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Abstract 

In this work, we study the structure-topology-property relations of a series of melt-quenched lithium 

germanate glasses. These glasses exhibit the so-called germanate anomaly, that is, the germanium 

atoms feature a distribution of four- and higher-coordinated germanium species, manifesting itself as 

anomalies in several material properties. Here, we couple variations in the number of atomic bond 

constraints with measured variations in thermal and mechanical properties, including thermal 

conductivity, Vickers hardness, and fracture toughness. For thermal conductivity, a strong correlation 

is found with sound velocity as well as with the volumetric constraint density. For hardness, a good 

correlation with volumetric constraint density is found, whereas, for fracture toughness, variations in 

network topology alone are insufficient to explain the composition-property relation. To account for 

this, we apply a recent model which incorporates knowledge of local structure, mechanical properties, 

and fracture patterns to predict the fracture toughness, showing a good qualitative agreement with the 

experimental data. 
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1. Introduction 

Germanate glasses are important materials for applications within, e.g., photonics and lasers due to 

their low losses and large transmission range
1,2

 and have also been investigated for sensing 

applications when doped with lanthanides.
3
 The structure of pure germania (GeO2) resembles that of 

silica (SiO2) due to its tetrahedral four-fold coordination in both amorphous and crystalline states, yet 

it features an anomaly compared to silica when mixed with network modifiers.
4–6

 For example, the 

density of alkali germanates increases with modifier concentration until reaching a maximum value 

before decreasing.
7
 This behavior is similar to the more well-known boron anomaly, involving the 

coordination number change of boron from three to four in modified borate glass systems.
8,9

 The 

origin of the germanate anomaly is commonly attributed to a transition from four- to five and/or six-

fold coordinated germanium (Ge
IV

, Ge
V
, and Ge

VI
, respectively),

10,11
 yet significant debate remains 

regarding which species dominate.
11–13

 That is, the germanate anomaly was initially proposed by 

several authors to be caused by a coordination number shift of Ge from four to six,
7,14

 while other 

authors have later argued that no coordination number change occured in the alkali germanate system 

and that the anomaly was caused by small ring-type structures.
4,6,15

 Other studies based on extended x-

ray absorption fine structure as well as x-ray and neutron total scattering methods have provided 

strong evidence for a coordination number change upon modifier addition.
10,14,16

 However, this gave 

no clear answer to whether a coordination number change to five, six, or both was involved.
10

 More 

recently, Hannon et al.
12

 have proposed a structural model similar to that for alkali borates, arguing 

that a five-coordinated state must be the prevalent species. Furthermore, MD simulations have found 

that either a combination of five- and six-coordinates species or only the latter to be present in a 

2Na2O-9GeO2 glass based on two potential parameterizations.
17

 A structural model based on only 

four- and six-coordinated Ge has also been proposed as input for a topological constraint model, 

showing improved agreement with experiments compared to Hannon’s model incorporating four- and 

five-coordinated Ge.
13

 Overall, the origin of the anomaly therefore remains to be fully clarified. 

In any case, the structural transition in germanate glasses manifests itself as extrema in numerous 

material properties, including glass transition temperature,
18,19

 refractive index,
7
 elastic modulus,

20,21
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and sound velocity.
20–23

 For alkali germanates, the maximum is typically observed at ~18 mol% alkali 

oxide,
7
 while it approaches 30 mol% in alkaline earth germanates (CaO, SrO, BaO).

11
 This non-

monotonic property evolution with composition makes the modified germanate system ideal for 

understanding composition-structure-topology-property relations of glasses. 

A common model used to build such relationships is topological constraint theory (TCT). Within this 

framework, atomic bonds are treated like mechanical trusses – so-called bond constraints. Each atom 

is then given a certain amount of constraints based on its number of rigid bonds and rigid bond angles. 

Weighing the number of constraints per atom (nc) against the degrees of freedom of the atoms (an 

atom in a three-dimensional system has three degrees of freedom) provides a description of the 

mechanical flexibility of the system.
24

 Formally, when nc<3, the system is termed as 

underconstrained, when nc>3 the system is overconstrained, and finally when nc=3, the system is said 

to be isostatic. Underconstrained structures will generally show a lack of resistance to deformation, 

while overconstrained structures will be rigid yet stressed. Consequently, the isostatic condition will 

provide rigid, yet stress-free structures. TCT has been applied to several glass families including 

chalcogenides,
25

 borates,
26

 phosphates,
27

 borophosphates,
28

 borosilicates,
29

 phosphosilicates
30

, and 

even metal-organic framework glasses,
31

 with reported correlations between the number of constraints 

and multiple glass properties, such as hardness,
32

 elastic moduli,
33,34

 and liquid fragility
26

. As 

mentioned above, a TCT model has recently been proposed by Welch et al. for the alkali germanate 

system that enables an accurate prediction of the glass transition temperature, liquid fragility, and 

Young’s modulus for a few selected alkali germanate glasses.
13

 Other properties which have 

previously been linked with network topology, yet remain untested for germanates, include 

hardness
32

, thermal conductivity,
35,36

 and fracture toughness.
37

 

In this work, we test this recently developed constraint model for alkali germanates of Welch et al.
13

 

using their underlying structural model (assuming only Ge
IV

 and Ge
VI

 species) based on statistical 

mechanics. This is done in an attempt to understand the composition-structure-topology-property 

relations in the lithium germanate system. To this end, we probe a series of xLi2O-(100-x)GeO2 

glasses with x{5,10,15,20,25,30}, which are known to feature non-monotonic composition scaling 
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in several physical properties, including density and glass transition temperature.
7,19

 Specifically, we 

choose to focus on three properties, which have previously been linked with topological models, 
32,35–

37
 but have not yet been experimentally measured for this glass series, namely, the glasses’ thermal 

conductivity, hardness, and fracture toughness. Overall our attempt to predict different thermal and 

mechanical properties of the lithium germanate glasses using the topological model showcases a clear 

correlation with network rigidity for most, but not all, of the properties. 

 

2. Experimental 

2.1 Glass synthesis 

Glasses were prepared in the xLi2O-(100-x)GeO2 series using the traditional melt-quench technique. 

That is, raw materials of GeO2 (Alfa Aesar or Chempur, 99.98%) and Li2CO3 (Merck, 98.5%) were 

mixed and melted in a 90Pt-10Rh crucible at 1300-1400C for 2 hours, before being quenched and 

pressed between two pieces of brass. The obtained samples were then annealed at their respective 

glass transition temperature (Tg) for ~30 min and subsequently cut, ground, and polished for each 

specific analysis (see details below). Due to the hygroscopic nature of the germanate glasses, they 

were stored in a desiccator when not being handled or tested. The glasses are identified as xLi(100-

x)Ge as an abbreviation of the xLi2O-(100-x)GeO2 composition. For example, the 30Li2O-70GeO2 

glass will be denoted as 30Li70Ge in the following.  

X-ray diffraction experiments on the annealed glasses were performed using a PANalytical Empyrean 

diffractometer equipped with a Cu K (=1.5406 Å) source. Samples were ground in a mortar and 

loaded onto a zero-background plate made of monocrystalline silicon before an X-ray diffractogram 

was recorded in the range of 2 from 10° to 70. All samples were found to be non-crystaline (see 

Supplemental Materials Figure S1). 
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2.2 Density  

The density of the samples () was determined using Archimedes’ principle of buoyancy in absolute 

ethanol at room temperature, that is, 

  
         

         
,        (1) 

where EtOH is the density of absolute ethanol (0.7871 g cm
-3

), mair is the weight of the sample in air, 

and msub is the weight of the sample when submerged in ethanol.  

 

2.3 Differential scanning calorimetry 

All differential scanning calorimetry (DSC) measurements were conducted using a Netzsch 449F1 

instrument with PtRh crucibles. Tg of each glass was estimated by heating glass samples of ~20-40 mg 

from room temperature to above Tg at a rate of 10 K min
-1

. The temperature was then decreased to 

below Tg with a cooling rate of 10 K min
-1

, before reheating to above Tg at 10 K min
-1

. Proper initial 

annealing of the glasses was confirmed by the fact that only minor changes in the Tg upon reheating 

was observed. We used the onset Tg from the second upscan (i.e., with a well-defined thermal history) 

for further analyses except in the case of the 5Li95Ge glass, which showed two glass transitions in its 

second upscan, likely due to a minor degree of phase separation upon the first upscan. The possibility 

of phase separation of GeO2-rich lithium germanate glasses has previously been discussed,
38

 but all 

the present glasses appeared transparent and with no visual signs of phase separation upon quenching 

and subsequent annealing. 

Next, the determination of isobaric heat capacities (Cp) at room temperature was conducted as this 

data is needed to convert thermal diffusivity to thermal conductivity (see below). These measurements 

were done using flat cylindrical samples of ~20-30 mg, which were polished to an optical finish prior 

to measurements. The measurements were corrected using sapphire crystal as the calibration material. 

Heat capacities were fitted from ~150 C to ~50 C below Tg using the Maier-Kelley equation,
39
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               ,       (2) 

where a, b, and c are fitting parameters and T is temperature. This fitting was used to extrapolate Cp to 

room temperature. 

 

2.4 Laser flash analysis 

Thermal diffusivity () at 300 K was measured using laser flash analysis (Netzsch LFA 447, equipped 

with a Xenon flash lamp). Samples were cylinders of Ø~5.5 mm and thicknesses in the range of 0.8-

1.5 mm, all polished to an optical finish. The variation in thickness was typically within 10 m 

across the surface plane. Prior to the measurements, samples were coated with a thin layer of graphite 

to ensure complete absorption of the laser pulse and adequate surface temperature measurement with 

an infrared sensor. The time-dependent temperature rise caused by the laser pulse was then fitted to a 

numerical model from which  was determined.
40

 The reported values of  are averages of at least 10 

measurements and are presented in Table 2 and Supplemental Materials Figure S2. From the 

estimated Cp, , and  data, we calculated thermal conductivity () as, 

      .          (3) 

 

2.5 Vickers hardness testing 

Vickers hardness (HV) of the studied glasses was measured on samples polished to an optical finish 

using 3 m anhydrous diamond suspensions. Using a Struers Duramin-40 indenter equipped with a 

Vickers diamond tip, each glass was subjected to indentation using a maximum load (P) of 0.196 N 

(20 gf) and a dwell time of 10 s at ambient conditions (~22 °C, 15-35% relative humidity). This load 

was sufficiently low to avoid any cracking. HV was then determined by measuring the diagonal 

lengths of the impressions (d) and inserting in, 
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  .          (4) 

The reported values of HV are averages of 10 impressions. 

 

2.6 Single-edge precracked beam fracture toughness 

We used the single-edge precracked beam (SEPB) method to determine fracture toughness (KIc). 

While originally being an ASTM standard method for ceramics,
41

 the method has also been found to 

be well-suited for determining KIc of glasses,
42

 including small-sized samples (down to ~0.40.810 

mm
3
, which is below the ASTM recommendation of lengths, i.e., 20 mm).

41,43,44
 In detail, the present 

germanate samples were cut, ground, and polished into beams of typical size ~0.81.010 mm
3
. The 

samples were ground in ethanol using SiC grinding paper and finally polished to an optical surface 

finish using a 3 m anhydrous diamond suspension. Next, a line of three 9.81 N Vickers indents 

(dwell time of 10 s and separated by ~0.2 mm) were placed across the ~0.8 mm wide face to provide a 

guide for producing a well-defined precrack. Then, the indented samples were placed in a bridge 

compression fixture to produce a precrack, extending approximately halfway through the sample. 

Finally, a three-point bending setup was then used to fracture the pre-cracked samples, with KIc

 
calculated by,

42
  

    
    

 √ 
  ,        (5)        

where Y* is defined by, 

   
   

 
 

       
 
 

    .        (6) 

Here, Pmax is the maximum load during fracture, W is the width of the sample, B is the sample breadth 

(the smallest dimension), S is the three-point bending support span (8 mm),  is the ratio of the 

precrack length to the sample width (a/W), and f() = [1.99–(–2
)(2.15–3.93 + 2.72

)]/(1 + 2). 

The average KIc value was calculated from at least two valid tests. 
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3. Results and discussion 

The germanate anomaly manifests itself in a number of different properties for the lithium germanate 

system. For example, this is evident in the measured density () as presented in Figure 1A, showing a 

good agreement with previously published results for the same glass series.
19

 The observed 

compositional scaling is in strong contrast to that of, e.g., lithium silicates, which show a monotonic 

change of   with increasing Li2O content in the similar concentration range as the studied lithium 

germanates.
45

 Comparing the variation in density with that in the calculated total number of 

constraints per atom (nc),
13

 an apparent correlation between  and nc is observed (Figure 1B, see left 

axis). This is ascribed to the non-monotonic change of the Ge coordination number from four to six 

(and/or five) when increasing the Li2O content from x = 0 to ~18 mol% Li2O and the following 

reverse transition when x>18 mol% Li2O. 

While nc has previously been found to govern a variety of glass properties, e.g., Tg and Vickers 

hardness,
13,32

 another interesting metric is the volume normalized number of atomic constraints, the 

so-called volumetric constraint density (nc’). To estimate nc’, we follow the procedure as introduced in 

earlier works
46,47

, where the average molar masses (M) of each glass composition is first calculated as, 

   ∑     
 
   ,         (7) 

where Mi is the molar mass of component i with molar fraction of xi. From Eq. (7) and the value of nc, 

the volumetric constraint density (nc’) is calculated as, 

   
  

     

 
,          (8) 

where  is the density and NA is Avogadro’s number. The number of atomic constraints and 

volumetric constraint densities are presented in Table 1. Here, we calculated nc’ specifically for the 

studied xLi2O-(100-x)GeO2 system (Figure 1B, right axis, black points), noting that the increase in 

Li2O content corresponds to the maximum of nc’ (peak at ~23 mol% Li2O) and not of nc. Furthermore, 
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nc’ reaches an approximately constant value and only shows a minor decrease upon increasing the 

concentration of Li2O above 25 mol%. 

Next, we consider the thermal properties and first the variation in Tg. Similarly to the compositional 

scaling of density, Tg shows a non-monotonic variation with a maximum at ~18 mol% Li2O (Figure 

2), suggesting a correlation with nc as also reported before,
13

 where an even better agreement between 

Tg and nc was found for rubidium germanate glasses.
13,18

 In previous studies, a sharp drop in Tg for 

alkali germanate glasses of low modifier content has been observed, but this is usually observed at 

around 1-3 mol% modifier content
19

. Therefore, it is not observed in the present glass series, for 

which the smallest Li2O content is 5 mol%. 

Notably, other properties feature a different composition dependence compared to density and Tg. For 

example, the longitudinal (vL), transversal (vT), and average (vs=(vL+2vT)/3) speed of sound show a 

monotonic increase upon increasing Li2O content in the studied glasses (Figure 3).
23

 

As seen in Figure 3, speed of sound exhibits a modest increase with lithium content in the studied 

compositional region, with no decrease observed in the high-Li2O compositions as otherwise observed 

above for density (Figure 1) and Tg (Figure 2). We note that other alkali (e.g., Na, K) germanate 

glasses feature a pronounced maximum in their speed of sound.
20,22

 For the alkali borate system, 

another oxide glass system featuring a coordination number transition, the speed of sound generally 

monotonically increases when incorporating light alkali ions (Li, Na), but exhibits a pronounced 

maximum when introducing heavy alkali ions (K, Rb, Cs).
48

 This non-monotonic compositional 

scaling, observed for both borate and germanate systems, most likely arises from two competiting 

effects on the speed of sound, namely structure and composition. That is, structure will result in an 

anomalous behavior of first increasing and then decreasing sound speed due to the related changes in 

network rigidity (Fig. 1B). In contrast, the continuously changing composition will induce a 

monotonic change of the sound speed – generally increasing if adding light atoms and decreasing for 

heavy atoms. This is related to how decreasing atomic mass will impose higher sound speeds for 

constant bond strength,
49

 in good agreement with the plateau region observed in the lithium germanate 
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(Fig. 3) and lithium borate systems, while significant maxima are found for glasses with heavier 

modifier ions.
20,22,23

  

Similarly to the variation in speed of sound, thermal conductivity () also shows an initial increase 

with increasing lithium content before reaching a plateau value when approaching 20-25 mol% Li2O, 

and a slight further increase for the 30Li70Ge glass (Figure 4A). The observed range of  values for 

the lithium germanate glasses is in good agreement with that observed for other alkali oxide glass 

systems.
47,50

 In Figure 4B the correlation between the measured  and the average speed of sound (vs 

= (2vT+vL)/3) is presented, showing a strong positive correlation for the present germanate glasses as 

well as for other silicate and borate glass systems.
47,51

 Notably, the correlation for the lithium 

germanates is seen to overlap with that for silicate glasses (Figure 4B). 

To gain a deeper understanding of the heat conduction in the germanate glasses, we apply the 

approach of Allen and Feldman that divides modal types into three categories, namely propagons, 

diffusons, and locons.
58,59

 Propagons are regarded as collective uniform vibrations of periodic 

eigenvectors, resembling that of the common phonon-picture. These are the dominant heat carriers for 

most defect-free electrically insulating crystals. In contrast, locons resemble localized vibrations, 

consisting of only atomic clusters or interfaces, and these are generally believed to contribute little or 

nothing to heat conduction. Finally, diffusons are, like propagons, collective vibrations, yet of non-

periodic (or “diffusive”) eigenvectors, providing a weaker contribution than propagons to heat 

conduction. Generally, the measured thermal conductivity () will thus be a result of contributions 

from propagons and diffusons, i.e., =prop+diff. While the theory of Allen and Feldman involves a 

direct way to estimate the diffuson contribution to thermal conductivity, it requires the knowledge of 

atomic position and forces. In contrast, more simple models exist. Cahill, Watson, and Pohl pioneered 

the area when suggesting a lower limit to thermal conductivity,
60

 ultimately resembling the diffuson 

contribution to thermal conductivity (diff). In a similar fashion, Agne et al.
61

 recently proposed an 

even simpler description of diff, by showing how the temperature dependence of diff may be 

described by, 
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 (

   

 
)
 

∫
    

       
  

         

 
.     (9) 

Here T denotes temperature, n0 is atomic number density, kB is the Boltzmann constant, vs=(vL+2vT)/3 

is the average speed of sound,           is the reduced Planck constant, θD is the Debye 

temperature, and          
   where  is the frequency. We estimate θD as 

           
 

     
   following Ref.

61
 Applying Eq. (9) to the studied lithium germanate glasses 

gives rise to a general increase in diff with increasing Li2O content, with a plateau emerging at 25-30 

mol% Li2O (Figure 4A). Calculating diff allows us to indirectly estimate prop as prop=-diff. In our 

previous work,
35

 we observed a relationship between prop and volumetric constraint density (nc’). 

Here, we observe a good correlation between  and nc’ (Figure 5A) and further try to extend the 

previously reported data of prop vs nc’ for alkali borates, alkali silicates, and soda lime borosilicates, 

with the studied lithium germanates (Figure 5B). 

Depending on the glass system, different trends in the data are observed in Figure 5B. While the alkali 

borate system features only a minor change of prop with nc’, the alkali silicate, borosilicate, and the 

present lithium germanate glasses all feature increasing prop upon increasing nc’. These differences 

between different glass series may be explained by their differences in atomic constraints, with the 

alkali borate system generally featuring the lowest number of constraints per atom (nc~3.2), while the 

other glass series have higher nc values. Tuning nc has previously been shown to enable tuning of, 

e.g., the presence of locons and hence affect the other modal types and consequently the value of 

.
36,62

 Also notably, thermal conductivity has previously been shown to plateau when decreasing the 

network connectivity to below nc=3 for several systems as also suggested in one of the first papers on 

TCT by Thorpe.
63,64

 Qualitatively, this would thus explain the lower slope in Figure 5B for the borate 

glasses compared to the other systems.  

To further study the composition-structure-topology-property relations in the lithium germanate 

glasses, we next consider the elastic properties of the system. Using the sound speeds measured by 

Kaneda et al.,
23

 the Young’s, shear, and bulk moduli (E, G, B, respectively) and Poisson’s ratio () of 
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the glasses were calculated according to Ref.
65

 Sound speeds are presented in Table 2, while the 

calculated elastic constants are presented in Table 3. E, G, and B are presented in Figure 6. All three 

moduli show the same tendency, i.e., initially an increase with increasing lithium oxide content and 

then a constant value around the 25Li75Ge and 30Li70Ge glasses. This is similar to what was 

observed for the speed of sound (Fig. 3) as well as the thermal conductivity (Fig. 4), providing a 

coupling of mechanical and thermal properties in the probed systems.  Comparing the calculated 

moduli to those of other alkali germanates, the present results for lithium glasses are higher than those 

of higher atomic mass (e.g., Na and K germanates)
66

, which is in agreement with the expected 

increase of bond strength upon increasing cationic field strength.
67

 Generally, the presented values of 

moduli are within the expected range of oxide glasses.
68

  

Next, we consider the compositional variation in hardness, a measure of the resistance to permanent 

deformation of the glasses. We used a four-sided pyramidal diamond tip with an included angle of 

136 between two opposite faces (so-called Vickers tip) to make impressions in the glasses. The 

impression diagonal length (d) is then used to calculate Vickers hardness (HV) through Eq. (4). The 

obtained values of HV for the lithium germanate glasses are presented in Figure 7A. 

The hardness of the studied lithium germanate glasses is first found to increase linearly with 

increasing lithium concentration from the 5Li95Ge (~5.3 GPa) to the 15Li85Ge glass (~7.5 GPa), 

before showing a small increase to the 20Li80Ge glass and finally a decrease in HV for the two glasses 

of highest Li content. This compositional trend is similar to that observed for Tg (Figure 2) and shows 

the same tendency as the introduced atomic constraints (Figure 1B) with a maximum between 15 and 

20 mol% Li2O. The direct agreement between the number of atomic constraints and HV fits with the 

results of previous works on borates.
32

 Notably, like thermal conductivity, hardness has previously 

been suggested to correlate with volumetric constraint density.
46

 In Figure 7B, we have plotted HV as 

a function of nc’ for the studied lithium germanates as well as for two series of borosilicate and 

phosphosilicate glasses from the literature.
46

 Interestingly, the data for the lithium germanate glasses 

follow the same trendline as the phosphosilicates, while the borosilicate glasses occupy a separate 

region of the plot. Fitting a linear function to the presented data while enforcing HV(nc’=0) = 0 gives 
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the correlation HV(nc’) = 0.068 GPanc’, which is in good agreement with that reported for 

phosposilicate glasses
46

 using similar constraints, namely HV(nc’) = 0.06 GPanc’. The tendency of the 

germanates to follow the same trend as the phosphosilicates is interesting given how both glass 

families feature the same variation in coordination numbers. That is, as mentioned the germanates are 

assumed to contain both Ge
IV

 as well as Ge
VI

 units, while the phosphosilicates feature four-fold 

coordinated phosphate units as well as a distribution of Si
IV

 and Si
VI

.
69,70

 Considering the similarity of 

coordination numbers in the germanates and phosphosilicates, their overlapping curve of HV vs. nc’ in 

Figure 7B is intriguing. 

Lastly, we study the fracture behavior of the glasses by considering the variation in fracture toughness 

(KIc), i.e., the ability of the glass to withstand propagation of a pre-existing crack. KIc has previously 

been linked with atomic constraints in simulation studies,
37

 but has not seen such comparisons in 

experiments. We determined fracture toughness KIc through a small-sample single-edge precracked 

beam (SEPB) method, which has previously been validated for other glassy systems,
43,44

 to obtain 

self-consistent values of KIc. We will refer to these values as KIc. Figure 8A shows an example of a 

fractured 25Li75Ge glass sample from SEPB measurements, demonstrating the presence of a precrack 

that has grown from the initial indents. We note that it was not possible to prepare samples of 

adequate size for SEPB measurements for the 30Li70Ge glass due to its tendency to crystallize. 

 

  

 

The values of KIc reported in Figure 8B are found to be in the same range as those of other oxide glass 

systems including borate and silicate systems (typically 0.5-1.0 MPa m
0.5

).
71

 Specifically, KIc values 

from SEPB of the lithium germanates are in the range of 0.7-0.9 MPa m
0.5

, with a maximum value for 

the 15Li85Ge glass. The overall compositional trend in KIc qualitatively agrees with the variation in 

atomic constraints (Figure 1B), yet KIc shows a shifted maximum towards lower Li2O content 
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compared to nc. The observed maximum in the KIc at around x≈15 mol% Li2O agrees with previous 

non-monotonic KIc data for xNa2O-(100-x)GeO2 glasses, but the lithium germanates feature lower KIc 

than sodium germanates (up to ~1.3 MPa m
0.5

) as measured by the single-edge notched beam (SENB) 

and double cleavage drilled compression (DCDC) techniques
72,73

 as well as a shift towards higher 

modifier content at maximum KIc. We note that both the SENB and DCDC methods have been 

reported to overestimate the fracture toughness values due to large crack tip stress (for SENB) and T-

stress (for DCDC).
74,75

 

To understand the atomic mechanism of crack propagation in the germanate glasses, we apply a 

recently developed model of brittle fracture to estimate the composition dependence of fracture 

toughness.
71

 The model relies on estimating KIc from the measured E and  values and an estimated 

value of the fracture surface energy by means of the similarity principle,
76

 

      
           √     ,       (10) 

where E’ = E/(1-ν
2
) for plane strain and t 

= 0.5(M
-1

)
2/3

NA
-1/3
xiniUi is the theoretical fracture surface 

energy predicted based on the experimental density (), the average molar mass of the glass (M), and 

Avogadro’s number (NA). x is the stoichiometry of species involved in the interatomic bond energy 

(U), and n is the number of required bonds to be broken for the crack to proceed to the next structural 

unit (note that we consider only the presence of Ge
IV

 and Ge
VI

 species, as also done in the discussed 

topological model
13

). To this end, we assume that the crack follows the least energy-intensive path. 

That is, in all cases we assume that the crack will break all ionic Li-O bonds. Next, we assume that the 

crack will be allowed to propagate when all Ge atoms in the fracture plane reach a coordination 

number of three. Specifically this implies that between zero and three Ge-O bonds will break in the 

tetra- or octahedra (depending on the Li2O concentration) before the crack will grow. The fraction of 

six-coordinated to total Ge (N6) was taken from the model of Welch et al.
13

 (and are presented in 

Table 3), while diatomic bond energies of 340 and 658 kJ mol
-1

 were used for Li-O and Ge-O, 

respectively.
77

 Using these parameters, we first predicted t
 and then used Eq. (10) to calculate 
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          . We note that in earlier work,

71
 the use of bond energies from Ref.

77
 was found to be 

superior in predicting KIc compared to the use of other bond energy estimations. 

Predicted values of fracture toughness (   
          ) are presented in Figure 8B.    

           is 

generally lower than the KIc data obtained from SEPB, but, more importantly, the model is shown to 

correctly capture the initially increasing KIc, the following maximum at the 15Li85Ge glass, and the 

subsequent decrease of KIc when increasing the Li2O content further. This is notable, given the lack of 

any straightforward correlation between KIc and the number of atomic constraints nor the volumetric 

constraint density (Supplemental Materials Figure S3). The only other studied alkali germanate in 

terms of KIc, namely the sodium germanate system, shows a pronounced maximum of KIc at 10 mol% 

Na2O.
72,73

 Using data from the literature,
19,20

 we make fracture toughness calculations for the sodium 

germanate system using the same model
71

 as for lithium germanates (Supplemental Materials Figure 

S4). The model suggests a slight shift towards having a maximum for KIc at lower modifier content. 

This is in good agreement with the experimental direction of change from Li to Na, yet the model 

points to a maximum in KIc between 10 and 15 mol% for the sodium germanates while the 

experimental data
72,73

 suggest a clear maximum around 10 mol% Na2O.  

In the following, we explore the shifting of the KIc maximum away from the composition with 

maximum number of constraints (Fig. 1B). First, by estimating the fracture surface energy (t
) from 

the model of Rouxel
71

, we find that t
 exhibits a maximum value at low modifier content (5 mol%) for 

both NaGe and LiGe glasses (Supplemental Materials Figure S5A), with a more pronounced drop of t
 

for the NaGe glasses. The latter is likely, at least partially, due to the maximum in density for the 

NaGe at 15 mol% Na2O compared to that at ~20 mol% Li2O for the LiGe glasses (Supplemental 

Materials Figure S5B). As such, we infer that t
 is the main cause of the shift of KIc away from the 

composition with maximum number of constraints. Moreover, the difference in predicted maximum 

between KIc of NaGe and LiGe may also be caused by differences in the compositional evolution of 

Young’s modulus for the two glass series. That is, while E mainly increases upon increasing Li2O 

content in LiGe Glasses, E exhibits a rather sharp maximum at around 15 mol% Na2O in NaGe 
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glasses (Supplemental Materials Figure S5C), ultimately shifting the composition with maximum KIc 

towards lower modifier content.  

Next, we note that the fracture toughness model greatly underpredicts the experimental values of the 

sodium germanates, but this may again be related to the overestimation of experimental values. The 

general underestimation of the absolute values of KIc by the model may be due to the assumption of a 

fully brittle fracture. Given two (or three) accessible coordination states and the presence of higher 

than four-coordinated Ge species in all samples, so-called bond switching events, which have been 

shown to govern fracture in various glass systems,
43,78–80

 may play a role in the fracture process, 

inducing some nanoscale ductility. That is, when applying strain on a structure, the multiple occupied 

and accessible coordination states will allow for significant atomic rearrangement before fracture is 

obtained, hence representing a plastic fracture process. As an example, the Ge
VI

 atoms may rearrange 

under an applied strain to decrease the local stress they experience, resulting in a change of the 

coordination state to Ge
IV

 prior to undergoing crack propagation. Similarly, an increase in 

coordination number or bond swapping (where coordination number increases again after decreasing) 

may play a role in the observed disagreement in the absolute values of KIc. 

 

4. Conclusions 

In summary, we have investigated the thermal and mechanical properties of six lithium germanate 

glasses, including thermal conductivity, hardness, and fracture toughness. We find these three 

properties to feature pronounced germanate anomaly behavior, i.e., the composition-property 

correlation shows a maximum upon increasing Li2O content. Based on a recent topological model of 

the alkali germanate system, we find good correlations between network topology and both thermal 

conductivity and hardness, in good agreement with earlier studies on oxide glasses. However, the 

topological model is inadequate in predicting the composition dependence of fracture toughness in the 

lithium germanate glasses. Instead, a model based on mechanical properties, individual bond energies, 

and assumptions on fracture behavior is needed to accurately predict the composition dependence of 
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fracture toughness. This work sheds light on how network topology affects various properties in the 

alkali germanate glass series, ultimately aiding the development of predictive composition-structure-

property models in a broad family of oxide glasses. 
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FIGURE CAPTIONS 

Figure 1. (A) Density [] as well as (B) total number of atomic constraints [nc, left axis] and 

volumetric constraint density [nc’, right axis] as a function of Li2O content in the studied xLi2O-(100-

x)GeO2 system. In (A), literature density data from Ref. 
19

 are shown for comparison. The red dashed 

line in (B) indicates the number of topological constraints between the studied compositions [red 

points] as calculated from the topological constraint model of Welch et al.
13

 We note how some error 

bars in (A) and all of the error bars of nc’ in (B) are smaller than the size of the symbols. 
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Figure 2. Glass transition temperature (Tg) as a function of Li2O content in the studied xLi2O-(100-

x)GeO2 system. The estimated error of Tg is 2 K, i.e., smaller than the size of the symbols. 

 

Figure 3. Longitudinal (red), transversal (green), and average (black) sound speeds (vL; vT; and vs = 

(2vT+vL)/3, respectively) as a function of Li2O content in the studied xLi2O-(100-x)GeO2 system. The 

longitudinal and transversal sound speed data is taken from Kaneda et al.
23

 for the glasses with >5 

mol% Li2O. The values for the 5Li2O-95GeO2 glass were extrapolated from other lithium germanate 

glasses down to a composition of approximately 6Li2O-94GeO2 as introduced in Ref.
23
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Figure 4. (A) Thermal conductivity [] and estimated diffuson contribution to thermal conductivity 

[diff] as a function of Li2O content in the studied xLi2O-(100-x)GeO2 system. (B) Correlation between 

the average speed of sound [vs] and  for the studied glasses as well as a number of silicate [black] 

and borate [green] glasses from Refs.
47,52–57

 Estimated errors are smaller than the size of the symbols. 

The red dashed line in (B) is a linear fit, serving as a guide for the eye for the germanate data. 

 

 

  



 

 

 

This article is protected by copyright. All rights reserved. 

 

30 

Figure 5. Correlation between (A) volumetric constraint density [nc’] and measured thermal 

conductivity [] for the studied xLi2O-(100-x)GeO2 glasses as well as between (B) nc’ and the 

estimated propagon contribution to thermal conductivity [prop] for the lithium germanates of this 

study as well as previously studied borosilicate, alkali silicate, and alkali borate glasses.
35,47,53

 Errors 

in (B) for lithium germanates are all smaller than the size of the symbols. 
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Figure 6. Young’s modulus (E, red points), shear modulus (G, green points), and bulk modulus (B, 

black points) for the studied glasses as a function of Li2O content. Sound speeds used for calculations 

of moduli were taken from Kaneda et al.
23

 Errors are all smaller than the size of the symbols. 

 

  



 

 

 

This article is protected by copyright. All rights reserved. 

 

32 

Figure 7. Vickers hardness [HV] as a function of (A) Li2O content and (B) volumetric constraint 

density [nc’]. The correlation between HV and nc’ for lithium germanate [red points] is compared to 

that of borosilicate [green points] and phosphosilicate [black points] glasses as reported elsewhere [HV 

of boro- and phosposilicates were measured using loads of 0.25 N and 0.49 N, respectively].
46

 Error 

bars in (B) for germanates are sometimes smaller than the size of the symbols and are unreported for 

the boro- and phosphosilicates taken from literature. 
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Figure 8. (A) Micrograph of a fractured 25Li75Ge glass sample after the self-consistent single-edge 

precracked beam [SEPB] measurement, showing the three indents used to make the precrack as well 

as a clear precrack front. Note that the image was reconstructed by stitching four images together. (B) 

Fracture toughness determined from SEPB measurements [KIc] as well as the prediction of fracture 

toughness [   
          ] using the model of Ref.

71
 as a function of Li2O content. We note how the 

30Li70Ge glass was too prone to crystallization to obtain samples of adequate sizes for SEPB 

measurements. 
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TABLES 

Table 1. Density (), glass transition temperature (Tg), total number of atomic constraints per atom 

(nc), and volumetric constraint density (nc’) for the prepared lithium germanate glass series. Estimated 

average errors of , Tg, and nc’ are 0.01 g cm
-3

, 2 K, and 0.1 nm
-3

, respectively. 

Glass-ID  

(g cm
-3

) 

Tg 

(K) 

nc
*
 

(-) 

nc’ 

(nm
-3

) 

5Li95Ge 3.84 728 3.72 85.3 

10Li90Ge 4.00 757 3.78 93.8 

15Li85Ge 4.06 789 3.85 100.9 

20Li80Ge 4.08 790 3.87 106.0 

25Li75Ge 4.00 780 3.78 106.1 

30Li70Ge 3.86 760 3.68 104.3 

*Data obtained from Ref.
13
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Table 2. Heat capacity (Cp), longitudinal sound speed (vL), transversal sound speed (vT), average 

sound speed (vS=(vL+2vT)/3), thermal diffusivity (), thermal conductivity (), and diffuson 

contribution to thermal conductivity (diff) for the prepared lithium germanate glass series. Estimated 

average errors for  and  are 0.003 mm
2
 s

-1
 and 0.005 W m

-1
 K

-1
, respectively. 

Glass-ID Cp 

(J g
-1

 K
-1

) 

vL
* 

(m s
-1

) 

vT
* 

(m s
-1

) 

vs 

(m s
-1

) 

 

(mm
2
 s

-1
) 

 

(W m
-1

 K
-1

) 

diff 

(W m
-1

 K
-1

) 

5Li95Ge 0.46 4081 2340 2920 0.379 0.667 0.478 

10Li90Ge 0.54 4472 2611 3231 0.379 0.815 0.546 

15Li85Ge 0.59 4779 2712 3401 0.388 0.927 0.588 

20Li80Ge 0.59 4978 2846 3557 0.388 0.942 0.626 

25Li75Ge 0.60 5075 2834 3581 0.393 0.939 0.638 

30Li70Ge 0.66 5116 2897 3637 0.393 0.999 0.649 

*Data intrapolated for all glasses from Ref.
23

, except for 5Li95Ge for which the value was 

extrapolated from Ref.
23
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Table 3. Young’s modulus (E), shear modulus (G), bulk modulus (B), Poisson’s ratio (), Vickers 

Hardness (HV), fraction of six-coordinated to total germanium (N6), as well as fracture toughness as 

obtained from single-edge precracked beam measurements (KIc) and as predicted from a recent 

model
71

 (   
          ) are presented for the probed lithium germanate glass series. Estimated average 

errors for E, G, B, HV, and KIc are 0.3 GPa, 0.1 GPa, 0.2 GPa, 0.2 GPa and 0.04 MPa m
0.5

, 

respectively. n.d. indicates that the value was not determined due to inadequate samples sizes. 

Glass-ID E 

(GPa) 

G 

(GPa) 

B
 

(GPa) 

 

(-) 

HV 

(GPa) 

N6
*
  

(%) 

KIc 

(MPa m
0.5

) 

   
           

(MPa m
0.5

) 

5Li95Ge 52.7 21.0 35.9 0.26 5.4 5 0.81 0.69 

10Li90Ge 67.7 27.2 43.6 0.24 6.3 11 0.85 0.78 

15Li85Ge 75.5 29.9 53.0 0.26 7.4 18 0.88 0.81 

20Li80Ge 83.1 33.1 57.1 0.26 7.6 20 0.84 0.78 

25Li75Ge 81.9 32.1 60.2 0.27 7.1 20 0.75 0.69 

30Li70Ge 82.0 32.4 57.9 0.26 6.5 20 n.d. 0.58 

*Data obtained from Ref.
13

 

 

 

 

 


