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1. Introduction 

1.1. The hardness of glasses 

The mechanical characterization of glasses by indentation has a long history that dates 

back to the pioneering work of Heinrich Hertz in 1882 [14]. In his fundamental study on 

contact mechanics, Hertz proposed an analytical solution for the stress field generated in the 

area of contact between two spherical bodies and first described the elastic displacements in 

materials deformed by a spherical indenter. In the following years, Hertz’ theory formed the 

basis for a continuous development of advanced indentation techniques [15-19] and 

nowadays, spherical indentation has been established as a versatile tool for evaluating the 

elastic properties of bulk materials and thin films [20-22], or even monolayers of graphene 

[23]. However, when a spherical indenter is brought into contact with a flat specimen, pure 

elastic deformation is achieved only at the early stage of loading. During the monotonic load 

increase, the stress gradually raises and beyond a critical limit, i.e., the yield stress, ductile 

materials undergo plastic flow and a permanent impression is formed beneath the indenter 

tip, while the initiation of cracks results in the fracture of brittle solids, like glasses [14]. In the 

latter case, fracture starts with the formation of a stable ring crack at the perimeter of contact 

outside the elastically deformed region and on progressive loading this ring crack 

propagates divergent into the material with the final appearance of a truncated cone [24]. 

Motivated by Hertz’ observations, Auerbach [25, 26] performed the first systematic 

indentation studies on glasses and defined the hardness as the mean contact pressure at 

the onset of fracture. For simplification, the optical glass sheets in Auerbach’s experiments 

were indented with lenses of the same material, while in subsequent studies hard steel 

spheres were applied, analogous to the ball indenters used for Brinell or Rockwell hardness 

testing of metals [27-30]. Noteworthy, Auerbach already mentioned possible deviations from 

the ideal brittle fracture of glasses upon spherical indentation [26]. Later, Raman [27] noticed 

the creation of residual hardness imprints also in glasses, but this observations have initially 

been attributed to debris, which is pushed out of the indented region and piles-up around the 

spherical indenter, rather than plastic flow. And so it took another two decades until Taylor 

[31] transferred the diamond pyramid hardness test for metals to the application on glasses 

and unambiguously demonstrated a local plastic deformation even in materials, which are 

usually considered as ideal brittle. Using a Vickers diamond indenter and a low load of 50 g, 

Taylor was able to generate perfectly defined hardness imprints in two different optical 

glasses, whereas at slightly higher loads first cracks appeared at the corners of the 

indentations. 
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With the first evidence of a localized plasticity in glasses, Auerbach’s early definition of 

the hardness has been revised completely and over the years, indentation testing has been 

evolved as an effective and frequently applied method for quantifying and comparing the 

resistance of glasses against local plastic deformation. However, the hardness describes 

only phenomenologically the plasticity of glasses upon sharp contact loading and therefore, 

much work has also been devoted to the underlying microscopic mechanisms that control 

the indentation deformation of glasses as well as associated properties of technological 

relevance, like the crack initiation [9, 16, 32] and defect tolerance [10, 33], fracture 

toughness [34], brittleness [35, 36] or scratch resistance [37-39]. 

1.1.1. Densification versus shear flow: From anomalous to normal behavior 

Following his original work on the diamond pyramid hardness testing of glasses [31], the 

first comprehensive indentation study of Taylor [40] on a series of different optical glasses 

has showed not only substantial variations of the hardness with the chemical composition, 

but also revealed a fairly linear relationship between the hardness and the softening 

temperature. In this regard, Douglas [41] argued that the high pressures produced by 

Vickers indentations may lead to a drastic reduction of the apparent viscosity, which allows 

for a local deformation by viscous flow. Subsequently, Ainsworth [42-44] and Marsh [45] 

tried to correlate compositional changes of the hardness to structural aspects of the glass 

network. In both studies, the hardness was found to be directly linked to the degree of 

network polymerization and the strength of the interatomic bonds, i.e., the larger the 

proportion of network modifier oxides and thus, the higher the fraction of non-bridging 

oxygen (NBO) ions, the lower the hardness of the glass [43-45]. This degradation can be 

compensated to a certain extent by replacing network modifying cations of low field strength 

with others of higher field strength1 [43] and consequently, Marsh [45] suggested that the 

weak ionically bonded interfaces in the modifier-rich regions of the glass network serve as 

fertile sites for the initiation of a shear-mediated plastic flow, comparable to the movement of 

dislocations in crystalline materials. 

Meanwhile, the fracture behavior of glasses has received a growing attention, too. Peter 

[47] studied the crack initiation in a soda-lime silicate glass indented with spheres of varying 

curvatures. For large spheres, the previously mentioned indentation response with a pure 

elastic deformation at low loads and the creation of cone cracks at higher loads was 

observed. However, when a sphere with an appropriate small size was utilized, a local 

                                                
1 According to Dietzel [46], the field strength F of a network modifying cation is defined by as its charge z divided 

by the sum of the ionic radii of the modifier rA and oxygen rB squared, i.e., z/(rA + rB)2. 
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volume inside the otherwise elastically strained surface area was plastically deformed and 

for spherical indenters of very high curvatures, plasticity was already induced at the lowest 

loads applied. Moreover, the plastically deformed region beneath the spherical indenter 

displayed an anomalous high refractive index in comparison to the surrounding material, 

indicating an irreversible densification of the glass. 

In fact, when glasses are subjected to sufficiently high pressures a permanent 

compaction can be achieved [48-50]. The magnitude of this phenomenon varies 

considerably with the glass composition and depends to a large extent on the relative 

amount of free volume inherent to the amorphous nature of glasses [51]. For example, fused 

silica and vitreous germanium oxide are known to densify by as much as 20 % [1, 52-54] 

respectively 15 % [55, 56] under pressure, whereas the significantly higher packing 

efficiency of vitreous boron oxide limits its compressibility to about 6 % [48, 57]. This effect is 

even more pronounced when additional components, such as alkali or alkaline earth oxides, 

are added to the glass network [48, 55]. By annealing, the density of a compacted glass is 

usually fully reverted back towards its initial state [48, 58], suggesting that densification, in 

contrast to shear-mediated plastic flow, is a displacive process, which does not involve the 

reconstruction of bonds [59]. Since comparable observations were also made in Vickers 

indentation experiments [59-61], several researchers have pointed out an equivalent origin 

for the congruent densification of glasses via indentation and compression, which is 

nowadays well supported by numerous studies on the indentation-induced structural 

modifications of fused silica [62-65] as well as soda-lime silicate [66, 67], sodium-borosilicate 

[3, 64, 65, 68-70] or sodium-borate glasses [5]. 

Based on former results of Evers [60] or Ernsberger [59] and his own observations, Peter 

[71] arrived at the conclusion that the plasticity of glasses is controlled by the competition 

between densification and volume conservative shear flow. The latter behavior is commonly 

referred to as “normal”, while the permanent compaction of the glass network is termed as 

“anomalous” [72]. The difference between these two types of glasses mirrors in the 

topography of the residual impressions left by the indenter (Fig. 1), i.e., the prevalent shear-

mediated indentation deformation in normal glasses, such as soda-lime silicates, manifests 

in the presence of a “rosette”-shaped pattern of flow lines below the glass surface together 

with an extensive pile-up formation at the periphery of the indentations [71, 73, 74]. On the 

other hand, no such effects are visible in anomalous glasses, like fused silica and related 

silicate-based glasses of low network modifier concentrations [71, 72]. Instead, a 

hemispherical region of permanently compacted material is created near the indenter tip. 

The exact size, shape and nature of the densified zone is still highly debatable, though 

Raman [62, 65-67] and Brillouin spectroscopic studies [75] of Vickers hardness imprints on 
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fused silica, soda-lime silicate and sodium-borosilicate glasses have indicated a distinct 

density gradient inside the deformation volume with its maximum located right below the 

indenter tip and a gradual transition towards the non-densified material. 

 
Fig. 1. Schematic illustration of the indentation deformation of anomalous and normal glasses. The 

arrows indicate the direction of material displacement upon loading and the dashed lines reflect the 

shape of the residual hardness impression after unloading. The symbol P denotes the load, H is the 

hardness and ν stands for the Poisson ratio. Reproduced from Ref. [1] with permission from the 

publisher under license number 4201340332708. Rights managed by AIP Publishing LLC. 
 

For several years, glasses have frequently been differentiated by their indentation 

response into anomalous and normal behavior [11, 16, 36, 71, 72, 76-82]. However, this 

rather simple classification provides only a limited insight into the deformation processes in 

glasses. The first attempts to quantify the sensitivity to permanent densification during 

indentation were performed by Yoshida et al. [83], who employed a Knoop indenter to 

produce crack-free hardness imprints on fused silica and a soda-lime silicate glass and 

evaluated the shrinkage of the indentation diagonals induced by a subsequent heat 

treatment. For both glasses, the indents have been observed to progressively decrease in 

size with increasing annealing temperature up to their respective glass transition 

temperatures, due to the relaxation of the densified indentation volume [48, 58]. The 

magnitude of this effect was more pronounced for fused silica as compared to the soda-lime 

silicate glass and has been attributed to the larger contribution of densification to the overall 

indentation deformation of fused silica. Later, Yoshida et al. [11] advanced their procedure 

by considering the entire volumetric changes of the remnant indentations upon annealing. 

For this purpose, the indentation volume Vi
−, which was formed below the glass surface, as 
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well as the pile-up volume Vi
+ , which was observed at the edges of the indents, were 

analyzed with an atomic force microscope. After the thermal treatment, both the indentation 

Va
− and pile-up volume Va

+ were determined once again and the ratio of densification to the 

total indentation deformation, defined as the indentation volume recovery ratio VR , was 

estimated according to: 

 VR = 
(Vi

− − Va
−) + �Va

+ − Vi
+�

Vi
−  (1) 

and the pile-up ratio VP, which represents the relative contribution of volume conservative 

shear flow, was determined by [9]: 

 VP = 
2Vi

+ − Va
+

Vi
−  (2) 

First of all, with this approach the competition between densification and shear flow has 

been demonstrated to be strongly dependent on the experimental conditions, such as the 

geometry of the indenter tip [84], maximum load [83-87] or strain-rate [86]. In addition, the 

indentation volume recovery ratio displays a marked compositional variability [1-3, 5-

9, 11, 87-89] that can further be tailored by the thermal [69] or pressure history [89, 90] of a 

glass. Among those studies, the results of Hermansen et al. [8] for a series of alkali-alkaline 

earth silicate glasses need to be highlighted, since their observation of an almost linear 

correlation between the indentation volume recovery ratio and the silica content has 

endorsed the hypothesis of a continuous transition from a densification-controlled (large VR) 

towards a shear-mediated indentation deformation (small VR ) in silicate glasses of 

increasing amounts of network modifier oxides [71, 72]. In this context, Yoshida et al. [11] as 

well as Rouxel et al. [1] argued that a relatively low atomic packing density 2 promotes 

densification, whereas glasses with higher atomic packing densities, e.g., network modifier-

rich compositions [2, 8, 11, 88] or pre-densified glasses [69, 90, 94], deform mainly through 

isochoric shear flow. 

                                                
2 The atomic packing density Cg is defined as the theoretical molar volume of the ions divided by the effective 

molar volume of the glass. For a multicomponent glass Cg is calculated by ρ(∑ fiVi )/(∑ fiMi )  [91], where 

Vi = 4/3πN�xrA
3 + yrB

3� is the ideal molar volume of a compound AxBy with the molar fraction fi and molar mass 

Mi. ρ is the density and the parameter N denotes the Avogadro constant. The radii of the corresponding cations 

rA and anions rB, respectively, are tabulated in Ref. [92]. On the contrary, the theoretical molar volume of the 

atoms in metallic glasses is estimated by Vi = 4/3πNri
3, where ri stands for the metallic radius [93]. 
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Apart from the plastic deformation, a change in the atomic packing density also mirrors in 

the elastic properties of a glass, particularly in the Poisson ratio ν, i.e., the ratio between 

transverse contraction strain and longitudinal extension strain in the direction of elastic 

loading [95, 96]. In principle, a low Poisson ratio implies a shear-resistant but highly 

compressible material. Materials with larger Poisson ratios, on the other hand, are only 

weakly compressible and hence, shear deformation becomes favored over densification [97]. 

Although this fundamental concept is restricted to the elastic regime, Yoshida et al. [11] 

emphasized the physical significance of the Poisson ratio also for the plasticity of glasses, 

as a high degree of densification is typically found for glasses with an open network 

structure and small Poisson ratios, while shear flow dominates the indentation deformation 

of strongly depolymerized glasses with higher atomic packing densities and larger Poisson 

ratios [1, 6-9, 11, 88]. In the first approximation, the proposed inverse correlation between 

the indentation volume recovery ratio and the Poisson ratio (or atomic packing density) 

follows a sigmoidal-like trend (Fig. 2). Nonetheless, there is no one-to-one relationship 

among these parameters, especially for moderate values of 0.2 < ν < 0.3 , where large 

variations of VR are observed for similar Poisson ratios, while for other glasses little to no 

changes of VR are discernable even for very different Poisson ratios [2, 9]. 

 
Fig. 2. Correlation between the indentation volume recovery ratio VR of glasses and the Poisson ratio 

ν (after Ref. [2]). The inset displays VR as a function of the atomic packing density Cg. All data is taken 

from Refs. [2-11]. Values from Refs. [4, 10] were implemented with the approximation that VR is linked 

to the indentation depth recovery ratio DR by DR = 2.4VR [9].   
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Such a discrepancy is visible, e.g., in the ternary sodium-borosilicate glass system [2]. In 

binary sodium borate glasses, the density and by extension, the atomic packing efficiency 

monotonically raises with the Na2O content [5, 98, 99]. However, unlike the negative effect of 

Na2O on the network dimensionality in sodium silicate glasses [99], its implementation into 

vitreous B2O3 initially converts trigonal BO3 groups into charged [BO4]- tetrahedral units and 

improves the cross-linking of the glass network up to a maximum at R = 0.5 (R = Na2O/B2O3) 

[100, 101], where the creation of NBOs at the remaining BO3 groups becomes detectable by 

nuclear magnetic resonance (NMR) spectroscopy [102, 103]. Interestingly, while the Poisson 

ratio of sodium silicates increases with increasing amounts of Na2O [104-106], the opposite 

trend is visible in sodium borates, at least for R ≤ 0.5 [98], which indicates that compositional 

variations of the Poisson ratio in these glasses are dominated by changes of the network 

connectivity rather than the atomic packing density [2]. 

This conclusion is also transferrable to ternary sodium-borosilicate glasses, which, for 

low amounts of Na2O (R ≤ 0.5), are usually considered as binary sodium borate glasses 

diluted by SiO2. According to this, a silicate sub-network of fully polymerized SiO4 tetrahedral 

units is formed in parallel to a borate sub-network, where the presence of Na2O converts 

trigonal BO3 groups into charged [BO4]- tetrahedral units [102, 103, 107]. Both effects 

contribute to an enhanced cross-linking of the glass network, which mirrors, e.g., in an initial 

decrease of the Poisson ratio [108]. However, contrary to the early NMR-based structural 

model of Yun and Bray [102], the silicate and borate sub-networks are not fully separated 

from each other. Instead, a part of the [BO4]- tetrahedra are supposed to connect with the 

SiO4 tetrahedral units to create either reedmergnerite [BSi3O8]- [102, 103] or danburite 

[B2Si2O8]2--like groups [109, 110], which serve as links between both sub-networks. These 

borosilicate ring structures already form at low amounts of Na2O and their molar fraction 

gradually increases with increasing Na2O concentration until a maximum is reached within a 

narrow compositional region in-between R = 0.5 + 0.0625K and R =0.5 + 0.25K 

(K = B2O3/SiO2) [111], where the creation of large amounts of NBOs starts to compromise 

the network dimensionality and hence, the thermal and mechanical stability of the glasses in 

this system [2].  

Although Na2O has comparable effects on compositional variations of the Poisson ratio 

and atomic packing density, its impact on the indentation response of sodium-borate and 

borosilicate glasses differs considerably. Minor amounts of Na2O in binary sodium borates 

promote the congruent compaction of the glass network by reducing the capability for a 

shear-mediated plastic flow associated with a sliding motion of planar boroxol rings 

[2, 5, 112] and as a result, the indentation volume recovery ratio initially increases slightly up 

to a maximum at around R = 0.5, despite the simultaneously increasing atomic packing 
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density [5]. As opposite to this, the presence of even small amounts of Na2O in sodium-

borosilicate glasses substantially reduces the indentation volume recovery ratio, on the one 

hand, due to the accompanied increase of the atomic packing density and, on the other 

hand, because of the growing interconnectivity between the silicate and borate sub-networks, 

which effectively lowers the Poisson ratio but also reduces the ability of the silicate sub-

network for compaction [2]. 

Note, that certain more or less pronounced deviations from the suggested direct 

relationships between the indentation volume recovery ratio and the Poisson ratio or atomic 

packing density have also been published for other types of silicate-related glasses, 

including aluminosilicates [6, 7] or alkali-alkaline earth silicates [8, 11], yet these 

observations have generally been assigned to the higher sensitivity of the indentation 

volume recovery ratio to small compositional changes than other glass properties. 

1.1.2. Shear bands in metallic glasses 

According to the popular theorem of Turnbull [113], published in 1969, every melt can be 

transferred into a glass as long as the undercooling occurs sufficiently fast enough to avoid 

its crystallization. By that time, the validity of this hypothesis has already been demonstrated 

for materials with covalent, ionic, Van der Waals, hydrogen and even metallic bonding 

character. Yet, for the vitreous solidification of metals and alloys, extremely high cooling 

rates are mandatory, as evident from the early melt-quenching experiments of Klement et al. 

[114] on binary Au75Si25 alloys. Using a melt-quenching technique with attainable cooling 

rates of 105 – 106 K/s, the authors of this study have reported the first successful synthesis 

of an amorphous alloy from its molten state. A pioneering achievement, which has marked 

the origin of an extensive research effort regarding the formation [115, 116] and structure of 

metallic glasses [117] as well as their potential applications [118]. In principle, metallic 

glasses are build-up of densely packed atomic clusters with a predominantly metallic 

bonding character [119-121]. This unique atomic configuration along with the absence of any 

long-range structural order is not only of fundamental interest from a scientific point of view. 

It also results in an impressive set of mechanical properties, e.g., high elastic limit, 

exceptional strength and hardness or good abrasion wear resistance [118]. Despite these 

favorable attributes, possible applications of metallic glasses are often compromised by the 

lack of macroscopic ductility [122]. Microscopically, on the other hand, a local deformation is 

achievable through shear-mediated plastic flow [123].   
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Shear flow in metallic glasses occurs either homogeneous or inhomogeneous, 

depending on the temperature and testing conditions. At high stresses and low temperatures, 

metallic glasses deform strongly inhomogeneous with a localization of the strain in a few 

narrow shear bands [124]. In an indentation experiment on metallic glasses, usually a 

multitude of shear bands are formed and their operation manifests in the presence of semi-

circular rings at the periphery of the residual hardness impressions as well as a “rosette”-

shaped pattern of flow lines below the sample surface [125-127]. However, unlike glasses 

with covalent or ionic network structures, where a post-mortem spectroscopic or topographic 

analysis of the indentation marks represents the state of the art for assessing the 

deformation mechanisms (see section 1.1.1. for details), an inspection of the resulting shear 

band patterns provides only a limited insight into the factors, which govern the plasticity of 

metallic glasses. Instead, the indentation response of metallic glasses is nowadays primarily 

evaluated in-situ via instrumented or depth-sensing indentation testing, commonly referred 

to as nanoindentation [18]. In a nanoindentation experiment, all information on the materials 

response, like the Young’s modulus or hardness, are derived from the continuously recorded 

load-displacement curves [22]. This facilitates, e.g., the extraction of mechanical properties 

even from the tiniest hardness imprints, where otherwise complex imaging techniques are 

required [128], or the direct observation of shear band activity in metallic glasses [129]. 

Moreover, with the continuous stiffness measurement mode a routine for monitoring the 

mechanical properties as a function of the indenter displacement has been developed, which 

enables a detailed characterization not only of bulk materials, but also of thin films and 

ribbons as well as layered or graded structures [130]. 

The opportunity to probe the nucleation of shear bands in metallic glasses by means of 

nanoindentation testing has initially been pointed out by Wright et al. [131] and Golovin et al. 

[132]. Only a little later, Schuh et al. [133-137] started a systematic investigation on the 

shear band operation in various different metallic glasses and revealed a marked rate-

dependent inhomogeneous-to-homogeneous transition in the flow behavior. In Fig. 3 this 

tendency is exemplarily illustrated for a series of ternary (Cu0.5Zr0.5)100-xAlx metallic glasses 

containing 4, 6 and 8 at.% Al, respectively. As evident from the representative load-

displacement curve of an amorphous Cu48Zr48Al4 alloy (Fig. 3a), the formation and 

propagation of shear bands is accompanied by an abrupt increase of the indenter 

displacement at approximately constant loads [133]. Depending on the loading conditions 

and alloy composition, the magnitude and appearance of these displacement bursts or “pop-

ins” change tremendously [125, 136-138]. That is, load-displacement curves recorded at 

lower loading rates exhibit distinct serrations. At higher loading rates, on the other hand,  
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Fig. 3. Serrated flow of ternary (Cu0.5Zr0.5)100-xAlx metallic glasses containing 4, 6 and 8 at.% Al, 

respectively (after Ref. [12]). (a) Loading portion of a representative load-displacement P-h curve of 

an amorphous Cu48Zr48Al4 alloy, (b) loading rate dP/dt dependence of serrated flow, (c) compositional 

dependence of serrated flow, (d) effects of the loading rate and Al concentration on the discrete 

plasticity ratio hdiscrete/hplastic (dashed lines are guides for the eyes).   
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the load-displacement curves appear less serrated and the operation of shear bands 

manifests in form of subtle ripples or waves rather than discrete steps (Fig. 3b) [12]. 

Although this phenomenon originates to a certain extent also from restrictions in the 

instrumental resolution [139-141], it is basically related to the kinetic limitations in the 

nucleation of shear bands. At lower loading rates, a single shear band may accommodate 

the strain fast enough and release the stresses in a sudden displacement burst, while the 

imposed strain at higher loading rates demands the simultaneous activation of multiple 

shear bands [135, 136]. 

Apart from this loading rate effect, metallic glasses display a marked compositional 

variability in their serrated flow, which reflects, e.g., in less pronounced serrations in 

(Cu0.5Zr0.5)100-xAlx metallic glasses of higher Al concentrations (Fig. 3c) [12]. With the discrete 

plasticity ratio hdiscrete/hplastic  (i.e., the ratio between the sum of each individual pop-in 

hdiscrete = ∑hpop-in divided by the depth of the remnant hardness imprint after releasing the 

load hplastic), Schuh et al. [135] introduced a metric that facilitates a comparison of the local 

flow behavior among different alloys. Following this concept, the transition from fully discrete 

plasticity (hdiscrete/hplastic = 1) towards continuous yielding (hdiscrete/hplastic = 0) has shown to 

proceed over a range of loading rates of several orders of magnitude [12, 134-139]. In this 

context, it is worth mentioning that possible variations in the serrated flow of different alloys 

are usually more clearly distinguishable at lower loading rates but tend to level-off for more 

rapid indentations (Fig. 3d) [12].   
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1.2. Strain-rate dependence of glass hardness 

Indentation testing nowadays represents the most versatile tool towards a 

comprehensive appraisal of the contact damage behavior of glasses [9]. A fact, that mainly 

originates from the strong flexibility in the testing parameters and the continuous 

development of highly specialized indentation protocols beyond the classical hardness 

measurements. Nevertheless, this advantageous property simultaneously depicts one of the 

major drawbacks of indentation testing, most notably for materials with a high susceptibility 

of their deformation or fracture characteristics to slight variations in the experimental 

conditions. For glasses, this is a known issue that comprises not only parameters of the 

indentation device, like the tip geometry [32, 84, 142], applied maximum load [83-86] or 

imposed strain-rate [86]. Other critical aspects, which have to be considered are the relative 

humidity and temperature of the surrounding environment. For instance, the presence of 

atmospheric moisture substantially accelerates the extension of cracks along the glass 

surface [143] and may also reduce the threshold for the initiation of additional defects 

[144, 145] or the resistance against a local plastic deformation [145-148]. A monotonic 

temperature increase usually causes a progressive softening of the glass too, especially at 

around the glass transition temperature, where viscous flow starts to dominate the 

indentation deformation [149-153]. In contrast to these phenomena, the effect of strain-rate 

alterations on the hardness of glasses, commonly referred to as the strain-rate sensitivity, 

still remains poorly understand, as positively depending [86, 127, 141, 154-164], negatively 

depending [42, 165, 166] and rate-independent hardness values [132, 133, 136, 140, 167-

171] have previously been published. With the assistance of advanced indentation 

techniques for a precise determination of the strain-rate dependence of the hardness, this 

controversy has more recently received a renewed interest and as a result, the first 

constitutive models for the topological origin of the strain-rate sensitivity of glasses were 

proposed [158, 172, 173]. 

1.2.1. Indentation creep behavior of glasses 

The strain-rate sensitivity has originally been introduced as a quantity for the time-

dependent deformation of a material subjected to a constant stress or strain-rate, also 

termed as creep [174-176]. Since creep is a thermally-activated process, effects of the 

loading time on the hardness are usually ignored in ordinary indentation experiment. 

Nevertheless, many materials show a time dependence of their indentation response, which 

manifests in a gradual degradation of the hardness with increasing loading duration 

[22, 130, 176, 177]. For glasses, this phenomenon has been reported as well, whereas its 
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magnitude appears to be strongly enhanced by the presence water inside the glass network 

[178, 179] or in the surrounding atmosphere [145-148]. 

In parallel to these early indentation creep studies on glasses, Chu and Li [180] 

performed comparable experiments on organic succinonitril (C4H4N2) with the objective to 

find a convenient routine for an accurate identification of the local creep mechanisms in 

crystalline materials. Unlike the standardized uniaxial tensile or compression creep tests, 

which require the fabrication of relatively large specimens of well-defined geometries, 

indentation creep testing benefits from the absence of any restrictions regarding the size or 

shape of the samples [181]. This provides the unique opportunity to probe the local strain-

rate sensitivity also of materials, where conventional testing methods are not feasible [182]. 

Such a typical indentation creep or constant load and hold test is schematically illustrated in 

Fig. 4 in section 1.2.2. and consists of two segments. In the first segment, an indenter tip 

penetrates the sample surface at a prescribed loading rate up to a certain maximum load. 

During the subsequent holding period, the load is maintained and the continuous sink-in of 

the indenter tip is monitored over time [174]. At the beginning of the constant load segment, 

the displacement rate drops rapidly (transient regime) and levels off continuously with time 

until a stable creep rate is obtained (steady-state regime) [177, 183-185]. Given that a 

steady-state creep behavior is achieved, the strain-rate sensitivity m can be extracted from 

the resulting creep curves using a simple power-law equation of the form [183]: 

 ε̇i
m = A ∙ H ,  (3) 

where ε̇i is the creep or indentation strain-rate (defined as the time derivative of the indenter 

displacement divided by the actual penetration depth ḣ/h), H is the hardness and A is a 

constant, which depends on the activation energy, temperature and microstructure of the 

material tested [181]. In the extreme case of m = 0, the material can be considered as a 

rigid-perfectly plastic solid. Once the strain-rate sensitivity reaches the upper limit of m = 1, 

the hardness gets linearly dependent on the indentation strain-rate and the material can be 

regarded as a Newtonian viscous solid [186, 187]. In glasses, Newtonian viscous flow is 

normally observable at temperatures near their corresponding transition range and for 

relatively low deformation rates [188]. Then flow stresses σ develop in the material, which 

are connected to the applied strain-rate ε̇ through the following relationship [188-190]: 

 η = 
σ
3ε̇

 , (4) 

with the parameter η denoting the apparent viscosity. 
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According to Tabor [15], the hardness H of a material is directly proportional to a flow 

stress σr at a representative strain εr (e.g., for a Berkovich geometry εr ≈ 8 % and for Cube 

Corner indenter tips εr ≈ 20 % [191]): 

 H = c ∙ σr(εr) (5) 

For simplification, the so-called constraint factor c, which determines the relationship 

between the hardness and the flow stress, is usually approximated as ~3. However, this 

assumption is only suitable for ductile materials with a negligible amount of elastic strains 

and large modulus-to-hardness ratios E/H, while for brittle materials with low E/H ratios and 

a large portion of elastic deformation on the indentation response, like glasses [192], the 

constraint factor can be significantly smaller, c < 3 [15, 156, 193, 194]. 

Combining the Eqs. (4) and (5) and substituting the strain-rate by the indentation-rate, 

ε̇ = nε̇i (with n = 0.27/c), finally yields to [195]: 

 η = 
H

3ncε̇i
 (6) 

whereas the formerly unspecified material-dependent constant A now reflects the apparent 

viscosity of the glass. Following this approach, several researchers attempt to determine the 

temperature-dependent viscosity of glasses by means of high-temperature indentation creep 

testing and received a remarkable good agreement with results received from more 

conventional methods of thermal analysis [151, 152, 195-203]. Despite this promising 

outcome, indentation creep testing is still far apart from being a regular procedure for 

analyzing the rheological and thermodynamic properties of glasses. The reasons range from 

the principle challenges with indentation testing at elevated temperatures [204], over the 

narrow accessible temperature intervals, to the confined range of applicable stresses and 

strain-rates [151, 152, 198]. Though, for proper viscosity measurements, the selection of 

adequate experimental parameters is of paramount importance. Otherwise, the correlation 

between the flow stress and the imposed strain-rate gets inhomogeneous or non-Newtonian 

[189, 190, 205-207]. This phenomenon has frequently been observed during the deformation 

of glasses at extremely high stresses or strain-rates and is characterized by a growing 

deviation of the measured stresses from their expected values for Newtonian viscous flow 

and, for most glasses, a reduction of the apparent viscosity, i.e., shear-thinning flow 

behavior [115, 188]. Note, that non-Newtonian viscous flow in glasses is not exclusively 

restricted to classical viscosity measurements under tensile [189, 206, 208], torsion 

[205, 206], or compression loading conditions [207]. Poisl et al. [195] and later Shang et al. 
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[152] indicated an equivalent change in the viscous flow behavior also during indentation 

creep testing at very high stress levels or strain-rates. Besides, a growing tendency for 

shear-thinning with decreasing temperature has been noticed [195, 198], along with a 

gradual mitigation of the creep rates [150, 151, 198, 199, 209]. Nevertheless, for a general 

assessment of the creep resistance of glasses additional factors need to be taken into 

account. Among them, the influence of dissolved water in covalent or ionic glasses is 

probably the most intriguing and its relevance is best illustrated by the results derived from 

two consecutive indentation creep studies on a commercially available soda-lime silicate 

glass: In a first study, Shang et al. [151] reported increasing creep rates with temperature, 

whereas the opposite trend was determined in their subsequent work [152]. Although these 

findings appear inconsistent in the first place, they get more readily understandable as soon 

as the amplifying effect of water on the time-dependent indentation deformation of glasses is 

integrated into the discussion. 

It is well-established that water enters a glass either in form of molecular water (H2O) or 

hydroxyl groups (OH-), with the latter being the main species at low water contents, while 

H2O dominates the water speciation at higher concentrations [210]. Regarding its structural 

role, water can be considered as a type of network modifier and similar to alkali oxides it 

creates NBOs, which cause a progressive depolymerization of the glass network (e.g., 

Si-O-Si + H2O → Si-OH + HO-Si) [211]. Hence, when water dissolves in a glass, its viscosity 

drastically reduces and viscous flow becomes more pronounced [210-212]. In an indentation 

experiments, this so-called “hydrolytic weakening” directly mirrors in a significant decrease 

of the hardness and creep resistance [178, 179, 213]. This argumentation further provides a 

rational explanation for the earlier mentioned acceleration of the creep rates in water-

containing atmospheres. Once a glass is exposed to a humid environment, water diffuses 

into the surface and starts to break-up the glass network via the hydrolytic cleavage 

described above. Externally applied stresses appear to enhance this process [145, 147, 214] 

and for that reason, indentation tests carried out in dry environments usually yield higher 

hardness numbers and lower creep rates as compared to experiments conducted under 

ambient conditions [145-148]. In some cases, the effect of water-assisted creep may even 

superimpose the materials creep response related to thermally-activated viscous flow and 

generate an anomalous temperature dependence of the indentation creep behavior, i.e., 

lower creep rates at higher temperatures, as reported by Shang et al. [152].   



 16 

1.2.2. Probing the strain-rate sensitivity of glasses 

For more than one century, uniaxial tensile and compression creep tests have formed 

the basis for evaluating the time-dependent deformation of materials and with the strain-rate 

sensitivity a metric has been introduced, which is nowadays routinely employed as an 

indicator of the prevailing creep mechanism in crystalline materials [174]. With the ongoing 

demand for a mechanical characterization at small scales, indentation creep testing has 

acquired a continuously increasing attention, particularly since the first comparative studies 

on metals [215, 216], alloys [217, 218] and ceramics [219] have successfully demonstrated 

the reliability of this technique in the strain-rate sensitivity analysis. On the contrary, studies 

on the strain-rate sensitivity of glasses are relatively sparse and restricted to fused silica 

[156, 184, 220] and some silicate-related glasses [178, 179, 220], Ge-Se chalcogenides 

[172] as well as a selection of metallic glasses [158, 159, 163, 166, 221-224]. It therefore 

comes as no surprise that the mechanisms governing the time-dependent indentation 

deformation of glasses still remain elusive. 

Early research on this subject was conducted with the objective to assess the rheological 

and thermodynamic properties of glasses. Following these studies, Newtonian viscous flow 

(m = 1) has been supposed as the origin for the time-dependent deformation at around and 

well-above the glass transition temperature [151, 152, 195-203]. However, at very high 

stresses or strain-rates beyond a critical limit, the flow behavior of glasses is known to get 

non-Newtonian [152, 195]. Recalling that non-Newtonian viscous flow describes a non-linear 

dependence of the flow stress on the imposed strain-rate, a transition from Newtonian to 

non-Newtonian viscous flow also implies a deviation of the strain-rate sensitivity from unity 

(m < 1) [195, 225]. Since a temperature reduction provokes similar changes in the flow 

behavior [195, 198], the strain-rate sensitivity would be expected decrease monotonically as 

well. In fact, at temperatures far below the glass transition range, glasses typically display 

almost negligible creep rates [176, 177, 191, 226] and accordingly, small strain-rate 

sensitivities (e.g., for fused silica m = 0.0114 – 0.0150 [156, 184, 220]). These results have 

finally led to the conclusion that the time-dependent indentation deformation of glasses at 

ambient conditions is driven by non-Newtonian viscous flow [172, 178, 179], whereas a 

decreasing strain-rate sensitivity signifies a gradual localization of the deformation [225]. 

Flow localization in metallic glasses occurs at low temperatures and high stresses and 

manifests in the formation and propagation of shear bands [124]. The tendency for shear 

localization in metallic glasses has extensively been studied through nanoindentation by 

Schuh et al. [133-137] and, depending on the alloy composition, a rate-dependent 

inhomogeneous-to-homogeneous transition in the flow behavior has been revealed (see 
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section 1.1.2 for details). Interestingly, this phenomenon is not only observable in 

nanoindentation experiments with monotonically increasing loads. A similar change in the 

flow behavior has also been noticed under constant loading conditions. In this context, the 

strain-rate sensitivity has consistently been utilized for a mechanistic description of rate-

dependent changes in the indentation creep response of metallic glasses, although the 

experimental results on the loading rate dependence of the strain-rate sensitivity are 

contradictory [227-230]. While Yoo et al. [227] obtained lower values for the strain-rate 

sensitivity from indentations created at higher loading rates, the reverse trend has been 

published by others [228-230]. This discrepancy, together with the large influence of the 

structural heterogeneity on the local creep deformation of metallic glasses and difficulties in 

the accurate definition of the steady-state creep regime, have raised significant concerns on 

the reliability of the strain-rate sensitivity values derived from constant load and hold creep 

tests [229, 231]. 

To overcome these issues, the focus progressively shifts towards alternative indentation 

routines for probing the strain-rate sensitivity of glasses, including indentation testing 

procedures with constant strain-rates [184] or rate jumps [158, 159, 220, 222]. In a constant 

strain-rate indentation test (Fig. 4), the strain-rate is held constant throughout the whole 

loading period. As a result, a steady-state creep deformation is achieved as soon as the 

hardness remains stable and independent on the further indenter displacement, whereby the 

strain-rate sensitivity is obtained from a sequence of consecutive indentations created at 

different strain-rates [215]. However, hardness measurements at low strain-rates are very 

time-consuming and prone to thermal drift effects [182, 232]. Ordinary constant strain-rate 

indentation experiments are therefore carried out at relatively high deformation rates and are 

sometimes combined with classical constant load and hold creep tests (Fig. 4) to allow for 

an evaluation of the creep response over a larger range of stresses and strain-rates 

[183, 191]. Another more suitable option is the strain-rate jump test (Fig. 4), introduced by 

Lucas and Oliver [215]. In this test, the material is initially indented at a constant strain-rate 

until a depth-independent hardness value is achieved. Afterwards, with the further load 

increase, the strain-rate is abruptly changed while the materials response, i.e., rate-

dependent hardness alterations, is continuously monitored [215]. Typical strain-rate jump 

tests involve the application of multiple strain-rate jumps, which facilitates the determination 

of the strain-rate sensitivity from a single indentation experiment. A second beneficial aspect 

is the substantially reduced testing time and hence, the lower influence of thermal drift 

effects [232, 233]. Finally, it is worth mentioning that the strain-rate sensitivity for a number 

of metals examined by indentation strain-rate jump testing have found to correlate well with 

values obtained from conventional uniaxial tensile creep experiments [182, 215, 232, 233]. 
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Fig. 4. Schematic illustration of the different loading protocols for indentation creep testing on glasses.   
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2. Results and Discussion 

2.1. Topological principles determining the strain-rate sensitivity of glasses 

For a detailed appraisal of the strain-rate sensitivity, the evaluation of a broad range of 

covalent, ionic, superionic and metallic glasses with varying degrees of structural 

dimensionality and atomic packing efficiency as well as large differences in the bond energy 

density is essential (see Table 1 in section 5.1 for details). Therefore, fused silica and typical 

silicate-related glasses [2, 13, 234], but also borates [235], phosphates [13], as well as 

sulfophosphate [236] and fluoride-phosphate poly-anion glasses [237] and even metallic 

glasses [12] were analyzed in this work. The results were then combined with experimental 

data from earlier studies [158, 159, 163, 166, 172, 178, 179, 221-224] to allow for a 

comprehensive description of the topological principles that govern the rate dependence of 

the glass hardness. 

All glasses were characterized by means of a nanoindentation strain-rate jump test, as 

developed by Maier et al. [232]. Despite the expected differences in the deformation 

mechanisms, possible experimental uncertainties from a sink-in of the indenter tip (i.e., 

densification) or the pile-up of matter (i.e., shear flow), as pointed out by Bhattacharyya et al. 

[166], may safely be excluded from the underlying concept of the hardness analysis [191]. In 

agreement with previous reports [86, 127, 141, 154-164], the glass hardness was found to 

be positively related to the imposed strain-rate. Yet, the magnitude of the observed rate-

dependent hardness alterations displays a strong compositional variability, resulting in 

strain-rate sensitivities ranging from extremely low values of m = 0.0056 for a ternary 

Cu48Zr48Al4 metallic glass [12] or m = 0.0068 for fused silica [2] up to m = 0.0537 for AgPO3 

[13]. Especially the result for the Cu48Zr48Al4 alloy needs to be highlighted at the beginning, 

as the very small strain-rate sensitivity of m = 0.0056 indicates an almost ideal plastic flow 

[158, 163], thereby providing a reasonable explanation for the rate-independent hardness 

values noticed in some former nanoindentation studies on metallic glasses 

[132, 133, 136, 140, 167-171]. 

Creep is a thermally-activated process, which becomes more pronounced at elevated 

temperatures [174]. In glasses, viscous flow has been supposed as the origin for the time-

dependent deformation or creep and its contribution to the indentation response has been 

demonstrated to increase as the temperature is monotonically raised towards the glass 

transition range [150, 151, 198, 199, 209]. It therefore appears meaningful to consider at first 

the correlation between the strain-rate sensitivity and the glass transition temperature. For 

this purpose, the strain-rate sensitivity is depicted as a function of reduced temperature T/Tg 
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in Fig. 5. Noteworthy, in this work the reduced temperature was preferred over the glass 

transition temperature to account for slight differences in the measurement conditions 

between this and previous studies. Obviously, a decrease of the reduced temperature 

(higher Tg) in covalent and ionic glasses is accompanied by a reduction of the strain-rate 

sensitivity, while the inverse relationship is visible for superionic phosphate-halide glasses, 

i.e., a decreasing strain-rate sensitivity with increasing reduced temperature (lower Tg). On 

the contrary, no apparent correlation seems to exist between the strain-rate sensitivity and 

the reduced temperature of metallic glasses. To better illustrate this finding, glasses with a 

similar structural backbone are grouped together in Fig. 5. Regarding the covalent and ionic 

glasses, the abovementioned proportionality between the strain-rate sensitivity and the 

reduced temperature clearly confirms a previous observation from high-temperature 

indentation creep tests of a growing deviation from a Newtonian viscous flow behavior 

(m = 1) at sufficiently high stresses [152, 195] or low temperatures [195, 198]. Moreover, this 

result also corroborates the early hypothesis of Douglas [41] that the local deformation of 

glasses is determined by non-Newtonian viscous flow (m < 1). However, the strain-rate 

sensitivity is not a measure for plasticity. The present findings may give rise to this 

conclusion, as glasses with a higher resistance against local deformation (higher H) 

commonly exhibit lower strain-rate sensitivities, and vice versa [2, 13, 235-237]. 

Nevertheless, the reverse trend has also been detected, e.g., in ternary (Cu0.5Zr0.5)100-xAlx 

metallic glasses of increasing amounts of Al [12]. Although surprising at the beginning, this 

result gets more readily understandable when the strain-rate sensitivity is treated as a 

measure for the localization of plastic flow rather than plasticity by itself (see section 2.1.2 

for details) [12]. 

Flow localization in metallic glasses is accompanied by the operation of shear bands, 

which have their origin in a cooperative rearrangement of a group of atoms [238], termed 

shear-transformation zones (STZ) [239]. Shear-mediated plastic flow in covalent or ionic 

glasses, on the other hand, involves the reconstruction of bonds, preferentially within the 

modifier-rich regions of the glass network [45]. However, the structural rearrangements 

related to shear flow in glasses composed of SiO4 tetrahedral units [45] differ significantly 

from the fundamental mechanisms responsible for shear flow in borate glasses, which 

consists of a mixture of trigonal BO3 groups and charged [BO4]- tetrahedral units [5, 112], or 

Ge-Se chalcogenides, where the glass network is primarily build-up of selenium chains (or 

rings) cross-linked by germanium [38, 201, 240]. By extension, the strain-rate sensitivity is 

expected to change as well. Initial support for this assumption is provided by the limitations 

in the achievable strain-rate sensitivity variations. That is, compositional adjustments within 

a certain class of glasses, e.g., an exchange of the network modifying cations in phosphate 
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glasses [13], affect the strain-rate sensitivity only slightly. Considerably larger variations are 

accessible when the network structure is markedly disturbed, e.g., through the 

implementation of halides [13], sulfates [236] or fluorides [237]. This significance of the glass 

topology further manifests in the absence of a simple one-to-one relationship between the 

strain-rate sensitivity and reduced temperature. As a result, similar strain-rate sensitivities 

are obtained for glasses with very different reduced temperatures, while for other glasses 

relatively large variations in the strain-rate sensitivity are detectable despite the marginal 

differences in the reduced temperature. Finally, through relating the strain-rate sensitivity of 

glasses to topological aspects of the short- and medium-range order, a mechanistic 

description of strain-rate dependence of the hardness also of superionic phosphate-halide 

and metallic glasses is possible. 

 

Fig. 5. Correlation between the strain-rate sensitivity m and reduced temperature T/Tg (after Ref. [13]).   
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2.1.1. Glass network dimensionality 

Over the past years, the relationship between glass topology and mechanical properties 

has extensively been studied and controlling the evolution of the glass structure upon 

solidification has found to play a key role in the design of glassy materials with a tailored 

mechanical performance [122]. The topological features, which determine the elasticity, 

plasticity or fracture characteristics of glasses, can principally be separated into two groups. 

At the atomic scale, the mechanical properties are governed by the atomic bonding energy 

and packing density. At the molecular scale, the network dimensionality and the formation of 

ring, chain or layer structures need to be taken into account [96]. Depending on the 

prevailing bond type the relative contribution of each structural aspect to the mechanical 

stability of a glass differs significantly. In the soda-lime silicate ternary system, e.g., the 

Young’s modulus is intimately related to the volume density of bonding energy as well as the 

packing efficiency of the atoms inside the glass network [91, 95]. Improvements of the 

Young’s modulus in binary Ge-Se chalcogenides, on the contrary, stem from an enhanced 

degree of cross-linking between the selenium chains in the glasses containing larger 

amounts of germanium [38]. Likewise, the hardness increases too, while the strain-rate 

sensitivity suddenly drops from m = 0.0909 for amorphous Se down to m = 0.0161 for 

Ge30Se70 [172]. A result, which has previously assigned to marked alterations in the flow 

behavior. Plastic flow in amorphous Se is supposed to occur through an alignment of the Se 

chains in shear planes, with the low shear resistance (low H and high m) originating from 

weak inter-chain Van der Waals forces [38, 201, 241]. However, the implementation of 

germanium creates strong covalent links between the chains, thereby increasing the 

resistance against shear-mediated plastic flow (larger H and lower m) [201]. 

Further evidence for the significance of the network dimensionality is given by Han and 

Tomozawa [178] as well as Keulen [179]. In both studies, the strain-rate sensitivity has 

consistently been observed to decrease with increasing amounts of water inside their 

glasses. The present findings on a series of soda-lime silicate glasses containing 500 

(m = 0.0125), 1000 (m = 0.0126) and 2000 ppm of water (m = 0.0146), respectively, confirm 

these earlier results [13]. Since water acts as a type of network modifier, a growing amount 

of NBOs is created when the water concentration is raised and a progressive 

depolymerization of the glass network follows [211]. 

Recall that changes in the network dimensionality of glasses often directly mirror in the 

Poisson ratio (see section 1.1.1 for details) [2, 9, 88, 96, 242, 243]. A correlation between 

the strain-rate sensitivity and the Poisson ratio, as presented in Fig. 6, therefore seems 

plausible. In accordance with the preceding discussion, glasses with a low Poisson ratio and 
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highly cross-linked network structures, like fused silica, normally exhibit only small strain-rate 

sensitivities. Though, higher Poisson ratios are not necessarily accompanied by larger 

strain-rate sensitivities. Instead, an increasing variability in the strain-rate is clearly 

discernable, with its maximum at intermediate Poisson ratios of ν ~ 0.3 [13]. Afterwards, for 

even higher Poisson ratios of up to ν ~ 0.4, the reverse trend of a decreasing strain-rate 

sensitivity is visible [12, 13]. A surprising result that will be addressed in section 2.1.2. The 

following discussion, however, will focus in more detail on the topological principles, which 

determine the strain-rate sensitivity variations in glasses with low and moderate Poisson 

ratios, covering the region of most covalent, ionic and superionic glasses. 

 

Fig. 6. Correlation between the strain-rate sensitivity m and Poisson ratio ν (after Ref. [13]). 

 

Referring at the beginning to the technologically relevant system of sodium-borosilicate 

glasses, the strain-rate sensitivity has found to increase monotonically with increasing 

amounts of Na2O and B2O3, respectively [2]. At a first glance, this result may be attributed 

again to the modified degree of cross-linking when SiO2 is replaced by either Na2O or B2O3 

[99, 244]. Though, this simplified conclusion ignores the general differences between the 
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network structures of sodium-borosilicate glasses and the soda-lime silicates mentioned 

before [13]. In the former case, a borate sub-network is formed in parallel to the silicate sub-

network, with the consequence that all Na2O is initially consumed for the conversion of 

trigonal BO3 groups into charged [BO4]- tetrahedral units, while the structural dimensionality 

of the silicate sub-network remains unaffected (see section 1.1.1 for details) [102, 103, 107]. 

This particular result suggests that the rate-dependent indentation deformation of sodium-

borosilicate glasses becomes progressively dominated by structural rearrangements related 

to the borate sub-network. Substituting SiO2 for B2O3 allows for a shear-mediated plastic 

flow over a sliding motion of planar boroxol rings [5, 112]. A reduction of the SiO2 

concentration at the expense of Na2O, on the other hand, promotes a localized shear flow 

along the weak ionically bonded interfaces in the modifier-rich regions of the borate sub-

network [45]. 

A similar behavior has also been noticed in soda-lime silicate glasses upon the 

incorporation of increasing amounts of TiO2 [234]. In recent years, TiO2 has received a 

growing interested as a component in silicates owing to its unique effects on thermal [245-

247] and optical properties [248-255]. In glasses with low and moderate amounts of TiO2 up 

to around 10 mol%, the majority of Ti4+ cations occupy the positions of Si4+, creating a 

titanosilicate network of TiO4 and SiO4 tetrahedral units interconnected through Si–O–Ti 

bonds. At larger TiO2 concentrations, a non-negligible fraction of TiO5 polyhedra may also 

form. Depending on the glass component, which is replaced for TiO2, the network 

dimensionality changes tremendously. While the addition of TiO2 at the expense of CaO 

promotes the cross-linking of the titanosilicate network, the opposite effect is seen when 

TiO2 partially substitutes SiO2. Nevertheless, with increasing TiO2 concentration an overall 

increase of the strain-rate sensitivity is observable. Its magnitude is almost independent on 

the other glass components and as a result, comparable strain-rate sensitivities were 

obtained for glasses with equivalent TiO2 concentrations but very different CaO and SiO2 

fractions (e.g., m = 0.0180 for a glass with 13.8 mol% CaO, 9.9 mol% TiO2 and 61.3 mol% 

SiO2, by contrast with m = 0.0182 for a glass containing 2.5 mol% CaO, 9.7 mol% TiO2 and 

71.6 mol% SiO2). However, unlike the sodium-borosilicates discussed before, the underlying 

structural rearrangements responsible for the shear-mediated plastic flow in TiO2-containing 

glasses still remain unclear [234]. 

Moving now from silicate-related to phosphate-based systems, the differences in the 

basic structural units, which build up the glass networks need to be pointed out first. In 

vitreous P2O5, corner-sharing PO4 tetrahedral units are the building blocks of a three-

dimensional phosphate network. As opposite to the SiO4 tetrahedra in fused silica, a PO4 

tetrahedron comprises only three single-bonded oxygen ions. Since the fourth double-
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bonded oxygen ion does not contribute to the cross-linking of the glass network, each PO4 

tetrahedron can link to a maximum of three other PO4 tetrahedral units through P–O–P 

bridges. Similar to fused silica, however, the addition of network modifier oxides to vitreous 

P2O5 give rise to the creation of NBOs and accompanied by this, a successive 

depolymerization of the glass network [256]. In so-called metaphosphate glasses with an 

oxygen-to-phosphorus ratio equal to three, a polymer-like network of long chains or rings of 

covalently bonded phosphate groups (i.e., PO4 tetrahedral units with two bridging and two 

terminal oxygen ions, respectively) is formed, with the network modifying cations cross-

linking the chains and rings over weak ionic bonds [257]. A partial or full replacement of the 

existing network modifying cations by others of considerably different field strengths is a 

well-established approach for adjusting the mechanical performance of glasses within 

certain limits [258-261]. This favorable phenomenon stems mainly from alterations in the 

short-range structural order, i.e., the coordination states of the cations or atomic packing 

density, while the glass topology at the medium-range order, on the other side, gets only 

slightly distorted [260, 261]. With respect to previous conclusions, the latter result is of 

particular interest, as it provides a rational explanation for the relatively low strain-rate 

sensitivity variations in alkaline earth metaphosphate glasses containing Mg2+, Ca2+ and Sr2+ 

cations, respectively, or mixtures thereof [13]. Noteworthy, comparable trends have been 

detected also for a series of alkali and silver sulfophosphate glasses [236] and a number of 

transition and post-transition metal ion borate glasses [235]. 

As mentioned earlier, a much broader distribution of strain-rate sensitivities is achieved 

when the network structure is markedly disturbed, e.g., through the implementation of 

fluorides into phosphate glasses [237]. Benefitting from the low polarizability of the fluoride 

anion and the high resonance frequency of the fluoride bonds, fluoride glasses exhibit a 

large potential for applications as photonic devices, such as laser host materials or 

components of infrared optics [262-267]. But due to the low melt viscosity and high 

crystallization tendency of fluoride glasses, the introduction of minor amounts of phosphates 

is highly recommended [267-269]. In the present work, mixed fluoride-phosphate glasses 

with compositions ranging from a covalent strontium metaphosphate to an ionic alkaline 

earth fluoroaluminate glass were analyzed [237]. The addition of fluorides to the strontium 

metaphosphate glass has found to depolymerize the phosphate network [268, 270]. At the 

same time, a three-dimensional fluoride network of interconnected Al(O,F)6 octahedral 

groups builds up, which is linked to the phosphate network over P–O–Al bridging bonds 

[268-270]. Increasing the fluoride content initially raises the fraction of P–O–Al bonds, 

thereby improving the capability for cross-linking the phosphate and fluoride sub-networks 

[237]. Along with an enhanced glass-forming ability [269-271], this effect manifests in an 
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overall decrease of the strain-rate sensitivity from m = 0.0280 for strontium metaphosphate 

down to a local minimum of m = 0.0225 for the mixed fluoride-phosphate glass with 70 mol% 

of fluorides. Though, at even higher fluoride concentrations, shear-mediated plastic flow is 

facilitated through the incipient depolymerization of the phosphate sub-network, leading to a 

re-increase of the strain-rate sensitivity up to a value of m = 0.0282 for the alkaline earth 

fluoroaluminate glass [237]. 

The final example considers the rather surprising trend of lower strain-rate sensitivities at 

higher reduced temperatures in superionic phosphate-halide glasses. Silver metaphosphate, 

like the strontium metaphosphate discussed above, consists predominantly of long chains of 

corner-sharing PO4 tetrahedral units, with the Ag+ cations cross-linking the chains over weak 

ionic bonds [272, 273]. Introducing iodide anions into the phosphate glass matrix is thought 

of to expand the network structure by occupying the space in-between the phosphate chains 

[273, 274]. This effect diminishes the interactions between the Ag+ cations and the PO4 

tetrahedral units and allows for the conduction of the Ag+ cations [272, 274, 275], but also 

compromises the thermal [275] and mechanical stability of the resulting phosphate-halide 

glasses [276, 277]. However, this effect would not explain the lower strain-rate sensitivities 

at higher iodide concentrations [13]. Instead, the compositional dependence of the strain-

rate sensitivity is supposed to originate from the creation of phosphate rings at the expanse 

of chains when iodide anions are introduced in the glass network [278], as glasses with ring-

like structures appear to be more shear resistant than glasses, where chains prevail [201]. 

Summarizing these findings, it comes as no surprise that the distribution of accessible 

strain-rate sensitivities expands at higher Poisson ratios and reaches a maximum in a region 

encompassing a multitude of covalent, ionic and superionic glasses with marked differences 

in their network topologies. Before completing this section, it needs to be clarified that the 

strain-rate sensitivity is not a measure for the relative contribution of shear-mediated plastic 

flow to the indentation deformation. Indeed, among the glasses with the lowest strain-rate 

sensitivities, fused silica is a prominent example for a densification-controlled indentation 

response. However, at least for glasses in the ternary sodium-borosilicate system, no 

apparent correlation exists between the strain-rate sensitivity and the indentation volume 

recovery ratio [2]. Instead, the strain-rate sensitivity more likely signifies a kinetic barrier for 

the activation of shear flow, with its height depending on the glass topology, most notably 

the network dimensionality.   
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2.1.2. Size, distribution and interaction of shear transformation zones 

In the current understanding, a shear band in a metallic glass have its origin in the 

operation of a STZ [239], which encompasses on average a local volume of a few tens to a 

few hundred atoms. Nevertheless, a commonly accepted model for the relationship between 

the STZ volume and shear band formation has not been established so far and its impact on 

the fracture behavior of metallic glasses still remains elusive [279]. By conducting a series of 

spherical indentations on an amorphous Zr52.5Cu17.9Ni14.6Al10Ti5 alloy, Choi et al. [280] 

attempt to estimate the activation volume for plastic flow at the onset of yielding through a 

statistical survey of the maximum shear stress associated with the first pop-in in the load-

displacement curves [281]. With the assistance of the cooperative shear model of Johnson 

and Samwer [282], this activation volume has subsequently been employed to derive the 

STZ volume. Following this approach, larger STZ volumes were detected in structurally 

relaxed metallic glasses with a more brittle fracture behavior as compared to the as-cast 

alloys with a higher plasticity [224, 283, 284]. These results have initially raised the 

conclusion that pronounced shear banding and thus, an improved plasticity, is favored in 

alloys with small-sized STZs [279, 285]. However, the opposite trend has also been noticed, 

e.g., by Jiang et al. [286], while in a series of ternary (Cu0.5Zr0.5)100-xAlx metallic glasses, 

investigated in the current work, almost negligible differences in the STZ volumes were 

detected upon the increase of the Al concentration [12], despite the sudden drop in the 

macroscopic plasticity [287-289] or the marked changes in the serrated flow [12]. 

In amorphous (Cu0.5Zr0.5)100-xAlx alloys, an increase of the Al concentration from 4 to 

8 at.% leads to less pronounced serrations in the indentation load-displacement curves (see 

section 1.1.2. for details) and by extension, a gradual homogenization of the plastic flow. In 

parallel, the strain-rate sensitivity has found to increase monotonically from m = 0.0056 for 

the alloy with 4 at.% Al up to a value of m = 0.0130 obtained for the alloy containing 8 at.% 

Al [12]. This trend further corroborates the decreasing tendency for shear localization and 

signifies a more homogeneous distribution of the STZs throughout the material [227-230]. 

Besides, the enhanced mechanical stability, i.e., higher Young’s modulus [288-291] and 

hardness [290], of the alloys with larger amounts of Al raises the energy barrier density for 

the activation of individual STZs and hence, their nucleation become less probable [292]. As 

a direct consequence, only a small amount of STZs are initiated, whereas the broader 

distribution of STZs (larger m) impedes their accumulation into large-sized plastic flow units. 

On the contrary, the lower energy barrier density in ternary (Cu0.5Zr0.5)100-xAlx metallic glasses 

with smaller amounts of Al allows for a larger number of STZs to be activated simultaneously. 

These STZs are strongly localized (lower m) and can therefore easily percolate into large-
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sized plastic flow units, as evident from the higher number and increased size of serrations 

in the indentation load-displacement curves [12]. 

With respect to these findings, the apparent inverse correlation between the stain-rate 

sensitivity of metallic glasses and the Poisson ratio needs to be recalled again (see section 

2.1.1. for details). Given that the Poisson ratio can be regarded at a first glance as an 

indicator for plasticity [293], a rough trend is visible, where small strain-rate sensitivities and 

large-sized plastic flow units are obtained for metallic glasses with larger Poisson ratios and 

a higher plasticity, like Pd-, Pt-, Zr- or Cu-based alloys. Higher strain-rate sensitivities and a 

stronger variability in the size of plastic flow units are, however, noticeable for metallic 

glasses with small Poisson ratios, such as the extremely brittle Mg-based alloys or metallic 

glasses of low glass transition temperatures based on Ce or La. In agreement with previous 

suggestions [158, 286], this trend finally indicates a close correlation between the plasticity 

of metallic glasses and the tendency towards the localized formation of multiple STZs as 

well as their ability to percolate into large-sized plastic flow units.   
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2.2. Index of publications 

2.2.1. Strain-rate sensitivity of glasses 

R. Limbach, B. P. Rodrigues, L. Wondraczek, Strain-rate sensitivity of glasses, J. Non-Cryst. 

Solids 404 (2014) 124-134. 

DOI: 10.1016/j.jnoncrysol.2014.08.023 

We report on the loading-rate-dependence of localized plastic deformation in inorganic 

covalent, metallic, ionic and super-ionic glasses. For this, the strain-rate sensitivity is 

determined through instrumented nanoindentation in a load-controlled strain-rate jump test. 

Through relating the strain-rate sensitivity to the reduced temperature, the packing density, 

the network dimensionality and the average single bond strength of the system, a qualitative 

mechanistic description of the strain-mediating process is possible. A strong variability of 

strain-rate sensitivity is obtained only at intermediate values of packing density, network 

connectivity or bond strength, when other parameters such as chemical composition and 

specific structural arrangement are dominating the deformation process. On the other side, 

for high bond strength and connectivity or for high packing density, the strain-rate sensitivity 

of the considered glasses is always low, what is also confirmed through the dependence of 

strain-rate sensitivity on Poisson ratio. Here, only for glasses with a Poisson ratio of ~0.3-0.4 

we observe a wide range of the degree of loading-rate-dependence of local deformation. For 

higher or lower Poisson ratio, the observed dependence is always low: when the limiting 

factor in deformation is primarily network connectivity and bond strength or packing density, 

respectively, once an activation barrier is overcome, deformation is only weakly loading-rate 

dependent. This is regardless of the height of the activation barrier. When approaching the 

glass transition temperature, high strain-rate sensitivity is observed only in glasses where 

non-Newtonian flow is expected also in the corresponding liquid. 

Copyright  2014 Limbach, Rodrigues and Wondraczek. This is an open access article 

under the Creative Commons Attribution-nonCommercial-noDerivatives License 

(CC BY-NC-ND).   
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2.2.2. Structure and properties of alkali and silver sulfophosphate glasses 

A. Thieme, D. Möncke, R. Limbach, S. Fuhrmann, E. I. Kamitsos. L. Wondraczek, Structure 

and properties of alkali and silver sulfophosphate glasses, J. Non-Cryst. Solids 410 (2015) 

142-150. 

DOI: 10.1016/j.jnoncrysol.2014.11.029. 

Glasses of the composition 24 M2SO4-1 M2O-52 ZnO-23 P2O5 with M = Li, Na, K, Rb, Cs, 

and Ag were prepared by conventional melt-quenching. Variation of the monovalent cation 

results in distinct changes in the thermo-physical, mechanical and chemical properties. From 

Li to Cs, the calorimetric glass transition temperature and the stability against crystallization 

increase significantly. This trend is contrary to expectations in covalent glasses, but 

consistent with the behavior of ionic fluoride glasses. However, chemical and mechanical 

properties are consistent with the trend observed for covalent glasses as hardness and 

elastic modulus are drastically lowered from Li to Cs glasses. Modifier substitution with the 

heavier Ag ion has often similar effects as lithium substitution due to their comparably small 

coordination number (i.e., four) in the studied glasses. Raman- and IR-spectroscopic studies 

were carried out in order to correlate the variations in the glass properties with variations of 

the glass structure. Here, sulfate anions show preferential bonding to the monovalent 

cations while phosphate groups are preferentially linked zo zinc-cations. For larger alkali 

cations the tetrahedral phosphate and sulfate groups show a reduction of symmetry, i.e., 

deviations from tetrahedral symmetry when acting as bi- or multi-dentate ligands. 

Reproduced with permission from the publisher under license number 4201331143204. 

Copyright © 2014 Elsevier B.V.   
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2.2.3. Plasticity, crack initiation and defect resistance in alkali-borosilicate glasses: 
From normal to anomalous behavior 

R. Limbach, A. Winterstein-Beckmann, J. Dellith, D. Möncke, L. Wondraczek, Plasticity, 

crack initiation and defect resistance in alkali-borosilicate glasses: From normal to 

anomalous behavior, J. Non-Cryst. Solids 417-418 (2015) 15-27. 

DOI: 10.1016/j.jnoncrysol.2015.02.019. 

We provide a comprehensive description of the defect tolerance of sodium-borosilicate 

glasses upon sharp contact loading. This is motivated by the key role which is taken by this 

particular glass system in a wide variety of applications, ranging from electronic substrates, 

display covers and substrates for biomedical imaging and sensing to, e.g., radioactive waste 

vitrification. The present report covers the mechanical properties of glasses in the Na2O-

B2O3-SiO2 ternary over the broad range of compositions from pure SiO2 to binary sodium-

borates, and crossing the region of various commercially relevant specialty borosilicate 

glasses, such as the multi-component Duran-, Pyrex- and BK7-type compositions and 

typical soda-lime silicate glasses, which are also included in this study. In terms of structure, 

the considered glasses may be separated into two groups, that is, one series which contains 

only bridging oxygen atoms, and another series which is designed with an increasing 

number of non-bridging oxygen ions. Elastic moduli, Poisson ratio, hardness as well as the 

creep and crack resistance were evaluated, as well as the contribution of densification to the 

overall amount of indentation deformation. Correlations between the mechanical properties 

and structural characteristics of near- and mid-range order are discussed, from which we 

obtain a mechanistic view at the molecular reactions which govern the overall deformation 

reaction and, ultimately, contact cracking. 

Copyright  2015 Limbach, Winterstein-Beckmann, Dellith, Möncke and Wondraczek. This 

is an open access article under the Creative Commons Attribution License (CC BY).   
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2.2.4. Elasticity, deformation and fracture of mixed fluoride-phosphate glasses 

R. Limbach, B. P. Rodrigues, D. Möncke, L. Wondraczek, Elasticity, deformation and 

fracture of mixed fluoride-phosphate glasses, J. Non-Cryst. Solids 430 (2015) 99-107. 

DOI: 10.106/j.jnoncrysol.2015.09.025 

Fluoride-phosphate (FP) glasses have been developed (in terms of glass forming ability) 

as a more stable alternative to fluoride glasses. Benefitting from the low polarizability of the 

fluoride anion, high electronic band-gap and low phonon energy, they present one of the 

most important host species for inclusion of rare-earth and other optically active dopants into 

fiber and bulk glass. A major limitation, however, has been the mechanical performance of 

these glasses and their susceptibility to damage and fracture. Here, we provide 

comprehensive data on elasticity, plasticity and fracture of a series of mixed fluoride-

phosphate glasses with strongly ionic bonding character, spanning the compositional join of 

strontium metaphosphate and alkaline earth aluminum fluoride. 

Simplistic models such as that of Makishima and Mackenzie can reproduce the 

mechanical properties of these glasses within a limited compositional range. This break-

down is explained in the context of glass structure, in particular, the role intermediate VIAl3+ 

species which act as bridges between the fluoride and the phosphate sub-networks. A 

simple binominal model is implemented to estimate the atomic fractions of aluminum as well 

as of magnesium cations, which are linked to two or more phosphate units, and used as an 

indicator for the connectivity between the anion sub-networks. Such adjustment of the 

Makishima-Mackenzie model provides an unambiguous rational for the elastic properties, 

but also for the susceptibility to inelastic deformation and fracture of FP glasses. 

Reproduced with permission from the publisher under license number 4201331367610. 

Copyright © 2015 Elsevier B.V.   
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2.2.5. Transition and post-transition metal ions in borate glasses: Borate ligand 
speciation, cluster formation, and their effect on glass transition and 
mechanical properties 

D. Möncke, E. I. Kamitsos, D. Palles, R. Limbach, A. Winterstein-Beckmann, T. Honma, 

Z. Yao, T. Rouxel, L. Wondraczek, Transition and post-transition metal ions in borate 

glasses: Borate ligand speciation, cluster formation, and their effect on glass transition and 

mechanical properties, J. Chem. Phys. 145 (2016) 124501. 

DOI: 10.1063/1.4962323 

A series of transition and post-transition metal ion (Mn, Cu, Zn, Pb, Bi) binary borate 

glasses was studied with special considerations to the cations impact on the borate structure, 

the cations cross-linking capacity, and more generally, structure-property correlations. 

Infrared (IR) and Raman spectroscopies were used for the structural characterization. These 

complementary techniques are sensitive to the short-range order as in the differentiation of 

tetrahedral and trigonal borate units or regarding the number of non-bridging oxygen ions 

per unit. However, vibrational spectroscopy is also sensitive to the intermediate-range order 

and to the presence of superstructural units, such as rings and chains, or the combination of 

rings. In order to clarify band assignments for the various borate entities, examples are given 

from pure vitreous B2O3 to meta-, pyro-, ortho- and even overmodified borate glass 

compositions. For binary metaborate glasses, the impact of the modifier cation on the borate 

speciation is shown. High field strength cations such as Zn2+ enhance the disproportionation 

of metaborate to polyborate and pyroborate units. Pb2+ and Bi3+ induce cluster formation, 

resulting in PbOn- and BiOn-pseudophases. Both lead and bismuth borate glasses show also 

a tendency to stabilize very large superstructural units in the form of diborate polyanions. 

Far-IR spectra reflect on the bonding states of modifier cations in glasses. The frequency of 

the measured cation-site vibration band was used to obtain the average force constant for 

the metal-oxygen bonding, FM-O. A linear correlation between glass transition temperature 

(Tg) and FM-O was shown for the metaborate glass series. The mechanical properties of the 

glasses also correlate with the force constant FM-O, though for cations of similar force 

constant the fraction of tetrahedral borate units (N4) strongly affects the thermal and 

mechanical properties. For paramagnetic Cu- and Mn-borate glasses, N4 was determined 

from the IR spectra after deducing the relative absorption coefficient of boron tetrahedral 

versus boron trigonal units, α = α4/α3, using NMR literature data of the diamagnetic glasses. 

Reproduced with permission from the publisher under license number 4201340036189. 

Rights managed by AIP Publishing LLC.   



 76 
 



 77 
 



 78 
 



 79 
 



 80 
 



 81 
 



 82 
 



 83 
 



 84 
 



 85 
 



 86 
 



 87 
 



 88 
 



 89 
 



 90 
 



 91 
  



 92 

2.2.6. Serrated flow of CuZr-based bulk metallic glasses probed by nanoindentation: 
Role of the activation barrier, size and distribution of shear transformation 
zones 

R. Limbach, K. Kosiba, S. Pauly, U. Kühn, L. Wondraczek, Serrated flow of CuZr-based bulk 

metallic glasses probed by nanoindentation: Role of the activation barrier, size and 

distribution of shear transformation zones, J. Non-Cryst. Solids 459 (2017) 130-141. 

DOI: 10.1016/j.jnoncrysol.2017.01.015 

We report on the effect of Al and Co alloying in vitreous Cu50Zr50 on local deformation 

and serrated flow as a model for relating the size and localization of shear transformation 

zones (STZ) to Poisson ratio and strain-rate sensitivity of metallic glasses. Alloying with Al 

results in significant variations in mechanical performance, in particular, in Young’s modulus, 

hardness and strain-rate sensitivity. Increasing strain-rate sensitivity with increasing degree 

of alloying indicates a reduced tendency for shear localization. In parallel, a gradual 

transition from inhomogeneous to homogeneous plastic flow is observed. Using a statistical 

analysis of the shear stress associated with the initiation of the first pop-in in the load-

displacement curve during spherical indentation, the activation volume for plastic flow at the 

onset of yielding is reported. This analysis is employed for experimental evaluation of the 

compositional dependence of activation barrier, size and distribution of STZs. It is 

demonstrated that the STZ size does not change significantly upon Al alloying and 

encompasses a local volume of around 22 - 24 atoms. However, the barrier energy density 

for the initiation of a single STZ progressively increases. The broader distribution of STZs 

impedes their accumulation into larger-size flow units, leading to a lower number and 

reduced size of serrations in the load-displacement curve. On the contrary, lower barrier 

energy densities enable a larger quantity of STZs to be activated simultaneously. These 

STZs can easily percolate into large flow units, promoting plastic flow through their 

interaction. We employ Poisson’s ratio as an indicator for plasticity to shown that this 

interpretation can be transferred to other types of metallic glasses. That is, larger flow units 

were found for metallic glasses with higher Poisson ratio and more pronounced plasticity, 

while the flow units in alloys with very low Poisson ratio and high brittleness are significantly 

reduced in size and more homogeneously distributed throughout the material. 

Copyright  2017 Limbach, Kosiba, Pauly, Kühn and Wondraczek. This is an open access 

article under the Creative Commons Attribution License (CC BY).   
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2.2.7. The effect of TiO2 on the structure of ternary Na2O-CaO-SiO2 glasses and its 
implications for thermal and mechanical properties 

R. Limbach, S. Karlsson, G. Scannell, R. Mathew, M. Edén, L. Wondraczek, The effect of 

TiO2 on the structure of ternary Na2O-CaO-SiO2 glasses and its implications for thermal and 

mechanical properties, J. Non-Cryst. Solids 471 (2017) 6-18. 

DOI: 10.1016/j.jnoncrysol.2017.04.013 

Titania presents an important compound for property modifications in the widespread 

family of soda lime silicate glasses. In particular, such titania-containing glasses offer 

interesting optical and mechanical properties, for example, for substituting lead-bearing 

consumer glasses. Here, we provide a systematic study of the effect of TiO2 on the structural, 

thermal, and mechanical properties for three series of quaternary Na2O-CaO-TiO2-SiO2 

glasses with TiO2 concentrations up to 12 mol% and variable Na2O, CaO and SiO2 contents. 

Structural analyses by Raman and 29Si magic-angle spinning NMR spectroscopy reveals the 

presence of predominantly four-fold coordinated Ti[4] atoms in glasses of low and moderate 

TiO2 concentrations, where Si-O-Si bonds are replaced by Si-O-Ti[4] bonds that form a 

network of interconnected TiO4 and SiO4 tetrahedra, with a majority of the non-bridging 

oxygen ions likely being located at the SiO4 tetrahedra. At higher TiO2 contents, TiO5 

polyhedra are also formed. Incorporation of TiO2 strongly affects the silicate network 

connectivity, especially when its addition is accompanied by a decrease of the CaO content. 

However, except for the thermal expansion coefficient, these silicate-network modifications 

seem to have no impact on the thermal and mechanical stability. Instead, the compositional 

dependence of the thermal and mechanical properties on the TiO2 content stems from its 

effect on the network energy and packing efficiency. 

Copyright  2017 Limbach, Karlsson, Scannell, Mathew, Edén and Wondraczek. This is an 

open access article under the Creative Commons Attribution-nonCommercial-noDerivatives 

License (CC BY-NC-ND).   
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3. Summary 

The objective of this work was to advance the current understanding of the time-

dependent indentation deformation of glasses, commonly referred to as creep, and by 

extension, to develop a qualitative mechanistic description of the topological principles that 

determine the rate dependence of the glass hardness. For this purpose, the strain-rate 

sensitivity of numerous glasses with covalent, ionic and metallic bonding character as well 

as varying degrees of network dimensionality and atomic packing density, was characterized 

in a nanoindentation strain-rate jump test. 

In accordance with previous reports, the hardness of all glasses studied was consistently 

found to increase with increasing strain-rate. The magnitude of this effect strongly depends 

on the glass composition and give rise to a broad distribution of accessible strain-rate 

sensitivities, ranging from extremely low values of about m = 0.0068 for fused silica up to the 

highest value of m = 0.0909 obtained for amorphous Se. However, contrary to earlier 

expectations from high-temperature indentation creep tests, lower strain-rate sensitivities at 

ambient testing conditions are not necessarily related to glasses with a higher glass 

transition temperature, and vice versa. Instead, the strain-rate sensitivity appears to be 

controlled by a complex interplay between topological aspects of the short- and medium-

range order, with the network dimensionality dominating the time-dependent indentation 

response of covalent, ionic and superionic glasses. In this context, the Poisson ratio has 

been employed as an indicator for the degree of cross-linking, as glasses with a strongly 

cross-linked network typically exhibit lower Poisson ratios than glasses with a more 

depolymerized network structure. Following this concept, it has been demonstrated that 

glasses with small Poisson ratios are only weakly rate-dependent, while a broader 

distribution of strain-rate sensitivities is seen at intermediate Poisson ratios of ν ~ 0.3 and 

most notably for glasses, where additional topological aspects beyond the network 

dimensionality, like the atomic bonding energy and packing density or the formation and 

interconnectivity of sub-networks, are of paramount importance for the deformation 

processes. 

Interestingly, the opposite trend of a decreasing variability of the strain-rate sensitivity 

with increasing Poisson ratio has been noticed for metallic glasses. That is, alloys with 

higher Poisson ratios usually exhibit smaller strain-rate sensitivities and display a stronger 

tendency for the localized nucleation of multiple STZs. These STZs may easily percolate into 

large-sized plastic flow units and promote plastic flow through the multiplication and 

branching of shear bands, as evident from the strongly serrated indentation load-

displacement curves of such alloys. The larger variability of strain-rate sensitivities, on the 
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other side, was obtained for alloys with smaller Poisson ratios and a more brittle fracture 

behavior. A result that is directly related the nucleation of a lower quantity of STZs. In 

addition, these STZs are more homogenously distributed throughout the material, which 

impedes their accumulation into large-sized plastic flow units and as a consequence thereof, 

crack initiation becomes favored over plastic flow.   
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4. Zusammenfassung 

Das Ziel dieser Arbeit war ein besseres Verständnis über die Zeitabhängigkeit der 

plastischen Verformung während der Indentierung von Gläsern zu erlangen. Darauf 

aufbauend sollten grundlegende topologische Modelle für eine qualitative Beschreibung der 

Belastungsratenabhängigkeit der Härte ausgearbeitet werden. Zu diesem Zweck wurde die 

Dehnratenabhängigkeit einer breiten Auswahl verschiedenster Gläser mit kovalenten, 

ionischen und metallischen Bindungen sowie erheblichen Unterschieden in der 

Netzwerkverknüpfung und atomaren Packungsdichte analysiert. 

Die Bestimmung der Dehnratenabhängigkeit erfolgte über ein Verfahren bei dem mit 

zunehmender Eindringtiefe der Indenterspitze in die Glasoberfläche die Dehnrate in zuvor 

festgelegten Intervallen abrupt verändert wurde. Dabei war für alle im Verlaufe dieser Arbeit 

untersuchten Gläser mit einer Steigerung der Dehnrate auch ein Anstieg der Härte zu 

verzeichnen, jedoch mit teils beträchtlichen Unterschieden in den resultierenden 

Dehnratenabhängigkeiten. So wurde beispielsweise für Kieselglas eine der niedrigsten 

Dehnratenabhängigkeiten von m = 0.0068 ermittelt, während amorphes Se die bislang 

größte gemessene Dehnratenabhängigkeit von m = 0.0909 aufzeigt. Obwohl diese 

Resultate zunächst die Vermutung zulassen, dass Gläser mit einer höheren 

Glasübergangstemperatur eine niedrigere Dehnratenabhängigkeit besitzen als Gläser mit 

einer deutlich geringeren Glasübergangstemperatur, konnte keine eindeutige Verbindung 

zwischen beiden Parameter hergestellt werden. Stattdessen zeigte sich, dass die 

Dehnratenabhängigkeit durch ein komplexes Zusammenspiel verschiedenster 

Strukturfaktoren bestimmt wird. In Gläsern mit einem kovalenten, ionischen oder 

superionischen Bindungscharakter ist der entscheidende Faktor hierbei die 

Netzwerkverknüpfung. In erster Näherung ist diese direkt proportional zur Poissonzahl. Für 

gewöhnlich weisen Gläser mit einem hohen Vernetzungsgrad eine geringere Poissonzahl 

auf als Gläser mit einer schwach verknüpften Struktur. Bezüglich der Dehnratenabhängigkeit 

wurde gezeigt, dass die Härte von Gläsern mit einer niedrigen Poissonzahl nur in geringem 

Maße von der Dehnrate abhängt. Mit zunehmender Poissonzahl nimmt allerdings die 

Varianz in der Dehnratenabhängigkeit deutlich zu, wobei die breiteste Verteilung bei einer 

mittleren Poissonzahl von ν ~ 0.3 zu finden ist. Entsprechend große Unterschiede in der 

Dehnratenabhängigkeit sind dabei vor allem für Gläser erkennbar bei denen die plastische 

Verformung neben dem Vernetzungsgrad auch in erheblichem Umfang von der 

Bindungsstärke, Packungsdichte oder der Bildung und Verknüpfung von Teilnetzwerken 

abhängt.   
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Ein gänzlich anderer Trend zeigt sich hingegen in metallischen Gläsern. Hier nimmt mit 

steigender Poissonzahl die Varianz der Dehnratenabhängigkeit kontinuierlich ab. Eine 

geringe Dehnratenabhängigkeit deutet in diesem Zusammenhang auf eine lokal begrenzte 

Bildung einer Vielzahl sogenannter Scherumwandlungszonen (STZ) hin. Diese STZs 

können vergleichsweise leicht miteinander wechselwirken und in größere Fließeinheiten 

übergehen. Dass die Entstehung großer Fließeinheiten eine plastische Vorformung des 

Materials begünstigt, zeigt sich vor allem in der verstärkten Ausbildung diskreter Sprünge in 

den Belastungskurven während der Indentierung. Im Vergleich dazu weist eine hohe 

Dehnratenabhängigkeit auf eine homogenere Verteilung der STZs hin. Dies begrenzt jedoch 

mögliche Interaktionen zwischen den einzelnen STZs und verhindert die Bildung größerer 

Fließeinheiten, weshalb in metallischen Gläsern mit einer niedrigen Poissonzahl die Bildung 

von Rissen gegenüber einer plastischen Verformung oftmals bevorzugt ist.   
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5. Materials and Methods 

5.1. Glass compositions, physical and mechanical properties 

The compositions of all glasses studied are summarized in Table 1, together with 

selected physical properties, including the glass transition temperature Tg, reduced 

temperature T/Tg and density ρ, as well as mechanical characteristics, such as the Poisson 

ratio ν, Young’s modulus E, hardness H and strain-rate sensitivity m. Here, only the nominal 

compositions are given, except for the series of TiO2-containing soda-lime silicate [255] and 

alkali zinc sulfophosphate glasses [236, 294] as well as the mixed Co-Sr [260] and Ca-Mg-

metaphosphate glasses [261], which were analyzed by inductively coupled plasma mass 

spectroscopy (ICP-MS) and inductively coupled plasma optical emission spectroscopy (ICP-

OES), respectively. The Corning 7980 (Coring Inc.) and Suprasil (Heraeus Quarzglas GmbH 

& Co. KG) fused silica samples were received directly from the manufacturers. Detailed 

information on the preparation of the Na2O-CaO-SiO2-H2O [212], Na2O-CaO-SiO2-TiO2 [234], 

Al2O3-SiO2 [295-297], M2O-Al2O3-B2O3-SiO2 (M = Li, Na, K) [2, 298], MxOy-B2O3 (M = Mn, Cu, 

Zn, Sr, Eu, Pb, Bi) [235, 299], MO-P2O5 (M = Mg, Ca, Sr, Ba, Mn, Co, Ni, Cu) [260, 261, 300], 

AgO-P2O5-AgI [301], M2O-ZnO-SO3-P2O5 (M = Li, Na, Rb, Ag) [236], Na2O-MxOy-SO3-P2O5 

(M = Mn, Fe, Zn) [294], MgF2-CaF2-SrF2-AlF3-SrO-P2O5 [237], Ca-Si-O-N [302] and Si-O-C 

glasses [303, 304] as well as the Cu-Zr-Al-(Co) [12], Zr-Cu-Ni-Al-Ti [305, 306], Fe-Co-B-Si-

Nb-Cu [307] and the Pd-Ni-P-(Co,Fe) bulk metallic glasses [308], which were provided for 

this work, can be found in the literature3. The amorphous nature of all glasses was verified 

by X-ray diffraction. The glass transition temperatures were evaluated by differential 

scanning calorimetry and the densities were determined by the Archimedes’ principle in 

distilled water or dry ethanol, respectively.  

 

                                                
3  Experimental data on the Na2O-CaO-SiO2, In2O3-ZnO-B2O3, Na2O-P2O5-NaCl and Na2O-SO3-P2O5 glasses 

have not been published so far and therefore, no references can be provided. 



 

Tab. 1. Nominal compositions and selected physical as well as mechanical properties of the glasses studied. The reduced temperature is defined as the ratio 

between the experimental temperature T and the glass transition temperature Tg, which was determined by differential scanning calorimetry. The density ρ 

was measured by means of the Archimedes’ principle in distilled water or dry ethanol. The Poisson ratio ν was characterized by ultrasonic echography and 

the Young’s modulus E, hardness H as well as the strain-rate sensitivity m were studied via instrumented indentation testing. 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 

Fused silica 

SiO2 (Corning 7980) 1315(a) 0.229 2.204 0.180(a) 71.8 ± 0.2 9.28 ± 0.05 0.0100 
SiO2 (Suprasil) 1393(a) 0.214 2.203 0.170(a) 71.6 ± 0.3 9.17 ± 0.12 0.0068 

SiO2 1477 0.202 2.201 0.180 ± 0.010 71.4 ± 0.4 9.24 ± 0.06 0.0047 

Silicate glasses 

16Na2O-10CaO-74SiO2 + 500 ppm H2O 803 0.372 2.478 0.225 ± 0.003 76.8 ± 0.3 6.84 ± 0.04 0.0125 
16Na2O-10CaO-74SiO2 + 1000 ppm H2O 792 0.373 2.480 0.212 ± 0.003 77.4 ± 0.3 6.87 ± 0.05 0.0126 
16Na2O-10CaO-74SiO2 + 2000 ppm H2O 800 0.373 2.479 0.223 ± 0.003 76.6 ± 0.2 6.81 ± 0.07 0.0149 

55.0CaO-45.0SiO2 785 [309] 0.284 2.843 0.284 ± 0.016 99.4 ± 0.5 8.23 ± 0.06 0.0088 
45.0CaO-55.0SiO2 746 [309] 0.292 2.757 0.261 ± 0.015 92.4 ± 0.5 8.04 ± 0.05 0.0074 

17.5Na2O-17.5CaO-65.0SiO2 588 0.348 2.613 0.240 ± 0.011 87.2 ± 0.3 7.76 ± 0.03 0.0142 
12.5Na2O-22.5CaO-65.0SiO2 623 0.334 2.596 0.236 ± 0.011 85.8 ± 0.2 7.75 ± 0.04 0.0125 
22.5Na2O-12.5CaO-65.0SiO2 562 0.362 2.565 0.244 ± 0.007 79.6 ± 0.2 7.08 ± 0.02 0.0170 
22.5Na2O-22.5CaO-55.0SiO2 564 0.358 2.661 0.255 ± 0.012 87.2 ± 0.4 7.60 ± 0.04 0.0135 
17.5Na2O-27.5CaO-55.0SiO2 596 0.350 2.683 0.259 ± 0.008 90.6 ± 0.3 7.59 ± 0.04 0.0108 
12.5Na2O-12.5CaO-75.0SiO2 - - 2.502 0.216 ± 0.006 76.6 ± 0.2 6.92 ± 0.04 0.0156 

16Na2O-10CaO-74SiO2 803 0.373 2.480 0.221 ± 0.007 76.0 ± 0.4 6.67 ± 0.04 0.0164 
15.0Na2O-11.2CaO-73.9SiO2

(b) 860 0.352 2.514 0.227 ± 0.005 77.3 ± 0.3 6.92 ± 0.02 0.0134 
14.8Na2O-9.8CaO-73.9SiO2-1.4TiO2

(b) 849 0.357 2.503 0.224 ± 0.005 76.5 ± 0.2 6.75 ± 0.03 0.0182 
15.6Na2O-5.5CaO-75.6SiO2-3.4TiO2

(b) 841 0.360 2.478 0.214 ± 0.004 74.4 ± 0.3 6.49 ± 0.04 0.0171 
15.6Na2O-0.6CaO-78.3SiO2-5.5TiO2

(b) 833 0.364 2.445 0.210 ± 0.004 71.2 ± 0.1 6.10 ± 0.03 0.0209 
14.6Na2O-14.0CaO-69.8SiO2-1.7TiO2

(b) 863 0.346 2.540 0.233 ± 0.006 79.7 ± 0.3 7.12 ± 0.03 0.0147 
  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 
14.6Na2O-14.0CaO-68.3SiO2-3.0TiO2

(b) 867 0.350 2.566 0.234 ± 0.006 81.4 ± 0.3 7.31 ± 0.03 0.0174 
15.0Na2O-13.3CaO-67.0SiO2-4.7TiO2

(b) 873 0.347 2.594 0.235 ± 0.006 82.8 ± 0.2 7.44 ± 0.03 0.0173 
15.0Na2O-13.2CaO-65.8SiO2-6.0TiO2

(b) 877 0.346 2.605 0.235 ± 0.006 83.3 ± 0.2 7.46 ± 0.04 0.0181 
15.1Na2O-13.9CaO-62.8SiO2-8.2TiO2

(b) 880 0.345 2.638 0.237 ± 0.006 85.3 ± 0.2 7.62 ± 0.04 0.0178 
15.0Na2O-13.8CaO-61.3SiO2-9.9TiO2

(b) 883 0.345 2.661 0.240 ± 0.006 87.3 ± 0.2 7.73 ± 0.04 0.0180 
14.5Na2O-12.1CaO-71.6SiO2-1.8TiO2

(b) 852 0.354 2.522 0.228 ± 0.006 77.9 ± 0.3 6.91 ± 0.03 0.0159 
15.0Na2O-10.1CaO-71.5SiO2-3.4TiO2

(b) 852 0.354 2.514 0.225 ± 0.006 77.8 ± 0.2 6.87 ± 0.04 0.0180 
15.4Na2O-7.3CaO-72.3SiO2-5.1TiO2

(b) 858 0.348 2.517 0.224 ± 0.006 78.5 ± 0.4 6.92 ± 0.04 0.0180 
15.7Na2O-5.1CaO-71.9SiO2-7.3TiO2

(b) 857 0.349 2.522 0.224 ± 0.006 78.0 ± 0.5 6.85 ± 0.06 0.0186 
16.3Na2O-2.5CaO-71.6SiO2-9.7TiO2

(b) 860 0.351 2.541 0.226 ± 0.006 77.8 ± 0.4 6.72 ± 0.03 0.0182 
16.3Na2O-0.4CaO-71.3SiO2-12.0TiO2

(b) 871 0.343 2.535 0.219 ± 0.003 76.3 ± 0.2 6.69 ± 0.04 0.0196 

Aluminosilicate glasses 

2.08Al2O3-97.92SiO2 1399 0.213 2.217 0.184 ± 0.011 73.0 + 0.2 8.91 ± 0.04 0.0095 
2.75Al2O3-97.25SiO2 1365 0.219 2.222 0.186 ± 0.011 73.5 ± 0.2 8.93 ± 0.04 0.0114 
3.30Al2O3-96.70SiO2 1349 0.221 2.228 0.188 ± 0.013 73.8 ± 0.3 8.74 ± 0.05 0.0126 
7.00Al2O3-93.00SiO2 1379 0.216 2.231 0.195 ± 0.011 75.5 ± 0.3 8.42 ± 0.06 0.0098 

Borosilicate glasses 

20.0Na2O-80.0B2O3 685 0.440 2.070 0.283 [98] 41.3 ± 0.2 4.09 ± 0.03 0.0283 
12.5Na2O-62.5B2O3-25.0SiO2 688 0.435 2.180 0.268 ± 0.006 41.6 ± 0.2 3.96 ± 0.03 0.0259 
3.0Na2O-48.5B2O3-48.5SiO2 653 0.459 2.040 0.257 ± 0.005 32.1 ± 0.1 3.70 ± 0.03 0.0220 
15.0Na2O-42.5B2O3-42.5SiO2 763 0.393 2.310 0.238 ± 0.007 57.1 ± 0.2 5.34 ± 0.03 0.0279 
6.5Na2O-33.5B2O3-60.0SiO2 718 0.418 2.150 0.237 ± 0.005 44.4 ± 0.1 4.98 ± 0.03 0.0240 
16.0Na2O-10.0B2O3-74.0SiO2 823 0.365 2.450 0.206 ± 0.007 84.4 ± 0.3 7.97 ± 0.05 0.0223 
16.0Na2O-10.0B2O3-74.0SiO2 823 0.365 2.450 0.204 ± 0.004 81.4 ± 0.3 7.26 ± 0.04 0.0211 

4.3Na2O-1.0Al2O3-20.7B2O3-74.0SiO2 715 0.420 2.180 0.210 ± 0.006 50.6 ± 0.2 5.89 ± 0.04 0.0209 
  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 
0.8Li2O-0.7Na2O-4.9K2O-2.0Al2O3-19.0B2O3-72.6SiO2 796 0.376 2.260 0.206 ± 0.005 64.0 ± 0.2 6.92 ± 0.03 0.0181 

5.4Li2O-1.3Al2O3-11.8B2O3-81.5SiO2 762 0.393 2.140 0.201 ± 0.006 56.7 ± 0.3 6.96 ± 0.07 0.0149 
4.9Na2O-0.5K2O-1.3Al2O3-11.8B2O3-81.5SiO2 813 0.372 2.220 0.200(a) 61.9 ± 0.2 7.18 ± 0.03 0.0180 

4.9Na2O-0.5K2O-1.3Al2O3-11.8B2O3-81.5SiO2 + 0.05 mol% MnO 807 0.370 2.200 0.196 ± 0.005 61.7 ± 0.2 7.18 ± 0.03 0.0197 
4.9Na2O-0.5K2O-1.3Al2O3-11.8B2O3-81.5SiO2 + 0.5 mol% MnO 784 0.382 2.213 0.193 ± 0.005 62.4 ± 0.5 7.28 ± 0.05 0.0202 
4.9Na2O-0.5K2O-1.3Al2O3-11.8B2O3-81.5SiO2 + 1.0 mol% MnO 782 0.383 2.220 0.192 ± 0.005 63.2 ± 0.5 7.34 ± 0.05 0.0208 
4.9Na2O-0.5K2O-1.3Al2O3-11.8B2O3-81.5SiO2 + 2.0 mol% MnO 782 0.383 2.241 0.191 ± 0.005 63.8 ± 0.5 7.35 ± 0.06 0.0214 
4.9Na2O-0.5K2O-1.3Al2O3-11.8B2O3-81.5SiO2 + 4.0 mol% MnO 778 0.385 2.273 0.198 ± 0.005 65.3 ± 0.5 7.37 ± 0.06 0.0168 

Borate glasses 

30EuO-70B2O3 911 0.327 3.920 0.286 ± 0.001(c) 103.7 ± 0.5 8.27 ± 0.05 0.0161 
30MnO-70B2O3 857 0.347 2.790 0.291 ± 0.001(c) 71.8 ± 0.9 6.02 ± 0.16 0.0241 
30SrO-70B2O3 895 0.333 2.800 0.281 ± 0.001(c) 82.5 ± 1.3 6.96 ± 0.17 0.0164 

15EuO-15MnO-70B2O3 898 0.331 3.300 0.282 ± 0.001(c) 88.5 ± 0.7 7.42 ± 0.11 0.0206 
15EuO-15SrO-70B2O3 894 0.333 3.210 0.280 ± 0.001(c) 82.0 ± 0.4 6.92 ± 0.04 0.0184 
15MnO-15SrO-70B2O3 864 0.344 2.760 0.288 ± 0.001(c) 74.9 ± 0.2 6.34 ± 0.03 0.0160 

10EuO-10MnO-10SrO-70B2O3 866 0.344 3.070 0.286 ± 0.001(c) 80.9 ± 0.3 6.88 ± 0.02 0.0156 
50MnO-50B2O3 853 0.354 3.014 0.304 ± 0.010 91.8 ± 0.4 7.20 ± 0.05 0.0172 
50CuO-50B2O3 878 0.345 3.210 0.282 ± 0.014 83.6 ± 0.3 6.34 ± 0.03 0.0203 
55ZnO-45B2O3 843 0.358 3.563 0.323 ± 0.008 87.2 ± 0.4 6.75 ± 0.05 0.0117 
50PbO-50B2O3 671 0.450 5.666 0.282 ± 0.005 69.1 ± 0.4 5.23 ± 0.05 0.0218 
33Bi2O3-67B2O3 711 0.425 5.700 0.258 ± 0.002 91.6 ± 0.4 6.65 ± 0.04 0.0159 
48Bi2O3-52B2O3 673 0.449 6.761 0.259 ± 0.005 86.4 ± 0.4 6.05 ± 0.4 0.0180 

5In2O3-45ZnO-50B2O3 852 0.350 3.640 0.290 ± 0.023 105.6 ± 0.6 7.40 ± 0.09 0.0210 
5In2O3-50ZnO-45B2O3 842 0.355 3.820 0.321 ± 0.025 99.0 ± 0.5 7.19 ± 0.06 0.0199 
5In2O3-55ZnO-40B2O3 830 0.360 3.950 0.326 ± 0.023 94.3 ± 0.4 7.11 ± 0.05 0.0160 
5In2O3-60ZnO-35B2O3 823 0.362 4.110 0.310 ± 0.026 95.2 ± 0.7 6.96 ± 0.08 0.0114 

  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 
10In2O3-40ZnO-50B2O3 853 0.350 3.910 0.303 ± 0.021 105.7 ± 0.4 7.79 ± 0.01 0.0151 
10In2O3-45ZnO-45B2O3 852 0.351 3.990 0.321 ± 0.021 101.5 ± 0.5 7.73 ± 0.05 0.0171 
10In2O3-50ZnO-40B2O3 825 0.362 4.240 0.322 ± 0.024 106.7 ± 0.8 7.71 ± 0.07 0.0187 

Phosphate glasses 

41.6MgO-58.4P2O5
(b) 837 [261] 0.356 2.441 [261] 0.240 ± 0.006 55.3 ± 0.2 4.26 ± 0.02 0.0264 

32.0MgO-11.9CaO-55.7P2O5
(b) 818 [261] 0.364 2.532 [261] 0.254 ± 0.006 62.1 ± 0.2 5.07 ± 0.02 0.0210 

20.4MgO-23.9CaO-55.4P2O5
(b) 811 [261] 0.367 2.597 [261] 0.256 ± 0.006 64.4 ± 0.2 5.25 ± 0.03 0.0196 

10.8MgO-36.7CaO-52.2P2O5
(b) 808 [261] 0.369 2.632 [261] 0.265 ± 0.006 63.0 ± 0.2 5.19 ± 0.02 0.0208 

37.5MgO-12.5SrO-50.0P2O5 819 0.363 2.640 0.255 ± 0.006 63.1 ± 0.1 5.24 ± 0.02 0.0195 
25.0MgO-25.0SrO-50.0P2O5 803 0.371 2.860 0.263 ± 0.006 64.2 ± 0.2 5.48 ± 0.03 0.0225 
12.5MgO-37.5SrO-50.0P2O5 808 0.374 3.018 0.275 ± 0.003 61.3 ± 0.2 5.24 ± 0.02 0.0242 
37.5MgO-12.5BaO-50.0P2O5 820 0.369 2.837 0.259 ± 0.006 64.0 ± 0.1 5.45 ± 0.02 0.0227 
25.0MgO-25.0BaO-50.0P2O5 803 0.372 3.157 0.275 ± 0.005 62.2 ± 0.3 5.31 ± 0.05 0.0264 
12.5MgO-37.5BaO-50.0P2O5 770 0.387 3.450 0.287 ± 0.005 60.9 ± 0.9 5.19 ± 0.07 0.0273 

48.9CaO-51.1P2O5
(b) 809 [261] 0.368 2.644 [261] 0.273 ± 0.006 58.6 ± 0.2 4.67 ± 0.02 0.0223 

37.5CaO-12.5SrO-50.0P2O5 799 0.373 2.750 0.273 ± 0.006 59.5 ± 0.2 4.86 ± 0.03 0.0210 
25.0CaO-25.0SrO-50.0P2O5 797 0.374 2.920 0.277 ± 0.006 58.1 ± 0.2 4.79 ± 0.03 0.0243 
12.5CaO-37.5SrO-50.0P2O5 800 0.372 3.040 0.280 ± 0.006 56.8 ± 0.2 4.71 ± 0.04 0.0224 
37.5CaO-12.5BaO-50.0P2O5 783 0.386 2.917 0.279 ± 0.006 58.7 ± 0.2 4.90 ± 0.02 0.0247 
25.0CaO-25.0BaO-50.0P2O5 776 0.389 3.144 0.288 ± 0.003 55.1 ± 0.2 4.67 ± 0.02 0.0253 
12.5CaO-37.5BaO-50.0P2O5 764 0.396 3.372 0.295 ± 0.006 51.4 ± 0.1 4.35 ± 0.02 0.0236 

50.0SrO-50.0P2O5 791 0.377 3.183 0.284 ± 0.006 55.4 ± 0.2 4.62 ± 0.02 0.0256 
37.5SrO-12.5BaO-50.0P2O5 788 0.378 3.336 0.292 ± 0.005 57.4 ± 0.3 48.4 ± 0.02 0.0267 
25.0SrO-25.0BaO-50.0P2O5 777 0.384 3.420 0.296 ± 0.005 54.2 ± 0.3 4.62 ± 0.03 0.0284 
12.5SrO-37.5BaO-50.0P2O5 766 0.390 3.519 0.298 ± 0.005 54.0 ± 0.5 4.61 ± 0.06 0.0272 

50.0BaO-50.0P2O5 755 0.395 3.620 0.304 ± 0.005 51.5 ± 0.5 4.48 ± 0.06 0.0195 
  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 
16.7CaO-16.7MgO-16.7SrO-50.0P2O5 808 0.374 2.800 0.265 ± 0.005 65.0 ± 0.3 5.39 ± 0.03 0.0220 
12.5CaO-25.0MgO-12.5SrO-50.0P2O5 796 0.380 2.900 0.270 ± 0.005 63.6 ± 0.3 5.25 ± 0.04 0.0223 
25.0CaO-12.5MgO-12.5SrO-50.0P2O5 817 0.370 2.760 0.265 ± 0.005 63.3 ± 0.3 5.21 ± 0.05 0.0219 
12.5CaO-12.5MgO-25.0SrO-50.0P2O5 803 0.377 2.870 0.262 ± 0.005 66.0 ± 0.3 5.52 ± 0.05 0.0232 

53.7CoO-46.3P2O5
(b) 775 [260] 0.389 2.992 [260] 0.264 ± 0.005 58.2 ± 0.2 4.62 ± 0.03 0.0240 

40.1CoO-12.7SrO-47.3P2O5
(b) 785 [260] 0.384 3.038 [260] 0.266 ± 0.005 60.2 ± 0.2 4.98 ± 0.03 0.0227 

26.1CoO-25.7SrO-48.2P2O5
(b) 789 [260] 0.382 3.080 [260] 0.272 ± 0.005 60.8 ± 0.2 5.12 ± 0.02 0.0239 

16.0CoO-36.2SrO-47.7P2O5
(b) 791 [260] 0.381 3.108 [260] 0.275 ± 0.005 58.8 ± 0.3 4.93 ± 0.03 0.0234 

6.1CoO-44.7SrO-49.2P2O5
(b) 789 [260] 0.382 3.097 [260] 0.278 ± 0.005 55.8 ± 0.1 4.65 ± 0.02 0.0251 

50.0MnO-50.0P2O5 742 [300] 0.405 2.920 [300] 0.286 ± 0.006 56.7 ± 0.2 4.76 ± 0.03 0.0200 
90.0MnO-10.0SrO-50.0P2O5 748 [300] 0.402 2.950 [300] 0.280 ± 0.006 58.6 ± 0.3 4.85 ± 0.02 0.0197 
35.0MnO-15.0SrO-50.0P2O5 750 [300] 0.399 3.000 [300] 0.280 ± 0.006 59.7 ± 0.4 5.06 ± 0.05 0.0202 
25.0MnO-25.0SrO-50.0P2O5 753 [300] 0.399 3.080 [300] 0.284 ± 0.012 59.8 ± 0.2 4.98 ± 0.04 0.0237 
15.0MnO-35.0SrO-50.0P2O5 763 [300] 0.394 3.090 [300] 0.281 ± 0.006 58.7 ± 0.2 4.89 ± 0.03 0.0243 

50.0NiO-50.0P2O5 - - 3.151 0.246 ± 0.006 86.2 ± 0.4 7.32 ± 0.04 0.0178 
37.5NiO-12.5SrO-50.0P2O5 - - 3.084 0.271 ± 0.007 72.1 ± 0.8 6.12 ± 0.06 0.0200 
25.0NiO-25.0SrO-50.0P2O5 - - 3.152 0.273 ± 0.006 67.9 ± 0.3 5.78 ± 0.04 0.0219 
12.5NiO-35.5SrO-50.0P2O5 - - 3.316 0.288 ± 0.006 64.7 ± 0.3 5.28 ± 0.05 0.0253 
5.0NiO-45.0SrO-50.0P2O5 - - 3.349 0.297 ± 0.007 65.9 ± 0.3 5.24 ± 0.05 0.0259 

50.0CuO-50.0P2O5 - - 3.005 0.235 ± 0.005 61.2 ± 0.3 4.80 ± 0.04 0.0281 
37.5CuO-12.5SrO-50.0P2O5 - - 3.182 0.272 ± 0.006 65.9 ± 0.4 5.49 ± 0.05 0.0202 
25.0CuO-25.0SrO-50.0P2O5 - - 3.347 0.283 ± 0.006 69.8 ± 0.4 5.56 ± 0.04 0.0186 
12.5CuO-35.5SrO-50.0P2O5 - - 3.368 0.289 ± 0.006 65.8 ± 0.3 5.31 ± 0.04 0.0227 
5.0CuO-45.0SrO-50.0P2O5 - - 3.389 0.293 ± 0.006 63.7 ± 0.3 5.16 ± 0.03 0.0229 

  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 

Phosphate-halide glasses 

50Ag2O-50P2O5 435 0.691 4.596 0.376 [276, 277] 24.3 ± 0.1 1.26 ± 0.01 0.0537 
45Ag2O-45P2O5-10AgI 417 0.714 4.850 0.380 [276] 23.6 ± 0.2 1.27 ± 0.01 0.0439 
40Ag2O-40P2O5-20AgI 403 0.739 5.019 0.381 [276] 22.6 ± 0.1 1.21 ± 0.01 0.0408 
35Ag2O-35P2O5-30AgI 387 0.769 5.100 0.384 [276] 20.7 ± 0.1 1.08 ± 0.01 0.0367 
30Ag2O-30P2O5-40AgI 366 0.821 5.260 0.390 [276] 18.6 ± 0.1 0.92 ± 0.01 0.0300 
25Ag2O-25P2O5-50AgI 350 0.850 5.530 0.397 [276] 16.2 ± 0.1 0.75 ± 0.01 0.0214 

50Na2O-50P2O5 560 0.536 2.520 - 36.6 ± 0.3(d) 2.25 ± 0.03 0.0400 
45Na2O-45P2O5-10NaCl 562 0.539 2.503 - 38.9 ± 0.5(d) 2.47 ± 0.06 0.0381 
40Na2O-40P2O5-20NaCl 551 0.550 2.505 0.296 ± 0.007 42.7 ± 0.3 2.90 ± 0.03 0.0335 
35Na2O-35P2O5-30NaCl 537 0.564 2.498 0.286 ± 0.007 45.5 ± 0.5 3.05 ± 0.06 0.0291 
30Na2O-30P2O5-40NaCl 545 0.551 2.493 0.298 ± 0.008 45.6 ± 0.3 3.06 ± 0.03 0.0270 

Sulfophosphate glasses 

50.0Na2O-2.5SO3-47.5P2O5 561 0.540 2.487 0.296 ± 0.007 36.6 ± 0.3 2.25 ± 0.03 0.0386 
50.0Na2O-5.0SO3-45.0P2O5 556 0.545 2.484 0.300 ± 0.007 35.1 ± 0.2 2.11 ± 0.03 0.0397 
50.0Na2O-7.5SO3-42.5P2O5 549 0.553 2.483 - 33.8 ± 0.2(d) 1.99 ± 0.02 0.0381 

50.0Na2O-10.0SO3-40.0P2O5 549 0.552 2.501 0.309 ± 0.007 34.0 ± 0.3 2.04 ± 0.02 0.0380 
50.0Na2O-12.5SO3-37.5P2O5 546 0.547 2.510 0.299 ± 0.006 33.9 ± 0.3 2.02 ± 0.03 0.0388 

21.6Li2O-43.5ZnO-16.6SO3-18.4P2O5
(b) 576 0.519 3.137 0.317 ± 0.006 63.7 ± 0.6 4.29 ± 0.07 0.0227 

16.1Na2O-44.3ZnO-18.0SO3-20.1P2O5
(b) 579 0.517 3.194 0.303 ± 0.003 49.1 ± 0.6 3.43 ± 0.02 0.0204 

10.7Rb2O-50.5ZnO-17.7SO3-23.2P2O5
(b) 621 0.482 3.380 0.294 ± 0.005 39.5 ± 0.3 3.02 ± 0.04 0.0281 

14.4Ag2O-45.5ZnO-14.9SO3-24.6P2O5
(b) 558 0.536 4.377 0.369 ± 0.007 48.4 ± 0.4 3.59 ± 0.04 0.0229 

13.4Na2O-52.6ZnO-10.9SO3-23.2P2O5
(b) 577 [294] 0.516 3.207 [294] 0.302 ± 0.010 49.2 ± 0.3 3.46 ± 0.04 0.0195 

13.9Na2O-5.5MnO-46.5ZnO-10.6SO3-23.7P2O5
(b) 578 [294] 0.516 3.205 [294] 0.300 ± 0.010 51.4 ± 0.2 3.62 ± 0.02 0.0163 

13.5Na2O-10.7MnO-41.5ZnO-10.9SO3-23.6P2O5
(b) 582 [294] 0.512 3.199 [294] 0.301 ± 0.011 51.6 ± 0.3 3.67 ± 0.03 0.0151 

  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 
13.8Na2O-17.1MnO-34.4ZnO-11.2SO3-23.7P2O5

(b) 593 [294] 0.502 3.186 [294] 0.302 ± 0.011 55.5 ± 0.3 3.85 ± 0.03 0.0152 
14.5Na2O-22.7MnO-28.8ZnO-10.3SO3-23.8P2O5

(b) 601 [294] 0.495 3.153 [294] 0.303 ± 0.011 57.1 ± 0.3 3.99 ± 0.03 0.0163 
14.4Na2O-28.6MnO-22.3ZnO-10.8SO3-23.9P2O5

(b) 615 [294] 0.485 3.161 [294] 0.305 ± 0.012 62.8 ± 0.4 4.27 ± 0.04 0.0166 
14.2Na2O-34.8MnO-16.1ZnO-10.9SO3-24.0P2O5

(b) 614 [294] 0.485 3.136 [294] 0.303 ± 0.012 62.3 ± 0.5 4.34 ± 0.07 0.0202 
14.5Na2O-40.4MnO-9.7ZnO-10.6SO3-24.9P2O5

(b) 631 [294] 0.473 3.126 [294] 0.306 ± 0.012 59.8 ± 0.4 4.09 ± 0.05 0.0184 
17.1Na2O-3.0Fe2O3-47.5ZnO-8.4SO3-24.2P2O5

(b) 622 [294] 0.482 3.265 [294] 0.298 ± 0.011 56.4 ± 0.4 4.09 ± 0.05 0.0170 
15.2Na2O-5.7MnO-3.1Fe2O3-41.5ZnO-10.1SO3-24.3P2O5

(b) 604 [294] 0.496 3.228 [294] 0.308 ± 0.011 60.4 ± 0.3 4.31 ± 0.04 0.0133 
16.0Na2O-11.6MnO-3.2Fe2O3-35.1ZnO-9.5SO3-24.8P2O5

(b) 615 [294] 0.487 3.229 [294] 0.305 ± 0.011 60.3 ± 0.3 4.32 ± 0.04 0.0131 
15.2Na2O-17.9MnO-3.2Fe2O3-28.8ZnO-10.0SO3-25.1P2O5

(b) 617 [294] 0.485 3.212 [294] 0.300 ± 0.011 58.0 ± 0.2 4.17 ± 0.04 0.0160 

Fluoride-phosphate glasses 

10.0MgF2-28.3CaF2-23.1SrF2-38.6AlF3 673 [268] 0.443 3.420 0.298 ± 0.016 77.5 ± 0.6 4.84 ± 0.05 0.0282 
9.5MgF2-28.2CaF2-22.9SrF2-38.4AlF3-0.5SrO-0.5P2O5 - - 3.540 0.304 ± 0.007 80.9 ± 0.5 5.00 ± 0.04 0.0303 
9.5MgF2-27.8CaF2-22.9SrF2-37.8AlF3-1.0SrO-1.0P2O5 683 [268] 0.436 3.450 0.303 ± 0.007 80.9 ± 0.5 5.08 ± 0.02 0.0308 
9.5MgF2-27.5CaF2-22.5SrF2-37.5AlF3-1.5SrO-1.5P2O5 693 [268] 0.432 3.460 0.305 ± 0.002 81.7 ± 0.8 5.17 ± 0.03 0.0292 
9.5MgF2-27.5CaF2-21.5SrF2-37.5AlF3-2.0SrO-2.0P2O5 698 [268] 0.428 3.450 0.307 ± 0.008 82.4 ± 0.4 5.21 ± 0.03 0.0285 
9.5MgF2-27.0CaF2-21.0SrF2-36.5AlF3-3.0SrO-3.0P2O5 703 0.424 3.460 0.306 ± 0.015 82.6 ± 0.3 5.22 ± 0.02 0.0248 

10.0MgF2-30.2CaF2-16.8SrF2-35.0AlF3-4.0SrO-4.0P2O5 - - 3.470 0.304 ± 0.008 84.5 ± 0.5 5.41 ± 0.03 0.0242 
10.0MgF2-30.0CaF2-15.0SrF2-35.0AlF3-5.0SrO-5.0P2O5 718 [268] 0.416 3.400 0.303 ± 0.008 86.1 ± 0.3 5.64 ± 0.04 0.0263 
10.0MgF2-23.4CaF2-19.4SrF2-32.2AlF3-7.5SrO-7.5P2O5 733 [268] 0.407 3.480 0.300 ± 0.008 88.0 ± 0.5 5.84 ± 0.05 0.0235 

10.0MgF2-21.8CaF2-18.2SrF2-30.0AlF3-10.0SrO-10.0P2O5 753 [268] 0.395 3.510 0.298 ± 0.008 90.3 ± 0.5 6.09 ± 0.04 0.0249 
10.0MgF2-19.0CaF2-15.0SrF2-26.0AlF3-15.0SrO-15.0P2O5 763 [268] 0.390 3.510 0.297 ± 0.008 92.5 ± 1.0 6.33 ± 0.05 0.0225 
10.0MgF2-15.5CaF2-13.0SrF2-21.5AlF3-20.0SrO-20.0P2O5 773 [268] 0.385 3.460 0.293 ± 0.008 88.9 ± 0.4 6.23 ± 0.04 0.0236 

4.0MgF2-8.0CaF2-7.0SrF2-11.0AlF3-35.0SrO-35.0P2O5 825 0.371 3.264 0.292 ± 0.006 67.1 ± 0.3 5.32 ± 0.04 0.0233 
2.5MgF2-5.5CaF2-4.5SrF2-7.5AlF3-40.0SrO-40.0P2O5 824 0.371 3.248 0.288 ± 0.007 64.7 ± 0.2 5.28 ± 0.03 0.0247 
1.5MgF2-2.9CaF2-1.9SrF2-4.0AlF3-45.0SrO-45.0P2O5 773 0.387 3.200 0.287 ± 0.004 58.5 ± 0.3 4.88 ± 0.03 0.0263 

50.0SrO-50.0P2O5 758 [268] 0.393 3.180 0.281 ± 0.006 54.8 ± 0.3 4.53 ± 0.03 0.0280 
  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 

Oxynitride glasses 

Ca9.94Si10.00O17.73N8.14 1221 [310] 0.248 3.020 [310] 0.267 ± 0.004 [311] 127.8 ± 0.4 12.01 ± 0.07 0.0139 

Ca8.69Si10.00O14.56N9.43 1263 [310] 0.239 3.050 [310] - 139.3 ± 0.9(d) 13.77 ± 0.20 0.0085 

Ca9.74Si10.00O13.57N10.78 1281 [310] 0.236 3.120 [310] - 132.9 ± 1.4(d) 13.28 ± 0.17 0.0080 

Ca12.90Si10.00O20.93N7.98 1185 [310] 0.256 3.020 [310] 0.291 ± 0.011 [311] 113.4 ± 0.5 10.26 ± 0.06 0.0151 

Ca11.77Si10.00O16.30N10.31 1323 [310] 0.229 3.090 [310] 0.285 ± 0.011 [311] 134.8 ± 0.8 12.79 ± 0.15 0.0128 

Ca11.04Si10.00O13.21N11.89 1443 [310] 0.210 3.240 [310] 0.280 [311] 146.8 ± 0.8 13.80 ± 0.12 0.0101 

Ca13.28Si10.00O17.38N10.58 1268 [310] 0.238 2.940 [310] - 123.7 ± 0.6(d) 11.78 ± 0.08 0.0139 

Oxycarbide glasses 

SiO1.47C0.25 1528 [303] 0.196 2.360 - 92.8 ± 1.3(d) 10.57 ± 0.17 0.0060 

SiO1.41C0.29 + 0.01C 1413(e) 0.215 2.393 0.175 ± 0.003 101.1 ± 0.8 10.96 ± 0.06 0.0074 

SiO1.39C0.31 + 0.01C 1623 [312] 0.187 2.380 - 101.7 ± 0.5(d) 11.40 ± 0.12 0.0059 

SiO1.50C0.25 + 0.46C 1568(f) 0.190 2.321 0.178 ± 0.004 91.2 ± 1.2 10.18 ± 0.12 0.0104 

SiO1.50C0.25 + 0.46C 1568(f) 0.191 2.316 0.166 ± 0.003 90.4 ± 1.0 10.51 ± 0.13 0.0107 

Chalcogenide glasses 

Se [172] 314 0.933 4.280 0.322 10.3(g) 0.36(h) 0.0909 

Ge5Se95 [172] 341 0.859 4.310 0.316 11.1(g) 0.52(h) 0.0625 

Ge10Se90 [172] 365 0.803 4.340 0.307 12.1(g) 0.71(h) 0.0526 

Ge15Se85 [172] 383 0.765 4.360 0.295 13.8(g) 0.97(h) 0.0556 

Ge20Se80 [172] 435 0.674 4.370 0.286 14.7(g) 1.28(h) 0.0278 

Ge30Se70 [172] 573 0.511 4.320 0.264 17.9(g) 1.88(h) 0.0161 

Ge40Se60 [172] 613 0.478 4.360 0.273 22.4(g) 2.18(h) 0.0172 
  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 

Metallic glasses 

Cu48Zr48Al4 691 0.438 - 0.370 [288] 98.5 ± 0.8(d) 6.94 ± 0.05 0.0056 
Cu47.5Zr47.5Al5 695 0.436 - 0.372 [288] 98.6 ± 0.5(d) 7.07 + 0.05 0.0081 
Cu47Zr47Al6 700 0.433 - 0.367 [288] 100.7 ± 0.6(d) 7.27 ± 0.06 0.0109 

Cu46.5Zr46.5Al7 707 0.428 - - 103.1 ± 0.5(d) 7.43 ± 0.04 0.0116 
Cu46Zr46Al8 711 0.426 - 0.366 [288] 104.4 ± 0.6(d) 7.60 ± 0.04 0.0130 

Cu45Zr46Al8Co1 711 0.426 - - 106.3 ± 0.5(d) 7.67 ± 0.05 0.0138 
Cu44Zr46Al8Co2 710 0.427 - - 105.8 ± 0.5(d) 7.51 ± 0.05 0.0115 

Zr60Cu20Ni8Al10Ti2 661 0.459 - - 90.1 ± 1.0(d) 5.82 ± 0.10 0.0076 
Zr59Cu20Ni8Al10Ti3 656 0.463 - - 89.7 ± 0.6(d) 5.80 ± 0.06 0.0039 
Zr58Cu20Ni8Al10Ti4 660 0.460 - - 90.9 ± 0.5(d) 5.84 ± 0.05 0.0061 
Zr57Cu20Ni8Al10Ti5 662 0.458 - - 90.6 ± 0.6(d) 5.90 ± 0.05 0.0033 

Zr52.5Cu17.9Ni14.6Al10Ti5 677 [313] 0.447 - 0.373 [314] 97.0 ± 0.5 6.48 ± 0.04 0.0086 
(Fe0.36Co0.36B0.192Si0.046Nb0.04)99.5Cu0.5 794 [307] 0.381 - 0.327 [315] 209.3 ± 1.1 12.92 ± 0.06 0.0091 

Pd40Ni40P20 582 [308] 0.521 - 0.400 ± 0.001 [308] 109.2 ± 0.5 6.15 ± 0.04 0.0012 
(Pd0.4Ni0.4P0.2)99Co1 586 [308] 0.518 - 0.403 ± 0.001 [308] 110.2 ± 0.5 6.20 ± 0.04 0.0069 

(Pd0.4Ni0.4P0.2)99.4Fe0.6 586 [308] 0.518 - 0.402 ± 0.001 [308] 110.7 ± 0.5 6.26 ± 0.03 0.0025 
Ce60Al15Cu10Ni15 [221] 400 0.740 - 0.323 [316] 43.7 2.34 0.0160 
Ce68Al10Cu20Nb2 [221] 359 0.825 - 0.328 [317] 37.1 1.69 0.0280 

Pd40Ni40P20 [158] 576 0.514 - 0.410 102.0 6.56 0.0067 
Pt57.5Cu14.7Ni5.3P22.5 [158] 508 0.583 - 0.390 95.0 5.95 0.0089 

Cu60Hf25Ti15 [158] 740 0.400 - 0.380 124.0 4.23 0.0110 
Zr55Cu25Ni10Al10 [158] 630 0.470 - 0.330 81.0 3.89 0.0130 

Ni53Nb20Ti10Zr8Co6Cu3 [158] 846 0.350 - 0.330 140.0 2.81 0.0120 
Zr44Cu44Al6Ag6 [158] 718 0.412 - 0.320 100.0 2.54 0.0210 

Ni53Nb20Ti10Zr8Co6Cu3 [159] 846 0.350 - 0.330 [158] 140.0 10.42 ± 0.22 0.0130 
  



 

Tab. 1 (continued). 

Glass composition Tg (K) ± 2 K T/Tg ρ (g/cm3) ± 0.2 % v E (GPa) H (GPa) m 
Zr70Ni16Cu6Al8 (as-cast) [222] 603 0.491 6.405 ± 0.005 0.393 [318] - 5.01 ± 0.01 0.0028 

Zr70Ni16Cu6Al8 (annealed for 0.5 h at 543 K) [222] 603 0.491 6.415 ± 0.005 - - 5.03 ± 0.01 0.0044 
Zr70Ni16Cu6Al8 (annealed for 2.0 h at 543 K) [222] 603 0.491 6.444 ± 0.007 - - 5.64 ± 0.02 0.0058 

Mg61Cu28Gd11 [223] 419 0.707 - 0.313 [319] 71.6 2.94 0.0360 
(Mg0.61Cu0.28Gd0.11)95Sb5 [223] 422 0.702 - 0.313 [319] 78.4 3.13 0.0220 
Zr52.5Cu17.9Ni14.6Al10Ti5 [162] 686 [314] 0.432 - 0.377 [314] 89.5 6.36 0.0076 

La57Co18Al25 [163] 510 0.575 - 0.330 [320] 65.5 [320] 3.40 0.0220 
Cu44Zr44Al12 [163] 730 0.401 - 0.365 [320] 113.8 [320] 10.70 0.0330 

Ni60Nb40 [163] 841 0.349 - 0.370 [320] 148.9 [320] 7.70 0.0067 
W40Ru29B31 [163] 1020 0.287 - 0.300 [320] 195.4 [320] 13.50 0.0310 

Zr46Cu30.14Ag8.36Al8Be7.5 [224] 705 0.420 6.993 ± 0.020 0.357 ± 0.008 95.6(g) 5.60(f) 0.0120 
(Zr0.46Cu0.3014Ag0.0836Al0.08Be0.075)70Zr22.5Cu7.5 [224] 653 0.453 6.895 ± 0.012 0.373 ± 0.007 81.8(g) 5.18(f) 0.0100 

(Zr0.46Cu0.3014Ag0.0836Al0.08Be0.075)70Zr22.5Cu7.5 

(annealed for 1 h at 620 K) [224] 
705 0.420 - 0.362 ± 0.005 90.3(g) 5.29(f) 0.0080 

a Values of Tg and v were taken from the corresponding data sheets. 
b Chemical compositions were analyzed by ICP-MS and ICP-OES, respectively. 
c Values of v were determined by Brillouin scattering at the Institut Lumière Materière at the University Lyon 1, Lyon, France. 
d Values of E were derived from the reduced elastic modulus Er using a theoretical value of v = 0.300 (Na2O-P2O5-NaCl phosphate-halide glasses,  

Na2O-SO3-P2O5 sulfophosphate glasses, Ca-Si-O-N oxynitride glasses), v = 0.180 (Si-O-C oxycarbide glasses), v = 0.365 (Cu-Zr-Al-Co metallic glasses) and 

v = 0.370 (Zr-Cu-Ni-Al-Ti metallic glasses), respectively. 
e Values of Tg were determined by dilatometry. 
f Values of Tg were determined by high-temperature compression creep experiments, as described in detail in Ref. [321]. 
g Values of E were determined by ultrasonic echography. 
h Vickers hardness HV as determined via microindentation.  
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5.2. Instrumented indentation testing 

The mechanical properties were characterized via instrumented indentation testing using 

a nanoindenter (G200, Agilent Inc.), equipped with a three-sided Berkovich diamond tip 

(Synton-MDP Inc.) and operating in the continuous stiffness measurement (CSM) mode. On 

each glass specimen, 15 indents with a maximum depth of h = 2 µm were created at a 

constant strain-rate of ε̇ = 0.05 s-1 (defined as the loading rate dP/dt divided by the actual 

load P) and the resulting load-displacement curves were analyzed according to the 

procedure proposed by Oliver and Pharr [17], where the hardness is defined as the load 

divided by the projected contact area of the indenter tip Ac: 

 H = 
P
Ac

 (7) 

and the Young’s modulus is derived from the combined elastic response of the diamond 

indenter tip (Ei = 1141 GPa, νi = 0.07) and the material tested [322]: 

  E = �1 −  ν2� �
1
Er

 −  
1 −  νi

2

Ei
�
-1

 (8) 

For most glasses the Poisson ratios were calculated from of the longitudinal vL and 

transversal vT sound wave velocities, according to the following equation [236]: 

 ν = 
vL

2 – 2vT
2

2(vL
2 – vT

2)
 (9) 

The values of vL and vT were estimated from the exact thickness of the glass specimens, 

as determined with an accuracy of ± 2 µm using a micrometer screw, as well as the 

longitudinal tL and transversal tT sound wave propagation times, which were evaluated with 

an accuracy of ± 1 ns by means of an Echometer 1077 (Karl Deutsch GmbH & Co. KG), 

equipped with 8 – 12 MHz piezoelectric transducers. Poisson ratios of MO-B2O3 (M = Mn, Sr, 

Eu) glasses were characterized by Brillouin scattering at the Institut Lumière Materière at the 

University of Lyon 1, Lyon, France. Values for the commercially available Corning 7980 

(Corning Inc.) and Suprasil (Heraeus Quarzglas GmbH and Co. KG) fused silica glass 

specimen as well as the alkali-borosilicate glass with a Duran-type composition were taken 

from the corresponding datasheets and Poisson ratios of 20Na2O-80B2O3 [98], 

Zr52.5Cu17.9Ni14.6Al10Ti5 [314], (Fe0.36Co0.36B0.192Si0.046Nb0.04)99.5Cu0.5 [315] as well as the Ag2O-

P2O5-AgI [276, 277], Ca-Si-O-N [311], Cu-Zr-Al-(Co) [288] and Pd-Ni-P-(Co,Fe) [308] 

glasses are reported elsewhere. 
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Based on the assumption that the contact between the indenter tip and the specimen 

surface remains initially constant during unloading, the reduced modulus Er is calculated by 

[323]: 

 Er = 
S
2β�

π
Ac

 , (10) 

where the contact stiffness S corresponds to the slope of the load-displacement curve dP/dh 

at the onset of unloading and the parameter β represents a correction factor for non-circular 

indenter geometries, such as three-sided Berkovich tips, which is approximately equal to 

unity and is thus usually neglected in the calculation of Er [22, 324, 325]. 

Prior to the indentation experiments, the contact area as well as the instruments frame 

compliance were carefully calibrated by a series of indentations on a Corning 7980 fused 

silica reference glass of known elastic properties (E = 72 GPa, ν = 0.180) using a simple 

polynomial function of the form [17]: 

 Ac = c0hc
2 + c1hc + c2hc

1/2 + c3hc
1/4 + … c8hc

1/128 (11) 

Here, the first term c0hc
2 = 24.56hc

2 describes the area function of a perfect Berkovich tip, 

while the remaining terms account for deviations from this ideal tip geometry [17, 326]. The 

contact depth hc is determined from the load, displacement and contact stiffness, according 

to [17]: 

 hc = h – 0.75
P
S

 (12) 

As mentioned earlier, all indentation tests were conducted with the CSM option of the 

nanoindenter. In this setup, the progressively increasing load-displacement signal is 

superimposed by a small harmonic variation of the indenter displacement (∆h = 2 nm, 

f = 45 Hz), which allows for a continuous determination of the contact stiffness during 

loading and consequently, the parallel characterization of the Young’s modulus and 

hardness as a function of the indentation depth [130, 327]. The values of E and H from the 

constant strain-rate indentations were averaged between the upper 10 % and lower 20 % of 

each indentation depth profile (see tab. 1 in section 5.1). To avoid the influence of residual 

stress fields, consecutive indents were separated by distances of 50 µm [328]. 
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The strain-rate sensitivity was studied with the nanoindentation strain-rate jump test 

developed by Maier et al. [232]. In this test, which is exemplarily shown in Fig. 7 for Corning 

7980 fused silica, a Berkovich indenter tip initially penetrates the glass surface at a constant 

strain-rate of 0.05 s-1 down to 500 nm until the hardness remains stable and independent on 

the indentation depth. With the further penetration of the indenter tip into the material the 

strain-rate is abruptly changed in intervals of 250 nm and alterations of the contact stiffness 

are continuously recorded with the CSM equipment of the nanoindenter (∆h = 5 nm, 

f = 45 Hz). With the assumption that the Young’s modulus is independent on the strain-rate, 

the hardness was calculated by combining the Eqs. (7) and (10) to [329]: 

 H = 
4PEr

2

πS2  (13) 

On every glass specimen, 10 strain-rate jump tests with a maximum depth of 2 µm and 

strain-rates of 0.05; 0.007 and 0.001 s-1 (in a descending order) were performed. As 

illustrated in Fig. 7, a reduction of the strain-rate always results in a sudden decrease of the 

hardness, but after each rate drop segment, when the strain-rate is switched back towards 

its starting value of 0.05 s-1, the hardness rapidly recovers its initial value [13, 215, 232]. The 

hardness values obtained for the different strain-rates were averaged over the last 100 nm 

of the respective intervals and the strain-rate sensitivity was derived from the slope of the 

linear regression between the logarithm of the hardness ln(H) and the logarithm of the 

indentation strain-rate ln(ε̇i) [183]: 

 m = 
∂ln(H)
∂ln(ε̇i)

 , (14) 

where ε̇i  is equal to ε̇/2  for materials with a depth-independent hardness value [215]. 

However, the nanoindentation response of metallic glasses is characterized by a marked 

indentation size effect that mirrors in a gradually decreasing hardness with increasing 

displacement [164, 283, 330-334]. The magnitude of this effect diminishes with increasing 

indentation depth increases or decreasing strain-rate [164] and therefore, the initial 

displacement prior to the reversible strain-rate jumps was raised to 800 nm and considerably 

lower strain-rates of 0.014; 0.004 and 0.001 s-1 were applied [12]. Noteworthy, the strain-rate 

sensitivities obtained from nanoindentation strain-rate jump testing (e.g., for SiO2 

m = 0.0068 – 0.0100 [13] or for Zr52.5Cu17.9Ni14.6Al10Ti5 m = 0.0086 [12]) match very well the 

values derived from constant strain-rate indentations (e.g., for SiO2 m = 0.0114 – 0.0150 

[156, 184] or for Zr52.5Cu17.9Ni14.6Al10Ti5 m = 0.0076 [162]). All indentation experiments were 

carried out in laboratory air under ambient conditions at temperatures of around 299 ± 6 K. 
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Fig. 7. Exemplary nanoindentation strain-rate jump test of Coring 7980 fused silica (Corning Inc.). 

(a) Applied strain-rates ε̇, (b) calculated hardness-displacement H-h curve (after Ref. [13]). 
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