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Abstract: Sodium aluminoborate glasses are found to exhibit favorable mechanical properties, especially 

high crack resistance, due to their relatively low resistance to network compaction during sharp-contact 

loading. We here reveal the origin of the high crack resistance by investigating changes in structure and 

mechanical properties in compositions ranging from peralkaline to peraluminous and by varying the pressure 

history through an isostatic N2-mediated pressure treatment at elevated temperature. This approach allows us 

to study the composition dependence of the ease of the glassy network compaction and the accompanying 

changes in structure and properties, which shed light on the processes occurring during indentation. Through 

solid state NMR measurements, we show that the network densification involves an increase in the average 

coordination number of both boron and aluminum and a shortening of the sodium-oxygen bond length. 

These changes in the short-range order of the glassy networks manifest themselves as an increase in, e.g., 

density and indentation hardness. We also demonstrate that the glasses most prone to network compaction 

exhibit the highest damage resistance, but surprisingly the crack resistance scales better with the relative 

density increase achieved by the hot compression treatment rather than with the extent of densification 

induced by indentation. This suggests that tuning the network structure may lead to the development of more 

damage resistant glasses, thus addressing the main drawback of this class of materials. 
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1. Introduction 

Glassy solids offer a range of favorable properties such as transparency, high hardness, relatively light-

weight, low-cost raw materials, and in many cases excellent chemical resistance, making them desirable 

materials for many traditional and novel applications [1]. However, their brittleness, low practical strength, 

and limited toughness are major drawbacks for future applications, although various post-treatment methods 

such as thermal [2] and chemical strengthening [3], are being applied to improve the glass mechanics. In 

addition, significant contributions to improving the mechanical performance through tuning of the chemical 

composition have been made [4–7], but a fundamental understanding of the composition dependence of 

crack initiation and growth in glasses is still lacking. 

 In 1921, Griffith [8] suggested that the low practical strength of oxide glasses is due to surface flaws 

as stresses concentrate at the tips of the flaws leading to a brittle fracture considering that such glasses do not 

have a stable shearing mechanism. Sharp-contact loading (i.e., indentation) has subsequently been employed 

to introduce surface flaws in a controlled manner and to observe the cracking patterns originating from the 

residual indentation imprint [9–14]. Examination of considerable amounts of indents lead to the observation 

that different glass systems deform via different mechanisms, which in turn dictates the crack resistance and 

pattern. Glasses which densify upon indentation tend to form ring cracks around an indent, whereas glasses 

deforming through volume-conservative shear flow are more likely to form radial/median cracks propagating 

outwards from the corners of an indent [12]. Later studies quantified the relative contributions of these 

deformation mechanisms and suggested that the deformation behavior (and thereby the type of cracking) is 

correlated to the atomic packing density (Cg) and in turn Poisson’s ratio (ν) [15–18]. However, knowledge of 

the compositional scaling of the indentation crack resistance (CR) and its relation with other material 

properties is more limited. 

 The link between chemical composition and glass network structure, which in turn affects material 

properties and cracking behavior of a glass, has been thoroughly investigated, especially given the advances 

in structural characterization techniques, such as solid state nuclear magnetic resonance (NMR) spectroscopy 

and neutron diffraction. For example, the network of amorphous silica consists of corner-sharing SiO4 

tetrahedra [19,20], resulting in a low Cg value that favors densification during indentation [15,21]. Addition 
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of modifier oxides (e.g., Na2O) to the silicate network tend to fill the interstices with cations and induce the 

formation of non-bridging oxygens (NBOs), thus hindering densification and facilitating shear flow [22]. 

These structural changes strongly affect CR [16,17]. On the other hand, it has been shown in alkali borate 

glasses that the resistance to densification is unaffected by the increase in Cg upon alkali oxide addition [23]. 

This demonstrates that further studies are required in order to completely understand the role of chemical 

composition in governing the deformation and cracking behavior in oxide glasses. 

 In the search for more damage resistant glass compositions, we here consider a series of sodium 

aluminoborate glasses, specifically 25Na2O – xAl2O3 – (75-x)B2O3 with x varying between 5-30 mol %. The 

structure of alkali aluminoborate glasses has previously been investigated in Refs. [24–29]. Through magic 

angle spinning (MAS) NMR studies on 11B and 27Al nuclei, it has been found that both of the network-

forming tetrahedral species tend to compete for the charge-balancing Na-cations. There is a preference 

towards charge-balancing aluminum tetrahedra (AlIV) rather than boron tetrahedra (BIV). Hence, upon 

substitution of Al2O3 for B2O3, the fraction of four-fold coordinated boron species (N4) decreases as Na-

cations are being re-associated to supply the deficient positive charge to AlIV units. As the molar content of 

Al2O3 exceeds that of Na2O, five- and six-fold coordinated aluminum species (AlV and AlVI) are detected. 

The glasses in this selected system are thus expected to exhibit large differences in boron and aluminum 

speciation across the series, and also contain low levels of NBOs, given the needs of sodium cations to 

charge-stabilize boron and aluminum in tetrahedral configuration. The earlier studies did not examine the 

relation of aluminoborate structure to the mechanical properties, but low NBO content and low N4 has 

previously been found to favor densification during indentation, which in turn should promote high values of 

CR [16,17]. As such, the sodium aluminoborate glasses are an ideal model system for revealing the structural 

origin of high crack resistance in oxide glasses. 

In detail, we here examine the impact of structure on deformation mechanisms and cracking behavior 

through density, differential scanning calorimetry (DSC), solid state 11B, 23Na, and 27Al NMR spectroscopy, 

and nano- and micro-indentation measurements. The contributions of densification and shear flow to 

indentation are determined using atomic force microscopy (AFM). Furthermore, we employ a N2-mediated 

isostatic compression treatment carried out around the glass transition temperature (Tg) to tune the pressure 
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history of the glasses. Compression of glasses at Tg is especially useful, since significant permanent volume 

increase can be obtained on large specimens (~cm3), thus enabling the evaluation of the change in 

mechanical properties. Ultimately, insight into the origin of pressure-induced changes in the glassy network 

may improve the understanding of changes induced by external loading, such as indentation.  

 

2. Experimental Section 

2.1 Sample Preparation 

Seven glass compositions in the system 25Na2O-xAl2O3-(75-x)B2O3 with x = 5, 10, 15, 20, 25, 27.5, and 30 

mol % were prepared, thus covering both peralkaline and peraluminous compositions. To do so, Na2CO3, 

Al2O3, and H3BO3 powders were first mixed according to the target compositions and these mixtures were 

melted in Pt-Rh crucibles at 1200-1650 °C depending on the composition. The melts were quenched onto a 

steel plate and transferred into an annealing furnace at an estimated glass transition temperature (Tg) using 

SciGlass database [30]. The chemical compositions were measured using flame emission and inductively 

coupled plasma spectroscopy methods and results are given in Table 1. The samples are named according to 

the analyzed compositions (see Table 1). 

 The Tg values were determined from DSC measurements (DSC 449C, Netzsch) as the intercept 

between the tangent to the inflection point and the extrapolated isobaric heat capacity (Cp) value of the glass 

for a glass specimen with a known thermal history (i.e., preceded by cooling at 10 K/min). The Cp,T curves 

were acquired after calibrating the DSC output against a similar scan for a sapphire specimen. Glasses were 

then reannealed for 1 h at the respective Tg value, followed by a cooling in the order of 3 K/min achieved by 

turning off the annealing furnace. The amorphous nature of the glasses was confirmed by means of X-ray 

diffraction (Empyrean XRD, PANalytical). 

All glass compositions were subjected to an isostatic N2-mediated compression treatment at 1.0 GPa at 

their respective Tg value. The permanent compression of the glass samples was achieved by maintaining the 

high pressure and high temperature conditions for 30 min, and subsequent quenching with an initial 60 

K/min cooling rate to room temperature. The pressure chamber was then decompressed at a 30 MPa/min 

rate. More details regarding the compression treatment setup can be found in Ref. [31]. 
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2.2 Density 

Density values of the as-prepared and compressed glasses were determined using the Archimedes’ principle 

of buoyancy. The weight of each glass specimen (at least 1 g) was weighed in air and in ethanol ten times. 

 

2.3 MAS NMR Spectroscopy 

11B, 23Na, and 27Al MAS NMR spectra were acquired with commercial spectrometers (VNMRs, Agilent) and 

MAS NMR probes (Agilent) for four selected compositions (NAB-5, NAB-15, NAB-24 and NAB-30) and 

their compressed analogues. The samples were powdered in an agate mortar, packed into 3.2 mm zirconia 

rotors, and spun at 20 kHz for 11B MAS NMR and 22 kHz for both 27Al and 23Na MAS NMR experiments. 

27Al and 23Na MAS NMR data were collected at 16.4 T (182.34 and 185.10 MHz resonance frequencies, 

respectively), using a 0.6 s (~/12 tip angle) pulse width for uniform excitation of the resonances. A range 

of 400 to 1000 acquisitions were co-added and the recycle delay between scans was 2 s. 11B MAS NMR 

experiments were conducted at 11.7 T (160.34 MHz resonance frequency), incorporating a 4 s recycle delay, 

short rf pulses (0.6 s) corresponding to a /12 tip angle, and signal averaging of 400 to 1000 scans. The 

acquired spectra were processed with minimal apodization and then referenced to aqueous boric acid (19.6 

ppm), aqueous NaCl (0 ppm), and aqueous aluminum nitrate (0 ppm). Fitting of the MAS NMR spectra was 

performed using DMFit [32] and the CzSimple model, accounting for distributions in the quadrupolar 

coupling constant, was utilized for 27Al and 23Na MAS NMR spectra. The “Q MAS ½” and Gaus/Lor 

functions were used to fit 3- and 4-fold coordinated boron resonances in the 11B MAS NMR data, 

respectively, and N4 was calculated from the relative areas of these peaks, with a small correction due to the 

overlapping satellite transition of the 4-fold coordinated boron peak [33]. 

 

2.4 Indentation 

Indentation analyses were performed on both as-prepared and compressed glasses. Prior to indentation, 

appropriate specimens (thickness > 2 mm, area ≈ 2-3 cm2) were cut and polished. The first steps of grinding 

and polishing were done in water using SiC adhesive discs, but the final steps were done using water-free 

diamond suspensions to avoid surface hydration. Microindentation analysis was performed using a Duramin 
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5 microindenter (Struers) equipped with a Vickers geometry diamond tip. At least 30 symmetrical indents 

were produced at 8 different loads ranging from 245 mN to 19.6 N with loading time of 10 s for each 

specimen. The resulting indents were evaluated using optical microscopy. The length of the resulting indent 

impression diagonals, as well as the number and the length of the cracks emerging from the corners of the 

indent, were recorded ~1 min after unloading. The indentation measurements were performed at ambient 

temperature with relative humidity of 47±5%. 

To determine the indentation deformation mechanisms, the topography of at least 10 indents produced 

at 245 mN were evaluated using AFM (Ntegra, NT-MDT) before and after a thermal annealing treatment at 

0.9Tg (in K) for 2 hours. As these measurements are very time consuming, only selected as-prepared samples 

were analyzed. This AFM-annealing method, suggested in Ref. [15], enables the quantification of the 

densification and isochoric shear-flow contributions to the total volume of the indent, as the thermal 

treatment is sufficient to recover the compacted matter, while the viscosity is sufficiently high to avoid 

viscous flow. Silicon tip cantilevers (NSG10, NT-MDT) were used in semi-contact mode with a scanning 

frequency of 0.5 Hz to create 20 x 20 µm2 images with a resolution of 256 x 256 pixels. 

Nanoindentation was performed using a Nano Indenter XP (MTS) equipped with a Berkovich 

geometry tip. At least 12 loading-unloading cycles were repeated for each specimen of thickness larger than 

2 mm. The applied load and the displacement were continuously measured during loading, hold, and 

unloading segments of the measurement. The target displacement was 2000 nm in each case. The mechanical 

properties acquired from nanoindentation experiments, i.e., nano-hardness (Hnano) and reduced modulus (Er), 

were calculated according to the Oliver-Pharr methodology [34]. 

 

3. Results and Discussion 

3.1 Short-Range Order Glass Structure 

11B and 27Al MAS NMR spectra are shown in Figures 1a and 1b, respectively, for the four selected glass 

compositions. Significant variations in the chemical environment of the network-forming species are found 

as a function of both chemical composition and pressure history. The fraction of BIV units decreases with 

increasing Al2O3 content, as these structures are consumed at the expense of formation of AlIV due to the 
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preference for sodium to charge-stabilize AlIV. This composition dependence of boron speciation is in 

agreement with literature results for sodium aluminoborate glasses [24,25,28,29]. The composition-induced 

changes in aluminum speciation are more subtle as AlIV units are the predominant structural species in all as-

prepared glasses. However, a minor fraction of five-coordinated aluminum species is found, especially in the 

peraluminous glasses (Table 2). This change in aluminum environment is due to the fact that there is no 

longer a sufficient amount of Na-cations to charge balance AlIV units, once the molar content of Al2O3 

exceeds that of Na2O. The compositional dependence of the relative fraction of each aluminum and boron 

network-forming unit is illustrated in Figure 2. As expected, the major effect of Al2O3-for-B2O3 substitution 

is the formation of AlIV units at the expense of BIV units with an approximate one-to-one exchange rate, i.e., 

one mole of Na cations become associated with one mole of AlIV sites upon withdrawal of one mole of BIV 

sites. It is noteworthy that the rate of BIV-to-AlIV conversion is slower in the peraluminous regime compared 

to that in the peralkaline regime. On the other hand, the relative fraction of trigonal boron units (BIII) exhibits 

a significant decrease in the peraluminous region with increasing [Al2O3], while there is a sudden increase in 

the fraction of higher coordinated aluminum species (i.e., AlV and AlVI) (Figure 2). The average coordination 

number for the network-forming cations, which can be calculated based on the distribution of B and Al 

species, appears to increase in the order NAB-5 (3.37) < NAB-15 (3.37) < NAB-24 (3.39) < NAB-30 (3.44). 

We can thus infer that the connectivity of the aluminoborate network is approximately constant in the 

peralkaline region and then increases upon crossing the peralkaline/peraluminous border. 

 Upon compression, the relative intensity of the BIV band in the 11B MAS NMR spectra increases for all 

investigated glasses (Figure 1a), i.e., the average coordination number of boron increases with respect to the 

values in the as-prepared glasses. The aluminum speciation is subject to a similar change, i.e., an increase in 

the relative intensities of AlV and AlVI (Figure 1b). Similar pressure-induced changes in the coordination 

number of network-forming cations have previously been recorded for different oxide glass systems [35–40]. 

The MAS NMR spectra also show that the high-Al2O3 glasses exhibit the largest pressure-induced structural 

changes. This is also clear from Figure 2, as it is seen that differences in fractions of the network formers in 

as-prepared and compressed samples are more pronounced in the peraluminous region. The finding is in 

agreement with the fact that the Al2O3-rich glasses display larger plastic compressibility (Table 1), which 
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here describes the ability of the glass to permanently change volume upon the pressure treatment [31]. In 

other words, the glasses with the lowest resistance to compaction at Tg exhibit the largest short-range order 

structural rearrangements. 

23Na MAS NMR spectra of the aluminoborate glasses present additional insight into the compositional 

dependence of short-range order structure (Figure 3a). However, these spectra are significantly less affected 

by the changes in chemical composition and pressure history compared with the 11B and 27Al MAS NMR 

spectra. Nevertheless, we observe systematic shifts in the 23Na peak position as a result of both Al2O3-for-

B2O3 substitution and pressure treatment (Figure 3b). We note that the fitting of 23Na MAS NMR spectra is 

prone to error due to the difficulty of separating quadrupolar effects from other effects, but we expect that 

both compositional and pressure-induced trends in these data are meaningful. The 23Na chemical shift has 

previously been associated with the Na coordination number and Na-O bond length in both crystalline and 

amorphous materials [41,42], with an increase in chemical shift corresponding to a decrease in the Na-O 

bond length. In this study, we obtain the isotropic chemical shift for 23Na by fitting the high field MAS NMR 

spectra as described in Section 2.3. In this manner, the true chemical shift is isolated from contributions of 

the quadrupolar coupling constant and both parameters are then studied as a function of both glass 

composition and compression. The latter does not change significantly with pressure, so overall the changes 

in 23Na MAS NMR spectra in Figure 3a are due mainly to changes in chemical shift. We observe pronounced 

increases in the 23Na chemical shift with pressure, with the exception of the NAB-30 glass that is 

peraluminous (Figure 3b). Such increases in 23Na shielding, due to shortening of the average Na-O bond 

distance, occur upon both Al2O3-for-B2O3 substitution and isostatic compression, although these two 

alterations of the glassy network characteristics have opposite impact on the packing density of the glasses. 

That is, the hot compression leads to a more efficiently packed network, whereas the addition of Al2O3 

results in a decrease in atomic packing density (Table 1). Pressure-induced shortening of the Na-O bond has 

previously been reported [37,43], whereas there is no available literature data on the effect of Al2O3-for-B2O3 

substitution on the sodium environment to the authors’ knowledge. The composition dependence of the 23Na 

chemical shift may be understood in terms of the difference in electronegativity of boron and aluminum. The 

electron density is shifted more towards the oxygen anion in an Al-O bond compared to the case of B-O 
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bond, resulting in a higher partial negative charge on the oxygens in an AlIV unit. These oxygens are 

therefore more adequate to be charge-balanced by the Na-cation than the oxygens in a BIV unit, leading to a 

shortened Na-O distance in Al2O3-rich glasses. Furthermore, this may be interpreted as an explanation for the 

charge-balancing preference of Na towards AlIV sites. 

In the case of the as-prepared and compressed NAB-30 glasses, where Al2O3 is in excess of Na2O, the 

impact of pressure does not lead to a shortening of the average Na-O distance, but in fact the 23Na chemical 

shift decreases slightly (Fig. 3b). Within the error of the fitting results for these MAS NMR spectra, the 

average sodium environment in this composition is not sensitive to compression, at least under the conditions 

used in this study. The slight change in MAS NMR peak position for this glass resembles the other 

compositions studied here, i.e., a pressure-induced increase in 23Na MAS NMR shift (Fig. 3a). However, 

fitting of the spectra shows that the apparent change in MAS NMR shift, with no significant change in 

isotropic chemical shift, is therefore due to a change in the quadrupolar coupling constant for 23Na, which 

may result from a subtle change in the sodium coordination number. Since average Na-O distance appears to 

be invariant with pressure, the densification mechanisms appear to differ to some extent from the other 

glasses.  

 

3.2 Glass Transition and Density 

The substitution of alumina for boron oxide in the sodium aluminoborate glass series initially decreases the 

value of Tg, but Tg increases again when the molar content of Al2O3 exceeds that of Na2O (Figure 4). Hence, 

there is a pronounced minimum in the compositional scaling of Tg around the metaluminous composition. 

This trend is in agreement with previously reported Tg data available for this system [25], and with the 

structural changes in the aluminoborate network induced by the Al2O3-for-B2O3 substitution, which were 

discussed in the section above and supported by Refs. [24,25,28,29]. In binary alkali borate glasses at 25 

mol% alkali oxide, all available alkali cations supply positive charge to the negatively charged BIV units[44]. 

In the aluminoborate system, the substitution of the network-forming species leads to formation of AlIV at the 

expense of BIV achieved by re-association of the Na-cations. Hence, the average coordination number and 

thus the overall network connectivity [45] remains constant in the peralkaline region. This is in contrast to, 
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e.g., alkali aluminosilicate glasses, which exhibit an increase in Tg upon Al2O3-for-SiO2 substitution due to 

the consumption of NBOs and formation of rigid tetrahedra [40,46]. Hence, the observed decrease in Tg with 

increasing [Al2O3] in the peralkaline region for the sodium aluminoborate glasses cannot be justified by the 

change in network connectivity. It also cannot be assigned to the difference in the bond strength of B-O and 

Al-O, since Al2O3 has a higher dissociation energy than B2O3 [47]. Additional work is therefore required to 

understand the composition dependence of Tg in the peralkaline region. In the peraluminous region, the 

excess Al2O3, which is not charge-balanced in tetrahedral configuration by Na-cations, exists in five- and 

six-coordinated species and possibly also causes formation of oxygen triclusters (i.e., oxygen anions 

coordinated with three network-forming cations) [24,26,27,29]. In either case, the glassy network becomes 

more rigid, which can explain the sudden increase in Tg. 

 The composition dependence of the room-temperature density (ρ) is shown in Figure 5a. Similar to the 

trend in Tg, density initially decreases and then increases with increasing Al2O3 content, although the local 

minimum is less pronounced and shifted more towards the peralkaline regime. This behavior is assigned to 

two competing effects when substituting Al2O3 for B2O3. That is, increasing molar mass of the glass (Al2O3 

is heavier than B2O3) and decreasing packing efficiency of the glassy network. The latter can be seen by 

calculating the atomic packing density (Cg), which is the ratio between the lowest theoretical value of 

volume occupied by the constituent atoms and the molar volume of the glass. The coordination numbers for 

Na and O are assumed to be six and two, respectively, while those for Al and B are determined from MAS 

NMR results (Table 2). Ionic radii are taken from Ref. [48]. As shown in Table 1, Cg initially decreases with 

increasing [Al2O3] before reaching an apparent plateau when approaching the peraluminous regime. 

The compositional scaling of density for the compressed glasses resembles that of the as-prepared 

glasses, but the absolute values have increased significantly upon compression (Figure 5a). The degree of 

densification is quantified by calculating the plastic compressibility (β) similarly to Ref. [31],            ,             (1) 

where subscripts f and i represent the final and initial density values, respectively, and P is the applied 

isostatic pressure in GPa. As shown in Figure 5b, the Al2O3-rich glasses exhibit significantly larger β values. 

However, although β displays an initial increase in the peralkaline region with [Al2O3], it exhibits an 
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approximate constant value around the metaluminous composition. By considering the structural pressure 

response of the NAB-24 and NAB-30 glasses, we note that the chemical environment of Na is most sensitive 

to compression in the peralkaline glasses (Fig. 3b), whereas the chemical environments of Al and B are most 

sensitive in the peraluminous glasses (Fig. 2). However, the resulting β values are practically equal for the 

NAB-24 and NAB-30 glasses, i.e., different densification mechanisms are in play when the different glasses 

are subjected to hot compression.  

The compositional scaling of β may also be interpreted in terms of the trend in atomic packing density 

(see inset of Figure 5b). The B2O3-rich glasses are the most densely packed, i.e., there is more open space 

available for compaction in the Al2O3-rich glasses. However, this correlation between β and Cg does not 

always hold, as amorphous silica has a relatively open structure [21], but its plastic compressibility is 

significantly lower than of the aluminoborate glasses (unpublished data). That is, densification of silica (e.g., 

changing Si-O-Si angle and increasing Si coordination number) is associated with a larger energy penalty 

than that of sodium aluminoborate (e.g., changing Na-O distance or increasing B coordination number). This 

implies that the ease of compaction at Tg is not only controlled by the openness of the structure, but also by 

the ability of the network to reorganize, which in turn is related to its rigidity. Nevertheless, within a family 

of glasses, the correlation between β and Cg may hold, since the differences in network rigidity and 

densification mechanism are expected to be relatively small. 

 

3.3 Elasticity and Hardness 

Nanoindentation experiments on the as-prepared and compressed aluminoborate glasses provide insight into 

the resistance to elastic and elastoplastic deformation quantified by the reduced modulus (Er) and hardness 

(Hnano), respectively. The load-displacement curves for all investigated glasses are shown in Figure S1 in the 

Supplementary Material. The results are shown in Figures 6a and 6b, respectively. Er data offers the 

possibility to obtain an approximation of Young’s modulus (E) values, but the lack of Poisson’s ratio data 

and the formation of material pile-up around the edges of indent makes it impossible to determine E 

accurately using this method [49]. Hence, these results will be used only for internal comparison. The trends 

in both Er and Hnano resemble that of Tg (Figure 4), although more scatter is recorded for Er and Hnano and the 
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local minima are less pronounced. In the peralkaline region, where there is no significant difference in 

connectivity of the network across the compositions, Er and Hnano decrease slightly with [Al2O3], which is 

presumably due to the decrease in packing density (Table 1). In other words, there are fewer bonds per unit 

of volume to be strained or broken during loading, thus decreasing the resistance to deformation. In the 

peraluminous region, the average coordination number of the network-forming species increases, resulting in 

a more rigid network, manifesting itself as an increase in Er and Hnano. 

 The pressure treatment causes an increase in both Er and Hnano. These observations are supported by 

those previously reported in Refs. [38,50,51], and are presumably partially a consequence of i) an increasing 

packing efficiency and ii) an increasing connectivity of the glassy network. Hence, there is a larger number 

of bonds both per unit of volume and per atom in the compressed glasses, which explains the increased 

resistance to deformation. It is noteworthy that the relative pressure-induced increases in Er and Hnano are 

similar to each other (approximately 30% increase following hot compression at 1 GPa). This behavior has 

interesting implications for the elastoplastic ratio defined as the ratio between Young’s modulus (elastic 

deformation resistance) and hardness (resistance to elastoplastic deformation), which is correlated with the 

extent of elastic recovery during indentation [18,52]. Materials deforming predominantly plastically (e.g., 

soft metals) have high elastoplastic ratio values, whereas materials with large elastic contribution to the 

deformation (e.g., rubber) have low elastoplastic ratio values. Furthermore, the elastoplastic ratio is used in 

calculations of indentation fracture toughness in brittle materials [53] and of stresses driving indentation 

cracking [17,54]. For the investigated series of sodium aluminoborate glasses, the elastoplastic ratio (here 

expressed as Er/Hnano in lack of Poisson’s ratio measurements necessary to calculate E) is thus unaffected by 

the compression treatment, i.e., the as-prepared and compressed glasses display similar elastic recovery 

during indenter unloading. This is an important observation with respect to understanding the indentation 

cracking behavior of these glasses (see below). It is important to note that this argument assumes that 

Poisson’s ratio does not vary significantly with pressure, since Er/Hnano and E/H are then expected to exhibit 

similar pressure dependence. Considering a wide range of different oxide glasses [55], Poisson’s ratio is 

found to only vary by up to 0.014 upon hot compression at 1 GPa, i.e., its effect on E is negligible. However, 
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the change in packing density may lead to an enhanced pile-up deformation [51], affecting the correct 

evaluation of Er [49]. 

 The hardness of the glasses has also been quantified through microindentation using a Vickers type 

pyramid. Figure 7 shows the compositional dependence of Vickers hardness (HV) measured at 0.98 N, 

showing the same trends for both as-prepared and compressed series as that of Hnano. The absolute values 

differ primarily due to the different methods of hardness calculation, as Hnano considers the projected indent 

surface area, whereas HV considers surface contact area of the indenter. In addition, the indentation size 

effect [56] and the difference in indenter tip geometry [57] may affect the hardness. HV values recorded at 

different loads are shown in Figures S2 and S3 in the Supplementary Material for all investigated glasses. 

 The relative pressure-induced increase in HV (ΔHV/(HV,iP)) displays a similar compositional 

dependence as plastic compressibility (Figure 7b). In a recent study, a good correlation between the relative 

pressure-induced increase in elastic moduli and plastic compressibility was reported [55]. Our results 

indicate that the extent of network compaction achieved through isostatic compression treatment at Tg also 

scales well with the increase in hardness. 

 

3.4 Indentation Cracking Behavior 

In addition to the determination of HV, microindentation offers the possibility to examine the cracking 

behavior of the glasses. In general, the as-prepared glasses exhibit larger resistance to radial/median crack 

initiation compared to the compressed glasses, in agreement with previously reported data [38,40,51]. The 

load, composition, and pressure history dependence of the indentation cracking behavior is illustrated in 

Figures 8 and 9 for a subset of the as-prepared and compressed samples, respectively. We note that for some 

glasses, the highest applicable load of the indentation apparatus (19.6 N) is insufficient to induce 

radial/median cracking. Such high threshold for crack initiation has rarely been recorded in the literature 

[4,7,58,59] for as-prepared oxide glasses. 

The impact of pressure treatment on the crack initiation resistance is clearly evident from a qualitative 

inspection of the indent images, whereas the composition dependence of the cracking behavior is more subtle 

and needs quantification in order to distinguish trends across the series. To do so, the crack probability 
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curves for all glasses are shown in Figures 10a and 10b for as-prepared and compressed glasses, respectively. 

Here, crack probability at a given load is defined as the number of median/radial cracks emanating from the 

four corners of the Vickers indent impression. In other words, an average of two cracks per indent 

corresponds to a crack probability of 50 %, which is denoted as the crack resistance (CR). As noted above, 

the highest experimental load (19.6 N) is insufficient to induce 50% cracking for some of the as-prepared 

glasses (Figure 10a), prohibiting accurate determination of CR. For these glasses, the CR values were 

estimated by extrapolating the trend in cracking probability, i.e., these results should be treated with caution. 

Nevertheless, it can be concluded that there is a convincing composition dependence of CR for both as-

prepared and compressed glasses (Figure 11a), with the Al2O3-rich glasses exhibiting the highest CR values. 

The consequence of the pressure treatment is that CR decreases for all investigated compositions, which is 

also evident from the indent impression images (Figures 8 and 9). Furthermore, a discontinuity in the 

compositional dependence of CR is observed between NAB-24 and NAB-28 glasses, indicating that some 

structural changes controlling cracking behavior may occur upon crossing the peralkaline/peraluminous 

border. 

 Similar conclusions can be drawn for the ratio between the length of a radial/median crack (c) and the 

indent half-diagonal (a). This quantity is a measure of glass brittleness, as it describes the relative sizes of the 

fracture and deformation zones [14]. c/a appears to decrease with increasing Al2O3 content (Figure 11b). On 

the other hand, the glasses become more brittle (c/a increases) upon compression, supporting previous 

findings [38,40,51] and the recorded trends in CR (Figure 11a). The compositional dependences of c/a for 

the as-prepared and compressed glasses are parallel. To summarize the indentation cracking behavior, Al2O3-

rich glasses exhibit more favorable cracking properties (i.e., low c/a and high CR) than B2O3-rich glasses. 

This is true even after compression despite the fact that these glasses have undergone the largest extent of 

pre-densification prior to indentation (Figure 5b). In other words, the cracking behavior is strongly affected 

by the local chemical environment in the glasses. 

As mentioned above, nanoindentation provides insight into the composition and pressure dependence 

of the elastoplastic ratio as the displacement and applied load during an indentation cycle can be measured. 

Considering that the elastoplastic ratio is needed for calculating the indentation fracture toughness [53] as 
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well as the driving forces for indentation cracking [17,54], Er/Hnano is expected to affect c/a and CR of the 

glasses. However, we observe a pressure-induced increase in c/a and decrease in CR, with no significant 

change in Er/Hnano. In other words, the cracking behavior of the investigated sodium aluminoborate glasses is 

influenced by the pressure treatment, but apparently not through a change in the extent of elastic recovery. 

The results of a previous study [51] suggest that the increase in CR is due to the decrease in volume recovery 

ratio (VR), i.e., a compressed glass exhibits an increased resistance to densification during indentation, 

leading to a larger extent of shear flow deformation resulting in larger residual stress around the indentation 

zone, which promotes crack initiation. 

 

3.5 Origin of High Crack Resistance 

In contrast to density, Tg, Er, Hnano and HV, there is no abrupt change in the composition dependence of the 

crack-related properties (c/a and CR) around the peralkaline/peraluminous border (Figures 11a and 11b). 

This indicates that the network connectivity is not the only parameter controlling indentation cracking, since 

aluminum and boron speciations are changing non-monotonically at the peralkaline/peraluminous border 

(Figure 2). The origin of the favorable cracking behavior of the sodium aluminoborate glasses might 

therefore be related to the ability of the glasses to undergo densification during indenter loading. To do so, 

we apply the method by Yoshida et al. [15]  to quantify the densification and shear-flow contributions to the 

total indent volume. This method considers the topography of an indent before and after a sub-Tg annealing. 

An example of a typical set of AFM-images is shown in Figure 12a. Since there is little difference across the 

compositions, the AFM-images recorded for the remaining glass compositions are shown in Figure S4 in the 

Supplementary Material. The densified volume is contained within a roughly hemispherical area beneath the 

indenter [12] and can be recovered by thermal treatment [10,15]. The ratio between the recoverable volume 

and the total indent volume can be calculated as 

                         ,            (2) 

where VR is the volume recovery ratio, V is volume, the subscripts i and a refer to initial and annealed 

volumes, respectively, and the superscripts – and + refer to the volume contributions below and above the 

surface of the glass, respectively. Furthermore, Sellapan et al. [17] suggested an additional distinction of the 
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shear-flow displaced volume, as the part of the volume resulting in pile-up at the edges of an indent is not 

assumed to lead to residual stress. The pile-up volume fraction (VP) is determined as 

                .             (3) 

We here consider a subset of the as-prepared glasses, which are subjected to AFM investigations. The 

composition dependence of the calculated values of VR and VP are presented in Figure 12b. A steady increase 

in VR with increasing Al2O3 content is observed in the peralkaline region, followed by a more sudden 

decrease in the peraluminous region. This significant difference between the VR values of NAB-24 and NAB-

30 glasses could be related to the different densification mechanisms activated during hot compression, as 

shown in MAS NMR studies. The VP values are generally small, with the B2O3-rich glasses being most prone 

to form pile-up upon indentation, in agreement with the compositional dependence of packing density (Table 

1) [17]. On the other hand, all the glasses exhibit relatively large densification contributions to the indent 

volume compared with existing literature data for other oxide glasses [15–18,23,51,58–63], as shown in 

Figure 13. This low resistance to densification (i.e., large VR) of the sodium aluminoborate glasses may be 

related to the ease of structural rearrangement, e.g., achieved through an increase in coordination number of 

the network-forming boron and aluminum species under an applied load/pressure. Kato et al. showed that 

borate-containing glasses with lower fractions of boron tetrahedra (i.e., lower N4) undergo larger extent of 

densification, resulting in larger CR [16,58]. The correlation between N4 and CR holds for the studied sodium 

aluminoborate system with the most B2O3-rich glasses displaying the lowest resistance to radial/median 

cracking (Figure 11b). However, the correlation between VR and CR is poorly supported in this study across 

the entire range of studied compositions. Indeed, both VR and CR initially increase with increasing [Al2O3], 

but VR exhibits a local maximum around the peralkaline/peraluminous border (Figure 12b), which leads to a 

poor scaling with the recorded trend in CR (Figure 14). This might due to a different stress dissipation 

mechanism in the peraluminous glasses, but additional work is required to fully understand the role of 

chemical composition on indentation cracking and deformation mechanisms. In conclusion, the relatively 

high extent of densification during sharp-contact loading may be a plausible explanation for the generally 

high CR values of this system compared to other families of glasses, but VR fails to account for the complete 

compositional dependence of CR. 



17 

 

A stronger correlation is found between CR and plastic compressibility (Figure 14), although at first it 

appears less intuitive, since β describes the ease of permanent densification at elevated temperature, where 

viscous flow of the glassy network plays a dominant role [39], while VR is the glass’ ability to undergo 

densification at room temperature, i.e., under the same conditions as those used for examination of cracking 

behavior. It should be stressed that for the damage-resilient glasses studied herein, the applied loads used 

during the AFM analysis and CR determination differ by more than an order of magnitude. The distribution 

between densification and shear flow volumes and thus also the level of residual stress driving indentation 

cracking is not necessarily constant as a function of load due to the indentation size effect, although this 

assumption is often found in literature [15,17,18]. Hence, it would be desirable in future work to investigate 

the indentation deformation mechanisms at higher loads to confirm this assumption and examine the extent 

of densification occurring at loads leading to crack initiation, although inspection of indents produced at 

much higher loads is time-consuming. On the other hand, hot compression treatment employed in this study 

proves to be a valuable substitute for the purpose of investigating the correlation between CR and network 

deformation mechanisms. Indeed, the result of Figure 14 implies that for the sodium aluminoborate system 

studied here, CR is controlled to a large extent by β. Studying glass compositions with intermediate β values 

would be desirable in order to confirm the dependence of CR on β. Nevertheless, this apparent relation may 

be valid assuming that the structural rearrangements occurring during indentation at high load are related to 

those occurring at elevated pressure/temperature. Glasses which are relatively easy to densify, display large 

pressure-induced changes in the chemical environment of the network-forming constituents, e.g., BIII to BIV 

conversion. Since such structural rearrangement requires some energy, there is less residual energy supplied 

during indentation in highly compressible glasses, leading to less residual stress driving indentation cracking 

during unloading. Hence, we suggest that the origin of high CR for the sodium aluminoborate glasses lies in 

their relative ease of undergoing pressure/load-driven structural rearrangements, which accompanies the 

large extent of volume change. 

On the other hand, we acknowledge the importance of the relative contributions of densification and 

shear-flow to the indent volume, which has already been established in literature [15–18]. The isochoric 

shear-flow is theorized to cause residual stress, which drives indentation cracking. Unfortunately, the amount 
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of available data focusing on both CR, β, and VR is currently too limited to discuss how these properties are 

related to the each other, and which densification parameter (β or VR) is dominant across different glass 

families. Further studies are therefore required to shed light on both structural and property changes induced 

by sharp contact loading and isostatic compression. 

 

4. Conclusions 

We have examined the structure and mechanical properties of a series of sodium aluminoborate glasses with 

varying Al/B ratio and tuned pressure history. Upon substitution of Al2O3 for B2O3, the charge-balancing Na-

cations become associated with aluminum tetrahedra at the expense of boron tetrahedra, which is in 

agreement with previous observations for this system. This compositional evolution leads to a decrease in 

density (ρ), glass transition temperature (Tg), hardness (H), brittleness index (c/a), and reduced modulus (Er), 

and an increase in crack resistance (CR) and volume recovery ratio (VR) in the peralkaline region. As the 

Al2O3 content exceeds that of Na2O, five-fold coordinated aluminum species form and the network 

connectivity thus increases and becomes more densely packed, giving rise to an increase in ρ, Tg, H, and E. 

The compositional scaling of c/a and CR does not exhibit any abrupt change upon crossing the 

peralkaline/peraluminous border. 

The alumina-rich glasses have the lowest resistance to densification at elevated pressure/temperature, 

which manifests itself in the largest increase in the average coordination number of the Al and B network-

forming species. The extent of the pressure-induced changes in short-range order of the glassy network 

appears to dictate the accompanying changes in density, hardness, and crack resistance. The cracking-related 

properties display better coherence with the ease of network compaction achieved at elevated temperature 

than with the ease of indentation-induced local densification of matter. We suggest that the high CR for the 

studied series of glasses is originating from the significant changes in chemical environment achieved though 

large extent of network compaction. This result may be used for the design of more damage-resilient oxide 

glasses by designing the chemical composition. We also show that the knowledge of VR alone is a poor 

indication of the damage resilience in oxide glasses, which underlines the importance of investigation of the 

pressure history dependence of mechanical properties of these materials. 
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Table 1. Analyzed chemical compositions, glass transition temperature (Tg), density (ρ), atomic packing 

fraction (Cg), and plastic compressibility (β) of the as-prepared sodium aluminoborate glasses. The errors in 

Tg, ρ, Cg, and β do not exceed ±2 °C, ±0.001 g/cm3, ±0.001, and ±0.002 GPa-1, respectively.  

Glass-ID 
 

[Na2O] [Al2O3] [B2O3] Tg ρ Cg β 

(mol%) (mol%) (mol%) (°C) (g/cm3) (-) (GPa-1) 

NAB-5 25.7 5.0 69.3 474 2.257 0.548 0.044 
NAB-10 25.2 10.3 64.5 468 2.244 0.534 0.049 
NAB-15 25.2 15.3 59.5 455 2.242 0.522 0.051 
NAB-20 25.5 20.4 54.1 451 2.240 0.510 0.061 
NAB-24 25.5 24.4 50.1 446 2.253 0.502 0.062 
NAB-28 25.2 28.0 46.7 458 2.273 0.502 0.061 
NAB-30 25.0 30.2 44.8 470 2.290 0.502 0.062 

 

 

Table 2. Fraction of aluminum and boron species in sodium aluminoborate glasses as determined from the 

11B and 27Al MAS NMR spectroscopy analyses. The errors in the fractions of boron and aluminium do not 

exceed ±0.01 and ±0.02, respectively. 

Glass-ID BIII BIV AlIV AlV AlVI 

NAB-5 (as-prepared) 0.67 0.33 0.97 0.03 - 
NAB-15 (as-prepared) 0.80 0.20 0.97 0.03 - 
NAB-24 (as-prepared) 0.92 0.08 0.96 0.04 - 
NAB-30 (as-prepared) 0.97 0.03 0.91 0.07 0.01 
NAB-5 (compressed) 0.66 0.34 0.89 0.07 0.04 
NAB-15 (compressed) 0.76 0.24 0.90 0.07 0.03 
NAB-24 (compressed) 0.87 0.13 0.86 0.11 0.03 
NAB-30 (compressed) 0.92 0.08 0.79 0.17 0.04 
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Figure 1. (a) 11B MAS NMR and (b) 27Al MAS NMR spectra for the as-prepared (solid lines) and 

compressed (dashed lines) sodium aluminoborate glasses. Resonances due to three-fold boron (BIII), four-

fold boron (BIV), four-fold aluminium (AlIV), five-fold aluminium (AlV), and six-fold aluminium (AlVI) are 

indicated. 
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Figure 2. Composition dependence of the fractions of aluminum and boron network-forming units in the as-

prepared (solid lines) and compressed (dashed lines) sodium aluminoborate glasses. The fractions are 

calculated based on the deconvoluted MAS NMR spectra in Figure 1 and represent the amounts of the 

different network-forming units relative to the combined molar contents of Al2O3 and B2O3. The errors in the 

fractions of boron and aluminium do not exceed ±0.01 and ±0.02, respectively. 
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Figure 3. (a) 23Na MAS NMR spectra recorded for sodium aluminoborate glasses. (b) Composition 

dependence of 23Na isotropic chemical shift. 
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Figure 4. Composition dependence of glass transition temperature (Tg) for sodium aluminoborate glasses. 

The error in Tg is around ±2 °C. The dotted line represents the border between the peralkaline and 

peraluminous regions. 
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Figure 5. Composition dependence of (a) density (ρ) and (b) plastic compressibility (β) for sodium 

aluminoborate glasses. The error bars for density values are smaller than the size of the symbols, while the 

errors in plastic compressibility do not exceed ±0.002 GPa-1. The dotted line represents the border between 

the peralkaline and peraluminous region. Inset in (b): Correlation between β and atomic packing density (Cg).  

(a)

-25 -20 -15 -10 -5 0 5

2.24

2.28

2.32

2.36

2.40

2.44

Peralkaline   Peraluminous  

 
(g

 c
m

-3
)

[Al
2
O

3
] - [Na

2
O] (mol%)

 as-prepared

 compressed

 

(b) 

-25 -20 -15 -10 -5 0 5
0.040

0.045

0.050

0.055

0.060

0.065

0.50 0.52 0.54 0.56

0.045

0.050

0.055

0.060

0.065

 

 

 
(G

P
a

-1
)

C
g
 (-)

 

 

 
(G

P
a

-1
)

[Al
2
O

3
] - [Na

2
O] (mol%)

Peralkaline   Peraluminous

 

  



32 

 

Figure 6. Composition dependence of (a) reduced modulus (Er) and (b) hardness (Hnano) measured by 

nanoindentation for as-prepared and compressed sodium aluminoborate glasses. The dotted line represents 

the border between the peralkaline and peraluminous regions. The error bars represent the standard deviation 

of at least ten indentation cycles. 
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Figure 7. (a) Composition dependence of Vickers hardness (HV) for as-prepared and compressed sodium 

aluminoborate glasses. The dotted line represents the border between the peralkaline and peraluminous 

region. The error bars represent standard deviation of at least thirty indentations. (b) Correlation between the 

pressure-induced change in HV (ΔHV/(HV,iP)) and plastic compressibility (β). 
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Figure 8. Indent images for representative as-prepared glass samples with varying indentation load and 

chemical composition. 
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Figure 9. Indent images for representative compressed glass samples with varying indentation load and 

chemical composition. 
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Figure 10. Crack probability as a function of applied indentation for (a) as-prepared and (b) compressed 

sodium aluminoborate glasses. Data points represent the experimental results and the solid lines represent 

sigmoidal functions fitted to the data. 
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Figure 11. Composition dependence of (a) crack resistance (CR) and (b) the ratio between radial crack 

length (c) and half of the indent diagonal (a) for as-prepared and compressed sodium aluminoborate glasses. 

The dotted line represents the border between the peralkaline and peraluminous region. The error bars 

represent standard deviation of at least thirty indentations. 
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Figure 12. (a) AFM-images before (left) and after (right) a sub-Tg annealing at 0.9Tg for 2 hours for NAB-

24. (b) Composition dependence of volume recovery ratio (VR) and pile-up volume ratio (VP) for the as-

prepared sodium aluminoborate glasses. The dotted line represents the border between the peralkaline and 

peraluminous region. The error bars represent standard deviation of ten indentations. 
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Figure 13. Correlation between the volume recovery ratio (VR) and atomic packing density (Cg) for various 

oxide glasses. Data are taken from Refs. [15,17,23,51,58–61,63] and this work. 
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Figure 14. Correlation between crack resistance (CR) and volume recovery ratio (VR, black squares) and 

plastic compressibility (β, orange diamonds) for the as-prepared sodium aluminoborate glasses. The dashed 

lines represent linear fits to the data and the coefficients of determination (R2) are indicated. 
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