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ENGLISH SUMMARY 

Due to their numerous excellent properties such as high hardness, transparency, and 
chemical durability, oxide glasses play an important role for innovation in a variety 
of industries, including information technology and energy, communications, 
medical, and consumer electronics. The practical strength of glasses is substantially 
lower than the theoretical value due to surface imperfections and flaws.  

Furthermore, impact or scratching events may cause cracks on the glass surface, 
magnifying local tensile strains and resulting in catastrophic failures. As a result, the 
future application of oxide glasses in various industries has been severely limited. 
Glass scientists have thus been interested in researching and designing tougher glass. 
Furthermore, different intrinsic and extrinsic post-treatment approaches have been 
tested to allow the design of stronger and more damage-resistant oxide glasses. Our 
research mainly focuses on post-treatment processing of oxide glasses, specifically, 
we plan to focus on hot compression, irradiation, and hydration treatments of glasses. 

Firstly, we investigated the mechanical properties of various calcium aluminoborate 
glasses (CABS) with different compositions after hot compression. We found that the 
density, elastic modulus and hardness of the glass after isostatic pressing increased. 
The increase in network connectivity and bonding density was also attributed to the 
increase in hardness. The crack initiation resistance, on the other hand, decreased 
because the residual stress driving indentation cracking was larger in the hot 
compressed glass than in the as-made glass. We also studied the effect of different 
pressures, temperatures, and time routes on the densification behavior of oxide glass 
by performing hot-compression treatments on SNAB (sodium aluminoborosilicate) 
and NAB (sodium aluminoborate) glasses under various conditions. The impact of 
densification under different routes on NAB glass is more pronounced than that on 
SNAB glass. The study also discovered that the impact of densification along various 
paths on the structure and mechanical properties of these two glasses is similar. The 
increase in the coordination number of B and Al after densification is the fundamental 
structural alteration. In terms of mechanical properties, it has been discovered that 
after densification, hardness increases and crack resistance decreases. Additionally, 
the effects and changes are related to the treatment conditions (pressure, temperature, 
time). 

Secondly, we have also evaluated the relationship between structure and mechanical 
properties in CABS glasses exposed to irradiation using both experimental data and 
MD simulations. Irradiation-induced structure changes in CABS glasses are shown to 
be mostly caused by boron speciation shifts from [4]B to [3]B, which results in a more 
open structure with increased disorder at the medium-range length scale. 
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The modulus and hardness of the glass surface layers decrease after irradiation, 
whereas crack resistance increases dramatically. Finally, we also demonstrated how a 
cobalt-based hybrid coordination network crystal is an excellent glass former and that 
its melting point and glass transition temperature can be greatly decreased by adding 
water. This mechanism is similar to the impact of water on other network "modifiers" 
in the field of oxide glasses, where such structural alteration is a common scientific 
and practical application.  
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DANSK RESUME 

På grund af deres mange fremragende egenskaber såsom høj hårdhed, 
gennemsigtighed, og kemisk bestandighed, spiller oxidglas en afgørende rolle for 
innovation i en række forskellige industrier, herunder inden for 
informationsteknologi, energi, kommunikation, medicin og forbrugerelektronik. Dog 
er den praktiske brudstyrke af glas væsentligt lavere end den teoretiske værdi på grund 
af overfladedefekter og fejl.  

Ydermere kan stød eller ridser forårsage revner på glasoverfladen, forstørre lokale 
trækspændinger og resultere i katastrofale fejl. Som følge heraf er anvendelserne af 
oxidglas i forskellige industrier blevet stærkt begrænset. Glasforskere har været 
interesseret i at undersøge og konstruere hårdere glas for at imødekomme det øgede 
behov for glas i fremtidige applikationer. For at muliggøre designet af stærkere og 
mere bestandige oxidglas er forskellige efterbehandlingsmetoder blevet afprøvet. 
Vores forskning fokuserer hovedsageligt på efterbehandling af oxidglas, og heraf 
specifikt på højtemperaturs trykbehandlinger, bestråling og fugtighedsbehandlinger af 
glas. 

Som det første undersøgte vi de mekaniske egenskaber af forskellige 
calciumaluminoboratglas (CABS) med forskellige sammensætningsforhold efter 
højtemperaturs trykbehandling. Vi fandt ud af, at tætheden, elasticitetsmodulet og 
hårdheden af glasset efter behandlingen steg. Stigningen i hårdhed blev tilskrevet 
stigningen i netværkskrydsbinding og bindingstæthed. På den anden side faldt 
modstanden mod revneinitiering, fordi den resterende spændingsdrivende 
fordybningsrevnedannelse var større i det højtryksbehandlede glas end i det 
ubehandlede glas. Vi undersøgte også effekten af forskellige tryk, temperaturer og 
tidsruter for densifikationsadfærden af oxidglas ved at udføre højtryksbehandlinger 
ved høj temperatur på SNAB- og NAB-glas under forskellige forhold. Indvirkningen 
af densifikation fra tryk og temperaturhistorien af NAB-glas er mere markant end for 
SNAB-glas. Undersøgelsen fandt, at indvirkningen af densifikationshistorien på 
strukturen og de mekaniske egenskaber af disse to glas er konstant. For begge glas er 
stigningen i koordinationstallet for B og Al efter densifikation den primære 
strukturelle ændring. Med hensyn til mekaniske egenskaber er det blevet opdaget, at 
hårdheden øges og revnemodstanden falder efter densifikation. Desuden er 
ændringerne relateret til betingelserne for behandlingerne (tryk, temperatur, tid). 

For det andet har vi i denne afhandling også brugt både eksperimentelle målinger og 
MD-simuleringer til at evaluere sammenhængen mellem struktur og mekaniske 
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egenskaber i CABS-glas udsat for bestråling. Det blev fundet, hvordan bors 
koordinationstal skifter fra [4]B til [3]B, hvilket fører til en mere åben struktur med øget 
uorden på mellemlang længdeskala, hvilket tilskrives som den primære årsag til 
bestrålingsinducerede strukturændringer i CABS-glas. Det er desuden fundet, 
hvordan modulus og hårdhed af glasoverfladen falder efter bestråling, hvorimod 
revnemodstanden øges dramatisk. 

Endelig har vi også vist, hvordan et kobolt-baseret hybrid koordinationsnetværk er en 
fremragende glasdanner, og hvordan dets smeltepunkt og glasovergangstemperatur 
kan reduceres kraftigt ved at tilsætte vand. Denne mekanisme ligner virkningen af 
vand og andre netværks-"nedbrydere" inden for oxidglas, hvor en sådan strukturel 
ændring er velkendt og har stor praktisk anvendelse
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CHARPTER 1. INTRODUCTION 

1.1. BACKGROUND AND CHALLENGES 

Oxide glasses play a critical role for innovation in a variety of industries, including 
information technology and energy, communications, medical, consumer electronics, 
and so on. This is mainly due to their many excellent properties such as high hardness, 
transparency, and chemical durability. However, design of new oxide glasses is 
challenged by the fact that around 3/5 of the atoms in these materials are oxygens, and 
as such, the possibilities for property tuning are thus relatively limited by composition 
variation alone (1). The number of potential oxide glass compositions is enormous (2) 
and much above what could be examined experimentally, at least using existing 
composition-structure-property approaches. This is due to their non-crystalline 
(atomic positions are not precisely known) (2), non-equilibrium state (additional order 
parameters are required to capture the effects of process-related factors), and non-
ergodic state (due to long time scales involved with the relaxation process). In turn, 
this makes it impossible to use standard equilibrium approaches to capture the nature 
of the glassy state. Their mechanical qualities, in particular, have received a lot of 
attention. Due to the low practical strength and fracture toughness, current and 
prospective future uses are limited. The low strength arises due to surface flaws, 
causing stress to concentrate and potentially cause catastrophic damage (1), and the 
glasses also lack a stable shearing mechanism. 

The practical application strength of glasses is substantially lower than the theoretical 
value due to surface imperfections and faults. Furthermore, impact or scratching 
events may cause cracks on the glass surface, magnifying local tensile strains and 
resulting in catastrophic failures. As a result, the future application of oxide glasses in 
various industries has been severely limited. Glass scientists have been interested in 
researching and constructing tougher glass in order to meet the increased needs for 
glasses in future applications.  

Various intrinsic (3) and extrinsic post-treatment approaches have been tried to enable 
the construction of stronger and more damage-resistant oxide glasses, including the 
production of a surface layer with high compressive stress to restrict the formation 
and propagation of strength-limiting cracks Indentation testing can be used to imitate 
real-life damage events under controlled settings to a certain extent and for specific 
applications. This will be achieved by developing and adopting new 
thermomechanical treatment protocols for modifying and tuning the structure and 
properties of oxide glasses. Our research mainly focuses on post-treatment processing 
of glasses, specifically, we plan to focus on hot compression, irradiation, and 
hydrationtreatments of glasses.
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Firstly, hot compression is an interesting method for changing the structure and 
properties of oxide glass. It is a high-pressure treatment performed at or around the 
glass transition temperature (Tg) (4). Research has found that hot compression of bulk 
oxide glasses at pressures up to 1 GPa around Tg could help to increase density, 
hardness, elastic moduli, and fracture toughness, whereas crack initiation resistance 
decreases (5-7).  

High compression tests can lead to a knowledge of the indentation deformation 
mechanism due to the high stress that can be created in glasses under sharp contact 
loading, in addition to being an important tool for tuning characteristics, and this 
method also has recently been applied to describe the indentation deformation 
mechanism of oxide glasses (8-10). In addition, it is possible to address some of the 
unanswered questions regarding the nature of the glassy state through temperature-
pressure studies of glassy systems. This is because exploring the temperature-pressure 
plane gives one additional degree of freedom compared to varying temperature alone 
(11). For the research in the thesis, we also explored hot compression post-treatment 
under different conditions for oxide glasses.  

Secondly, it is well known that irradiation alters the surface structure and properties 
of glasses. In recent years, sodium borosilicate glasses (NBS) have been explored in 
particular because of its applications in the nuclear industry for the immobilization of 
high-level nuclear waste (12). Since these glasses are exposed to irradiation, it's 
critical to track how their mechanical properties, such as hardness, density, etc. For 
example, it has reported that hardness decreases upon irradiation by different ions, but 
the structural origin of the change remains unclear (13-15). After the process of 
irradiation, the internal structure of the glass has been found to change in a way that 
is not observed in standard melt-quenched glasses. By using irradiation treatment, the 
relationship between the mechanical properties and structural changes could also be 
further understood.  

Thirdly, the post-treatment method of hydration will be explored. Some research 
suggests that only an adaptive network combined with few non-bridging oxygen and 
susceptible to surface hydration could produce micro-ductile deformation behavior. 
Therefore, certain improvements and adjustments of glass composition are needed 
(16,17). For our research, hydration treatment and research were carried out for a 
metal-organic framework (MOF)  glass.  

This thesis therefore mainly focuses on understanding the structural origins and 
underlying material features of indentation deformation and cracking behavior, 
through the study of the composition of the material and the explore of the 
corresponding post-treatment of oxide glasses, and also including the studies on the 
structure and hydration of MOF glass, further studies on water as a modifier to adjust 
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glass properties.Carrying out in-depth research on structural changes and properties 
for glasses, which is beneficial to explore and improve the properties of glasses. 

 

1.2. OBJECTIVES 

The overall goal of the Ph.D. project is mainly to improve our existing understanding 
of composition-structure-mechanical property relationships in glasses. Our research 
will also focus on the relationship between crack resistance and chemical 
composition, structural features, deformation mechanism, indentation recovery, and 
other physical and chemical properties . At the same time, we also have carried out 
research including the hydration influence on MOF glass, and further researched on 
water as a modifier to adjust the properties of glass. Furthermore, this alters both the 
physical and chemical properties of the resulting glass and draws strong parallels to 
the “modifier” concept in oxide glass chemistry where additives are commonly used 
to tune properties. More specifically, the proposed project focuses on post-treatment 
processing (hot compression, irradiation, hydration) of glasses. In this research, we 
will explore the effect of processing on glasses with different components, we will 
perform characterization tests and explore the correlation between variations in 
different properties. The following specific objectives will be achieved: 

1. Indentation of glasses 

2. Densification of glasses through hot-compression.  

3. Glass irradiation. 

4. Glass hydration by water addition.  

 

1.3. THESIS CONTENT 

The main experiments of the thesis are carried out at Aalborg University. This thesis 
consists of five papers, of which three have been published in peer-reviewed journals, 
and two in preparation. These papers constitute the main body of the thesis, and will 
be cited by their roman numerals throughout the thesis: 

Ⅰ. Chen L. T., Ren X. T., Mao J. J., Mao Y. N., Zhang X. Y., Wang T. T., Sun M. L., 
Wang T. S., Smedskjaer M. M., Peng H. B*. Radiation effects on structure and 
mechanical properties of borosilicate glasses. Journal of Nuclear Materials 552, 
153025 (2021)
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Ⅱ. Ren X. T., Liu P., Rzoska S. J., Lucznik B., Bockowski M., Smedskjaer M. M*. 
Indentation response of calcium aluminoborosilicate glasses subjected to humid aging 
and hot compression. Materials 14, 3450 (2021). 

Ⅲ. Ren X. T., Du T., Peng H., Jensen L. R., Biscio C. A. N., Fajstrup L., Bauchy M., 
Smedskjaer M. M*. Irradiation-Induced Toughening of Calcium Aluminoborosilicate 
Glasses. Materials Today Communications 31, 103649 (2022). 

IⅤ. Søren S. Sørensen1, Ren X. T.1, Tao Du1, Shibo Xi, Lars R. Jensen, John Wang, 
Morten M. Smedskjaer*, Water as a modifier in a hybrid coordination network glass. 
(First co-author, to be submitted).  
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CHARPTER 2. INDENTATION OF 

GLASSES 

 

Oxide glass materials can be used in a variety of applications (18) in daily life. In 
particular, their mechanical properties have received extensive attention. However, 
current and future uses are limited due to poor practical strength and fracture 
toughness, stress concentration due to surface defects and potentially catastrophic 
failure (19). 

Early indentation investigations revealed that oxide glasses, unlike metals and 
ceramics, have a strong tendency to densify under compressive load. After decades of 
research, some research have discovered that the extent of densification is greatly 
influenced by the chemical composition of the glass, as well as its atomic packing 
density and Poisson's ratio. In order to improve the indentation response of oxide 
glasses, relationships between glass composition, indentation deformation 
mechanism, and the resulting indentation response is crucial to be established. The 
understanding of such correlations will aid in the development of tailored oxide 
glasses, with the goal of moving away from trial-and-error to model-based glass 
design. Therefore, to better understand the deformation and cracking mechanism of 
oxide glass, this chapter focuses on the deformation and cracking behavior caused by 
the sharp contact load, which is also of great help in improving the mechanical 
properties of oxide glass and making stronger glass. 

2.1 DEFORMATION MECHANISM 

Although composition-mechanical property relationships have been established for 
fundamental model systems, altering the chemical composition of oxide glasses to 
improve fracture resistance remains a tough challenge. Instrumented indentation is a 
typical method for examining the mechanical properties of glass. It is a quick and 
convenient method that simulates real-life damage for some applications, though 
interpretation can be difficult due to the complex stress fields that form under the 
indenter. Scientists have discovered that the extent of densification is highly 
controlled by the chemical composition of the glass, as well as its atomic packing 
density and Poisson's ratio, after decades of research. 

After decades of research, scientists have discovered that the extent of densification 
is greatly influenced by the glass' chemical composition and, as a result, its atomic 
packing density and Poisson's ratio. The mechanism of densification has been shown 
using spectroscopic techniques, which include changes in bond angle distributions 
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and an increase in the coordination number of network-forming cations. Indentation 
is a popular technique since it requires a small sample area, is simple to prepare, and 
takes a short amount of time to complete. Indentation also offers information about 
the material's hardness, and elasticity data can be retrieved from the load-displacement 
curve when paired with depth-sensing apparatus (20). 

Taylor (21) proposed that the indentation-induced deformation in glass was caused by 
shear flow (the term 'plastic flow' is also widely used in the literature for the same 
phenomenon), which is similar to that seen in ductile materials. Douglas (22) has 
highlighted the possibility of triggering cold viscous flow at sufficiently strong shear 
stresses, such as those experienced locally during sharp-contact loading. Marsh (23), 
who used quick indentation as well as indentation in liquid nitrogen to assess the 
hardness of various oxide glasses, backed up the claim of shear flow. Due to hardness 
varies with time and temperature, our findings strongly suggested that shear flow is at 
least partly to blame for indentation deformation. The glass surface is deformed due 
to densification, according to Peter (24) and later Evers (25), as demonstrated in 
Bridgman and Simon's high pressure studies (26,27). 

Ernsberger (28) discovered a considerable increase in the refractive index of the glass 
in the zone beneath the depression imprint, indicating that densification occurs during 
contact loading, according to the evidence. Densification is a process in which the 
atomic network achieves a more densely packed arrangement, as demonstrated by 
infrared spectroscopy (29), although the bonds involved are not necessarily broken, 
in contrast to Marsh and others' volume-conservative shear flow (21). The hypothesis 
that indentation is linked to densification in oxide glasses is consistent with Neely and 
Mackenzie's later work (30), which demonstrated that some of the deformed zone can 
be restored after thermal annealing using amorphous silica as an example. Peter (31) 
demonstrated that the response of oxide glasses to indentation in general comprises 
both densification and shear flow by analyzing different glass compositions. Peter was 
able to visualize both deformation mechanisms using scanning electron microscopy 
(SEM) images of the indentation areas. Inspection of a sharp indentation imprint in 
the alkali silicate surface, on the other hand, reveals that during indentation, some of 
the material was displaced due to shear flow. The cross-section alimage of a ball 
indented alkali silicate glass (Figure 2-1) shows a substantial contrast between the 
bulk glass and a hemispherical deformation zone under the indent site, implying 
densification. A sharp indentation imprint in the alkali silicate surface, on the other 
hand, suggests that some of the material was displaced due to shear flow during 
indentation. As the material is built up around the imprint of the indentation on the 
glass (Figure 2-2). Besides the pile-up, the presence of shear bands (also known as 
slip lines) indicates that glasses are sheared during indentation (32-34). Shear bands 
(Figure 2-3) are flow-like material deformation observable as parallel lines or waves 
travelling outwards from the point of contact (34). 
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Figure 2-1. A ball indentation impression in the surface of an alkali silicate glass, as well as a 
cross-section view of the deformation zone beneath the indentation cavity, as seen using a 
scanning electron microscope. The clear contrast line beneath the surface indicates the size of 
the densified zone. Figure reproduced from Peter (31) with permission of Elsevier. 

 

Figure 2-2. Scanning electron microscopy image of an indent impression in an alkali silicate 
glass formed by a 70° pyramidal indenter.  Figure from Peter (31) has been reproduced with 
permission of Elsevier.
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Figure 2-3. Berkovich indent impression with highlighted shear bands in a soda-lime silica 
glass. The shear bands represent plastic flow and are responsible for serration of the load-
displacement curve obtained during the indentation. Figure reprinted from Chakraborty et al. 
(34)  with permission of Springer Nature. 

Optical microscopy is the easiest method for studying indentation-induced 
deformation in micro-indentation because crucial information may be derived from a 
qualitative assessment of the indentation imprint. The presence of shear faulting lines, 
for example, has been discovered. The indentation is frequently taken with the camera 
parallel to the glass surface (from above or below), allowing for quick examination 
after the indentation. In order to gain a better understanding of the subsurface damage, 
cross-section views of the indent sites could be investigated. This is done by shattering 
the glass sample diagonally across the indent, following radial cracks emanating from 
the indents' corners. In other words, a straight line of indents is formed to guide the 
fracture line, or an indent is placed adjacent to the tip of an existing scratch or arrested 
crack, and the specimen is then fractured, for example, by bending. 

As mentioned in Ref. (35), atomic force microscopy (AFM) is commonly used for 
quantifying the deformation mechanism. This method involves taking topographic 
photographs of the indent location before and after a 0.9Tg thermal treatment (Figure 
2-4) to determine how much the indent cavity shrinks during annealing. However, 
annealing at 0.9Tg has no effect on the volume displaced by shear flow because the 
viscosity is too high for any noticeable viscous flow to occur during the time scale of 
the experiment (2h) (36). We should point out that the annealing temperature of 0.9Tg 
was determined based on data from only a few glass compositions, predominantly 
silicate glasses (37).
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Indeed, the composition's liquid fragility should be considered while determining the 
annealing temperature and duration to ensure complete relaxation of the densified 
volume while avoiding viscous shear flow. The densification volume (Vd) can be 
calculated by comparing the volumes below and above the surface plane before and 
after annealing: 

𝑉ௗ = (𝑉௜
ି − 𝑉௔

ି) + (𝑉௔
ା − 𝑉௜

ା) 

The volume recovery ratio (VR): 

𝑉ோ =
𝑉ௗ
𝑉௜
ି 

Sellappan et al. (38) also recommended distinguishing between the fraction of plastic 
flow that results in the so-called pile-up along indent edges (as shown in Figure 2-4) 
and the remainder volume that is moved downwards or radially away from the indent 
hole. This distinction is important because it has been proposed that pile-up dissipates 
the mechanical effort supplied during contact loading, whereas the remaining volume 
causes residual stress, which leads to indentation cracking (34). The extent of the 
densification zone formed during indentation has also been studied using a method 
based on dissolution and AFM measurements (39). 
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Figure 2-4. Schematic representation of the method for quantifying the densification 
contribution to the total indentation volume. With permission from Cambridge University 
Press, figure reproduced from Yoshida et al. (31).  

2.2. INDENTATION CRACKING 

The indentation reaction is classified as "normal," "anomalous," or "intermediate" 
depending on the deformation process and cracking response of the glass. The typical 
normal glass, such as soda-lime silicate, deforms to a large extent when indented with 
a Vickers tip due to a shearing process and generates median/radial and lateral cracks. 
A typical anomalous glass deforms primarily by densification and has a high tendency 
for ring/cone cracks, as well as median/radial and lateral cracks.  

Furthermore, intermediate glass types exhibit both normal and abnormal behavior. 
These intermediate glasses deform with enhanced densification and less shear than 
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normal glasses. They do not, however, develop the ring/cone cracks that are typical  
in anomalous glasses. High stresses are required to initiate crack networks originating 
in the subsurface in glasses with this intermediate feature. As a result, the intermediate 
glasses remove the stress that cause ring and median cracks. Recently, it was 
discovered that some calcium aluminoborosilicate (CABS) glasses belong to the 
intermediate glass group (40), which are also mentioned in our research in Chapters 3 
and 4. The deformation and indentation response of glasses is shown to be influenced 
by both contact geometry and glass structure. Indentation has been used to assess the 
damage resistance of different glasses since it not only simulates real-life damage for 
particular applications, but it is also a quick analysis procedure that needs little sample 
preparation. The approach proposed by Wada et al. (41) for corner cracking in glasses 
is the most frequent, in which a Vickers indenter is used to generate a series of 
imprints at varied loads. After unloading, each impression is assessed in terms of the 
amount of radial cracks coming from its corners. Divide the average value of cracks 
per indent by four to calculate the crack initiation probability at a given load (i.e., the 
number of corners per indent and hence the maximum number of radial cracks). This 
is done at various loads, ranging from low loads that cause no radial cracking (i.e., a 
0% probability of crack initiation) to high loads that cause extensive cracking (i.e., 
100% crack probability). After that, a suitable mathematical function is used to fit the 
data. As shown in Figure 2-5(a), indentation cracking resistance, or simply crack 
resistance, is defined as the load that corresponds to a 50% crack likelihood (CR).  

We should indicate that CR does not describe resistance to the initiation of other types 
of fractures, such as lateral cracks, during abrupt contact loading. As a result, the 
"critical load for radial crack initiation" is a more precise term. It's also worth noting 
that CR takes into account not just the glass properties but also the test conditions. 
External parameters impacting the proneness of the tested glass to crack include 
loading rate, duration between unloading and recording the cracks, bluntness of the 
tip, and ambient conditions, relative humidity, in particular, plays a key role when 
analyzing CR (42).  

For example, Kacper et al. (43) in our research group obtained bulk oxide glass with 
record high crack resistance by surface aging cesium aluminoborate glass under 
humid conditions, enabling it to withstand a load of about 500 N after humid aging, 
withstands sharp contact deformations without forming any strength-limiting cracks. 
The observed ultra-high crack resistance of this glass suggests the potential to use 
rational compositional design to improve the glass's damage resistance. Therefore, in 
this paper, we also prepared glasses with different compositions for some post-process 
(chapter 3,4). Besides, some calcium aluminosilicate glasses, were studied in ambient 
(50% RH) and inert N2 conditions (44). At the load of 19.6 N, the researchers 
discovered an intrinsic compositional trend in the crack initiation probability when 
tested under N2 atmosphere. Because all glasses have a 100% crack probability, it is 
not noticeable when tested in air (Figure 2-5(b)). When the bonds are pre-stressed, as 
during the indentation process, the effect of atmospheric moisture on crack initiation 
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is related to the hydrolysis of the oxide network. Which emphasizes the importance 
of comparing crack initiation statistics from different research with caution. Several 
studies (45,46) have sought to link the tendency to densify with the indentation 
cracking resistance in oxide glasses. Densification is thought to dissipate the energy 
given to the material during indentation. As a result of the lower residual stress after 
unloading (45), there is a lesser pushing force for fracture initiation. However, while 
the equations can forecast the typical cracking pattern, they can't anticipate the 
cracking pattern itself. There is no model of CR that is composition or property 
dependent. The weak of association between CR and VR could be due to the fact that 
the deformation mechanism at the atomic scale, rather than the macroscopic volume 
change, should be taken into account, as different structural reorganizations may result 
in varying degrees of energy dissipation. In other words, two glasses with the same 
set of attributes (E, H, v, etc.) and the same tendency to densify (i.e., similar VR values) 
must have the same CR value. If the toughness (i.e., resistance to crack propagation) 
of the two glasses differs sufficiently, the proneness of crack formation should also 
change. This is consistent with MD simulations on Na-K aluminosilicate glasses (47), 
which reveal that resistance to indentation-induced fracture is governed by two 
factors: i) The local fracture criterion is an inherent material feature that is heavily 
influenced by chemical composition, and ii) the evolution of stress during indentation 
as a function of indenter shape and other extrinsic characteristics. 

 

Figure 2-5. (a) Schematic representation of crack resistance determination.  Figure reproduced 
from Kato et al. (44)  with permission of Elsevier. (b)Crack initiation probability as a function 
of ratio S (Al/(Al+Si)) in calcium aluminosilicate glasses measured in air with ~50% relative 
humidity (closed symbols) and in N2 gas(open symbols). Figure reproduced from Pönitzsch et 
al. (43) under the Attribution-Non- Commercial-No Derivatives 4.0 International license 
(CCBY-NC-ND4.0). 
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2.3 SUMMARY 

In this chapter, we mainly introduces the deformation mechanism and cracking 
behavior of glass under contact load. From this chapter we could learn that 
understanding the critical load for cracking (crack initiation capability) is also an 
important component in the design of ultra-strong glass. Indentation was used to 
measure the damage resistance of various glasses because it simulates real damage in 
some applications and is a fast analytical technique that requires little sample 
preparation. The most popular method for glass with corner cracks is that proposed 
by Wada et al., where a Vickers indenter was used to induce a series of imprints under 
different loads. An appropriate mathematical function is then fitted to the data, then 
calculate the indentation cracking resistance.  In addition, the crack initiation ability 
depends to a large extent on the composition of the glass, as well as some post-
processing including hot compression, chemical surface enhancement, hydration, etc. 
However, to further understand how these factors relate to glass cracking, we must 
learn more about the glass network structure, the effect of composition, and the effect 
on the indentation response of the glass after post-treatment, these aspects are also 
investigated in the following sections, which will help in designing more damage-
resistant glasses. 
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CHARPTER 3. DENSIFICATION OF 

GLASSES THROUGH HOT-

COMPRESSION 

As we know, heat treatment and chemical composition changes are well-known 
methods for adjusting the structure and properties of glasses, but glass densification 
under high pressure offers a novel alternative, as pressure can precisely adjust the 
distance between atoms in the material and the bonding mode. Understanding the 
mechanism of densification under high pressure is also important for developing novel 
damage-resistant glasses. The degree of volume densification and the concomitant 
structural changes in the short- and medium-range length scales also contribute to the 
changes in glass characteristics under applied pressure. Many research have been 
conducted in recent years to better understand the impact of pressure. However, more 
research is needed to better understand and investigate the effect for oxide glass 
performance under high temperature and high pressure. What is more, it is also vital 
to investigate the effect of varied densification circumstances during the hot-
compression treatment, i.e., different densification routes, to better understand the 
densification-structure-property relationships of glasses. Therefore, this chapter 
mainly introduces the glass densification through hot-compression, and also explore 
the structure and performance changes after densification. 

3.1 HOT-COMPRESSION 

Chemical composition changes and heat treatment are well-known methods for 
adjusting the structure and properties of glasses, but glass densification under high 
pressure (48,49) presents a novel option, as pressure can accurately adjust the distance 
between atoms in the material as well as the bonding mode. Understanding the 
mechanism of high-pressure densification is also crucial for developing novel 
damage-resistant glasses (50). The degree of volume densification and the resulting 
structural changes in the short- and medium-range length scales are are related to 
changes of glass characteristics under applied pressure (51). 

First, hot compression (heating the glass to a temperature near the glass transition 
temperature (Tg) under high pressure) while under high pressure) can be used to 
permanently modify the structure and properties of oxide glasses (52). It has been 
found that hot compression around Tg at pressures of 1-2 GPa improves hardness, 
density, and elastic moduli while decreasing fracture initiation resistance (53). 
Compression experiments could provide insights into the deformation mechanism for 
indentation due to the high stress that can be created in glasses under acute contact 
loading (54), in addition to being a useful approach for tuning characteristics.
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Various processes, such as sub-Tg annealing, hot compression and cold compression, 
can be used to densify glass. The indentation procedure can also be used to create 
local densification of the glass. Furthermore, when the pressure is below 5-10 GPa, 
most of the pressure-induced glass structural changes are still reversible upon 
decompression in cold compression studies (55). This is not conducive to studying the 
effect of densification on glass structure and properties. As a result, glass densification 
by hot compression experiment provides numerous advantages, particularly near the 
glass transition temperature (Tg): i) Thermocompression experiments allow for the 
fabrication of large samples (cm2 scale), which allows for more structural 
characterisation and mechanical testing. ii) Hot compression (at Tg) has less structural 
relaxation issues due to the brief pressure drop during cooling. iii) The glass density 
grows linearly with pressure (below 1 GPa) during thermal compression at Tg  (56, 
57). As a result, the hot compression studies of glass at ambient pressure (1-2 GPa) 
and different temperature are the main emphasis of this research (Tg). The glasses 
were isostatically compressed at their respective temperature values in a 1.0-2.0 GPa 
N2 environment for the hot compression procedure. The pressure and high temperature 
were maintained for different time, and afterwards the samples were cooled to room 
temperature at a cooling rate of 60 K/min to produce permanent compression of the 
glass samples. After that, the pressure chamber was decompressed at 30 MPa/min. 

3.2 STRUCTURE OF GLASSES 

Aluminoborosilicate glasses are used in a variety of applications that need mechanical 
durability, such as resistance to surface damage. In terms of their response to sharp 
contact loading, calcium aluminoborosilicate (CABS) glasses have recently been 
discovered to exhibit so-called intermediate behavior. The intermediate CABS 
glasses' net-work connectivity is lower than that of anomalous glasses, resulting in a 
higher degree of shear deformation and relief from the stresses that cause ring and 
median cracks (58). This results in a high resistance to crack initiation during 
indentation, which in turn is associated with the high shear band density in some 
CABS glasses. However, the relative amounts of shear and densification deformation 
were constant in the investigated CABS glass series with different SiO2/B2O3 ratios, 
but the load leading to indentation cracking varied according to the chemical 
composition.Therefore, the goal of this study was to learn and explore more about the 
structure and composition dependence of the indentation response of CABS glasses. 

SiO2 and B2O3 are the primary network formers in CABS glasses due to their small 
cation size and high bond strength. Boron is found in a three- or four-fold coordinated 
state with oxygen in a random pattern (59). Calcium cations, or the creation of five- 
or six-fold coordinated aluminum or oxygen triclusters, are required to stabilize four-
fold coordinated boron and aluminum. The boron speciation changes when alumina 
is added to borate glass (60). The previous study (2) employed the 15CaO-15Al2O3-
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25B2O3-45SiO2 (called CABS-ref) glass as the reference composition in this study. 
CABS-SiB (Si/B increase), CABS-CaB (Ca/B increase), CABS-BAl (B/Al increase), 
CABS-CaSi (Ca/Si increase), and CABS-CaAl (Ca/Al increase) were the five 
systematic composition modifications tested, as shown in Table 3-1. 

Table 3-1. Nominal chemical compositions of the CABS glasses and their measured glass 
transition temperature (Tg). Table adapted from Paper II. 

Glass ID SiO2 

(mol%) 
Al2O3 
(mol%) 

B2O3 

(mol%) 
CaO 
(mol%) 

Note Tg 
(°C) 

CABS-ref 45 15 25 15 Reference glass 677 
CABS-SiB 50 15 20 15 Si/B increase 652 
CABS-CaB 45 15 20 20 Ca/B increase 683 
CABS-BAl 45 10 30 15 B/Al  increase 636 
CABS-CaSi 40 15 25 20 Ca/Si increase 668 
CABS-CaAl 45 10 25 20 Ca/Al increase 665 

 

Some Refs (61-63) have previously explored the structure of alkali aluminoborate 
glasses. Both of the network-forming tetrahedral species tend to compete for the 
charge-balancing Na-cations, according to magic angle spinning (MAS) NMR 
investigations on 11B and 27Al nuclei. Rather than boron tetrahedra, charge-balancing 
aluminum tetrahedra (AlIV) are preferred (BIV). As a result, as Na-cations are re-
associated to supply the insufficient positive charge to AlIV units, the proportion of 
four-fold coordinated boron species (N4) decreases when Al2O3 is substituted for 
B2O3. Although prior research had not explored the relationship between 
aluminoborate structure and mechanical properties, low NBO and N4 concentrations 
have been shown to enhance densification during indentation, which should lead to 
high CR values (45,46). As a result, sodium aluminoborate glasses are an excellent 
model system for determining the structural sources of strong crack resistance in oxide 
glasses. Borosilicate glass, on the other hand, has been routinely used for over a 
century. However, there is still a lack of knowledge about the structural response to 
densification. This is crucial for the development of novel glass products with 
enhanced characteristics and mechanical properties. The conversion of trigonal boron 
([3]B) to tetrahedral boron ([4]B) in borosilicate glasses, which may be detected in 
composition (64), temperature (65), and pressure (66), has a substantial impact on the 
structure and properties of borosilicate glasses (67,68).  

The effect of adding SiO2 to lithium aluminoborate glasses on structural and 
mechanical properties was explored in a recent study (69). The addition of silica 
boosts average network stiffness, but its open tetrahedral structure reduces atomic 
packing density and makes the network structurally less responsive to applied stress. 
The analyzed chemical compositions of the glasses also could find in Table 3-2.



 

27 

 

Table 3-2. The analyzed chemical compositions of the glasses as well as their measured glass 
transition temperature (Tg). The error in Tg is within ±2°C. Table adapted from Paper in  
preparation. 

Glass ID Na2O (mol%) Al2O3 (mol%) B2O3 (mol%) SiO2 (mol%) Tg (°C) 

NAB 20 22 58 - 453 

SNAB 18 20 20 42 530 

 

3.3 DENSIFICATION EFFECT ON STRUCTURE 

The local and medium-range structure, vibrational density of states, and physical 
properties of glasses all vary considerably when high pressure is applied (70,71). 
Considering the structural changes, an increased pre-network coordination number 
(CN) is usually detected upon densification, such as B and Al (72,73). According to 
some investigations, increasing the pressure causes the glass to contain more 
tetrahedral boron (BIV), and this local structural alteration is irreversible after 
subsequent annealing at 0.9Tg ambient pressure. Whereas property changes caused by 
pressure relax (74). This observation suggests that pressure-induced property changes 
are caused by more than just an increase in tetrahedral boron concentration (i.e., local 
structural coordination changes), but also by other types of structural alterations in the 
glass network. In our research, the structure of the densified glass was analyzed by 
Raman and solid-state nuclear magnetic resonance (NMR) spectroscopy, which can 
help to better analyze the structural changes after densification. 

Based on our research, we will introduce the effect of compression on the structure of 
glass in detail, which is mainly reflected in the change of the network modifier 
environment and the coordination number of the network former. After the hot-
compression treatment, for CABS glasses, the coordination number of boron and 
aluminum increases, resulting in more network bonds per atom. For hot compression, 
there are obvious changes in structure. What is more, we also used NMR 
spectroscopic measurements on 27Al, 11B, and 23Na to better understand the effect of 
distinct hot compression routes on the short-range structure of the examined SNAB 
and NAB glasses. Using DMFit to deconvolve the spectra, the spectral deconvolution 
and corresponding spectral data of 11B, 27Al, 23Na were obtained, according to which 
the corresponding coordination number changes after densification were also 
analyzed. After hot compression, the AlIV is mainly converted into AlV and AlVI units, 
the proportion of five-coordinated and six-coordinated aluminum has increased. And 
the changes of the coordination number of Al units under different hot-compression 
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paths are different. It also indicates that the degree of densification and the change of 
this coordination number are also related to the conditions of densification. Figure 3-
1 and Figure 3-2 shows that the structure changes in Al units and B units of the NAB 
and SNAB glass after densification. 

The 27Al MAS NMR spectra of SNAB and NAB glasses following densification under 
different pathways are shown in Figure 3-1. Three peaks at 60, 30 and 1 ppm in SNAB 
glass and three peaks around 60, 30 and 5 ppm in NAB glass may be clearly assigned 
to AlIV, AlV, and AlVI, respectively, in the glasses' spectrums (75). We detected 
considerable changes in aluminum despite relatively low pressures, which is 
consistent with earlier research (76). According to previous research (77), hot 
compression increases the areas of the AlV and AlVI peaks, which also correlates to 
the conversion of AlIV to AlV and AlVI units. As a result, aluminum's CN increased.  
The 11B MAS NMR spectra of SNAB and NAB glasses following densification under 
various hot compression techniques are shown in Figure 3-2. Both the glassy net-
works and the spectrums of the glasses contain BIII (about 5 to 20 ppm) and BIV units 
(around -2.5 to 5 ppm). Indeed, the average CN of boron increases with hot 
compression, according to 11B MAS NMR spectra. NAB glass has a stronger 
densification effect than SNAB glass. As a result, temperature, pressure, and time all 
affect the degree of structural change caused by densification in SNAB and NAB 
glasses. According to the research, the average CN for B and Al increases after 
densification, and has a nearly perfect positive connection with the atom packing 
density (Cg), indicating that the increase in Cg after densification is primarily 
attributable to the increase in CN for Al and B in structure. Figure 3-3 further indicates 
that when the atomic packing density increases after densification, the average Na-O 
distance decreases, indicating a distinct change in the sodium environment. This is 
further supported by research into sodium environments in glasses squeezed at higher 
pressures (78). The frequency shifts to higher frequencies when compressed at 2 GPa, 
which is consistent with prior findings on hot-compressed glass (79,80). Moreover, 
the impact on NAB is bigger than on SNAB. Previously, it was considered that 
variations in 23Na MAS NMR shifts reported for compressed glasses represented 
changes in Na-O bond lengths (80). The results in Figure 3-3 reveal a drop in the 
average Na-O bond length following densification based on this relationship. The 
average Na-O distance reduces with pressure (Figure 3-4), as does the partial molar 
volume of Na2O, although the sodium coordination number may not change. Figure 
3-4 further demonstrates that as the atomic packing density increases after 
densification, the average Na-O distance also decreases. 
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Figure 3-1. 27Al NMR spectra for the the sodium aluminoborosilicate (SNAB) glasses (a) and 
the sodium aluminoborate (NAB) glasses (b) compressed at 2 GPa. Figure reproduced from 
Paper in preparation. 
 

 

Figure 3-2. 11B NMR spectra for the sodium aluminoborosilicate (SNAB) glasses (a) and the 
sodium aluminoborate (NAB) glasses (b) compressed at 2 GPa. Figure reproduced from Paper 
in preparation. 
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Figure 3-3. 23Na NMR spectra for the sodium aluminoborosilicate (SNAB) glasses (a) and the 
sodium aluminoborate (NAB) glasses (b) compressed at 2 GPa. Figure reproduced from Paper 
in preparation. 

 

Figure 3-4. Atom packing density (Cg) dependence of the 23Na NMR spectra (δCS (ppm)) for the 
sodium aluminoborosilicate (SNAB) glasses and the sodium aluminoborate (NAB) glasses. 
Figure reproduced from Paper in preparation.
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3.4 DENSIFICATION EFFECT ON MECHANICAL PROPERTY 

Improving the mechanical qualities of glass, particularly its inherent brittleness, is a 
major technique for expanding future applications. On the other hand, the 
understanding for the structural origins of mechanical qualities like hardness and 
crack resistance, is still limited. Although it is generally known that the compression 
process can modify the mechanical characteristics of glass, the structural cause of this 
change is unknown. As a result, a thorough understanding of the mechanical 
characteristics of glass following compression is required. 

3.4.1. DENSITY 

Numerous research (81) have demonstrated that free volume parameters (particularly 
atomic packing density) have a significant impact on hardness, elastic modulus, and 
other properties. As a result, investigating the effect of hot compression on density 
and atomic packing density can be helpful in comprehending the changes in relevant 
mechanical properties caused by densification. The research indicates that the density 
increased for CABS galsses, SNAB and NAB glasses (Table 3-3) after hot 
compression relative to the as-made sample, and that different hot compression 
conditions have distinct impacts on density. The atomic packing density (Cg) is also 
calculated, which displays the condition dependency of atomic packing density (Cg). 
Cg is the ratio of the molar volume of the glass to the lowest theoretical value of the 
volume filled by the constituent atoms. We discovered that Cg rises following hot 
compression, indicating that the network tightens as a result of the pressurized 
treatment. Hot compression has an obvious effect on the Cg of NAB glass than it does 
on SNAB glass. 

Table 3-3. Density (ρ) for SNAB and NAB glass for hot compression under different treatment 
condition. Table adapted from Paper in preparation. 

Treatment condition (1GPa) ρ (g/cm3) SNAB ρ (g/cm3) NAB 
As-made 2.376 2.229 

1.05Tg 0.5h 2.444 2.402 

Tg   0.5h 2.441 2.368 

Tg   0.5h 0.9Tg 4h 2.444 2.373 

Tg   0h 2.411 2.313 

0.9Tg   4h 2.411 2.306 
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Treatment condition (2GPa) ρ (g/cm3) SNAB ρ (g/cm3) NAB 
As-made 2.376 2.229 

1.05Tg 0.5h 2.556 2.548 

Tg   0.5h 2.516 2.535 

Tg   0.5h 0.9Tg 4h 2.530 2.534 

Tg   0h 2.479 2.497 

0.9Tg   4h 2.473 2.507 
 

3.4.2. HARDNESS 

Hardness is sensitive to the constituent atoms' local bonding and atomic stacking 
behavior, as well as the presence of NBOs (82). As shown in Table 3-4 and Figure 3-
4, the hardness for CABS glasses, NAB and SNAB glasses also increase, following 
heat compression for the sake of assessing changes in hardness, and the changes in 
different conditions are different. The rise in pressure is proportional to the increase 
in hardness.  

Due to the bulk density of the glass increases after densification, the number of atomic 
bond restrictions per unit volume likewise increases during hot compression, resulting 
in a rise in Vickers hardness once more. Indeed, compression raises the CN of the 
boron and aluminum cations in the network, resulting in more bond restrictions per 
atom and contributing to the rise in Vickers hardness. The average number of rigid 
bond stretching and bond bending limitations are used to control the hardness of the 
glass. 

Due to a rise in the coordination number in front of the network, pressure treatment 
will affect the amount of constraints, resulting in additional constraints per unit 
volume. In general, glasses with more plastic compressibility, or the capacity to 
densify more easily, have a higher pressure-induced rise in hardness. By converting 
BIII to BIV during compression, a higher degree of densification is achieved, resulting 
in increased hardness. The importance of NBO in glass for pressure-induced hardness 
change was described in a recent study (82), and the pressure-induced hardness 
change and the NBO/T ratio had a positive association. This also shows that the 
increase in stiffness is due to overall network densification. As a result, the influence 
of different densification paths on glass hardness is dependent on the pressure, 
temperature, and time of compression. More broadly, this research demonstrates how 
pressure treatments might help improve the mechanical properties of industrial 
glasses. This means that parameters that must be relevant to a glass made at ambient 
pressure can be regulated as well. This opens up new avenues for industrial glass 
rational design.
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Table 3-4. Vickers hardness (HV) for the as-made and hot-compressed CABS glasses. Table 
adapted from Paper II. 

Glass ID HV as-made (GPa) HV hot (GPa) 

CABS-ref 5.82 6.96 

CABS-SiB 5.54 7.31 

CABS-CaB 5.62 7.39 

CABS-BAl 5.58 6.72 

CABS-CaSi 5.81 7.14 

CABS-CaAl 6.11 7.28 
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Figure 3-4. The relation between Vickers hardness and atomic packing density for SNAB and 
NAB glass. Figure adapted from Paper in preparation. 

3.4.3. CRACK RESISTANCE 

Due to a mismatch between the surrounding elastically deformed material and the 
degree of plastic deformation, indentation-induced crack initiation occurs under a 
sufficiently high stress. The crack resistance (CR), which is defined as the load that 
induces two corner cracks per indent for the four-sided pyramid indenter, was 
calculated using the indentation data generated at various loads. Corner cracks were 
the most common type of crack in the glass studied. The CR value will be affected 
significantly by different experimental settings and composition modifications. The 
residual stress that promotes indentation cracking is higher than that of the as-made 
glass when the glasses are compressed in various routes, which causes more 
noticeable cracking. As a result, the material is unable to release mechanical energy 
via densification, resulting in lower CR values.  

For CABS glass, there are same conclusions, the residual stress driving indentation 
cracking is higher than that of completed glass when compressed at Tg and 1 GPa. 
Therefore, the material could not dissipate mechanical energy by densification, 
causing lower CR values. (Table 3-5)
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The crack resistance of glasses after densification under various pathways is shown in 
Table 3-6. After densification, the CR of both glasses decrease, with the decrease in 
CR for NAB glass being larger than that for SNAB. The effects of hot-compressing 
densification on CR are also positively associated with pressure for SNAB and NAB 
glasses, with the change under 2GPa being higher than that under 1GPa. As a result, 
the influence of temperature under Tg is the most noticeable, and it is also favorably 
connected to processing time. This tendency coincides with the hardness and 
structural changes in glasses. 

The increase in the coordination number is also the most obvious at Tg, for 0.5h, and 
the smallest in the paths of Tg, for 0.5h, and continuous at 0.9Tg, for 4h, according to 
the examination of the NMR spectra of B and Al. As the coordination number of B 
and Al increases, the degree of densification during the indentation process decreases, 
the shear flow increases, and the CR decreases. Radial cracks are driven by residual 
stress, according to studies (83,84). Densification deformation produces less 
subsurface damage and less residual stress, therefore fracture resistance improves as 
densification contributes to the indenter. Due to the bulk density of the glass increases 
after densification, the number of atomic bond restrictions per unit volume increases 
as well during hot compression, making additional densification during indentation 
less likely. 

Table 3-5. Crack resistance (CR) for Vickers indentation of the as-made and hot-compressed 
CABS glasses. The error in CR was less than 15%. Table adapted from Paper II. 

Glass ID CR as-made (N) CR hot (N) 
CABS-ref 13.0 5.6 

CABS-SiB 13.6 7.8 

CABS-CaB 5.6 3.8 

CABS-BAl 18.9 8.0 

CABS-CaSi 14.5 8.4 

CABS-CaAl 8.2 6.9 
 

Table 3-6. Crack resistance (CR) for SNAB and NAB glass for hot compression under different 
treatment condition. Table adapted from Paper in preparation. 

Treatment condition (1GPa) CR SNAB (N) CR NAB (N) 
As-made 13.6 7.5 

1.05 Tg 0.5h 5.0 4.5 

Tg 0.5h 4.1 4.3 

Tg 0.5h 0.9Tg 4h 7.6 5.7 

Tg 0h 6.8 4.4 

0.9Tg 4h 8.6 4.5 
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3.4.4. THE RECOVERY OF THE INDENTATION SIDE LENGTH (LSR) 

The composition dependency of indentation side recovery (LSR) for as-made CABS 
glasses is shown in Table 3-7. LSR is the measure of the degree of shrinkage generated 
by a hot treatment below Tg on a Vickers indent, and prior research has demonstrated 
that LSR can be used to assess the densification contribution to indentation deformation. 
After annealing, the depression had partially restored its shape, as shown in Figure 3-
5. In comparison to the LSR value of CABS-ref, CABS-BAl had the highest LSR value 
(37.3%), while CABS-CaB had the lowest LSR value (29.7%). The larger proportion 
of B2O3 and hence concentration of three-fold coordinated B atoms in the CABS-BAl 
glass may explain this. The glass was able to densify more easily throughout the 
indentation process due to the open planar structure, resulting in a higher LSR. In 
general, CABS glasses with a lower CaO content (15%) had a better identification 
side recovery (LSR) value. This is similarly comparable to CR variation. Figure 3-6 
depicts the relationship between CR and the degree of recovery, and hence the level 
of densification.  

Table 3-7. Indentation side recovery (LSR) for the as-made calcium aluminoborosilicate glasses. 
The reported LSR value and corresponding error are based on results from ten independent 
indentations. Table adapted from Paper II. 

Glass ID CABS-
Ref 

CABS-
SiB 

CABS-
CaB 

CABS-
BAl 

CABS-
CaSi 

CABS-
CaAl 

LSR (%) 35.9 33.7 29.7 37.3 34.3 30.9 

Error 1.8 1.9 1.8 1.2 2.0 1.8 
 

 

Figure 3-5. Optical micrographs of indents on the surface of the CABS glass created at 4.9 N 
before and after re-annealing at 0.9Tg for 2 h. Figure adapted from Paper II.
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. 

Figure 3-6.  Relationship between crack resistance for Vickers indentation (CR) and 
indentation side recovery (LSR) of the as-made CABS glasses. Figure adapted from Paper II. 

3.5 SUMMARY 

In this chapter, we have explored the pressure-induced structural changes, and 
investigated the mechanical properties of a variety of calcium aluminoborate glasses 
(CABS) with various component ratios after hot compression. The density, elastic 
moduli, and hardness of the glasses treated with isostatic compression increased. The 
increase in network connection and binding density was also attributed to an increase 
in hardness. On the other hand, the crack initiation resistance decreased because the 
residual stress driving indentation cracking in the hot compressed glass was larger 
than in the as-made glass. We also studied the effect of different pressures, 
temperatures, and time routes on the densification behavior of oxide glass by 
performing hot-compression treatments on SNAB and NAB glasses under various 
conditions. The impact of densification under different routes on NAB glass is more 
visible than that on SNAB glass. Based on the structural study of Raman and NMR 
spectra, which may be related to the presence of silicon in SNAB glass.The rise in the 
coordination number of B and Al after densification is the fundamental structural 
alteration. For the influence of different conditions on its densification, it has been 
discovered that the degree of densification and pressure are positively correlated. The 
research also provides a foundation and important reference for the study and analysis 
of densification behavior in oxide glasses under different routes. 
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CHARPTER 4. GLASS IRRADIATION 

The effect of high-energy irradiation on glass mechanical characteristics and structure 
has recently been investigated, including our work on heavy ion irradiation treatment 
of sodium borosilicate (NBS) glasses for immobilization of high-level nuclear waste 
(85). When NBS glasses are irradiated, their indentation hardness decreases at first, 
then stabilizes when the irradiation dose is increased (86). The difference in irradiation 
impact between NBS and quartz glasses suggests that the hardness reduction in NBS 
glasses is attributed not only to silicate network transformation, but also to borate 
network transformation (87). Irradiated NBS glasses have also been studied using MD 
simulations, which reveal a decrease in hardness, which is consistent with 
experimental evidence (88). Irradiation reduces the elastic modulus of NBS glasses, 
also find the crack resistance also increases after irradiation, according to studies, 
although the structural alterations that cause these changes in mechanical 
characteristics are unknown (89). Based on this research, we started to explore the 
effect of irradiation for CABS glasses on the mechanical properties of CABS glasses 
is interesting because of their remarkable crack resistance. We recently also 
discovered that CABS glasses' chemical composition influences indentation 
deformation and cracking behavior (89). As a result, in this research, we use three 
different CABS glass compositions to execute irradiation treatment. The goal is to 
figure out what causes the differences in surface mechanical characteristics that result 
after irradiation. 

4.1 IRRADIATION POST-TREATMENT 

In this thesis, the first project is a study of borosilicate glass (NBS) irradiation 
treatment, which is also a collaboration with the Lanzhou University laboratory. 
Borosilicate glass could be used to treat high-level radioactive waste (HLW). Glass is 
subjected to irradiation during HLW disposal, particularly heavy ion irradiation 
associated with alpha decay, which is likely to have a long-term impact on glass 
performance. As a result, it's critical to comprehend borosilicate glass's irradiation 
stability.  

We irradiated a range of sodium borosilicate glasses, as well as International Simple 
Glass (ISG), with 5 MeV Xe ions in this study. The irradiation effects on glass involve 
changes in macroscopic characteristics such as hardness, modulus, and crack initiation 
resistance (CR).We discovered that after irradiation, the glass's hardness and modulus 
decreased, whereas the CR of the glass increased dramatically. This also serves as a 
reference for the radiation treatment of CABS glass in the future. Our findings indicate 
that the boron structure is crucial in regulating the macroscopic radiation effect. The 
CABS system was then irradiated based on the result of this research.
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The melt-quenching approach was used to make the three CABS glasses (Tables 4-
1). The basic materials utilized were CaCO3 (99.5%, ChemSolute), H3BO3 (99.5%, 
Honeywell International), Al2O3 (99.5%, Sigma-Aldrich), and SiO2 (99.5%, 0.2-0.8 
mm, Merck KGaA). We cut the glasses into the desired sizes after annealing for 
irradiation and characterisation. The glass samples (1.7×1.2×0.1 cm3) were 
bombarded with Xe ions at room temperature at the Chinese Academy of Sciences' 
Institute of Modern Physics (IMP) (see Table 4-2). The xenon ions were created, 
chosen, and then propelled with a 5 MeV energy toward the sample. The sample in 
the target chamber was bombarded by a uniform ion beam generated by a pair of 
grating magnets. The target chamber had a pressure of 7×10-6 Pa. The beam spot size 
was 20×20 mm2 and the typical ion current was 2 μA. The samples were given two 
distinct doses of 2.0×1013 ions/cm2 and 2.0×1014 ions/cm2, respectively. 

Table 4-1. Nominal chemical compositions and their measured glass transition temperature 
(Tg) of the CABS glasses. The glass ID is determined by the Al2O3 to B2O3 ratio. The error in 
Tg is within ±2°C. Table adapted from Paper III. 

Glass ID SiO2 
(mol%) 

Al2O3 
(mol%) 

B2O3 
(mol%) 

CaO 
(mol%) 

Tg 
(°C) 

CABS-0.4 45 10 25 20 665 

CABS-0.6 40 15 25 20 668 

CABS-0.75 45 15 20 20 683 
 

Table 4-2. Nominal chemical compositions and their measured glass transition temperature 
(Tg) of the CABS glasses. The glass ID is determined by the Al2O3 to B2O3 ratio. The error in 
Tg is within ±2°C. Table adapted from Paper III.  

Glass ID Ion 
Energy 
(MeV) 

dE/dX Nuclear 
(MeV/(mg/cm2)) 

Projected 
Range 
(µm) 

Longitu
dinal 
Straggli
ng (Å)  

Lateral 
Straggli
ng (Å)  

CABS-0.4 5.00 9.151 1.73 1772 1839 

CABS-0.6 5.00 9.132 1.73 1773 1842 

CABS-0.75 5.00 9.080 1.71 1770 1835 

 

4.2 IRRATAITON EFFECT ON STRUCTURE 

In this research, we try to explore the structure changes by the Raman spectrum, and 
dividing the Raman spectra into four main bands and detail the predicted assignments 
in the following. The micro-Raman spectrum of the as-made and irradiated CABS-
0.6 glass is shown in Figure 4-1a. Band region I (250 to 625 cm-1) is anticipated to 
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contain contributions from the B-O-B, Al-O-Al, and B-O-Al stretching bands. 
Vibrations caused by superstructural units like pentaborates may also occur in this 
area. 

In addition, Si-O-Si network units may be found in this area (90). Because peaks in 
this frequency range are often allocated to borate superstructures, band region II (625 
to 860 cm-1) is characteristic of B2O3-rich glasses (90). An aluminate network and B-
O-Al stretching may also be present in this location. Triborates (~770 cm-1) and 
ditriborates (~755 cm-1) may be discovered in this region iven the high intensity in 
this range of wavenumbers and the fact that they contain both [3]B and [4]B units. Given 
the high intensity in this range of wavenumbers and the fact that they contain both [3]B 
and [4]B units, triborates (~770 cm-1) and ditriborates (~755 cm-1) may also be detected 
in this region. The vibration of Si-O stretching also helps (800 cm-1). Band area III 
(860-1200 cm-1) is likely to feature contributions from Qn species, with bands at 1000 
cm-1 attributable to Q2

 species' stretching Si-O vibration (91). Finally, signal 
contributions from [3]B units are often attributed to band region IV (1200 to 1600 cm-

1). In comparison to the as-made CABS glasses, the areas of bands II and IV increase 
following irradiation, as seen in Figures 4-1(a-b). This demonstrates that the 
irradiation treatment had the largest impact on the structure around the B units in the 
CABS glass structure, which is also consistent with previous findings (92). 

 

Figure 4-1. (a) Micro-Raman spectra of the as-made and irradiated CABS-0.6 glass and 
irradiated. The four band regions' assignments are detailed in the text. (b) Relative area 
fractions of the two main Raman bands (bands II and IV) for as-made and irradiated CABS 
glasses. Figure adapted from Paper III. 

Figure 4-2a demonstrates that the average CN of B drops monotonically and 
eventually approaches a constant value in all glasses as the deposited energy increases. 
In other words, irradiation causes a partial conversion of [4]B to [3]B. These findings 
support the experimental Raman results, which reveal [4]B to [3]B conversion caused 
by irradiation (Figure 4-1a).
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As the deposited energy increases, the average CN of B decreases monotonically and 
eventually approaches a constant value in all glasses, as shown in Figure 4-2a. 
Irradiation, in other words, causes a partial conversion of [4]B to [3]B. These findings 
support the experimental Raman results, which show that [4]B to [3]B conversion 
caused by irradiation (Figure 4-1a). 

Interestingly, as the irradiation energy saturates, the final CN of B in the three glasses 
reaches a value of roughly 3.3, despite the variances in the beginning CN of B. On the 
other hand, no noticeable changes in the CN of Al and Si atoms after irradiation have 
been observed (Figure 4-2b, Figure 4-2c). Figure 4-3a also demonstrates that when 
the CABS glasses are irradiated, their densities fall and then plateau, which is 
consistent with the literature (93). As shown in Figure 4-3b, after irradiation, the 
enthalpy becomes less negative and eventually saturates. 

Because short-range structure dominates enthalpy, the increase in enthalpy is 
primarily due to the creation of [3]B species, which is favored at higher temperatures 
produced by irradiation events.  

 

Figure 4-2. a) The simulated average of the coordination number for B, b) Al and c) Si of CABS 
glasses as function of the deposited energy during the process of irradiation. Figure reproduced  
from Paper III. 
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Figure 4-3. During the simulated irradiation process, the evolution of (a) density and (b) 
normalized enthalpy changes of CABS glasses as a function of deposited energy. Figure 
reproduced from Paper III. 

The distribution for O-B-O bond angle moves towards a higher angle after irradiation, 
as illustrated in Figure 4-4a for the CABS-0.4 glass, which expresses itself as an 
increase in the intensity of the 120° angle at the expense of the 109° angle. Next, we 
explore the irradiation affects for ring formations. The ring size distribution for the 
CABS-0.4 glass coarsens after irradiation, as shown in Figure 4-4b, the fractions of 
some small rings (i.e., three- and four-membered) and large rings (i.e., seven-
membered and greater) are increasing at the expense of intermediate-sized rings (i.e., 
five-membered), which is consistent with the behavior of other irradiated silicate 
glasses (94). Figure 4-4c shows that the simulated neutron structure factors for various 
irradiation states are often similar, with minor differences for the first strong 
diffraction peak (FSDP). Specifically, when the deposited energy increases, the FSDP 
shifts slightly towards a lower Q value, while its intensity drops, indicating greater 
disorder in the medium-range structure and swelling of CABS glasses. We analyze 
irradiation-induced structural modifications at medium-range length scales using 
persistent homology analysis of simulated glass structures. Figure 4-4d-f illustrates 
that following irradiation, the distribution of distinctive regions in the persistence 
diagrams tends to diffuse to the high-death regions, notably in the low-birth region, 
implying that loop sizes increase. Figures 4-4b and 4-4c show that irradiation changes 
the medium-range order structure of CABS glasses. These findings support the 
irradiation-induced expansion and loss of connectivity of the CABS glass structure. 
Overall, we conclude that irradiation affects both the short- (for example, [4]B to [3]B 
conversion) and medium-range structure (e.g., loop sizes increasing with reduced loop 
numbers). 



IRRADIATING, HYDRATING AND DENSIFYING GLASSES TO CONTROL THEIR PROPERTIES 
 

44 

 

 

Figure 4-4. (a) Simulated O-B-O bond angle distribution, (b) ring size distribution, and (c) 
simulated neutron structure factor of CABS-0.4 glasses exposed to various amounts of 
irradiation energies, namely 0, 1.7, and 17 eV/atom. (d-f) Persistence diagrams for CABS-0.4 
glass structure in (d) as-made condition and (e) 1.7 eV/atom, and (f) 17 eV/atom irradiation. 
Figure reproduced from Paper III. 

 

4.3 EXPERIMENTAL MECHANICAL PROPERTIES 

The first study is the irradiation treatment of borosilicate glass, mainly focus on the 
indentation test of the irradiated NBS glass, including the study of hardness and crack 
resistance. The study found that the hardness of the NBS glass system after irradiation 
decreased (Figure 4-5), and the crack resistance increased dramatically (Figure 4-6). 
Then followed by a related study on the irradiation post-treatment of CABS glasses. 
Figure 4-5 demonstrates the hardness of NBS glasses under various irradiation doses. 
The hardness of borosilicate glass decreases as the dose increases, with saturation at 
around 5.2 GPa for all borosilicate glasses. The dose required to achieve this apparent 
saturation is around 0.1 dpa. 

Figure 4-7a shows a schematic representation of the micro-indentation technique for 
determining micromechanical characteristics. The hardness (Hv), crack resistance 
(CR), and indentation fracture toughness (KIFT) of CABS glasses were investigated 
using an experimental indentation test before and after irradiation. Here, CR stands 
for fracture initiation resistance, and KIFT stands for crack propagation resistance. 
Figure 4-8a shows the Young's modulus data for the as-made and irradiated CABS 
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glasses. The modulus of the as-made glasses was measured using ultrasonic 
echography, but the values were also calculated using force-depth curves based on the 
indentation test, because the irradiation procedure only affects the surface region (~1.7 
µm). Although the absolute values differ between the two tests, as they mentioned for 
other glasses (95), the compositional trend is constant. The modulus values of the 
irradiated CABS glasses created by indentation reduced when compared to the as-
made glasses, with a larger decrease for a higher irradiation dose. The decrease in 
modulus could be explained by density and structural changes. The less stiff and open 
structure of [3]B could likely explain the decrease in modulus upon irradiation (96), as 
modulus is primarily regulated by bond strengths and the number of bonds per volume 
(97). Furthermore, Kieu et al. discovered that the increase of [3]B atoms in the glass 
network is related to the decrease in modulus (98). As the transition from [4]B to [3]B 
occurs, more non-bridging oxygens are formed. That is, the Ca2+ ions that originally 
charged the [BO4] groups can be converted into a network modifier that is attached to 
the SiO4 unit. Furthermore, based on medium-range structural changes, the creation 
of larger loops reduces bond density, resulting in lower modulus after irradiation (see 
Figure 4-8c-f).  

The hardness statistics for the as-made and irradiated CABS glasses are shown in 
Figure 4-8b. Irradiation reduces hardness, which is consistent with prior findings for 
several borosilicate glasses irradiated with various ions (99). Structure investigation 
using Raman and MD simulations after irradiation reveals that some of the four-
coordinated B atoms transition to three-coordinated B atoms. [3]B has a more open 
structure, due to it doesn't require charge compensation, and it's also planar, making 
it easier to densify and increase its coordination number via indentation (100). 
According to studies, the larger the proportion of three-coordinated B, the lower the 
hardness (101). Plastic deformation will be accelerated as a result of the accumulation 
of free volume and reduction of boron coordination in tandem with the creation of 
non-bridging oxygen, resulting in a decrease in hardness (102). 

The load dependence of hardness for the CABS-0.4 glass is shown in Figure 4-8c, 
with an initial reduction in hardness as the applied load increases for the as-made 
sample before reaching a nearly constant value. When the applied stress is increased, 
the irradiation sample's hardness decreases at first, then gradually increases until it 
achieves a constant value. Based on optical pictures of indents, we observed that the 
crack resistance of the irradiation glasses is larger than the as-made glasses (Figure 4-
7b). In other words, the optical images for indentation under 15 N for the three 
irradiated CABS glasses show no breaks when compared to the as-made glasses.
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Figure 4-5. Hardness of borosilicate and ISG glasses as a function of irradiation dose. Figure 
adapted from Paper I. 

 

 

Figure 4-6: Hardness of borosilicate and ISG glasses as a function of irradiation dose. Figure 
adapted from Paper I. 
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Figure 4-7. (a) Example of Vickers indentation for the CABS-0.4 glass. (b) Optical images of 
indents formed at 15 N on the surface of the as-made (left) and the irradiated (right) CABS-0.4 
glasses, respectively. Figure reproduced from Paper III. 

 

The crack resistance increased dramatically (Figure 4-6) for NBS glasses, the crack 
resistance of each type of borosilicate glass was tested at two distinct doses: pristine 
and 0.6 dpa. The fitting lines for the as-made and irradiated samples are solid and 
dashed lines, respectively. After ion irradiation, the crack resistance increases 
significantly, which is accompanied by a decrease in hardness. Figure 4-5d shows the 
fracture resistance of the as-made and irradiated CABS glasses; CR increases with 
irradiation. Crack resistance increased by more than 400% (from 5.6 N to 28 N) when 
irradiated CABS-0.75 glass was compared to as-made glass. According to the MD 
simulation results (Figure 4-2a), the initial CN of B in CABS-0.4 and CABS-0.75 is 
larger than that in CABS-0.6 before irradiation, and finally approaches a constant 
value in all glasses as the deposited energy increases. This indicates that the transition 
from [4]B to [3]B is more pronounced for CABS-0.4 and CABS-0.75 glasses, which is 
consistent with the CR change trend seen in the experiment. The radial crack's driving 
factor has been proven to be residual stress (103). The threshold load required to 
generate fractures rises as a result of the densification deformation causing less 
residual stress and subsurface damage. 

In other words, as the amount of densification under the indenter increases, crack 
resistance normally increases. The significant shear deformation tendency of boron 
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atoms and the ease of boron coordination transition under stress, according to studies, 
improve crack resistance (104). The initial threefold boron content in the glass, not 
simply the boron content, is important for these mechanisms to work. As a result, as 
the four-coordinated B is changed into the three-coordinated B following irradiation, 
the "reversible" coordination shift of CABS under indentation serves to strengthen its 
crack resistance by releasing energy and reducing stress accumulation (104). In glass 
fracture mechanics, fracture toughness is used to quantify the stress and defect size 
required for fracture. As seen in Figure 4-8e, irradiation therapy raises KIFT, with a 
larger increase for a higher irradiation dose. The fracture reaction of CBAS glasses is 
more ductile after irradiation, as shown in Figure 4-9a, and the stress-strain curves of 
three CABS glasses at uniaxial fracture are shown in Figures 4-9b–d, indicating that 
the nano-ductility of the irradiated materials was improved by a slower stress decrease 
following fracture onset. We also noted that following irradiation, the slope of the 
stress-strain curve in the elastic area (strain ε < 0.05) dropped, indicating that 
irradiation reduced stiffness. The fracture energy has also been calculated (Gc). The 
Gc of CABS glass increases following irradiation, as seen in Figure 4-8f. Surprisingly, 
the CABS-0.4 glass exhibits the most toughening and the most evident [4]B to [3]B 
conversion after irradiation. The Gc values of all CABS glasses increase after 
irradiation, with the CABS-0.4 sample increasing the most from the lowest Gc value. 
The [4]B to [3]B conversion is the most substantial after irradiation in the CABS-0.4 
sample, showing that the [4]B to [3]B conversion is responsible for the irradiation-
induced nanoductility. 
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Figure 4-8. (a) Young's modulus (E) for the as-made and irradiated CABS glasses as evaluated 

by ultrasonic echography or the load-depth indentation curve. Dose 1 and Dose 2 represent 

irradiation does of 2.0·1013 ions/cm2 and 2.0·1014 ions/cm2, respectively. (b) Vickers hardness 

(HV) for the as-made glass and irradiated glasses. (c) Hardness of the CABS-0.4 glass as a 

function of load. (d) Vickers indentation crack resistance (CR) of as-made and irradiated CABS 

glasses.  (e) The indentation fracture toughness (KIFT) of the as-made and irradiated CABS 

glasses was evaluated using a sharp 100° tip. (f) Calculated fracture energy (Gc) for the as-

made and irradiated CABS glasses using KIFT data. Figure reproduced from Paper III. 
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Figure 4-9. (a) Fracture evolution in pre-cracked CABS-0.4 glass at 0, 0.1, 0.2, and 0.3 tensile 

strains. (b-d) Stress-strain curves of CABS-0.4, CABS-0.6, and CABS-0.75 glasses exposed to 

various irradiation energies (0, 1.7, and 17 eV/atom). Figure reproduced from Paper III. 

4.4 SUMMARY 

In this research, we used both experimental measurements and MD simulations to 
evaluate the relationship between structure and mechanical properties in CABS 
glasses exposed to irradiation in this study. The boron speciation shifts from [4]B to 
[3]B, which leads to a more open structure with enhanced disorder at the medium-range 
length scale, are found to be the principal cause of irradiation-induced structure 
alterations in CABS glasses. We evaluated the relationship between structure and 
mechanical properties in CABS glasses exposed to irradiation in this research using 
both experimental measurements and MD simulations. Irradiation-induced structure 
changes in CABS glasses are shown to be mostly caused by boron speciation shifts 
from [4]B to [3]B, which results in a more open structure with enhanced disorder at the 
medium-range length scale. CABS glasses having a higher initial fraction of 
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tetrahedral boron units are thus more vulnerable to irradiation-induced structural 
changes. After irradiation, the modulus and hardness of the glass surface layers 
decrease, while crack resistance increases dramatically. When irradiation CABS-0.75 
glass was compared to as-made glass, crack resistance rose by more than 400%. 
Furthermore, as the applied stress was raised during indentation, the hardness of the 
specimen first declined, then increased somewhat, and ultimately reached a constant 
value. This could possibly be due to the decreased hardness of the irradiated layer. 
Furthermore, both experimental and modeling results show that irradiation increases 
fracture energy, which leads to increased nanoductility in irradiated structures. 
Irradiation-induced nanoductility is connected to changes in medium-range structure, 
which makes it easier for Al and B atoms to flip bonds. Surprisingly, the CABS glass 
composition with the greatest increase in CR and KIFT had the most [4]B-rich structure, 
making it more vulnerable to structural reorganization following irradiation.
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CHARPTER 5. GLASS HYDRATION BY 

WATER ADDITION  

In this research, chemical diversity in hybrid organic-inorganic glasses is still a 
challenge and new hybrid glasses are often modifications of similar structures, which 
limits their usefulness.  

The inclusion of so-called modifiers (e.g. alkali oxides) breaks the continuous network 
structure of the pure network-forming oxide, resulting in non-bridging oxygens, i.e. 
oxygens that will only covalently connect to one metal node. This is an often exploited 
fact concerning oxide glasses. This will usually result in considerable changes in 
thermal and mechanical properties, such as decreased melting temperatures and glass 
transition temperatures. This diversity, which is a result of the modifiers, is one of the 
main reasons for the wide range of uses of oxide glasses. Such modifiers have never 
been seen before in any hybrid glasses. However, in this work we present the first 
evidence of modifier behaviour using water in a cobalt-based bis-acetamide hybrid 
coordination network glass (HCNG) of composition Co(hmba)3[CoBr4] where hmba: 
N,N’-1,6 hexamethylenebis(acetamide). We chose this system due to its large water 
sensitivity. Specifically, while this glass is fully water soluble, careful water addition 
results in significant alteration of physical properties including the melting and glass 
transition temperatures. In this study, we also illustrate how water may be used to 
exploit labile metal-ligand connections in a cobalt-based coordination network to 
produce a succession of non-stoichiometric glasses. We explain how water added to 
a cobalt-based hybrid coordination network enhances breaking of cobalt-oxygen 
bonds and depolymerizes the resulting glass network by using calorimetric, 
spectroscopical, and simulation results, as evidenced by significant decreases in 
melting and glass transition temperatures, Furthermore, the physical and chemical 
properties of the resulting glass are changed, drawing parallels with the "modifier" in 
oxide glass chemistry, where additives are frequently used to adjust properties. 

 

5.1 INVESTIGATED GLASS SYSTEMS 

Based on the previous study, we selected the 15CaO-15Al2O3-25B2O3-45SiO2 (called 
CABS-ref) glass (66) as the reference composition for research on humid treatment 
because it had the best crack initiation resistance and it was interesting to see if it 
could be improved further. CABS-SiB (Si/B increase), CABS-CaB (Ca/B increase), 
CABS-BAl (B/Al increase), CABS-CaSi (Ca/Si increase), and CABS-CaAl (Ca/Al 
increase) were the five systematic composition modifications tested, as shown and 
mentioned in Table 3-1. The mechanical properties of the six glasses were assessed 



 

53 

after they were subjected to humid aging, which is the research that water as 
“modifier” affects the properties of oxide glass. 

Based on previous research, In this work, we illustrate how water addition can be used 
to exploit labile metal-ligand linkages in a cobalt-based coordination network to 
produce a series of non-stoichiometric glasses. Although distinct from the other glass 
families, the hybrid glasses have structural similarities to network glasses, such as 
oxides, due to the way metallic nodes (typically Si, Ge, and P for oxides; transition 
metals for hybrids) are bridged in the oxide and hybrid cases, respectively, by single 
oxygens and large organic linkers. For the metal-organic network, we offer the first 
evidence of water as a modifier in a cobalt-based bis-acetamide hybrid coordination 
network glass (HCNG) with the composition Co(hmba)3[CoBr4], where hmba is N,N'-
1,6 hexamethylenebis-acetate (acetamide) (105). This system is made up of octahedral 
Co2+ nodes coupled by weak coordination bonding through uncharged hmba 
structures in a 2D layer-like structure, with non-interconnected charge compensating 
Co[Br4]2- units between network layers. Due to its large water sensitivity we also 
select this system. The unit cell structure of Co(hmba)3[CoBr4] is shown in Figure 5-
1a, and different highlights have been given to the unit cell in Figure 5-1b, namely: 1) 
the layer-like percolating network of Co and hmba-linkers, and 2) the interpenetrating 
[CoBr4] 2-tetrahedra are found in the multilayer network's voids. After producing 
crystals, the crystals were filtered, washed with anhydrous diethyl ether, and then 
dried on the filter by allowing more N2 suction (see Figure 5-2a). 

While the melt formation and subsequent quenching into a glassy state for 
Co(hmba)3[CoBr4] (see example picture of molten Co(hmba)3[CoBr4] in Figure 5-2) 
and other bis-acetamide-containing HCNGs have been described previously, we have 
discovered that the system's properties are highly sensitive to the water content.
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Figure 5-1 (a) Unit cell of crystalline Co(hmba)3[CoBr4] with highlights of Co-tetra- and 
octahedra, which are shaded in grey, while atomic colors represent nitrogen (blue), carbon 
(grey), oxygen (red), and bromine (pink). Hydrogens are omitted for clarity. (b) The 
Co(hmba)3[CoBr4] structure overlaid with highlights showing how Co2+ and hmba serve as the 
network part of the structure while [CoBr4]2--tetrahedra are positioned between the layers 
within the network. Figure reproduced from Paper IV. 

 

Figure 5-2. (a) crystal sample after 1-2 weeks of drying, forming Co(hmba)3[CoBr4]. (b) A 
transparent microscope glass slide with molten Co(hmba)3[CoBr4]. The distance between the 
lines is 9 mm. Figure reproduced from Paper IV. 

5.2  HYDRATION OF GLASS 

In the thesis, Co(hmba)3[CoBr4]2EtOH crystals were synthesized using the technique 
described in Refs. (106) The crystals were filtered, then washed in anhydrous diethyl 
ether before being dried on the filter by sucking in more N2. These crystals are 
structurally identical to the Co(hmba)3[CoBr4]2EtOH crystals produced by previous 
researchers. The Co(hmba)3[CoBr4]2EtOH structure was observed to spontaneously 
release the bound EtOH molecules during storage at just above room temperature and 
high vacuum, similar to prior studies (see Figure 5-2a). X-ray diffraction investigation 
(Figure 5-3) confirmed both crystalline structures, but a glassy sample of the



 

55 

unhydrated glass was found to be amorphous (Figure 5-3). All crystals were kept in a 
desiccator or at slightly higher temperatures (40 °C) and vacuum (<10 mbar). Thermal 
analysis was carried out utilizing hermetically sealed Al pans and a TA Q2000 
differential scanning calorimeter (DSC). Each scan employed around 5 mg of 
Co(hmba)3[CoBr4] with different volumes of water (ranging from 0-0.8 L of 
deionized water). Based on this, we could perform DSC testing during glass formation 
with different water contents and explored the effect of hydration on glass formation, 
including glass transition temperature (Tg) and melting point. 

 

Figure 5-3. X-ray diffraction patterns of synthesized ethanol-containing crystals and 
subsequent dried crystals of compositions Co(hmba)3[CoBr4]·2EtOH, Co(hmba)3[CoBr4], as 
well as glassy Co(hmba)3[CoBr4]. Figure reproduced from Paper IV. 

 

5.3 STRUCTURE CHANGES FOR GLASS 

For the Co(hmba)3[CoBr4], following thermal characterization, we used a range of 
spectroscopic approaches to analyze the pure and water-containing HCNGs. We 
probed the UV-visible absorption spectra of the pristine and hydrated glasses and 
display normalized spectra of these in Figure 5-4a. A broad band at 6-700 nm exists 
for all samples in the visible absorption spectrum shown in Figure 5-4a. We believe 
that the crystal field splitting in [CoBr4]2-, where Br- ligands are tetrahedrally coupled 
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to Co-centres, is the source of this absorption band because: 1) Br- is in the lowest 
splitting region of the spectrochemical series, and 2) lower coordination is known to 
promote lower splitting. Due to its projected larger splitting and higher coordination 
state, the octahedral Co surrounded by carbonyls would be expected to have 
absorption at lower wavelengths (i.e., higher energies). According to the preceding 
theories, only the Co-hmba network is reorganized during melt quenching, whereas 
the charge compensating [CoBr4]2- remains stable in both pristine and hydrated 
glasses. 

We used finite temperature ab initio molecular dynamics of the Co(hmba)3[CoBr4] 
system as well as Co(hmba)3[CoBr4]·nWater to answer these and other key concerns 
about the melting mechanism of the examined HCNGs. To compute the mean square 
displacement (MSD, see Figure 5-4b of the Co MSD as a function of temperature) as 
a measure of the system's solid-like behavior, we first initiated dynamics of the 
pristine structure as acquired from its CIF file at temperatures of 500, 1000, and 1500 
K. The Lindemann ratio of the Co-O bonds (107) (i.e., the ratio of the calculated 
amplitude of the atomic vibrations divided by the bond length) [29,30], as shown in 
the inset of Figure 5-4b, shows an increasing trend from 0.10 to 0.18 when the 
temperature is increased from 500 to 1500 K. 

Next, using the coordination numbers (CNs) of the two separate Co-centres, we would 
like to learn more about the melting transition in HCNGs (i.e., the Co-O and Co-Br 
CNs). We do so by running new 1000 K simulations, but instead of just using 
anhydrous glass, now adding one, two, or three water molecules to the unit cell before 
starting the dynamics. We discover that the Co-O and Co-Br correlations' coordination 
number changes are significantly different (Figures 5-4c and 5-5, respectively). 

Within the first 10 ps, the CN of the Co-O centres (i.e., the network percolating species) 
drops dramatically from 6 to 4. (Figure 5-4c). Furthermore, the presence of water 
appears to accelerate this fall in CN, as evidenced by the rapid initial decrease in CN 
in the first picosecond of the simulations with the most water. Simultaneously, the 
Co-Br centers see only modest deviations from the ideal four-coordinated state due to 
the high temperature, but deviations rapidly develop as time passes to re-establish the 
tetrahedral state, regardless of water concentration (Figure 5-5). 

When one water molecule moves inside the structure during the heating process at 
1000 K (Figure 5-4d), it appears to search multiple parts of the structural space, 
approaching both the Co-O octahedra and the Co-Br tetrahedra, but not fully 
approaching either Co-centres or actually replacing the bromide ions or the oxygens 
in hmba. We may provide a sketch of a potential HCNG melting mechanism using the 
approaches outlined, as shown in Figure 5-6. First, for the heating process of an 
anhydrous Co(hmba)3[CoBr4] system, the labile bonds between Co and hmba (i.e., the 
Co-O bonds) tend to break, increasing the total connectedness of the system and 
eventually causing it to melt. This will be accompanied by certain tetrahedral Co-Br 
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structures within the network splitting. Water will often speed up this process and 
result in a more depolymerized network. More specifically, our findings imply that 
water can efficiently rearrange and replace the oxygens in hmba to form dangling 
organic motifs, lowering the glass transition temperature from 16°C to -15 °C for fully 
polymerized and fully depolymerized glass structures, respectively. 

 

Figure 5-4. (a) Normalized visible absorption spectra of HCNGs with varying water content as 
indicated by the colorbar. (b) Mean square displacement (MSD) of Co atoms in the simulations 
of the Co(hmba)3[CoBr4] system at 500, 1000, and 1500 K. The inset shows the Lindemann 
ratio of the Co-O bonds () at the three studied temperatures. (c) Average coordination 
numbers (CN) of  the Co-O correlation in structures containing 0, 1, 2, or 3 water molecules. 
(d) Trace of one water molecule’s trajectory over 10 ps of simulation time at 1000 K with blue 
being the starting point and red being the ending point. The final picture depicts the remaining 
part of the structure. Figure reproduced from Paper IV. 
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Figure 5-5. Co-Br coordination numbers of Co atoms initially surrounded by Br atoms during 
the simulated time range as well as for simulations of 0, 1, 2, and 3 water molecules at 1000 
K. Figure reproduced from Paper IV. 

 

Figure 5-6. Sketch of the suggested melting and glass-forming mechanism. Figure reproduced 
from Paper IV.  
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5.4 WATER EFFECT THE PROPERTIES FOR GLASS 

In this thesis, we explored the effect of hydration on glass properties. Figure 5-7a 
shows how the melting transition broadens and ends at much lower temperatures when 
water is added (right of Figure 5-7a), while the glass transition temperature decreases 
significantly (left portion of Figure 5-7a). Figure 5-7b shows a plot of the melting and 
glass transition temperatures (Tm and Tg, respectively) as a function of water content. 
At a water concentration of ~15 wt%, the melting temperature drops from over 110 °C 
to a stable value of ~70 °C as the water concentration increases. This effect is 
performed in such a way that both transition temperatures decrease dramatically after 
the first addition of water, then level out. For the maximum water content, a decline 
from a pristine value of 16 C to -15 C is found for the glass transition temperatures 
(i.e., 9 water molecules for per bridging-Co). There is a large initial decrease followed 
by stabilization for both Tm and Tg. The Tm and Tg levels off at 3-4 water molecules 
for per bridging-Co, according to the results. This is significant because it is equal to 
the bridging-Co to hmba ratio in the system, implying that there is one water molecule 
for per hmba linker. Given the chemical environment of the percolating network, 
which consists of Co-nodes connected by bidentate hmba-linkers via Co-O 
coordination bonds, monodentate water appears to be a viable replacement for the 
bridging carbonyl oxygens around the Co-centers. The [CoBr4]2- tetrahedra will 
remain intact, and a fully depolymerized network of Co will be surrounded by a 
dispersion of hmba-linkers and water molecules. This would eventually approximate 
a water modifier behavior in an HCNG-something that has yet to be explained for 
hybrid glasses but is quite frequent in the oxide glass family.  

While a decrease in Tg (and Tm) is to be expected with the addition of water (and 
subsequent depolymerization), the magnitude of the decrease is of particular 
importance. The lowered glass transition temperature is a way to compare the drop in 
Tg after adding water in this case. Figure 5-7c shows a plot of Tg* as a function of 
water content for the examined HCNGs as well as a variety of silicates, organic sugars, 
and polymers (108). We could find that water addition has a substantial effect on 
inorganic silicates and certain polymers, which can reduce their Tg by approximately 
50% when adding 10-15wt% of water. This is in contrast to the majority of sugars and 
polymers, as well as the examined HCNGs, which only experience moderate (~10-
15%) reductions in Tgs in the same water concentration range. However, when water 
is added, HCNGs appear to have a more converging Tg than other systems, which is 
likely related to the fact that water greatly outnumbers bridging Co atoms at low water 
concentrations (5-10 wt%). Eventually, a glassy system emerges that is controlled by 
weak long-range cohesive forces rather than the Co-hmba network.
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Figure 5-7. (a) Differential scanning calorimetry upscans of crystalline (right) and glassy (left) 
Co(hmba)3[CoBr4] with and without added water. (b) Melting and glass transition 
temperatures (Tm and Tg, respectively) of the Co(hmba)3[CoBr4] as a function of the H2O to 
bridging Co  (i.e., Co atoms bonding to hmba linkers) ratio. (c) Reduced glass transition 
temperature of the Co(hmba)3[CoBr4]water glasses at various water concentrations as well as 
for a variety of sugars, organic polymers, and silicate glasses as obtained from Refs.112,113. 
Figure adapted from Paper IV. 

 

5.5 SUMMARY 

In this chapter, we demonstrated how a cobalt-based hybrid coordination network 
crystal is an excellent glass forming that can be greatly decreased in melting point and 
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glass transition temperature by adding water. We demonstrated how water promotes 
the disintegration of the internal network of Co2+ ions and bis-acetamide organic 
linkers whereas Co[Br4]2- centers stay relatively intact using calorimetric, 
spectroscopic, and computational methods. The former is most likely achieved by 
substituting the organic ligand's labile Co-O bonds with coordination to water 
molecules. This mechanism is similar to the impact of water and other network 
"modifiers" in the field of oxide glasses, where such structural alteration is a common 
scientific and practical application. As a result, our findings could pave the way for a 
major expansion of glass-forming hybrid systems, as well as significant chemical non-
stoichiometric diversification, besides, this also provides a reference and approach for 
the improvement of the properties of glasses. 
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CHAPTER 6. CONCLUSION AND 

PERSPECTIVES 

We will briefly review the main findings and their potential implications, as well as 
explore viewpoints and proposals for future research in this chapter. 

6.1. CONCLUSION 

In this thesis, we explore the mechanical properties of a variety of glasses with various 
compositions and subject them to various post-treatments, such as hot compression, 
irradiation, and hydration. We also explored the structure and properties of MOF 
glass, as well as the use of water as a modifier to modify the glass's properties. 
Furthermore, this alters the physical and chemical properties of the resulting glass, 
and thus bears a strong resemblance to the idea of "modifiers" in oxide glass 
chemistry. This approach will eventually enable the diversification of hybrid glass 
chemistry, fine-tuning of physical and chemical properties, and significantly extend 
the number of glass-forming hybrid systems. 

Changes in chemical composition and post-treatments are well-known methods for 
fine-tuning glass structure and properties of glass. In this study, we designed glass 
with different compositions to study the effect of composition on its structure and 
mechanical properties, and also performed a series of post-treatments to explore its 
indentation response and changes in mechanical properties. The application of 
pressure allows precise tuning of interatomic distances and bonding patterns in a 
material, which makes glass densification under high pressure (109) a a new 
alternative. More importantly, to better understand the densification-structure-
property relationship of glass, the effect of diverse densification environments (i.e., 
different densification routes) during autoclaving is investigated. Therefore, in this 
study, the hot compression of SNAB and NAB glasses under different conditions was 
mainly introduced, and the effects of different pressure, temperature and time routes 
on the densification behavior of oxide glasses were investigated. According to the 
investigation and test of its structure and mechanical properties, we found that the 
influence after hot compression is also related to the composition. The study also 
discovered that the impact of densification along various paths on the structure and 
mechanical properties of these two glasses is constant. The rise in the coordination 
number of B and Al after densification is the fundamental structural alteration. In 
terms of mechanical properties, it has been discovered that after densification, 
hardness increases and crack resistance decreases; additionally, the effects and 
changes are related to the conditions (pressure, temperature, time); it has been 
discovered that the degree of densification and pressure are positively correlated. Our 
investigation of the effect of different routes on densification provides a foundation
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and important reference for the study and analysis of densification behavior under 
different routes. 

What is more, in this research, we also used both experimental measurements and MD 
simulations to evaluate the relationship between structure and mechanical properties 
in CABS glasses exposed to irradiation. Irradiation-induced structure changes in 
CABS glasses are shown to be mostly caused by boron speciation shifts from [4]B to 
[3]B, which results in a more open structure with increased disorder at the medium-
range length scale. Furthermore, both experimental and modeling results reveal that 
irradiation enhances fracture energy, resulting in increased nanoductility in the 
irradiated structures. Nanoductility caused by irradiation is connected to alterations in 
medium-range structure, which makes it easier for Al and B atoms to flip bonds. 

Finally, in this chapter, we explored the structure and properties of MOF glass, as well 
as the explore of water as a modifier to modify the glass's properties, we also show 
that how cobalt-based hybrid coordination network crystals can be an excellent glass-
forming material, the melting point and glass transition temperature can be 
considerably lowered by adding water, and the influence of water on its structure and 
properties has also been explored. Experiments and simulations suggest that water 
facilitates the breaking of network-forming Co-O bonds, allowing for the tuning of 
glass properties within this glass family and, eventually, the tuning of melting 
temperatures of other hybrid crystals, allowing for a dramatic increase in the number 
of meltable, and thus glass-forming, hybrid systems.Therefore, our findings could 
pave the way for a major expansion of glass-forming hybrid systems and significant 
stoichiometric diversification. Furthermore, this alters the physical and chemical 
properties of the resulting glass, this approach will eventually enable the 
diversification of hybrid glass chemistry, fine-tuning of physical and chemical 
properties, moreover, provide references and methods for improving the mechanical 
properties of oxide glasses, and also significantly extend the number of glass-forming 
hybrid systems. 

6.2. PERSPECTIVE 

Improving the fracture toughness and strength of glass materials is increasingly 
relevant for a range of applications where brittleness and surface defect propensity are 
still limiting factors. Here, we describe how a combination of custom chemistry and 
irradiation post-treatment improved the mechanical properties of glass. In this thesis, 
we have understood the structural origin and related properties of glass deformation 
behavior and cracking behavior through compositional design and post-processing 
methods such as densification, irradiation and hydration, and also explore the 
improvement of mechanical properties of glass by post-treatment, but the following 
research topics still require further research. Densification and structural changes 
(rearrangement of the short- and medium-range structure, which can dissipate the 
energy of the applied load) are known to occur during the deformation process under 
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acute contact loading. In this research, we study the glass deformation and cracking 
behavior, as well as how post-treatment affects the glass structure and mechanical 
properties. 

At the same time, we also find that the influencing factors of mid-range structural 
rearrangements is needed to gain a better understanding of changes in structure, not 
just coordination number. As a result, the glass cracking behavior can be predicted 
more extensively and precisely. We also show how cobalt-based hybrid coordination 
network crystals can be excellent glass-forming materials, and also investigate the 
effect of water on their structure and properties, which can greatly reduce the melting 
point and glass transition temperature.  

Based on the above research and results, for future work, the influence of different 
components on glass properties will be further explored. Based on the research on 
MOF glass in this paper, composite materials of MOF glass with different 
compositions can be prepared, such as MOF glass-crystal composites. Different types 
and contents of crystals will be selected to prepare Co-MOF glass-crystal composites. 
The main purpose is to study the impact of these different crystals on the material 
structure and properties. We will also explore the impact of water on glass formation 
and structure-properties, explore new hybrid glass systems, and provide more 
references for extending hybrid glass systems. Secondly, we also can try to improve 
the mechanical properties of the oxide glass by post-treatment, such as post-treatment 
of the glass by combining irradiation and hot compression to explore the changes of 
its mechanical properties. This can provide a great reference for improving the 
properties of glass. 
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a b s t r a c t 

Borosilicate glass is a candidate material for solidification of high-level radioactive waste (HLW). During 

disposal of HLW, the glass will be subjected to irradiation, especially the heavy ion irradiation related 

to alpha decay is expected to affect the properties of the glasses over billions of years. Therefore, it is 

important to understand the stability of borosilicate glasses upon irradiation. In this work, we study a 

series of sodium borosilicate glasses as well as the International Simple Glass (ISG) and subject them to 

irradiation with 5 MeV Xe ions. The radiation effects on the glasses include variations of macroscopic 

characteristics such as nano-hardness, modulus, volume change and crack initiation resistance (CR). We 

found that hardness, modulus, and volume changes of the glasses saturate at a certain irradiation dose, 

above which no further change is observed. The saturated values of hardness and modulus are found to 

be the same for glasses with different composition, while the saturated volume change depends on the 

glass composition. In addition, CR of the glasses increases dramatically upon irradiation. Meanwhile, we 

also studied the structure changes upon irradiation for both borosilicate and ISG glasses using Raman 

and infrared spectroscopies, showing an apparent transformation of BO 4 to BO 3 groups in borosilicate 

glasses irradiated with heavy ions. We thus this structural change in relation to the changes of mechani- 

cal/elastic properties. Our findings suggest that boron structures play an important role in controlling the 

macroscopic radiation effects. 

© 2021 Elsevier B.V. All rights reserved. 

1. Introduction 

Borosilicate glasses are widely used in different fields, because 

of their characteristics such as relatively high thermal conductiv- 

ity, chemical stability and thermal shock resistance. Consequently, 

borosilicate glasses are chosen as host materials to solidify high 

level radioactive waste (HLW) in many countries. This vitrification 

of the HLW is done to keep the biosphere safe [ 1 , 2 ]. During dis- 

posal of HLW, the vitrified materials suffer from radiation from the 

HLW [3] . Various questions thus arise, such as whether the vitri- 

fied materials are stable and when the vitrifications lose their abil- 

ity to solidify the HLW. Therefore, the radiation effects on the glass 

structure and properties have been studied extensively [4-9] . 

Ions, gamma rays, neutron and beta have been irradiated on dif- 

ferent glasses to simulate radiation effects in the vitrifications [10- 

14] . Oxygen are formed in glasses with irradiation of ion, gamma 

∗ Corresponding author. 

E-mail address: penghb@lzu.edu.cn (H.B. Peng). 

and beta [ 10 , 11 , 13 , 15 ]. The defects have been identified in differ- 

ent glasses upon irradiation of gamma and beta. However, com- 

pared with a dramatic change in hardness and modulus induced 

by ions and alpha decays, hardness variation induced by electron 

in borosilicate glass is only around 4%, which is much less than 

the hardness variation induced by He ions [16] . Upon irradiation 

of ions or alpha decays, the hardness and modulus of borosilicate 

glasses drop by 30% and 15%, respectively [ 17 , 18 ]. 

Weber et al. have proposed that the fracture properties are im- 

portant for HLW disposal because fracture increases the surface 

area, which leads to higher leaching tendency [19] . Ewing and We- 

ber have summarized the radiation effects in vitrifications [20] , 

while Weber and Peuget have demonstrated that hardness of vitri- 

fications with alpha decay drop greatly [ 3 , 18 ]. Furthermore, Peuget 

has proposed that the changes in hardness and modulus of vitri- 

fications can be assigned to nuclear energy deposition [18] , lay- 

ing an experimental foundation for radiation effects in vitrifica- 

tions induced by alpha decay with simulation of irradiation of ions. 

Moreover, Mir and Peuget have proposed results of glasses irradi- 

https://doi.org/10.1016/j.jnucmat.2021.153025 
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Table 1 

Compositions and properties of borosilicate glasses. 

Mol% NBS2 NBS4 NBS5 NBS6 NBS7 NBS8 ISG 

Na 2 O 16.0 20.0 14.2 15.3 16.7 17.9 12.6 

SiO 2 67.3 64.0 67.3 64.5 61.4 58.7 60.2 

B 2 O 3 16.7 16.0 18.6 20.2 21.9 23.4 16.0 

Al 2 O 3 0 0 0 0 0 0 3.8 

CaO 0 0 0 0 0 0 5.7 

ZrO 2 0 0 0 0 0 0 1.7 

R = Na 2 O/B 2 O 3 0.96 1.25 0.76 0.76 0.76 0.76 0.79 

K = SiO 2 /B 2 O 3 4.02 4.00 3.62 3.20 2.80 2.50 3.76 

Density(g/cm 

3 ) 2.36 2.50 2.44 2.46 2.45 2.49 2.50 

Hardness(GPa) 7.2 ±0.3 8.3 ±0.2 7.9 ±0.3 7.8 ±0.3 7.9 ±0.3 7.7 ±0.3 7.3 ±0.3 

Modulus(GPa) 86.6 ±1.2 94.3 ±1.2 84.8 ±1.3 87.0 ±1.8 85.0 ±2.0 86.1 ±2.7 79.4 ±1.3 

ated with dual beam and suggested that irradiation of helium ions 

could recover the properties of glasses [ 8 , 21 ]. 

Wang and Peng have studied radiation effects in borosilicate 

glasses and compared with results of fused silica [22-26] . From 

their experimental results, radiation effects in borosilicate glasses 

are found not to be the same as those in fused silica [27] . There- 

fore, it is interesting to study which structural features dominate 

the changes in borosilicate glasses upon ion irradiation. Besides ex- 

perimental studies, simulations of radiation effects in borosilicate 

glasses were also carried to answer this question. With molecular 

dynamics simulation method, Kieu and Yuan suggested that par- 

tial transformation of [BO 4 ] to [BO 3 ] leads to a change in hardness 

of borosilicate glass after the irradiation of ions [ 25 , 28 ]. As such, 

there is a need to investigate in more details how the composition 

of borosilicate glasses influence the radiation effects on mechanical 

properties. 

2. Material and methods 

The borosilicate glasses with different compositions were pre- 

pared by melt-quenching. Melting and stirring were done at a tem- 

perature of 1300 ◦C for 4 hours and subsequently the quenched 

glasses were naturally cooled down to room temperature. The 

cooling rate was less than 5 ◦C/min. Afterwards, the glasses were 

re-heated to a temperature of 500 ◦C for 48 hours to remove the 

residual stress. After that, the glasses were cut into prisms with 

the dimension of 10 ×10 ×1 mm 

3 , which were optically polished on 

both sides. Compositions of the borosilicate glasses are listed in 

Table 1 

Table 1 presents compositions and properties of the pristine 

borosilicate glasses. The NBS series glasses are ternary glasses, 

which are made from sodium oxide, silica and boric oxide. The 

glass named ISG is the International Simple Glass [5] . The R value 

of NBS5 to NBS8, which is defined as molar ratio of sodium oxide 

to boric oxide, is kept constant, while it varies for the other NBS 

glasses. 

3. Experimental 

The NBS and ISG glasses were irradiated with Xe ions to study 

radiation effects on mechanical properties. The radiation experi- 

ment was carry out at Institute of Modern Physics (IMP) of Chinese 

Academy of Sciences. The different glasses were irradiated with 

5 MeV Xe ions at room temperature. Xe ions were produced, se- 

lected and then accelerated to energy of 5 MeV. A pair of rastering 

magnets was used to produce uniform ion beam. Then ion beam 

bombarded on samples in a target chamber. Pressure in the tar- 

get chamber was 7.6 ×10 −5 Pa. The typical ion current was 2 μA 

and the size of a beam spot was 20 ×20 mm 

2 . Each specific glass 

sample was separated into two series and irradiated with two dif- 

ferent methods, separately. First, a series of samples, which were 

half covered with aluminum foil, that were irradiated with differ- 

ent doses to form an edge between the irradiated and unirradiated 

regions. Second, a series of samples that were irradiated evenly on 

surface to study macroscopic and microscopic changes . 

After irradiation, the volume changes of the borosilicate glasses 

were measured with an atomic force microscopy (AFM) under am- 

bient conditions. The typical ion penetration range in the glasses 

was about 2 μm. The volume change in ion-irradiated glasses 

could be expressed as: 

�V 

V 

= 

h 

R p 
, (1) 

where V is volume of the damaged region induced by ions in the 

glass, �V is change in the volume, R p is range of the ions in the 

glass, and h is the height of the step between the edge. 

The hardness and modulus of the glasses were measured by 

MTS G200 nanoindenter device with a Berkovich diamond inden- 

ter. A continuous stiffness mode was selected. The maximum load 

was 500 mN and the penetration depth was 2 μm. During the 

measurement, the temperature was kept at 21 ◦C ±3 ◦C, and relative 

humidity was 40% RH. The hardness could be expressed as: 

H = 

P 

A 

, (2) 

where H is nanohardness of glass, P is load applied on the tip, and 

A is the projected area after unloading. The Young’s modulus could 

be obtained as: 

1 

E r 
= 

1 − ν2 

E 
+ 

1 − ν2 
i 

E i 
, (3) 

where E r is reduced modulus, E, ν and E i , ν i are moduli and Pois- 

son ratio of samples and diamond indenter, respectively. The Pois- 

son ratios of samples are set 0.22 and that of diamond indenter is 

0.07. 

Micro-indentation testing using a Nanovea CB500 hardness 

tester was used to evaluate the crack initiation resistance (CR). Fol- 

lowing previous methods [29] , CR was evaluated from the resis- 

tance of the glass to the initiation of corner cracks upon indenta- 

tion. That is, we applied increasing loads (from 0.1 to 5 N) using 

a Vickers tip. After the test, the numbers of corner cracks caused 

by the residual indentation were counted. The probability of crack 

occurrence (PCI) was derived as the ratio between the number of 

corners, where a corner crack was formed and the total number 

of corners on all indents. CR is defined as a load that generates 

two cracks (PCI = 50%) on average. On each sample, at least 20 

indents were engraved with loading duration of 15 seconds and 

dwell time of 10 seconds. The cracks were counted 2 hours af- 

ter unloading. The measurements were conducted under laboratory 

conditions (room temperature, relative humidity 40-45%). 

The Raman spectra of pristine and irradiated NBS glasses were 

measured with an iHR550 device (Horiba Co.). The 1200 line/mm 

grating was selected and the resolution of Raman spectroscopy is 

2 
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Fig. 1. Hardness and moduli depth curves of the NBS8 glass. The solid lines are 

fitting lines that can obtain the hardness and moduli of glass at depth of zero. The 

typical measurement curves with different doses were presented. 

0.75 cm 

−1 . A 532 nm semiconductor laser was used as the exci- 

tation source. The infrared spectroscopy measurements of different 

NBS glasses were taken with an attenuated total reflectance Spec- 

trum Two (Perkin Elmer). The typical range of infrared spectra was 

from 400 to 40 0 0 cm 

−1 , with a resolution of 2 cm 

−1 . 

4. Results 

Fig. 1 presents examples of measured hardness and modulus 

depth curves for NBS8 glass. The extrapolation method is sug- 

gested in this work for analyzing hardness of the non-crystalline 

glass material while the hardness of crystalline materials could be 

obtained via other method [ 30 , 31 ]. More details about this extrap- 

olation method is given in previous work [26] . With extrapolation 

analysis method, the measured curves of elastic properties (hard- 

ness and modulus) with depth range from 300 nm to 800 nm were 

fitted with a linear function and then hardness and modulus were 

deduced at the zero depth. 

The damage profile (the solid line) in NBS4 glass with irradia- 

tion of single energy Xe ion is shown in Fig. 2 , revealing a roughly 

uniform damaged region in the glass surface [32] . The damage pro- 

file was simulated by SRIM program [32] . The full-cascade method 

was suggested by Weber and the displacement energy was set to 

40 eV [ 33 , 34 ]. With irradiation of single energy ion, the roughly 

uniform damage layer is formed, and the dash line presents the 

mean damage in the layer. The radiation dose is obtained from the 

mean damage. 

Fig. 3 presents the Raman spectra of the pristine glasses, show- 

ing four main peaks. A peak at 500 cm 

−1 was attributed by com- 

bination of Si-O-Si bending vibration and breath mode of four- 

membered ring [ 10 , 35 ]. The peak of 630 cm 

−1 is due to vibra- 

tion of danburite-like structure [ 36 , 37 ]. A region from the 900 

to 1300 cm 

−1 is due to a series Si-O 

− stretching vibrations from 

Q 

n structures, i.e., silicon atom connects with oxygen atoms and 

n (0,1,2,3,4) presents the number of bridging oxygen atoms. The 

peaks of 1078 cm 

−1 was assigned to Q 

3 , and that of 986 cm 

−1 

was assigned to Q2 [ 11 , 36 ]. The Raman spectra of NBS4 and NBS2 

glasses are different from Raman spectra of NBS5, NBS6, NBS7, 

and NBS8 glasses. Indeed, the R values of NBS4 and NBS2 glasses 

Fig. 2. The damage profile in NBS4 glass irradiated with Xe ions. The solid line 

presents damage profile in NBS4 glass and the dash line presents mean damage in 

NBS4 glass. 

Fig. 3. Raman spectra of pristine NBS glasses. 

Fig. 4. The typical AFM plot of NBS4 glass irradiated with 0.1 dpa Xe ions. 

are 1.25 and 0.96, respectively, while it is 0.75 for the other NBS 

glasses. Compared with the Raman spectrum of NBS2 glass, the Ra- 

man spectrum of NBS4 has lower intensity of 500 cm 

−1 peak and 

higher intensities of 630 and 1078 cm 

−1 peaks. This indicates that 

there are more Q 

3 structures and combinations between BO 4 and 

SiO 4 in NBS4 compared to NBS2 glass. The broad band between 

1250 and 1500 cm 

–1 can be assigned to B–O elongations in BO 3 

groups. 

A 3D view of the surface topography of the NBS4 glass is de- 

picted in Fig. 4 . With irradiation dose of 0.1 dpa, a step with height 

of 30 nm is formed on the surface of NBS4. The ion-irradiated re- 

3 
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Fig. 5. Dependence of hardness of borosilicate glasses and ISG glass on irradiation 

dose. 

Fig. 6. Dependence of modulus of borosilicate glasses and ISG glass on irradiation 

dose. 

gion is higher than unirradiated region, which indicates swelling 

in NBS4 glass. With irradiation dose 0.006 dpa, the step is hardly 

found on the glasses. Therefore, the volume change of the glasses 

at low dose was set 0%. For all the glass, the step is easily mea- 

sured after irradiation dose of 0.1 dpa. 

Fig. 5 shows the hardness of NBS glasses with different irradia- 

tion dose. With increase of the dose, the hardness of the borosili- 

cate glass decreases, with a saturation at about 5.2 GPa for all the 

borosilicate glasses. The dose leading to this apparent saturation is 

around 0.1 dpa. On the other hand, the hardness of the pristine 

glasses with different compositions is different. With irradiation 

dose of 0.1 dpa, the difference in hardness of borosilicate glasses 

becomes less than 0.3 GPa. The evolution of the moduli of the 

borosilicate and ISG glasses with dose is depicted in Fig. 6 . As the 

irradiation dose increases, the modulus decreases and then satu- 

rates at dose of 0.1 dpa. Independent of composition, the saturated 

moduli of borosilicate glasses are about 72 ±1.5 GPa. 

Fig. 7 presents infrared spectra of pristine and ion-irradiated 

NBS glasses. All the spectra have been normalized at the maxi- 

mum intensity. For all the NBS glasses, an increase in the regions 

around 680 cm 

−1 and 1200 to 1500 cm 

−1 is observed upon in- 

Fig. 7. Infrared spectra of NBS glasses with different irradiation doses. 

creasing irradiation dose. Both regions are assigned to vibrations 

from BO 3 structures. The 680 cm 

−1 region is due to bending vi- 

bration of B-O-B bond [ 38 , 39 ]. The stretching vibration of trigonal 

BO 3 leads to the peaks from 1200 to 1500 cm 

−1 [ 38 , 40 , 41 ]. The in- 

sets in Fig. 7 present intensities of the vibration corresponding to 

trigonal BO 3 structural units in the region of 120 0-150 0 cm 

−1 and 

the direction of arrows illustrate the increasing trend of irradiation 

dose. Moreover, there is increase in the peak of 950 cm 

−1 for NBS 

glasses, except for NBS8 glass. The peak at 950 cm 

−1 is associated 

to Q 

3 units [42] . The region from 1200 to 1500 cm 

−1 is hardly af- 

fected by any overlapping absorbance from neighboring peaks, and 

therefore, its intensity is a good index to confirm the increase in 

the fraction of BO 3 units. 

We have then fitted the infrared absorbance region from 1200 

to 1500 cm 

−1 with three Gaussian peaks at 1310, 1390 and 1470 

cm 

−1 . The typical fitting results are presented in Fig. 8 . The ex- 

perimental curve of NBS8 is obtained from original spectrum by 

subtracting an oblique baseline, so as the experimental curves of 

other NBS glasses in this work. The 1310 cm 

−1 peak is attributed to 

‘loose’ BO 3 units, the 1390 cm 

−1 peak is assigned to BO 3 units con- 

nected with BO 4 units, and the 1470 cm 

−1 peak is corresponded 

to BO 3 units bonding with BO 3 units [36] . The regions of 1200 

to 1500 cm 

−1 are majorly contributed by peaks of 1310 and 1390 

cm 

−1 , both the intensities of the peaks increase with dose. Fig. 9 

depicts the fitting intensity of 1310 cm 

−1 peak evolving with the ir- 

radiation dose. Here the error bars are smaller than the dimension 

of symbols. For all the NBS glasses, the intensity increases with 

the irradiation dose, indicating that the fraction of BO 3 units in the 

NBS glasses increases with the irradiation dose. 

Fig. 10 presents a plot of hardness versus the moduli for the 

borosilicate glasses with different com position. For the pristine 

borosilicate glasses, the values of hardness and moduli spread 

4 
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Fig. 8. The typical Gaussian fitting result of infrared spectra of NBS8. 

Fig. 9. The relation between the intensities of the 1310 cm 

−1 on infrared spectra 

and the irradiation dose. 

Fig. 10. As dose increased, the moduli of glasses changed with hardness. As the 

dose increased the arrow with dashed line illustrates properties’ evolutional trend 

of borosilicate glasses, and the arrow with solid line illustrates that of fused silica. 

in a large range as shown in the dashed circle. The arrow with 

dashed line in Fig. 10 shows the increasing direction of irradia- 

tion dose for borosilicate glasses, which indicates that both hard- 

ness and moduli of borosilicate glasses decrease with irradiation 

dose. On the other hand, all of the saturated hardness and mod- 

uli values of the borosilicate glasses can be found in a relatively 

small dashes rectangle region. Besides, we are also interested in 

the modulus-hardness relationship of other glass materials. The 

Fig. 11. Volume change of glasses as a function of the irradiation dose. The symbol 

of ∗ presents data of SiO 2 from Ref. [27] . 

Fig. 12. Crack initiation probability as a function of applied indentation load for 

both pristine and ion-irradiated borosilicate glasses. Results are shown for three se- 

lected glass compositions. 

modulus-hardness results of fused silica irradiated with Xe ions re- 

ported recently in Ref. [27] are also included here. The arrow with 

solid line in Fig. 10 illustrates evolution of hardness and moduli of 

the fussed silica when the dose increases. For fused silica, it’s clear 

that the hardness decreases while the modulus increases with ir- 

radiation doses. In general, either the hardness of borosilicate glass 

or that of fused silica decrease with irradiation dose. However, the 

evolutional trend of modulus-hardness relationship of fused silica, 

presented as the arrow with solid line, is quite different from that 

of borosilicate glasses, presented as the arrow with dashed line. As 

such, the influence of radiation on the hardness and modulus of 

borosilicate glass is different from that of fused silica. 

The irradiation-induced volume changes of different glasses are 

presented in Fig. 11 . All the borosilicate glasses expand with in- 

creasing dose, while the opposite is observed for fused silica. Sim- 

ilar to hardness and modulus results, there is an apparent satura- 

tion of the volume at high irradiation dose. The saturated change 

in the volume of NBS4 is about 4 ±1.2%, while that of NBS5, NBS6, 

NBS7, and NBS8 is about 2.2 ±0.8%. For the ISG glass, the saturated 

change in the volume is about 1 ±0.8%. With irradiation of Xe ions, 

the volume of the fused silica changed by -3.7 ±0.6%. 

The crack initiation probability as a function of the Vickers in- 

dentation load of three selected borosilicate glasses is shown in 

Fig. 12 . For each kind of borosilicate glass, the crack resistance was 

determined for two different doses, the pristine and dose of 0.6 

dpa. The solid and dashed lines are the fitting lines for the pristine 

and irradiated samples, respectively. The CR values (determined as 

5 
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Table 2 

The crack resistances of the borosilicate glasses, the unit is N. 

NBS2 NBS4 NBS5 NBS6 NBS7 NBS8 

Pristine 0.2 0.1 1.2 0.1 0.2 0.2 

Irradiated 2.7 2.0 3.1 2.3 2.0 1.4 

the load for 50% crack probability) are listed in Table 2 . After irra- 

diation of ions, the crack resistance increases dramatically, which 

is matched with the decrease in hardness. 

In summary, for all the borosilicate glasses, the saturated hard- 

ness and modulus are about 5.1 GPa and 75 GPa, respectively. 

Comparing with the changes in the hardness, modulus, volume 

and crack resistance, we conclude that saturated values of hardness 

and modulus are independent on the glass composition, while the 

changes in crack resistance and volume depend on the glass com- 

position. 

5. Discussion 

We have found that hardness and moduli of borosilicate glasses 

with different com positions are approximately the same when they 

have the same R values. The borosilicate glasses with different R 

values have different hardness and moduli. Considering the Raman 

structural data, the intensity of the 1076 cm 

−1 peak is related to 

the Q 

3 structures. The Q 

3 region of NBS5,6,7,8 glasses in the Ra- 

man spectra is approximately the same, while it differs from that 

of NBS2 and NBS4 glasses. This indicates that microstructure of the 

pristine borosilicate glasses depend strongly on the R value. As for 

the ISG, the doping of calcium oxide and aluminum oxide alters its 

microstructure and consequently its properties and Raman spec- 

trum are different from those of the NBS glasses. For the present 

glasses, the R value is higher than 0.5, and according to Manara 

et al ., both danburite units (Na 2 O 

•B 2 O 3 •2SiO 3 ) and reedmergnerite 

units (Na 2 O 

•B 2 O 3 •8SiO 3 ) should be presented [37] . 

Upon ion irradiation, the different trends in the variations of 

hardness-modulus relationship, for borosilicate glasses and fused 

silica (as seen arrows with solid and dashed lines in Fig. 10 ), sug- 

gest that different changes in microstructure are produced by im- 

pact of ions in different glass materials. The basic structure of sil- 

ica is the network of silica tetrahedron. As for borosilicate glass, 

there are at least four structures:silica tetrahedron, the danburite 

units, the reedmergnerite units and trigonal BO 3 unit. In addition, 

in units of danburite and reedmergnerite, boron atoms exist as bo- 

rate tetrahedra. Upon ion irradiation, for the fused silica, the net- 

work of silica tetrahedron would be broken, and then the hard- 

ness and modulus of the silica varied. But the microscopic struc- 

tural origin of the hardness or modulus variations is different in 

the case of borosilicate glasses. As mentioned above, the number of 

BO 3 structures is proportional to the intensity of the peak at 1310 

cm 

−1 in infrared spectra. Upon ion irradiation, for all the borosil- 

icate glasses with different compositions, a rough linear relation- 

ship between the hardness and intensity of 1310 cm 

−1 peak was 

observed in Fig. 13 . This presents the existence of a strong depen- 

dence of hardness on the structures of boron atoms. The changes 

in hardness and moduli of borosilicate glasses should be assigned 

to changes in boron related structures. 

Our results from infrared spectra ( Fig. 7 , Fig. 9 and Fig. 13 ) sug- 

gest an increase in the fraction of BO 3 units in the NBS glasses 

with radiation dose. Kieu and Yuan’s simulations suggest that, af- 

ter irradiation, boron tetrahedron would turn into BO 3 [ 28 , 43 ]. This 

infers that, with irradiation, both the danburite units and the reed- 

mergnerite units would be broken because of the transformation 

of boron tetrahedron to the trigonal boron. This could explain the 

Fig. 13. The relation between the hardness and intensities of 1310 cm 

−1 . The arrow 

with solid line exhibits variation of hardness and number of BO 3 with the increase 

of dose. 

decrease in the hardness and moduli of the borosilicate glasses 

changed with the irradiation of ions, as both hardness and elas- 

tic modulus [44] are controlled by the network rigidity, which de- 

creases upon BO 4 to BO 3 conversion. It would also explain the in- 

crease in CR upon ion irradiation. BO 3 has an open and planar 

structure, which makes it prone to undergo densification during 

indentation. Glasses which are more prone to densification and 

undergo structural changes during indentation generally exhibit 

higher crack resistance [45] . 

After irradiation of ions, the changes in volume of borosilicate 

glasses might be affected by three reasons. The first is the trans- 

formation of BO 4 to BO 3 that induces the volume increase or the 

density decrease. Density increase in the borosilicate glasses, pro- 

duced by transformation of BO 3 to BO 4 , has been shown by Lee 

et al. [46] . This infers a linkage between the volume changes and 

transformation of BO 4 to BO 3 in borosilicate glasses. Therefore, the 

transformation of BO 4 to BO 3 could result in a density increase or 

swelling effect. The second reason is the change in silicate struc- 

tures that might lead to a decrease in volume. This could be im- 

plied by the shrinkage in the fused silica irradiated by ions [27] . 

The third reason is the existence of doped ions in the glass could 

increase the disorder degree of the network in the borosilicate 

glasses. Except BO 4 and BO 3 , the doped ions, for instance Al atoms, 

could also form other network structures in borosilicate glass. This 

makes structures of ISG glass much more complex than that of the 

ternary borosilicate glasses. Similarly, the disorder degree of ISG 

glass will increase as well, as a result of the increasing amount 

of network structures formed by doped ions. However, the B 2 O 3 

content of ISG is less than that of all of the NBS glasses in this 

work. With this reason alone, we have been able to conclude that 

the BO 4 structure in the ISG glass is less than that in the ternary 

borosilicate glasses. Based on the reasons above, the BO 4 structure 

in the ISG glass is less than that in the ternary borosilicate glasses. 

Moreover, the transformation of BO 4 to BO 3 in the irradiated ISG 

glass, which could induce swelling effect, is not so much as that 

in the ternary borosilicate glasses. Therefore, upon ion irradiation, 

the volume change in the ISG glass is much less than that of the 

borosilicate glasses. 

In general, the boron atoms affect the network of pristine 

borosilicate glass. With irradiation of ions, the basic units of the 

network, the boron tetrahedron, would change, which, in turn, ap- 

pears to cause the changes in the network of borosilicate glasses 

and macroscopic properties. 
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6. Conclusions 

Borosilicate glasses with different com positions have been fab- 

ricated and analyzed with Raman and infrared spectroscopy and 

nano- and micro-indentation. The R value appears to play a key 

role in both microstructure and mechanical performance. Radiation 

effects in borosilicate glasses and fused silica have also been stud- 

ied by measuring hardness, modulus, volume change and crack re- 

sistance. The hardness and modulus of borosilicate glassed shared 

similar saturated trends, i.e., they decrease with the dose and then 

saturate. For the both the hardness and volume changes, their sat- 

urated values are the same for different borosilicate glasses, inde- 

pendent on the glass composition. The volume changes are satu- 

rated with the dose, but the saturated volume changes depend on 

the glass composition. The infrared spectra of NBS glasses suggest 

that, with irradiation of ions, the BO 3 units in all the borosilicate 

glasses increase with irradiation dose. Both characteristics of the 

pristine glasses and ion-irradiated glasses indicate that the boron 

atoms play an important role. After irradiation, the crack resistance 

of the borosilicate glasses increases substantially. 
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Abstract: Aluminoborosilicate glasses find a wide range of applications, which require good me-
chanical reliability such as surface damage resistance. Calcium aluminoborosilicate (CABS) glasses
have recently been found to exhibit so-called intermediate behavior in terms of their response to
sharp contact loading. That is, these glasses deform with less shear than normal glass and less
densification than anomalous glasses. This deformation mechanism is believed to give rise to high
crack initiation resistance of certain CABS glasses. In order to further improve and understand the
micromechanical properties of this glass family, we studied the indentation response of different
CABS glasses subjected to two types of post-treatment, namely hot compression and humid aging.
Upon hot compression, density, elastic moduli, and hardness increased. Specifically, elastic modulus
increased by as much as 20% relative to the as-made sample, while the largest change in hardness
was 1.8 GPa compared to the as-made sample after hot compression. The pressure-induced increase
in these properties can be ascribed to the increase in network connectivity and bond density. On the
other hand, the crack initiation resistance decreased, as the hot compression increased the residual
stress driving the indentation cracking. Humid aging had only a minor impact on density, modulus,
and hardness, but an observed decrease in crack initiation resistance. We discuss the correlations be-
tween hardness, density, crack resistance, and deformation mechanism and our study thus provides
guidelines for tailoring the mechanical properties of oxide glasses.

Keywords: calcium aluminoborosilicate (CABS) glasses; indentation response; hot compression;
humid aging

1. Introduction

Oxide glass materials find various applications due to their high hardness, trans-
parency, and chemical durability [1]. Their mechanical properties have in particular
received widespread attention. This is because the low practical strength and fracture
toughness limit the present and potential future applications. The low strength arises due
to surface flaws, at which the stress concentrates and could lead to catastrophic damage [2],
and the glasses also do not have a stable shearing mechanism. To enable the design of
stronger and more damage-resistant oxide glasses, different intrinsic [3] and extrinsic
post-treatment methods have been tried, including chemical strengthening to limit the
formation and propagation of strength-limiting cracks through the creation of a surface
layer with high compressive stress [4].

Indentation testing can, to some extent and for certain applications, be used to simulate
real-life damage events under controlled conditions. This is because sharp contact is often
the main failure mode of glasses. The sample area required for indentation testing is
relatively small and the experiment time is short. In terms of their Vickers indentation
behavior, oxide glasses can be classified into “normal”, “anomalous”, or “intermediate”.
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The normal glasses deform by a shearing mechanism and form median/radical and lateral
cracks, while anomalous glasses mainly deform through densification and often form
ring/cone cracks. The intermediate glasses have some characteristics of typical normal and
anomalous glasses, as they deform with less shear than normal glass and less densification
than anomalous glass, but do not have ring/cone and median cracks [5]. The indentation
deformation mechanism (e.g., degree of shear flow and densification) therefore depends to
a large extent on the glass composition. Since densification is an effective way to dissipate
the elastic energy applied to the material in the process of indentation, there has been an
increasing interest in tailoring the deformation mechanism and thus cracking behavior
through rational composition design.

The number of possible oxide glass compositions is extremely high [6] and outside
the range of what could be tested experimentally, at least with the current methods for
composition–structure–property studies. In the effort to improve the indentation response
of oxide glasses, it is thus important to establish relationships between glass composition,
indentation deformation mechanism, and the resulting indentation response. Knowledge
of such relationships will advance the design of tailored oxide glasses, with the goal to shift
the field from trial-and-error to model-based glass design. To enable this, it is important to
understand at the atomic-scale the structural rearrangements that occur due to the high
stress levels induced by indentation. For instance, Lee et al. [7] showed that for vitreous
boric oxide at room temperature, the average coordination number of boron increases with
pressure, with irreversible changes starting at a pressure of 4–7 GPa. This pressure level is
usually achieved in indentation experiments.

In this study, we focused on the indentation response of a family of calcium alumi-
noborosilicate (CABS) glasses. They are interesting, as they have been found in recent
work to exhibit intermediate indentation behavior, i.e., they deform with higher densi-
fication than typical normal glasses and also more shear deformation than anomalous
glasses [8]. This gives rise to a high crack initiation resistance during indentation, which in
turn has been related to high shear band density in some CABS glasses. In general, such
aluminoborosilicate glasses can be applied as flat panel display substrates, photochromic
components, bioactive materials, and nuclear waste encapsulation materials [9]. The net-
work connectivity of the intermediate CABS glasses is lower than that of anomalous glasses,
which leads to the greater degree of shear deformation, allowing them to be relieved from
the stresses that form ring and median cracks [10]. However, in the studied CABS glass
series with varying SiO2/B2O3 ratios [6], the relative amounts of shear and densification
deformation were constant, but the load leading to indentation cracking varied depending
on the chemical composition. Therefore, in this work, we aimed to further explore and
understand the structure and composition dependence of the indentation response of
CABS glasses. In CABS glasses, SiO2 and B2O3 are the basic network formers, due to
the low cation size and high bond strength. Boron is found in either a three- or four-fold
coordinated state with oxygen in a random configuration [11]. Both four-fold coordinated
boron and aluminum need to be stabilized by calcium cations, or alternatively through the
formation of five- or six-fold coordinated aluminum or oxygen triclusters. The addition of
alumina to borate glass thus changes the boron speciation [12].

Besides composition optimization, we explored the effects of post-processing methods
on the mechanical properties of CABS glasses. These methods included hot compression
and humid aging treatment. First, heating the glass at a temperature close to the glass
transition temperature (Tg) under elevated pressure (i.e., so-called hot compression) can be
used to permanently change the structure and properties of oxide glasses [13]. That is, hot
compression at pressures of 1–2 GPa around Tg is known to increase density, hardness, and
elastic moduli, whereas crack initiation resistance decreases [14–16]. In addition to being
an important method that could help to tune the properties, compression experiments can
provide insights into the indentation deformation mechanism due to the high stress that
can be generated in glasses under sharp contact loading [17–19]. Second, humid aging
treatment has been found to influence the mechanical properties. For example, Kim et al.
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studied the subsurface damage of soda–lime–silica float glass before and after hydrother-
mal treatment [20,21]. The glass–water reactions were accelerated at the subsurface damage
layer. Interestingly, compared with the original float glass, the surface of hydrothermally
treated glass exhibited lower hardness, higher crack resistance, and lower resistance to
mechanochemical wear under higher humidity. Another study explored the influence of
relative humidity during mechanical testing on the crack resistance of an alkaline earth
aluminosilicate glass. Vickers hardness was not significantly influenced by the environ-
mental conditions, whereas crack resistance decreased with the increase of humidity [22].
Recently, it was found that a cesium aluminoborate glass exhibits excellent crack resistance
after being subjected to humid surface aging prior to indentation testing [23]. Such water
entry into the glass surface may exert compressive stresses in the contact area [24,25],
which could help to suppress the formation and propagation of cracks. In addition, the
diffusion of water into the glass network may lead to rapid stress release [26]. However, the
aging of a lithium aluminoborate glass [27] does not cause the ultra-high crack resistance
values as for the cesium aluminoborate glasses. There is thus a need to understand the
composition dependence of the effect of humid aging on glass mechanics. Considering
their high inherent crack initiation resistance, performing humid aging treatment on CABS
glasses is particularly interesting.

In this work, we used the 15CaO-15Al2O3-25B2O3-45SiO2 (named CABS-ref) glass
from the previous study [6] as the reference composition, since it showed the highest crack
initiation resistance and it was thus interesting to investigate if it could be further improved.
We then performed five systematic composition variations in 5 mol% oxide increments, as
shown in Table 1: CABS-SiB (Si/B increase), CABS-CaB (Ca/B increase), CABS-BAl (B/Al
increase), CABS-CaSi (Ca/Si increase), and CABS-CaAl (Ca/Al increase). We performed
hot compression and/or humid aging treatment on the six glasses and characterized
their mechanical properties through ultrasound echography and micro-indentation. The
indentation deformation mechanism was also explored.

Table 1. Nominal chemical compositions of the CABS glasses as well as their measured glass
transition temperature (Tg). Coloring indicates reference content or Tg (grey), increasing content or
Tg relative to reference (green), and decreasing content or Tg relative to reference (red). The error in
Tg was within ±2 ◦C.

Glass ID SiO2
(mol%)

Al2O3
(mol%)

B2O3
(mol%)

CaO
(mol%) Note Tg (◦C)

CABS-ref 45 15 25 15 Reference glass 677
CABS-SiB 50 15 20 15 Si/B increase 652
CABS-CaB 45 15 20 20 Ca/B increase 683
CABS-BAl 45 10 30 15 B/Al increase 636
CABS-CaSi 40 15 25 20 Ca/Si increase 668
CABS-CaAl 45 10 25 20 Ca/Al increase 665

2. Materials and Methods
2.1. Sample Preparation

We prepared the six calcium aluminoborosilicate (CABS) glasses using traditional
melt quenching technology, with the nominal chemical compositions given in Table 1. The
raw materials were CaCO3 (99.5%, ChemSolute, Renningen, Germany), Al2O3 (99.5%,
Sigma-Aldrich, Seelze, Germany), H3BO3 (≥99.5%, Honeywell International, Schnelldorf,
Germany), and SiO2 (≥99.5%, 0.2–0.8 mm, Merck KGaA, Schnelldorf, Germany). First,
these are weighed and thoroughly mixed based on the target composition. To remove H2O
and CO2, the mixed batch was gradually added to a crucible (Pt–Rh) in an electric furnace
at 800 ◦C. Depending on the composition, these mixtures were then melted at 1600 ◦C. The
melt was then poured onto a steel plate for quenching and then transferred to the annealing
furnace at the glass transition temperature (Tg). The actual Tg values were later determined
from differential scanning calorimetry measurements (STA 449 F3 Jupiter, Netzsch, Selb,
Germany) at 10 K/min. Tg values are summarized in Table 1 and also in Table S1 along
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with other property data. After these measurements, the glasses were reannealed at their
measured Tg values for another 0.5 h and then cooled to room temperature with the cooling
rate of about 3 K/min. After re-annealing, we cut the glasses into the required size for
the subsequent characterization. Diamond grinding disks were then used to polish the
samples in ethanol. Based on X-ray diffraction analyses (Empyrean XRD, PANalytical,
Stanford, CA, USA) of all samples, no signs of crystallization were present (Figure S1 in the
Supplementary Materials).

For the hot compression treatment, the glasses were isostatically compressed in a
1.0 GPa N2 atmosphere at their respective Tg values. The high temperature and pressure
were maintained for 30 min, and subsequently the samples were cooled to room tempera-
ture at a cooling rate of 60 K/min to achieve permanent compression of the glass samples.
The pressure chamber was then decompressed at a rate of 30 MPa/min. The humid aging
treatment of all polished glass samples was done using an autoclave. Both as-made and
compressed samples were subjected to this treatment. The conditions of the autoclave were
at 120 ◦C and relative humidity of 100%. The treatment was carried out for a duration of
24 h, whereafter the temperature of the autoclave has dropped to room temperature and
the glass sample was removed for relevant experimental tests.

2.2. Characterization

The density (ρ) values of the as-prepared and post-treated glasses were determined
by Archimedes’ principle of buoyancy. The weight of each sample (at least 1.5 g) was
measured 10 times in ethanol.

An ultrasonic thickness gauge (38DL Plus, Olympus, MA, USA), equipped with
20 MHz delay line transducers for the determination of the longitudinal V1 and transversal
wave velocities V2, was used to determine the elastic properties of the glasses. Based on
these velocity and density values, we calculated Young’s modulus E, bulk modulus B, and
shear modulus G as well as Poisson ratio ν using the relations for isotropic materials.

We also calculated the atomic packing density (Cg). To do so, we assumed four-fold
coordination for Si, six-fold coordination for Ca, two-fold coordination for O, while the
speciation for boron and aluminum was based on previous structural data for the CABS
glasses [6]. Cg is defined as the ratio between the theoretical molar volume provided by the
ions and the effective molar volume of the glass. The atomic packing density (Cg) can then
be calculated as,

Cg = ρ
∑ fiVi

∑ fi Mi
, (1)

where Vi =
4
3 πN

(
xrA

3 + yrB
3) represents the molar volume of an oxide AxBy with the

molar mass Mi and the molar fraction fi, N is the Avogadro number, and rA and rB are the
ionic radii [28–30].

Micro-indentation measurements were carried out with a Nanovea CB500 hardness
tester to determine the Vickers hardness (HV) and crack resistance (CR). On each sample,
20 indentations with a maximum load of 4.9 N (1 kgf) were generated to determine HV,
with a loading duration of 15 s and a dwell time of 10 s. We then used an optical microscope
to analyze the residual imprints and calculate the HV. CR, i.e., the resistance of the glass to
the initiation of cracks in the corners upon indentation, was determined using two different
diamond indenters, namely, the 136◦ four-sided pyramid Vickers tip and the three-sided
pyramid cube corner tip with mutually perpendicular faces. For the same glass, the sharper
cube’s corner tip leads to higher residual stress, less densification, and easier crack initiation
compared to the Vickers tip. In both cases, we used increasing loads (from 4.8 to 30 N for
Vickers and from 0.1 to 0.9 N for cube corner) and counted the numbers of corner cracks 2 h
after unloading (see Figure S2). CR was calculated based on the method of Wada [31]. That
is, the probability of crack occurrence (PCI) was defined as the ratio between the number
of corner cracks and the total number of corners on all indents. CR is a load that generates
2 or 1.5 cracks (PCI = 50%) on average for Vickers and cube corner, respectively. At least
30 indents were performed on each sample using a loading duration and dwell time of 15 s
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and 10 s, respectively. Measurements were performed under laboratory conditions (room
temperature, relative humidity ~37% RH).

To better understand the indentation deformation mechanism (i.e., the relative propen-
sity for densification vs. shear flow) in the different glasses, we explored the recovery of
the indent side length. This analysis consists of recording images of the indent site before
treatment and after a thermal treatment at 0.9 Tg for 2 h [32], and then measuring how
much the side length of the indent cavity shrinks after the annealing treatment. Such side
length recovery is in turn related to the degree of densification upon indentation, as the
densified region will recover during the 0.9 Tg annealing but not the displacement due
to shear flow. We explored at least 10 indents with the load of 4.9 N for each specimen,
loading duration of 15 s, and dwell time of 10 s. The side length recovery (LSR) can then be
calculated as,

LSR=
Ls,i−Ls, f

Ls.i
, (2)

where Ls,i is the indentation side length as defined from the optical microscope before the
treatment and Ls,f is the indentation side length after annealing at 0.9 Tg for 2 h.

3. Result and Discussion
3.1. Density and Elasticity

Table 2 summarizes the density results for the CABS glasses before and after the
different post-treatments. First, considering the as-prepared (annealed) glasses, we found
that the density was generally higher for the glasses with 20 mol% CaO (CABS-CaB,
CABS-CaSi, CABS-CaAl) than those with 15 mol% CaO (CABS-ref, CABS-SiB, CABS-BAl).
This is likely because the modifying Ca2+ ions occupy open spaces in the network, as
also seen from the variation in the atomic packing density showed in Table S2 in the
Supplementary Materials. When the content of CaO was constant, the change in the
proportion of Al2O3 and B2O3 basically had no effect on density of the glass system. Upon
hot compression, we found that the density increased, consistent with the results of other
oxide glass systems [15,33–36]. We quantified the extent of this increase by calculating
the so-called plastic compressibility (βhot) as −(1/V)(dV/dp) where V is volume and p is
applied pressure (see Table 2). The reference CABS glass had the highest value of βhot. In
particular, the addition of CaO and the removal of B2O3 and Al2O3 had a negative effect
on βhot, likely because there is less room for volume densification in these more-packed
glasses with fewer B and Al that can undergo coordination number changes [2]. Generally,
we found that the humid aging treatment only had a minor impact on density for both
as-made and compressed samples.

Table 2. Density (ρ) of the as-made, hot-compressed, humid-aged, and hot-compressed/humid-
aged CABS glasses. Plastic compressibility (βhot.), i.e., the relative increase in density upon hot
compression, is also given. Coloring indicates density or plastic compressibility value of reference
glass or within ±0.2% (grey), increasing density or plastic compressibility relative to reference (green),
and decreasing density or plastic compressibility relative to reference (red). The error in density was
within ±0.002 g cm−3.

Glass ID ρas-made
(g cm−3)

ρhot
(g cm−3)

ρaging
(g cm−3)

ρhot-aging
(g cm−3)

βhot
(GPa−1)

CABS-ref 2.411 2.556 2.430 2.563 6.01
CABS-SiB 2.424 2.552 2.403 2.541 5.28
CABS-CaB 2.539 2.634 2.541 2.637 3.74
CABS-BAl 2.395 2.515 2.388 2.515 5.01
CABS-CaSi 2.497 2.640 2.503 2.635 5.73
CABS-CaAl 2.499 2.603 2.506 2.607 4.16

Table 3 indicates the composition and the post-treatment dependence of Young’s
modulus (E), which is the resistance of the glass to elastic deformation along the axis when
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the opposite force is applied along the axis. E increased following hot compression for all
these CABS glasses, consistent with previous findings [16]. E increased up to 14 GPa, which
was an increase of ~20% relative to the as-made sample. This was ascribed to the increase
in atomic packing density and the increase in connectivity of the glass network. That is, in
the compressed glass more bonds are stretched or broken per unit volume upon loading,
which increases the resistance to deformation and results in an increase in E [12]. It can
be seen from Table 3 that the changes for samples with different components in Young’s
modulus were similar to those for density (Table 2), and the changes in components also
had an effect on the elastic modulus. Table 3 also demonstrates that the changes in E for the
CABS glasses with the process of surface aging were negligible (i.e., the value was similar
to those of the as-made glass).

Table 3. Young’s moduli (E) of the as-made, hot-compressed, humid-aged, and hot-
compressed/humid-aged CABS glasses. Coloring indicates Young’s moduli of reference glass (grey),
increasing Young’s moduli relative to reference (green), and decreasing Young’s moduli relative to
reference (red). The error was within ±2 GPa.

Glass ID Eas-made
(GPa)

Ehot
(GPa)

Eaging
(GPa)

Ehot-aging
(GPa)

CABS-ref 67 81 72 83
CABS-SiB 65 78 70 80
CABS-CaB 73 85 77 82
CABS-BAl 63 76 67 78
CABS-CaSi 72 86 72 87
CABS-CaAl 71 80 76 81

3.2. Glass Transition Temperature

The glass transition temperature values were determined from differential scanning
calorimetry measurements (Figure S3). Among the different glasses, CABS-CaB had the
highest Tg value (683 ◦C) and CABS-BAl had the lowest Tg value (636 ◦C) (Table 1).
Considering the CABS-CaB glass, the ratio of CaO and B2O3 increased relative to CABS-ref.
Upon addition of more alkaline earth oxide into glass, more of the boron atoms will be
converted from a three- to a four-coordinated [37–39]. As discussed above, the addition
of four-coordinated boron results in a more rigid glass network, which can explain the
higher Tg [40,41]. For the CABS-BAl glass, the content of Al2O3 is lower and that of B2O3
is higher, and the corresponding Tg value decreased accordingly. Among all the samples,
the B2O3 content in CABS-BAl was the largest (30 mol%). The high total content of B2O3 in
this glass and therefore also high amount of three-fold coordinated B makes the glass less
rigid. [3]B has a planar and open structure as it does not require charge compensation. This
can explain the lower Tg [40,41].

3.3. Hardness

As shown in Table 4, there were only minor differences in the Vickers hardness
(HV) of the as-made CABS glasses with different composition. However, it was found
that the Vickers hardness (HV) of all samples increased after hot compression. That is,
HV increased from 5.8 to 7.0 GPa, 5.5 to 7.3 GPa, 5.6 to 7.4 GPa, 5.6 to 6.7 GPa, 5.8 to
7.1 GPa, and 6.1 to 7.3 GPa for CABS-ref, CABS-SiB, CABS-CaB, CABS-BAl, CABS-CaSi,
and CABS-CaAl samples, respectively. Hardness increased by up to 1.8 GPa upon hot
compression compared to the as-made sample. We also note that HV exhibited the same
pressure dependence as density, consistent with previous research [42] and indicating that
the densification of the overall network is also the reason for the increase in hardness
during compression. In addition, it is known that the coordination number of boron and
aluminum increases after hot compression, which results in more network bonds per atom.
The increase in bond density and network connectivity is the reason for the increase in
hardness induced by pressure [43]. Indeed, we found an approximate positive correlation
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between the atomic packing density and hardness (Figure 1). For the samples subjected
to humid surface aging treatment, hardness remained almost unchanged compared with
the as-made samples. This finding was also supported from the comparison between the
compressed samples and the samples with combined treatment of hot compression and
surface aging. The possible reason may be that there is little change or influence of surface
aging on the internal structure of the glass. Since the hardness testing was performed at a
load of 4.9 N, the indenter penetration depth was around 5 µm for these samples.

Table 4. Vickers hardness (HV) of the as-made, hot-compressed, humid-aged, and hot-
compressed/humid-aged CABS glasses. Coloring indicates HV value of reference glass (grey),
increasing HV relative to reference (green), and decreasing HV relative to reference (red). The error in
hardness was within ±0.2 GPa.

Glass ID HV as-made
(GPa)

HV hot
(GPa)

HV aging
(GPa)

HV hot-aging
(GPa)

CABS-ref 5.82 6.96 5.70 6.88
CABS-SiB 5.54 7.31 5.97 6.96
CABS-CaB 5.62 7.39 6.11 7.66
CABS-BAl 5.58 6.72 5.50 6.69
CABS-CaSi 5.81 7.14 5.94 7.41
CABS-CaAl 6.11 7.28 6.25 7.32
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3.4. Crack Resistance

Indentation-induced crack initiation occurs under a sufficiently high load due to the
mismatch between the amount of plastic deformation and the surrounding elastically
deformed material. We used the indentation data generated at different loads to calculate
the crack resistance (CR), which is defined as the load that causes two corner cracks to form
per indent for the four-sided pyramid indenter. We note that corner cracks were the main
type of cracks in the investigated glass. Different experimental conditions (such as loading
rate and relative humidity) and composition changes will have a significant impact on the
CR value. Therefore, compared with the starting glass CABS-ref, samples with different
compositions also had different values of CR.

Among the CABS glasses, CABS-BAl had the largest CR value (18.9 N) and CABS-CaB
had the lowest CR value (5.6 N) for Vickers indentation (Table 5). As discussed previously,
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the CABS-CaB glass has a more rigid structure that gives rise to more residual stress and
thus a lower CR value. This is also seen from Figure 2 that shows the relation between
CR from Vickers indentation and Vickers hardness. As the hardness increased, the crack
resistance generally showed a decreasing trend. The results generally show that changing
the fraction of CaO had a pronounced input on the mechanical properties, which in turn
depended on the balance between the atomic bonding energies, the packing efficiency of
atoms, and the ability of the network to structurally rearrange or densify. Therefore, after
adding modified oxides (such as CaO), in addition to converting the three-fold coordinated
B into four-fold coordinated B, the interstices are filled with modified cations. This is
expected to partially hinder the indentation-induced densification and cause the glass
to be more prone to deform through shear flow [44]. Alkaline earth modifier cations
such as Ca2+ form relatively strong ionic bonds with oxygen, which also leads to higher
hardness and modulus compared to alkali cations [45,46]. For the CABS-BAl glass, the
ratio of B2O3 to Al2O3 increases and the glass thus have more three coordinated B atoms
as discussed previously. As crack resistance is known to increase with increasing [3]B
content [47], it explains the high CR value of this glass. The positive effect of [3]B2O3 on
CR is due to the relatively high single bond strength [48], with [3]BO (499 kJ/mol) > AlO
(293–423 kJ/mol) [49]. Moreover, [3]B has an open structure as it does not require charge
compensation, and [3]B also has a planar structure, which makes it easier to densify and
increase its coordination number during indentation.

Table 5. Crack resistance (CR) for Vickers indentation of the as-made, hot-compressed, humid-aged,
and hot-compressed/humid-aged CABS glasses. Coloring indicates CR value of reference glass
(grey), and decreasing CR relative to reference (red). The error in CR was within 15%.

Glass ID CR as-made
(N)

CR hot
(N)

CR aging
(N)

CR hot-aging
(N)

CABS-ref 13.0 5.6 5.4 4.4
CABS-SiB 13.6 7.8 6.1 3.9
CABS-CaB 5.6 3.8 2.9 2.8
CABS-BAl 18.9 8.0 5.0 3.4
CABS-CaSi 14.5 8.4 8.1 4.6
CABS-CaAl 8.2 6.9 3.9 2.6
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For the glasses subjected to the sharper cube corner tip (Table 6), the startingglass
(CABS-ref) had the largest value of CR and CABS-BAl surprisingly had the smallest CR.
This must be ascribed to different deformation mechanisms as the tip sharpness changes [5].
That is, when the tip is sharper, the glass is not able to densify as much as with the blunter
Vickers tip. Therefore, the main advantage of the CABS-BAl glass (i.e., its structural
densification ability) disappears.

Table 6. Crack resistance (CR) for cube corner indentation of the as-made, hot-compressed, humid-
aged, and hot-compressed/humid-aged CABS glasses. Coloring indicates CR value of reference glass
(grey), and decreasing CR relative to reference (red).

Glass ID CR as-made
(N)

CR hot
(N)

CR aging
(N)

CR hot-aging
(N)

CABS-ref 0.58 0.46 0.15 0.12
CABS-SiB 0.96 0.54 0.28 0.11
CABS-CaB 0.82 0.33 0.27 0.14
CABS-BAl 0.43 0.38 0.16 0.07
CABS-CaSi 0.52 0.25 0.21 0.13
CABS-CaAl 0.51 0.27 0.20 0.06

Upon subjection of the glasses to compression at Tg and 1 GPa, the residual stress that
drives the indentation cracking is higher than that of the as-made glass. This leads to more
pronounced cracking. Therefore, the material cannot dissipate mechanical energy through
densification, resulting in lower CR values under both indenter tips (Tables 5 and 6). After
the humid aging treatment of the samples, the CR values of CABS glasses all decreased.
On the one hand, in less chemically durable aluminoborate glasses, it has been found that
CR can increase upon humid aging, for example due to a compressive stress layer [5]. On
the other hand, it has been found that water can facilitate crack formation in some silicate
glass [34,35]. Earlier research has also suggested that water may be causing a weakening
of the glass network [50–52]. Water could also initiate cracks from a blunt crack under
a subcritical stress while other liquids cannot. In the relatively durable CABS glasses,
it is therefore expected that CR decreases after humid aging in the relatively low-RH
atmosphere. Consequently, the combined treatment of hot compression and humid aging
also decreases the CR values of these CABS glasses.

3.5. The Recovery of the Indentation Side Length (LSR)

Table 7 shows the composition dependence of indentation side recovery (LSR) for
the present as-made glasses. LSR is a measure of the degree of shrinkage of a Vickers
indent as caused by a thermal treatment below Tg, and previous studies have shown that
LSR can be used as a measure to determine the densification contribution to indentation
deformation [47]. As seen in Figure 3, the indent had partially recovered its shape after
annealing. CABS-BAl had the largest LSR value (37.3%), while CABS-CaB had the lowest
LSR value (29.7%) relative to the LSR value of CABS-ref (35.9%). Considering the CABS-BAl
glass, it may be explained by the higher proportion of B2O3 and thus concentration of
three-fold coordinated B atoms. The open planar structure of these made it easier for the
glass to densify during the indentation process and thus resulted in a higher LSR. The
low LSR value of CABS-CaB may be because the addition of CaO converted more of the
three-fold coordinated boron atoms into four-fold coordinated boron. This resulted in a
more rigid structure, with less densification during the indentation process.

Table 7. Indentation side recovery (LSR) for the as-made calcium aluminoborosilicate glasses. The
reported LSR value and corresponding error are based on results from ten independent indentations.

Glass ID CABS-Ref CABS-SiB CABS-CaB CABS-BAl CABS-CaSi CABS-CaAl

LSR (%) 35.9 33.7 29.7 37.3 34.3 30.9
Error 1.8 1.9 1.8 1.2 2.0 1.8
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and after re-annealing at 0.9Tg for 2 h.

In general, CABS glasses with lower CaO content (15%) had a larger identification side
recovery (LSR) value. This is also similar to the variation in CR. Figure 4 shows how CR was
generally positively related to the degree of recovery and thus the extent of densification.
This is in agreement with previous studies, showing that densification is favorable for
increasing the crack initiation resistance as it allows the glass network to lower the residual
stress, i.e., the driving force for the crack initiation.
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4. Conclusions

We studied the mechanical properties of a series of calcium aluminoborate glasses
(CABS) with different composition ratios and subjected these to two types of post-treatment,
namely hot compression and humid aging. For the glasses subjected to an isostatic com-
pression treatment at their respective Tg at the pressure of 1.0 GPa, the density, elastic
moduli, and hardness increased. Young’s modulus increases by up to 20% relative to
the as-made sample, which was mainly due to the increase in atomic packing density.
Hardness increased up to 1.8 GPa compared to the as-made sample after hot compression,
which was ascribed to the increase in network connectivity and bond density. On the other
hand, the crack initiation resistance decreased, as the residual stress driving the indentation
cracking was higher compared in the hot compressed glass than that in the as-made glass.
Upon the treatment in a humid atmosphere, only minor effects on density, modulus, and
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hardness were observed, whereas the crack resistance decreased. Therefore, we can adjust
the mechanical properties by changing the composition, as well as through the treatment of
hot compression and humid aging. We observed positive relations between hardness and
atomic packing density on one hand and crack resistance and the extent of densification on
the other, while hardness and crack resistance appeared to be negatively correlated. These
approaches thus provide a means to tailor the mechanical properties of glasses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14133450/s1, Figure S1: X-ray diffraction spectra of the calcium aluminoborosilicate
(CABS) glasses. Figure S2: Crack probability as a function of applied indentation load for the calcium
aluminoborosilicate (CABS) glasses. Figure S3: Differential scanning calorimetry heating scans
of the calcium aluminoborosilicate (CABS) glasses. Table S1: Overview of the properties of the
pristine glasses, including glass transition temperature (Tg), density (ρ), Young’s modulus (E), shear
modulus (G), bulk modulus (B), Poisson’s ratio (ν), Vickers hardness (Hv), and crack resistance
(CR). Table S2: Atomic packing density (Cg) of the as-made, hot compressed, humid aged, and
hot-compressed/humid-aged CABS glasses.
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Supporting information 

 

Table S1. Overview of the properties of the pristine glasses, including glass transition temperature (Tg), density (ρ), Young’s 

modulus (E), shear modulus (G), bulk modulus (B), Poisson’s ratio (ν), Vickers hardness (Hv), and crack resistance (CR).  

Glass ID 

 

Tg 
[°C] 

ρ 
[g/cm3] 

E 
[GPa] 

G 
[GPa] 

B 
[GPa] 

ν 
[-] 

Hv(1) 
[GPa] 

CR(2) 
(Vickers) 

[N] 

CR(2) 
(cube) 

[N] 

CABS-ref 677 2.411 67 26 47 0.260 5.82 13.0 0.5 

CABS-SiB 652 2.424 65 26 47 0.267 5.54 13.6 1.0 

CABS-CaB 683 2.539 73 28 55 0.275 5.62 5.6 0.8 

CABS-BAl 636 2.395 63 25 42 0.249 5.58 18.9 0.4 

CABS-CaSi 668 2.497 72 28 51 0.261 5.81 14.5 0.5 

CABS-CaAl 665 2.499 71 28 46 0.244 6.11 8.2 0.5 

 

(1) HV measured at ambient conditions at load of 9.8 N (1 kgf). 

(2) CR measured at ambient conditions (temperature 23.5±1 °C, relative humidity ~37%). 

 

  



 

3 
 

Table S2. Atomic packing density (Cg) of the as-made, hot compressed, humid aged, and hot-compressed/humid-aged CABS 

glasses. Coloring indicates reference density (grey), increasing density relative to reference (green), and decreasing density 

relative to reference (red). The error in Cg is within ±0.001. 

 

Glass ID Cg as-made 

 

Cg hot 

 

Cg aging 

 

Cg hot-aging 

 
CABS-ref 0.434 0.461 0.438 0.462 

CABS-SiB 0.436 0.459 0.433 0.457 

CABS-CaB 0.453 0.470 0.454 0.470 

CABS-BAl 0.424 0.445 0.423 0.446 

CABS-CaSi 0.444 0.470 0.446 0.469 

CABS-CaAl 0.438 0.456 0.439 0.457 
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Figure S1. X-ray diffraction spectra of the calcium aluminoborosilicate (CABS) glasses.  
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Figure S2. Crack probability as a function of applied indentation load for the calcium aluminoborosilicate (CABS) glasses. The 

experimental data was fit to a sigmoidal function of the form 𝑦 = 𝐴ଶ + ሺ𝐴ଵ − 𝐴ଶሻ ሾ1 + ሺ𝑥 𝑥଴⁄ ሻ௣ሿ⁄  (solid lines). 
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c. CABS (Humid Aging) – Vickers indenter 

1 10

0

20

40

60

80

100  Aging
 Pristine

C
ra

ck
 P

ro
ba

bi
lit

y 
(1

00
%

) 

Load (N)
 

1 10

0

20

40

60

80

100  Pristine
 Aging 

C
ra

ck
 p

ro
ba

bi
lit

y 
(1

00
%

)

Load (N)    



 

8 
 

                                 CABS-ref                                                                                     CABS-SiB 

 

1 10

0

20

40

60

80

100  Aging
 Pristine

C
ra

ck
 p

ro
ba

bi
lit

y 
(1

00
%

)

Load (N)
1 10

0

20

40

60

80

100  Pristine 
 Aging 

C
ra

ck
 p

ro
ba

bi
lit

y 
(1

00
%

)

Load (N)  

                                     CABS-CaB                                                                                  CABS-BAl 

1 10

0

20

40

60

80

100
 Aging
 Pristine

C
ra

ck
 p

ro
ba

bi
lit

y 
(1

00
%

)

Load (N)
1 10

0

20

40

60

80

100  Aging
 Pristine

C
ra

ck
 P

ro
ba

bi
lit

y 
(1

00
%

)

Load (N)
 

                                  CABS-CaSi                                                                                     CABS-CaAl 

  



 

9 
 

d. CABS (Humid Aging) - cube corner indenter 
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e.  CABS (Hot-Aging) – Vickers indenter 
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f. CABS (Hot-Aging) – cube corner indenter 
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Figure S3. Differential scanning calorimetry heating scans of the calcium aluminoborosilicate (CABS) glasses.  
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A B S T R A C T   

Methods to improve the fracture toughness and strength of glassy materials are increasingly important for a 
variety of applications that remain limited by the restrictions of brittleness and surface defect propensity. Here, 
we report on the enhancement of glass mechanical performance through a combination of a tailored chemistry 
and irradiation post-treatment. Specifically, we show through both experiments and atomistic simulations that 
the defect (crack) initiation resistance as well as the fracture toughness of selected calcium aluminoborosilicate 
glasses can be significantly improved (by more than 400% in some cases) through heavy ion irradiation. The ion 
irradiation process reorganizes the borate subnetwork through a partial transformation of tetrahedral to trigonal 
boron units, which in turn also modifies the glass at longer lengths scales, such as through a coarsening in the 
distribution of loop structures. The improvement in both the resistance to crack formation and crack growth is 
ascribed to the modification of the medium-range glass structure as well as the less rigid network structure upon 
irradiation with coordination defects that act as local reservoirs of plasticity by allowing more bond switching 
activities to dissipate mechanical energy upon deformation. This work therefore highlights a new pathway to 
develop damage-resistant glass materials.   

1. Introduction 

Low practical strength and brittleness are the main bottlenecks for 
present and future applications of oxide glasses [1]. Different strength
ening methods have been attempted [2], including composition opti
mization, ion exchange, and pressure treatment. Consistent with the lack 
of macroscopic brittleness, both molecular dynamics (MD) simulations 
and experiments suggest the existence of nanoscale ductility in some 
glasses [3–5]. By nanoscale ductility, we refer to the glasses’ ability to 
deform plastically on the nanometer length scale. For example, flaw-free 
thin films of amorphous alumina exhibit pronounced plasticity at a high 
strain rate, which was attributed to bond switching events at the 
nanoscale, leading to mechanical relaxation and accumulating into 
macroscopic plastic flow [5]. Additionally, the propensity for bond 
switching activities of amorphous alumina is encoded in its static 
structure, which is correlated with the atomic environment of individual 
Al atoms [6]. Bulk oxide glasses typically exhibit fracture toughness 

values in the range of 0.5–1 MPa m0.5, with all commercially available 
oxide glasses currently below a value of 1 MPa m0.5 [7–9], as measured 
using self-consistent methods. Fracture toughness values up to 1.17 MPa 
m0.5 have been reported in rare earth containing aluminosilicate glasses 
[10]. Moreover, in our recent work, we have shown that understanding 
of nanoscale bond switching activities can be exploited at a larger scale, 
as we reported a record-high fracture toughness (1.4 MPa m0.5) in a bulk 
oxide glass with high propensity for bond switching[11]. As such, an 
improved understanding of deformation and fracture mechanisms of 
glasses at the nanoscale is needed to improve their mechanical perfor
mance at the macroscale. 

Testing the mechanical properties of glasses by indentation has been 
a popular method, since it can mimic some types of real-life damage 
events under controlled conditions [12,13]. That is, sharp contact with a 
high local stress is the main failure mode in many applications. Ac
cording to the Vickers indentation response, glasses can be classified as 
normal, intermediate, or anomalous[14]. Normal glasses deform to a 
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large extent due to volume displacing shear[14–17]. For larger inden
tation crack systems, shear faults play the role of initial cracks, namely, 
middle/radial and lateral cracks under moderate loads. For anomalous 
glasses, the deformation is mainly due to volume-reducing densification 
[18]. The surface tensile stress around the contact will act on the surface 
defects, thereby forming a ring crack, and the tensile stress at the bottom 
of the elastic/plastic boundary will promote median cracking. Between 
normal glasses and anomalous glasses is a third subset named interme
diate glasses. Compared with normal glasses, the deformation in these 
glasses occurs with significantly more densification, and compared with 
anomalous glasses, their shear deformation is much larger[14]. The 
intermediate glasses thus eliminate the stresses that lead to ring and 
median cracks[19]. Some calcium aluminoborosilicate (CABS) glasses 
have recently been found to belong to the group of intermediate glasses 
[20]. In these glasses, SiO2, B2O3, and Al2O3 are the basic network for
mers, with the coordination numbers of Si, B, and Al being 4, 3–4, and 
4–6 under ambient conditions, respectively[21]. Both 4-fold boron and 
aluminum need to be stabilized by calcium modifier cations, 5- or 6-fold 
coordinated aluminum, or oxygen triclusters[22]. 

The mechanical properties of nuclear waste glass under radiation 
damage have been studied for decades and the fracture behavior has 
been found to be altered depending on the irradiation dosage and 
temperature [23]. This includes studies on heavy ion irradiation treat
ment of sodium borosilicate (NBS) glasses and the effect on their 
structure and mechanical properties [24]. Upon irradiation, the inden
tation hardness of NBS glasses tends to initially decrease and then sta
bilize with increasing irradiation dose[25]. The difference in irradiation 
effect on NBS and quartz glasses indicates that the hardness reduction is 
not only due to the transformation of the silicate network in NBS glasses, 
but also the transformation of the borate network[26]. MD simulations 
have also been performed to study irradiated NBS glasses, also showing 
the decrease in hardness, in agreement with the experimental data 
[27–30]. Studies have also shown that the elastic modulus of NBS glasses 
decrease upon irradiation, but the structural changes responsible for 
these changes in mechanical properties are not well-understood[22]. 

Considering the high crack resistance of CABS glasses, it is inter
esting to study the effect of irradiation treatment on their mechanical 
properties. Recently, we found that the chemical composition of CABS 
glasses affects their indentation deformation and cracking behavior[22]. 
Therefore, we here perform irradiation treatment on three different 
CABS glass compositions (see Table 1). We combine the experimental 
characterization of hardness, crack resistance, and indentation fracture 
toughness with MD simulations to explain the changes in these me
chanical properties. The investigated glasses have constant CaO content 
(20 mol%) and varying Si, Al, and B ratios to assess different structural 
features in the glasses. We perform irradiation treatments with different 
doses and characterize their structure and mechanical properties using 
both experiments and MD simulations. The aim is to understand the 
structural origins for the variation in surface mechanical properties due 
to irradiation treatment. We note that the experimental data for the 
as-made glasses (prior to irradiation) are taken from our recent study 
[22]. 

2. Methods 

2.1. Experimental sample preparation 

The three CABS glasses (Table 1 and S1) were prepared using the 
melt-quenching method. CaCO3 (99.5%, ChemSolute), H3BO3 (≥99.5%, 
Honeywell International), Al2O3 (99.5%, Sigma-Aldrich), and SiO2 
(≥99.5%, 0.2–0.8 mm, Merck KGaA) were used as the raw materials. 
First, based on the target composition, the batch of raw materials was 
thoroughly mixed and gradually added to a Pt-Rh crucible in a furnace at 
800 ◦C to remove H2O and CO2. Afterwards, these mixtures were melted 
at 1600 ◦C and finally poured onto a steel plate for quenching and 
transferred to the annealing furnace at the glass transition temperature 
(Tg)[22]. After annealing, we cut the glasses into the required sizes for 
the subsequent irradiation and characterization. Based on X-ray 
diffraction analyses (Empyrean XRD, PANalytical), no signs of crystal
lization were present in any of the glasses (Fig. S1). 

The glass samples (1.7 ×1.2 ×0.1 cm3) were irradiated with Xe ions 
at room temperature at the Institute of Modern Physics (IMP), Chinese 
Academy of Sciences. As shown in Table S2, the penetration depth of the 
xenon ions (i.e., the thickness of the glass surface layer affected by 
irradiation) is around 1.7 µm. The xenon ions were generated, selected, 
and then accelerated toward the sample with an energy of 5 MeV. A pair 
of grating magnets were used to generate a uniform ion beam that 
bombards the sample in the target chamber. The pressure in the target 
chamber was 7 × 10− 6 Pa. The typical ion current was 2 μA, and the 
beam spot size was 20 × 20 mm2. The samples were treated with two 
different doses, namely "Dose 1" of 2.0 × 1013 ions/cm2 and "Dose 2" of 
2.0 × 1014 ions/cm2. 

2.2. Experimental sample characterization 

The density (ρ) of the glass sample was determined using the 
Archimedes buoyancy principle (see Table S1). The weight of each 
sample (at least 1.5 g) was measured ten times in air and ethanol. 

Raman spectra were collected using a micro-Raman spectrometer 
(inVia, Renishaw). The sample surface was excited by a 532 nm green 
diode pumped solid state laser for an acquisition time of 10 s. The lateral 
spatial resolution of the Raman measurements is estimated to be around 
0.9 µm. The range of the collected spectrum was from 250 to 1750 cm− 1 

and the resolution was better than 2 cm− 1. Spectra from five different 
locations on the glass surface were accumulated for each specimen to 
ensure homogeneity. All spectra were uniformly treated in Origin soft
ware for background correction and area normalization. 

Micro-indentation measurements were carried out using a Nanovea 
CB500 hardness tester to determine the Vickers hardness (HV), crack 
resistance (CR), and indentation fracture toughness (KIFT). While hard
ness quantifies the mean contact stress that is required to form a per
manent indentation imprint, both CR and KIFT are related to crack 
formation upon indentation. Assuming the glass cracks in a controlled 
and well-defined manner, KIFT is a measure of the glass’ resistance to 
crack growth based on crack length measurements [31], whereas CR is a 
measure of the glass’ resistance to crack initiation based on the statistics 
of crack-counting at different loads. We therefore rely on both crack 
length as well as crack counting measurements to characterize the 
glasses’ fracture properties based on indentation. 

On each sample, 20 indentations with a maximum load of 4.9 N (0.5 
kgf) were generated to determine HV, with a loading duration of 15 s and 
dwell time of 10 s. Then we used an optical microscope to analyze the 
residual imprints and calculate HV. We also calculated hardness from the 
force-displacement curves using the Oliver-Pharr model[32,33]. The 
resistance of the glass to the initiation of corner cracks upon indentation 
was also determined using the Vickers diamond indenter. We applied 
increasing loads (from 4.8 to 40 N) and counted the numbers of corner 
cracks after unloading. CR was calculated according to the method of 
Wada[34]. To this end, the probability of crack occurrence (PCI) was 

Table 1 
Nominal chemical compositions of the CABS glasses as well as their measured 
glass transition temperature (Tg). The glass ID is based on the Al2O3 to B2O3 
ratio. The error in Tg is within ± 2 ◦C.  

Glass ID SiO2 

(mol%) 
Al2O3 

(mol%) 
B2O3 

(mol%) 
CaO 
(mol%) 

Tg 

(◦C) 

CABS-0.4  45  10  25  20  665 
CABS-0.6  40  15  25  20  668 
CABS-0.75  45  15  20  20  683  

X. Ren et al.                                                                                                                                                                                                                                      
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determined as the ratio between the number of corners where a corner 
crack was formed and the total number of corners on all indents. CR is 
then defined as the load that generates two cracks (PCI = 50%) on 
average per indent. For each sample and each load, at least 30 indents 
were made with loading duration of 15 s and dwell time of 10 s. Mea
surements were performed under laboratory conditions (room temper
ature and relative humidity (RH) of 39 ± 5%). 

We also used the indentation method to estimate the resistance 
against crack growth, i.e., KIFT. This approach is based on a known 
Young’s modulus (see below) and measurements of crack lengths and 
impression size for a given indentation load[35–37]. We used this 
method instead of a standard fracture toughness (KIc) method such as 
the single-edge precracked beam method, since the irradiation treat
ment only affects the surface region. However, it is important to note 
that KIFT from Vickers indentation is often not equal to KIc, particularly 
due to the densification that occurs upon indentation[38]. Following the 
recent work of Gross et al.[14] to avoid or limit this effect, we here 
determine KIFT using a sharper 100◦ indenter tip (with same geometry of 
Vickers but angle of 100◦ instead of 136◦) to minimize the densification 
component in favor of shear[14]. KIFT is determined using the equation 
from Anstis et al.[39], 

KIFT = ξ
(

E
H

)0.5( P
C0

1.5

)

(1)  

where ξ is an empirically determined constant for a indenter that was 
calibrated against select materials[39]. E is the Young’s modulus, P is 
the indentation load, C0 is the average length of the radial/median 
cracks measured from the center of the indent impression, and H is the 
hardness. ξ is typically set equal to 0.016 for a Vickers indenter, whereas 
Gross et al.[14] found that a 110◦ tip gave a value of 0.0297. We used 
these values to extrapolate to a value of ξ = 0.035 for the 100◦ tip used 
in the present study. We chose an indentation load of 3 N, since it is just 
high enough to produce corner cracks from the indent impressions. On 
each sample, six indentations were generated, with a loading duration of 
15 s and dwell time of 10 s. The crack lengths and major diagonal 
lengths were then measured and combined with values of E and H to 
calculate KIFT. By assuming KIFT = KIc, we also calculated the fracture 
energy (Gc) to enable comparison with the MD simulations results 
following Irwin’s formula (in plane strain)[40], 

GC =
1 − v2

E
KIFT

2 (2)  

where v is the Poisson’s ratio. 
The elastic properties of the glasses were measured by ultrasonic 

echography using an ultrasonic thickness gauge (38DL Plus, Olympus) 
equipped with 20 MHz delay line transducers for the determination of 
the longitudinal V1 and transversal wave velocities V2. The experimental 
data for the as-made glasses (prior to irradiation) are taken from our 
recent study[22]. 

To probe the irradiation-induced change in surface elasticity, the 
Oliver-Pharr method was used to calculate the reduced elastic modulus 
(Er) of the CABS glass surfaces. These measurements were carried out 
using a Nanovea CB500 hardness tester with a Vickers indenter tip. The 
load-depth curve was obtained through the indentation test, and Er was 
then calculated as, 

S =
2

B
̅̅̅
π

√ Er
̅̅̅̅̅̅̅̅̅
APml

√
(3)  

1
Er

=
1 − v2

E
−

1 − vi
2

Ei
(4)  

where S is the contact stiffness, B is a geometrical factor depending on 
the indenter[32], Apml is the projected area, and E and v are the elastic 
modulus and Poisson’s ratio of the sample (from ultrasonic echography 

tests), and Ei and vi are the elastic modulus and Poisson’s ratio of the 
indenter. Based on these, we could calculate the reduced elastic modulus 
(Er). 

2.3. Simulation details 

The classical MD simulations in this study were carried out using the 
GPU-accelerated LAMMPS software[41], and visualization of the con
figurations were performed with the OVITO package[42]. Periodic 
boundary conditions were applied in all directions during the simula
tions. The interaction between the constituent atoms (Ca, Al, B, O, and 
Si) were described with a Buckingham-Coulomb potential, following the 
parametrization by Du et al.[43,44]. The cutoff for Buckingham and 
Coulombic interactions was 10 Å. Long-range Coulombic interactions 
were computed using the Particle-Particle Particle-Mesh (PPPM) algo
rithm with an accuracy of 10− 5. This potential has previously been used 
and validated in various multicomponent oxide glasses, including 
aluminosilicate[45], phosphate[46], borate[47], and borosilicate[48] 
glasses. For comparison, we also adopted another potential from Ref. 
[49] to simulate the pristine glasses. The structural and mechanical 
properties shown in Fig. S2 and Table S3 indicate that the potential by 
Du et al. [43] is more suitable for the glass compositions in this study. 
Considering the ballistic cascades during the irradiation simulations (see 
Section 2.5), the short-range repulsive interactions were modified by the 
Ziegler-Biersack-Littmark (ZBL) potential[50] coupled with high-order 
polynomials to ensure the smoothness of the energy, force, and their 
derivatives as a function of interatomic distance. The motion of atoms 
was described using the velocity-Verlet integration algorithm with a 
fixed timestep of 1 fs, except in the simulation of ballistic cascade, where 
we used a variable timestep to avoid the unrealistic configuration 
generated by the high velocity collisions. 

2.3.1. Simulation of melt-quenched glasses 
The glass formation was simulated by the conventional melt- 

quenching method. The initial configurations were generated by 
randomly placing the atoms into a cubic box based on the experimental 
density, while ensuring the absence of any unrealistic proximity of 
atoms by using the PACKMOL package[51]. The compositions of glasses 
were the same as the experimental samples, and the constituents of each 
simulated system are given in Table 2. 

The resulting configurations were then subjected to potential energy 
minimization to adjust the structural geometry. Afterwards, these 
structures were melted at 5000 K in the NVT ensemble with a 
Nosé –Hoover thermostat[52] for 100 ps to ensure that the memory of 
the initial configuration had been completely erased. After the melting 
process, the systems were linearly cooled down to 300 K during 1 ns in 
the NVT ensemble. Finally, the glasses were successively equilibrated at 
300 K in the NPT ensemble at zero pressure and then in the NVT 
ensemble for 60 ps to remove the internal stress and obtain the density 
information. The simulation box was further equilibrated in the NVT 
ensemble for 100 ps to generate 100 frames of trajectory to compute 
structural and thermodynamic properties. 

2.3.2. Simulation of irradiation process 
To match the size of samples for the following fracture simulations, 

the melt-quenched glass structures were duplicated by 2 × 2 × 1 along 
the three directions, thus now consisting of more than 14,000 atoms 
(dimensions of 70 ×70 ×35 Å3). These glasses were subjected to 

Table 2 
Chemical constitutions (number of atoms) of the glass models simulated herein.  

Glass ID CaO Al2O3 B2O3 SiO2 Total atoms 

CABS-0.4  200  100  250  450  3500 
CABS-0.6  200  150  250  400  3600 
CABS-0.75  200  150  200  450  3500  

X. Ren et al.                                                                                                                                                                                                                                      
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simulated irradiation using a well-established methodology by initiating 
a series of displacement cascades[53–56]. In each cascade, we randomly 
selected an atom and accelerated it with a kinetic energy of 500 eV along 
a random direction. The selected atom, also known as the primary 
knock-on atom (PKA), was alternating as projectiles and collided with 
the nearby atoms in the glass, thereby resulting in a ballistic cascade. 
Subsequently, a spherical region was created around the PKA with a 
radius of 10 Å, which was defined as the impacted zone. The dynamics 
of the atoms inside the impact zone were then equilibrated in the NVE 
ensemble, outside of which atoms were kept at a constant temperature of 
300 K using a Berendsen thermostat. Note that, during this ballistic 
cascade, a variable timestep was used to avoid the unrealistic configu
ration generated by the high velocity collisions. The simulation of the 
cascade had a length of 20 ps, which was found to be long enough for the 
system to relax and converge its thermodynamic quantities (i.e., energy, 
temperature, and pressure), thereby confirming the PKA had come to 
rest in the glass. After each collision, the system was further relaxed in 
the NPT ensemble at 300 K and zero pressure for 5 ps to adjust its 
configuration and volume upon irradiation. The above process was 
iteratively repeated with different PKAs until the system reached satu
ration in terms of enthalpy and density. 

2.3.3. Structure analysis of simulated glasses 
The melt-quenched glass structures before and after irradiation were 

analyzed in terms of the bond angle distribution (BAD), ring size dis
tribution, neutron structure factor (S(Q)), and persistence diagrams. The 
ring distribution was calculated using the RINGS package[57], wherein 
a ring structure is defined as the shortest closed path within the network 
formers connected by O atoms[58] and the ring size is defined in terms 
of the number of Al, B, and Si atoms in a ring. S(Q) was computed using 
the Faber–Ziman formula[59] through the Fourier transformation of the 
pair distribution function (g(r)) as described in Ref.[60]. 

To better characterize the irradiation-induced medium-range order 
structural changes, we used persistent homology. Persistent homology is 
a tool within topological data analysis that has been used to analyze the 
qualitative features of high-dimensional data such as point cloud data 
set across multiple scales. By regarding the atomic configuration as a 
point cloud data set, the hierarchical structural features of materials can 
be extracted at different scales. Based on these features, persistent ho
mology has shown great promise in analyzing the medium-range 
structure of different glass systems such as oxide[61–63] and metallic 
glasses [62,64], as well as glass structure under pressure[63] or chem
ical replacement[65]. 

In this study, persistent homology analysis to determine persistence 
diagrams was carried out using the Diode[66] and Dionysus 2[67] 
packages. As mentioned in Refs. [68,69], the procedure for obtaining the 
persistence diagram is as follows: 1) Each atom is replaced by a ball with 
its atomic radius, and then the radius of each ball is gradually increased 
with the same increment. 2) Consisting at first of points (the center of the 
atoms), line segments pipj connecting pairs pi, pj of points are added 
when the growing ball with center pi and the one with center pj intersect. 
Triangles pipjpk are added when the balls with center pi, pj and pk all have 
a common intersection, whereas a tetrahedron pi pj pk pl is added when 
the four balls have a common intersection. If, during this process, all the 
edges in a closed sequence pi1 pi2, pi2pi3, …, pikpil have been added, a 
loop is born at the time when the last edge is added. The loop dies when 
enough triangles have been added to fill it in or connect it to another 
loop, indicating that it does not surround a unique “hole” in the structure 
anymore. Note that an edge pipj does not necessarily represent a 
chemical bond, as it is purely geometry. The persistence diagram is the 
scatter plot of the points (bi, di), where bi denotes the birth time and di 
denotes death time of each loop. The atomic radii of each element was 
defined by following the approach in Ref. [68], specifically rAl 
= 0.483 Å, rB = 0.158 Å, rCa = 1.083, rO = 1.280 Å, and rSi = 0.333 Å. 

2.3.4. Fracture simulations 
The as-made and irradiated glasses were subjected to fracture sim

ulations for qualitative comparison with the experiments. We simulated 
the mode I fracture, i.e., with loading in perpendicular direction to the 
crack plane. The fracture energy was calculated using the method of 
Brochard et al.[70], which is based on the energetic theory of fracture 
mechanics and does not involve any assumptions of the material 
behavior. Therefore, this method can be used in calculating the fracture 
energy of both brittle and ductile systems[71–73]. In order to minimize 
the size effect, the samples were further duplicated by 2 × 2 × 1 (thus 
4 ×4 ×1 supercells of the melt-quenched glasses), yielding a system size 
of about 140 × 140 × 35 Å3 (~56,000 atoms). A precrack was intro
duced by removing the atoms in an ellipsoidal cylinder with a length of 
1/3 and a height of 1/15 of the box dimension in the loading direction. 
The crack size was selected based on the crack size dependence of the 
fracture energy as shown in Fig. S3. Before applying stress, the system 
was equilibrated in the NPT ensemble at 300 K and zero pressure for 
100 ps relaxation, which was found to be long enough for the potential 
energy of the new system to converge. Afterwards, the sample was 
subjected to uniaxial tensile loading by deforming the structure along 
the x-direction at a constant strain rate of 5 × 108 s− 1, while the di
mensions in the y- and z-directions were free to deform so as to exhibit 
zero stress along these directions. During the fracture simulations, the 
system was maintained in the NPT ensemble, and the temperature and 
pressure were controlled by the Nosé –Hoover thermostat and barostat, 
respectively[52,74]. Strain and the corresponding stress in the loading 
direction were recorded until a total strain of 50%. Young’s modulus 
was determined as the slope of the stress-strain curve in the low strain 
region (ε < 0.05) using linear regression. The fracture energy was 
calculated by integrating the stress-strain curve up to the failure strain, 

GC =
LyLz

ΔA
Lx

∫ εf
xx

0
σxxdεxx (5)  

where GC is the fracture energy, Lx, Ly, and Lz are the dimensions of the 
simulation box, ΔA is the newly created surface area upon fracture, εf

xx is 
the strain in the x-direction when the stress dropped to zero, and σxx and 
εxx are the recorded stress and strain, respectively, in the x-direction. 
The surface areas were calculated based on a surface mesh construction 
algorithm implemented in the OVITO package[42,75]. Specifically, the 
surface mesh was constructed through a spherical probe with a radius of 
3.6 Å combined with a smoothing level of 10 to ensure a sufficient ac
curacy and no artificial voids. 

2.3.5. Bond switching analysis 
The bond breaking and re-formation events during the fracture 

process was characterized by the bond switching activities as a function 
of the applied tensile strain. The bond switching analysis was done on 
the Al, B, and Si atoms. That is, the fraction of atoms with a decreased, 
increased, or unchanged coordination number (CN) was calculated by 
comparing the CN of each individual atom with its initial CN at non
strained state. The swapped CN is defined as an unchanged CN for which 
at least one oxygen neighbor is exchanged with another one. 

3. Results and Discussion 

3.1. Structure of experimental glasses 

Fig. 1a shows the micro-Raman spectrum of the as-made and irra
diated CABS-0.6 glass (Dose 1), while the corresponding spectra for the 
two other glass compositions are shown in Fig. S4. We divide the spectra 
into four main bands from I to IV and outline the expected assignments 
in the following. Band region I (~250–625 cm− 1) is expected to contain 
contributions originating from B-O-B, Al-O-Al, and B-O-Al stretching 
bands. Besides, vibrations due to superstructural units such as penta
borates may occur in this region. Furthermore, Si-O-Si network units 
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may also occur in this region[76]. Band region II (~625–860 cm− 1) is 
characteristic for B2O3-rich glasses[76], since peaks in this frequency 
range are typically assigned to borate superstructures such as chain and 
ring metaborates[77,78], di-triborates[79], and penta-, tetra-, or tribo
rates[77,80], as well as boroxol rings[77,81]. In addition, B-O-Al 
stretching and aluminate network may occur in this region. The pres
ence of triborates (~770 cm− 1) and ditriborates (~755 cm− 1) may also 
be found in this region, considering the high intensity in this range of 
wavenumbers and the fact that they consist of both [3]B and [4]B units. 
The Si-O stretching vibration also contributes (800 cm− 1). Band region 
III (~860–1200 cm− 1) is expected to contain contributions originating 
from the Qn species (SiO4 units with n bridging oxygens)[76], with 
bands at 1000 cm− 1 attributed to the stretching Si-O vibration in Q2 

species[82]. Finally, band region IV (~1200–1600 cm− 1) is typically 
assigned to signal contributions from vibrations of [3]B units[83]. 

Fig. 1a-b also show that compared to the as-made CABS glasses, the 
areas of bands II and IV increase upon irradiation with two different 
doses (Fig. S4). This suggests that the irradiation treatment (at two 
different doses) mainly influences the structure around the B units in the 
CABS glass structure, which is also consistent with previous studies[25, 
84]. Moreover, we have collected micro-Raman spectra on indented 
glasses (Fig. S5), for which the stress increases toward the center of the 
indent[85]. For the irradiated glasses, the structural changes induced by 
indentation are more obvious compared to those for the as-made glasses. 
Specifically, the indentation most influences bands II and IV, similarly to 
the results in Fig. 1a for irradiation-induced changes. 

3.2. Structure of simulated glasses 

To examine the ability of the utilized MD potential to reproduce the 
properties of the CABS glasses, we first analyze the structure of the 
different glass compositions. Fig. 1c shows the composition dependence 
of density of the as-made glasses. Although the simulated densities are 
slightly overestimated (by about 3.8%), the compositional scaling of 
density is well-reproduced, i.e., the CABS-0.75 and CABS-0.6 glasses 

exhibit the largest and lowest density, respectively. An atomic snapshot 
of the as-made CABS-0.6 glass is shown in Fig. 1d, illustrating the 
coexistence of [3]B and [4]B units in the glass structure. 

We then analyze the short- and medium-range structures of the as- 
made glasses by calculating the pair distribution, bond angle distribu
tion, and ring size distribution. As shown in Fig. S6, all the compositions 
exhibit three peaks in the pair distribution function, which are assigned 
to the B-O (1.45 Å), Si-O (1.60 Å), and Al-O (1.76 Å) bonds, respec
tively. The distribution of O-B-O bond angle is shown in Fig. 1e, 
providing evidence for the existence of both [3]B and [4]B units. Specif
ically, the tetrahedral [4]B unit with O-B-O angle of about 109◦ and the 
planar [3]B unit with O-B-O angle of 120◦. We find that the fraction of 
[4]B units decreases in the order CABS-0.4 > CABS-0.75 > CABS-0.6. 
The ring structures containing Al, B, Si, and O atoms are used to char
acterize the medium-range structure in the as-made glasses. As shown in 
Fig. 1f, most of the rings in all three glasses are five-membered rings, in 
good agreement with simulation results for related borosilicate glasses 
[86]. 

Fig. 2a shows how the average CN of B decreases monotonically and 
eventually reaches a constant value in all the glasses with an increase in 
the deposited energy. That is, the irradiation induces the partial con
version of [4]B to [3]B. These findings echo the experimental Raman 
results, showing irradiation-induced [4]B to [3]B conversion (Fig. 1a). 
Interestingly, despite the differences in the initial CN of B in the three 
glasses, the final CN of B reaches a value of around 3.3 when the irra
diation energy saturates. On the other hand, there is no observe obvious 
changes of CN of Al and Si atoms upon irradiation (see Figs. S7a and 
S7b). In addition, Fig. 2b shows that the densities of the CABS glasses 
also decrease and then reach a plateau value upon irradiation, consistent 
with the literature[86–88]. As shown in Fig. 2c, the enthalpy becomes 
less negative and eventually saturates upon irradiation. Since the 
enthalpy is mostly influenced by the short-range structure[53], the in
crease of enthalpy is mainly attribute to the formation of [3]B species, 
which is favored at higher temperatures caused by irradiation events 
[86]. We have confirmed this by calculating the distribution of enthalpy 

Fig. 1. (a) Micro-Raman spectra of the as-made and irradiated (IR) CABS-0.6 glass. The assignment of the four band regions are discussed in the text. (b) Relative 
area fractions of the two main Raman bands (bands II and IV) for as-made and irradiated CABS glasses. (c) Comparison of the experimental and simulated density of 
the as-made glasses. (d) Atomic snapshot of the simulated as-made CABS-0.6 glass, consisting of 3600 atoms. Al, B, Ca, O, Si atoms are represented by purple, cyan, 
blue, red, and yellow spheres, respectively. (e) Simulated O-B-O bond angle distribution and (f) ring size distribution in the CABS glasses. 
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per atom of [3]B and [4]B as shown in Fig. S8. This phenomenon is similar 
to an increase in fictive temperature of the glass—it becomes less stable, 
and more similar to a hyperquenched glass. Additionally, through the 
cluster analysis of [3]B atoms, the irradiated glass remains in a homo
geneous state despite the increased number of [3]B after irradiation (see 
Fig. S9). 

As shown in Fig. 3a for the CABS-0.4 glass, the O-B-O bond angle 
distribution shifts towards a higher angle upon irradiation, which 
manifests itself through the increase of intensity of the 120◦ angle at the 
expense of the 109◦ angle (results of the other compositions are shown in 
Fig. S10). Among the three compositions, the CABS-0.4 glass exhibits the 
most pronounced structural changes upon irradiation, potentially 
because it has the highest fraction of [4]B units in the as-made glass (see 
Fig. 1e). Next, we focus on the effect of irradiation on the ring structures. 
As shown in Fig. 3b for the CABS-0.4 glass, the ring size distribution 
exhibits some coarsening upon irradiation, wherein the fractions of 
some small rings (i.e., three- and four-membered) and large rings (i.e., 
seven-membered and larger) increase at the expense of intermediate- 

sized rings (i.e., five-membered), in agreement with the behavior for 
other irradiated silicate glasses[53,86]. The results for the other com
positions can be found in Figs. S10c and S10d. As shown in Fig. 3c, we 
generally find that the simulated neutron structure factors for different 
irradiated states are similar, with minor differences observed for the first 
sharp diffraction peak (FSDP) (see results of the other compositions in 
Fig. S11). Specifically, the FSDP slightly shifts towards to a lower Q 
value while its intensity decreases with an increase in the deposited 
energy, indicating an increased disorder in the medium-range structure 
and swelling of CABS glasses upon irradiation. 

To characterize the irradiation-induced structural changes at 
different length scales, we rely on persistent homology analysis of the 
simulated glass structures. As shown in Fig. 3d-f, we observe that the 
distribution of the characteristic regions in the persistence diagrams 
starts to diffuse to the high-death regions upon irradiation, especially in 
the low-birth region (i.e., loops are chemically bonded like ring struc
tures), indicating that the sizes of the loops increase upon irradiation. 
This result is in agreement with the results of Figs. 3b and 3c, 

Fig. 2. Evolution of (a) average coordination number of B, (b) density, and (c) normalized enthalpy changes of CABS glasses as a function of the deposited energy 
during the simulated irradiation process. 

Fig. 3. (a) Simulated O-B-O bond angle distribution, (b) ring size distribution and (c) simulated neutron structure factor of the CABS-0.4 glasses subjected to different 
amounts of irradiation energies, namely, 0, 1.7, and 17 eV/atom. (d-f) Persistence diagrams for CABS-0.4 glass structure for (d) as-made state and subjected to 
irradiation with dose of (e) 1.7 eV/atom, and (f) 17 eV/atom. 
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demonstrating that irradiation changes the medium-range order struc
ture of CABS glasses (results of the other compositions are in Fig. S12). 

We further calculated the quantities of persistence diagrams at 
different regions to compare the structural changes upon irradiation. As 
shown in Fig. 4a, the high-density region in the red dashed box with low 
birth and death values correspond to the short-range order structure, e. 
g., chemically bonded three-membered loops. The structural features of 
network formers (i.e., Al, B and Si atoms) are analyzed through the 
persistence diagram of configuration with only Si, B, and Al elements. As 
shown in Fig. 4b, there is a dispersed curve at a low-birth region, which 
corresponds to the loop structure consisting of network formers. Since 
the birth values are around 2 Å2, the edge of the loop structure is esti
mated to be around 3 Å, close to the distance of two Si atoms bonded by 
a bridging oxygen atom. 

We then calculate the total loop numbers per atom for pristine and 
irradiated glasses (Fig. 4c), showing that the loop numbers in all three 
glasses are reduced upon irradiation, i.e., a less connected structure 
appears after irradiation. When grouping the 3-membered loops based 
on their types, we find that most of the 3-membered loops are in the form 
of O-Al-O, O-B-O, and O-Si-O. Fig. 4d-f show the changes in the different 
loop numbers, revealing that most of the 3-membered loops are O-Si-O 
type. After irradiation, the number of O-Si-O and O-B-O loops decrease. 

For O-B-O, the number decreases as the CN decreases. However, since 
the CN of Si remains constant upon irradiation, the reduction of loop 
numbers indicates the distortion of SiO4 tetrahedra. The histograms of 
death values in the red dashed box region of Fig. 4b are shown in Fig. 4g- 
i. We observe that all the distributions become more dispersed upon 
irradiation. Given that the death values are correlated with the loop 
sizes, these results suggest a broader distribution of various loop struc
tures, which agrees well with the results shown in Fig. 1f and Figs. S10(c, 
d). 

We further calculated the accumulated persistence function (APF) 
for loops in the glass structures based on these persistence diagrams (see 
Fig. S13). APF is a cumulative sum of all points in the persistence dia
gram weighted by their “lifetime” (di - bi), which quantifies how close 
neighboring atoms are in a loop and weighs it against the separation of 
the most distant atoms. Here, we observe that the shapes of the APF 
curves are qualitatively similar for all the glasses before and after irra
diation. However, the maximum value decreases with increasing value 
of the deposited energy. Since the value of APF represents the number of 
loops[69], these results further confirm the irradiation-induced swelling 
and decreased connectivity in the CABS glass structure. Overall, we 
conclude that irradiation not only influences the short-range structure 
(e.g., [4]B to [3]B conversion), but also the medium-range order (e.g., 

Fig. 4. Schematic of (a) short-range structure (i.e., 3-membered loop) in the persistence diagram of CABS-0.4 glass before irradiation and (b) medium-range structure 
in the persistence diagram of configuration with only Si, B, and Al elements in CABS-0.4 glass before irradiation. (c) Loop number per atom in simulated CABS glasses 
of different irradiated states. Note that the loop numbers are normalized by the number of each cation type. (d-f) Numbers of different 3-membered loops in the as- 
made and irradiated states of (d) CABS-0.4, (e) CABS-0.6, and (f) CABS-0.75 glasses. (g-i) Distributions of death scales in the red dashed box region of (b) in the 
pristine and irradiated states of (g) CABS-0.4, (h) CABS-0.6, and (i) CABS-0.75 glasses. 
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loop sizes increasing with reduced loop numbers). 

3.3. Experimental mechanical properties 

The experimental determination of micro-mechanical properties 
using the micro-indentation is schematically illustrated in Fig. 5a. Based 
on the experimental indentation test, the related micro-mechanical 
properties of CABS glasses before and after irradiation were explored, 
including the hardness (Hv), crack resistance (CR), and indentation 
fracture toughness (KIFT). Here, CR reflects the resistance for crack 
initiation while KIFT represents the resistance of crack propagation. 

Fig. 6a shows Young’s modulus data for the as-made and irradiated 
CABS glasses. For the as-made glasses, the modulus was measured by 
ultrasonic echography, but the values were also determined from the 
load-depth curves (see Fig. S14) based on the indentation test, since the 
irradiation process only affects the surface region (~1.7 µm, see 
Table S2). The absolute values differ between the two tests, as also re
ported previously for other glasses[89], but the compositional trend is 
the same. The modulus values of the irradiated CABS glasses derived 
from indentation decrease compared to the as-made glasses, with a 
larger decrease for a larger irradiation dose. The decrease of modulus 
may be explained by the density and structural changes. That is, the less 
rigid and open structure of [3]B can likely explain the decrease in 
modulus upon irradiation[90], since modulus is mainly controlled by 
the bond strengths and the number of bonds per volume[91]. In addi
tion, Kieu et al. found that the decrease in modulus is proportional to the 
increase in the fraction of [3]B atoms in the glass network[92]. The 
transition from [4]B to [3]B also allows the formation of more 
non-bridging oxygens. That is, the Ca2+ ions that originally 
charge-compensated the [BO4] groups can be converted into a network 
modifier that is connected to the SiO4 unit. In addition, based on the 
medium range structural changes (see Fig. 3c-f), the formation of larger 
loops will decrease the bond density, also contributing to the reduced 
modulus after irradiation. 

Fig. 6b shows the hardness data for the as-made and irradiated CABS 
glasses. Hardness decreases upon irradiation, consistent with previous 
findings for hardness of some borosilicate glasses irradiated with 
different ions[84,91,93,94]. The changes in hardness of the samples 
under different doses is more pronounced when performing the 

indentation using a smaller load (0.1 N), with the irradiation-induced 
decrease of hardness being positively correlated with the dose 
(Fig. S15). Structural analysis from both Raman and MD simulations 
indicates that some of the four-coordinated B atoms transform into the 
three-coordinated B atoms after irradiation. [3]B has a more open 
structure as it does not require charge compensation, and [3]B also has a 
planar structure, which makes it easier to undergo densification and 
increase its coordination number during indentation[90]. Studies indi
cate that the larger the fraction of three-coordinated B, the larger the 
decrease in hardness[95]. Therefore, due to the free volume accumu
lation and reduction of boron coordination in parallel with the forma
tion of non-bridging oxygen, plastic deformation will be promoted, 
which will also result in the decrease in hardness[96]. Fig. 6c shows the 
load dependence of hardness for the CABS-0.4 glass, with an initial 
decrease in hardness with the increase of applied load for the as-made 
sample before it reaches an approximately constant value. For the 
irradiated sample, as the applied load increases, the hardness of the 
sample first decreases first, then slightly increases, and finally it also 
reaches a constant value. The smallest hardness is at about 1.7 µm for 
the irradiated glass (Fig. S16), then slowly increases and then stabilizes, 
which may also be related to the reduced hardness of the irradiated 
layer. In the process of indentation, as the applied load increases, the 
corresponding depth also increases, and the proportion of the irradiation 
layer will be relatively reduced. 

Based on optical images of indents (Fig. 5b), we find that the crack 
resistance of the irradiated glasses increases compared to the as-made 
glasses. That is, the optical images for indentation under 15 N for the 
three irradiated CABS glasses show no cracks compared to the as-made 
glasses, which exhibits a higher damage-resistant behavior after irradi
ation. Fig. 6d shows the crack resistance for the as-made and irradiated 
CABS glasses, with the individual crack probability vs. load curves 
shown in Fig. S17. CR increases upon irradiation, specifically, crack 
resistance increased by more than 400% (from 5.6 N to 28 N) for the 
irradiated CABS-0.75 glass compared to the as-made one. Based on the 
MD simulation results (Fig. 2a), it can be found that the initial CN of B in 
CABS-0.4 and CABS-0.75 is relatively higher than that in CABS-0.6 
before irradiation, and eventually reaches a constant value in all the 
glasses with an increase in the deposited energy. This indicates that for 
CABS-0.4 and CABS-0.75 glasses, the transition from [4]B to [3]B is more 
pronounced, which is consistent with the trend of CR change in the 
experiment. 

It has been shown that the residual stress is the driving force for the 
radial crack[97–99]. Based on the expanding cavity model, densification 
serves as an alternative to the plastic zone expansion under the indenter 
[99]. Therefore, the densification deformation tends to produce less 
residual stress and less subsurface damage, as a result, the threshold load 
required to initiate cracks increases. In other words, crack resistance 
usually increases with the increasing contribution of densification under 
the indenter. Studies have shown that the high shear deformation ten
dency of boron atoms and the easiness of boron coordination trans
formation under load improve the crack resistance [100]. For these 
mechanisms to be effective, it is not just the boron content that is 
important, but the initial threefold boron content in the glass. Therefore, 
as the four-coordinated B is transformed into the three-coordinated B 
after irradiation, the "reversible" coordination change of CABS under 
indentation helps to improve its crack resistance as it dissipates energy 
and reduces stress accumulation[100]. 

Fracture toughness is an important property used in glass fracture 
mechanics to predict the combination of stress and defect size required 
for fracture. In this study, an indentation test was performed on CABS 
glass to calculate the indentation fracture toughness (KIFT) (Table S4). As 
shown in Fig. 6e, irradiation treatment causes KIFT to increase, with a 
larger increase for a larger irradiation dose. We have also calculated the 
fracture energy (Gc) from the KIFT data (Table S5). Fig. 6 f shows that the 
Gc of CABS glass increases after irradiation. Interestingly, we also 
observe that the most toughening occurs for the CABS-0.4 glass, which 

Fig. 5. (a) Example of Vickers indentation of the CABS-0.4 glass. (b) Optical 
images of indents produced at 15 N on the surface of the as-made (left) and the 
irradiated (right) CABS-0.4 glasses, respectively. 
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also experienced the most obvious [4]B to [3]B conversion after irradia
tion. Since fracture is closely related to the reorganization of atomic 
structure under deformation, which is challenging to characterize 
experimentally, we here use MD simulation to reveal the mechanism of 
irradiation-induced toughening in the following section. 

3.4. Fracture simulations 

To gain a deeper understanding of the structure-properties rela
tionship of the irradiated CABS glasses, the fracture behavior of the as- 
made and irradiated glasses is simulated with MD. We simulated the 
mode I fracture of the glass samples with a precrack (see Section 2.3.4). 
As shown in Fig. 7a, the crack grows from the edges of the precrack and 
then propagates perpendicular to the loading direction upon tension. 
Comparing the fracture behaviors at a strain of 0.2, we clearly observe 
that while the as-made glass is almost fractured, the irradiated glass 
structures are still relatively intact with a more ductile fracture response. 
The fracture process of the two other compositions exhibit a similar 
behavior (see Fig. S18). Fig. 7b-d show the stress-strain curves of the 
three CABS glasses upon uniaxial fracture. The as-made glasses exhibit a 
fairly brittle response, which manifests itself by a sudden drop in the 
stress-strain curve after the crack starts to propagate. However, the 
irradiated samples feature an improved nanoductility by exhibiting a 
slower decay of stress after the crack initiation. This irradiation-induced 
nanoductility has also previously been observed in silica systems[56, 
101]. Additionally, we also note that the slope of the stress-strain curves 
in the elastic region (strain ε < 0.05) decreases upon irradiation, indi
cating a reduced stiffness induced by irradiation. Interestingly, we find 
that the irradiated CABS-0.4 glasses exhibit a more ductile fracture 
without a lower yield stress, indicating a higher fracture energy after 
irradiation for this glass composition. 

Based on the stress-strain curves, we determine the Young’s modulus 
E and fracture energy Gc. As shown in Table 3, both the values and the 

trend of Young’s modulus are in good agreement with the experimental 
values (see Fig. 6a). Although the fracture energies are slightly under
estimated relative to the experimental values from indentation tech
niques (Fig. 6 f), the irradiation dependence on the fracture energy is 
fully captured by MD simulations. Specifically, the Gc values of all the 
CABS glasses increases after irradiation, with the CABS-0.4 sample 
increasing the most from the initially lowest Gc. We also note that the 
[4]B to [3]B conversion upon irradiation in the CABS-0.4 sample is the 
most pronounced, indicating that the [4]B to [3]B conversion is respon
sible for the irradiation induced nanoductility. 

The origin of irradiation-induced nanoductility is further investi
gated by analyzing the bond switching activities of the network formers 
in the CABS glasses (i.e., Al, B, and Si atoms). Here, the fraction of bond 
switching atoms are categorized by comparing the CN of each atom with 
its initial CN at nonstrained state, i.e., whether atom will increase, 
decrease, or swap its neighbor atoms under tensile deformation. As 
shown in Fig. S19, all the bond switching activities increase with an 
increase in strain, indicating that the structural reorganization is closely 
related to bond switching to dissipate the strain energy[5]. Under 
deformation, most of the bond switching events are related to Al and B 
atoms. When the glass is subjected to irradiation, the fraction of swap
ped CN Al atoms increases significantly, while all the bond switching of 
B atoms also rise at varying degrees. Interestingly, although the CN of Al 
atoms do not exhibit large changes upon irradiation, the propensity for 
Al atoms to swap its CN significantly increase with increasing deposited 
energy. This can be attributed to the fact that the [4]B to [3]B conversion 
decreases the number of Ca atoms used for charge compensating [4]B 
atoms, which in turn facilitates the increase in the number of 
non-bridging oxygens. As shown in Fig. S20, the Qn units of Al atoms 
with less connectivity (n < 4, Qn denotes Al atom connects with n 
bridging oxygens) increase upon irradiation, promoting the bond 
switching of Al atoms. 

Meanwhile, the medium-range structure also changes upon 

Fig. 6. (a) Young’s modulus (E) of the as-made and irradiated CABS glasses as determined from ultrasonic echography or the load-depth indentation curve. Dose 1 
and Dose 2 refer to irradiation does of 2.0⋅1013 ions/cm2 and 2.0⋅1014 ions/cm2, respectively. (b) Vickers hardness (HV) of the irradiated glass and as-made glasses. 
(c) Load dependence of hardness for the CABS-0.4 glass. (d) Crack resistance (CR) from Vickers indentation of the as-made and irradiated CABS glasses. (e) 
Indentation fracture toughness (KIFT) determined using a sharp 100◦ tip of the as-made and irradiated CABS glasses. (f) Calculated fracture energy (Gc) based on KIFT 
data for the as-made and irradiated CABS glasses. 
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irradiation to facilitate bond switching and leads to an improved 
nanoductility, e.g., the formation of small rings (less than four atoms), 
which are over-constrained and tend to reorganize upon deformation. 
This indicates that the irradiation-induced nanoductility can be attrib
uted to the structural changes originating from the [4]B to [3]B conver
sion, which in turn promotes the propensity for bond switching of both 
Al and B atoms. In metallic glasses, the irradiation-induced ductility is 

found to be correlated with formation of liquid-like structures, which 
causes the deformation pattern to transition from localized shear 
banding to homogeneous shear flow[102,103]. The atoms with higher 
potential energy induced by irradiation are more likely to participate in 
shear transformations[104]. As such, the toughening mechanism 
induced by irradiation in oxide and metallic glasses can be both 
explained through the formation of atoms with high propensity for 
plastic rearrangement. 

4. Conclusion 

In this work, we have investigated the relation between structure and 
mechanical properties in CABS glasses subjected to irradiation through 
both experimental measurements and MD simulations. We find that the 
irradiation-induced structure changes in CABS glasses are mainly 
attributed to the boron speciation changes from [4]B to [3]B, which leads 
to a more open structure with an increased disorder at the medium- 
range length scale. The structure of CABS glasses with higher initial 
fraction of tetrahedral boron units are therefore found to be more sus
ceptible to change upon irradiation. Upon irradiation of the glass surface 

Fig. 7. (a) Evolution of fracture in the pre-cracked CABS-0.4 glass at tensile strains of 0, 0.1, 0.2, and 0.3. (b-d) Stress-strain curves of (b) CABS-0.4, (c) CABS-0.6, and 
(d) CABS-0.75 glasses subjected to different amounts of irradiation energies (0, 1.7, and 17 eV/atom). 

Table 3 
Young’s modulus and fracture energy calculated based on MD simulations.   

Young’s modulus E (GPa) Fracture energy Gc (J/m2)  

As- 
made 

1.7 eV/ 
atom 

17 eV/ 
atom 

As- 
made 

1.7 eV/ 
atom 

17 eV/ 
atom 

CABS- 
0.4 

71.2 60.4 61.4 4.1 4.4 5.9 

CABS- 
0.6 

78.3 63.5 60.6 4.9 4.7 5.0 

CABS- 
0.75 

78.8 61.5 60.9 4.3 4.7 5.0  
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layers, the modulus and hardness decrease, while the crack resistance 
increases significantly. Specifically, crack resistance increased by more 
than 400% for the irradiated CABS-0.75 glass compared to the as-made 
one. In the case of hardness, the experiments performed at different 
loads showed that hardness first decreased with load, then increased 
slightly, and finally reached a constant value. This can be related to the 
decrease in the hardness of the µm-sized irradiated layer. Furthermore, 
both the experimental and simulation data show that the fracture energy 
also increases upon irradiation, with an improved nanoductility in the 
irradiated structures. This irradiation-induced nanoductility is attrib
uted to the changes in medium-range structure, which facilitates bond 
switching of Al and B atoms. Interestingly, the CABS glass composition 
with the largest increase in CR and KIFT is the one with the most [4]B-rich 
structure, which is more susceptible to structural reorganization upon 
irradiation. 
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Table S1. Overview of the properties of the pristine experimental glasses, including glass transition 

temperature (Tg), density (ρ), Young’s modulus (E), Vickers hardness (Hv), and crack resistance (CR). The 

error in density is within ±0.002 g cm-3.

Glass
(As-made)

Tg
[°C]

ρ
[g/cm3]

E
[GPa]

Hv
(1)

[GPa]
CR(2) (Vickers)

[N]

CABS-0.4 665 2.499 71 6.11 8.2

CABS-0.6 668 2.497 72 5.81 14.5

CABS-0.75 683 2.539 73 5.62 5.6

(1) HV measured at ambient conditions at load of 4.9 N.

(2) CR measured at ambient conditions (temperature 23±1 °C, relative humidity ~39±5%).

Table S2. Irradiation treatments of the three experimental CABS glasses. 

Glass Ion Energy
(MeV)

dE/dX
Nuclear 

(MeV/(mg/cm2))

Projected
Range (µm)

Longitudinal 
Straggling (Å)

Lateral 
Straggling (Å)

CABS-0.4 5.00 9.151 1.73 1772 1839

CABS-0.6 5.00 9.132 1.73 1773 1842

CABS-0.75 5.00 9.080 1.71 1770 1835

Table S3. Elastic constants of the pristine glasses simulated using two different classical potentials.

Potential (Deng) Potential (Wang)

CABS-0.4 E(GPa) 113.34 96.9

K(GPa) 87.03 71.31

G(GPa) 44.18 38.04

CABS-0.6 E(GPa) 112.85 120.55

K(GPa) 82.57 93.34

G(GPa) 44.35 46.92

CABS-0.75 E(GPa) 113.88 111.4

K(GPa) 81.94 84.57

G(GPa) 44.89 43.5
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Table S4. Indentation fracture toughness (KIFT) (MPa m0.5) of the as-made and irradiated CABS glasses. 

CABS-0.75 CABS-0.6 CABS-0.4

As-made 0.891 0.873 0.766

Dose 1 0.927 0.882 0.881
Dose 2 0.941 0.931 0.900

Table S5. Experimental fracture energy (Gc) (J/m2) for the as-made and irradiated CABS glasses.

CABS-0.75 CABS-0.6 CABS-0.4

As-made 11.1 11.3 8.6

Dose 1 13.0 12.5 12.2
Dose 2 14.4 15.2 13.9
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Figure S1

 
Figure S1. XRD spectra of the as-made a) CABS-0.75, b) CABS-0.6, c) CABS-0.4 glasses, showing no signs 

of crystallization.
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Figure S2

Figure S2. (a) Experimental and simulated density of glasses by two different classical potentials. (b) B-O 

partial pair distribution function and (c) neutron structure factors simulated by two different classical potentials.
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Figure S3

Figure S3. Crack size dependence of the simulated fracture energy (GC) in CABS-0.75 glass. x value of 3 

represents the crack length of Lx/3. By estimating GC of the same glass structure with four different crack 

lengths, we found that the size dependence is small when crack length is less than Lx/3. Therefore, the crack 

size of Lx/3 is used in all the simulations.
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Figure S4

Figure S4. Micro-Raman spectra of the as-made and irradiated (IR) glasses: a) CABS-0.75 glass (dose 1), b) 

CABS-0.4 glasses (dose 1), c) CABS-0.75 glass (dose2), d) CABS-0.6 glass (dose2), and e) CABS-0.4 glass 

(dose2).
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Figure S5
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Figure S5. Micro-Raman spectra of the as-made a) CABS-0.6, d) CABS-0.75, g) CABS-0.4 glasses recorded 

at increasing distances from the center of a Vickers indent produced at 4.9 N. Micro-Raman spectra for 

irradiated (Dose 1) glasses b) CABS-0.6, e) CABS-0.75, h) CABS-0.4 recorded at increasing distances from 

the center of a Vickers indent produced at 4.9 N. Micro-Raman spectra for irradiated (Dose 2) glasses c) 

CABS-0.6, f) CABS-0.75, i) CABS-0.4 recorded at increasing distances from the center of a Vickers indent 

produced at 4.9 N. j) Relative area fractions of the two main Raman bands for as-made and irradiated glass at 

increasing distances from the center of a Vickers indent produced at 4.9 N for CABS-0.6 (Dose2). 
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Figure S6

Figure S6. Simulated total pair distributions of the as-made CABS glasses.
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Figure S7

Figure S7. a) Simulated average coordination number of Al and b) Si of CABS glasses as function of the 

deposited energy during the irradiation process.
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Figure S8

Figure S8. Distribution of enthalpy per atom of [3]B and [4]B in the simulated CABS-0.4 sample.
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Figure S9

Figure S9. Atomic snapshot of [3]B atoms in the simulated CABS-0.4 glass (a) before and (b) after irradiation 

with dose of 17 eV/atom. Evolution of (c) cluster number and (d) average cluster size of [3]B atoms as a function 

of the deposited energy during the irradiation process. A cluster is defined as a group of [3]B atoms with a 

minimum number of two within a cutoff of 3.2 Å. The cutoff is selected as the minimum after the first peak in 

the B–B partial pair distribution function.
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Figure S10

Figure S10. Simulated O-B-O bond angle distributions in the a) CABS-0.75 and b) CABS-0.6 glasses. Ring 

size distributions of glasses subjected to different amounts of irradiation energies, namely, 0 eV/atom, 1.7 

eV/atom, and 17 eV/atom in the samples of c) CABS-0.75, d) CABS-0.6 glasses.
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Figure S11

Figure S11. Simulated neutron structure factor of the a) CABS-0.6 and b) CABS-0.75 glasses subjected to 

different amounts of irradiation energies, namely, 0, 1.7, and 17 eV/atom.
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Figure S12

Figure S12. Persistence diagrams for CABS-0.6 glass structure at a) as-made state, subjected to b) 1.7 eV/atom, 

and c) 17 eV/atom. For CABS-0.75 glass structure at d) as-made state, subjected to e) 1.7 eV/atom, and f) 17 

eV/atom.
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Figure S13

Figure S13. Quantitative analysis of persistence diagrams using the APF function of a) CABS-0.4, b) CABS-

0.6, and c) CABS-0.75 glasses subjected to different amounts of irradiation energies. The APF functions are 

calculated by summing up all the points (𝑑𝑖,  𝑏𝑖) in the persistence diagram as: APF(𝑡) =

∑𝑖:(𝑏𝑖+𝑑𝑖)/2≤𝑡(𝑑𝑖 ― 𝑏𝑖).
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Figure S14

Figure S14. Experimental load-depth curves for as-made a) CABS-0.4, b) CABS-0.6, c) CABS-0.75, for 

irradiated d) CABS-0.4, e) CABS-0.6, f) CABS-0.75, for irradiated g) CABS-0.4, h) CABS-0.6, i) CABS-

0.75.
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Figure S15

Figure S15. Vickers hardness (HV) of the as-made and irradiated glasses measured at an indentation load of 

0.1N.
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Figure S16

Figure S16. Depth dependence of hardness for the CABS-0.4 glass.
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Figure S17

Figure S17. Crack probability as a function of applied indentation load for the as-made and irradiated CABS-

0.4 glass a), CABS-0.6 glass b), CABS-0.75 glass c). The experimental data was fit to a sigmoidal function of 

the form 𝑦 = 𝐴2 + (𝐴1 ― 𝐴2) 1 + 𝑥 𝑥0
𝑝

 (solid lines).
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Figure S18

(a)

(b)

Figure S18. Evolution of fracture in the pre-cracked (a) CABS-0.6 and (b) CABS-0.75 glasses of different 

irradiation states at tensile strains of 0, 0.1, 0.2, and 0.3.
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Figure S19

Figure S19. Fraction of network formers in the CABS glasses that have changed their coordination numbers 

(CN) during the tensile loading process. a-c) Al, B, and Si atoms in the as-made CABS glasses. d-f) Al, B, and 

Si atoms in the CABS glasses subjected to 1.7 eV/atom. g-i) Al, B, and Si atoms in the CABS glasses subjected 

to 17 eV/atom.
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Figure S20

Figure S20. Simulated distribution of the Qn units of Al atoms for a) CABS-0.4, b) CABS-0.6, and c) CABS-

0.75 glasses as function of the deposited energy during the irradiation process.
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Abstract

Chemical  diversification of  hybrid organic-inorganic  glasses  remains  limited,  especially  compared to

traditional oxide glasses, for which continuous composition variation and thus property tuning is possible

through addition of weakly bonded modifier  cations.  In  this  work,  we show that  water  addition can

depolymerize polyhedra with labile metal-ligand bonds in a cobalt-based coordination network, yielding a

series of non-stoichiometric glasses. Based on calorimetric,  spectroscopical,  X-ray absorption, and  ab

initio simulation studies, we demonstrate that the added water promotes breakage of cobalt-oxygen bonds,

which leads to lower melting and glass transition temperatures. These structural changes also modify both

the physical and chemical properties of the melt-quenched glass, with strong parallels to the modifier

concept in oxide glasses. This approach will enable diversification of hybrid glass chemistry, including

non-stoichiometric  glass  compositions,  continuous tuning of  physical  and  chemical  properties,  and  a

significant increase in the number of glass-forming hybrid systems by allowing them to melt before they

thermally decompose.
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Introduction

Hybrid organic-inorganic networks, including three-dimensional metal-organic frameworks (MOFs) and

one- or two-dimensional coordination polymers (CPs), have opened new and applications avenues within

solid state chemistry throughout the last few decades.1,2 The materials typically consist of metal-nodes

connected by organic linkers, and in some cases including additional interplaying metallic-node centers,

e.g., in perovskite structures.3,4 The majority of these discovered structures are crystalline and typically

synthesized  by  hydrothermal  processes,5 but  recently  it  was  discovered  that  some  members  of  this

chemical family can form a stable liquid phase upon heating (prior to thermal decomposition), allowing

subsequent supercooling into a glassy state.6,7 This work has opened a new glass family, notably distinct

from the existing metallic, organic, and inorganic glasses, and with possible applications within, e.g.,

radioactive  waste  storage,8 thermoelectrics,4 gas  separation,9 and  energy  storage,10 as  well  as  the

possibility to produce bulk-sized hybrid organic-inorganic samples (>1 cm) without grain boundaries.11 

Although these hybrid glasses are chemically distinct from the traditional glass families, they share a

number  of  structural  similarities  to  network  glasses  (e.g.,  oxides),  as  the  metallic  nodes  (for  oxides

typically  Si,  Ge,  P;  for  hybrids typically  transition metals)  bridge through single oxygens (for  oxide

glasses)  and large organic  linkers  (for  hybrid glasses).12 Similarly,  the  metal  nodes in  the  two glass

families share the same range of coordination numbers (typically 4-6).12–14 However, there is a major

difference  in  the  discovery  and  design  of  new glasses.  Hybrid  glasses  are  typically  made  by  melt-

quenching or ball-milling a specific crystal and thus restricted to stoichiometric compositions. On the

other hand, the compositions of oxide glasses can be continuously adjusted through the addition of so-

called modifiers or “fluxes” (e.g., alkali oxides), which results in the breakage of the continuous network

structure of the pure network-forming oxide, creating non-bridging oxygens, i.e., oxygens which will only

covalently  bond  to  one  metal  node.12 This  leads  to  changes  in  the  physical  properties,  for  example

lowering  of  the  melting  and  glass  transition  temperatures,  enabling  melting  at  significantly  lower

3



temperatures.12 The modified addition in oxide glasses thus enables a chemical diversity that has led to a

broad  range  of  applications,  from   window  glasses  and  touchscreen  displays  to  optical  fibers  and

pharmaceutical  vials.  The  possibility  to  tune  the  structure  and  properties  of  hybrid  glasses  through

modifier addition has not yet been realized, although we note that the term flux melting has been used to

describe the co-melting of two MOFs from the zeolitic imidazolate framework family.15 

In this work, we present experimental and computational evidence for water acting as a modifier in a

cobalt-based  bis-acetamide  hybrid  coordination  network  glass  (HCNG)  of  composition

Co(hmba)3[CoBr4], where hmba:  N,N’-1,6-hexamethylenebis(acetamide). Structurally, in the crystalline

state,  this  system  consists  of  octahedral  Co2+ nodes  connected  through  weak  coordination  bonds  to

uncharged hmba structures in a 2D layer-like structure, with non-interconnected charge compensating

[CoBr4]2- units situated in between network layers.14,16 While this glass is fully water soluble, we show

that careful water addition results in significant alteration of physical properties including the melting and

glass transition temperatures. Experiments and ab initio simulations show that water facilitates breaking

of the network-forming Co-O bonds, ultimately allowing for the tuning of glass properties within this

glass family. We believe these findings opens a new avenue for tuning the melting temperatures of other

hybrid crystals to allow them to melt before thermal decomposition, and hence the formation of more

melt-quenched hybrid glasses. 

Results and Discussion

The  studied  hybrid  coordination  network  crystal  was  synthesized  following the  procedure  of  Ref. 14,

creating single crystals with ethanol of composition Co(hmba)3[CoBr4]2EtOH. The ethanol molecules

were subsequently removed by prolonged storage under vacuum (<10 mbar) and moderate heating (~30-

40  C),  resulting  in  a  polycrystalline  powder  that  is  isostructural  to  a  Mn-analogue  of  composition

Mn(hmba)3[MnBr4] (as reported in Ref.16 and deposited in the Cambridge Crystallographic Data Centre
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(CCDC)  17 with deposition number 120454).  Figure 1a shows the measured X-ray diffraction (XRD)

patterns  of  the  crystal  before  and  after  drying  together  with  a  simulated  spectrum  of  both

Co(hmba)3[CoBr4]2EtOH and Co(hmba)3[CoBr4] structures as based on the unit cell structures of their

Mn-analogues.  Images  of  the  two  crystalline  products  are  presented  in  Figure  S1a.  For  both

Co(hmba)3[CoBr4]2EtOH and Co(hmba)3[CoBr4],  we observe an excellent  reproduction of the XRD

peaks (Figure 1a), confirming the expected structural change upon storage and subsequent desolvation14,16

and the generation of the Co(hmba)3[CoBr4] crystal structure that can subsequently be melt-quenched.

The unit cell structure of Co(hmba)3[CoBr4] is presented in Figure 1b, while that in Figure 1c highlights

the (i) layer-like percolating network of Co and hmba-linkers and (ii) interpenetrating [CoBr4]2--tetrahedra

positioned in the vacancies of the layered network.
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Figure  1.  (a) X-ray  diffraction  patterns  of  synthesized  ethanol-containing  crystals

(Co(hmba)3[CoBr4]2EtOH)  and  subsequently  dried  crystals  (Co(hmba)3[CoBr4])  as  well  as  the

corresponding melt-quenched Co(hmba)3[CoBr4] glass. The calculated reference spectra are based on the

CIF files of Ref.16 which have also been deposited in the CCDC17 with deposition numbers 120454 and

120455, respectively, where Mn is exchanged for Co. (b) Unit cell of crystalline Co(hmba)3[CoBr4] with

highlights of Co tetrahedra and octahedra (shaded in grey), with the colored spheres representing carbon

(grey), nitrogen (blue), oxygen (red), and bromine (pink) atoms. Hydrogens are omitted for clarity. (c)

Co(hmba)3[CoBr4] structure overlaid with highlighting showing how Co2+ and hmba serve as the network

part of the structure (blue), while [CoBr4]2--tetrahedra are placed between the layers within the network

(red).

The melting and subsequent glass formation has been described previously for both Co(hmba) 3[CoBr4]

(see  example  picture  of  molten  Co(hmba)3[CoBr4]  in  Figure  S1b)  as  well  as  other  bis-acetamide-

containing HCNGs.14 Here, we demonstrate that the properties of this system are highly sensitive to the

water  content.  Figure  2a  shows  differential  scanning  calorimetry  heating  scans  for  the  pristine

Co(hmba)3[CoBr4] crystal and glass with no or 7 wt% added water, respectively. Upon water addition, the

(c)
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melting transition clearly becomes broader and ends at a significantly lower temperature (right part of

Figure 2a),  while the glass transition temperature decreases significantly (left  part of Figure 2a).  The

dependence of the melting temperature (Tm) and glass transition temperatures (Tg) on water content is

shown in Figure 2b. The increasing water concentration significantly lowers the melting temperature from

~110 C to a constant value of ~70 C at a water concentration of ~15 wt%, with no changes upon further

water addition.
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Figure  2. (a)  Differential  scanning  calorimetry  heating  scans  of  crystalline  (right)  and  glassy  (left)

Co(hmba)3[CoBr4]. Results of shown for both dry samples (red lines) and those with 7 wt% added water

(blue  lines).  (b)  Melting  and  glass  transition  temperatures  (Tm and  Tg,  respectively)  of  the

Co(hmba)3[CoBr4] as a function of the ratio of H2O to bridging-Co  (i.e.,  Co atoms bonded to hmba

linkers). (c) Reduced glass transition temperature (Tg
*=Tg/Tg

WF, scaled in Kelvin and where  Tg
WF is the
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glass transition temperature of the water-free glass) of the Co(hmba)3[CoBr4]water glasses at different

water concentrations as well as for several different  sugars,  organic polymers,  and silicate glasses as

obtained from Refs.18–20. 

We find a decrease in the glass transition temperature from a pristine value of 16  C to -15  C for the

highest water content, which corresponds to nine water molecules per bridging Co atom, where bridging-

Co  refers  to  Co  atoms  bonded  to  hmba  linkers.  Notably,  a  significant  initial  decrease  followed  by

stabilization is observed for both Tm and Tg. Specifically, Tm and Tg reach a constant value when around

three to four water molecules per bridging-Co have been added. Interestingly, this is equivalent to the

ratio  of  bridging-Co  to  hmba  in  the  system,  suggesting  that  at  the  point  of  convergence  one  water

molecule per hmba linker is present. Considering the chemical environment of the percolating network,

i.e., Co-nodes connected by bidentate hmba-linkers through Co-O coordination bonds, the monodentate

water species thus appear to replace the bridging carbonyl oxygens around the Co-centers. This leads to a

fully  depolymerized  network  of  Co  atoms  surrounded  by  a  distribution  of  hmba-linkers  and  water

molecules, while the [CoBr4]2--tetrahedra would remain intact.  As such, this behavior is equivalent to

water-based modifier addition in the HCNG system, which has not previously been reported for hybrid

glasses to our knowledge. 

The  water-induced depolymerization  and decrease  in  Tg has  been  observed in  other  glassy  systems,

including silicates, organic polymers and sugars. To compare the extent of the decrease,  we plot the

reduced glass transition temperature (Tg
*=TgTg

WF,  where  Tg
WF is the glass transition temperature of the

water-free  glass)  as  a  function  of  water  content  in  Figure  2c.  Results  are  shown  for  the  present

Co(hmba)3[CoBr4] glass well as various systems from literature.18–20 Water addition has a pronounced

effect on the Tg of the inorganic silicates and some polymers, with a decrease in their Tg by ~50% when

adding 10-15 wt% water. This contrasts the behavior of the majority of the sugars and polymers as well as

the present HCNG, which exhibit only a minor (~10-15%) reduction in Tg in the same water concentration

range. However, interestingly our HCNGs also seem to feature a more converging Tg compared to other
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systems upon water addition – likely due to how water significantly outnumbers bridging Co atoms at

rather  low  water  concentrations  (~5-10  wt%),  ultimately  yielding  a  glassy  system  which  is  rather

controlled by weak cohesive forces of longer range rather than by the Co-hmba network. 

To further clarify the glass transition behavior of the Co(hmba)3[CoBr4] glasses, we performed annealing

experiments at 0.9Tg of both pristine and hydrated samples. Based on the DSC measurements of these

samples, we find that  Tg decreases and the endothermic overshoot of the glass transition increases with

annealing duration (Figure S2). This is consistent previous findings for other glass families21,22 and is a

consequence  of  the  decreasing  in  the  overall  enthalpy  of  the  system  through  the  hopping  between

metastable  states  and,  upon  such  heating,  into  local  minima  of  the  potential  energy  surface. 23

Additionally,  we  determined  the  liquid  fragility  (m),  which  quantifies  the  extent  of  non-Arrhenius

temperature dependence of viscosity at  Tg. This was done on both pristine and hydrated glasses using a

DSC-based method.24 Specifically, glasses were heated from below to above Tg using a range of heating

rates (5, 10, 15, 20, 25, and 30 K min-1) and the shift in fictive temperature was recorded. This gave m

values of ~42 and ~47 for the pristine and hydrated glass, respectively. This is in the same as many

modified  oxide  and metallic  glass-forming systems (m≈30-70),25,26 but  considerably  lower  than  most

organic systems24 and higher than the hybrid ZIF-62 (m=23)27 as well as pure SiO2 (m=20)28.

To understand these changes in melting and glass transition behavior upon water addition, we subjected

the  HCNGs  to  a  variety  of  spectroscopic  analysis  methods,  including  in  situ Raman  spectroscopy

measurements during melting of the crystal and a subsequent cooling/heating cycle (Figure S3), and ex

situ FT-IR spectroscopy measurements  (Figure  S4).  However,  both  techniques  could  not  detect  any

significant changes of the spectra upon water addition, and only a slight broadening when the system

transitioned to the molten/glassy state. This is in somewhat good agreement with the in situ FTIR data of

Ref.14. Then, to probe any structural changes around the Co atoms, we measured the visible absorption

spectra  of  the  pristine  and hydrated  glasses  (Figure  3a).  We were  unable  to  quantify  the  used  film

thickness  and  hence  the  absorption  coefficient,  but  note  that  higher  water  content  lead  to  smaller
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absorption, in agreement with the expectation of that glass fraction of the sample is “diluted” by the

added water. The large band around 6-700 nm present in all samples can be assigned to the crystal field

splitting in [CoBr4]2-, where Br- ligands are tetrahedrally coordinated to Co-centers, as29 (i) Br- is in the

lowest splitting part of the spectrochemical series and (ii) lower coordination is known to induce lower

splitting.  As  such,  the  octahedral  Co  atoms  surrounded  by  carbonyls  should  absorp  at  smaller

wavelengths (higher energies) due to its expected larger splitting (based on the spectrochemical series)

and higher coordination state. This interpretation implies that only the Co-hmba network is reorganized

during the melt-quenching procedure, while the charge compensating [CoBr4]2- units remain stable both in

the pristine and hydrated glasses.
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Figure 3. (a) Normalized visible absorption spectra of HCNGs with varying water content (see colorbar).

(b) Simulated mean square displacement (MSD) of Co atoms in the the Co(hmba)3[CoBr4] system at 1000

K with 0, 1, 2, or 3 water molecules in the unit cell structure. (c) Simulated average coordination number

(CN) of the Co-O correlation in structures containing 0, 1, 2, or 3 water molecules. (d) Trace of one water

molecule’s trajectory over 10 ps of simulation time at 1000 K, where blue refers to the initial position and

red to  the  final  position.  The  remaining part  of  the  structure  is  shown as  the  final  frame.  Note  the

movement across the periodic boundaries.

The melting mechanism of the Co(hmba)3[CoBr4] system as well as that with 0, 1, 2, or 3 water molecules

added was further studied by ab initio molecular dynamics simulations. We are restricted to studying the

crystal/molten state as the quenching to a glassy state is computationally infeasible. First, we considered

dynamics of the pristine, water-free crystal structure (as obtained from its CIF file) at temperatures of

500, 1000, and 1500 K to calculate the mean square displacement (MSD). The results are shown in Figure

3b for Co MSD at 1000 K for different water content and in Figure S5 for both Co and Br MSD at the

different temperatures. The simulations at 500 K present solid-like behavior (i.e., constant value of MSD),

while the simulations at 1500 K present a liquid/gas-like behavior (i.e., increasing MSD with time). The

simulations  at  1000  K exhibit  behavior  in-between these  extrema,  thus  representing  an  initiation  of

melting.  We confirm through calculation of  the  Lindemann ratio  (),  i.e.,  the  ratio  of  the  estimated

amplitude of the atomic vibrations divided by the bond length30,31 of the Co-O bonds. As shown in the

inset of Figure S5a,  increases from ~0.10 to ~0.18 when increasing the temperature from 500 to 1500

K. Generally, melting is considered to occur when  reaches a value of around 0.10-0.15,30,31 matching

the values from the simulation data at 1000 K. By adding water to the system at 1000 K, the Co MSD

increases more rapidly with time (Figure 3b), suggesting that water promotes the melting process. The
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same trend that the MSD increases with both temperature and water content is also found for Br (Figures

S5b-c).

The melting process of the Co(hmba)3[CoBr4] system can be also be investigated through analysis of the

simulated coordination numbers (CNs) of the two different Co-centers (i.e., the Co-O and Co-Br CNs).

interestingly, we find that the CN of the Co-O and Co-Br correlations differ significantly (see Figure 3c

for Co-O and Figure S6 for Co-Br). We note that the stepwise nature of the data in these figures is due to

the small  number  of Co atoms in each simulated box.  Upon initializing dynamics  at  1000 K of the

crystalline system with 0, 1, 2, or 3 water molecules, we observe a major decrease in the Co-O CN (i.e.,

the network percolating species) from 6 to ~4 within the first 10 ps. This decrease in CN is found to be

promoted by the presence of water, as seen from the more rapid decrease of CN in the first picosecond of

the simulation with the largest amount of water. Simultaneously, the Co-Br centers exhibit only minor

deviations  from  the  the  initial  four-fold  coordinated  state  as  caused  by  the  high  temperature,  yet

deviations quickly surge upon further increases in time to subsequently re-establish the tetrahedral state,

independently of the water content (Figure S6). Figure 3d illustrates the movement of a water molecule

inside the structure at 1000 K, highlighting how water appears to explore multiple parts of the structural

space, including both the Co-O octahedra as well as the Co-Br tetrahedra. However, the water molecule

does not fully approach neither the Co-centers nor replace the oxygens in hmba or the bromide ions. This

is supported by calculations of the time-resolved bond distance between the oxygens from water and the

Co atoms in the structure, with separation distances surpassing 3 Å (Figure S7) in contrast to the network-

forming Co-O and interconnected Co-Br bonds,  exhibiting bond distances  in  the  range of  1.8-2.5 Å

(Figures S8-11).

To  complement  the  ab  initio simulations  and  provide  real  space  temperature-resolved  structural

information of the hybrid coordination network system in both the crystalline, molten, and glassy states,

we have performed in situ extended X-ray absorption fine structure (EXAFS) measurements (see raw data

in Figure S12). The Fourier transformed extended X-ray absorption fine structure (FT-EXAFS) spectra
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are shown in Figure 4 for both the pristine (Figure 4a) and hydrated (Figure 4b) systems in the crystalline

(red), molten (green), and glassy states (blue). In the water-free system, the cobalt environment features a

bimodal distribution of bond lengths, with the shortest one corresponding to Co-O (just below 2 Å) and

the longer one to the Co-Br distance (above 2 Å). Upon heating to 140  C, we find a decrease in the

overall peak area of both the Co-O and Co-Br correlations, suggesting a decrease in the CNs for both Co

environments in the structure. We note that the simulations mainly showed breakage of the Co-O bonds,

but this may reflect the general limits in terms of simulation time. Furthermore, we find that the Co-Br

bonds appear to be reestablished when cooling into the glassy state, while the Co-O bonds appear to be

permanently shortened and with a smaller CN (see Figure 4a, blue curve). This is consistent with the

persistent blue color from the [CoBr4]2- centers observed in the optical absorption spectra (Figure 3a).

      

Figure 4. In situ Fourier transformed extended X-ray absorption fine structure (FT-EXAFS) spectra of (a)

pristine and (b) hydrated Co(hmba)3[CoBr4] systems in the crystalline state (red), molten phase at 140 C

(green),  and  glassy  state  at  approximately  -30  C (blue).  Areas  for  the  approximate  radial  distances

corresponding to cobalt coordinating to oxygens from hmba as well as Br are shaded in blue and pink,

respectively.

Significant  changes  in  the  FT-EXAFS  spectra  are  observed  upon  water  addition  (Figure  4b).  First,

considering the crystalline state with added water, the overall peak intensities are similar to those of the

pristine system (see direct comparison in Figure S13a). However, upon heating to 140 C (green curve in
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Fig.  4b),  the local  geometry of Co is  altered,  with significant  changes in both the bond lengths and

coordination environments. An apparent trimodal distribution is observed, which can likely be ascribed to

Co-O(hmba), Co-O(water), and Co-Br bonds, respectively. That is, the initial Co-O peak (bond length of

~1.8 Å) seems to split into two peaks with shorter and longer bond distances, respectively, than in the

crystalline state, respectively. It is not possible to ambiguously ascribe this to a certain chemical species,

but since the  absorption results suggest that the [CoBr4]2- centers remain largely intact (Figure 3a), we

infer  that  oxygens  from  water  (O(w)  in  Figure  4b)  coordinate  and  partially  replace  hmba-oxygens,

producing  a  signal  that  is  partially  overlapping  with  that  of  the  Co-Br  correlation.  Notably,  this  is

consistent with the fact that aquo-cobalt complexes typically exhibit Co-O bond distances of around 2.1-

2.2 Å,32 that is, between those of Co-O(hmba) (~1.8 Å) and Co-Br (~2.5 Å). Furthermore, correlations in

the initial  Co-O(hmba) range of ~1.8 Å are found to be present in the hydrated glass structure, thus

suggesting that Co atoms still coordinate to hmba in the hydrated sample (although at a lower CN). This

ultimately suggests that the Co centers percolating the network partially exchange oxygen coordination

from hmba to water. 

Finally, based on the performed simulations and experiments, we propose a melting mechanism of the

Co(hmba)3[CoBr4]  system (Figure  5).  First,  upon heating  of  the  anhydrous  system,  the  labile  bonds

between Co and O in hmba (i.e., the red spheres in Figure 5) tend to break, leading to a decrease in the

overall network connectivity and ultimately the formation of a molten state. This is accompanied by a

minor degree of breakage of the tetrahedral Co-Br units. Upon cooling this liquid into the solid glass

state, the [CoBr4]2- units reform, while the Co-O network undergoes only partial reformation. Addition of

water  to  the  crystal  enhances  the  temperature-induced de-coordination  process  dramatically.  That  is,

while the [CoBr4]2- centers generally behave similarly as in the water-free state, the Co-O(hmba) bonds

break much more easily in the hydrated system and are ultimately replaced by water molecules in the

glassy state. In addition, when water replaces the oxygens of hmba, dangling organic motifs are created as
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shown by the significant reduction in the  Tg from 16 ºC to -15 ºC for the fully polymerized and fully

depolymerized glass structures, respectively. 

Figure 5.  Proposed melting and glass-forming mechanism of the Co-O octahedra of the studied cobalt-

based hybrid coordination network system. Cobalt, oxygen, bromine, and hydrogen are represented as

violet, red, pink, and white spheres, respectively. The process is shown from the crystalline (left) to the

molten (middle) and ultimately glassy (right) state in both the case without (top) and with (bottom) water.

Conclusions

We have shown that a cobalt-based hybrid coordination network crystal is an excellent glass former and,

by adding water, may have its melting point and glass transition temperature significantly suppressed.

Through calorimetric, spectroscopic, diffraction, X-ray absorption, and simulation methods, we have a
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proposed a mechanism for the water-promoted breakdown of the internal network of Co2+ ions and bis-

acetamide organic linkers, while the [CoBr4]2- centers remain relatively intact. The former is obtained by

replacing  labile  Co-O  bonds  from  the  organic  ligand  with  coordination  to  water  molecules.  This

mechanism resembles that  of  water and other network “modifiers” in traditional  oxide glass-forming

systems,  where such structural modification is used to design and tune glass properties for industrial

applications. As such, the present results may pave the way for a significant expansion of the meltable

and glass-forming hybrid systems as well as substantial non-stoichiometric chemical diversification of

these systems. 

Methods

Crystal and glass synthesis

Synthesis of Co(hmba)3[CoBr4]2EtOH crystals were performed according to the procedure in Refs.14,16.

Before  starting the synthesis,  ethanol  (EtOH)  and ethyl  acetate  (EtOAc)  were dried using molecular

sieves for at least 24 h. Then, N,N’-1,6-hexamethylenebis(acetamide) (hmba, ~133 mg) was heated in 1.5

mL of EtOH and 13.5 mL of EtOAc under reflux. We observed that hmba would only partially dissolve

upon reflux and magnetic stirring of this solution. Separately, ~75 mg of CoBr 2 was added to 10 mL of

EtOH, which was heated on a hot plate to form a clear blue solution. This solution was then slowly added

to the heated solution of hmba using a syringe to finally form a clear blue solution. The latter was left

under N2 flow overnight to allow for evaporation and clear blue-purple crystals to form in the solution.

These crystals were filtered, washed using anhydrous diethyl ether,  and finally dried on the filter  by

allowing further suction of N2 (see Figure S1a). 

We confirmed these  crystals  to  be  isostructural  to  the  Co(hmba)3[CoBr4]2EtOH crystals  formed in

previous studies.14,16 Similarly to these previous reports, upon storage at slightly above room temperature

and high vacuum, the Co(hmba)3[CoBr4]2EtOH structure was found to spontaneously release the bound
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EtOH  molecules  and  form  the  Co(hmba)3[CoBr4]  structure  upon  storage  (see  Figure  S1b).  Both

crystalline structures were confirmed by X-ray diffraction analysis (Figure 1a). All crystals were stored in

a desiccator or under vacuum (<10 mbar) and slightly elevated temperatures (40 ºC). Glasses, which were

produced  by  melt-quenching  and  found  to  be  X-ray  amorphous  (Figure  1a),  were  always  produced

immediately  prior  to  or  during  analysis  to  avoid  effects  of  storage  (e.g.,  possible  crystallization  or

unwanted hydration effects). We tested the stability of the melt by melting the crystal for 2, 5, 10, 20, and

40 mins, finding no decomposition to the organic linker, as seen from 1HNMR results in Figure S14 and

an example of an interpretated spectrum in Figure S15.

Experimental characterization

X-ray diffraction (XRD) analysis was performed using a Panalytical Empyrean instrument equipped with

a Cu-source (K1=1.50498 Å). Scan ranges were 2θ=5-70º.

Thermal  analysis  was  performed  using  a  TA  Q2000  differential  scanning  calorimeter  (DSC)  using

hermetically sealed Al pans. Approximately 5 mg of Co(hmba)3[CoBr4] was used per scan with varying

amounts of water (in the range of 0-0.8 L of deionized water). 

Visible absorption measurements were performed by melting the Co(hmba)3[CoBr4] crystal on a fused

quartz glass slide. After melting, the melt was made into a film by pressing with another fused quartz

slide. Following measurements, the visible spectrum showed strong absorption, but it was not possible to

quantify the absorption coefficient due to uncertainties in estimating the film thickness.

1HNMR spectra were recorded in solutions of ~10 mg glass in ~0.5 mL of DMSO-d6 on a Bruker Avance

III 600 MHz NMR spectrometer. The data analysis was performed in TOPSPIN.

To investigate the structural changes during glass formation after hydration, Fourier transform infrared

(FT-IR) spectroscopy measurements were performed on pristine glass and hydrated glass samples. FT-IR
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spectra  were  acquired  using  an  attenuated  total  reflection  setup  (incorporating  crystalline  Ge)  under

ambient  conditions  using  a  Spectrum  One  spectrometer  (PerkinElmer  STA  6000)  followed  by

background subtraction. Absorption spectra were collected in the wavenumber region from 500 to 4000

cm-1. Glass samples were prepared in advance in a closed crucible before testing at ambient temperature.

Raman  measurements  were  carried  out  using  a  micro-Raman  spectrometer  (inVia,  Renishaw).  The

sample surface was excited by a 532 nm green diode pumped solid state laser for an acquisition time of

10 s. First, we prepared pristine samples before the measurement in a closed crucible followed by Raman

measurements. Next, we performed the measurement during the entire glass formation process of two

samples (pristine and hydrated glass) by adding crystal (~5 mg) and water (0 and 0.8 μL for the pristine

and  hydrated  glass,  respectively)  to  an  in  situ cell.  The  samples  were  then  measured  at  different

temperatures,  from room temperature up to 140°C (melting process) before cooling to -60°C. Raman

spectra were acquired every 20°C. All heating and cooling processes were performed using rates of 10 K

min-1.

To more accurately and deeply explore the effect of hydration on the structure of the glass formation

process, extended X-ray absorption fine structure analysis (EXAFS) was conducted.

Similar to the Raman measurements, the EXAFS measurements covered the glass formation process of

the pristine  and hydrated samples.  The temperature  during the measurement  process  started at  room

temperature before increasing the temperature to 430 K (melting process), and then cooling to 240 K

(cooling process). Measurements were carried out every 20 K during the whole process. Subsequent data

analysis were performed using the Demeter software suite.

First principles simulations

The Co(hmba)3[CoBr4] structure was simulated by employing a unit cell structure from Ref.16 (CCDC

Deposition number: 120455). The melting process of Co(hmba)3[CoBr4] structure with different water
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contents were simulated using density functional theory (DFT) based molecular dynamics simulations.

All the simulations were carried out on the Vega HPC cluster using the Quickstep module33 embedded in

the CP2K package34 with the hybrid Gaussian and plane wave method (GPW). The systems were melted

in the isothermal isobaric ensemble (NPT) at elevated temperatures (i.e., 500 K, 1000 K, and 1500 K)

with  a  timestep  of  0.5  fs.  The  total  duration  of  melting  process  was  10.5  ps.  The  temperature  was

controlled using a canonical sampling thermostat (CSVR) by a velocity rescaling algorithm. 

The parameters of the simulations were based on those used for a similar system in Ref. 35 In particular,

the  exchange  correlation  energy  was  calculated  using  the  PBE  approximation,36 while  dispersion

interactions were handled at the DFT-D3 level.37 In all the simulations, periodic boundary conditions were

applied with a cutoff value of 600 Ry and relative cutoff of 40 Ry, as used in Refs.38,39.  The pseudo

potential  GTH-PBE combined with the  corresponding basis  sets  DZVP-GTH-PBE for  H,  C,  and  N;

DZVP-MOLOPT-SR-GTH for O and Br; and DZV-GTH-PADE in the case of Co were employed.

The  initial  configuration  of  the  crystalline  Co(hmba)3[CoBr4]  structure  was  adjusted  from  Ref.16,

containing 216 atoms in a triclinic cell with cell parameters a = 11.597 Å, b = 12.652 Å, c = 16.040 Å,

and  α =  72.018°,  β =  85.26°,  and  γ =  83.69°  (CCDC Deposition  number:  120455).  For  the  water

containing systems, 1, 2 or 3 water molecules were inserted in the unit cell of Co(hmba) 3[CoBr4] structure

while ensuring the absence of any unrealistic overlap between the atoms. 

Trajectory  analysis.  Co-O (O in  the  ligands),  Co-Br,  Co-O(w)  (O in  water)  partial  pair  distribution

functions (PDFs), and total PDF of the system excluding water as a function of time were calculated

during the melting process. To quantify the liquid nature of the Co(hmba)3[CoBr4] structure influenced by

water content and temperature, the Lindemann ratio ∆ for Co-O interatomic distances was calculated by

measuring the width of the first peak in the partial PDF following, 

∆=FWHM/d0                          (1)
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Where FWHM is the full width at half maximum of the first peak in the partial PDF obtained from a

Gaussian fit  and  d0 is the location of the first  peak.  Here,  d0 was determined as 2 Å for Co-O. The

coordination number of Co for O and Br were calculated by taking the cut-off of the first coordination

shell. The cut-offs for Co-O and Co-Br were both 3 Å, i.e., the position of the minimum after the first

peak in the partial PDF of Co-O and Co-Br.
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Figure S1 

 

 

Figure S1. (a) Images of as-synthesized Co(hmba)3[CoBr4]-2EtOH crystal (dark blue, right), same sample 

after drying for 1-2 weeks, forming Co(hmba)3[CoBr4] (light blue, left). (b) Image of molten 

Co(hmba)3[CoBr4] on a transparent microscope glass slide. Distance between lines is ~9 mm. 

Co(hmba)3[CoBr4] Co(hmba)3[CoBr4]-2EtOH 

Co(hmba)3[CoBr4] melt 

(a) 

(b) 
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Figure S2 

 

 

Figure S2. Differential scanning calorimetry heating scans after annealing at 0.9Tg for 0, 15, 30, 60, 120, 

150, and 180 min for (a) an anhydrous glass and (b) a hydrated glass. The glass transition temperature (Tg) 

is determined as the onset temperature, as shown for the 180 min annealed sample in (a). 
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Figure S3 

     

       

 

Figure S3. In situ Raman spectroscopy data as collected during heating of (a) anhydrous crystal into the 

molten phase from room temperature to 140 ºC, and (b) anhydrous glass and (c) hydrated glass from -60 to 

140 ºC, as well as (d) direct comparisons of the Raman spectra of crystalline and glassy Co(hmba)3[CoBr4] 

as well as a hydrated glass. All spectra are shifted vertically for clarity. 
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Figure S4 

 

Figure S4. Fourier-transform infrared (FT-IR) spectra of anhydrous and hydrated Co(hmba)3[CoBr4] 

glasses measured at room temperature.  
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Figure S5 

 

 

Figure S5. Simulated mean-square displacement (MSD) of (a) Co and (b) Br as a function of temperature 

(500, 1000, and 1500 K). The inset in (a) shows the Lindemann ratio of the Co-O bonds () at the three 

studied temperatures. (c) MSD of Br atoms as a function of the number of water molecules in the unit cell 

structure at 1000 K, showing an increase in MSD with increasing amount of water. 
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Figure S6 

 

Figure S6. Simulated Co-Br coordination numbers of Co atoms initially surrounded by Br atoms over the 

simulated time range. Results are shown for simulations boxes with 0, 1, 2, and 3 water molecules at 1000 

K. 
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Figure S7 

    

 

Figure S7. Simulated distances between cobalt atoms and oxygen in water molecules at 1000 K for (a) 1; 

(b) 2; and (c) 3 water molecules in the unit cell structure. 
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Figure S8 

     

 

Figure S8. Simulated distances between cobalt atoms and oxygen in hmba molecules at (a) 500 K; (b) 1000 

K; and (c) 1500 K as a function of simulation time. 
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Figure S9 

     

 

Figure S9. Simulated distances between cobalt and bromine atoms at (a) 500 K; (b) 1000 K; and (c) 1500 

K as a function of simulation time. 
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Figure S10 

 

Figure S10. Simulated distances between cobalt atoms and oxygen in hmba molecules at 1000 K for (a) 0; 

(b) 1; (c) 2; and (d) 3 water molecules in the unit cell structure. 
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Figure S11 

 

    

     

Figure S11. Simulated distances between cobalt and bromine atoms at 1000 K for (a) 0; (b) 1; (c) 2; and 

(d) 3 water molecules in the unit cell structure. 
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Figure S12 

 

 

 

Figure S12. Extended X-ray absorption fine structure (EXAFS) data comparisons at different steps in the 

melting process for (a) pristine and (b) hydrated systems, and (c-e) comparisons at each temperature for 

pristine and hydrated systems. 
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Figure S13 

 

Figure S13. Direct comparison of the magnitude of Fourier transform of the EXAFS data for the pristine 

and hydrated Co(hmba)3[CoBr4] systems (a) before heating, (b) in the melt, and (c) in the glassy state. 
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Figure S14 

 

Figure S14. Liquid state 1H NMR spectra of digested anhydrous Co(hmba)3[CoBr4] glasses melted for 2, 

5, 10, 20, and 40 min, showing remarkable chemical stability of the hmba linker. Spectra were recorded in 

DMSO-d6. An example of chemical assignment for the glass melted for 2 min is presented in Fig. S15. 
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Figure S15 

 

Figure S15. Liquid state 1H NMR spectra of digested anhydrous Co(hmba)3[CoBr4] glass melted for 2 min 

with chemical assignments to parts of the hmba linker structure. (*) refers to solvent or solvent impurity. 
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