all the E t curves

how a rapid decrease which can be attributed to global yielding 

f the glasses. 

Fig. 1 (d) and (e) show the SS and the resulting E t curves for

he different AS3 glasses. From panel (d) one recognizes that the 

lasses with small alkali atoms have not only higher strength but 

hey are also more ductile. Thus reducing the size of the modifiers 

s a viable strategy to improve the toughness of the glass, in ac- 

ordance with experimental findings [42] . From Fig. 1 (e) one rec- 

gnizes that the Young’s modulus of the glasses follows the order 

S3 > NS3 > KS3 and in Fig. S1(e) we demonstrate that our results

gree well with the experimental values. The dependence of the 

oung’s modulus on the alkali type has been discussed by Pedone 

t al. [39] who showed that Li can act as a pseudo-network former 

ith four-fold coordination and a large force constant, thus pro- 

oting the cross-linking and cohesion of the network. In compari- 

on to Li, Na and K have higher coordination numbers and smaller 

orce constants and hence they act primarily as network modifiers 

hich depolymerize the network and lead to a reduced Young’s 

odulus. More important for the subject of the present study is 

he fact that also LS3 and KS3 exhibit a similar ε-dependence of 

 t and its derivative, panel (f), as observed for NS3. This indicates 

hat the unexpected non-linear ε-dependence of E t is universal for 

lkali-containing glasses, hinting a common origin and in the fol- 

owing we will identify the microscopic mechanism leading to this 

ehavior. 

Usually the network topology (NT) is a convenient struc- 

ural observable for understanding the mechanical behavior of 
3 
lasses [43–45] and therefore we investigate its dependence on 

train. Here we characterize the change of the NT by mean of 

Si (ε) , the fraction of Si atoms that have changed their bonding 

artners if the strain is increased from zero to ε, i.e. αSi = N 

′ 
Si 

/ N Si ,

here N 

′ 
Si 

is the number of Si atoms which have at least one of 

heir neighbors changed with respect to the configuration at ε = 0 

nd N Si is the total number of Si atoms. Fig. 2 shows that αSi is

mall for all relevant strains, demonstrating that the bonding en- 

ironment of all network atoms is basically unchanged ( αSi < 0 . 3% 

p to ε2 ). In other words, the Si–O network remains basically in- 

act during tension up to intermediate strains, a result that is also 

ound for the glasses with Li or K, see Fig. S7. Hence we conclude 
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Fig. 3. Structural quantities that characterize various deformation modes of the Si–O network. (a)–(c): The mean values. (d)–(f): The corresponding derivatives. 
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hat the decrease of E t with strain is not due to a changing topol-

gy of the SiO network. 

Since the deformation of the sample is not accompanied by 

 relevant modification of the NT, one can conclude that on the 

tomic scale this deformation must be due to: 1) the distor- 

ion of the tetrahedral units, which can be characterized by the 

hange in SiO bond length and the intra-tetrahedral OSiO angle; 

) rotation of the tetrahedra (assuming that the tetrahedra are 

igid bodies); 3) bending motion of the inter-tetrahedral linkages 

characterized by the SiOSi angle). We note that although in the- 

ry the three forms of deformation can be independent of each 

ther, in practice they are intimately related. One expects that 

he coupling between (2) and (3) is stronger than the ones be- 

ween (1) and (2) or (3) since changing the shape of the tetra- 

edral units is energetically more expensive than the rotation or 

ending motions and below we will show that this is indeed the 

ase. 

In order to identify the relevant type of deformation we inves- 

igate in the following the related structural quantities as well as 

heir derivatives with respect to strain. Fig. 3 (a)–(c) demonstrate 

hat the change of the OSiO angle and SiO bond length is much 

eaker that the one of the SiOSi angle which indicates that the de- 

ormation of the sample is mainly due to the change of the inter- 

etrahedral linkages. Surprisingly we find that none of the quan- 

ities presented in Fig. 3 (a)–(c) show an ε-dependence that mir- 

ors the one of E t , indicating that these quantities are not the rel-

vant ones for rationalizing the strain dependence of E t . However, 

ince E t represents the slope of the SS curve, one has also to check 

hether E t (ε) is related to the derivative of the structural quanti- 

ies. Fig. 3 (d)–(f) show that the slope m X = d X/d ε does not match

he ε-dependence of E t . (Fig. S8 shows that this observation is in- 

ependent of the nature of the modifiers.) This absence of a cor- 

elation between structural quantities and E t can be rationalized 

y recalling that E t is an observable that describes the global re- 

ponse of the system while the considered structural observables X

re local quantities and hence the strain dependence of their aver- 

ge does not necessarily reflect the one of the macroscopic behav- 
4 
or. For example, the insertion of a soft link in a one-dimensional 

hain will weaken the whole system although the average bond 

trength is still high. Below we will discuss these mechanical het- 

rogeneities in more detail. 

Since neither the change of the NT nor the local structural 

uantities associated with the SiO network are able to rationalize 

he strain dependence of E t we turn our attention to the network 

odifiers. For this it is instructive to imagine a separation of the 

echanical responses into a contribution from the bare Si–O net- 

ork (i.e. assuming absence of the modifiers) and one from the 

odifiers. For the case of silica, we have seen that the network 

igidity, as characterized by E t , increases with strain if ε < ε 2 . It is
herefore reasonable to assume that this rigidity will always in- 

rease with strain, regardless of the network connectivity. How- 

ver, the slope of E t (ε) of the network will depend on the mod- 

fier content since the SiO network is increasingly deteriorated by 

he addition of modifiers, thus making it more flexible. This idea is 

chematically illustrated in Fig. 4 (a) by the two dashed lines, along 

ith the two solid lines that represent the real response of the 

lasses including the effect of modifiers. A crucial step is thus to 

dentify the microscopic mechanism which transforms the dashed 

ines to the solid ones. 

Since the Si–O bonding environment is basically unchanged 

pon applied tension ( Fig. 2 ), the only way the sample can acquire

dditional deformability is via the motion of the Na atoms since 

hese are weakly bonded to the SiO network and hence are mo- 

ile [46] . In the following we focus on the NS x glasses for elucidat-

ng the role of the modifiers. By analyzing the coordination of the 

a atoms, we find that these modifiers are indeed changing their 

ocal environment during the deformation via bond switching, a 

henomenon that has been proposed to be responsible for the 

lasticity in other amorphous materials [47–51] . (Fig. S10 shows 

hat the coordination number ( Z) and nearest neighbors of Na de- 

end strongly on strain). More specifically, a Na atom can change 

ts bonding by swapping bonds leaving Z unchanged, by increasing 

, or by decreasing Z, see the snapshots in Fig. 4 (c). It is thus use-

ul to quantify the intensity of such bond switching events (BSEs) 
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Fig. 4. (a): Sketch of the strain-dependence of E t for an alkali-poor (AP) and an alkali-rich (AR) glass. The solid and dashed curves represent the responses of the whole 

sample and the SiO network alone, respectively. (b): Probability that a Na atom will not change its bonding environment if the strain is increased by 1%, see main text for 

definition. The two dashed lines indicate ε1 and ε2 for the NS3 glass. (c1)–(c4): Snapshots showing the change of bonding environment of a Na atom during the deformation 

of NS3. From left to right: ε = 0.00, 0.04, 0.08, and 0.12. (c2)–(c4) present, respectively, the three possibilities for a change in the bonding of the reference Na: Unchanged 

Z but swapped bond, increasing Z, and decreasing Z. The atom colors depict Na (green), Si (grey), O (red and yellow). The O atoms that are currently bonded to the Na are 

colored red and enlarged for clarity. The bond lengths are smaller than the distances corresponding to the first minimum in g NaO (r) and g SiO (r) . (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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vibrational nature. We have therefore determined the mean vibra- 
n a given sample by the probability P that a Na atom changes its 

onding per unit change of ε. 

For a better comparison with the data shown in panel (a), 

e show in panel (b) 1 − P , i.e., the probability that a Na atom

s not going to change its bonding environment if strain is in- 

reased by 1%. Interestingly, this quantity shows a non-trivial ε- 

ependence with three distinct stages that are delimited by ε1 and 

2 , i.e., at the same critical strains observed for E t . Also remark- 

ble is that the height of the plateau at intermediate strain de- 

ends only weakly on the concentration of the Na atoms, which 

ndicates that collective effects are not important for this motion. 

he solid curves in panel (a) can thus be rationalized by pos- 

ulating that the total response of the structure is given by the 

um of the response of the SiO network (i.e. the dashed lines in 

anel (a)) and of the modifiers (i.e. the curves in panel (b)). The 

ependence of E t (ε) on the Na concentration can hence be at- 

ributed to the increasing influence of the Na atoms that switch 

onds and thus release the local stress, leading to the presence 

f the plateau in E t if the modifier concentration is sufficiently 

arge. 

Figure S11 in the Supplementary Materials shows that the bond 

witching probability depends strongly on the type of modifier in 

hat P increases with the size of the alkali atom. This increase 

f P with alkali size can be related to the fact that atoms with

arger size have a higher coordination number Z which makes the 

hange of bonding environment more probable. (See Fig. S12 for 

he ε-dependence of Z for the three types modifiers). This sim- 
5 
le effect and the arguments presented above for the softening of 

he structure as a function of P provide thus a microscopic ex- 

lanation for the observation that E t reduces with increasing al- 

ali size, see Fig. 1 (d). However, it should be noted that although 

ig. 4 (b) gives strong evidence that the bond switching mechanism 

s a key ingredient for understanding the non-linear elastic behav- 

or of the modifier-containing glasses, it is likely not to be the only 

ne that gives rise to ductility in the material, especially when 

he strain is large (say after the maximum strength) and non-local 

lastic deformation modes also become active. The fact that LS3 

s more ductile than NS3 and KS3 ( Fig. 1 d) might be related to

he fact that LS3 has a more cross-linked network [39] , which 

llows for a more uniform deformation before strain localization 

necking). 

In Fig. 4 (b) the rapid decrease of 1 − P , i.e., the intensity of the

SEs increases, at large strains ( ε > ε 2 ) reflects simply the yield- 

ng of the glass structure on the global scale. In contrast to this, 

he plateau in the ε-dependence of P is surprising and its origin 

eeds to be clarified. Since we have seen that the BSEs are due 

o the motion of the alkali atoms and not of the network, it is 

seful to probe their motion in more detail. Figure S13 demon- 

trates that during the tension most of the Na atoms move only 

y a small distance, i.e., have a small non-affine displacement, and 

hat the probability for a Na atom to escape from its cage occupied 

t ε = 0 is at most a few percent up to the critical strain ε2 . Thus it

s reasonable to view the BSEs as discussed above to be basically of 
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Fig. 5. (a) Mean vibration displacement of the Na atoms, see the main text for definition. The dashed lines indicate ε1 and ε2 for NS3. (b) Atomic volume of Na estimated 

by Voronoi tessellation. The dashed lines are for affine deformation. 

Fig. 6. Standard deviation of the incremental structural quantities. (a): SiOSi angle; (b) OSiO angle; (c) SiO bond length. In panel (a), ε1 and ε2 are indicated by arrows. 
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ional displacement λ of the modifier atoms which is proportional 

o the size of the cage within which the atoms vibrate locally (see 

ection 2.3 ). 

Fig. 5 (a) shows that λ first increases before saturating at a 

alue of the strain that is close to ε1 . This saturation is rather 

urprising since the locally available space for the Na atoms, char- 

cterized by their Voronoi volume, increases monotonously with 

train, see panel (b). (This increase is directly related to the fact 

hat for these glasses the Poisson’s ratio is smaller than 0.5, see 

ig. S14.) Hence we conclude that for ε < ε 1 the increasing atomic 

olume allows the Na atoms to vibrate with a larger amplitude 

ut that above a certain volume this amplitude has reached its 

aximum value. This increasing amplitude allows the Na atom 

o change bonding partners and therefore λ shows a similar ε- 

ependence as P , see Fig. 4 (b), which in turn leads to the decrease

f E t . Once the maximum amplitude is reached, the intensity of 

he BSEs becomes independent of ε, and together with the weak 

-dependence of the network rigidity ( Fig. 4 (a)), E t becomes nearly 

 constant. 

In the context of Fig. 3 we have argued that the plateau in E t is

ot seen in the mean value of the structural quantities because the 

echanical response will be strongly influenced by the structural 

eterogeneities of the sample. To probe the effect of these hetero- 

eneities we determine how a local structural quantity X (angle, 

ond length, etc.) changes per unit change of ε, giving �X . We find 

hat for all cases considered, the distribution of �X is described 

ell by a Gaussian, see Fig. S9, and therefore its standard devia- 

ion χX is a good measure of the heterogeneity of the response of 

he system. 
6 
In Fig. 6 we present χX for different quantities X . Remarkably, 

ne sees that the ε-dependence of χSiOSi , panel (a), matches very 

ell the one of the E t , i.e. a nearly perfect anti-correlation be- 

ween the two quantities is observed, irrespective of the composi- 

ion. (Figure S8 shows that this good correspondence is unaffected 

y changing the alkali species.) For silica, the network is fully con- 

ected and becomes increasingly rigid with strain ( E t increases) 

nd this is accompanied by a decrease of χSiOSi , i.e. the system be- 

omes more homogeneous. However, the stiffening of the network 

eaches a limit at around 10% strain, beyond which the structure 

ill yield globally. Consequently, with further increasing strain the 

tructure softens, E t decreases, and χSiOSi increases quickly. Also 

he strain-dependence of χSiOSi for alkali silicate glasses can be ra- 

ionalized in terms of the responses of the Si–O network and of 

he modifiers: On one hand, the response of the Si–O network be- 

omes more homogeneous with strain (as it is the case for pure 

ilica), thus decreasing χSiOSi , and on the other hand the modifiers 

ill move more if the local stress is high (i.e., strong deviations 

f the SiOSi angle from its mean) and hence this local motion and 

he associated bond switching events tend to make the mechanical 

esponse of the glass more heterogeneous, thus increasing χSiOSi . 

he sum of the two effects allows thus to rationalize how χSiOSi 

epends on strain and the Na concentration. 

It is also interesting to examine the values of χSiOSi at ε = 0 .

tarting from silica one finds that a small addition of modifiers 

akes the structural response more heterogeneous (the case of 

S10). However, further addition of modifiers tend to homogenize 

gain this response (the case of NS5 and NS3), i.e., χSiOSi decreases 

gain. Thus χSiOSi can be used directly to probe the importance 
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f the heterogeneities. This data also demonstrates that a small 

SiOSi is not necessarily associated with a large E t . This can be ra- 

ionalized by the fact that E t is related not only to the heteroge- 

eous response of the local structure but also to the overall three- 

imensional connectivity of the network which depends strongly 

n the composition. 

From Fig. 6 (b) one sees that χOSiO shows the same qualitatively 

-dependence as χSiOSi . However, the relative change of χOSiO is 

ignificantly smaller than the one found in χSiOSi , indicating that 

he ε-dependence of the heterogeneity in the OSiO angular re- 

ponse is mainly due to the coupling of this angle with the SiOSi 

ngle. The ε-dependence of χSiO , panel (c), is qualitatively very 

ifferent from the ones for the angles in that the heterogeneity 

ncreases monotonously for all compositions, indicating that this 

uantity is not relevant for the dependence of the flexibility of 

he network on composition. These results support our argument 

ade above that the distortion of the tetrahedra is energetically 

ostly compared to other deformation modes, in agreement with 

he fact that in the vibrational density of states intra-tetrahedral 

ibrational modes (mainly stretching) are at higher frequencies 

han the inter-tetrahedral ones (bending and rocking) [52] . We 

hus have strong evidence that the heterogeneous response of the 

nter-tetrahedral linkages, influenced by the unusual dynamical be- 

avior of the modifiers, is the primary structural manifestation of 

he non-linear elastic properties of the glasses. 

. Conclusions 

We have demonstrated that for the case of silicate glasses the 

resence of heterogeneities in the local structural properties gives 

ise to an unexpected behavior of the non-linear elastic behavior 

f such systems. This behavior is intimately related to the pres- 

nce of species (here the alkali atoms) that are more mobile than 

he atoms forming the matrix (SiO network) since they allow to 

eact locally to the applied stress. Although we are not aware 

f any experimental results regarding this unexpected mechani- 

al behavior, its detection should be possible by carefully prob- 

ng the elastic properties of alkali-silicate glasses at large tensile 

trains. While previous studies have shown that the nature of the 

lkali ions influences strongly the structure and the elastic prop- 

rties of the glasses [39] , our results suggest that the mechanism 

hich is responsible for the non-linear elastic behavior of the al- 

ali silicate glasses is very general, i.e. independent of the alkali 

ype. Note that although the details regarding the decoupling of 

he response between mobile and immobile parts of the sample 

ill depend on the system considered, it can be expected that the 

dentified mechanism is in fact very general for materials which 

onsist of atomic species with distinctive mobilities. Our findings 

an thus be expected to trigger further studies on the deforma- 

ion behavior of complex materials and should also be of practi- 

al relevance for the design of materials with tailored mechanical 

roperties. 
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