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ENGLISH SUMMARY

Glasses are inherently brittle materials due to their unstable shear deformation
mechanism and limited crack propagation resistance. These limitations severely
restrict the practical strength of glasses due to surface flaws and defects, which act to
amplify local tensile stresses, and thus results in catastrophic failures. This greatly
limits the future application of glasses in various fields. Glass scientists have made
great efforts to overcome this limitation through various methods, such as optimized
composition design, post-treatment etc. In order to design and prepare stronger and
tougher glass, it is of great significance to understand the relationship between the
chemical composition, post-treatment, network structure, and mechanical properties
of glasses. In this thesis, we have studied the deformation and indentation cracking
behavior of oxide glasses, specifically borate-based glasses, from the viewpoints of
composition design and post-processing. The goal of this work is to provide insights
into the composition/post-treatment-structure-properties relation in these glasses.

In this work, all oxide glasses are synthesized with a predetermined chemical
composition through the traditional melt-quenching technique. The borate-based glass
systems include: i) alkali aluminoborates glasses and ii) lithium borophosphate
glasses. We also performed the hot-compression and humid-aging treatments on the
alkali aluminoborates glasses to understand the effect of densification and water-
incorporation on the structure and properties. We studied the short- and medium-
range structure of those glasses mainly using micro-Raman spectroscopy and nuclear
magnetic resonance (NMR) spectroscopy. Furthermore, we used the Fourier
transform infrared spectroscopy to analyze the water content. Finally, the mechanical
properties were investigated by indentation test to explore the deformation and
cracking behavior upon sharp contact loading.

Firstly, we studied the composition-structure-property relations in borate-based glass
systems. We find that the additions the addition of SiO, and P,Os partially disturbs
the borate network of aluminoborates glasses due to the formation of mainly Si-O-B
and P-O-B units, thus increasing the average network rigidity but decreasing the
atomic packing density. Consequently, we only observe a minor change in hardness,
glass transition temperature, and Poisson’s ratio. In lithium phosphoaluminoborate
glasses, the P,Os addition is found to result in a minor decrease in the coordination
numbers of boron, but to no change in that of aluminum. The introduced phosphate
species thus compete with boron for some of the alkali modifiers, leading to fewer
alkali-B'V interactions. We discussed these changes in relation to the mechanical
properties. Overall these studies provide insights into the complex structural
interactions in mixed network former glasses and their impact on the mechanical
properties.
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Secondly, we studied the structure and mechanical properties of densified
aluminoborates glasses. We have found that the cation-oxygen coordination numbers
of both boron and aluminum increase upon hot compression, whereas the number of
bridging oxygens (Q") around phosphorus decreases in lithium phosphoaluminoborate
glasses. Consequently, we observe a significant increase in density, atomic packing
density, Young's modulus, hardness, and a remarkable decrease in the crack resistance
due to the large reduction of densification ability during the indentation. The increases
in bond constraint density (due to volume densification) and network rigidity (due to
higher average coordination number) are responsible for the pressure-induced
increase in hardness and Young's modulus. Finally, our work shows that the atomic
self-adaptivity strongly depends on the openness extent of structure and the
coordination change contribution to the overall volume densification, as well as the
glass composition.

Finally, we studied the effects of the humid aging treatment on the structure and
mechanical properties of alkali aluminoborate glasses. We find that this hydrolysis
effect strongly depends on the composition and chemical durability of oxide glasses.
We have shown that ultra-high resistance to sharp contact cracking can be achieved
in a caesium aluminoborate glass by simply storing the glass under typical
atmospheric humidity conditions. This is due to the formation of the micro-size
surface hydration layer with a high freedom network and higher mobility Cs-OH
groups, better protecting the glass from damage during indentation. In a word, our
work provides guidelines for how to control the humid aging rate as a function of
relative humidity and temperature to form a hydration layer and thus achieve ultrahigh
crack resistance in such glasses.



DANSK RESUME

Glasser er  sprgde  materialer som  fglge af deres  ustabile
forskydningsdeformationsmekanisme og begrensede  modstandsevne  mod
revneudbredelse. Disse egenskaber begraenser kraftigt den reelle styrke af glas da
overfladefejl og overfladedefekter forsteerker den lokale treekspaending og derved
farer til gdeleggende materialesvigt. Dette begraenser i stor grad den fremtidige
anvendelse af glas inden for adskillige felter. Glasforskere har gjort store
anstrengelser for at overkomme denne begraensning med mange forskellige metoder,
eksempelvis kompositionsoptimering, efterbehandling etc. For at kunne udvikle og
producere steerke og seje glasser, er det af stor betydning at forstd sammenhzangen
mellem kemisk komposition, efterbehandling, struktur af glasnetveerket og mekaniske
egenskaber. | denne afhandling har vi for oxidglasser, specifikt boratbaserede glasser,
undersggt deformationen og revnedannelsen ved indentering med fokus pa effekten
af kompositionsoptimering og efterbehandlinger. Malet for dette arbejde er at belyse
sammenhangene mellem komposition, efterbehandling, struktur og egenskaber for
disse glasser.

| dette arbejde er alle oxidglaser fremstillet med den traditionelle
smelteafkalingsteknik efter en forudbestemt kemisk komposition. De boratbaserede
glassystemer omfatter a) alkali-aluminoborat-glasser og b) litium-borofosfat-glasser.
Vi behandlede ogsa alkali-aluminoborat-glassene med varm-kompression og aldring
med fugt for at forsta effekten pa struktur og egenskaber af henholdsvis komprimering
and inkorporering af vand. Vi undersggte den kortreekkende og mellemlangtreekkende
struktur i disse glasser ved brug af primert mikro-Raman spektroskopi og
kernemagnetisk resonans (NMR) spektroskopi. Derudover anvendte vi Fourier-
transformeret infrargd spektroskopi til at male vandindholdet. Ydermere blev de
mekaniske egenskaber karakteriseret ved indenteringsforseg for undersggelse af
hérdhed og revnedannelsen som fglge af skarp punktbelastning.

Vi studerede farst komposition-struktur-egenskaber relationen for boratbaserede
glasser. Vi klarlagt at tilfgjelse af SiO, and P,Os pavirker boratnetvearket i
aluminoborat-glasser ved at danne hovedsageligt Si-O-B- og P-O-B-enheder,
hvorved den gennemsnitlige rigiditet af netveerket gges mens den atomare
pakningsdensitet mindskes. Vi observerede som fglge heraf en mindre &ndring i
hardhed, glastransitionstemperatur og Poissons ratio. | litium-fosfoaluminoborat-
glassene resulterede tilfgjelsen af P2Os i et lille fald i bors koordinationstal, men ingen
@&ndring i aluminiums koordinationstal. De dannede fosfatstrukturer konkurrerer
dermed med bor om nogle af alkali netvaeerksmodifikatorerne, fgrende til feerre alkali-
B'V-interaktioner. Vi diskuterede disse &ndringer og sammenhzangen med mekaniske
egenskaber. Disse studier giver generelt indsigt i de komplicerede strukturelle
interaktioner i glasser med flere netveerksmodifikatorer og deres pévirkning pé de
mekaniske egenskaber.
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Vi har dernast undersggt strukturen og de mekaniske egenskaber af komprimerede
aluminoborat-glasser. Vi har fundet at kation-oxygen-koordinationstallet for bade bor
and aluminium gges af varm-kompression, mens antallet af netveerksforbindende
oxygenatomer (Q") omkring fosforatomerne falder i litium-fosfoaluminoborat-
glassene. Som fglge heraf ser vi en signifikant stigning i densitet, atomar
pakningsdensitet, Youngs modul og hardhed, samt et bemarkelsesveerdigt fald i
modstandsevnen mod revnedannelse grundet den store reduktion i glasset mulighed
for at fortaette under indentering. Stigningerne i densiteten af restriktive bindinger
(som falge af volumenkomprimeringen) og netverksrigiditeten (grundet hgjere
gennemsnitligt koordinationstal) er &rsagen til den trykinducerede stigning i hardhed
og Youngs modul. Endeligt viser vi at den atomare selv-tilpasningsevne er steerkt
afhangig af graden af &benheden i strukturen, af bidraget fra koordinationsendringer
til den samlede volumenkomprimering og af glaskompositionen.

Afslutningsvis har vi undersggt effekterne af fugtig aldring pa strukturen og de
mekaniske egenskaber af alkali-aluminoborat-glasser. Vi har observeret at denne
hydrolyseeffekt er steerkt afheengig af kompositionen og den kemiske resistens af
oxidglasser. Vi har vist at ekstrem hgj modstand mod revnedannelse ved skarp
kontaktbelastning kan opnds i caesium-aluminoborat-glas ved simpel opbevaring af
glasset i typiske atmosfeeriske fugtighedsforhold. Dette skyldes dannelsen af et
mikrometer-tyndt hydreret overfladelag med en hgj grad af frihed i netvaerket og
indeholdende ceasium-hydroxyl-enheder med hgj mobilitet, derved ydende
beskyttelse af glasset bedre mod skader fra indentering. Kort sagt, vores arbejde
angiver retningslinjer for hvordan man kan kontrollere hastigheden af fugtig aldring
med relativ luftfugtighed og temperatur for at danne et hydreret overfladelag og
derved at opna en ultrahgj modstand mod revnedannelse i sddanne glas.

\



ACKNOWLEDGEMENTS

I would like to thank many people for helping me during my Ph.D. Without them, |
can hardly imagine whether | can successfully complete my PhD study. First and
foremost, | would like to thank my supervisor, Prof. Morten Mattrup Smedskjeer.
Three years ago, | met him for the first time through a Skype meeting. With his
enthusiastic help, I won a CSC scholarship, and this allowed me to come to Denmark
for pursuing my PhD degree with him in 2018. Afterwards, | was thrilled by his
scientific knowledge and attitude, research creativity and working efficiency. With
his guidance and support, | can easily complete my research projects independently.
During these three years, | have also learned from the encouraging discussions and
constructive criticisms how to better design experiments, write high-level scientific
papers and overcome the challenge in the study. These are the great benefits of my
life. | really appreciate his help.

I would like to thank all my collaborators, who made it possible to realize the goal of
my studies through their excellent expertise and experience. | would like to thank our
collaborators at Corning Inc.: Dr. Randall E. Youngman. Dr. Randall provided
specific help and guidance on the tricky technique of solid-state NMR spectroscopy.
He has furthermore been involved with scientific discussions and the writing of
manuscripts. | would like to thank our collaborators at UCLA: Prof. Mathieu Bauchy.
He often gave me some scientific discussions and constructive criticisms at our
weekly group meetings. | would like to thank our collaborators in Warsaw, Poland:
Profs. Sylwester Rzoska and Michal Bockowski. Both provided compression
experiments and participated in scientific discussions and manuscript reviews. | would
like to thank our collaborator at Aalborg University: Associate Prof. Lars R. Jensen.
He provided ever-present helpfulness and assistance with Raman spectroscopy and
mechanical testing. Furthermore, he also participated in scientific discussions and
manuscript reviews.

I also appreciate Professor Zhuan Li from Central South University in China, who
made the recommendation for me to come to Denmark for the PhD degree. In addition,
he gave me great help in the application of CSC scholarship, and led me into the
scientific world. I really appreciate his help.

It is a marvellous experience to work with all my colleagues in the chemistry section.
They helped me so much in conducting my experiments, reviewing my paper as well
as other leisure activities, like coffee breaks and cake sharing. | would like to thank
everyone to express my gratitude: Prof. Yuanzheng Yue, Assoc. Prof. Donghong Yu,
Assoc. Prof. Morten Christensen, Assoc. Prof. Vittorio Boffa, Assoc. Prof. Wanmin
Liu, Assoc. Prof. Thorbjgrn Nielsen, Assoc. Prof. Mads Jargensen, Assoc. Prof. Cejna
Quist-Jensen, Dr. Ang Qiao, Dr. Chao Zhou, Dr. Yang Shen, Dr. Tobias Bechgaard,
Dr. Martin @stergaard, Dr. Rasmus Peterson, Dr. Usuma Naknikham, Dr. Katie

Vil



DEFORMATION AND INDENTATION CRACKING IN BORATE-BASED GLASSES

Kedwell, Dr. Kacper Januchta, Dr. Malwina St¢pniewska, Dr. Qiang Tao, Dr. Ming
Liu, Dr. Theany To, Dr. Anil Kumar Suri, Dr. Qi Zhang, Dr. Tao Du, Mikkel Badker,
Katarzyna Janowska, Rasmus Madsen, Sgren Sgrensen, Anne Sophie Jgdal, Johan
Christensen, Rasmus Christensen, Chengwei Gao, Sheng Li, Zhencai Li, Xianzheng
Ma, Wei Fan, Xiangting Ren, Wei Xu, Jiajia Yan, Xinxin Chen, Annemarie Davidsen,
Anne Flensborg, Lisbeth Wybrandt, Timo Kirwa. | also appreciate Assoc. Prof.
Deyong Wang for his scientific assistance and helpful discussions.

Furthermore, | would personally give my tremendous appreciation to my lovely
friends: Juan, Miaomiao, Jinfeng, Wenfu, Na, Bin, Kaiqi, Da, Yangi, Yichen, Xu,
Guanyi, Congyi, Fu, Lan, Qian. This list goes on. It is lovely to have them around.

My great thanks belong to all members of my family. I could continue my study to
pursue the PhD degree and come abroad owing to their endless love, encouragement
and support. The biggest thanks go to my dear wife, Xiaoguang, mainly for her
understanding, unconditional support and faith in my abilities. | love all of you
forever!

Vil



TABLE OF CONTENTS

Chapter 1. INtrodUCTION.........ccociiiiiiieii e 11
1.1. Background and Challenges..........c.ccouiiiiiiiieiiiereeeese e 11
1.2, ODJECLIVES. ...ttt b et 12
1.3, THESIS CONTENT.....veieiiieeieeieete ettt sttt st st s ebe e 13

Chapter 2. Fundamentals of Indentation Deformation and Cracking ............... 15
2.1. Deformation MeChaniSM ..........ccccviiiiiiiiii it 15
2.2. Indentation CraCking .........ccoeiiiiiiiiie s 21
2.3, SUMIMAIY ...ttt ettt nr bbb nennens 24

Chapter 3. Structure and Mechanical Properties of Borate-based Glasses....... 25
3.1. Structure of Borate-based GIaSSES.........ccoeiiririiiiieiee e 25

3. 1.1, BOrate GIASS ....eeveeieiieieiesie st 26
3.1.2. AIUMINODOTAte GIASS........civiieirieiiieiieiee s 26
3.1.3. BOrophoSphate GIaSSES .......ccccerieiriirieiiienieesie e 29
3.2. Structure-Property RelatioNS ..........cooiriiiiiiiiseeseese s 29
3.3 SUMIMAIY .ttt b e nn s 30

Chapter 4. Structure and Mechanical Properties of Densified Aluminoborate

GASSES ..ttt ettt bbb bbbttt nr bbb enes 31
4.1, HOt COMPIESSION.....uiiiiiiiiieie ettt te e sae e e sneesreenreens 31
4.2. Densification Effect 0n STrUCLUIE .........ccooviiiiiiiiiiicee e 32

4.2.1. ShOrt-RaNGE SIUCTUIE .......cviviieiiiierieecte et 33
4.2.2. Medium-Range StIUCLUIE ..........coocerieiierieise e 34
4.3. Composition Effect on Densification BEhaviour ...........cccccvevvevviveiierenennnnn, 36
4.4. Densification Effect on Mechanical Property ..o 38
AA.1 DENSILY ittt bbb 38
4.4.2.Young's Modulus and Hardness............cceerieieneneneseneseseeee e 39
4.4.3. Crack Initiation RESISTANCE. ........covrererireeieie e see e 39
4.5. Relations of Atomic Self-Adaptivity and Cracking Behaviour..................... 40
4.6, SUMIMAIY ...eevieetiesieesieeseeseeeseeaseeaneesseesaeesseesseeseeaseesseesseesseesseanseenseessnsseessenssenns 43



DEFORMATION AND INDENTATION CRACKING IN BORATE-BASED GLASSES

Chapter 5. Structure and Mechanical Properties of Hydrated Aluminoborate

GlASSES ..ttt ettt ettt bbbttt b et et e et e 45
5.1. Humid AgQing POSE-TreatMent .........cccoiiiriiiriiiinieiecseee s 45
5.2. Chemical DUrability .........ccoviiiiiiiiiiiec s 46
5.3. Content and Form of Water in GIass..........ccovvviiniineie e 47
5.4. Water Effect on the Structure of Aluminoborate Glass..........c.ccccvevrvivrennnne. 48
5.5. Hydration Layer DEpth ........ccccvvviieiiiicie s 50
5.6. Hydration Effect on Deformation/Cracking Behavior ............ccccccoevevvennnn 51

5.6.1. Indent Size Length RECOVETY ......ccooiriiiiiiciierene e 51
5.6.2. EIAStIC RECOVEIY....ccuiieiiiiiiciiiie et 52
5.6.3. Crack Initiation RESISLANCE........ccccververireie e 53
5.7, SUMIMIAIY .ttt ettt e et e et e e et e e nbe e et e e e nbaeenere s 55

Chapter 6. Conclusions and PerspectiVeS ..........ccccievieeieeiecie s e see e sie e 57
B.1. CONCIUSTON ..ttt e e bbbt nee s 57
B.2. PEISPECTLIVE ....ecviitieciiteet bbb 58

BIOGIAPNY ..ot 59

LiSt OF PUDIICALIONS ...t 69



CHAPTER 1. INTRODUCTION

1.1. BACKGROUND AND CHALLENGES

Glasses are one of the most important families of man-made materials due to their
many excellent properties(1)(2)(3), and have been widely used in various application
fields, from automotive window glass and architectural window glass to protective
screens for electronic devices and optical fibres in high-speed internet cables etc. As
we know, defect-free amorphous oxide materials can have very high ultimate strength
and ductility(4)(5). However, Almost all oxide glasses are inherently brittle due to the
unstable shear deformation mechanism and limited crack propagation
resistance(6)(7)(8). Due to surface flaws and defects, the practical application strength
of glasses is much lower than the theoretical value. In addition, the impact or
scratching events may lead to the formation of cracks on the glass surface, thereby
amplifying local tensile stresses, leading to catastrophic failures. These obviously
have severely restricted the future application of oxide glass in various fields,
including energy, information technology and communications, defense, consumer
electronics, and medicine. In order to meet the higher requirements for glasses in
future applications, glass scientists have been interested in finding and designing
stronger glass. In addition, it is necessary to develop a new type of glass with higher
crack resistance and fracture toughness to minimize the possibility of crack initiation
and flow propagation. In the past many years, glass scientists have done a lot of
research to tried to improve the surface damage resistance of glass through precise
composition design and more effective surface treatment. The chemical composition
design(9)(10)(11)(12), heat treatment (13) and chemical surface strengthening
(14)(15) are the most commonly used methods. The purpose of heat treatment and
chemical surface strengthening is to increase the strength of the glass surface, thereby
increasing the critical stress required for crack initiation on the surface. However,
these methods will not only increase the extra cost of manufacturing glass, but are
also limited by the thickness of the glass (heat treatment) and the glass containing
movable ions (chemical surface strengthening), etc.

Among the different oxide glasses, modified borate-based glasses have been widely
used in various industrial fields (such as batteries, metal seals, biomedical components
etc(16)(17)(18). because of their excellent properties(1)(2)(3), such as good
transparency, low melting temperature, similar thermal expansion coefficient with
many metals/ceramics and corrosion resistance to alkali-metals. Furthermore, borate-
based glass has some interesting features in terms of structure, mainly includes: 1)
Rich medium and short-range structure(19)(20)(21), and ii) The network structure is
sensitive to external conditions such as temperature(22), humidity(23)(24) and
pressure/stress(25)(26)(27). In some borate-based glasses, the network structure
cannot accommodate more tetrahedral boron units, and then form non-bridging
oxygen (NBO), which in turn depolymerizes the glassy network structure. These
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structural differences will affect the mechanical properties of the glass. In addition,
various superstructure units exist in the borate-based glass. These complex
superstructures significantly affect their various properties(28)(29)(30), such as
density, glass transition temperature, thermal expansion coefficient, ionic
conductivity, etc. In particular, we found in aluminoborate glasses(24)(31) that the
glass network structure is very sensitive to the applied pressure/stress due to the
increase of the coordination number of boron or aluminum under pressure/stress,
which is beneficial to improve the crack initiation ability. These special structural
characteristics will lead to the discovery of some glass families with high damage
resistance, including alkali aluminoborate glasses as well as boroaluminosilicate
glasses. These studies on the composition design of borate-based glass are of great
significance for understanding the deformation mechanism of oxide glass and the
structural origin of high damage resistance.

Due to the non-equilibrium nature and non-crystalline structure of oxide glasses,
knowledge of the relation between chemical composition, atomic-scale structure, and
mechanical properties remains challenging(32)(33). Therefore, it is important to
understand the structural origins of the high crack resistance of oxide glasses(34)(35).
This thesis will be devoted to understanding the structural origins of indentation
deformation and cracking behaviour and the underlying material properties, which is
beneficial to improve the crack resistance of oxide glass. In addition to obtaining
fundamental understanding, we will search for more damage resilient glass
compositions, which are prone to self-adapt by changing their chemical bonding
environment when subjected to an external force. Furthermore, the dependence of
crack resistance and indentation recovery on aging under a humid atmosphere will be
studied. The dependence of crack resistance on chemical composition, structural
features, deformation mechanism, indentation recovery, and other mechanical
properties will be also the focus of our investigation.

1.2. OBJECTIVES

The overall goal of this Ph.D. project is to strengthen the current understanding of
composition-structure-mechanical property relations in oxide glasses. More
specifically, this thesis focuses on studying the correlation between the chemical
composition and deformation and cracking behavior of borate-based glasses.
Furthermore, this thesis also attempts to study the effects of humid aging on the
structure and performance of glasses. In short, this thesis focuses on studying how to
adjust the glass chemical composition and post-processing conditions to achieve
better mechanical properties for oxide glasses. The thesis only describes the study on
modified borate-based glass systems, especially aluminoborate glasses. In summary,
the thesis attempts to shed light on the following aspects:

1. Fundamentals of indentation deformation and cracking.

12



2. Structure and mechanical properties of borate-based glasses.
3. Structure and mechanical properties of densified aluminoborate glasses.
4. Structure and mechanical properties of hydrated aluminoborate glasses

1.3. THESIS CONTENT

The main experiments of this thesis are conducted at Aalborg University. This thesis
consists of six papers, of which four have been published in peer-reviewed journals,
one submitted for publication, and one in preparation. These papers constitute the
main body of the thesis, and will be cited by their roman numerals throughout the
thesis:

I. P.F. Liu, K. Januchta, L.R. Jensen, M. Bauchy, M.M. Smedskjaer, “Competitive
Effects of Free Volume, Rigidity, and Self-Adaptivity on Indentation Response of
Silicoaluminoborate Glasses”. Journal of American Ceramic Society. 103 (2020) 944-
954

II. K. Januchta, P.F. Liu, S.R. Hansen, T. To, M.M. Smedskjaer, “Indentation
cracking and deformation mechanism of sodium aluminoborosilicate glasses”.
Journal of American Ceramic Society. 103 (2020) 1656-1665

II. P.F. Liu, A.L.S. Sendergaard, R.E. Youngman, S.J. Rzoska, M. Bockowski, L.R.
Jensen, M.M. Smedskjaer, “Structural densification of lithium phosphoaluminoborate
glasses”. Journal of American Ceramic Society. 104 (2021) 1345-1359

IV. P.F. Liu, R.E. Youngman, L.R. Jensen, M. Bockowski, M.M. Smedskjaer,
“Achieving Ultrahigh Crack Resistance in Glass through Humid Aging”. Physical
Review Materials. 4 (2020) 63606

V. P.F. Liu, L.R. Jensen, C.W. Gao, M.M. Smedskjaer, “Indentation deformation
and cracking behavior of hydrated aluminoborate glasses”. Manuscript submitted to
Journal of American Ceramic Society

VL P.F. Liu, R.E. Youngman, L.R. Jensen, M.M. Smedskjaer, “Structural Transition

in Lithium Borophosphate Glasses Explains the Variation in their Mechanical
Properties” (to be submitted).
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CHAPTER 2. FUNDAMENTALS OF
INDENTATION DEFORMATION AND
CRACKING

In daily life, glass products always fail due to breakage, which mainly consists of three
stages, namely deformation, cracks initiation and fracture (crack growth). Specifically,
when the surface of the glass comes into contact with a hard object, the glass may
undergo deformation (elastic and plastic) first, because the stress generated during this
process does not reach the yield stress condition(36). As the contact load becomes
larger, cracks will occur in the contact deformation area after reaching the yield stress
condition. Over time, this may cause cracks to grow, which leads to the failure of glass
products. In addition, the contacting objects can have different material properties,
shapes and speeds, which complicates the analysis of failure events. In this chapter,
we mainly introduced the deformation and cracking behavior caused by the sharp
contact load. To better understand the deformation and cracking mechanism of oxide
glass, indentation experiments are used to understand the deformation and cracking
behaviour and its structural origin in this thesis.

2.1. DEFORMATION MECHANISM

In the indentation experiments, the response of glasses to a sharp contact load is not
only related to their hardness, but also the strength, ductility or brittleness. During the
indentation experiment, the initial response of the glass material is elastic deformation.
As the applied load continues to increase, plastic deformation will occur in the contact
area of the glass surface with the indenter. The different types of deformation have
been schematically shown in Figure 2-1b. A lot of previous work(37)(38)(39)(40) has
shown that the permanent deformation (plastic) in the indentation process stems from
two different processes, namely densification and shear flow, which largely depend
on the glass composition and experimental conditions (loading/unloading rate, dwell
time, temperature and humidity, etc). Shear flow is the main reason for inducing
material to accumulate around the indents, and this process mainly involves the long-
distance displacement of structural units and atoms. While the densification process
mainly involves small relative displacements of atoms and limited deformation of
structural units (such as changes in bond angles). Through many studies on glass
composition, Peter(37) provide the scanning electron microscopy (SEM) images of
Vickers indented alkali silicate glasses (Figure 2-1a) to prove the existence of the
densification in the indentation-induced deformation. Furthermore, we found the
observations of shear flow during indentation from our study regarding the indentation
deformation and cracking behavior of hydrated aluminoborate glasses (Paper V). We
can obviously find the pile-up around the indentation imprint above the glass
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surface(Figure 2-1c), as well as shear bands (also called slip lines) inside the indent
(Figure 2-1c), suggesting that the hydrated caesium aluminoborate glasses are indeed
subject to shear flow during indentation(41). Shear bands are visible as parallel lines
or waves moving outward from the point of contact, indicating a flow-like material
deformation(42). Some studies(38)(43) have shown that the deformation mode
strongly depends on the chemical composition, especially the content of the network
modifier. In other words, glass with high modifier concentration tends to deform by
shear flow during indentation, while glass with lower modifier content is deformed
mainly by densification during indentation.

Total depth

Plastic depth-deformation

Elastic depth-recovery

Force (N)

Slip lines

Elastic

8 10 12 14
Displacement (um)

Figure 2-1. (a) Scanning electron microscope image of a Vickers-70° indentation impression
on the surface of an alkali silicate glass. Figure reproduced from ref. (37). (b) The force-
displacement curve has been obtained at 9.8 N. Figure adapted from Paper V. () Optical
images of Vickers-136° indents on the surface of the Cs-aluminoborate glass before and after
humid aging at 60% RH after 3 hours aging. Figure adapted from Paper V.

From the above analysis, we know that the indentation process mainly involves
reversible (elastic) and irreversible (plastic) deformation processes. This elastic
contribution can be estimated from the elastic recovery accompanying the unloading
process (see Figure 2-1a). However, understanding the contribution of permanent
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deformation to the indentation process is relatively complicated. Since it is
meaningful to understand the residual stress stored in the permanent deformation
during the indentation process, Yoshida and Rouxel et al (38)(44) quantified the
deformation mechanism by using atomic force microscopy (AFM). This method takes
advantage of the different characteristics of dense substances and replacement
substances. The dense glass network structure can be recovered by annealing below
Tg, and the recoverable volume increases with the increase of annealing temperature.
While, the volume change caused by the shear flow is not affected by the annealing
at 0.9 Ty, because the viscosity is too high and there will not be any significant viscous
flow in the experimental time (2 hours). Therefore, this method (see Figure 2-2)
quantifies the recording topographic images of the indent size before and after the
annealing at 0.9 Ty to measure the shrinkage extent of the indentation cavity during
annealing. Since densification can affect both the inside of indent and the immediate
neighborhood of the indent side, we can estimate the densification volume through
the post-annealing indentation and pile-up volumes. The densification volume (Vq)
can be estimated as:

Vo=V =Vo)+ W =V (2-1)

where V is the volume of the indent site, the superscripts - and + relate to the volume
below and above the surface of the glass, while the subscripts i and a are related to
the initial state and annealed state of the indent.

Due to geometric constraints and residual stress fields, the densification volume may
not be completely recovered after annealing. As such, the relative extent of
densification can be expressed as the volume recovery ratio (Vg), and the calculation
formula is further defined as follows:

Ve =22 (2-2)

where V is the volume of the indent site, the superscripts - and + relate to the volume
below and above the surface of the glass, while the subscripts i and a are related to
the initial state and annealed state of the indent.

The V;* — V;* shows the contribution of densification to the pile-up, while the V;* —
(V5 — V;*) can be attributed to shear flow. Hence the pile-up ratio (V,) representative
of volume-conservative flow is estimated as:

_ (evt-vd)

Vi

% (2:3)
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Figure 2-2. Schematic diagram of the process for measuring changes in indentation volume
before and after annealing. Figure reproduced from ref (38).

However, since AFM measurement is time-consuming and resource-intensive, this
hinders the effective collection of oxide glass densification data. In addition, we can
obtain similar information from optical microscopes. The shape and size of the indent
will change after the annealing at 0.9 Tg, which can be easily observed by an optical
microscope, as shown in Figure 2-3.
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Before 0.9 T After 0.9 Tg

Figure 2-3. Optical images of Vickers-136° indents produced at 4 N on the surface of the
20Si02-35B203-25Li20-20Al203 glass before and after re-annealing at 0.9Tq for 2h. Figure
adapted from Paper I.

In particular, we can find from Fig. 2-3 that the side length of the indentation shrinks
significantly, while the recovery of the diagonal length is close to zero. In this work,
a parameter similar to Vr has been proposed, namely the side length recovery (Lsr),
which can be calculated from the indentation side length recovery before and after
annealing (Figure 2-4):

Lsg = FSiisa (2-4)

where Ls is the indent side length (edge to edge), and subscripts i and a are related to
initial and annealed states, respectively.

Figure 2-4. Schematic representation of the analysis method for the side length recovery (Lsr).
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To further evaluate the possibility of using Lsr as a substitute for Vg calculated from
AFM measurements, we determined the Lsr values of a series of oxide glasses with
known Vg values (Paper II). Figure 2-5 shows the obvious positive correlation
between Lsg and Vg, showing that Lsg seems to be a satisfactory alternative to Vr. This
paves the way for a more effective quantitative study of the indentation deformation
mechanism in the future.
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Figure 2-5. Volume recovery ratio (Vr) as a function of side length recovery ratio (Lsr). Figure
adapted from Paper 1.

Moreover, we can obtain similar information from optical microscopes of
aluminoborate glasses before and after hydration (Paper IV). The shape and size of
the indent will change after humid aging, which can be easily observed by an optical
microscope, as shown in Figure 2-6. Besides, we can find from Fig. 2-6 that the side
length of the indentation shrinks significantly than the diagonal length. In order to
evaluate the effect of humid aging on the indentation deformation of the
aluminoborate glasses, we used similarly to the recovery of indentation volume
following this method to calculate the aging-induced side length recovery (Lar),

Lsi—Ls,a
Lyp = % (2-5)

Where Ls is the indent side length (edge to edge), and subscripts i and a are related to
initial and aged states, respectively.
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Figure 2-6. Optical images of Vickers-136° indents produced at 4.9 N on the surface of the Cs-
aluminoborate glass before and after aging at 23 °C and 45 %RH for 7 days. Figure adapted
from Paper 1V.

2.2. INDENTATION CRACKING

Accompanied by the unloading process, the glass in the elastic-strain zone attempts
to recover, but it is hindered by the permanently deformed glass in the plastic zone.
This process will lead to the storage of residual stresses, which may initiate the
formation of cracks if they are tensile and of sufficient magnitude. Therefore, the
cracking behaviour of oxide glass depends on the magnitude of the residual stress
stored in and around the deformed area. Some studies have shown that the indentation
crack mode has a strong correlation with the chemical composition of the
glass(45)(46). For example, it is known that amorphous silica will form annular cracks
around the indentation(47)(48), while soda-lime-silica glass is more prone to form
long radial cracks which started from the corners of the indents(49). Figure 2-7 shows
the different cracking systems found in oxide glass through the Lee et al study. These
cracks are median, radial, half-penny, cone and lateral, respectively. In the thesis, we
focus on the corner cracking systems including the radial and half-penny.
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Figure 2-7. Schematic diagram of different crack systems caused by Vickers indentation in
oxide glass. Figure reproduced from ref (49).

From the deformation mechanism analysis, we can find that part of the energy
provided by the indenter is consumed in plastic deformation, while the remaining part
is used for elastic recovery during unloading. The crack initiation comes from the
difference in stress matching at the elastoplastic boundary(50). This is because the
plastic deformation area is under compressive stress from the indenter, while the
elastic deformation area is under tensile stress from the indenter. Now, the common
solution to the indentation crack problem is the elastic stress field proposed by Yoffe
(50). This model deals with axisymmetric loads in an infinite half-space from the
indenter tip, and shows the distribution of elastic stress outside the plastic zone. The
elastic stress in Yoffe’s field defines the probability of crack Initiation in a given
position and direction. From this model, we know that the stress of the crack system
strongly depends on the loading condition, material properties and the distance from
the contact point. Moreover, Arora et al. (47) found that the indentation crack mode
and indentation deformation mechanism are also related to the classification of normal
and abnormal chemical compositions. That is, glasses with low Poisson’s ratio values
tend to be easy to densify and show cone cracking, which is “abnormal” behavior.
While the glass with a higher Poisson’s ratio value also undergoes extensive shear
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during the indentation process and exhibits median and/or radial cracking, which is
“normal” behavior. According to the basic characteristics of glass, Sellappan and
Rouxel et al. proposed the boundary of different microcrack mechanisms in the
representation of E/H and v (see Figure 2-8), which opened the way for some basic
principles about the compositional dependence of cracking behavior. All studyied
glasses in this thesis are mainly distributed in the median and/or radial cracking area,
which is conducive to study their crack resistance (see next).
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Figure 2-8. Dependence of the critical Poisson’s ratio values for the transitions from
cone/median to median cracking and from median to lateral/radial cracking on the glass
composition in the case of loading. Figure reproduced from ref (51).

According to the composition and characteristics of the glasses, the cracking mode in
the oxide glass can be reasonably predicted by the above-mentioned method or model.
However, it is still very challenging to predict the critical load of crack initiation. At
present, indentation experiments are usually used to quantify the crack initiation
ability of glasses. Especially for glass that can produce corner cracks (radial and half-
penny in Figure 2-7), we usually use the method of Wada et al. (52) to evaluate the
crack initiation ability of the glass surface. That is, we first use the Vickers indenter
to produce a series of indents on the glass surface under different loads, and then
evaluate the crack initiation ability by recording the number of corner cracks of each
indentation imprint. According to this method, the probability of crack initiation (PCI)
at each load was derived as the ratio between the number of corners with a corner
crack and the total number of corners. The crack resistance is defined as the load at
which an average of 2 cracks for Vickers (PCIl =50%) occurred. This is performed
under different loads, from low loads that cause no corner cracks (i.e. 0%) to high
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loads that cause extensive corner cracks (i.e. 100%). Then we fit the data using
appropriate mathematical functions (solid lines in Figure 2-9). As shown in Figure 2-
9, the load corresponding to a 50% crack probability is defined as the indentation
crack initiation resistance, or simply crack resistance (CR). In this thesis, we use this
parameter (CR) to characterize the crack initiation ability of glass under various
conditions (different components, densification and hydration).
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Figure 2-9. Crack probability as a function of applied indentation load for lithium
silicoaluminoborate glasses. The experimental data was fit to a sigmoidal function of the form
P
y= A+ (A —4y)/ [1 + (Xi) ] (solid lines), and the crack resistance (dashed line) was
0

derived from the load at which an average of two radial cracks (CP =50%) formed at the
corners of the residual Vickers hardness imprints. Figure adapted from Paper 1.

2.3. SUMMARY

As mentioned in Section 1.2, the focus of this thesis is to understand the deformation
and cracking behavior of boron-based glass. In this chapter, we mainly introduce the
deformation mechanism and cracking behavior of glass under contact load. From this
chapter, we know that understanding the critical load for cracking (crack initiation
ability) is one of the important factors in the design of super-strong glass. This is
because the surface of the glass with low crack resistance is susceptible to continuous
damage, thus leads to the appearance of a large number of defects, thereby increases
the probability of failure for the glass material. Furthermore, the crack initiation
ability of glass strongly depends on the glass composition, as well as some post-
treatment includes surface chemical enhancement, densification, hydration, etc.
However, to further understand the relationship between these factors and crack
initiation of glasses, we must start with understanding the network structure of glass,
which is the content of the next chapter.
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CHAPTER 3. STRUCTURE AND
MECHANICAL PROPERTIES OF
BORATE-BASED GLASSES

Glasses with different compositions have different network structure arrangements
and macroscopic properties. From Section 2.2, we know that depending on the glass
composition, different micro-crack patterns are observed, and the indentation cracking
may be formed during the loading and unloading stages. Therefore, when studying
the deformation and cracking behaviour of glass, we must consider the composition
of the glass to understand the structural origin of deformation and cracking for glasses.
The structural arrangement of glass changes significantly with the composition, so we
first need to understand the network structure of glass with different composition
systems, such as silicate glass, borate glass and phosphate glass. Therefore, this
chapter mainly introduces the structure and performance of different glass systems.

3.1. STRUCTURE OF BORATE-BASED GLASSES

Generally, we first need to melt the oxide mixture at a high temperature, and then
quickly cool the molten liquid into a glass state to obtain the oxide glass. During the
cooling process, a random three-dimensional network composed of interconnected
oxygen ions and metal or semi-metal cations is formed in the glass. This random
network (see Figure 3-1) was proposed by Zachariasen(53) in 1932 and was
subsequently confirmed(54)(55). However, since the bond angle distribution is larger
than their crystalline counterparts, there is no long-range order in this random network
(56). These random networks include network formers, intermediates and network
modifiers. Some elements (such as B and Si) form tightly constrained coordination
polyhedrons, which form the framework of the glass (network formers). Other types
of elements (such as Li and Na) occupy the voids in the glass network, thereby
affecting the characteristics of the structure (modifier). According to different glass
structures and chemical properties, the last type of elements (such as Al) can be used
as network formers and network modifiers (intermediates). Oxygen atoms in oxide
glass can act as bridging (BO) or non-bridging (NBO) units. The form of bonding
with oxygen atoms mainly depends on whether they connect two network-forming
cations together or depolymerize the network by connecting the network-forming
cation with a modified cation. The distribution of these oxygen species has an impact
on the flexibility of the glassy network, which in turn affects the mechanical properties.
With the development of glass structure theory, in 1985, Greaves’ study(57) suggested
to modify the random network theory, and showed that the modifier would not be
randomly distributed in the glass network, but aggregated in the channel-like structure.
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Next, the glass structure in the composition related to this thesis will be firstly
introduced.

Figure 3-1. Annular dark-field scanning transmission electron microscopy images of
crystalline (left) and amorphous (right) silica. The images were acquired on two-dimensional
silica structures supported on graphene. The crystalline silica structures appears much more
ordered compared to the amorphous network. The images are compared to schematic
representations of structural configurations. Figure reproduced from ref. (54).

3.1.1. BORATE GLASS

The glassy B20s is formed by connecting boron atoms with three oxygen atoms in a
planar triangular structure(58). These triangular boron units form a six-membered ring
composed of three B atoms and three O atoms. After the introduction of modifiers in
borate glass, a series of non-monotonic changes in properties will be observed, which
is called “boron anomaly”(29). These modifiers can cause coordination changes from
B" to B", where the B" can be charged by the modifier cation(59). However, when
the modifier reaches the critical content, the boron-containing network structure
cannot form more tetrahedral units, but forms depolymerized triangular units with
NBO(58)(19).

3.1.2. ALUMINOBORATE GLASS

Aluminum is an intermediate, so it can be used as a network former and modifier,
depending on the glass structure and chemical properties. Aluminum can enter the
glass network in the coordination of Al", Al" or Al". Four-coordination aluminum
requires modifier or oxygen to ensure charge balance. When Al,QOs is introduced into
the alkali borate glass, the aluminum cation has a higher affinity for the modifier
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cation, which causes the aluminum cation to tend to enter the tetrahedral structure of
the borate network. This indicates that in aluminoborate glass, there is a competition
between the B atoms and the Al atoms for the modified cation, which usually moves
in the direction favoring the Al atom(59)(60).

Taking hydrated caesium aluminoborate glass (25Cs;0-25Al1,03-50B,0s3, in Paper 1V)
as an example, we will introduce the short- and medium-range structure of
aluminoborate glass in detail. From Figure 3-2, the expected band assignments are
outlined in the following. The lowest frequency band region, ranging from ~280 to
625 cm™, is expected to contain contributions from B-O-B, Al-O-Al, and B-O-Al
stretching vibrations(61), in addition to vibrations due to superstructural units such as
penta-borates. The second region, ranging from ~625 to 815 cm™, is characteristic for
B.Os-rich glasses(61), since peaks in this frequency range are typically assigned to
borate superstructures such as chain and ring metaborates(62)(63), di-triborates, and
penta-, tetra-, or triborates(20)(64), as well as boroxol rings(62)(58). In addition, B-
O-All stretching and aluminate network vibrations may be found in this region. The
third region, ranging from ~815 to 1000 cm!, is expected to result from vibrations of
AlO; units (~900 cm?)(65)(66), Al-B network (~980 cm?)(67), and borate
superstructures (~930 cm™)(61)(63). The fourth region, ranging from ~1000 to 1200
cm, is usually assigned to other borate superstructural units such as diborates. The
fifth region, ranging from ~1150 to 1600 cm!, is expected to be dominated by signal
contributions from vibrations of superstructural units such as pyroborate units and
chain and ring metaborate units(68). The sixth region (containing two small bands),
ranging from ~2300 to 2400 cm, are from the Raman measurements process. The
last region, ranging from ~2850 to 3800 cm™, is expected to be associated with
hydroxyl groups attached to the glass network due to hydration(69)(13).

Intensity (a.u.)

I I jn[éwg v o VI Vi
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm")

Figure 3-2. Micro-Raman spectrum of the caesium aluminoborate glass that has been aged for
7 days at 45% RH. The spectrum is divided into seven main band regions. Figure adapted from
Paper 1V.
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SiO2 is a common glass network former, and its structure and properties have received
extensive attention from glass scientists(70). The SiO glass network structure is a
tetrahedral structure formed by one silicon atom and four oxygen atoms, where each
Si-O-Si angle is around 144°(71) and the number of bridging oxygen (BO) is usually
described by Q" (n is the number of bridging oxygen). After adding the network
modifier, non-bridging oxygen (NBO) is formed, which connects the network former
to the network modifier. When silica is added to aluminoborate glass, this will cause
the silica to mix with boron and aluminum polyhedrons, thereby forming Si-O-B and
Si-O-Al bonds. Taking lithium silicoaluminoborate glass (in Paper I) as an example,
we found that the introduction of SiO will form the network of Si-O-Si, Si-O-B and
Si-O-Al, as well as the stretching Si-O vibration in Q% and Q2 species. However, this
addition of SiO, will result in the removal of B2Os, thereby reducing the formation
probability of a medium-range order borate superstructure.

Glassy P05 is composed of POy tetrahedrons, each of which has a different 7 bond
(P=0). The number of bridging oxygens (BO) on the PO, tetrahedra can be described
using the Q", where n is the number of BO atoms per PO, tetrahedra. Taking lithium
phosphoaluminoborate glass (in Paper III) as an example, We can found that the
addition of P,Os will form the network of P-O-P and P-O-B, as well as and POy,
P207*, POs% units. This addition of P,Os will result in the removal of B,O3 and AlOs,
thereby reducing the formation probability of AlO4 units and medium-range order
borate superstructures. As shown in Figure 3-3, we find from the !B NMR spectra
that the addition of P,Os is beneficial for the conversion of B' to B"". This could be
because the introduced phosphate competes with boron for some of the Li modifiers,
leading to fewer Li-B'Y interactions and thus a lower level of modification of the
borate polyhedra. Furthermore, the Al NMR data indicates that AI'Y, AlY and AlY'
groups are all affected by neighbouring phosphate groups, and thus these glasses
contain a substantial amount of mixing between aluminate and phosphate polyhedra.
Finally, we find that the addition of P,Os has no effect on the aluminum coordinations,
while has a slight effect on the boron coordinations.

(a) [xp,0.-(1-x)[25Li,0-20,0,-558,0,] 0% P,0, | (b) i 0% P,0,
2% P,0, A 2% P,0,
5% PO, 5% P.0,

——10% P,0, ——10% P,0,

Bl\'

Intensity (a.u.)
Intensity (a.u.)

30 25 12'0 5 10 5 0 -5 -0 100 80 60 40 20 0 20 4o
'B MAS NMR shift (ppm) Al MAS NMR shift (ppm)

Figure 3-3. All NMR spectra results for the as-prepared lithium phosphoaluminoborate glasses.
Figure adapted from Paper III.
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3.1.3. BOROPHOSPHATE GLASSES

The addition of B,O3 to the glassy P,Os will cause the mixing of P,Os and boron
polyhedrons, thereby forming the P-O-B bond. If the network madifier is introduced,
NBO and BO4 can be formed. Taking lithium borophosphate glass (in Paper VI) as an
example, we find from the Raman spectroscopy data that the B,O3 addition disturbed
the phosphate network, with the NMR data showing consumption of NBOs and
formation of new rigid P-O-B bonds at higher boron content. Overall this increases
the average network rigidity and also the density, Vickers hardness, glass transition
temperature and Young's modulus, while a decrease in Poisson's ratio is found. In
addition, we find that the phosphate groups are partially depolymerized from Q3/Q?
units to Q! units upon B,0s addition, suggesting the number of bridging oxygens
around phosphorous decreases.

3.2. STRUCTURE-PROPERTY RELATIONS

Due to the non-equilibrium nature and non-crystalline structure of oxide glasses,
knowledge of the relation between chemical composition, atomic-scale structure, and
mechanical properties remains challenging. Normally, the number of bonds of each
atom and their strength have a significant impact on the properties of the glasses. In
addition, the packing density of the atoms and NBOs also affect the properties of the
glasses. Taking lithium borophosphate glass (45Li,0-(55-x)P20s-xB20s, in Paper VI)
as an example, we can find from Figure 3-4a that Young's modulus, Poisson’s ratio
and glass transition temperature are strongly dependent on the NBOs content. That is
because that the consumption of NBOs can increase the average network rigidity of
glasses. In addition, in Figure3-4b, the hardness shows a monotonous correlation with
the atomic packing density (Cq) and bond strength (the formation of P-O-B bonds).
Therefore, enhancing the understanding of structure and structure-performance
relations of glasses is essential for obtaining glass with excellent performance.
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Figure 3-4. (a) The effect of NBOs on Young's modulus (E), Poisson's ratio (v) and glass
transition temperature (Tg). (b) The dependence of hardness on atomic packing density (Cg)
and bond strength (P-O-B bonds). Figure adapted from Paper V1.
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With the development of science, material researchers have developed a keen interest
in how the structure affects the properties of materials and how to predict their
properties based on the structure of materials. For glass materials, in 2009, Gupta and
Mauro (15) used the topological constraints theory to successfully predict the glass
transition temperature. The model predicts the glass transition temperature of a given
glass by predicting its viscosity. That is because the number of bonds per atom
determines the number of constraints, thereby determining the level of rigidity of a
given glass composition at a given temperature. Subsequently, this topological
method was applied to predict the mechanical properties of oxide glasses, such as
hardness and elastic modulus(72)(73). Chemical bonds and bond angles constrain
atoms in network glasses, with the strengths of the constraints depending on the local
topology and the chemical nature of elements. In Paper I, we first calculated the
number of bond constraints per atom (nc) and constraint density (n’) (see Figure 3-
5a), then used the hardness model of Zheng et al (3-1) to predict the hardness of
lithium silicoaluminoborate glasses (see Figure 3-5b).

dHy
Hy, =—Xmn 3-1
v dn ( )
3.14 4.9
a b
( ) —m— xSi0,-(1-x[25Li,0-20A1,0,-558,0,] 2 68 ( ) B XSi0,-(1-x)[25Li,0-20A1,0,-558,0,] &
—A— ySi0,-25Li,0-20A1,0 -(55-)B,0. 4.8+ A y8i0,-25Li,0-20A1,0,(55-y)B,0, 3
3.12 ,-25Li, .0y 0, L
4T
’.‘ 3.104 . 66 rt'E S []
= c O 46 h -
3 m 85 3
3.08 ] . /.// s T L
e
" 'Y
3.06 /4:/ ol
= H63 :
=
3.04 T T T T T 62 4.3 T T T T T
0 5 10 15 20 0 5 10 15 20
[Si0,] (mol%) [Si0,] (mol%)

Figure 3-5. (@) Composition dependence of nc and n’ for lithium silicoaluminoborate glasses.
(b) Composition dependence of indentation hardness for lithium silicoaluminoborate glasses.
Figure adapted from Paper 1.

3.3. SUMMARY

The structure of oxide glass is disordered, but the short- and medium-range structure
is ordered and has abundant structural units. Therefore, we can easily change the
short- and medium-range structure of the glass by adjusting the chemical composition
(such as network formers, network modifiers and intermediates) to adjust the
performance of the glass. Furthermore, we can use the network topology model to
successfully predict the mechanical properties of the glass within a specific
composition range. Therefore, the optimization of glass performance in the future
requires a further understanding of the glass structure and structure-property relations.
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CHAPTER 4. STRUCTURE AND
MECHANICAL PROPERTIES OF
DENSIFIED ALUMINOBORATE
GLASSES

According to the analysis of the deformation mechanism in Chapter 2, we know that
densification is one of the key factors affecting its deformation and cracking behavior
in glasses. Therefore, understanding the densification mechanism of glass under high
pressure is very important for designing a new type of damage-resistant glass(74). In
addition, the compression process can balance the different characteristics of
composition-temperature-pressure by adjusting the extent of freedom of the network
structure. Under pressure, the changes in glass properties are related to the extent of
volume densification and the corresponding structural changes in the short and
medium-length scales(75). Therefore, the study on the compression of glasses can
also improve our understanding of the structural origin for the deformation behavior
of glasses, which is conducive to the design of glasses with excellent mechanical
properties.

4.1. HOT COMPRESSION

Normally, glass is produced by cooling the melt at a sufficient cooling rate. Due to
the different cooling rates of glass components, the network structure of the glass will
undergo different extents of relaxation during the cooling process (from the
supercooled liquid through the glass transition zone), resulting in different glass
densities. Glass can be made dense by various methods, such as sub-Tg annealing, cold
compression and hot compression. In addition, we can also obtain local densification
of the glass through the indentation process. Next, we will focus on the hot
compression method.

The compression experiment is mainly controlled by temperature and pressure test
conditions. The hot compression experiment (high temperature) can achieve
permanent densification of the glass at a pressure much lower than the pressure
required for cold compression (room temperature)(70)(76)(77). In addition, in the
cold compression experiment, when the pressure is lower than 5-10 GPa(78), the glass
structure changes caused by most pressures are still reversible during the pressure
reduction process. This is not conducive to studying the effect of densification on the
structure and performance of the glass. Therefore, glasses are densified through the
hot compression experiments (especially at the glass transition temperature (Ty),
which has many advantages: i) Hot compression (at Tg) has less structural relaxation
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problems due to the instantaneous pressure drop during cooling. ii) The glass can be
compressed at a constant viscosity (i.e. 102 Paesec) at T,. iii) Hot compression at Ty,
the density of the glass increases linearly with the pressure (lower than 1 GPa)(79)(80).
iv) Hot compression experiments can prepare large samples (cm? scale), allowing
more comprehensive structural characterization and mechanical testing. Therefore, in
this thesis, we mainly focused on the hot compression experiments at the ambient
pressure (1-2 GPa) and glass transition temperature (Tg) of the glasses.

All studied glass samples were cut into a specific size and then optically polished. In
our hot compression experiments, firstly the polished glass samples are placed in an
Al;O3 crucible (see Figure 4-1). Subsequently, the pressure of the gas pressure
chamber rises to slightly below the final target pressure. Then the gas pressure
chamber is heated up to the target glass transition temperature at a constant heating
rate of 600 K/h, which causes the internal pressure to increase up to the final target
pressure. This gas pressure chamber will be kept at the target pressure (1-2 GPa) at T
for 30 min. The gas pressure chamber will be then cooled down to room temperature
at a constant rate of 60 K/min, and then depressurized to atmospheric pressure at a
rate of 30 MPa/min. The pressure and temperature of these hot compression
experiments were controlled with an accuracy of 1 MPa and 0.1 K, respectively.

& ALO;
ALO; - Daffles
crucible ' i
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Samples \l

= Thermocouple
N, gas at T,

Hot compression experiment

Figure 4-1. Schematic diagram of the gas pressure chamber used in our hot compression
experiments. Figure reproduced from ref (81).

4.2. DENSIFICATION EFFECT ON STRUCTURE

Lee et al.(82) have proposed some mechanisms for structural changes caused by
pressure. However, our current understanding of the relationship between the glass
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structure changes by pressure and its performance is still very limited. Now, the
continuous development of advanced material structure characterization techniques
(such as Raman spectroscopy, and solid-state nuclear magnetic resonance (NMR)
spectroscopy) provide the possibility to further understand this correlation.

4.2.1. SHORT-RANGE STRUCTURE

The short-range structure of glass is usually defined by the first coordination sphere
of a given element. These elements include network modifiers (Li, Na, etc.) and
network formers (B, Al and Si etc). Therefore, the impact of densification on the short-
range structure is mainly reflected in the changes in the environment of the network
modifiers and in the coordination numbers of the network formers. Next, we will
introduce in detail the influence of compression on the short-range structure of glass
based on our research.

The pressure-induced changes in modifier environments have previously been studied
in situ during cold compression using diffraction techniques(83), and ex-situ after hot
compression using NMR spectroscopy(31)(79)(84)(85). In addition, we found that it
is relatively easy to use NMR spectroscopy to study the environmental changes of
network modifiers in compressed glass. These studies indicate that the resonance
frequency of the network modifier shifts to a higher frequency after hot compression.

As-prepared CsAIB glass
— 1GPa

ssb Cs ssb

Intensity (a.u.)

400 300 200 100 O -100 -200 -300
®Cs MAS NMR shift (ppm)

Figure 4-2. 133Cs MAS NMR spectra for Cs-aluminoborate glass. Spinning sidebands (ssh) are
indicated. Figure adapted from Paper /7.

In this thesis, we performed 33Cs MAS NMR measurements on hot-compressed (1
GPa) Cs-aluminoborate glass (25Cs,0-25A1,03-50B,03, in Paper V), which expands
the research scope of glass network modifiers. In this study, the 133Cs MAS NMR shift
increases from 79 to 87 ppm upon 1 GPa hot compression (see Figure 4-2). That is
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because the pressure strengthens the interaction between oxygen and cesium ions in
the network, resulting in a reduction in the average distance between oxygen and
modified cations (Cs*).

As we know, the network former is an important factor in the formation of the glass
network structure. Therefore, understanding the effect of hot compression on the
network former is very important for studying the densification mechanism of glass.
In this thesis, we performed !B MAS NMR and Al MAS NMR measurements on
hot-compressed caesium aluminoborate glass (25Cs;0-25AI1,03-50B,03, in Paper IV)
and lithium phosphoaluminoborate glasses (xP20s-(1-x)[25Li.0-20Al>03-55B,03], in
Paper III). Take lithium phosphoaluminoborate glasses as an example, we can find
from Figure 4-3 that these local boron and aluminum environments are very sensitive
to densification. That is, boron and aluminum will increase their average coordination
number upon compression. The increase in the coordination number of boron is
related to the presence of non-bridging oxygen (NBO), that is, B™ + NBO — B'. The
formation of high coordinated aluminum is for the charge-stabilised NBOs.
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Figure 4-3. Composition and pressure dependence of the average coordination number (CN)
of boron and aluminum. Figure adapted from Paper /1.

4.2.2. MEDIUM-RANGE STRUCTURE

Previous studies have shown that for hot compressed SiO; glass, compression lead to
an increase in the content of small rings(70). While in borate glass, we found that the
compression causes the ring structure to break(31)(74)(86). Therefore, in the borate-
based glass, the medium-range order consists of ring structures with well-defined
bond angles. In this thesis, we used Raman spectroscopy and NMR spectroscopy to
study the changes in the medium-range structure of aluminoborate glass before and
after hot compression. Take lithium phosphoaluminoborate glasses (in Paper III) as
an example, we can find from Figure 4-4a that the area fractions of bands | and II
decrease with increasing pressure, while the area fractions of bands 111 and IV increase
with pressure. These changes indicate that some some superstructural borate units and
aluminoborate units are broken under presure. In addtion, the high-frequency band
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lic (related to POy, P,O7*, PO3% units(87)) becomes wider and more intense upon
the hot compression, which is result from the P-O-P bond angle distortion.
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Figure 4-4. (a) Micro-Raman spectra of the as-prepared and compressed lithium
phosphoaluminoborate glasses with 10 mol% P20s. (b) Pressure dependence of the relative
fractions of the Raman bands. Figure adapted from Paper 7/I.

In order to better understand the structural origin of the densification part in the
deformation process, we used Raman spectroscopy to analyze the changes in the local
structure of the caesium aluminoborate glass (25Cs,0-25Al1,03-50B,0s3, in Paper V)
before and after the indentation deformation. Figure 4-5 shows the structural changes
induced by indentation deformation in the Cs-aluminoborate glass. From this figure,
we can find that the Cs-aluminoborate glass in the center of the indent has obviously
undergone changes in its network structure, which can be found from the increase in
relative intensity of bands I, II and III. These changes could be associated with the
consumption of NBOs on pyroborate units and the formation of B'Y units in diborate
species. During the indentation process, some energy is fast transferred into the glass
upon the applied external force, such as sharp contact loading. Glass attempts to
dissipate this energy through local densification (decrease in bond angles and length)
and structural changes (structural rearrangements, increase in coordination numbers
and bond swapping etc.) under the contact surface. This indicates that the
densification ability and structural pressure sensitivity of glass are of great
significance to its deformation and cracking behavior.

By comparing the effects of these two densification methods on the glass structure,
we found that there are some differences between the structural changes caused by
pressure and the structural changes caused by indentation deformation. But the
structural changes under these two types of densification are similar in some cases.
This indicates that we can better understand the structural origin of the local
deformation caused by external force in daily life through the structural changes
caused by the hot compression.
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Figure 4-5. Structural changes induced by indentation deformation in the caesium
aluminoborate glass. Figure adapted from Paper V.

4.3. COMPOSITION EFFECT ON DENSIFICATION BEHAVIOUR

Following section 4.2.1, we continue to study the glass composition effect on the
extent of structural changes caused by hot compression (densification). Take lithium
phosphoaluminoborate glasses (in Paper IIT) as an example, we find From figure 4-6
that there is no effect of P,Os on the changes in the coordination number of boron
upon compression. While the addition of P,Os has a significant effect on the changes
in the coordination numbers of aluminum upon compression. We can find from Figure
4-3b that the addition of P,Os is beneficial to the increase in Al coordination number
caused by pressure.
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Figure 4-6. Composition dependence of the change in boron and aluminum coordination
number with pressure (ACN/P). Figure adapted from Paper /1.

In fact, compared with other oxide glasses(75)(88), Al speciation of this series of

glasses has the largest extent of pressure-induced changes under similar experimental
conditions (pressure and temperature). These results indicate the addition of P,0s
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positively influences the pressure-induced conversion of Al'Y to Al and AIY!, in turn
suggesting a link between aluminum and phosphate units as suggested by the
formation of Al-O-P bonding. Therefore, understanding the effect of the changes in
the coordination numbers of the network former on the extent of densification is very
important for studying the structural origin of the densification.

To better quantify the contribution of the network former coordination changes to the
overall pressure-induced volume densification (AVmai+gy/AVm), we follow the
approach of Wu et al.(25) to calculate the pressure-induced molar volume change only
due to boron and aluminum coordination changes (AVmei+)) and the measured
pressure-induced molar volume change (AVm). AVmai+g) iS calculated as,

Vinates) = [Xan,0, T x:iVian] + [X8,0, 2 X Vs (4-1)

where X(ao3) and X203y are molar fractions of Al,Os and B2O3 in the glass, x; is the
fraction of Al or B in each coordination state, Vgjay and Ve are partial molar
volumes of Al;O3 and B,Os in each coordination state i. The detailed information is
shown in Paper III.

Take lithium phosphoaluminoborate glasses as an example (in Table 4-1), we can find
that there is a smaller change from 1 to 2 GPa than from ambient to 1 GPa for both
the molar volume (Vi) and Vimai+g) upon hot compression. The ratio of AVmai+g)y/AVm
is above 50% at 2 GPa (Table 4-1). This is a large proportion of the pressure-induced
volume densification compared to that found for calcium aluminoborosilicate glasses
(9-36% at 2 GPa)(25). This is likely because the present glasses have more
pronounced coordination number changes of Al and B upon compression. That is,
reassociation of charge-balancing modifier cations from Al'Y to BV sites is required
upon compression, which is promoted by the mobility of small lithium cations. As
shown in Table 4-1, we also find that the Vimai+g) contribution to the overall change in
measured Vi, becomes smaller with the increasing content of P,0Os.

Table 4-1. The value of molar volume changes(4Vm), Volume changes (4Vm(i+g)) and the ratio
of (AVm@i+s))l AVm calculated by Eq. (4-1) in lithium phosphoaluminoborate glasses. Table
adapted from Paper I11.

Glass PO Glass P2 Glass | P5 Glass | P10 Glass
AVmat 1 GPa (¢cm*/mol) 2.40 238 2.38 2.38
AVw at 2 GPa (cm*/mol) 3.79 3.73 3.82 3.91
AVmans at 1 GPa (cm*/mol) 1.05 1.04 1.03 0.88
AVmanp at 2 GPa (em*/mol) 2.02 1.97 2.01 1.88
AVmars/AVm at 1 GPa 43.8% 43.7% 43.3% 37.0%
AVans/AVm at 2 GPa 53.3% 52.8% 52.6% 48.1%

37



DEFORMATION AND INDENTATION CRACKING IN BORATE-BASED GLASSES

4.4. DENSIFICATION EFFECT ON MECHANICAL PROPERTY

The key strategy to expand the future application of glasses is to improve their
mechanical properties, especially the inherent brittleness. However, the understanding
of the structural origin of mechanical properties such as hardness and crack resistance
is still limited. As we know, the mechanical properties of glass can be adjusted through
the compression process, but the understanding of the structural origin of this change
is not very clear. Therefore, it is necessary to have an in-depth understanding of the
changes in glass mechanical properties upon compression.

4.4.1. DENSITY

Many previous studies(89)(90)(91) have shown that properties related to free volume
(especially atomic packing density) have a great influence on elastic modulus,
hardness, deformation mechanism and fracture toughness. Therefore, studying the
effect of hot compression on the density and atomic packing density is helpful to
understand the changes of related mechanical properties caused by densification. Take
lithium phosphoaluminoborate glasses (in Paper IIT) as an example, we can find from
Figure 4-7 that the addition of P,Os has only a slight effect on the density, while the
density increases dramatically upon hot compression. Since there are also changes in
the size of the atoms upon the addition of P,Os, we calculate the atomic packing
density (Cy) to further understand differences in free volume. We can also find that Cg
decreases with the content of P,Os for all studied glasses, showing that the network
becomes gradually more open with P,Os addition. While the Cq increases dramatically
upon hot compression, indicating that the network becomes gradually more rigidity.
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Figure 4-7. Compositional and pressure dependence of density (o) and atomic packing density
(Cy). Figure adapted from Paper III.
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4.4.2. YOUNG'S MODULUS AND HARDNESS

Young's modulus is important for glass design with special properties. In this thesis,
the elastic properties of all glasses were measured by ultrasonic echography using an
ultrasonic thickness gauge (38DL Plus, Olympus) equipped with 20 MHz delay line
transducers. Generally speaking, Young's modulus depends on the bond energy
between the atoms and atomic packing density. Take lithium phosphoaluminoborate
glasses (in Paper III) as an example, we can find from Figure 4-8a that atomic packing
density scales positively with E across pressures and compositions, showing that the
role of packing density on elastic moduli is also seen from the pressure-induced
increase in all Young's modulus. Although the elastic moduli are thus easily changed
by compression, hardness is even more sensitive to the pressure treatment. The
hardness of glass is the result of the combined effect of elastic deformation, plastic
deformation (volume densification and shear flow). However, the hardness measured
by the indents mainly depends on plastic deformation. In this thesis, we used
indentation experiments to measure the hardness of all glasses. In lithium
phosphoaluminoborate glasses, we studied the pressure dependence of glasses’
hardness (see Figure 4-8b). We can find that the hardness of lithium
phosphoaluminoborate glasses increases upon hot compression. The packing density
increases upon hot compression, which leads to an increase in the number of atomic
bond constraints per unit volume. This is the main reason for the pressure-induced
increase in the hardness of this series of glasses.
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Figure 4-8. (a) The relation between Young's modulus and atomic packing density. (b) The
relation between Vickers hardness and atomic packing density. Figure adapted from Paper 711.

4.4.3. CRACK INITIATION RESISTANCE

Crack resistance is one of the important indicators to study the ability of glass crack
initiation. In this thesis, we calculated the crack resistance of glasses by using the
methods in section 2.2. we study the effect of hot compression on the crack resistance
of caesium aluminoborate glass and lithium phosphoaluminoborate glasses. Take
lithium phosphoaluminoborate glasses as an example, We can find from figure 4-9a
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that the crack initiation resistance decreases rapidly with the increase in the extent of
the pre-densification, which is found to be due to the decrease in the capability of
densification in the compressed glasses. The high extent of permanent densification
after hot-compression (13.3-14.8% when compressed under 2 GPa pressure in Figure
4-9b) indicates that the as-prepared glass has a great capability to accommodate the
applied mechanical energy during the indentation process. This would lead to a lower
level of the residual stress for driving the crack initiation in glasses, and thus result in
the high CR for this series of glasses before the compression. Furthermore, the effect
of the densification on the cracking behaviour is also related to its capability to
undergo structural transformations under applied pressure or stress.
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Figure 4-9. (a) Compositional and pressure dependence of crack initiation resistance in lithium
phosphoaluminoborate glasses. (b) The extent of pre-densification in all lithium
phosphoaluminoborate glasses. Figure adapted from Paper III.

4.5. RELATIONS OF ATOMIC SELF-ADAPTIVITY AND
CRACKING BEHAVIOUR

From section 4.2, we know that the pressure-induced densification (in compression)
can result in some changes in the glassy network structure, including the short- and
medium-range structure. Furthermore, we find some similar structural changes in the
indentation deformation process. This provides the possibility to understand the
structural origin of deformation behavior and even cracking behavior in the glass
during the indentation process.

For modified silica-based glasses, the structural rearrangements of amorphous silica
during the indentation include the decrease in the Si-O-Si tetrahedral angle, and an
increase in the abundance of three- and four-membered rings, as well as increasing
the Q? abundance at the expense of Q3. We have also observed a similar phenomenon
(structural rearrangements) in phosphorus glass (in Paper III). Since increasing the
coordination number of Si and P atoms requires significant activation energy. In
silica-based glasses and phosphorus glass, structural rearrangement is the main way
to dissipate energy induced by the pressure/stress. While for the aluminoborate
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glasses, there is a decrease in distances between borate rings, an increase in the B-O-
B or Al-0-Al bonds angle, and changes in the abundance of different borate rings upon
the indentation deformation. Furthermore, we also found (see Figure 4-3) that
indentation deformation can induce the conversion of B"' units to B' units and AI'Y
units to AIV/AIV i.e., increasing the coordination numbers of the network formers
upon the pressure/stress, which is a new effective way to dissipate energy induced by
the pressure/stress. From the analysis in section 4.3, we can see that the increase in
the coordination numbers of the network former has a significant effect on the extent
of densification in the aluminoborate glass, i.e., AVm(ar+s)/AVm can be more than 50%
at 2 GPa in some cases. In addition, we know the NMR spectroscopy technology can
provide some quantitative information about the short-range network structure of
glass. Therefore, Januchta et al.(31) quantitatively analyze the relationship between
structural changes and deformation/cracking behavior by using the atomic self-
adaptivity of aluminoborate glass. The self-adaptivity of a given atomic network as:

Pressure-sensitive
Coordination
number ¥
‘AnAp.
Atomic self-adaptivity = !=——— Density (4'2)
'P Po’*

Pressure/stress

where An is the change in coordination number as determined by NMR, Ap is the
change in density, po is the initial density, and P is the applied pressure. As such, the
atomic self-adaptivity is related to the densification and structural pressure sensitivity,
which may better predict the cracking behaviour in glasses, such as crack initiation
resistance.

To further understand the effect of the structural changes on the cracking behaviour,
we study the relation between crack initiation resistance (CR) and atomic self-
adaptivity in oxide glasses from our previous work. We find that the CR has a positive
correlation the atomic self-adaptivity (see Figure 4-10), but still strongly depends on
the composition. Silicate glass usually undergoes a decrease in the Si-O-Si angle inter-
tetrahedrons and/or a change in ring size distribution under pressure/stress. This is
because increasing the coordination number of Si atoms requires significant activation
energy, which results in a low atomic self-adaptivity in silicate glasses, thus leading
to lower CR. In contrast, the conversion of B"' units to B'Y units requires lower energy,
i.e., boron-contain glasses tend to exhibit high CR.
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Figure 4-10. The relation between crack initiation resistance (CR) and Atomic self-adaptivity
in oxide glasses. All data from ref. (26)(31)(60)(32)(33) and Paper 111, 1V.

We have found that in addition to the composition, atomic self-adaptivity is another
important factor that affects the crack initiation ability of glasses. From equation 4-2,
we can find that the atomic self-adaptivity mainly depends on the extent of
densification and the pressure sensitivity of the glass structure. To further understand
the relations in the atomic self-adaptivity with structural pressure sensitivity and
densification, we study the correlation between atomic self-adaptivity and
AVmai+)/ AV (related to the densification) and atomic packing density (related to the
openness of the structure). From Figure 4-11a, we know that AVmai+e)/AVm has a
positive effect on the atomic self-adaptivity, indicating that the structural pressure
sensitivity is beneficial to the atomic self-adaptivity. Besides, we can find that the
increase in the coordination number of the network formers is generally accompanied
by the densification process.
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Figure 4-11. (a) Correlation between AVma+)/AVm and atomic self-adaptivity upon hot
compression at 2 GPa for the Lithium Phosphoaluminoborate Glasses. The dashed line is a
guide for the eye. (b) Correlation between atomic self-adaptivity and atomic packing density.
All data from ref.(26)(31)(60)(32)(33) and Paper!II, IV.
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In Figure 4-11b, we can find that atomic self-adaptivity generally increase with
increasing the atomic packing density, but still strongly depends on the composition.
The glasses with low atomic packing density will have an open network structure, and
thus have a large extent of densification during the indentation, which can dissipate
more energy induced by the pressure/stress. This will result in less energy that is used
to increase the coordination number of the network formers, which therefore decrease
the atomic self-adaptivity.

4.6. SUMMARY

In this chapter, we have observed the pressure-induced structural changes after hot
compression at Ty in aluminoborate glasses. We found that the densification of the
glass is accompanied by the compression of the modifier environment, the change of
the coordination numbers of the network former and the change of the intermediate
structure (such as a ring). Furthermore, we find some similar structural changes in the
indentation deformation process. Hot compression at Tg increases the density and
hardness, but decreases the crack resistance. The indentation deformation mechanism
(especially densification) controls the degree of stress dissipation and thus the
tendency of crack initiation. The pressure sensitivity of the glass structure (pressure-
induced structural rearrangement and coordination number changes) has a significant
impact on its crack initiation ability. Our study shows that in addition to the
composition, the atomic self-adaptivity related to the coordination number changes is
another important factor that affects the crack initiation ability of glasses. Finally, we
found that the atomic self-adaptivity strongly depends on the openness extent of
structure and the coordination change contribution to the overall volume densification,
as well as the glass composition.
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CHAPTER 5. STRUCTURE AND
MECHANICAL PROPERTIES OF
HYDRATED ALUMINOBORATE
GLASSES

Glasses typically fail due to the presence of surface cracks and defects, which in turn
arise from corrosion, impacts and scratch events during production and daily use.
These defects amplify the local tensile stress, which can result in decreasing the
applied strength (durability), even the catastrophic failure (safety concerns). From
Griffith-Irwin’s fracture criterion(92), we know flaws with a critical size can only
grow under loads that exceed the static fatigue limit. However, water penetration into
the glass can affect the stable micro-defects smaller than the critical size, thereby
affect crack initiation and sub-critical crack growth phenomena(93). In general, water
penetration can decrease the applied strength of glasses, but the hydration surface
treatment still has been found to have a certain enhancement effect on the crack
initiation and crack growth in some glasses(23)(24)(94). Therefore, it is of great
significance to tailor the mechanical properties of glasses by understanding the details
of the glass-water interaction and the influence of the water penetration rate on the
mechanical properties.

5.1. HUMID AGING POST-TREATMENT

In this thesis, aluminoborate glasses (25M20-25Al,05-50B,03, M = {Li, K, Cs}) and
some other reference glasses were subjected to hydrate the surfaces through the
controlled humid aging experiments in a climate chamber (WKL 100/40, Weiss). All
these samples were optically double-side polished in ethanol, and then were
immediately put into the climate chamber. The aging experiment was performed at
different temperatures and RHs (relative humidity) for up to 7 days (see detailed
treatment conditions in Table 5-1). Furthermore, to investigate the hydration in a high-
humidity environment, experiments were also performed at 120 °C with 100% RH for
30 min in an autoclave. Due to the lower chemical durability, we also investigated the
hydration for Cs-aluminoborate glasses in 99.9% ethanol for up to 14 days. The
detailed experimental results are shown in Papers IV and V.
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Table 5-1. The appearance (surface quality) of all studied glasses after the humid aging process
under different conditions. Table adapted from Paper V.

Treatment condition LiAlB glass KAIB glass CsAIB glass
23°C,40 % RH Good Good Good
23 °C, 40 % RH Good
23°C,50% RH - - Good
23 °C, 60 % RH Good Good Cracks after 6 hour
23 °C, 80 % RH Good Good Broken after 3 hour
30°C, 80 % RH Good Good -
35°C, 80 % RH Good Cracks after 1 day
40°C,80% RH Good Cracks after 1 day
50°C, 80 % RH Good Cracks after 12 hour
80 °C, 80 % RH Good Broken after 1 day -
120 °C, 100 % RH Broken after 30 min Broken after 30 min Broken after 30 min
Submerged in ethanol - - Good after 14 days

* Surface quality: Broken < Cracks < Good
5.2. CHEMICAL DURABILITY

The diffusion rate and content of water in glass strongly depend on its chemical
durability (i.e. dissolution behavior in water), the content of defects (microcracks and
porosity), and so on. Therefore, we pre-measured the chemical durability of bulk
aluminoborate glass in a neutral (pH = 7) aqueous solution. The detailed information
regarding these measurements is shown in Paper V. The dissolution mechanism of
aluminoborate glass depends on the ion exchange (Equations 5-1 and 5-2) and
hydrolysis (Equation 5-3) in aqueous solution and the reaction of hydrolysis (Equation
5-4) in a humid atmosphere. In a neutral (pH = 7) aqueous solution, there are usually
H,O molecules, H3;O* (H*) and OH"ions. Therefore, protonation and hydrolysis are
strongly related to possible reactions:

[(B,ADO,]” — M* + 4H,0 - [(B,Al)(OH),] + M* + 40H" (5-1)
[(B,A)O,]; — M™T + 8H,0 — [(B,Al)(OH),], + M* + 80H™ (5-2)
[(B,Al) — O — B] + H,0 - 2[(B,Al) — OH] (5-3)
[(B,Al) — O — B] + H,0 - [(B, Al) — OH] + (M — OH) (5-4)

where M represents a modifier atom.

The dissolution behavior for glasses in an aqueous solution depends on various
factors, such as the atomic packing density, the rigidity of the network, the field
strength of the modifier, the content of the network formation and the speciation of
the network formation. Therefore, we studied the dependence of the dissolution rate
of the glass in the aqueous solution on the modifier field strength and atomic packing
density (Cg). Due to the different radius sizes of the modifier cations, their ability of
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charge balance is different. That is, the same charge is distributed over a larger area
for larger cations. Therefore, the modifier field strength (FS) can be quantitatively
determined as:

FS = Zalkali (5_5)

(TalkalitToxygen)

where z and r are the charge and the ionic radius, respectively.

In Paper V, we find that the dissolution rate decreases with the increase of the modifier
field strength in the aluminoborate glasses. Modifier cations with high field strength
will form stronger bonds with oxygen and have higher dissociation energy(95)(96)
(under the same Al/B ratio condition), resulting in a lower dissolution rate. In addition,
our work indicates that the Cs-O bond with lower dissociation energy may be more
prone to nucleophilic attack by H,O molecules during the hydration process. On the
other hand, we find that the dissolution rate decreases with increasing atomic packing
density. This is because that these open network structures (lower Cg) facilitate the
entry of water molecules into the glass, and result in the nucleophilic attacks from
H20 molecules. These results indicate that the hydration behavior of oxide glasses can
be affected by the openness of the network structure and the bonding strength of the
modifier.

5.3. CONTENT AND FORM OF WATER IN GLASS

In general, there are three main mechanisms for water entry into glasses: i) hydration
(molecular water penetration into the glass network), ii) hydrolysis (reaction with the
glass network), iii) leaching (ion-exchange reaction with modifier cations). The water
typically exists in glasses in the form of either molecules or hydroxyl
groups(97)(98)(99). To determine the content and form of water in studied glasses,
according to the method of Sheth et al(99), we use the ATR-IR spectroscopy to
investigate the entry of water molecules into the glass surfaces during the humid aging
experiments. Taking aluminoborate glasses (25M,0-25Al1,03-50B,03, M = {Li, K,
Cs}, in Paper V) as an example, we find from figure 5-1 that for the K,Cs-
aluminoborate glasses, the water mainly present in the form of the OH stretching band
(von, ~3400 cm'?), with a small amount of molecular H.O bending band (&120, ~1620
cml). Due to the high chemical durability, we can only find the water in the form of
the OH stretching band in the Li-aluminoborate glasses. To quantify the changes in
the content of hydroxyl groups with the aging time in three glasses, we bulid the
relation between the relatively intensity of OH stretching band (von) and humid aging
time (shown in Figure 5-1d). The relatively intensity of OH stretching band (vow) of
the Li,K-aluminoborate glasses increases after humid aging under high RHs. While
the humid aging process only has a minor effect on the water content in the Li,K-
aluminoborate glasses under low RHs (40% and 60% RH) in Paper V. For the Cs-
aluminoborate glasses, the relatively intensity of OH stretching band increases
significantly after humid aging under high RHs under low RHs (40% and 50% RH),
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indicating that the humid aging process has a significant influence on the surface of
Cs-aluminoborate glasses.
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Figure 5-1. (a) ATR-IR spectra of lithium aluminoborate glass (LiAIB glasses) with different
aging time at 23 °C, 80%RH. (b) ATR-IR spectra of potassium aluminoborate glass (KAIB
glasses) with different aging time at 23 °C, 80%RH. (c) ATR-IR spectra of caesium
aluminoborate glass (CsAIB glasses) with different aging time at 23 °C, 50%RH. (d) Relatively
intensity of OH stretching band (around 3400 cm™) as a function of humid aging time of the
studied bulk glasses at different RHs. Figure adapted from Paper V.

5.4. WATER EFFECT ON THE STRUCTURE OF
ALUMINOBORATE GLASS

From the analysis in Section 5.3, we can see that the humid aging process has a
significant effect on the surface of Cs-aluminoborate glasses, that is, a lot of water in
the atmosphere enters this series of glass during the humid aging process. This water
will inevitably induce some changes in the short- and medium- range structure of Cs-
aluminoborate glasses. Therefore, in the thesis, we focused on the effect of water on
the structure of Cs-aluminoborate glasses by using both micro-Raman and solid state
NMR spectroscopy. From the NMR spectra results (see Figure 5-2), We can clearly
find that the coordination numbers of Al and B together increase after the humid aging
process, including the formation of six-fold Al. This result indicates that the local
chemical environment of the network-former atoms in Cs-aluminoborate glasses is

48



sensitive to hydrolysis. Assuming that the incorporated water acts as a traditional
network modifier or charge compensator, it is unexpected that water simultaneously
increases the fractions of B'Y (requires charge compensation) and AIV/AIV! (does not
require charge compensation). Also, the alkali modifier has an enthalpic preference
for interaction with Al'Y over B' in aluminoborate glasses, but this is not observed
upon aging if considering water as a modifier. Therefore, it is possible that water
molecules preferentially interact with boron relative to aluminum (to form B'Y), while
some of the Cs charge-compensators for Al'Y are removed by aging, effectively
increasing the coordination number of aluminum. Finally, we note from
deconvolution of the 1'B MAS NMR spectra (Paper IV) that the fraction of B"onring
increases along with the conversion of B'"' to B"Y, indicating that the water molecules
hydrolyze the original ring structures of the borate network as the aging time
increasing. At the same time, this will result in a more open and loose glassy network
structure, as well as a larger free volume, which is very beneficial for obtaining ultra-
high crack resistance for glasses.

Finally, considering the effect of water on modifier cation (Cs*, in Figure 5-1c), we
can find that the main peak about the *33Cs became sharper and moved downwards
(from 79 ppm to 71 ppm) after the humid aging process, indicating that humid aging
caused the increase in Cs-O bond distance. This also shows that water molecules
interact with Cs modifiers. Furthermore, from deconvolution of the 13Cs MAS NMR
spectra (in Paper 1V), we know that the hydrated Cs* groups attached to the glass
network are formed upon humid aging. These Cs-OH groups could be more free to
move around and thus have higher mobility in the surface of the CsAIB glass. Such
higher surface mobility is associated with higher network flexibility.
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—— As-prepared without aginy
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Figure 5-2. NMR spectra results for the as-prepared Cs-aluminoborate glasses with aging for
0 or 7 days at 23°C and 45% RH. Figure adapted from Paper IV.

5.5. HYDRATION LAYER DEPTH

From the water content analysis in Sections 5.3 and 5.4, we found that most water
penetrates the Cs-aluminoborate glasses upon humid aging, and induced some
structural changes. Therefore, the study regarding the part where water molecules
penetrate the glass surface (hydration layer) is very important for understanding the
deformation and cracking behavior in Cs-aluminoborate glass. We therefore focus on
investigating the time dependence of the depth of the hydration layer on Cs-
aluminoborate glasses by using micro-Raman spectroscopy. As observed in Figure 5-
3a, the band region I (related to B-O-B, Al-O-Al, and B-O-Al stretching vibrations)
hardly changes upon aging, while the intensity of band region II (associated with
hydroxyl groups) increases significantly upon aging. Therefore, we calculate the area
ratio of band regions 1 and II to capture the change in water content of Cs-
aluminoborate glasses with increasing depth (Figure 5-3b). Based on this calculation
methodology, we calculated the hydration layer depth in the Cs-aluminoborate glasses
as a function of humid aging time under different RH (Figure 5-3c). We observe a
positive correlation between hydration layer depth and both the duration of aging as
well as RHs. This agrees with the variation in water content for this glass (in section
5.3). Especially, we note that a large fraction of the hydration occurs during the very
early stages of aging (i.e., 13-14 um hydration layer after humid aging for 1 day).
After 7 days aging at 40% and 50% RH, the main hydration layer depth is 26.4 pum
and 29.2 um, respectively, showing that the high-RH atmosphere increases the
hydration rate.
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Figure 5-3. (a) Micro-Raman spectra of CsAIB glass after aging for 7 days at 50%RH. The
spectra were recorded at increasing depth from the top surface toward the inside of the glass.
(b) The area ratio of band I and I (from Figure 5-3 a) as a function of depth for Cs-
aluminoborate glass. The experimental data is fit to an exponential function (solid line) and
the hydration layer is defined as the depth for which the slope of the curve is less than -0.01
um-2. (d) Hydration layer depth as obtained from micro-Raman spectra as a function of humid
aging time for the CsAIB glasses under 40% and 50% RH. Figure adapted from Paper 7.

5.6. HYDRATION EFFECT ON DEFORMATION/CRACKING
BEHAVIOR

From Section 5.5, we have found that a micron-size hydration layer is formed on the
surface of the Cs-aluminoborate glasses after the humid aging process. The hydration
layer inevitably has a great influence on the densification of the indentation
deformation and cracking behavior(100)(101). Therefore, we next focus on studying
the effect of hydration on deformation/cracking behavior and related properties of Cs-
aluminoborate glasses.

5.6.1. INDENT SIZE LENGTH RECOVERY

Kacper et al.(23) have found the Cs-aluminoborate glass exhibits an unusual change
in shape and size of the indent after humid aging in the atmosphere. This discovery
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provides a new idea for preparing oxide glass with high self-healing ability. Therefore,
in this thesis, we use the methods (in section 2.1) to calculate the recovery of the
indentation side length (Lar) upon humid aging, and study the relationship between
aging time and side length recovery. From Figure 2-6, we can find that the indents
show significant shrinkage after humid aging, the edge area of the indents recovered
to above the original glass surface. In addition, we find that the indent before humid
aging does not show a perfect square shape, indicating that the indent starts to recover
during the unloading process. The qualitative observation of the indent self-recovery
in the glasses is confirmed by the aging time dependence of Lagr. We also note from
Figure 5-4a the limited indent size recovery in the other reference oxide glasses after
humid aging.

Next, we evaluate the effect of aging conditions on the indent recovery of
aluminoborate glasses, as shown in Figure 5-4b. we can find that the K-aluminoborate
glass exhibits side length recovery above 7% and 15% after 7-days aging at 60% and
80% RH, respectively. While the Cs-aluminoborate glass exhibits recovery of around
25% and 40% after 7-days aging at 40% and 50% RH, respectively. These results
show that the high-RH atmosphere increases the hydration rate. In addition, we
ascribe this to the K-aluminoborate glasses’ dense, rigid structure and high chemical
durability, which allows for less water penetration and thus less indent volume
recovery. Finally, we note that a large extent of the indent recovery occurs during the
very early stages of aging, which is in good agreement with the water content analysis
in Section 5.3.
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Figure 5-4. (a) Side length recovery (Lar) of indents produced at 4.9 N as a function of aging
time at 23 °C and 45 %RH for all the investigated glasses. (b) Side length recovery (Lar) Of
Vickers indents produced at 9.8 N as a function of humid aging time for the investigated glasses
under various RHs. Figure adapted from Paper 7V and V.

5.6.2. ELASTIC RECOVERY

From the qualitative observation of the indent, we have found that the indents on the
surface of the Cs-aluminoborate glass start to recovery during the unloading process.
Furthermore, we can find from the indent size recovery analysis that a large fraction
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of the indent size recovery (“self-healing”) occurs during the very early stages of the
aging (i.e., first data point after unloading). This result supports that elastic recovery
has a relatively high contribution to the indentation deformation in the Cs-
aluminoborate glass. Therefore, it is interesting to study the effect of water penetration
rate on the elastic recovery of these glasses. Here, we use the bow-in parameter (Lo/Ls
ratio, where Lp is the indent diagonal length and Ls is opposite side length(102)) of
Vickers indents to describe the contribution of elastic deformation to indentation-
induced deformation(103). We can find from Figure 5-5a that elastic recovery has a
good negative correlation with elastic-plasticity (E/H). In addition, since only
relatively few water molecules enter into the glass surfaces of Li,K-aluminoborate
glasses, there is only a minor change in their Lp/Ls ratio upon humid aging (see Figure
5-5b). On the other hand, the bow-in parameter for the Cs-aluminoborate glass
increases with increasing aging time and atmospheric humidity, which is in agreement
with the larger extent of water entry in this glass. This indicates that the atmospheric
water entry helps to promote elastic recovery during unloading.
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Figure 5-5. (a) Dependence of the bow-in parameter (Lo/Ls ratio) of Vickers indents produced
at 4.9 N on the elastoplastic ratio (E/H). (b) Dependence of the bow-in parameter (Lo/Ls ratio)
of Vickers indents produced at 9.8 N on the humid aging time for different aluminoborate
glasses and RHs. Figure adapted from Paper IV and V.

5.6.3. CRACK INITIATION RESISTANCE

From Sections 5.6.1 and 5.6.2, We have found that the micron-size hydration layer
has already affected the deformation behavior during the indentation process.
Therefore, this hydration layer inevitably affects the crack-related properties of oxide
glass. In fact, some recent studies have shown that pre-hydration on the glass surface
can improve the crack resistance and strength of certain compositions(98)(104). In
our work (Paper IV), We found that after low RH hydration treatment (7 days at 23 °C,
45% RH), the CR of Cs-aluminoborate glass increased from approximately 30 N
to >100 N (see Figure 5-6a). For the other reference glasses, the surface aging at 45%
RH has an almost negligible effect on the CR. Furthermore, in Paper V, we also
studied the effect of different hydration conditions on the crack resistance of
aluminoborate glass(see Figure 5-6b). The humid aging process has only a minor

53



DEFORMATION AND INDENTATION CRACKING IN BORATE-BASED GLASSES

effect on the CR of Li,K-aluminoborate glasses. While CR of the Cs-aluminoborate
glasses increases significantly upon aging at both 40% and 50% RHs. When the aging
time reaches 5 days, CR of the Cs-aluminoborate glass reaches an apparent maximum
value for 50% RH. That is probably because that the hydrated surface after long-term
aging becomes sufficiently depolymerized to decrease CR due to the weaker network
bonding and the higher humidity can lead to a higher rate of atmospheric water
permeation into the glasses surface. This suggests that the lower rate of atmospheric
water permeation is beneficial to achieve a hydration layer with good performance on
the glasses surface, thereby improving the crack initiation resistance of the Cs-
aluminoborate glass. To further investigate the effect of the hydration layer on
obtaining ultra-high crack resistance, we studied the effect of post-aging heat
treatment on CR of the hydrated Cs-aluminoborate glass (Figure 5-6¢). CR of the aged
glass is found to decrease approximately to its initial value (before aging) after heat
treatment. This confirms that the existence of the hydration layer is beneficial to
improve the crack initiation resistance.

(a) 140 200
g (b) ----40%RH @ LiAaB glass
120+ i + KAIB gl
- it - - -~ 60%RH glass -
1004 L L] 1504 ----80%RH * CsAIB glass -
- L7
= SR - m- CsAlB Glass = %
Z g0 . - ®- NaAlB Glass Eﬂ etk
8 - LiAIBSi Glass £ 100 Sl
> 801 - v- SLS Glass o >
?3 LaAIS| Glass o
404 - 4- LaAlS Glass
204 B ---@B - -- B ---B - ---B--==8
0_;::::;::1:’7:1::51::::‘?:::::I:::: 5
0 30 80 90 120 150 180 0 30 80 90 120 150 180
Aging time (hour) Aging time (hour)
.} 100
(©)

Aging condition: S0%RH

804

60+

CR(N)

40

204

Belore aging Aging for S50h Heat for 0.5h Heat for 0.5h
at 100 °C at 100 °C

Figure 5-6. (a) Dependence of crack resistance (CR) on the humid aging time at 23 °C and 45
%RH. (b) Dependence of crack resistance (CR) on the humid aging time for different
aluminoborate glasses and RHs. (c) Crack resistance (CR) of the CsAIB glasses after different
treatments. Figure adapted from Paper 777 and V.
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Finally, according to the optical images of Vickers indents for the Cs-aluminoborate
glass (see Figure 5-7), we can find that the formation of the micron-size hydration
layer is indeed beneficial to improving the surface performance of the Cs-
aluminoborate glass.

Figure 5-7. Optical images of Vickers indents produced at different loads on the surface of the
CsAIB glass before and after humid aging at 60% RH: (a) Indentation at 40 N without aging.
(b) Indentation at 40 N after 3 hours aging. Figure adapted from Paper V.

5.7. SUMMARY

In this chapter, we have shown that humid aging affects the indentation response of
alkali aluminoborate glasses as strongly depending on the composition and chemical
durability, network structures. We have shown that ultra-high resistance to sharp
contact cracking can be achieved in a caesium aluminoborate glass by simply storing
the glass under typical atmospheric humidity conditions. This is due to the formation
of the surface hydration layer. Raman analysis has shown that the hydration layer
depth after 7 days aging at 40% RH and 50% RH is 26.4 pum and 29.2 um,
respectively. This micro-size hydration layer has a network with higher freedom and
Cs-OH groups with higher mobility, better protecting the glass from damage during
indentation. Taken as a whole, our work provides guidelines for how to control the
humid aging rate as a function of relative humidity and temperature to form a
hydration layer and thus achieve ultrahigh crack resistance in such glasses.
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CHAPTER 6. CONCLUSIONS AND
PERSPECTIVES

In this chapter, we will briefly summarize the main findings and their potential
significance, as well as discuss perspectives and suggestions for future work.

6.1. CONCLUSION

Nearly all elements of the periodic table are available for incorporation into oxide
glasses, creating infinite possibilities for glass structures. Therefore, the compositional
design of oxide glass compositions with improved crack resistance will be a focus of
our research. In this study, we designed the composition of oxide glass by using two
methods, i.e. i) introducing network formers (SiO; or P,Os) into aluminoborate glass,
ii) adjusting the ratio of network modifiers (B,Os or P20s). This work shows that the
performance of glass strongly depends on its composition and network structure, as
well as the NBOs content. These findings indicate that the expected glass network
structure can be obtained through the precise composition design, and then achieve
glasses with the tailored properties.

Our group work suggests that the driving force for indentation cracking depends not
only on the extent of densification, but also on the structural mechanisms facilitating
the densification(31). Therefore, understanding the densification mechanism of glass
under high pressure is very important for designing a new type of damage-resistant
glass(74). In this thesis, we have studied the pressure-induced structural and properties
changes after hot compression at Tq in aluminoborate glasses, as well as the pressure-
induced structural changes upon indentation deformation. We find that The
indentation deformation mechanism (especially densification) controls the degree of
stress dissipation and thus the tendency of crack initiation. Furthermore, the pressure
sensitivity of the glass structure (pressure-induced structural rearrangement and
coordination number changes) has a significant impact on its crack initiation ability.
That is, the atomic self-adaptivity related to the coordination number changes and
densification is another important factor that affects the crack initiation ability of
glasses. This atomic self-adaptivity strongly depends on the openness extent of
structure and the coordination change contribution to the overall volume densification,
as well as the glass composition. This work indicate that we obtain oxide galsses with
ultra-high crack resistance by controling the glassy network structural self-
adaptability trough the composition design or post-treatment.

Finally, the effect of water on the strength of glass is generally considered to be

negative. However, this work shows that by allowing the glass to interact with water
in the atmosphere, it is possible to achieve crack-related properties, in particular to
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improve the ability of crack initiation. By studying the influence of hydration
conditions on the structure and performance of different oxide glasses, we find that
humid aging affects the indentation response of alkali aluminoborate glasses strongly
depending on the composition and chemical durability, network structures.
Furthermore, the formation of the micro-size surface hydration layer with a high
freedom network and mobility is one of the important factors for obtaining glasses
with ultra-high crack resistance. This work provides guidelines for how to control the
humid aging rate to form a hydration layer and thus achieve ultrahigh crack resistance
in such glasses.

6.2. PERSPECTIVE

In this thesis, we have learned about the structural origin and related properties of
glass deformation behavior and cracking behavior through composition design, pre-
densification and pre-surface hydration treatment. However, the following research
topics still need further investigation.

The deformation process under sharp-contact loading includes densification and
structural changes (rearrangement of short- and medium-range structures.), which can
dissipate the energy from the applied load. In this thesis, we studied the structural
origins of deformation behavior and cracking behavior in glass. The atomic self-
adaptivity has quantified the structural rearrangement of short-range structures
(changes in coordination numbers of network formers) upon the deformation process.
Our work fully proves that the atomic self-adaptivity strongly depends on the
openness extent of structure and the coordination change contribution to the overall
volume densification, as well as the glass composition. While, we still need more
studies regarding the influencing factors of rearrangement of medium-range structures
to further understand or quantify it, not only about the changes in coordination
numbers (atomic self-adaptivity). Therefore, the cracking behavior of glass can be
predicted comprehensively and accurately.

Through precise composition design, we have successfully obtained some glass
combinations with high crack resistance(9)(10)(11)(31)(103). Crack initiation is just
the beginning of research on fracture-related properties. Another important topic is
about crack growth, i.e. fracture toughness. Recently, the understanding of structural
origins and behavior of cracks growth in oxide glasses is still very limited. This
requires more component design experiments and analysis. Inspired by the research
experience of this thesis (introducing SiO; or P,Os into aluminoborate glass), we will
try to improve the fracture toughness of oxide glass by introducing second phase
particles or pretreated second phase particles into oxide glass, such as nanoparticles,
whiskers and short fibres. With more research on improving the fracture toughness of
oxide glasses, the growth behavior and structural origin of cracks can be better
understood, which will help to develop oxide glass combinations with ultra-high
fracture toughness.
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1 | INTRODUCTION

Oxide glasses play a critical role for innovation in a range
of industries due to their combination of properties such
as transparency, high hardness, relatively lightweight, and
chemical durability.1 However, these materials are brittle

| Kacper Januchta’

| Lars R. Jensen’? | Mathieu Bauchy3 |

Abstract

Lithium aluminoborate glasses have recently been found to feature high resistance
to crack initiation during indentation, but suffer from relatively low hardness and
chemical durability. To further understand the mechanical properties of this glass
family and their correlation with the network structure, we here study the effect of
adding SiO, to a 25Li,0-20A1,05—55B,05 glass on the structure and mechanical
properties. Addition of silica increases the average network rigidity, but meanwhile
its open tetrahedral structure decreases the atomic packing density. Consequently,
we only observe a minor increase in hardness and glass transition temperature, and
a decrease in Poisson's ratio. The addition of SiO,, and thus removal of Al,O; and/
or B,03, also makes the network less structurally adaptive to applied stress, since Al
and B easily increase their coordination number under pressure, while this is not the
case for Si under modest pressures. As such, although the silica-containing networks
have more free volume, they cannot densify more during indentation, which in
turn leads to an overall decrease in crack resistance upon SiO, addition. Our work
shows that, although pure silica glass has very high glass transition temperature and
relatively high hardness, its addition in oxide glasses does not necessarily lead to
significant increase in these properties due to the complex structural interactions
in mixed network former glasses and the competitive effects of free volume and

network rigidity.

since they lack a stable shearing mechanism. The practical
strength of glass is also low due to the presence of surface
flaws and defects, which act to amplify local tensile stresses,
resulting in catastrophic failures.” This obviously limits
many industrial applications within energy, medicine, con-
sumer electronics, etc. There is thus a need to develop new
glasses with higher inherent damage or crack resistance in
order to minimize the number of cracks and their propensity
to propagate from flaws, for example, created during han-
dling. To achieve this aim, various extrinsic posttreatment

944 © 2019 The American Ceramic Society
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methods have been used in oxide glasses, such as chemical
strengthening that result in the formation of a compressive
stress layer at the surface, thereby limiting any propagating
cracks.* However, postprocessing is expensive and consis-
tently accompanied by undesirable side effects.”® Therefore,
there is an increasing interest in enhancing the inherent me-
chanical properties of oxide glass by a rational design of the
chemical composition.7

Recent progress has been made in the area of composition
design by focusing on controlling the network topology (eg,
through mixed network formers or modifiers) and the result-
ing deformation mechanism. This has led to the discovery of
various glass families with high inherent damage resistance,
including mixed modifier aluminosilicate,8 binary aluminos-
ilicate,9 calcium boroalurninosilicate,10 tantalum aluminate,11
and alkali aluminoborate compositions.lz’13 In these previous
works, the damage resistance has been evaluated using in-
dentation, since sharp contact is the primary failure mode of
glasses for many applications. Indentation thus mimics real-
life damage incidents under controlled conditions, requir-
ing relatively small sample area and with short experiment
time.'*!> However, we note that it is important to distinguish
between resistance to crack initiation and crack growth, as
high crack initiation resistance (which is measured by inden-
tation) does not necessarily entail large fracture toughness.16
By studying different glass compositions, Peter showed that
the deformation mechanism of oxide glasses to indentation
in general includes both densification and shear flow."” Kato
et al have shown that glass compositions prone to undergo
densification during indentation can lower the residual stress
acting as the driving force for cracking, since densification
does not lead to an expansion of the plastic zone.'® This
can in turn be achieved by producing glasses with high lev-
els of free volume within their atomic network,® designing
self-adaptive networks where structural rearrangements pro-
mote densification,'* or controlling rigidity fluctuations on
the nanoscale.'’ However, more understanding is needed to
properly link glass chemistry and network structure with the
indentation deformation mechanism and cracking resistance.

In this work, we build on the recent progress made in
achieving high crack resistance in alkali aluminoborate
glasses.”‘zo’21 Specifically, we discovered a melt-quench-
able lithium aluminoborate glass with very high resistance
to indentation cracking, that is, Vickers indentation loads
close to 2 kgf (~20 N) are needed to induce radial cracking.12
Structural analyses revealed that the coordination numbers of
both boron and aluminum in this glass increase dramatically
upon densification, for example, the average Al coordination
number increases from 4.29 to 4.85 upon hot compression
at 2 GPa. These structural changes and volume densification
manifest themselves in record-high (compared to previously
studied oxide glasses) pressure-induced changes in material
properties, such as Vickers hardness and Young's modulus.
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On the basis of the pressure dependence of density and the
short-range order of boron and aluminum, we have introduced
a new parameter (atomic self-adaptivity) for understanding
high crack resistance in oxide glasses. High self-adaptivity
corresponds to large pressure-driven changes in density and
coordination numbers of the network formers.'? Future appli-
cations of the lithium aluminoborate glass are, however, lim-
ited by its relatively low hardness*' and chemical durability.”
To further understand the mechanical properties of this
glass family and their correlation with the network struc-
ture, we study the effect of adding SiO, (up to 20 mol%) to
a 25Li,0-20A1,05-55B,0; glass on the structure and me-
chanical properties. SiO, addition is interesting to explore,
since pure silica glass features relatively high values of glass
transition temperature, hardness, and chemical durabil-
ity.23’24 We refer to the present glasses as silicoaluminobo-
rates, since B,O; remains the major network-forming oxide,
unlike typical aluminoborosilicate glasses with SiO, content
above, for example, 50 mol%.2?" In previous related work,
Morin et al have found that the glass transition temperature
(Ty) of modified SiO,-Al,05-B,03 glasses with relatively
small SiO, content is mostly controlled by modifier cation-
oxygen bond strength, and not to Al and B coordination.”®
Besides, Khanna et al have shown that increase in silica
concentration suppresses the concentration of five- and six-
fold Al in bismuth aluminoborate glasses.29 In this study,
we synthesize two glass series, in which we keep the Li/
Al ratio constant. This is done to keep the structural role of
Al approximately constant, since it has a strong enthalpic
preference for being charge stabilized by alkali cations (eg,
Li*) in tetrahedral configuration.'? In the first series, Si0, is
added while the remaining components are scaled down pro-
portionally: xSiO,-(1—x)[25Li,0-20A1,05-55B,05]. In the
second series, SiO, is substituted for B,05: ySi0,—~25Li,0—
20A1,05-(55—y) B,0;. For both series, we investigate the
effect of the SiO, doping on glass transition temperature,
density, structure (as probed by Raman spectroscopy), hard-
ness, elastic moduli, indentation deformation mechanism,
and crack resistance.

2 | EXPERIMENTAL PROCEDURE

2.1 |

We prepared two series of lithium silicoaluminoborate
glasses using the traditional melt-quenching technique. That
is, xSi0,—(1—x)[25Li,0-20A1,05;-55B,05] (named x-series)
with x = {2,5,10,20} and ySiO,-25Li,0-20A1,05—(55—y)
B,O; (named y-series) with y = {2,5,10,20} (in mol%).
We also synthesized the base lithium aluminoborate glass
with x = y = 0. The nominal chemical compositions of the
glasses are shown in Table S1. The utilized raw materials
were Li,CO; (298.5%, Merck KGaA), AlL,O; (99.5%,

Glass preparation
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Sigma-Aldrich), H;BO; (>99.5%, Honeywell International),
and SiO, (299.5%, 0.2-0.8 mm, Merck KGaA). First,
according to the target composition, all raw materials were
weighed and thoroughly mixed. The mixed batch materials
were then stepwise added to a Pt-Rh crucible in a furnace at
800°C to remove H,O and CO,. Subsequently, the batch was
melted at 1400°C for 2 hours in air, where after the melt was
poured onto a steel plate for quenching. The obtained glasses
were quickly transferred to a preheated annealing furnace at
an estimated glass transition temperature (7,) value based on
the previous studies.? X-ray diffraction (XRD) patterns of
the specimens were acquired (Empyrean XRD, PANalytical)
from 0° to 70° at 40 kV with a scanning speed of 8°/min. As
shown in Figure S1, none of the samples show any signs of
crystallization.

We determined 7, of the glasses from differential scan-
ning calorimetry measurements (STA 449 F3 Jupiter,
Netzsch) at 10 K/min on specimens with a known thermal
history (ie, with a preceding cooling rate of 10 K/min). T,
values and other property data are summarized in Table S2.
These samples were analyzed using Pt crucible in argon (gas
flow 60 mL/min). The recorded heat flow curves are shown
in Figure S2. The intercept between the tangent to the inflec-
tion point of the endothermic peak and the extrapolated heat
flow of the glass was interpreted as the onset of the glass
transition. Following determination of Tg, the glasses were
reannealed for 0.5 hour at their measured 7, value and cooled
down to room temperature at a cooling rate of approximately
3 K/min. After re-annealing, all the glasses were cut into de-
sired dimensions for density, modulus, Raman, and indenta-
tion experiments, and then optically polished in ethanol using
diamond grinding disks.

22 |

Density (p) of the glass specimens was determined using
Archimedes’ principle of buoyancy. The weight of each
specimen (at least 1.5 g) was measured in air and ethanol 10
times. Based on the ratio between molar mass and density,
we calculate the molar volume (V). To also quantify differ-
ences in free volume among the different glasses, we calcu-
late the atomic packing density (C,) based on these data. This
was done by assuming sixfold coordination for Li, twofold
coordination for O, fourfold coordination for Si, 83% three-
fold and 17% fourfold coordination for B, and 74% fourfold,
23% fivefold and 3% sixfold coordination for AL.'> The boron
and aluminum speciation is based on previous structural
work on the lithium aluminoborate glass withx =y = 0, but
we note that the C, values are relatively insensitive to those
speciation fractions. C, is defined as the ratio between the
theoretical molar volume occu%i:ed by the ions and the effec-
tive molar volume of th@ggl_a§§, fiVi

2fiM; (1)

Density

Here, V;= %ﬂN (xrf‘ + yrg) represents the molar volume of
an oxide A,B, with the molar fraction f; and the molar mass
M;, N denotes the Avogadro number, and r, and ry of are the
ionic radii of the cations and anions, respectively, which are
taken from Shannon.*

2.3 | Elastic moduli

The elastic properties of the glasses were measured by ul-
trasonic echography using an ultrasonic thickness gauge
(38DL Plus, Olympus) equipped with 20 MHz delay line
transducers for the determination of the longitudinal V; and
transversal wave velocities V,. The longitudinal modulus
Cy;, shear modulus G, bulk modulus B, and Young's modu-
lus E as well as the Poisson ratio v were calculated using
the following relations, which are applicable for isotropic
materials:

Cu=pVi, @
G=pV;. 3
B=C,-3G. @
3B-2G
"T6B+2G" ©
E=2G(1+4v). (6)

24 |

Raman spectra were collected using a micro-Raman spectrom-
eter (inVia, Renishaw). The sample surface was excited by a
532 nm green HeNe laser for an acquisition time of 10 s. The
range of the spectrum was from 250 to 1750 cm™" and the reso-
lution was better than 2 cm™". Spectra from five different loca-
tions on the glass were accumulated for each specimen to ensure
homogeneity. All spectra were uniformly treated in Origin soft-
ware for background correction and area normalization.

Raman spectroscopy

2.5 |

We determined the Vickers hardness (Hy/) using a Nanovea
CB500 hardness tester. On each specimen, 20 indents
with a maximum load of 9.8 N (1 kgf) were generated.
The loading duration and dwell time were set to 15 and
10 seconds, respectively. The residual imprints were sub-
sequently analyzed with an (Zpticallmicroscope and Hy was
calculated as, v=185 4W’

Vickers micro-indentation

d\+d,
2

(N
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where P is the contact load, and d, and d, are the length of the
projected indent diagonals.

Vickers indentation was also used to evaluate the crack
resistance (CR), that is, the resistance of the glass towards
corner crack initiation upon indentation. For this purpose,
the glass specimens were indented with stepwise increasing
loads (from 2 to 42 N), and the numbers of corner cracks em-
anating from the residual imprints were counted. Following
the method of Wada,®' the probability of crack initiation
(PCI) was derived as the ratio between the number of corners,
where a corner crack was formed and the total number of cor-
ners on all indents. The crack resistance is defined as the load
at which an average of two cracks (PCI = 50%) occurred.
On every specimen, at least 30 indents were made with load-
ing durations of 15 seconds and dwell times of 10 seconds.
The measurements were conducted at laboratory conditions
(room temperature, relative humidity ~45% RH). The cracks
were counted 2 hours after unloading.

In order to evaluate the indentation deformation mecha-
nism of the glasses, we determined the recovery of the indent
side length. This approach consists of recording topographic
images of the indent site before and after a thermal treatment
at 0.9 T, for 2 hours,23
the side length of indent cavity shrinks upon annealing. On
every specimen, we analyzed at least 10 indents with a load
of 4 N, loading duration of 15 seconds, and dwell time of
10 seconds. The indentation side length, L ,;, was determined
from the optical microscope. After annealing, the indenta-
tion side length, now L, was determined again. Similarly
to the recovery of indentation volume following Yoshida's
method,23 the contribution of densification to the overall in-
dentation deformation is estimated from the temperature-in-
duced side length recovery (Lgg),

L.—-L

'S,1 'sf

L

's,i

which is used to measure how much

®)

Lgg=

3 | RESULTS AND DISCUSSION

3.1 |

Structural changes due to silica addition in the lithium alu-
minoborate glasses are investigated by Raman spectroscopy
(Figure 1). The spectrum exhibits many features characteris-
tic of alkali borate glasses, but additional bands from other
structural units are also observed. We divide the spectrum
into five main bands enumerated / through V, with the ex-
pected assignments outlined in the following. All expected
band assignments are summarized in Table S3.

Band region I (~280 to 625 em™) is expected to contain
contributions originating from B-O-B, Al-O-Al, and B-O-
Al stretching.26 Besides, vibrations due to superstructural

Raman spectroscopy
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FIGURE 1 Micro-Raman spectra of the two series of lithium

silicoaluminoborate glasses with different content of SiO,. The spectra
are divided into five different band regions. (A) x-series. (B) y-series
[Color figure can be viewed at wileyonlinelibrary.com]

units such as pentaborates may occur in this region.
Furthermore, Si—-O-Si network units may also occur in this
region.26 We find that the relative intensity of this band re-
gion increases with the content of SiO, for both series of
glasses. Finally, we also note a small sharp peak in band re-
gion I, indicating a minor degree of crystallization although
not detectable by XRD. Band region II (~625 to 815 em™is
characteristic for B,O5-rich glasses,26
quency range are typically assigned to borate superstructures
such as chain and ring metab01rates,32‘33 di-tlriborates,34 and
penta-, tetra-, or triborates,32_35 as well as boroxol rings.32'36
In addition, B-O-Al stretching and aluminate network may
occur in this region. For the x-series glasses where SiO, is
added and other oxides are scaled down proportionally, there
is no significant compositional change in this band region.
However, it decreases in intensity with the content of SiO,
increasing for the y-series glasses with Si-for-B substitution,

since peaks in this fre-
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since the addition of SiO,, and thus removal of B,0O5, must
decrease the probability of forming medium-range order bo-
rate superstructures.

Band region III (~815 to 1000 cm™") is expected to result
from vibrations of AlO, units (~900 cm_l),37’38 Al-B network
(~980 cm_l),27 and borate superstructures (~930 cm_l).%’33
For both series of glasses, this band region decreases in in-
tensity with the content of SiO,. Band region IV (~900 to
1150 cm™) is expected to contain contributions originating
from the Q" species (SiO, units with n bridging oxygens)26
with bands at 1000 and 1150 cm™" attributed to the stretch-
ing Si—O vibration in 0* and O’ species,27 respectively.
Furthermore, intermediate bands at 900-940 cm™! are indi-
cation of Si—O-Al network.*® For the x-series glasses where
SiO, is added and other oxides are scaled down proportion-
ally, this peak increases slightly in intensity with the content
of SiO,. However, it increases significantly in intensity with
the content of SiO, increasing for the y-series glasses with
Si-for-B substitution, since the addition of SiO,, and thus re-
moval of B,O;, must decrease the fraction of the AI-O-B
network, leading to more Si—O—Al bonds.

Finally, band region V (~1150 to 1600 cm™) is expected
to be dominated by signal contributions from vibrations of
superstructural units such as pyroborate units, chain and ring
metaborate units.*” For the x-series glasses where SiO, is
added and other oxides are scaled down proportionally, there
is no significant compositional change in this band region.
However, it decreases in intensity with the content of SiO,
increasing for the y-series glasses with Si-for-B substitution,
since the addition of SiO,, and thus removal of B,05, must
decrease the fraction of borate superstructures.

3.2 | Atomic packing and network rigidity

Figure 2 shows the composition dependence of density (p),
molar volume (V,,,), and atomic packing density (C,) for the

31 -0.58 FIGURE 2 Composition dependence
of density (p), molar volume (V,,,) and
L 30 -0.57 atomic packing density (C,) for the two
i series of lithium silicoaluminoborate
L og -0.56 glasses. The errors in p, V,,,, and Cg do not

—8 exceed 0.002 g/cm3, 0.02 cm*/mol, and
§ -0.55 T 0.001, respectively [Color figure can be

28 <W’E viewed at wileyonlinelibrary.com]
QE -0.54
LG =
-0.53
%6 los2
25 L0.51

two series of lithium silicoaluminoborate glasses. Addition
of SiO, has only a minor effect on density when the other
components are scaled down proportionally, whereas for the
y-series of glasses, the density increases monotonically with
the content of SiO,. However, since the molar mass is also
changing with composition, we calculate the molar volume to
evaluate changes in overall network packing. For both series,
V., decreases with the content of SiO,, showing that the glass
network takes up less volume per mol of glass after silica ad-
dition. However, since there are also changes in the size of
the atoms, we finally calculated the atomic packing density
to understand differences in free volume. C, also decreases
with the content of SiO, for both series. This result shows
that the network becomes gradually more open with silica
addition, almost independent of how silica is added, since the
two curves almost overlap in Figure 2. This is consistent with
the open microstructure of pure silica glass.

To quantify the changes in network connectivity upon sil-
ica introduction into the glasses, we use topological constraint
theory‘“—45 to enumerate the number of bond constraints per
atom (n.). Chemical bonds and bond angles constrain atoms
in network glasses, with the strengths of the constraints de-
pending on the local topology and the chemical nature of el-
ements. Building on knowledge of the atomic coordination
numbers (CN) of the network formers, we can compute the
total number of linear bond stretching (7 jipe,r = CN/2) and
angular bond bending (1 gpeuier = 2CN—3) constraints for
each network-forming atom, in addition to any constraints on
the network modifiers.*®

For the present glasses, we estimate the number of con-
straints based on the topological model for sodium boroalu-
minosilicate glasses46 and the previous structural work on the
lithium aluminoborate glass with x =y = 0.' For this compo-
sition, it has been shown that the boron speciation is a mix of
83% B"M and 17% BIV, while the aluminum speciation is a mix
of 74% AlIV, 23% AlV, and 3% A1Y". The structural changes
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FIGURE 4 Composition dependence of the glass transition
temperature (7,) for the two series of lithium silicoaluminoborate
glasses. The error in 7, does not exceed 2°C [Color figure can be
viewed at wileyonlinelibrary.com]

in such silicoaluminoborate glasses are mostly dominated by
the modifier-to-alumina ratio,*’” and since this ratio is kept
constant in all the present glasses, we assume the boron and
aluminum speciation to be constant in the following estima-
tion of the number of constraint (since no structural data are
available for the present glasses). We note that this assumption
is not fully accurate, especially for the y-series glasses with
Si-for-B substitution, but any variations are not expected to
qualitatively influence the compositional trends in network ri-
gidity. With these assumptions, we find that n_ increases with
SiO, content in both series of glasses (Figure 3). The changes
in network rigidity are generally small, but we find a larger in-

crease in n, for the y-series glasses with Si-for-B substitution.

5 10 15 20
[SiO,] (mol%)

In recent work, properties such as hardness*® and elastic mod-
uli***® have been found to scale better with constraint den-
sity (n'), that is, the number of constraints per volume. We
compute n’ based on n, and the measured molar volume. n'
also increases with increasing silica content, but the larger in-
crease for the second glass series is even more pronounced for
n' compared to that for n, (Figure 3). We note that this increase
in network rigidity upon silica addition is expected to improve
the chemical durability of the aluminoborate glasses,22 but it

has not been measured in the present study.
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Figure 4 shows the compositional evolution of the glass tran-
sition temperature (7,). We find that 7, is slightly positively
correlated with the addition of SiO,. As discussed above, the
addition of SiO, results in a more rigid glass network, that is,
more atomic constraints per atom (higher connectivity), which
has been shown in earlier work to be positively correlated with
higher glass transition temperature.”’ In agreement with the
relatively small changes in n, with composition (Figure 3), the
changes in 7, are small (up to ~10 K) compared to the large
change in composition (20 mol%). Furthermore, we note that
there is a larger apparent increase in 7, for the x-series of glasses
where SiO, is introduced by scaling down the other compo-
nents proportionally, despite its smaller estimated increase in 7,
compared to the y-series of glasses. This is likely because the
average bond energy increases more in the former, since weak
Li—O bonds are replaced by stronger Si—O bonds.

Glass transition temperature
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Figure 5 shows the elastic moduli (£, G, B) and Poisson's
ratio (v) of the glasses with different extent of SiO, doping.

Elasticity and hardness
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As seen for glass transition temperature, the addition of SiO,
has only a relatively small effect on the elastic moduli for the
two series glasses. For the x-series glasses (Figure SA), there
is either no change or a small decrease in elastic moduli with
Si0, content. On the other hand, the y-series glasses exhibit
a small increase in elastic moduli (Figure 5B). Elastic moduli
generally increase with the bond strength and the number of
bonds per volume.’* Recent topological models have found
E to be positively correlated with ', %% which qualitatively
agrees with the larger increase in n’ for the y-series glasses
with Si-for-B substitution (Figure 3). However, it cannot
explain why there is a minor decrease in E with silica con-
tent for the x-series glasses (Figure 5A). According to the
model in Ref. [50], this could only be possible if some linear
bond stretching constraints are transformed into angular bond

bending constraints, since the typical free energy for the for-
mer is larger than for the latter type of constraints. Additional
structural characterization or atomistic simulations would be
needed to confirm this.

The addition of SiO, also affects the Poisson's ratio for both
series of glasses, although all glasses are within the relatively
narrow range of 0.26 to 0.29. For the initial silica addition
(2-10 mol%), Poisson's ratio for both series shows a negative
correlation with the addition of SiO,. This makes sense in
terms of the compositional trend in C, (Figure 2), since more
open networks are generally found to feature more volume
compared to shape change upon deformation and thus have
lower Poisson's ratio.>> However, when the silica addition in-
creases to 20 mol%, the Poisson's ratio increases, especially
for the x-series glasses. For this series, when the addition of
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silica reaches 20 mol%, Al,O5 and Li,O are strongly diluted.
Therefore, the probability of finding Li* ions in proximity to
aluminum species could be decreasing. It is thus possible that
more lithium ions than the simple excess (ie, [Li,O]-[Al,O5])
act as modifiers instead of charge-compensating aluminum
tetrahedra. Such structure changes should increase the extent
of NBO formation, which makes the network more prone to
shear, resulting in an increase in v."*

Figure 6 shows the composition dependence of Vickers
hardness, which has been determined using the micro-inden-
tation method. The addition of SiO, has a positive effect on
the Vickers hardness for both series of glasses. As for elastic
moduli, the results can be understood in terms of the changes
in constraint density with composition, which has been pro-
posed to scale with hardness.*® That is, hardness increases
with silica content due to the concomitant increase in n/,
which also explains the larger observed increase in hardness
for the y-series glasses with Si-for-B substitution (Figure 6).
The hardness model of Zheng et al® is given as,

Hy= (dHy/dn’)-n’ 9)

where dHy/dn' is a scaling factor. By setting dH/
dn’ = 0.071 GPa nm3, which is within the range of values re-
ported previously,48 we obtain hardness values of 4.5, 4.6, and
4.8 GPa for the glasses with x =y = 0, x = 20, and y = 20, re-
spectively. These model predictions (see dashed lines in Figure
6) are in good agreement with the experimental data in Figure 6.

3.5 | Indentation deformation

Next, we consider the extent of densification during indenta-
tion to understand the cracking behavior of the glasses. Figure
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FIGURE 6 Composition dependence of indentation hardness
for the two series of lithium silicoaluminoborate glasses. The
dashed lines represent the model predictions using Equation (9)
with dHy/dn’ = 0.071 GPa nm® [Color figure can be viewed at
wileyonlinelibrary.com]

ournal L
7 shows optical micrographs of indents produced at 4 N on
the surface of the glass 20Si0,—35B,05;-25Li,0-20A1,04
(v = 20) before and after annealing at 0.97, for 2 hour. A sig-
nificant deformation recovery zone is observed in the glass
after annealing the indent. As shown in Figure S3, there is an
apparent recovery zone for both series of glasses after re-an-
nealing at 0.97, for 2 hour. However, the addition of SiO,
does not cause noticeable differences in the extent of the de-
formation recovery zone.

The extent of indentation-induced densification is typi-
cally quantified from the ratio between the densification and
the total indentation volumes, referred to as the volume re-
covery ratio (VR).23 Here, we use a similar metric, which we
have found to scale well with V (unpublished data), namely
the recovery of the indentation side length upon annealing
(Lgr)- Figure 8 shows the composition dependence of Lgg.
It is clear that the addition of SiO, has a negligible effect
on the side recovery of the indents in the glasses, which we
interpret as a competition of two effects. On the one hand,
B and Al atoms are removed due to the addition of SiO,,
leading to less densification, since Si (unlike B and Al) does
not readily change its coordination number as a result of the
stresses created during indentation. On the other hand, Cg
of the two series of glasses decreases with the increasing
content of SiO,. More open glass networks could lead to
more densification. Therefore, it is possible that these two
opposite effects cancel each other, resulting in constant den-
sification contribution to indentation upon silica addition.

3.6 |

In the Vickers indentation test, crack initiation occurs under
a sufficiently high load, and is attributed to the mismatch
between the plastic deformation volume and the surround-
ing elastically deformed material.>>** Crack resistance (CR)
is derived from the load leading to formation of two corner
cracks per indent, which are the dominant crack type in the
investigated glasses. Figure S4 shows images of the radial
cracks generated in the two glass series. Figure 9 shows the
composition dependence of CR of the two series of glasses.
Different experiment conditions (such as relative humid-
ity, loading rate, and surface quality) and slight composi-
tion variations can have a pronounced impact on the value
of CR. Therefore, compared with the previous work,'? the
55B,05-25Li1,0-20A1,05 (x = y = 0) glass in this study has
a lower CR value than that previously reported. Furthermore,
the addition of SiO, has a significant effect on the CR for
both series, that is, CR decreases with the silica content.
Building on our recent work'? showing that the coordination
number changes during indentation (termed self-adaptivity)
are more important for CR than packing density, the ob-
served decrease in CR is due to the removal of Al,O5 and/or
B,0; with the addition of SiO,. This compositional changes

Indentation cracking
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FIGURE 8 Composition dependence of indentation side

recovery (Lgg) for the two series of lithium silicoaluminoborate glasses
[Color figure can be viewed at wileyonlinelibrary.com]

makes the network less structurally adaptive to applied stress,
although the silica-containing networks have more free vol-
ume. However, they cannot densify more during densifica-
tion (Figure 8), and this leads to an overall decrease in crack
resistance upon SiO, addition. Finally, we note that besides
the overall decrease in CR with silica addition, there is a local
minimum in CR for both the glasses withx =2 and y = 2. The
structural origin of this apparent minimum is unknown.

4 | CONCLUSIONS

We have studied the structure and mechanical properties of
two series SiO,-B,05-Li,0-Al,05 glasses with varying ad-
dition of SiO,. By using micro-Raman spectroscopy, we have
found that the addition of SiO, partially disturbs the borate
network, thus increases the average network rigidity but de-
creasing the atomic packing density, that is, that the network

FIGURE 7 Optical micrographs
of indents produced at 4 N on the surface
of the glass (20Si0,—35B,05-25Li,0—
20A1,03) before and after re-annealing at

After 0.9 T

0.97, for 2 h [Color figure can be viewed at
wileyonlinelibrary.com]

30
—B— Si0,(1-X)[25Li,0-20AI,0,-55B,0.]

251  —A—ySi0,-25Li,0-20A,0,-(55-y)B,0,
—~~ 20 .
= a
Qc | n
S 154 -/ R

] A l\
10- 2
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. . r .
0 5 10 15 20
H 0
[SiO,] (mol%)
FIGURE 9 Composition dependence of the crack resistance
(CR) for the two series of lithium silicoaluminoborate glasses. The

estimated error in CR is 20% of its value [Color figure can be viewed
at wileyonlinelibrary.com]

becomes gradually more open and rigid with silica addition.
By using a previous constraint hardness model, we are able
to quantitatively account for the composition dependence of
hardness based on the competing effects of free volume and
network rigidity. The removal of B and Al atoms due to the
addition of SiO, should lead to less structural densification
(ie, involving changes in coordination numbers), whereas the
more open glass networks should lead to more densification
(ie, at constant coordination numbers). As a result, there is no
apparent effect of silica addition on the side recovery of the
indents, that is, on the indentation deformation mechanism.
In agreement with our recent work showing that the coordi-
nation number changes during indentation (termed self-adap-
tivity) are more important for crack resistance than packing
density, we find that the addition of SiO, leads to an overall
decrease in crack resistance. In other words, the addition of
Si0, does not necessarily lead to a pronounced increase in
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physical properties, although pure SiO, has high glass transi-
tion temperature, hardness, and crack resistance. As shown
and discussed in this work, it is due to the complex structural
interactions in mixed network former glasses and the com-
petitive effects of free volume and network rigidity.
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Table S1. Nominal chemical compositions of all the lithium silicoaluminoborate glasses (in mol%).

Glass SiOz BzO3 A|203 Lizo

x=y=0 0 55 20 25
XSiOz-(l-X)[25Li20-20A|203-55BzO3]

X=2 2 53.9 19.6 24.5

X=5 5 52.25 19 23.75

x=10 10 49.5 18 22.5

x =20 20 44 16 20

ySiO,-25Li,0-20A1,03-(55-y)B203

y=2 2 53 20 25

y=5 5 50 20 25

y=10 10 45 20 25

y =20 20 35 20 25




Table S2. Overview of the properties of the prepare glasses, including glass transition temperature (Tg), density
(p), molar volume (Vm), atomic packing density (Cg), Young’s modulus (E), shear modulus (G), bulk modulus

(B), Poisson’s ratio (), Vickers hardness (Hy), and crack resistance (CR).

Glass Tg p Vi (o E G B v H.O CR(™
[°C] | [9/cm?] | [cm3/mol] [-] [GPa] | [GPa] | [GPa] [] [GPa] [N]
x=y=0 471 | 2.256 29.32 0.550 66 26 52 0.280 4.45 19.5
xSi02-(1-X)[25Li20-20A1,03-55B203
X=2 473 | 2.256 29.27 0.549 65 26 48 0.274 451 15
Xx=5 476 | 2.257 29.18 0.547 66 26 48 0.269 454 16.5
x=10 474 | 2.258 29.03 0.543 65 26 46 0.265 4.58 13
x =20 482 | 2.256 28.78 0.535 63 25 46 0.273 4.66 11
ySiO2-25Li20-20A1203-(55-y)B203
y=2 473 | 2.258 29.21 0.548 66 26 49 0.278 4.47 125
y=5 473 2.263 29.02 0.545 67 26 49 0.274 455 17.5
y =10 472 | 2.276 28.65 0.542 68 27 50 0.274 4.59 14
y =20 476 | 2.306 27.86 0.535 69 27 51 0.275 4.83 10.5
Error estimate 2 0.002 0.02 0.001 2 1 1 0.005 | <0.15 20%

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

(**) CR measured at ambient conditions (temperature 24+1 °C, relative humidity ~25%).




Table S3. Raman band deconvolution assignment with references.

Structural unit

Wavenumber [cm™]

Ref

B-0O-B stretch & BO. unit

Al-O-B stretch & aluminate network

Ring metabotare

Chain metaborate

Si-O-Al network

Di-triborate

Tri-, Tetra- or Pengtaborate

Boroxol ring

Pyroborate

AlO4 unit

Orthoborate

Diborate

BOs unit

BO,0- unit

Al-B network

QP unit

Q! unit

Q2 unit

Q3 unit

Q* unit

Q! units mixed bending and stretching with Q*
Q? units mixed bending and stretching with Q*
Q® units mixed bending and stretching with Q*

450-570 & 900-1000
480-500 & 700-720
630 & 1300-1600
730 & 1300-1600
900-940

755

770 & 930

808

820 & 1200-1300
790 & 900

890-940

1100

1260, 1350, 1470, & 1530
1490 & 1550

980

850

700 & 900

592-612 & 950-1000
524-530 & 1050-1100
430-440, 1150 &1200
670

640

600

123
12

2,356
2,7
123
8,9

10
10
11
112

1,12
112

PR e

Note: Q° = Si0#~, Q1 = Si,08~, Q2 = Si0%~, Q3 = Si, 0% and Q* = Si0,



Figure S1. X-ray diffraction spectra of the as-prepared lithium silicoaluminoborate glasses. No sharp peaks

are observed in the spectra, confirming the non-crystalline nature of the samples.
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Figure S2. Differential scanning calorimetry heating scans of the as-prepared lithium silicoaluminoborate

glasses.
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Figure S3. Optical micrographs of indents produced at 4 N on the surface of the as-prepared lithium

silicoaluminoborate glasses after re-annealing at 0.9T,.

XSiOz-(l-X) [25LizO-20A|203-558203]

10 pm

ySi02-25Li,0-20A1,03-(55-y)B.0s



Figure S4. Optical images of indents produced at 19.6 N (2 kgf) on the surface of the as-prepared glasses.

XSi0,-(1-X)[25Li,0-20Al1,05-55B,03]




Figure S5. Crack probability as a function of applied indentation load for the as-prepared lithium

silicoaluminoborate glasses. The experimental data was fit to a sigmoidal function of the formy = A, +

(Ay — Ay)/[1+ (x/x0)P] (solid lines), and the crack resistance (dashed line) was derived from the load at

which an average of two radial cracks (probability of 50%) formed at the corners of the Vickers imprints.
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Developing less brittle oxide glasses is a grand challenge in the field of glass science
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and technology, as it would pave the way toward new glass applications and limit the
overall raw material usage and energy consumption. However, in order to achieve
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chemistry yield different resistances to indentation crack initiation. We discuss the
origin of the composition dependence of indentation cracking based on an evaluation
of the deformation mechanism taking place during the indentation event. To this end,
we use a simple metric, the extent of indent side length recovery upon annealing, to
quantify the extent of reversible volume deformation. Finally, we also compare the

compositional trend in crack initiation resistance to that in crack growth resistance

KEYWORDS

1 | INTRODUCTION

In daily life, glasses, commonly used for windows, bot-
tles, or electronic displays, are arguably most well known
for their transparency and brittle fracture behavior. These
products are all based on silicate-based compositions, since
these have historically offered the best compromise be-
tween raw material and manufacturing costs, and material
properties such as transparency, chemical durability, and
mechanical performance. With the growing demand for
improved glass products as well as new specialized niche
applications, the chemical composition of the utilized glass
needs to be optimized based on the application. Therefore,
it is essential to understand how the addition of various
oxides in different proportions to silicate glasses will affect
the properties of interest. In this regard, addressing the high

(fracture toughness), showing no simple correlation among the two.

cracks/cracking, fracture mechanics/toughness, glass, indentation

brittleness and low fracture toughness of silicate glasses is
essential.'™

This tendency for brittle fracture experienced by oxide
glasses is essentially a result of two phenomena. First, the
inevitable formation of surface cracks throughout the lifetime
of a glass product. These occur when the glass interacts with
foreign bodies, for example, a stone hitting the windshield
of a moving car. Such contact, especially with a sharp ob-
ject, results in a complex deformation mechanism, potentially
leading to formation of micro-cracks,”’ the extent of which
depends on factors such as the exerted force and sharpness of
the object.4 Second, when glass bodies or products encom-
passing glasses are subjected to macroscopic deformation,
for example bending, tensile stresses may be induced across
the glass surface. These stresses intensify around defects such
as micro-cracks, causing them to grow.® At a sufficiently high
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magnitude of stress, spontaneous crack growth will occur, re-
sulting in a catastrophic fracture.

As a result of this drawback, it is of both scientific and en-
gineering interest to develop new glass compositions, which
are (a) less-prone to form micro-cracks upon sharp contact
loading, and (b) more resistant to growth of pre-existing
cracks under tension. In other words, a glass composition
with both high crack resistance (CR)—a metric originally
suggested by Wada et al’—and high fracture toughness (Kj,).
In a recent work,'® we investigated the composition depen-
dence of the latter in a series of sodium aluminoborosilicate
model glasses. Specifically, 20 glasses in the system 25Na,O-
xAl,05-yB,05-(75-x-y)SiO, with x = 0 to 30 mol% and y =0
to 75 mol%. We demonstrated how knowledge of the chem-
ical composition and network topology can be used to pre-
dict the major trends in hardness, elastic moduli, and fracture
toughness. In the present work, we study the same series of
glasses to understand how glass composition controls CR,
that is, the propensity to form cracks during instrumented
sharp contact loading.

Furthermore, we also study the characteristics of the inden-
tation deformation, as it is known to be strongly linked to the
crack initiation resistance.!' ™ As such, the distribution of the
deformation volume into different types of plastic displacement
(densification and shear flow) has been proposed to control the
magnitude of stress stored in the glass upon unloading,11 but
also the cracking pattern.13 In 2005, an approach to quantita-
tively characterize the deformation mechanism was proposed.'
However, it requires indent volume measurements, which can
be time consuming if analyzed by, for example, atomic force
microscopy (AFM). As a result, the amount of such data con-
tinues to be too limited to develop a quantitative model that
would predict CR based on the chemical composition.4 In this
study, we investigate a more straightforward technique relying
on the same principles as the original methodology'5 to inves-
tigate the indentation deformation mechanism.

2 | EXPERIMENTAL PROCEDURE

2.1 | Sample preparation

We consider 20 glasses in the system 25Na,0-xAl,O;-
yB,05-(75-x-)Si0, with x = 0 to 30 mol% and y = 0 to
75 mol%. The glasses’ nominal compositions, and their
measured properties, are given in Table 1. Using the melt-
quenching technique, all glasses were synthesized from pow-
dered precursor chemicals in a conventional electric furnace
using PtRh crucibles. The melting and annealing tempera-
tures were chosen according to the chemical composition.
The details of this synthesis procedure have been reported
elsewhere. ' Specimens of each annealed glass were cut into
appropriate dimensions (20 X 20 X 5 mm?), and then ground
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and polished using SiC adhesive discs in ethanol to avoid
surface hydration.

2.2 | Indentation deformation mechanism
The indentation deformation mechanism was studied by sub-
jecting the glasses to a series of Vickers indentations (4 N
peak load, 15 seconds hold time) utilizing an instrumented
indentation apparatus (CB500, Nanovea). The images of all
indents were recorded by means of the built-in microscope.
The specimen was then inserted into a preheated annealing
furnace (at a temperature equal to 90% of its glass transition
temperature 7, in K), and kept there for 2 hours, according to
the methodology suggested by Yoshida et al.”® The specimen
was retracted from the hot furnace, cooled in air, and trans-
ferred to the indenter stage. The same indents were localized
and images recorded. The dimensions of the indents before
and after annealing were evaluated to compute the annealing-
induced recovery of the diagonal length (Lpr) and the side
length (Lgg), as illustrated in Figure 1.

In addition to the 20 sodium aluminoborosilicate glasses,
Lgg and Ly were also evaluated for a variety of other oxide
glasses, including sodium aluminoborates,'® lithium alumi-
noborates,17 potassium, magnesium, and lanthanum alumino-
borates, 18-20 mixed alkali magnesium aluminoborosilicates,21
lanthanum aluminogermanate,20 a modifier-free boroalumi-
nophosphosilicate,22 soda lime silica,'® and amorphous sil-
ica.’® This was done to investigate the correlation between
Lgg or Lpg and the volume recovery ratio (Vy), which is the
relative change of the indent cavity volume induced by sub-7,
annealing, corresponding to the volume fraction of the den-
sification-displaced material. Only glasses available in our
laboratory with known Vy values were included in this study.

2.3 | Indentation cracking

Each specimen of the 20 sodium aluminoborosilicate glasses
was placed on the stage of the instrumented indenter and
subjected to several series of at least 20 identical indenta-
tion cycles with a Vickers diamond tip, that is, with the same
loading and unloading rates, hold time (15 seconds), and
peak load. Each series of indentation cycles had a different
peak load, with loading and unloading rates scaled accord-
ingly to the increase in peak load, and a fixed hold time. The
lower and upper limits of the applied peak load were deter-
mined individually for each glass composition, depending on
its propensity for crack initiation. The extent of cracking was
evaluated by means of a built-in microscope, and quantified
by counting the number of corner cracks (ie, radial or half-
penny cracks emanating from the four corners of a Vickers
indent impression) relative to the amount of corners. The
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indentation crack resistance (CR), and bulk modulus (B)

[AL O3] (mol%)

oS O O O o o o

12.5
12.5
12.5
12.5
12.5
12.5
25
25
25
25
25
30
30

[B,05] (mol%)

0
12.5
25
37.5
50
62.5
75

0
12.5
25
37.5
50
62.5

12.5

32.5

[SiO,] (mol%)

75
62.5
50
37.5
25
12.5
0
62.5
50
37.5
25
12.5
0

50
375
25
12.5
0

0
12.5

Nominal compositions (all containing 25 mol% Na,O), length side recovery ratio (Lgg), diagonal recovery ratio (Lpg), Vickers

Lsg (%) Lpg (%) CR (N) B (GPa)
18 6 3.0 36
6 3 0.4 44
14 5 0.05 44
9 2 1.3 49
29 9 0.05 47
38 7 0.2 42
37 4 1.8 39
30 12 0.4 41
20 6 0.3 43
30 8 1.7 42
33 4 1.8 39
33 3 23 37
36 3 5.8 34
32 4 1.1 41
26 5 0.4 41
30 6 4.5 37
33 8 10 36
26 2 12 35
31 3 0.8 41
33 2 4.5 37

Note: The errors in Lgg, Lpg, and B do not exceed 7%, 5%, and 1 GPa, respectively. The estimated error for CR is 20% of its value.

£

©

load corresponding to 50% crack probability (ie, 2 out of 4
possible cracks on average) was defined as CR (see Figure 1),
as suggested by Wada et al.’ The indentation was performed
under ambient conditions (room temperature, ~40% relative

Crack probability (%)
(4,
o

Rk 2k 4

&

P

LDR = (LDi_LDf)/ LDl

(B)

FIGURE 1 Graphical representation
of the quantification of (A) crack resistance
(CR), (B) half-penny crack length (2¢) and
indent diagonal (2a), (C) indent diagonal

' recovery ratio (Lpg), and (D) indent side
length recovery ratio (Lgg) [Color figure can
be viewed at wileyonlinelibrary.com]

—_—

0.97, Z\"

R (LSi' LSf)/ Ls

humidity). Cracks were recorded at least 12 hours after un-
loading to enable development of cracks (aging in the same
atmosphere).23 The same specimens were also subjected to
an analogous experiment, where the Vickers diamond tip was
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replaced by a sharper cube-corner diamond tip. The extent of
cracking was evaluated using optical microscopy as well, but
quantification of the resistance to cracking was complicated
as most glasses already exhibited indentation corner cracking
at the lowest reliable load applicable by the utilized indenter
(50 mN). CR determined using the cube-corner indenter tip
was also defined as the load corresponding to 50% crack
probability (ie, 1.5 out of 3 possible corner cracks emanating
from the triangular impression).

The cracking pattern following Vickers indentation was
studied from top view, as described above. Additionally,
the cracking pattern was also examined from a horizontal
point of view, that is, through a cross-section, by placing
a line of identical Vickers indents exhibiting corner crack-
ing throughout the width of the specimen. The peak load
was determined based on the CR of the glass. The Vickers
indents were separated by a distance of 6¢, where ¢ is the
distance between the tips of two opposing corner cracks
(see Figure 1). The indented specimen was then supported
on two ceramic plates with a gap between them, while the
line of indents was facing downward and was aligned with
the gap. A steel block was then placed on top of the speci-
men, and gently pressed to initiate crack growth. One half
of the broken specimen was then evaluated under an optical
microscope.

3 | RESULTS

3.1 | Indentrecovery

The shrinkage of the Vickers indents induced by a thermal
treatment was quantified by determining Lgy (Figure 2A)
and Lpg (Figure 2B). The former metric exhibits system-
atic compositional trends, with the binary sodium borate
displaying the highest extent of shrinkage (ie, the highest
extent of reversible deformation). The minimum in Lgy in
the ternary diagram is situated around the Si-rich sodium
borosilicate glasses. However, the other metric, Lpg, ap-
pears to have a substantially different compositional de-
pendence compared to Lgg. Furthermore, we note that the
diagonals of the indents tend to shrink much less than the
side of the indents, in agreement with previous findings.m’24
This is also apparent from the observation that Lgy ranges
from 6% to almost 40%, while Lpy only ranges from 2% to
12%. Considering that the experimental error for Lyg can
be as high as + 4%, we do not recommend using the diago-
nal shrinkage as a metric for reversible volume deformation
upon indentation. On the other hand, the experimental error
for Lgg values is 4% on average (+7% in the worst case),
which is a much smaller relative error, thus enabling Lgg to
be used as a metric for determining compositional trends
in densification contribution to indentation deformation, as

Journauﬂ

i.American Ceramic Society

B,0, (mol%)

FIGURE 2 Dependence of (A) side length recovery ratio (Lgg)
and (B) diagonal recovery ratio (Lpg) on composition in the sodium
aluminoborosilicate glasses. The data has been acquired at 4 N load for
all glasses. The contour map represents a pseudoternary slice through
the quartenary composition diagram with [Na,O] = 25 mol%. The
isocontours are drawn as a guide for the eye, and are based on linear
interpolation between the experimental data points marked by green
diamonds. The estimated average errors are 2% and 4% for Ly and
Lgg, respectively [Color figure can be viewed at wileyonlinelibrary.
com]

apparent from Figure 2A. We note that the compositional
trend along the SiO,—free edge of the ternary diagram (de-
creasing Lgr with increasing Al,O5 content) is inconsistent
with the Vi data recorded for a series of sodium alumino-
borate glasses, that is, a local maximum around the meta-
luminous composition.16 A possible explanation for this
discrepancy is the difference in the applied load, as V has
recently been shown to be load-dependent.25 26 That is, the
trend may change with increasing load (0.25 N in previ-
ous Work,16 4 N in this work), or alternatively, it is due to
the difference in the deformation mechanism evaluation
method (AFM vs. optical).

In addition to the 20 sodium aluminoborosilicate glasses,
we have also evaluated Lgi and Lpy for a series of other oxide
glasses with known Vj values from previous studies.>** In
general, the Lgy values are within a range of 21 to 36%, while
Lpg values are within a range of 2 to 14%. The results along
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Glass composition Lgg (%) Lpg (%)
Sodium aluminoborates 36 5
33 5
31 5
32 3
29 3
27 3
Lithium aluminoborates 32 13
33 7
32 14
19 2
Potassium aluminoborate 34 9
Magnesium aluminoborate 21 2
Lanthanum aluminoborate 19 2
Lanthanum aluminogermanate 14 2
Alkali-magnesium 34 6
aluminoborosilicates 35 7
34 6
35 6
34 9
Boroaluminophosphosilicate 31 13
Soda lime silica 25 8
Amorphous silica 36 13

Note: The errors in Lg, Lpg, and Vi do not exceed 7%, 4%, and 8%, respectively.

with the investigated glass compositions and their Vi values
are given in Table 2.

3.2 | Indentation cracking

All investigated glasses develop corner cracks upon
Vickers indentation, if a sufficiently high peak load is ap-
plied (Figure 3, left panel). Moreover, all the glasses ex-
hibit median cracks, which is evident from the cross-section
views of the indent sites (Figure 3, right panel). This sug-
gests that the corner cracks observed in the top view are
half-penny cracks originating from the median crack during
the unloading process. Such mechanism is consistent with
normal glasses.G’27 We also note that none of the glasses ex-
hibit purely radial (or Palmqvist) cracks, which is somewhat
surprising considering the high Poisson's ratio of many of
the investigated glasses.'® Glasses with high Poisson's ratio
are expected to have a relatively large driving force for ra-
dial crack initiation based on theoretical calculations of the
indentation-induced stress field.'>?® Furthermore, in previ-
ous work we have observed the existence of radial cracks in
a sodium aluminoborate glass with similar composition to
the ones investigated herein.'® This difference could arise

TABLE 2  Glass composition, length

Ve (%) Ref. side recovery ratio (Lgg), diagonal recovery
76 16 ratio (Lpg), volume recovery ratio (Vy), and
73 paper reference
80

80

83

75

68 17

74

68

58

83 18

50 19

39 20

22 20

78 21

86

83

76

79

75 22

52 15

84 15

from the use of different indentation apparatuses (eg, dif-
ferent loading scheme), difference in the extent of wear on
the Vickers tip, or difference in the surface quality upon
polishing.

The resistance to indentation cracking varies signifi-
cantly across the investigated glasses. The lowest and
highest values of CR are determined to be 0.1 and 12.5 N,
respectively, corresponding to a two orders of magnitude
difference. All CR data have been compiled into a ternary
diagram (where Na,O content is fixed), reflecting the com-
positional trends (Figure 4). More crack-resistant glasses
are mainly found in the aluminoborate-rich region, where
three-coordinated boron dominates the network structure.'®
Another local maximum in CR is found for the binary so-
dium silicate glass, which is rich in non-bridging oxygens
(NBOs). Lower CR values are found for borosilicate and alu-
minosilicate glasses, which tend to have highly cross-linked
rigid networks. In general, we note some discrepancies be-
tween the absolute CR values determined in this study and
those in previous work on similar glasses.'® For instance,
the SiO,—free aluminoborate glasses,16 and the B,0;—free
aluminosilicate glasses29 have been reported to have higher
CR values compared to this work. There are several possible
explanations for this: (a) the synthesized glass specimens
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FIGURE 3 Representative images of
top-view (left panel) and cross-section view
(right panel) of Vickers indents produced
in three different glass compositions: (A)
25Na,0-25B,05-50Si0,, (B) 25Na,0—
12.5A1,05-37.5B,03-25Si0,, and (C)
25Na,0-30A1,0;-45B,0;. The indents
were produced at loads of 1, 10, and 20 N,
respectively [Color figure can be viewed at
wileyonlinelibrary.com]

originate from different laboratories and even slight compo-
sition differences can influence CR significantly;4 (b) inden-
tation cracking was evaluated on two different apparatuses
with differences in loading rate that is also known to affect
CR;*° (c) crack formation was evaluated either immediately
or after a ~12 hours sit-in time, respectively, which has also
been shown to affect CR significantly;23 and (d) the relative
humidity, which is known to influence crack initiation, was
different during the experirnents.23 This thus corroborates
previous findings that CR of different oxide glasses should
be compared under identical testing conditions, complicat-
ing the development of a composition-dependent CR model
based on literature data.*

The resistance to cube-corner indentation cracking proved
challenging to evaluate since the majority of the glasses ex-
hibit extensive cracking even at very low loads (<50 mN).
This is consistent with literature results, reporting that the
resistance to indentation cracking strongly depends on the
sharpness of the indenter tip,24’31 with smaller compositional
differences as the indenter tip gets sharper.32 An example
of a crack probability vs. load curve for a crack-resistant
glass, namely the metaluminous sodium aluminoborate
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(25Na,0-25A1,0;-50B,05), is included in Figure 5, showing
the large difference in crack resistance between cube corner
and Vickers indentation. CR evaluated using the Vickers ge-
ometry tip is ~12.5 N, while the resistance to cube corner in-
dentation cracking is merely ~150 mN. Other glasses crack
even more easily when subjected to cube corner indentation.
As such, it is clear that high CR for a Vickers tip does not
necessarily translate into high CR for a sharper tip (eg, cube
corner). Unfortunately, due to a poor reliability of the pres-
ent indenter at loads below 50 mN, the resistance to indenta-
tion cracking cannot be accurately quantified throughout the
entire series of glasses.

4 | DISCUSSION
4.1 | Side length shrinkage as a measure of
indentation deformation mechanism

In various studies,n’m_ls’33 the indentation deformation
mechanism has been studied following the methodology

suggested by Yoshida et al," which consists of indentation,


www.wileyonlinelibrary.com

w |_journal

American Ceramic Society

12.8

B,0, (mol%)

FIGURE 4 Dependence of crack resistance (CR) on composition
in the sodium aluminoborosilicate glasses. The contour map represents
a pseudoternary slice through the quartenary composition diagram with
[Na,O] =
and are based on linear interpolation between the experimental data

25 mol%. The isocontours are drawn as a guide for the eye,

points marked by green diamonds. The estimated error is 20% of the
CR value [Color figure can be viewed at wileyonlinelibrary.com]

A  Cube corner

100 -
80—
60
40

20 4

Crack probability (%)

CR 150 mN
0.01 0.1 1 10 100

Load (N)

FIGURE 5 Crack probability as a function of applied load for
the 25Na,0-25A1,05—-50B,0; glass using both Vickers and cube-
corner indenter geometry. The green and red dashed lines are intended
as guides for the eye. The horizontal black dashed line represents 50%
crack probability, used to define crack resistance (CR) for both cube
corner and Vickers indenter geometries. The indent images are not to
scale [Color figure can be viewed at wileyonlinelibrary.com]

evaluation of the indent cavity volume (typically determined
using AFM), sub-T, annealing, and finally re-evaluation
of the indent cavity volume. In this work, we have used a
very similar methodology, where we have substituted the
tedious and time-consuming AFM-evaluation with a quick
and straightforward evaluation of the top view of an indent
using an optical microscope. As a result of this difference,
we have found that relatively large indents (here 4 N load
compared to 0.25 N in the original procedurelj) are needed
to obtain a sufficient resolution of the optical image. Because

JANUCHTA ET AL
(A) 100
a8
o
-~ < ‘ FQH
601 & .1
g s
G 40 - B 1_%’
20- . +
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(8) 100
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FIGURE 6 Volume recovery ratio (Vy) as a function of (A)
side length recovery ratio (Lgg) and (B) diagonal recovery ratio (Lpg).
The Vj data are collected from previous studies 13161822 1 (A),

the dashed line is a guide for the eye [Color figure can be viewed at
wileyonlinelibrary.com]

of this higher peak load, indentation cracking will be present
in many oxide glasses at 4 N, which might interfere with
the recovery mechanism. In addition, the difference in load
may also affect the volumetric ratio of densified over total
displaced material.”

To further evaluate the possibility to use Lgy as a surrogate
for Vi computed from AFM measurements, we have deter-
mined Lgg and Lpy for a series of oxide glasses with known
Vr values reported in previous work. '3 Figure 6A shows
an apparent positive correlation between Lgg and Vy for the
relatively wide range of glass chemistries and V values from
20% to 90%, although we note that the majority of the data
is for Vy in the range of 70 to 90%. On the other hand, there
appears to be no correlation between Vg and Ly (Figure 6B),
as anticipated based on the higher relative error associated
with the limited diagonal shrinkage in Vickers indents. In
conclusion, Lgr seems to be a satisfactory surrogate for Vj,
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FIGURE 7 Crack resistance (CR) as a function of (A) side
length recovery (Lggr), (B) bulk modulus (B), and (C) fracture
toughness (Kj,) for the investigated sodium aluminoborosilicate glasses
[Color figure can be viewed at wileyonlinelibrary.com]

enabling the use of Lgy data for the sodium aluminoborosil-
icate glasses to shed light on the origin of the compositional
variation in CR.
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4.2 | Origin of variation in crack resistance
The deformation under sharp contact loading in oxide glasses
consists of several contributions: (a) elastic, (b) plastic densi-
fication, and (c) shear flow.*'>** The relative contribution of
these mechanisms, particularly the two latter, has been linked
with the propensity for cracking,‘*’“’13 since densification is
not resulting in expansion of the plastic zone surrounding
the indent site,!" which in turn allows for a larger recovery
of the elastically deformed material around the plastic zone.
However, as discussed in Section 3.2, the magnitude of CR
for different glass compositions can be difficult to compare
due to differences in testing conditions etc Hence, it is desir-
able to assess a large amount of glasses within a single study,
as done herein. Based on the positive correlation between Vi
and Lgy (Figure 6A), we use Lgg as a measure of the extent
of densification upon indentation. However, for the 20 oxide
glasses investigated in this study, there appears to be no or
possibly only a very weak correlation between CR and Lgg
(Figure 7A), although we note that there appears to be no
data points in the upper left corner of the diagram. In other
words, in order to achieve a high CR, a glass needs to exhibit
a certain critical value of Lgz. When Lgy is relatively high
(>20%), the variation in CR values increases, suggesting that
other factors may also influence the resistance to indentation
cracking. For example, recent work has shown that the den-
sity of shear bands in calcium aluminoborosilicate glasses
with similar extent of densification affects the value of CR.%
Next, we consider another property, which could be linked
to the resistance to indentation cracking, namely the bulk mod-
ulus (B). The above explanation focuses on energy dissipation
through densification, a type of plastic deformation. The bulk
modulus, however, is an elastic property, but it should be kept
in mind that indentation consists of both plastic and elastic de-
formations. The material in close vicinity to the point of con-
tact is undergoing permanent changes during indentation, as
the threshold for plastic yielding is exceeded at a certain critical
stress value. The combination of compressive and shear stresses
present during sharp contact loading allows the glassy network
to reorganize, becoming locked in the reorganized structure.*
This results in a hemispherical area of densified material sur-
rounding the indentation cavity, called a plastic zone, which
can be seen in the cross-sections of the indent sites (Figure 3).
The part of the material outside the plastic zone has undergone
elastic deformation during loading, meaning that the material
is in a compressed state as long as the load is maintained. Upon
unloading, the material should recover to its original state, but
because of the locked structure in the plastic zone, the expan-
sion of the elastically compressed material is inhibited, result-
ing in residual stresses throughout the entire elastic field.>*®
The highest magnitude of residual stress is expected to be just
on the border to the plastic zone, where median cracking often
initiates, and results in the development of a half-penny crack
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system. The extent of elastic deformation is linked to B and
could therefore be considered when evaluating the origin of
variations in CR. As such, glasses with low B, being more flex-
ible, will tend to have a more far-reaching elastic field, resulting
in a lower magnitude of residual stresses in close vicinity to the
plastic zone. On the other hand, more rigid glasses, that is, with
high B, will tend to concentrate those residual stresses within
a closer range from the plastic zone. This should lead to a neg-
ative correlation between B and CR, which is indeed observed
for the 20 glasses studied herein (Figure 7B). We chose to study
the correlation with B rather than Young's modulus (E) or shear
modulus (G), because B describes the material's resistance to
elastic isostatic compression being the most accurate descrip-
tion of what the material experiences during indentation. We
note that a similar correlation could be achieved with E or G, as
all three moduli scale well with each other within this system. 10

4.3 | Links to fracture toughness

As described in the Introduction, both CR and Kj, are impor-
tant material properties for evaluating the mechanical perfor-
mance of brittle glasses. Discussions regarding the similarity
of the two properties and a positive scaling between them
can be found in the literature,'*” although the positive cor-
relations are usually limited to narrow compositional ranges.
However, it is important to distinguish between CR and Kj,
although they are both related to cracking. The fundamental
difference is that CR relates to the initiation of cracks upon
an external impulse, while K, is linked to crack growth of
pre-existing scratches, micro-cracks, or other defects. This
is an important point, since not only is the definition and in-
volved physical phenomena different, but they may also scale
differently with glass composition and structure. Indeed, the
CR data from this study and the Kj, data from our previous
work using the single-edge pre-cracked beam technique10
show no apparent correlation (Figure 7C).

In fact, the lack of correlation between CR and K, is not sur-
prising. As discussed in the previous section, CR appears to be
inversely correlated with B, given that more flexible glasses will
tend to distribute the residual stresses throughout a larger elastic
field compared to the more rigid glasses. On the other hand, K,
is expected to be positively correlated with the elastic modulus,
which is essentially a measure of the energy stored in the chemi-
cal bonds of the material**—bonds which a crack front needs to
break in order to propagate through the material.* The lack of a
universal one-to-one correlation between Kj. and B (not shown)
is a result of other factors, for example, the type and number of
bonds that need to be broken to facilitate crack growth. As dis-
cussed in our previous work, ' glasses with flexible structures
such as the ones rich in trigonal boron may have the possibility
to accelerate crack growth if certain structural domains may be
circumvented by the propagating crack front, resulting in a low

K value. The flexibility of the glassy network can on the other
hand be beneficial for avoiding initiation of cracking during im-
pact.17 As such, CR and K, are different properties, they exhibit
no correlation within the investigated glass system, and they
are expected to have opposite dependence on B. Unfortunately
this complicates the design of new damage-resistant and dam-
age-tolerant glasses, since there may be a trade-off between
improving CR by including a certain structural feature into the
glassy network, which could have a negative effect on K.

5 | CONCLUSIONS

We have investigated 20 different sodium aluminoborosili-
cate glasses at fixed soda content. Vickers and cube corner
indentation were used to study the cracking and deformation
characteristics of the glasses. All glasses exhibit half-penny
corner cracking when indented with a Vickers geometry tip,
with large variations in the loads needed to initiate cracking.
Cube corner indentation results in severe cracking even at the
lowest applied load (50 mN) for the majority of the glasses.
The metaluminous sodium aluminoborate glass with mostly
trigonal boron exhibits the highest resistance to indenta-
tion cracking. This is ascribed to its relatively high extent
of densification, quantified through the thermally induced
shrinkage of the indent size, and to its low bulk modulus. The
rigid sodium borosilicate glasses, which are rich in tetrahe-
dral boron, display the lowest crack resistance as well as the
lowest proneness to densify during indentation. In general,
there is a weak positive correlation between the extent of
densification and Vickers crack resistance, and a strong nega-
tive correlation between crack resistance and bulk modulus.
However, crack initiation resistance and fracture toughness
do not correlate within the studied glass family, in agreement
with the fact that they refer to different physical phenomena.
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1 | INTRODUCTION

treatments, among which thermal tempering7 and chemical
strengthening&9 are the most widespread, with the aim to im-
prove the strength and increase the critical stress needed for
crack initiation. In addition to adding extra cost, these meth-

Oxide glasses play a critical role for innovation in a range of
industries due to their combination of favorable properties

such as transparency, high hardness, relatively light weight,
and chemical durability.1 Although the ultimate strength and
ductility of defect-free amorphous oxides can be high,2‘3
bulk oxide glasses generally possess low fracture toughness
(around 0.5 to 1.0 MPa m®) because of the lack of a stable
shearing deformation mechanism and limited resistance to
crack growth.‘"6 In the past few decades, scientists have made
great efforts to improve the mechanical reliability and resis-
tance to surface damage of glasses through effective surface

ods are also limited to either relatively thick glasses (ther-
mal tempering) or mobile ion-containing glasses (chemical
strengthening).

A key consideration when designing new damage-resistant
glasses is their densification mechanism under high pressure.10
Moreover, compression treatments could potentially provide
an additional degree of freedom to balance different properties
in the composition-temperature-pressure plane. The change
in glass properties under an applied pressure is related to the
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extent of volume densification and corresponding structural
changes at both short- and intermediate-range length scales.!!
Although oxide glasses are macroscopically brittle, they un-
dergo plastic deformation under high stresses, for example,
during indentation.'? By studying different glass compositions,
Peter showed that the indentation deformation mechanism of
oxide glasses in general includes both shear flow and densifi-
cation,13 with the simple notion that shear flow is the dominant
process for glasses with compact structures, whereas densifica-
tion becomes increasingly important in more open glasses.'*'>
Densification causes volume shrinkage, but can be recovered
upon sub-7, (where T, is the glass transition temperature) an-
nealing.'>'® In turn, predensification of a glass affects the de-
formation mechanism during subsequent indentation as well
as other mechanical properties. For example, Svenson et al'’
found that the pressure-induced changes in elastic moduli are
not governed by the specific structural changes, but rather by
the overall degree of network densification. Deschamps et al'®
found that the variation in the elastic moduli is also dependent
on the compression path taken to reach permanent densifica-
tion. Hardness is also affected by densification, since it is sen-
sitive to the local bonding and atomic packing behavior of the
constituent atoms and presence of, for example, non-bridging
oxygens (NBOs).'” In general, hardness increases with density,
and Kapoor et al”” found that an overall network densification
is responsible for this increase. Furthermore, Smedskjaer
et al*! found that the changes in hardness also depend on the
compression path taken to reach permanent densification, such
as annealing versus hot compression. Despite the importance
of volume densification, the structural changes, such as in-
creasing network-former coordination numbers (CNs) (eg, for
B and Al) upon densification,” need to be considered for prop-
erties such as crack initiation resistance.>>*>1

In this work, we build on previous studies in understand-
ing structural densification mechanisms in alkali aluminobo-
rate glals.ses.26’27’28 These glasses generally exhibit high crack
initiation resistance upon indentation, including for a lithium
aluminoborate glass23 that shows a dramatic increase in the
CNs of both boron and aluminum upon high-temperature
densification. In a recent work, we studied the effect of add-
ing Si0, (up to 20 mol%) to a 25Li,0-20A1,0;3-55B,05 glass
on the structure and mechanical properties.29 Addition of sil-
ica increases the average network rigidity, but meanwhile its
open tetrahedral structure decreases the atomic packing den-
sity and also makes the network less structurally adaptive to
applied stress. This is because Al and B easily increase their
CN under pressure, while this is not the case for Si under
modest pressures. As such, although the silica-containing
networks have more free volume, they cannot densify more
during indentation, which in turn leads to an overall decrease
in crack resistance upon SiO, addition. In a related work,*
Dickinson and de Jong found an increase in the boron CN
upon P,0s addition in borosilicate glass. Previous studies®'*

have shown that the presence of B" relative to B™ units
decreases the extent of volume densification in borosilicate
glasses due to a more open network and planar structure of
the latter.

To further understand the structural densification behav-
ior of this glass family, we here study the effect of P,O5 ad-
dition (up to 10 mol%) to a 25Li,0-20A1,05-55B,0; glass
on the pressure-induced changes in glass structure using
Raman, NMR spectroscopy, density measurements, indenta-
tion hardness testing, and ultrasonic echography. We refer to
these glasses as lithium phosphoaluminoborate glasses, since
B,0; remains the major network-forming oxide. In this glass
series, we keep the Li/Al/B ratio constant. This is done to
keep the structural role of Al unchanged, which is expected
to be possible because it has a strong enthalpic preference for
being charge-stabilized by alkali cations (eg, Li*) in tetrahe-

dral configuration.23

2 | EXPERIMENTAL
PROCEDURES
2.1 | Glass preparation

Lithium phosphoaluminoborate glasses, xP,Os-(1-x)[25Li,0-
20A1,05-55B,05] with x = {0,2,5,10} (in mol%), were syn-
thesized using the traditional melt-quenching approach. The
utilized raw materials were Li,CO;5 (>98.5%, Merck KGaA),
Al,05 (99.5%, Sigma-Aldrich), H;BO; (>99.5%, Honeywell
International), and NHcPO, (>99.5%, Merck KGaA). First,
according to the target composition, all raw materials were
weighed and thoroughly mixed. In order to prevent exces-
sive foaming, the mixed powders were stepwise added to a
100 mL alumina crucible and heated to around 500°C in an
electric furnace (Entech) to remove the excess H,O, CO,,
and NH;. The mixture was melted and homogenized at 1150-
1250°C for 1 h in air. Then, the melt was poured onto a brass
plate for quenching. Finally, the obtained glasses were im-
mediately transferred to a preheated annealing furnace at an
estimated glass transition temperature (7},) value for 30 min,
and then slowly cooled down to room temperature. The
chemical compositions of the glasses were analyzed using
inductively coupled plasma optical emission spectroscopy
for P,Os, Al,O5, and B,0O3, and flame emission spectroscopy
for determination of Li,O content (see Table 1). Furthermore,
as shown in Figure S1, x-ray diffraction analysis indicated
that none of the samples showed any signs of crystallization.

We determined 7, of the glasses using differential scan-
ning calorimetry (STA 449 F3 Jupiter, Netzsch). The mea-
surements were done at 10 K/min on specimens with a known
thermal history (ie, with a preceding cooling rate of 10 K/
min) using Pt crucible in argon (gas flow 60 mL/min). 7,
values and other property data are summarized in Table S1.
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TABLE 1
phosphoaluminoborate glasses (in mol%). The uncertainty is

Analyzed chemical compositions of the lithium

around + 1%

Glass ID P,05 B,0; ALO; Li,O
PO 0 53.6 20.7 25.7
P2 22 51.8 20.9 25.1
P5 4.9 50.9 20.4 23.8
P10 9.7 46.5 21.6 222

Following determination of Tg, the glasses were re-annealed
for 30 min at their measured 7, value and cooled down to
room temperature at a cooling rate of approximately 3 K/min.
After re-annealing, all the glasses were cut into desired di-
mensions and optically polished in ethanol using SiC grind-
ing paper ranging from grit 220 to 4000 in six steps.

2.2 | Hot compression

Following the method described in the previous study,32
all four annealed glasses were subjected to an isostatic N,-
mediated pressure treatment at both 1 and 2 GPa. The com-
pression was carried out at the measured ambient-pressure 7T,
value for 30 min. The samples were subsequently quenched
at an initial cooling rate of 60 K/min. The pressure cham-
ber was then decompressed at a rate of 30 MPa/min at room
temperature.

2.3 | Density

Density (p) of the glass specimens was determined using
Archimedes principle of buoyancy. The weight of each speci-
men (at least 1.5 g) was measured in air and ethanol for 10
times. Based on the ratio between molar mass and density,
we calculate the molar volume (V,,,). To also quantify differ-
ences in free volume among the different glasses, we calcu-
late the atomic packing density (C,) based on these data. This
was done by assuming sixfold coordination for Li and two-
fold coordination for O, while the CNs for B and Al are taken
from the NMR results. C, is defined as the ratio between the
theoretical molar volume occupied by the ions and the effec-
tive molar volume of the glass,

C .= pm. (D)
2M;

here, V,= %ﬂN (xr +yr3,) represents the molar volume of an

oxide A B, with the molar fraction f; and the molar mass M,

N denotes Avogadro's number, and r, and 7y are the ionic radii

of the cations and anions, respectively, which are taken from

Shannon. ™
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2.4 | Raman spectroscopy

To study the short- and intermediate-range structural changes
due to composition variation and hot compression, we have
acquired micro-Raman spectra of the glasses. The spec-
tra were collected on an inVia micro-Raman spectrometer
(Renishaw). All sample surfaces were excited by a 532 nm
green diode laser for an acquisition time of 10 s. The range
of all spectra was from 220 to 1700 cm_l, with resolution
better than 2 cm™'. Spectra from three different locations on
the glass were compared for each specimen to verify chemi-
cal homogeneity (see Figure S2). All spectra were uniformly
treated in Origin software for background correction and area
normalization.

2.5 | Solid-state NMR spectroscopy
"B and *’Al magic-angle spinning nuclear magnetic reso-
nance (MAS NMR) experiments were conducted at 16.4 T
using a commercial spectrometer (VNMRS, Agilent) and a
commercial 3.2 mm MAS NMR probe (Agilent). Resonance
frequencies for ''B and *’Al at this external magnetic field
were 224.52 and 182.34 MHz, respectively. Glasses were
powdered with an agate mortar and pestle, and then loaded
into low-Al zirconia rotors for sample spinning at 20 and
22 kHz for ''B and ’A1 MAS NMR. Data for both nuclei
were collected with short radio-frequency pulse widths of 0.6
ps (/12 tip angle) and relaxation delays of 4s and 2s for B
and 7’Al, respectively. Signal averaging was performed using
600 to 1000 scans per experiment.

3P MAS NMR data were acquired using a commercial
console (VNMRS, Varian) and 3.2 mm MAS NMR probe
(Chemagnetics), in conjunction with an 11.7 T wide bore super-
conducting magnet and a resonance frequency of 202.30 MHz.
Powdered glasses were contained in 3.2 mm zirconia rotors
and sample spinning was computer controlled to 20 kHz.
Measurement conditions included /6 pulse widths of 1.2 ps,
recycle delays of 60s, and acquisition of nominally 1500 scans.

MAS NMR spectra for these three nuclei were processed
without any additional apodization, plotted using the normal
shielding convention, and with shift referencing to aqueous
boric acid (19.6 ppm), aqueous aluminum nitrate (0.0 ppm),
and 85% H,PO, solution (0.0 ppm). ''B and >’ Al MAS NMR
data were fit with DMFit utilizing second-order quadrupolar
lineshapes for ''B trigonal peaks, a combination of Gaussian
and Lorentzian lineshapes for ''B tetrahedral resonances,
and the CzSimple model for YA In the case of ''B MAS
NMR data, the overlapping satellite transition for the B"Y
resonance was also fit and subtracted from the integration,
yielding accurate site intensities for all B and B'Y peaks. 3lp
MAS NMR data were fit using DMFit and 100% Gaussian
lineshapes.
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Vickers hardness and elastic moduli

We determined the Vickers hardness (Hy,) of all glasses using
a Nanovea CB500 hardness tester. On each specimen, 20 in-
dents were generated. The loading duration and dwell time
were set to 6 s and 10 s, respectively. The residual imprints
were subsequently analyzed with an optical microscope and
Hy, was calculated as,

P
H,=1.8544 ——,
v dvd, |2 )

2

where P is the contact load of 4.9 N, and d, and d, are the length
of the projected indent diagonals.

Furthermore, the elastic properties of the glasses were
measured by ultrasonic echography using an ultrasonic thick-
ness gauge (38DL Plus, Olympus) equipped with 20 MHz
delay line transducers for the determination of the longitu-
dinal V| and transversal wave velocities V,. The longitudinal
modulus Cy;, shear modulus G, bulk modulus B, and Young's
modulus E, as well as the Poisson ratio v, were calculated
using the following relations, which are applicable for isotro-
pic materials:

G=pV?, 4)
4

B_Cll—gG, 5)

=SB—2G’ ©)
6B+2G

E=2G(1+v). (7)

3 | RESULTS AND DISCUSSION

3.1 | Raman spectroscopy

Figure 1A shows the Raman spectra of both as-prepared and
compressed lithium phosphoaluminoborate glasses with dif-
ferent content of P,Os5. We divide the spectra into four main
band regions, with the expected assignments outlined in the
following (see also Table S2).

The lowest frequency band region I, ranging from ~280
to 625 cm ™, is expected to contain contributions originating
from B-O-B, Al-O-Al, and B-O-Al stretching.” In addition,
vibrations due to bending of PO, units may occur in this re-
gion (Ia).36 We find that the relative intensity of this band
region increases with the content of P,Os for the four as-pre-
pared glasses, consistent with a larger concentration of PO,
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FIGURE 1 (A) Micro-Raman spectra of the as-prepared and

compressed lithium phosphoaluminoborate glasses with different
content of P,O5 (see sample IDs in Table 1). The spectra are divided
into four main different band regions. (B) Pressure dependence of the
relative area fractions of the main Raman bands in the P10 glass [Color
figure can be viewed at wileyonlinelibrary.com]

units. Band region II (~625 to 815 cm™") is characteristic for
B,0Oj5-rich glasses,35 since peaks in this frequency range are
typically assigned to borate superstructures (ll), such as chain
and ring metaborates,37’38 di—triborates,39 and penta-, tetra-,
or triborz:1tes,37’38’39’40 as well as boroxol rings.37’41 B-O-Al
stretching and aluminate network vibrations may occur in the
band I, region.*” The band I, region decreases in intensity
with the content of P,Os, since the addition of P,Os, and thus
removal of B,03, decreases the fraction of borate superstruc-
tures. Band region III (~815 to 1200 cm™") is expected to
result from vibrations of AlO, units (Ill,) (~900 cm™ b, B4
Al-B network (~980 cm™!),* borate superstructures (l1l;)
(~930 cm™),*** and PO,™, P,0,*", and PO, units (lll)
(~1039-1090 cm™")*®. We find that the relative intensity of
[ll, band region decreases with the content of P,Os for the
four as-prepared glasses, since the addition of P,0Os, and
thus removal of Al,O5, decreases the probability of forming
AlO, units. In addition, the relative intensity of Ill, band re-
gion increases with the content of P,O5 for the four as-pre-
pared glasses. The bands in region III lie under those of III,
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making it difficult to determine the impact of glass composi-
tion on their relative intensities. However, these are minor in-
tensity bands associated with the borate superstructural units
contributing to the more intense bands at II,, so dilution of
borate groups with increasing P,Ojs is likely to decrease the
intensity of bands III, in the same manner as for II,. Finally, a
high-frequency region, band region IV (~1200-1600 cm™), is
expected to be dominated by contributions from vibrations of
superstructural, units such as pyroborate units, chain, and ring
metaborate units.*” This peak decreases in intensity with the
content of P,0Os, since the addition of P,Os, and thus removal
of B,0;, decreases the fraction of borate superstructures as
noted for other regions of these Raman spectra.

Next, we consider the variations in the Raman spectra
upon hot compression (Figure 1A). In the glass without P,O5
(PO Glass), we find that the area fractions of bands I and IT are
suppressed with increasing pressure, indicating the breakage
of some superstructural borate (and possibly aluminoborate)
units. The suppression of bands I and II is accompanied by
an increase in the area of bands IIT and IV upon compression.
Considering the P10 glass as an example, Figure 1B shows the
pressure dependence of the relative area fractions of the main
Raman bands. The area fractions of bands I and II, decrease
significantly with increasing pressure, while that of band III,
increases. The other glasses show the same trend upon com-
pression (see Figure S3). The band III, may be ascribed to the
formation of PO,", P2074_, and PO32_ units*® upon addition
of P,Os. Hot compression of the P10 glass does not result in
the formation of any new bands (Figure 1A), but following
the permanent densification, the high-frequency band III,
broadens slightly and becomes more intense upon hot com-
pression, especially in high-P,O5 glasses. Such increase in
band width can be the result of P-O-P bond angle distortion.

3.2 | *’A1 MAS NMR spectroscopy

To further understand the effects of P,O5 addition and com-
pression on the short-range structure of the studied lithium
phosphoaluminoborate glasses, we performed 2TA1, VB,
and *'P MAS NMR spectroscopy measurements. The spec-
tral deconvolution and determined speciation are shown in
Tables S3, S4, S5, and S6 respectively, and Figure S4A.
Figure 2 shows the 2’AIMAS NMR spectra for the as-pre-
pared glasses with different content of P,Os. The three peaks
at about 65, 37, and 9 ppm in the spectrum of the P,Os-free
glass can be unambiguously assigned to A", A1Y, and A1Y),
respectively,20 as the chemical shifts are similar to those in
previous studies on phosphorous-free aluminoborate and
aluminosilicate glasses.B"‘&49 The relative amount of each
species is proportional to the corresponding area under its
peak, and the fitted values are shown in Table S4. Figure 2
shows that the 2’Al peak position shifts to higher shielding
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FIGURE 2 ?’Al MAS NMR spectra for the as-prepared lithium

phosphoaluminoborate glasses with different content of P,O5 [Color
figure can be viewed at wileyonlinelibrary.com]

(from 65 to 56 ppm) with increasing P,O5 content (from 0 to
10 mol%). This is likely due to the association of aluminum
and phosphorus polyhedra, leading to the formation of Al-
O-P linkages in the glass network. Such Al-O-P bonding has,
however, only a slight effect on the CN of aluminum (see
below). These results are in agreement with previous stud-
ies,”*>* where for P-containing glasses, the presence of P next
nearest neighbor (NNN) polyhedra increase the shielding of
T Al resonances. As demonstrated by the data in Figure 2 and
the extracted chemical shifts in Table S4, the impact of P,Os
on the ”’A1 NMR data is seen for all of the resonances, in-
dicating that A", AlY, and A1V! groups are all affected by
neighboring phosphate groups, and thus these glasses contain
a substantial amount of mixing between aluminate and phos-
phate polyhedra.

Figure 3 shows the effect of densification on the SN
MAS NMR spectra for the four different glasses. Generally,
we observe pronounced changes in the aluminum despite the
relative modest pressure, in agreement with previous studies
on lithium aluminoborate glasses.23 The areas of the AlY and
AV peaks increase upon hot compression, corresponding to
the conversion of Al'Y to AlY and A1V units, as also found in
earlier studies.”*!*>>!! Consequently, the CN of aluminum
increases with increasing pressure (Figure 4A). The high-
P,O5 glasses have the largest pressure-induced increase in
the Al CN (from 4.26 to 4.90 for P10 glass) (Figure 4B). In
fact, to our knowledge, the extent of the changes in Al spe-
ciation for P10 glass is the largest ever reported for an oxide
glass under similar pressure/temperature conditions.”*!" This
indicates that the addition of P,Ojs positively influences the
pressure-induced conversion of A" to A1 and A1Y, in turn
suggesting a link between aluminum and phosphate units as
suggested by formation of Al-O-P bonding and the possibil-
ity for higher coordinated Al to charge-stabilize phosphate
NBOs. Furthermore, we note from Figure 4A that the P,O;
content has a negligible effect on the A1 CN in the as-prepared
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[Color figure can be viewed at wileyonlinelibrary.com]

glasses. This could be because it mostly depends on the mod-
ifier-to-aluminum ratio (at least in aluminoborosilicate-type
glasses), which is not changing in the studied glasses.

The other feature to note in Figure 3 is that the peak po-
sitions for the three different Al sites are unaffected by com-
pression. As indicated by the fitting parameters in Table S4,
while the intensities of the Al sites vary significantly with
compression, the isotropic chemical shifts for each peak are
within 1 ppm from as-made to compression at 2 GPa. This
suggests that while P,O5 content has a strong influence on the
chemical shielding of RN resonances, as discussed above for
the as-made glasses, the application of hot compression does

dependence of the change in aluminum coordination number with
pressure (ACN/P). The error in aluminum's CN is around =+ 0.02
[Color figure can be viewed at wileyonlinelibrary.com]

not appear to change the extent of mixing between alumi-
num and phosphate polyhedra. That is, the higher shielding
exhibited for P-containing glasses is maintained even with
structural changes due to compression, consistent with pres-
ervation of P NNN even as Al"Y is converted to hi gher CN.

3.3 | !'BMAS NMR spectroscopy

Figure 5 shows the "B MAS NMR spectra for the as-pre-
pared glasses with different content of P,Os. The glassy net-
works all consist of both B™ (around 5 to 20 ppm) and B"Y
units (around — 2.5 to 5 ppm). The fraction of B' decreases
slightly upon the addition of P,Os, indicating that the addi-
tion of P,Os is beneficial for the conversion of B'Y to B
This could be because the introduced phosphate competes
with boron for some of the Li modifiers, leading to fewer Li-
B'" interactions and thus a lower level of modification of the
borate polyhedra. Other changes in the "B MAS NMR data
are observed with increasing P,Os. Arrows in Figure 5 indi-
cate subtle alterations of the B region of the spectrum, with
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FIGURE 5 ''BMAS NMR spectra for the as-prepared lithium ® —— As-prepared

phosphoaluminoborate glasses with different content of P,Os. Arrows
indicate changes in the direction of increasing P,O5 content [Color
figure can be viewed at wileyonlinelibrary.com]

a slight decrease in intensity at the highest shift side of the
signal (around 16-17 ppm), and a corresponding increase in
intensity near 10 ppm. Fitting of these data (see Table S3 and
Figure S4A) provides additional insight into these changes,
as deconvolution of the B™ lineshape into two distinct B
units can be achieved. As a result, it now is apparent that ad-
dition of P,Os leads to a direct reduction in the population of
the downfield (more positive) B™ resonance and an increase
in the more shielded (less positive) B peak intensity. The
former is assigned to B™ in superstructural units, consistent
with some of the Raman spectroscopy features described ear-
lier, and a well-known feature in B-rich glasses.51 The lat-
ter B™ signal is attributed to non-ring B", that is, those B™
groups not incorporated into the geometrically constrained
environments of borate superstructural units. Thus, increas-
ing P,Os5 content at the expense of B,O; leads to a reduction
in the number of ring-type borate groups, which arises due
to decreasing B,O5 content and the inability to maintain the
number of such structural groupings. This is analogous to the
decreasing intensity of band Il in the Raman spectra of the
as-made glasses with increasing P,O5 content (Figure 1).
The other change in boron environment with glass com-
position (no compression) is a slight increase in shielding of
the B" signal (Figure 5). This is not necessarily easy to see
in the stack plot, but after fitting of the ''B MAS NMR data
(Figure S4B), the glasses containing P,O5 required the addi-
tion of a second B resonance, which was at a more negative
shift relative to that in the PO glass. This peak also increases
in relative intensity with increasing P,Os5 content, suggesting
a close relation to phosphorus. In fact, the impact of P NNN
groups on ''B shielding is similar to that described above for
7TAl shielding. Interaction of phosphate groups with B" units
leads to a more negative shift, up to the limit of — 3.3 ppm
found in crystalline BPO4.52 Studies of P-containing borosil-
icate glasses indicate that the new peaks formed with P,O4
addition are consistent with B-O-P linkages involving B'Y
groups.53 Thus, the B'"Y groups in these glasses, while dimin-
ishing overall in intensity due to less available modifier, are
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FIGURE 6 Effect of hot compression on the ''B MAS NMR

spectra for (A) PO glass, (B) P2 glass, (C) P5 glass, and (D) P10 glass

[Color figure can be viewed at wileyonlinelibrary.com]

also being redistributed into network structure having pro-
nounced connectivity between B" and phosphate polyhedra.

These local boron environments are, such as those of alu-
minum, very sensitive to densification, with boron increasing
its average CNs upon compression (see Figure 6).>*!° This
has been reported to be related to the presence of NBO, that
is, B™ + NBO — B"V.** Indeed, the ''B MAS NMR spectra
show that the average CN of boron increases upon hot com-
pression (Figure 7A). Unlike aluminum, the addition of P,O5
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has a negligible effect on the pressure-induced change in the
B CN (see Figure 7B), with each glass composition showing
similar pressure-induced changes in B™ and B'Y populations.
In addition, there is a small, but noticeable change in the B!
peak, near the position previously identified as belonging
to ring-type B units. As seen before in studies of similarly
compressed borate and borosilicate glasses,25 3 the ring B
unit is more strongly impacted by compression, with glass
densification accompanied by a decrease in the amount of
superstructural units. This is corroborated by the decrease
in Raman band II, intensity (Figure 1) as these glasses are
compressed at 1 and 2 GPa. The intensity decrease in these
bands, as well as the change in ring-type B peak intensity
in these ''B MAS NMR data, occurs similarly for all glasses,
regardless of the amount of P,0s.

3.4 | *'P MAS NMR spectroscopy

Figure 8 shows the 3'p MAS NMR spectra for the as-pre-
pared glasses with different content of P,Os, with the average
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FIGURE 7 (A) Composition and pressure dependence of

the average coordination number (CN) of boron. (B) Composition
dependence of the change in boron coordination number with pressure
(ACNY/P). The error in boron's CN is around + 0.01 [Color figure can
be viewed at wileyonlinelibrary.com]

peak position moving toward more negative shift values with
increasing level of P,Os. The 31p chemical shift is highly sen-
sitive to the immediate geometry of the phosphate tetrahedra
(ie, number of bridging and NBO) and also to the connected
(neighboring) polyhedra, with a lower chemical shift corre-
sponding to higher shielding from the groups surrounding
phosphorus. In the case of these lithium-modified alumino-
borate glasses, there are several possible contributors to the
trends exhibited in Figure 8. First, the Q" speciation of the
phosphate groups may be affected by the overall glass com-
position, where competition for the lithia modifiers between
aluminum, boron, and phosphorus changes with P,O5 levels.
As seen above for both aluminum and boron speciation, these
cations are greatly impacted by the alkali, forming both AlY
and B'Y tetrahedra in response to the presence of modifier.
As P,0s is added to the PO glass, aluminum coordination is
mostly unaffected, while boron shows a slight reduction in
the fraction of B'Y groups, indicating that the added P,05 does
remove Li* modifiers from mainly the borate portion of the
network, and as a result, some of the phosphorus polyhedra
will have NBO and thus the phosphate groups are not entirely
Q? units. This is evidenced by the 3'P MAS NMR data in
Figure 8, where the peak position for the P2 glass is centered
around — 10 ppm, well downfield from the shifts normally
found for Q° phosphate groups (around — 35 to — 55 ppm).56
According to literature studies of lithium phosphate glasses,
the main peak for the P2 glass around — 10 ppm lies between
those of Q' and Q? polyhedra,”” so in neglecting the impact
of neighboring polyhedra, this might reflect a mixture of 0!
and Q° phosphate groups in the P2 glass. This simple inter-
pretation would require 2 and 1 Li™ for each group, respec-
tively, so 1.5 Li,O for every mol of P,Os. For the P2 glass,
this means that 3 moles of Li,O would be necessary to form a
50:50 mixture of Q' and Q* phosphate groups, and given the
results above for aluminum and boron speciation, this Li,O

2% PO,

Intensity (a.u.)

30 20 10 0 -10 —2|0 —?;0 -40 -50
*'P MAS NMR shift (ppm)

FIGURE 8 °'P MASNMR spectra for the as-prepared lithium
phosphoaluminoborate glasses with different content of P,O5 [Color
figure can be viewed at wileyonlinelibrary.com]
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would likely be taken from the boron groups, both seen as a
reduction in N, (Figure 5) and also the concomitant reduction
in B,O; content with added P,0O5 (Table 1). Considering both
of these factors, the observation of partially depolymerized
phosphate groups is expected. The exact nature of the phos-
phate groups in the as-made P2 glass is more complicated
than this simple “binary” model, as indicated by the deconvo-
lution of the *'P MAS NMR data in the supplemental section
(see Figure S4C). In this case, at least three resonances are
required for fitting, with two of these corresponding directly
to Q' and Q* groups like those in lithium phosphate glasses
(eg, peaks at — 6 and — 22 ppm, respectively). A third reso-
nance around — 13 ppm is necessary, and indicates additional
complexity in the phosphate speciation.

Another key contributor to 3P chemical shifts in Al- (and
B-) containing glasses is the impact of these other cations
when bonded to the phosphate groups. There are five pri-
mary possibilities for attaching groups to phosphorus, which
all are determined by the chemical shift (see Figure S4 and
Table S5). First, we note that the *'P peak of the P10 glass is
broadened relative to those with smaller phosphorus content,
which could be a result of an increasing amount of different
phosphate species. We here denote these as Q" units, where
n is the number of bridging oxygens. By deconvolution, we
can assign a peak at — 6 ppm to o' groups57 without any Al
(or B) NNNs and another peak at — 22 ppm to 0? groups57
without any Al (or B) NNNs, showing that there is a substan-
tial amount of P-O-P bonding in the studied glasses. Based
on the above analysis, we find that the content of B is rel-
atively low, leading to the fewer B-O-P bonds. This is be-
cause B/P association does not typically involve B". % Since
the amount of P with B NNN is low (although the B MAS
NMR data suggest that it is non-zero), we assume that the
various Q" groups do not have B NNNs. Instead, we con-
sider the impact of Al as the NNNs, as supported from the
steady increase in >’Al NMR shielding above. Although the
content of B,O; is higher than that of Al,O5 in the glasses,
it seems that P/Al association is stronger than P/B, at least
for these studied glasses. Therefore, we assign the more
intense peak around — 13 ppm to o' groups, which must
be a Q' phosphate group with one Al NNN. Since replac-
ing the P-O-P with P-O-Al leads to an increased shielding of
around 7 ppm°”® (the decrease in chemical shift from — 6
to — 13 ppm), the most plausible assignment is for a Q' with
one Al NNN. A very weak peak at 8.5 ppm assigned to the
0° groups (ie, no connectivity with Al or B) is close to that in
lithium orthophosphate (10 ppm). Finally, we assign the peak
around — 29.6 ppm to o*! groups, which is a 0? phosphate
group with one Al NNN (around 7 ppm increase in shield-
ing). From the deconvolution, we find that the area of the Q1
units decreases while that of the Q7 units increases upon the
addition of P,Os (Table S5). This indicates that Q" units con-
vert to higher Q" units, and as a result, the 3p average peak

i American Ceramic Society

Jjournal 1 ==

position shifts to higher shielding (from — 9.5 to — 15.5 ppm)
with increasing P,0O5 content from 2 to 10 mol%.

Figure 9A-C shows the effect of densification on the 3lp
MAS NMR spectra for the three P-containing glasses. Upon
hot compression, the 3p peak position slightly increases,
which we ascribe to a decrease in the amount of P units and
simultaneous increase in P! units. In turn, this facilitates the
change in Al coordination, as higher coordinated Al can serve
as a charge compensator for some of the negative charges on
these polyhedra. Figure 9D shows that the average Q" (P) in-
creases with the addition of P,Os. The increase in the content
of P,O5 promotes B-P association via formation of B-O-P
bonds (P2 and P* units), and thus increase the average Q" (P).
Surprisingly, we note that glasses with higher P,O5 content
show larger decrease (from — 0.041 to — 0.087) in the av-
erage Q" (P) upon compression (Figure 10). Due to the de-
crease in the average Q" (P), there is formation of more NBOs
in studied glasses upon pressure. The high-P content can pro-
mote the B-P association for the formation of B-O-P units,
and thus leading to more pressure-induced depolymerization
of B-O-P units (1:’2 and P units) for the conversion of B™ to
BY (B + NBO — B %),

3.5 | Volume densification and self-
adaptivity

Figure 11A shows the compositional and pressure depend-
ence of density (p) before and after hot compression at 1 GPa
and 2 GPa. The addition of P,0O5 has only a slight effect on
the density, while the density of each studied glass increases
dramatically upon hot compression, which is in agreement
with previous work. 231117 Furthermore, since there are also
changes in the size of the atoms upon addition of P,0Os5, we
calculate the atomic packing density (C,) to further under-
stand the differences in free volume. Figure 11B shows the
compositional and pressure dependence of atomic packing
density (C,). We can find that C, decreases with the con-
tent of P,O5 for all studied glasses, showing that the network
becomes gradually more open with P,Os addition. In order
to better understand the difference in the extent of pressure-
induced densification for all lithium phosphoaluminoborate
glasses, we calculate the irreversible plastic compressibility,
that is, the extent of volume densification following decom-
pression.20 As shown in Figure 11C, the plastic compress-
ibility decreases with increasing P,Os content. To further
understand the relation between volume densification and
the short-range order structural changes, we calculated the
correlation between plastic compressibility and atomic self-
adaptivity (inset Figure 11D). Self-adaptivity is defined as
(An)Ap)/(pyP), where (An) is the change in CN as deter-
mined by NMR, Ap is the change in density, p, is the initial
density, and P is the applied pressure. As such, the ability to



ﬂl_J

ournal

LIU ET AL.

«American Ceramic Society

(A)

Intensity (a.u.)

—— As-prepared
——1GPa
——2GPa

2% P,0,

20 10 o0 -0 -20 -30

30
*'P MAS NMR shift (ppm)
(B)
As-prepared 5% P,0,
——1GPa
——2GPa
3
8
2
g7
-
[]
£
30 20 10 0 -0 20 -30 -40 50
*'P MAS NMR shift (ppm)
(C) . .
s-prepare n o
e 10% P,0,
——2GPa
]
9,
2>
B
| =
5]
£
30 20 10 0 40 20 30 -40  -50
*'P MAS NMR shift (ppm)
(D)
2.4 —®— As-prepared
—e—1GPa
—A—2 GPa .
22
o 2
O 204 /
(0]
[=)]
o
Q 18-
<
| |
A
1.6 °
T T T T T
2 4 6 8 10

[P,0,] (mol%)

FIGURE 9 Effect of pressure on the 3P MAS NMR spectra for
(A) P2 glass, (B) P5 glass, and (C) P10 glass. (D) Composition and
pressure dependence of the average Q" (P) [Color figure can be viewed
at wileyonlinelibrary.com]

-0.02
-0.04 - n
ks
(5 -0.06 -
Q.
CC\)' [ ]
<1 -0.08 -
[ ]
'0<10 T T T T T
2 4 6 8 10

[P,0,] (mol%)

FIGURE 10 Composition dependence of the change in
phosphorous speciation with pressure (AQ"/P)

self-adapt results from the balance between the energy cost
associated with each densification mechanism (inversely
correlated to the extent of pressure-induced change in CN
(An)/P), and its efficiency in increasing the packing density
(proportional to the accompanying change in density Ap/p).
We find a positive correlation between atomic self-adaptiv-
ity and the pressure-induced volume densification. Previous
studies®'** have shown that B" units decrease the extent of
densification in borosilicate glasses, whereas B™ units en-
hance the densification of the glasses due to a more open net-
work and planar structure.

Despite the positive correlation in Figure 11D, the change
in the CN of boron and aluminum does not constitute the full
volume densification. Additional contributions include de-
crease in the inter-tetrahedral bond angles and the average
ring size, and increase in the distribution of network-former
oxygen-bond lengths.61 To quantify the contribution of the
boron and aluminum CN changes to the overall pressure-in-
duced volume densification (AV,,.5/AV,,), we follow the
approach of Wu et al.%% This involves calculating the pres-
sure-induced molar volume change only due to boron and alu-
minum coordination changes (AV,,4;,5) and the measured
pressure-induced molar volume change (AV,). AV, 4, p is
calculated as,

Vinairn) = [XA1203 Z xiv([i]Al)] + [XB203 inv([i]B)] (3)

where X, o.and Xg o are molar fractions of Al,0O3 and B,0;
in the glass, x; is the fraction of Al or B in each coordination
state, which is obtained from NMR data (Tables S3 and S4),
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dependence of plastic compressibility. (D) Correlation between plastic
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TABLE 2 Estimation of volume changes based on the boron and
aluminum coordination changes between as-prepared and compressed
glasses (AV,,a11p)) by Equation (8) and the measured molar volume
changes between as-made and compressed glasses (AV,,)

PO P2 Ps P10
Glass Glass Glass Glass  Glass
AV, at 1 GPa (cm*/mol) 2.40 2.38 2.38 2.38
AV, at2 GPa (cm*/mol) 3.79 3.73 3.82 391
AV,aisp at 1 GPa (cm’/mol)  1.05 1.04  1.03 0.88
AV, a1 at 2 GPa cm¥/mol)  2.02 1.97 201 1.88
AV, a18/AV,, at 1 GPa 438%  437%  433%  37.0%
AV, a1epy/AV,, at 2 GPa 533%  52.8%  52.6%  48.1%

and Vapand V;pjare partial molar volumes of Al,O; and
B,0; in each coordination state i. The simplest assumption
is that the partial molar volume of each oxide component in
a glass is the same as the molar volume of its pure oxide
phase. Hence, the molar volume of B,05; with three coordi-
nated boron V,,,(35,can be approximated as that for pure B,0;
glass (38.4 cm*/mol) and the molar volume of B,O; with four
coordinated boron V,,,(4pyis taken as half of V,,3,5,(19.2 cm?/
mol).me([6J ancan be taken as that for a-alumina (31.59 cm’/
mol) and V,,sanas 37.42 cm*/mol. Vugsianis set to 34.505
cm®/mol as the average of its four- and six-coordinated coun-
terparts.62 As shown in Table 2, we can find that there is a
smaller change from 1 to 2 GPa than from ambient to 1 GPa
for both the molar volume (V,,) and V4,5 upon hot com-
pression. The contribution of the boron and aluminum CN
changes to the overall pressure-induced densification can
be expressed by the ratio AV, 5/AV,,, with contributions
above 50% at 2 GPa (Table 2). This is a large proportion of
the pressure-induced volume densification compared to that
found for calcium aluminoborosilicate glasses (9%—36%
at 2 GPa).%? This is likely because the present glasses have
more pronounced CN changes of Al and B upon compres-
sion, which in turn is due to the high concentration of B,0;
and Al,O5 and lithium as modifier. That is, reassociation of
charge-balancing modifier cations from AI'Y to B'Y sites is
required upon compression, which is promoted by the mo-
bility of small lithium cations.”> As shown in Table 2, we
also find that the V,, 4, ) contribution to the overall change
in measured V,, becomes smaller with increasing content
of P,0s, matching the compositional trend in self-adaptiv-
ity (Figure S5). This is expected since phosphorous does
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FIGURE 12 Composition dependence of the glass transition
temperature (7,) for as-prepared lithium phosphoaluminoborate glasses
with different content of P,Os. The error in 7, does not exceed 2°C

not contribute to the CN changes, but only to changes in Q-
speciation with limited differences in partial molar volume.*

3.6 | Glass properties: T,, elastic
moduli, and hardness

Figure 12 shows the compositional evolution of the glass
transition temperature (7,). We can find that the addition of
P,0s leads to a slight increase in the T, of the lithium phos-
phoaluminoborate glasses. This indicates that the addition
of P,Oj results in a more rigid glass network, that is, more
atomic constraints per atom, which has been shown in earlier
work to be positively correlated with higher glass transition
temperature.”’

Next, we measured the elastic moduli and Poisson's
ratio (v) for the as-prepared and hot compressed glasses
(Figure 13A and Figure S6). As seen for glass transition
temperature, the addition of P,O5 has only a relatively small
effect on the elastic moduli for all studied glasses. There is
a slight decrease in elastic moduli with the P,Os content.
Elastic moduli generally increase with the bond strength and
the number of bonds per volume.*® Recent topological mod-
els have found E to be positively correlated with the volumet-
ric constraint density.64'65 That is, the number of constraints
per volume decreases significantly with addition of P,Os,
which is mainly as a result of the decrease of C, with P,Os
(Figure 11B). This is because the number of constraints per
atom only increases slightly when considering the relatively
small variation in T, (Figure 12).

The role of packing density on elastic moduli is also seen
from the pressure-induced increase in all elastic moduli, as
consistent with previous findings.”’11 Indeed, packing den-
sity scales positively with E across pressures and composi-
tions (Figure 13B). We note that the elastic moduli also exhibit
record high changes (eg, 59% increase in E for P2 glass upon
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FIGURE 13 (A) Compositional and pressure dependences of

the elastic moduli (Young's (E)) in the lithium phosphoaluminoborate
glasses. (B) The relation between Young's modulus and atomic
packing density [Color figure can be viewed at wileyonlinelibrary.
com]

compression at 2 GPa) as a result of compression (Table S1),
which is in agreement with the high extent of permanent vol-
ume densification exhibited by the studied glass composition
in comparison to other oxide glasses.1 L17 Although the elas-
tic moduli are thus easily changed by compression, Vickers
hardness is even more sensitive to the pressure treatment (see
below), resulting in a decrease in the elastoplastic ratio E/H
with increasing pressure (Figure S6D).

Figure 14A shows the compositional and pressure de-
pendence of Vickers hardness (Hy), with the addition of
P,0O5 having a negative effect on Hy. Furthermore, we find
that Hy increases upon hot compression, which is in agree-
ment with the previous works.?'17 The packing density
increases and hence the number of atomic bond constraints
per unit volume also increases upon hot compression, re-
sulting in the increase of the Vickers hardness (Figure 14B).
Furthermore, the extent of the increase in Vickers hardness
upon 2 GPa compression is more pronounced in glasses
with higher plastic compressibility (Figure 11C) and lower
network former CN changes (Figure S7). However, the Hy,
versus C, trend is not perfect (Figure 14B), suggesting that
the pressure-induced increase in packing density is not the
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only reason for the increase in hardness. Indeed, the CNs of
the network-forming boron and aluminum cations increase
upon compression (Figure S7), resulting in more bond con-
straints per atom, and thus also contributes to the increase
of Vickers hardness.

4 | CONCLUSIONS

In this study, we have investigated the influence of compo-
sition and hot compression on the structure and mechanical
properties of lithium phosphoaluminoborate glasses. The ad-
dition of P,Os partially disturbs the aluminoborate network
through the formation of mainly P-O-Al and some P-O-B
units, thus decreasing the atomic packing density. The P,O5
addition also results in a minor decrease in the CN of boron,
but no change in that of aluminum. The introduced phos-
phate thus competes with boron for some of the Li modi-
fiers, leading to fewer Li-B" interactions. The average Q"
(P) increases with the addition of P,Os, as more P,O5 pro-
motes formation of B-O-P bonds (P2 and P? units), and thus
increases the average Q" (P). The cation-oxygen CNs of both
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boron and aluminum increase upon hot compression, while
the average Q" (P) decreases. The high-P,05 glasses have the
largest pressure-induced increase in the Al CN (from 4.26 to
4.90 for P10 glass) and largest decrease in the average Q" (P),
resulting in the formation of more NBOs in the compressed
glasses, indicating that the higher coordinated Al units are
needed to charge-stabilize phosphate NBOs. The B and Al
CN changes are found to contribute significantly (around
50% at 2 GPa) to the overall volume densification, which is
significantly higher than that found in silicate glasses. The
increases in bond constraint density (due to volume densi-
fication) and network rigidity (due to higher average CN) is
responsible for the pressure-induced increase in hardness and
elastic moduli.
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Table S1. Overview of the properties of the as-prepared and hot compressed (at 1 and 2 GPa) glasses, including
glass transition temperature (Tg), density (p), molar volume (Vn), atomic packing density (Cy), Young’s
modulus (E), shear modulus (G), bulk modulus (B), Poisson’s ratio (v), and Vickers hardness (Hy).

Glass Tg p Vi Cy E G B v H.O
[°C] | [g/cm?] [cm3/mol] [1 [GPa] | [GPa] | [GPa] [] [GPa]
As-prepared
PO 476 2.248 29.37 0.547 64 25 46 0.270 4.65
P2 479 2.248 30.21 0.543 64 25 47 0.270 451
P5 481 2.245 31.28 0.539 62 24 45 0.269 4.49
P10 480 2.256 33.15 0.532 60 24 42 0.260 4.21
Compressed at 1 GPa
PO - 2.449 26.97 0.596 87 35 61 0.263 6.73
P2 - 2.440 27.83 0.590 88 35 61 0.263 6.64
P5 - 2.430 28.90 0.584 85 34 59 0.260 6.61
P10 - 2.430 30.77 0.574 81 32 54 0.253 6.37
Compressed at 2 GPa
PO - 2.581 25.58 0.629 99 40 60 0.227 9.33
P2 - 2.564 26.48 0.620 102 41 63 0.232 9.21
P5 - 2.557 27.46 0.615 97 39 62 0.237 7.98
P10 - 2.558 29.24 0.605 94 39 55 0.214 7.65
Error estimate <2 <0.002 <0.02 0.001 <1 <l <1 <0.005 | <0.2

(*) Hy measured at ambient conditions at load of 4.9 N.

(**) CR measured at ambient conditions (temperature 22 °C, relative humidity ~45 %).




Table S2. Raman band deconvolution assignment with references.

Structural unit

Wavenumber [cm™?]

Ref

Bending of PO4 unit
B-O-B stretch & BOas unit
Al-O-B stretch & aluminate network
P,0% unit

Ring metaborate

P-O-P bridging

Chain metaborate
Di-triborate

Tri-, Tetra- or Pentaborate
Boroxol ring

Pyroborate

AlO4 unit

Orthoborate

PO;,P,05, P05

Diborate

BOs unit

BO20- unit

Al-B network

303-337

450-570 & 900-1000
480-500 & 700-720
525-583

630 & 1300-1600
685

730 & 1300-1600
755

770 & 930

808

820 & 1200-1300
790 & 900

890-940

1039-1090

1100, 465-500

1260, 1350, 1470, & 1530
1490 & 1550

980

g ow Rk NN R

2,3

3,4,6,7
3,8
234
9,10

11
4,12
13
13
14




Table S3. Parameters used in deconvolution of !B MAS NMR spectra and the resulting boron speciation (with
errors smaller than + 1%). We have used two B'" sites, attributed to ring (r) and non-ring (nr) BOs polyhedra,
and one or two B sites (labeled a and b), as described in the main text. The *Q mas %2’ function in DMFit was
used to simulate the 2nd-order quadrupolar lineshape of B"' resonances, yielding estimates for isotropic
chemical shift (8cs), quadrupolar coupling constant (Cq) and peak area (Int). B'Y peaks were fitted with
a *Gaus/Lor’ function in DMFit, providing 8cs and peak area. We note that the B'Y peaks were fitted to
determine total N4 values rather than the relative fraction of the different types of B'V.

B”I(l') B'”(nr) BIV(a) BIV(b)
Pressure Int dcs Co Int dcs Co Int ocs Int dcs
(%) | (ppm) | (MHz) | (%) | (ppm) | (MHZ) | (%) | (ppm) | (%) | (ppm)
PO
As-
prepared 62.0 18.0 2.66 22.5 16.1 2.62 15.5 0.9

1 GPa 61.7 18.0 2.65 14.5 15.7 2.57 23.8 0.8 --- ---
2 GPa 50.9 18.1 2.67 17.1 16.4 2.62 28.9 0.8 3.1 -0.6

P2
preAp:red 62.2 17.9 2.60 22.8 15.6 2.48 7.7 1.0 7.3 0.4

1 GPa 59.9 17.9 2.63 16.7 15.6 2.53 14.3 1.0 9.1 0.2
2 GPa 53.1 18.0 2.64 15.3 15.7 2.53 27.1 0.8 4.5 -0.4

P5
As- 60.1 17.8 2.60 25.3 15.6 2.51 7.3 1.0 7.3 0.4
prepared

1 GPa 51.6 18.0 2.66 25.5 16.3 2.63 12.1 0.9 10.8 0.2
2 GPa 24.8 18.1 2.72 43.8 17.3 2.66 25.0 0.8 6.4 -0.4
P10

28.9 18.1 2.68 56.5 16.9 2.64 8.5 0.9 6.1 0.3

As-
prepared
1 GPa 26.7 18.0 2.69 51.3 17.0 2.66 9.8 0.9 12.2 0.1
2 GPa 25.8 18.0 2.69 43.1 17.1 2.68 22.6 0.8 8.5 -0.4




Table S4. Al polyhedra and associated NMR parameters for glasses obtained by deconvolution of 2’ Al MAS
NMR spectra. The errors of the uncertainties in intensity (Int), isotropic chemical shift (dcs), and quadrupolar
coupling constant (Cq) do not exceed + 1%, + 1 ppm and £ 0.1 MHz, respectively.

Pressure AlY AlY AV
Int ocs Co Int ocs Co Int ocs Co
00 | Gom) | (MHz) | 00 |_Gom) | (MH2) | 06 | (om) | (MH2)
P
As-prepared | 77 65 6.4 19 37 7.1 4 9 6.0
1 GPa 55 66 7.3 31 38 7.9 14 9 6.1
2 GPa 40 67 8.3 39 38 8.6 21 9 6.1
P2
As-prepared | 76 64 6.7 20 36 7.3 4 8 5.7
1 GPa 53 65 7.5 33 37 8.2 14 8 6.2
2 GPa 40 66 8.6 39 37 8.9 21 8 6.3
P5
As-prepared | 76 61 7.0 19 35 7.8 5 6 5.6
1 GPa 52 62 7.7 33 36 8.5 15 7 6.2
2 GPa 37 63 8.6 41 36 9.0 22 7 6.4
P10
As-prepared | 78 56 6.2 18 32 7.7 4 4 5.1
1 GPa 52 56 6.4 35 33 8.5 13 4 6.0
2 GPa 32 55 6.0 46 33 8.6 22 5 6.5




Table S5. Phosphorus speciation derived from 3P MAS NMR measurements. The estimated errors in shift,
full width at half maximum (FWHM), and area are +1 ppm, £1 ppm, and +3%, respectively.

2P 5P 10P

Shift FWHM Area Shift FWHM Area Shift FWHM Area
(ppm) (ppm) (%) (ppm) (ppm) (%)  (ppm) (ppm) (%)

Q° 8.5 9 1 - - - - - -
Q! -6.1 11 41 -6.1 10.1 19 -6.1 10.1 8
QHt -13.2 11 47 -13.2 11.3 57 -13.6 10.8 43
Q? -22 12 11 -21.7 12.7 24 -21.8 13.2 46

Q2—1 _ _ - - - - -296 13 3



Figure S1. X-ray diffraction (XRD) spectra for the as-prepared lithium phosphoaluminoborate glasses with
different content of P,Os. No sharp peaks are observed in the spectra, confirming the non-crystalline nature of
the glasses at least within the XRD detection limit.
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Figure S2. Micro-Raman spectra on the surface of the as-prepared lithium phosphoaluminoborate glasses at
three different locations. No significant differences across the sample surface are observed, suggesting that the

glasses are compositionally homogeneous.
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Figure S3. Pressure dependence of the relative area fractions of the main Raman bands for the four lithium

phosphoaluminoborate glasses.
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Figure S4. Examples of deconvolutions of solid state NMR spectra for the present glasses: (a) Deconvolution
of Al MAS NMR spectrum of PO glass compressed at 1 GPa; (b) Deconvolution of !B MAS NMR spectra
for the as-prepared glasses, where the filled, black curve denotes an underlying satellite transition resonance
(see main text); (c) Deconvolution of 3P MAS NMR spectra for the as-prepared P-containing glasses.
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Figure S5. Correlation between AVmi+)/AVn (the boron and aluminum coordination change contribution to
the overall volume densification) and atomic self-adaptivity ({4n)Ap)/(poP) upon hot compression at 2 GPa
for the four present glasses. The dashed line is a guide for the eye.
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Figure S6. Composition and pressure dependence of (a) shear modulus G, (b) bulk modulus B, (¢) Poisson’s
ratio v, and (d) elastoplastic ratio E/Hy for the lithium phosphoaluminoborate glasses.
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Figure S7. Compositional and pressure dependence of network former (boron and aluminum) coordination

numbers.
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Oxide glasses continue to be among the most important materials for a sustainable society owing to
their unique advantages, e.g., transparency, formability, low cost, and tailorable properties and functionalities.
However, their high brittleness has severely been hindering the use of oxide glasses for many engineering and
functional applications. Previous approaches to overcome this limitation by improving the fracture toughness
have largely failed, but herein we report the use of a simple post-treatment, namely surface aging in a humid
atmosphere, to improve not the resistance to crack growth, but rather the resistance to crack initiation. The effect
of such aging on the mechanical performance is found to be highly composition dependent, and in stark contrast
to most previous work, we thus find that water incorporation is not always a foe, but can also be a friend for
glass mechanics. Specifically, we demonstrate crack-free ultrasharp cube corner indents in an aged caesium
aluminoborate glass at loads above 25 N, while other aged oxide glasses studied in this work easily crack at
loads below 1 N. The aging effect is found to be due to a combination of stress and hydrolysis assisted structural

changes in the flexible aluminoborate glass network.

DOLI: 10.1103/PhysRevMaterials.4.063606

I. INTRODUCTION

Oxide glasses continue to be among the most important
engineering and functional manmade materials due to their
useful properties, such as good transparency, relatively high
hardness, and good chemical durability. Although the ultimate
strength and ductility of defect-free amorphous oxides can
be high [1,2], all known bulk oxide glasses are inherently
brittle because of the lack of a stable shearing deformation
mechanism and limited resistance to crack growth (low frac-
ture toughness) [3-5]. To overcome this limitation, various
postprocessing methods are used in industry, most notably
thermal tempering [6] and chemical strengthening [7,8], with
the aim to increase the critical stress needed for crack initia-
tion and to retard the rate of crack growth by counteracting
the stresses acting on the crack tip. In addition to adding
extra cost, these methods are also limited to either relatively
thick glasses (thermal tempering) or mobile ion-containing
glasses (chemical strengthening). Alternatively, recent work
has shown some promise in toughening oxide glasses by
incorporating crystalline or glassy nanoparticles in the glass,
but these treatments either require high pressure (and thus
limits the sample size) or lead to a loss of transparency [9,10].

Another attractive strategy to overcome the limitations
of brittleness is to enhance the damage or crack resistance
through rational composition design [11-13]. Crack resis-
tance (CR) here refers to the glass’ ability to withstand stress
without initiation of cracks upon sharp contact loading [14],
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specifically the load resulting in 50% probability of corner
crack formation during indentation [14]. Such sharp contact
deformation is a typical failure mode in the field for, e.g.,
cover glasses, and particularly radial cracks, propagating per-
pendicular to the glass surface, are believed to be important,
as they can become the strength-limiting factor for many
applications [15]. Recent examples of such tailored crack-
resistant glasses include mixed modifier aluminosilicate [16],
binary aluminosilicate [13], calcium boroaluminosilicate [17],
tantalum aluminate [18], and alkali aluminoborate composi-
tions [12,19]. On the other hand, post-treatment that increases
the glass density (e.g., by low-temperature annealing or hot
compression) typically leads to a decrease in CR [20]. Besides
composition and post-treatment, it is known that other factors
such as loading/unloading rate, surface quality, indenter tip
geometry, time after unloading, and atmospheric conditions
(temperature and humidity) also influence the crack resistance
of glasses [21-23]. Particularly, the relative humidity (RH)
plays a major role for the indentation response of glasses
[23,24].

Understanding the details of glass-water interactions is
thus crucial for tailoring the mechanical performance of oxide
glasses. Besides water entry from a humid environment via
diffusion or hydrolysis and condensation, water may already
be present in the as-melted glass, e.g., as an impurity in the
raw materials. Water typically exists in glasses in the form of
either molecules or hydroxyl groups, depending on the glass
composition and water content [25,26]. Wiederhorn [27] first
studied the influence of atmospheric humidity on the crack-
ing behavior of soda-lime-silicate glasses, and attributed the
fatigue phenomenon to subcritical crack growth enhanced by

©2020 American Physical Society
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TABLE L. Overview of glass transition temperature (7), density (o), Young’s (E) modulus, Poisson’s ratio (v), and Vickers hardness (H,)

for the present glasses prior to any aging.

Composition 1, E 0 H,
Glass ID (mol %) °C) (GPa) v (g/cm?) (GPa) Reference
CsAIB 25Cs,0-25A1,05-50B,03 402 24.5 0.322 3.006 2.6 this work
NaAIB 25Na,0-20A1,03-55B,05 451 46.5 0.291 2.240 33 [37]
LiAIBSi 5Si0,-25Li,0-20A1,03-50B,03 473 67.0 0.274 2.263 4.6 [38]
SLS 13Na, 0-6MgO-10Ca0-71Si0, 562 72.0 0.230 2.512 6.1 [39]
LaAlSi 25La;0;-15A1,05-60Si0, 862 113.7 0.305 4.336 7.2 [40]
LaAIB 25La;03-15A1,03-60B,0; 658 107.4 0.298 3.998 7.1 [40]

stress corrosion, in which the silicon-oxygen bond is assumed
to undergo a hydrolysis reaction. Later work has shown that
water entry during indentation leads to softening [28], molec-
ular water surrounding the crack tip can lower the fracture
toughness [29,30], and stress corrosion under high humidity
increases the crack initiation probability [31]. On the other
hand, water penetration has also been shown to inhibit crack
growth in silica glass by shielding the crack tip due to network
swelling [32,33] and result in fast stress relaxation [34].

Indeed, a few recent studies have shown that prehydration
of a glass surface can increase the crack resistance for cer-
tain compositions. Namely, hydrothermal treatment (150 °C
at 100% RH for 3 days) of soda-lime-silica (window) glass
increases CR from around 0.5 to 3 N [35], while a lower
temperature aging (22 °C at 85% RH for 30 days) increases
CR from 50 to 100 N of some phosphoaluminosilicate glasses,
but not for others [36]. Our recent study on a caesium alu-
minoborate glass shows an increase in CR from around 30 to
>100 N upon low-RH treatment (23 °C at 45% RH for 7 days)
[24], i.e., surface aging in a humid atmosphere. There is thus
a strong composition dependence of the hydration-induced in-
crease in CR and we infer that favorable intrinsic mechanical
properties (prior to aging) likely need to be combined with a
tailored propensity to undergo surface hydration to achieve
the ultrahigh CR values. If the glass hydrates too rapidly,
a white surface layer will form. For future applications, it
would thus be beneficial if the surface could be prehydrated
at high-RH conditions, but not undergo further pronounced
hydration when taken back to ambient conditions.

In this work, we aim to understand these phenomena
further by performing controlled low-temperature aging ex-
periments of a metaluminous caesium aluminoborate glass.
Compared to our recent work [24], we here perform much
more detailed structural and mechanical characterization on
samples with varying degree of aging. We also compare the
aging behavior of the caesium aluminoborate glass with that
of various oxide reference glasses (see Table I), which have
been chosen to exhibit a wide range of network rigidity, as ev-
idenced by the large span in glass transition temperature (from
~400 to 860 °C) and hardness (from ~2.6 to 7.2 GPa). Since
aluminoborate glasses are known to be self-adaptive by easily
changing the coordination numbers of Al and B under stress
[12], we also perform aging experiments on a permanently
densified caesium aluminoborate glass, which shows limited
densification during subsequent indentation. We thus compare
aging effects in both as-made and compressed glasses in order

to decipher the role of coordination number changes on crack
resistance. These changes are possible in the as-made glasses,
but to a much smaller extent in the compressed glasses.
Using a combination of mechanical characterization, solid-
state nuclear magnetic resonance (NMR) spectroscopy of !B,
/A1, and '¥3Cs, and micro-Raman spectroscopy analyses of
aged and densified glasses, we then show how a combina-
tion of stress and hydrolysis assisted structural changes in
the flexible aluminoborate glass network is responsible for
its ultrahigh crack resistance. These findings have important
implications for utilizing humid aging as a simple post-
treatment method to improve the fracture resistance of oxide
glasses.

II. EXPERIMENT
A. Glass synthesis

We have prepared a bulk glass with nominal composition
(in mol %) of 25Cs,0-25A1,03-50B,03 using the traditional
melt-quenching technique. The composition is similar to that
in our recent study [24], but here designed to have a lower
fraction of tetrahedral boron (due to [Cs,O] = [Al,O3]),
which has been found to give a high CR value in sodium
aluminoborate glasses [37]. The utilized raw materials were
AL, O3 (99.5%, Sigma-Aldrich), H;BO3 (=299.5%, Honeywell
International), and Cs,CO3; (99.5%, Sigma-Aldrich). First,
the raw materials were weighed and thoroughly mixed. To
prevent excessive foaming, the mixture was stepwise added
to a Pt-Rh crucible and heated to around 800 °C in an electric
furnace to remove the excess H,O and CO,. Subsequently,
in order to homogenize the melt, the mixture was melted at
1070°C for 2 h in air. Finally, it was poured onto a steel
plate for quenching. The obtained glasses were immediately
transferred to a preheated annealing furnace at 405 °C (es-
timated glass transition temperature) for 30 min, and then
slowly cooled to room temperature. The composition of the
glass was analyzed by inductively coupled plasma optical
emission spectroscopy for Al;O3 and B,03, and flame emis-
sion spectroscopy for the Cs,O content, and found to be
24.5C520-24.1A1203-51.4B203.

For comparison with the caesium aluminoborate glass
(named CsAIB hereafter; see Table I), we also prepared five
reference glasses based on our previous studies. All glasses’
nominal chemical compositions and their measured properties
are shown in Table I. These reference glasses include sodium
aluminoborate glass (25.5Na,0-20.4A1,03-54.1B,03) [37],

063606-2



ACHIEVING ULTRAHIGH CRACK RESISTANCE ...

PHYSICAL REVIEW MATERIALS 4, 063606 (2020)

lithium silicoaluminoborate glass (5Si0,-25Li,0-20A1,03-
50B,03) [38], a soda-lime-silica float glass (13Na,O-6MgO-
10Ca0-71Si0,) [39], lanthanum aluminosilicate glass
(25Lay03-15A1,03-60Si05) [40], and lanthanum alumino-
borate glass (25Lay03-15A1,03-60B,03) [40]. These glasses
were also produced by melt quenching, with the details given
in the corresponding references [37,40].

Following determination of the glass transition tem-
perature (7,; see Sec. IIC), all the glasses were re-
annealed for 30 min at their measured 7; and cooled
down to room temperature at a cooling rate of ap-
proximately 3 K/min. After reannealing, samples were
cut for the needed dimensions for density, modulus, x-
ray diffraction, ultraviolet-visible (UV-VIS) spectroscopy,
Raman spectroscopy, and indentation experiments (see
Sec. IIC). Subsequently these samples were optically pol-
ished in ethanol by using abrasive SiC disks (up to grit 4000).
Finally, all the samples were kept in a desiccator to avoid
hydration of the surface, or in a climate chamber to induce
aging experiments (see Sec. I B).

B. Post-treatment: densification and aging

Following the treatment protocol described in previous
work [41], the 24.5Cs,0-24.1A1,03-51.4B,03 glass samples
were subjected to isostatic Ny-mediated pressure treatment at
1 GPa. The compression was carried out at its measured 7
(402 °C) for 0.5 h, and subsequent quenching with an initial
cooling rate of 60 K/min. The pressure chamber was then
decompressed at a 30-MPa/min rate. This gives rise to per-
manent volume densification, associated with both structural
and property changes [41].

The present CsAIB glass (annealed and compressed ver-
sion), as well as all the reference glasses were also subjected
to controlled humid aging experiments in a climate chamber
(WKL 100/40, Weiss) to hydrate their surfaces. Following
our recent work [24], the aging experiment was done at 23 °C
with 45% RH for varying duration up to 7 days. All the glass
samples were immediately put into the climate chamber after
being optically double-side polished in ethanol.

C. Basic property characterization

To confirm the amorphous nature, x-ray diffraction (XRD)
patterns of the CsAIB glass were acquired (Empyrean XRD,
PANalytical) from 0° to 70° at 40 kV with a scanning speed of
8°/min. The noncrystalline nature of the reference glasses has
previously been confirmed [37,38,40]. Moreover, the chemi-
cal homogeneity of the CsAIB glass was investigated by ac-
quiring micro-Raman spectra ranging from 250 to 1700 cm™!
(InVia, Renishaw) at five different surface locations that were
separated by at least | mm. The measurements were done
using a 532-nm laser with 10-s excitation time. The acquired
spectra were subjected to baseline subtraction and normaliza-
tion with respect to their area.

To confirm the incorporation of water in the CsAIB glass
upon aging, we performed Fourier transform infrared (FTIR)
spectroscopy measurements on a ground and polished sample
with uniform thickness of 1.0 mm. The FTIR spectra were
acquired using a Spectrum One spectrometer (PerkinElmer

STA 6000) on a Ge crystal under ambient conditions with
subsequent background subtraction. The absorption spectra
(averaged over 64 scans) were collected in the wave-number
region from 400 to 4000 cm™!. The estimation of the water
content in the oxide glasses is based on the Beer-Lambert
law, which relates the concentration (by weight) of water in
the glass (cp,0) to the absorbance of the FTIR beam through
the glass (A), the samples thickness (Ax), and the molar ab-
sorption coefficient (e,0) related to the overall concentration
of water in the glass [42]. The molar absorption coefficient
of OH groups (¢oy) is approximately equal to one-half of
en,0. We do not know the actual values of oy for the studied
glasses, but previous studies [43] have shown that variations
of eop are of the same order of magnitude for various oxide
glasses. Following the approach of Wu et al. [42], we calculate

AMy,o0
2Axp

CH,0E0H = (1)
where My, 0 is the molar mass of H,O (18.02 g/mol) and p is
the density of the glass (g/cm?). That is, with this approach
we are not relying on the absolute value of epy to estimate
variations in OH content among the samples.

T, of the CsAIB glass was determined by differential
scanning calorimetry measurements (STA 449 F3 Jupiter,
Netzsch) at 10 K/min on specimens with a known thermal
history (i.e., with a preceding cooling rate of 10 K/min).
These samples were analyzed using Pt crucibles in argon (gas
flow 60 mL/min). The intercept between the tangent to the
inflection point of the endothermic peak and the extrapolated
heat flow of the glass was interpreted as the onset of the glass
transition (7). T, values of the reference glasses were taken
from the previous studies [37—40].

The density (p) of all glass samples was determined by
Archimedes’ principle of buoyancy. The weight of each spec-
imen (at least 2 g) was measured in air and ethanol ten times.
Based on the ratio between molar mass and density, we also
calculated the molar volume (V,,). 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 V; and transversal wave velocities V,. The
detailed calculation method was shown in the previous study
[38].

To evaluate whether the humid surface aging affects the
visual appearance of the glass, we determined the optical
transparency of the as-made and aged CsAlB glass on a
1.5-mm-thick sample. This sample was optically double-side
polished in ethanol by using SiC disks (up to grit 4000) and
then immediately transferred into the climate chamber for
aging up to 7 days. Subsequently, the sample was analyzed
in a UV-VIS spectrometer (Cary 50 Bio, Varian) every day,
recording the transmission at wavelengths between 255 and
800 nm. We measured five different areas (at least 2 mm
apart) of this sample to ensure the homogeneity. All UV-VIS
transmittance spectra were normalized to 1 mm thickness.

D. Structural characterization

To study the structural changes induced by humid aging,
we performed ''B, ?’Al, and '*3Cs magic angle spinning
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(MAS) NMR experiments for four different CsAIB glass
samples: as-made/no aging, compressed/no aging, as-made/7
days aging, and compressed/7 days aging. Since the NMR
measurements have to be done on powdered samples and the
humid aging is expected to mostly affect the surface structure,
the glasses were powdered with an agate mortar and pestle
prior to aging (but not prior to hot compression, which is
known to homogenously densify the bulk structure [44]).
Aging of glasses for NMR spectroscopy was done by placing
powdered glasses in a humidity controlled chamber (45% RH)
at 23 °C for 7 days. After aging, the powdered glasses were
sealed in glass vials to prevent further changes.!'B, >’Al, and
133Cs MAS NMR experiments were conducted at 16.4 T using
a commercial spectrometer (VNMRs, Agilent) and a 3.2-
mm MAS NMR probe (Varian/Chemagnetics). The powdered
samples were packed into 3.2-mm zirconia rotors, with sam-
ple spinning of 20 kHz for !'B and 22 kHz for ?’Al and '3%Cs.
"B and A1 MAS NMR data were collected at resonance
frequencies of 224.5 and 182.3 MHz, respectively, utilizing
radio-frequency pulses of 0.6 us (/12 tip angles), with 4-s
recycle delay and signal averaging of 1000 acquisitions for
"B MAS NMR, and a pulse delay of 2 s and collection
of typically 600 scans for A1 MAS NMR. Additional ''B
and 2’A1 MAS NMR data were acquired with 'H decoupling
to account for possible interactions in hydrated glasses, but
these data were not different from the nondecoupled MAS
NMR data, and therefore were not used further. 1*3Cs MAS
NMR data, at a resonance frequency of 91.8 MHz, were
collected using short rf pulses (0.6 us), recycle delays of
60 s, and accumulation of 400 scans for each experiment.
MAS NMR spectra for !'B and >’Al were processed without
any additional apodization, while those for '3°Cs benefitted
from application of 100 Hz line broadening. MAS NMR data
were plotted using the normal shielding convention and with
shift referencing to aqueous boric acid (19.6 ppm) or aqueous
aluminum nitrate (0 ppm). The latter shift referencing was
also used for '3°Cs following the International Union of Pure
and Applied Chemistry recommendation of using the ratio of
frequencies for >’Al and '*Cs. "B MAS NMR data were fit
with DMFit utilizing second-order quadrupolar line shapes for
trigonal (B') resonances, and a combination of Gaussian and
Lorentzian functions for the BV resonances. The overlapping
satellite transition for the B!V resonance was also fit and sub-
tracted from the integration, yielding accurate site intensities
for all B! and B peaks. The CzSimple model in DMFit was
used to fit 7 Al MAS NMR data [45]. '**Cs MAS NMR data
were fit also with DMFit, using combinations of Gaussian
and Lorentzian line shapes to reproduce the experimental
data.

In addition to solid-state NMR spectroscopy analysis, we
also acquired micro-Raman spectra of as-made and com-
pressed CsAIB glasses with different aging condition, since
this technique allows us to directly probe the medium-range
structure as well as the structure of the surface regions de-
formed by indentation (see Sec. IIE). Raman spectra were
collected on an inVia micro-Raman spectrometer (Renishaw)
with a 532-nm laser and an acquisition time of 10 s. The range
of all spectra was from 250 to 4000 cm~!, with resolution
better than 2 cm~!. The micro-Raman spectra were acquired
around Vickers indents produced at 19.6 and 4.9 N, with

increasing distances from the center to the edge of the Vickers
indent. Two spectra were accumulated in each position to
minimize the signal-to-noise ratio. All spectra were uniformly
treated for background correction and area normalization.

E. Microindentation

We determined the Vickers hardness (Hy) and crack re-
sistance (CR) of as-prepared, compressed, and aged glasses
by using a CB500 microindenter (Nanovea). On each sample,
ten Vickers indents with a load of 9.8 N (1 kgf) were generated
to determined Hy. The loading duration and dwell time were
set to 6 and 10 s, respectively. The residual imprints were
subsequently analyzed with an optical microscope and Hy was
calculated as

P
Hy, = 1.8544—(M) , (2)
2

where P is the contact load, and d; and d, are the lengths
of the projected indent diagonals. We note that d; and d,
were measured immediately after unloading (20-30 s), but as
described in Sec. III B below, the indents of the CsAIB glass
recover quickly. As such, the reported hardness of this glass
may be higher than its “real value” due to humidity-induced
recovery.

To evaluate CR, all glass samples were indented at dif-
ferent loads using both Vickers and cube corner diamond tip
geometries. According to the method of Wada et al. [14], the
probability of crack initiation (PCI) at each load was derived
as the ratio between the number of corners with a corner crack
and the total number of corners (4 for Vickers and 3 for cube
corner). The crack resistance is defined as the load at which
an average of 2 cracks for Vickers and 1.5 cracks for cube
corner (PCI = 50%) occurred. On every specimen, at least ten
indents were made by using the Vickers indenter tip (loading
rate of 7.5 N/s and dwell time of 5 s) and cube-corner indenter
tip (loading duration of 6 s and dwell time of 10 s). The
measurements were conducted under laboratory conditions
(room temperature, relative humidity of 50-55%).

In order to evaluate the effect of aging time on the in-
dentation deformation mechanism of the CsAIB glasses and
the other reference glasses, we determined the recovery of
the indent side length over time. To do so, all samples were
first optically polished in ethanol using SiC disks (up to grit
4000) and immediately afterwards indented ten times by a
Vickers tip at a load of 4.9 N with loading duration of 6 s and
dwell time of 10 s. Then images of the indents were recorded
by means of the built-in microscope. After indentation and
imaging, these samples were immediately transferred into the
climate chamber (temperature: 23 °C, relative humidity: 45%)
for aging, and then the existing indents were imaged once
every day. The initial (20-30 s after unloading) indentation
side length, L;;, was determined and then determined again
after aging, L,,. Similarly to the recovery of indentation
volume following the method of Yoshida ez al. [46] to estimate
densification contribution to overall indentation deformation
[47], we calculate the aging-induced side length recovery
(LaR)s

Lv (2 LY a
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TABLE II. Effect of hot compression on density (o), molar volume (V},), atomic packing density (C,), elastic moduli [Young’s (E), shear
(G), and bulk (B) moduli], Poisson’s ratio (v), Vickers hardness (H,), and Vickers crack resistance (CR) of the caesium aluminoborate glass

without aging.

P v, E G B H, CR
Glass (g/cm?) (cm?/mol) C, (GPa) (GPa) (GPa) v (GPa) N)
As prepared 3.006 43.58 0.511 24.5 9.3 22.9 0.322 2.6 58
Compressed 3.129 41.79 0.532 30.5 11.7 26.0 0.304 3.2 8
Error estimate 0.001 0.01 0.001 0.5 0.5 0.5 0.005 0.1 20%

III. RESULTS AND DISCUSSION
A. Glass formation and basic characterization prior to aging

Based on the x-ray-diffraction analysis (Fig. S1 in the
Supplemental Material [48]), we find that there is no long-
range-ordered structure in the as-prepared CsAlIB glass. It
also exhibits a typical glass transition in the heat capacity
vs temperature curve with 7, = 402 °C (Fig. S2 in the Sup-
plemental Material [48]). As seen from the micro-Raman
spectra in Fig. S3 in the Supplemental Material [48], there
are no significant differences among these across the sample
surface, suggesting that the glass is compositionally homo-
geneous. Furthermore, the glass is found to be transparent
in the wavelength range of visible light, with only minor
changes in optical transmittance due to the surface aging at
45% RH (Fig. S4 in the Supplemental Material [48]). Table I
shows the overview of T, density (p), Young’s modulus
(E), Poisson’s ratio (v), and Vickers hardness (H,) for the
as-prepared CsAlIB glass and the other reference glasses.
The CsAlB glass features a low glass transition temperature
(Ty = 402 °C), low hardness (H, = 2.6 GPa) and low Young’s
modulus (E = 24.5 GPa), but relatively high density (p =
3.006 g/cm?) and high Poisson’s ratio (v = 0.322) compared
to the reference glasses. We note that the fracture toughness
(K1) of a compositionally similar caesium aluminoborate
glass has recently been found to be 0.42 MPa m® [49].

To evaluate the water content in the as-melted CsAIB
glass prior to aging, we consider the FTIR spectroscopy
analysis (Fig. S5 in the Supplemental Material [48]). Almost
all water in borate glasses is accommodated in the form of
hydroxyl groups at relatively small concentrations of water
[50], with the IR bands related to the stretching of B-OH
groups present at wavelengths between 3600—3750 cm™! and
3200—3500cm™! [50,12] depending on the glass composi-
tion. Based on Eq. (1), we calculate the value of cy,0&0n in
the CsAlB glass to be ~0.49 (Fig. S6 in the Supplemental
Material [48]) before aging, which is relatively low compared
to that found in some soda lime borosilicate glasses [51]. As
such, although the alkali aluminoborate glasses are known
to feature low chemical durability compared to other oxide
glasses [52], the water content of the as-made, polished glass
is not unusually high and it may thus increase upon aging
in humid atmosphere, i.e., the surface is not already fully
hydrated prior to aging.

The effect of hot compression (prior to any aging) on p,
molar volume (V,,), atomic packing density (Cy), E, shear
modulus (G), bulk modulus (B), v, H,, and crack resistance
(CR) of the CsAIB glass is summarized in Table II. To
quantify changes in the free volume, we calculate the atomic

packing density in addition to molar volume based on the
ionic radii from Shannon [53] and the assumption of spherical
atoms. C, of as-prepared and densified CsAIB glasses is
estimated to be 0.511 and 0.532, respectively, by assuming
eightfold coordination for Cs, twofold coordination for O,
and coordination numbers for B and Al based on the NMR
results (see Table S1 in the Supplemental Material [48]). Upon
volume densification (i.e., V,, decreases and C, increases), the
hardness of the glass increases, in agreement with previous
work [44,54,55] on other oxide glasses. In addition to the
structural changes upon densification (see Sec. IIID), the
denser structure gives rise to more atomic constraints per unit
volume, which is known to increase hardness [44]. There is
also a significant increase in all three elastic moduli upon hot
compression, but a decrease in Poisson’s ratio (Fig. S7 in the
Supplemental Material [48]), as discussed in detail elsewhere
for various oxide glasses [56].

B. Indent size recovery

Upon humid aging, we find that the water content of the
CsAIB glass increases systematically with aging time (Fig. S6
in the Supplemental Material [48]), showing that atmospheric
water permeates into the glass. It is also confirmed by the ther-
mogravimetric analysis (Fig. S8 in the Supplemental Material
[48]). This has important consequences for its mechanical
behavior.

First, to understand the deformation mechanism of both
the as-made and densified CsAIB glass relative to that of the
other reference glasses, we consider the change in size of
the Vickers indent as a function of aging time. Figure 1(a)
shows representative optical images of 4.9-N indents on the
surface of the as-made and densified CsAIB glass before and
after aging for 7 days at 45% RH. The indents in both the
as-made and densified glasses exhibit significant shrinkage
upon aging, as also found in our recent study of an as-made
peralkaline caesium aluminoborate glass [24]. In fact, even
the images recorded immediately (20-30 s) after indentation
unloading do not show the perfect square shape, indicating
recovery already during the unloading process. However, the
predensified CsAIB glass shows less indent size recovery
upon aging, possibly because its dense structure allows for
less water penetration to induce the indent volume recovery
[44].

Figure S9 in the Supplemental Material [48] shows the
time evolution of the indent size and shape of the as-made
glass upon aging. With increasing aging time, the size of
the indent becomes monotonically smaller, and the edge of
the indent appears to have recovered above the original glass
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FIG. 1. (a) Optical images of Vickers indents produced at 4.9 N on the surface of the as-prepared glass and the compressed glass at 1 GPa
before and after aging for 7 days. (b) Side length recovery (Lar) of indents produced at 4.9 N as a function of aging time for all the investigated
glasses. (c) Dependence of the bow-in parameter (Lp/Lg ratio) of Vickers indents produced at 4.9 N on the elastoplastic ratio (£/H) for all the
investigated glasses before aging. The red dashed line represents the theoretical minimum Lp/Lg value (i.e., the case with no bow-in).

surface. As a consequence of the continuous recovery of the
indent size and shape in a humid atmosphere, we cannot apply
the traditional method by Yoshida et al. [46] for quantification
of the densification contribution to the indentation volume
based on annealing and volume recovery experiments. To
quantify the rate of indentation recovery in the CsAIB glass
and compare it with that of the reference glasses, we measure
the aging time dependence of the recovery of the indentation
side length (Lar). The results are shown in Fig. 1(b). The
qualitative observation of the indent self-recovery in the as-
made and densified CsAIB glasses are confirmed by the aging
time dependence of Lag. We also note the limited indent size
recovery in the other reference oxide glasses. Only the NaAlB
glass shows recovery above 5%, pointing to the unusual indent
recovery behavior of the CsAIB glass. For this composition,
we note that a large fraction of the recovery occurs during
the very early stages of the aging (i.e., first data point after
unloading), but the shrinkage gradually continues even after
7 days of aging.

Next, we consider the interplay of the glasses’ elastic vs
aging-induced recovery of the indent shape by evaluating the

bow-in parameter (Lp/Lg ratio), which exhibits systematic
composition dependence. Figure 1(c) shows the dependence
of Lp/Lgs of indents produced at 4.9 N on the elastoplastic
ratio (E/H) for all the investigated glasses before aging. By
measuring the indent diagonal length (Lp) and the opposite
side length (Lg), the elastic response of the material sur-
rounding the indentation-induced cavity can be quantified
by calculating the Lp/Lg ratio [57]. This bow-in parameter
exhibits a negative linear scaling with the elastoplastic ratio
E/H, in agreement with previous work [19]. The CsAIB glass
has a very high bow-in parameter, close to that (2.2) of poly-
dimethylsiloxane [57], which is likely due to a combination of
elastic recovery and aging during unloading.

Finally, we study the aging time dependence of the Vickers
hardness of the CsAIB glass (Figs. S10 and S11 in the
Supplemental Material [48]). Vickers hardness first increases
slightly with the aging time in the early stage of the aging, in
which atmospheric water permeates into the glass at a high
rate (Fig. S6 in the Supplemental Material [48]). This results
in larger indent recovery during unloading, and thus smaller
residual imprint and a higher apparent Vickers hardness. With
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FIG. 2. (a) Optical images of Vickers indents produced at 19.6 N on the surface of all the investigated glasses prior to aging. (b) Crack
resistance for Vickers indentation (CRyjckers) @s a function of aging time for all the investigated glasses. (¢) CRyjckers Of the as-prepared and
compressed CsAlB glasses with aging for 0 or 7 days. The estimated error in crack resistance is around £20%.

increased aging time, the rate of atmospheric water perme-
ation decreases, resulting in the smaller relative recovery
during unloading. The depolymerizing effect of water on the
glass network likely causes the slight decrease in Vickers
hardness for the longer aging time.

C. Indentation cracking resistance

In our previous studies [12,24,37], aluminoborate glasses
have been found to generally feature high resistance to crack
initiation. Especially the previously studied peralkaline cae-
sium aluminoborate glass features high CR > 100 N, depend-
ing on the aging conditions [24]. Here, we systematically in-
vestigate the effect of surface hydration on the crack initiation
behavior of various oxide glasses by studying the indentation
behavior of both freshly polished (in ethanol) surfaces and
those that have undergone aging at 45% RH for up to 7 days.
Figure 2(a) shows optical images of Vickers indents produced
at 19.6 N on the various oxide glasses prior to aging. We note
that this applied load is insufficient to induce corner cracking
in the as-made CsAlB glass, while corner cracks are visible in
the other reference oxide glasses, highlighting the high CR of
the CsAIB glass even before aging.

Figure 2(b) shows the effect of aging duration on the
CR for Vickers indentation of all the as-made glasses,

while examples of PCI vs load curves used to determine CR
are given in Fig. S12 in the Supplemental Material [48]. We
find that CR of the CsAIB glasses increases from around
58 N prior to aging to around 130 N after 6 days of aging.
The preaging CR value is higher than that of the previously
studied peralkaline caesium aluminoborate glass, while the
1-week aged CR value is smaller than that of the peralkaline
caesium aluminoborate glass [24]. This could be because
the peralkaline composition ([Cs,O] > [Al,O3]) has more
tetrahedral boron (~8% B! of 55mol % B,03) [19] than
the present metaluminous glass (~5% B! of 51 mol % B,05),
giving rise to a more rigid and less self-adaptive network prior
to aging [37]. For the other reference glasses, the surface aging
at 45% RH has an almost negligible effect on the CR. For the
as-made CsAIB glass, when the aging time reaches 6 days,
CR reaches an apparent maximum value. During aging, the
network should expand, driven by a structural relaxation to-
wards lower potential energy state (from intact dense network
to a looser hydrolyzed network), corresponding to relaxation
of the indent cavities. We note that the indent cavities continue
to recover and expand beyond 6 days (see Fig. S9 in the
Supplemental Material [48]), indicating that the atmospheric
water is continuously entering the glass surface [58]. As such,
it is possible that the hydrated surface after long-term aging
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FIG. 3. (a) Optical images of cube corner indents produced at 25 N for as-made CsAIB and 1 N for the reference glasses after humid aging
for 7 days. (b) Crack resistance for cube corner indentation (CR.,pe) as a function of aging time for the as-made CsAIB and reference oxide

glasses.

becomes sufficiently depolymerized to decrease CR due to the
weaker network bonding.

Figure 2(c) shows the comparison of CR for the as-made
and densified CsAIB glasses. Both before and after aging
(7 days), the crack resistance is significantly lower in the
densified glasses, which has previously been ascribed in other
oxide glasses to the reduced ability of the densified glass
to further densify during indentation [12]. In addition, the
densified glass shows a smaller aging-induced increase in
CR. Finally, we note that while the edge of the indent in
the as-prepared glasses has recovered above the glass surface
after aging [Fig. 1(a)], there is a smaller extent of indent size
recovery in the compressed glass [Fig. 1(b)]. The reduced free
volume in the compressed glass likely decreases the water
intake, and thus limits the positive effect of humid aging on
CR. This will be further investigated in Sec. III D.

Next, we consider the glasses’ resistance to crack initiation
under a sharper diamond tip, namely a cube corner inden-
ter (three-sided pyramid with mutually perpendicular faces).
This tip allows for less densification, higher residual stress,
and easier crack initiation compared to the 136° four-sided
pyramid Vickers diamond indenter [15]. Figure 3(a) shows the
optical images of cube corner indents produced at 25 N for the
as-made CsAIB glass and 1 N for the reference glasses after
aging for 7 days. All the reference glasses already crack at
all three corners at 1 N, while the CsAIB is able to survive
indentation at more than ten times higher loading without
cracking. The quantified cube corner crack resistance as a
function of aging time is shown in Fig. 3(b), showing the
same overall trend as that for Vickers crack resistance in
Fig. 2(b). Namely, the CsAlIB is highly affected by surface
aging at 45% RH, while this is not the case for the se-
lected reference glasses. All the glasses feature lower CR
for cube corner than Vickers, with the aged CsAIB glasses
having an ultrahigh crack resistance for cube corner (27 N)
compared to that of the reference glasses (in the range of
0.4-1 N).

Finally, we consider the loading rate dependence of Vick-
ers crack initiation probability for the freshly polished CsAIB
glass and that aged for 7 days at 45% RH (Fig. 4). Normally,

there is a higher crack initiation probability for longer inden-
tation time [23]. Note that due to the large difference in CR
before and after aging, the maximum load is not the same, but
set to 30 and 90 N, respectively. We observe an anomalous
increase in crack initiation probability with loading rate for
the freshly polished CsAlB, but a normal decrease in crack
initiation probability with loading rate for the aged sample.
The highly stressed glass network is more vulnerable to the at-
tack of water from the environment [24], and therefore, for the
freshly polished glass, the relatively low loading rates allow
sufficient time for the attack of water from the environment
during the loading process. As discussed above, such water
entry decreases the crack initiation probability for this glass
(Figs. 2 and 3). On the other hand, the surface of the 7-days
preaged glass has already been hydrated to a large extent, i.e.,
the extra time at lower loading rate does not lead to higher
crack resistance. Instead the glass exhibits a normal loading
rate dependence with less time for surface damage at higher
loading rates.

D. Stress and Hydrolysis Induced Structural Changes in CsAlB

In order to understand the structural changes responsible
for the ultrahigh crack resistance of the aged CsAIB glass and
the significant effect of predensification on the aging behavior,
we analyze the structure of densified and aged CsAlB samples
using both micro-Raman and solid-state NMR spectroscopy.
Figure 5 shows the micro-Raman spectra of the indented
as-made and densified glasses with or without aging. These
spectra were recorded at increasing distances (about 4 um)
from the center to the edge of a Vickers indent produced at
4.9 N. We divide the spectra into seven main band regions,
with the expected assignments outlined in detail in Fig. S13
and Table S2 in the Supplemental Material [48].

Overall, we find that the surface becomes hydrated
by exposure to ambient humid air, which manifests itself
through the increase in intensity of the band region around
2850—3800cm™!, typically assigned to hydroxyl groups
[59]. For the as-prepared glass, this band region increases
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FIG. 4. Loading rate dependence of the Vickers crack initiation probability (PCI) for the CsAIB glass (a) before and (b) after aging for

7 days. The dashed lines are guides for the eyes.

observably in intensity after aging for 7 days, confirming the
expectation that more atmospheric water permeates into the
glasses with increasing aging time and thus supporting the
indentation recovery behavior with aging time [Fig. 1(b)]. On
the other hand, the region from ~625 to 815cm™" is sup-
pressed after aging, indicating that the borate superstructural
units (diborates) are broken because of the hydrolyzation, i.e.,
the borate ring units are depolymerized into smaller ones. For
the compressed glass with less free volume, the aging has a
minor effect on the surface structure as detected by Raman
spectroscopy (see Fig. S14 in Supplemental Material [48]),
indicating less pronounced water permeation. This result may
lead to the lower indentation side length recovery [Fig. 1(b)]

. g As-prepared

and smaller CR [Fig. 2(c)] compared to the as-prepared
CsAIB glass.

Considering next the indent position dependency of the
structural changes in the glasses, we have calculated the
relative area of the band region from ~2850 to 3800 cm ™" at
different positions. As shown in Fig. S15 in the Supplemental
Material [48], the aging-induced increase in the hydroxyl-
related band becomes less pronounced from position 1 to 5
[i.e., from high to low stress; see Fig. 5(a)], indicating that
the material under the center of the indent is hydrated more
quickly compared to the edge of the indent. This suggests
that the highly stressed glass network is more vulnerable
to the attack of water from the environment, in agreement
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FIG. 5. Micro-Raman spectra of as-prepared CsAIB glass with aging for (b) 0, (c) 2, or (d) 7 days and compressed CsAlB glass with aging
for (e) O or (f) 7 days. As shown in (a), the spectra were recorded at increasing distances (about 4 um) from the center to the edge of a Vickers
indent produced at 4.9 N.
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of boron and aluminum in as-made and compressed glasses.

with previous studies on crack tips in oxide glasses, which
are believed to propagate faster through the material once
water can hydrolyze the strained network bonds [27,60].
Moreover, the extent of hydration increases with increasing
indentation load, as seen by comparing the Raman spectra in
Fig. 5(b) with those in Fig. S16 in the Supplemental Mate-
rial [48]. This result supports that the highly stressed glass
network is more vulnerable to the attack of water from the
environment.

To further understand the effect of aging and pressure
on the short-range structure of the studied CsAIB glasses,
we performed !'B, 2’Al, and '*Cs MAS NMR spectroscopy
measurements on powdered samples (Fig. 6). The deter-
mined speciation and spectral deconvolution are shown in
Table S1 and Figs. S17 and S18, respectively, in the Sup-
plemental Material [48]. Consistent with the preference for
alkali modifier cations to charge-balance AlO4~ relative to
BO,™ units in aluminoborate glasses [61-63], the network of
the as-made glass consists mainly of B! and A1'Y, with only
minor fractions of higher coordinated boron and aluminum.
Prior to any aging, this local chemical environment of the
network-former atoms is sensitive to densification, as boron

and aluminum can increase their coordination numbers with
pressure [64,65]. Indeed, the ''B and 2’A1 MAS NMR spectra
show that the average coordination numbers of B and Al
increase upon compression [Fig. 6(d)], although the changes
are much smaller than those observed in sodium and lithium
aluminoborate glasses under the same pressure conditions
[12]. Moreover, for the lithium aluminoborate glasses, the
increase in coordination numbers of boron and aluminum is
accompanied by a slight increase in Li MAS NMR shift.
In the present CsAIB glass, the **Cs MAS NMR shift also
increases from 79 to 87 ppm upon 1 GPa hot compres-
sion [Fig. 6(c)]. This may be because the partial negative
charge on the oxygen atom around boron increases with the
pressure-induced conversion of B to BV, which is expected
to increase their charge-compensation demand. Hence, the
interactions between oxygen and caesium ions in the network
become strengthened under the applied pressure, leading to
a shrinkage of the average distance between oxygen and
modifying cations. Moreover, since both aluminum and boron
enter a higher coordination state with different need for charge
compensation when the glass is compressed, some caesium
cations are reassigned from charge-compensating Al'V in the
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as-made glass to charge-compensating B!V in the compressed
glass. Finally, we note that the majority of the trigonal boron
signal in the as-made CsAIB glass can be assigned to ring
sites (BHflg [66,67], with the minor trigonal boron signal
being assigned to nonring sites (B}, ), as seen Table S1
in the Supplemental Material [48]. Support for the resolution
and assignment of two types of Bl environments has been
obtained from !'B triple quantum MAS NMR analysis on the
as-made glass (Fig. S19 in the Supplemental Material [48]),
and the findings are consistent with numerous other studies of
B-rich glasses. Upon compression, we find that the fraction

it : : : i
of B onring iNCreases, accompanied by the conversion of B

to BV, consistent with other borate and borosilicate glasses
studied under similar densification treatments [12].

Next, we study the effect of aging on the structure of the as-
made and densified CsAIB glasses. Generally the coordination
numbers of Al and B increase upon aging, including the for-
mation of sixfold Al [Figs. 6(a) and 6(b)], indicating that the
local chemical environment of the network-former atoms is
sensitive to hydrolysis. In the as-prepared glass, aging is found
to have a more significant effect on the change of coordination
numbers of Al and B compared to compression [Fig. 6(d)].
Assuming that the incorporated water acts as a traditional
network modifier or charge compensator, it is unexpected that
water simultaneously increases the fractions of B! (requires
charge compensation) and AlY/AIY! (does not require charge
compensation). As discussed above, alkali modifiers have an
enthalpic preference for interaction with Al'"Y over B! in
aluminoborate glasses, but this is not observed upon aging if
considering water as a modifier. Moreover, the '**Cs MAS
NMR spectra show water interaction with Cs modifiers and
it is thus possible that water preferentially interacts with
boron relative to aluminum (to form B'V), while some of
the Cs charge-compensators for AI'V are removed by aging,
effectively increasing the coordination number of aluminum.
For the compressed glass, there is a minor change in the
coordination numbers of Al and B upon aging compared to the
as-prepared glass, in agreement with the Raman spectroscopy
analysis, showing that less water molecules interact with the
surface of the compressed glass upon aging. Finally, we note
that the fraction of BI . increases along with the conversion

nonring
of B to BV, indicating that the water molecules hydrolyze
the original ring structures of the borate network as the aging
time increasing. This result is also in good agreement with
the Raman spectroscopy analysis, showing that the borate
superstructures are broken up upon aging.

Considering again the '**Cs MAS NMR spectra in
Fig. 6(c), we find that the main peak becomes sharper upon
aging and shifts downwards (from 79 to 71 ppm), indicating
that aging leads to an increase in the Cs-O bond distance. As
seen in Fig. S20 and Table S3 in the Supplemental Material
[48], the '3Cs MAS NMR signal in the as-prepared and
compressed glasses after aging can be deconvoluted into at
least two distinct Cs™ environments (sites I and IT). Site I is the
same as that in the as-made glass before aging, while the new

site II is expected to be associated with hydrated Cs™ groups
attached to the glass network resulting from aging [68]. The
latter interpretation is supported by several studies related to
the impact of hydration on the '**Cs NMR line shape [69,70],

the effect of dehydration in titanosilicate minerals on the '**Cs
NMR spectra [71], the relation between Cs™ mobility and
motional narrowing of the 133Cs resonance [72], and the role
of hydration/dehydration on the '3*Cs quadrupolar coupling
constant [73].

These Cs-OH groups could be more free to move around
and thus have higher mobility in the surface of the glass,
and would be consistent with both the relatively narrow and
much more Lorentzian line shape for the Cs II site. In terms
of the mechanical performance, such higher surface mobility
is associated with higher network flexibility, as evidenced by
the slightly lower hardness upon long-term aging (Fig. S10
in the Supplemental Material [48]). This effect is likely a
contributing factor to the superior crack resistance of the aged
CsAIB glass, as it could enable the indented glass to release
the residual stress by structural rearrangements.

IV. CONCLUSIONS

We have shown that ultrahigh resistance to sharp contact
cracking can be achieved in a caesium aluminoborate glass by
simply storing the glass under typical atmospheric humidity
(RH ~ 45%) conditions. The same pronounced effect of hu-
mid aging on crack resistance is not found for a range of other
tested oxide glasses. As the most significant finding, we have
observed crack-free cube corner indents above 25 N in the
aged caesium aluminoborate glass, which is the highest ever
recorded crack resistance for cube corner indentation to our
knowledge, even including commercial ion exchanged cover
glasses. The caesium aluminoborate glass is characterized by
a highly flexible network structure and upon subjecting the
glass to permanent volume densification, the positive effect
of humid aging on crack resistance almost vanishes. Our
results indicate that the high crack resistance is due to the
formation of surface hydroxyl groups, increasing coordination
numbers of both Al and B, partial break down of the borate
superstructures, and increasing average Cs-O bond distance
upon aging. To realize the potential of using such glasses as
damage-resistant engineering materials, the plasticity mecha-
nism needs to be transferred to other oxide glass compositions
that are suitable for large-scale manufacturing. The hydration
layer would need to be formed by a post-treatment process at
high relative humidity and/or temperature in order to ensure
that the glass does not gradually corrode over time under
ambient conditions.
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Table S1. Boron and aluminum speciation derived from ''B and *’Al magic angle spinning (MAS) nuclear

magnetic resonance (NMR) measurements on the CsAlB glasses. The errors of the boron and aluminum

speciation do not exceed = 1%.

Glass B" [B ring)/ [B non-ring] B Al Al Al
[%0] [-] [%] [%0] [%] [%]
As-prepared (no aging) 95.4 3.20 4.6 98.1 1.9 0
Compressed (no aging) 94.3 2.18 5.7 94.7 5.3 0
As-prepared (aged for 7 days) 87.4 1.66 12.6 76.1 7.0 16.9
Compressed (aged for 7 days) 92.8 1.90 7.2 88.8 6.6 4.6




Table S2. Raman band assignments with references.

Structural unit Wavenumber [cm'] Ref
B-0O-B stretch & BO4 unit 450-570 & 900-1000 [S1]
Al-O-B stretch & aluminate network 480-500 & 700-720 [S1]
Ring metaborate 630 & 1300-1600 [S1-3]
Chain metaborate 730 & 1300-1600 [S1,2]
Di-triborate 755 [S4]
Tri-, Tetra- or Pentaborate 770 & 930 [S2-5]
Boroxol ring 808 [S2,6]
Pyroborate 820 & 1200-1300 [S1-3]
AlO4 unit 790 & 900 [S7.,8]
Orthoborate 890-940 [S1]
Diborate 1100 [S3]
BO; unit 1260, 1350, 1470, & 1530 [S9]
BO,0- unit 1490 & 1550 [S9]
Al-B network 980 [S10]
M-OH 3200-3700 [S11,12]




Table S3. Caesium speciation derived from **Cs MAS NMR measurements on the CsAIB glasses. The

errors of the caesium speciation do not exceed + 3%, respectively.

Glass Site Position (ppm) Area (%)
As-prepared (no age) [ 79 100
1 GPa (no age) [ 87 100
As-prepared (age for 7 day) 0 71 73
0 54 27
1 GPa (age for 7 day) 0 80 96
0 49 4




Figure S1. X-ray diffraction (XRD) spectrum for the as-made CsAIB glass. No sharp peaks are observed in

the spectrum, confirming the non-crystalline nature of the sample at least within the XRD detection limit.
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Figure S2. Isobaric heat capacity (C,) as a function of temperature for the as-prepared CsAIB glass, showing

a glass transition temperature (7) of 402 °C.
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Figure S3. Micro-Raman spectra on the surface of the as-prepared CsAIB glass without aging at five
different locations. No significant differences across the sample surface are observed, suggesting that the

glass is compositionally homogeneous.
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Figure S4. UV-VIS transmittance spectrum of the CsAIB glasses subjected to aging at 45% RH for various

durations. The spectra are normalized to 1 mm thickness.
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Figure S5. Fourier transform infrared (FT-IR) spectrum of the as-prepared CsAIB glass for different aging

times.
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Figure S6. Aging time dependence of ¢y, o€oy, Which is a measure of the water content, in the CsAIB glass.
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Figure S7. Effect of hot compression on the elastic moduli (Young’s (E), shear (G), and bulk (B)) and

Poisson’s ratio (V) of the CsAIB glass.
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Figure S8. Heat flow (solid line) and mass loss (dashed line) of the as-prepared CsAIB glasses: bulk glass
without aging, powdered glass without aging, powdered glass aged in dry desiccator, and powdered glass

aged at 45% RH for 7 days in climate chamber.
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Figure S9. Optical micrographs of a Vickers indents produced at 4.9 N on the freshly polished surface of the

z

CsAIB glass. After indentation, the glass underwent aging for various durations up to 7 days at 45%
before these images were acquired. That is, the images show the change in size and shape of the same indent

as a function of time.
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Figure S10. Aging time dependence of the Vickers hardness (Hy) of the the CsAIB glass.
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Figure S12. Crack initiation probability (PCI) as a function of applied indentation load for the as-prepared
and compressed CsAIB glasses. The experimental data were fit to a sigmoidal function of the form PCI =
Ay + (A1 — Ay)/[1 + (x/x)P](solid lines), and the crack resistance (dashed line) was derived from the

load at which an average of 2 or 1.5 cracks (PCI =50%) formed at the corners of the residual Vickers and

cube corner imprints, respectively.
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Figure S13. Micro-Raman spectrum of the as-prepared CsAIB glass that has been aged for 7 days at 45%

RH. The spectrum is divided into seven main band regions.
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The expected band are assignments outlined in the following (see also Table S2). The lowest frequency band
region, ranging from ~280 to 625 cm, is expected to contain contributions from B-O-B, Al-O-Al, and B-O-
Al stretching vibrations [S1], in addition to vibrations due to superstructural units such as pentaborates. The
second region, ranging from ~625 to 815 cm’', is characteristic for B,Os-rich glasses [S1], since peaks in this
frequency range are typically assigned to borate superstructures such as chain and ring metaborates [S2,3],
di-triborates [S4], and penta-, tetra-, or triborates [S2-5], as well as boroxol rings [S2,6]. In addition, B-O-Al
stretching and aluminate network vibrations may be found in this region. The third region, ranging from
~815 to 1000 cm™, is expected to result from vibrations of AlO, units (~900 cm™) [S7,8], Al-B network
(~980 cm™) [S13], and borate superstructures (~930 cm™) [S1,3]. The fourth region, ranging from ~1000 to
1200 cm™, is usually assigned to other borate superstructural units such as diborates. The fifth region,
ranging from ~1150 to 1600 cm™, is expected to be dominated by signal contributions from vibrations of
superstructural units such as pyroborate units and chain and ring metaborate units [S9]. The sixth region
(containing two small bands), ranging from ~2300 to 2400 cm™', has not yet been assigned [S14]. The last
region, ranging from ~2850 to 3800 cm™, is expected to be associated with hydroxyl groups attached to the

glass network due to hydration [S11,12].
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Figure S14. Micro-Raman spectra on the as-prepared and compressed CsAlB glassed with aging for 0 and 7
days. The spectra are acquired either in the center of Vickers indents produced at 4.9 N or on surfaces

without any indents.
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Figure S15. Relative Raman band of the region from ~2850 to 3800 cm™ related to OH-groups plotted as a
function of the position from the 4.9 N Vickers indent (see Figure 5a) for various as-prepared and

compressed CsAIB glasses.
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Figure S16. Micro-Raman spectra of the indented as-prepared CsAIB glass prior to aging. The spectra were

recorded at increasing distances (about 5 um) from the center to the edge of a 19.6 N Vickers indent.
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Figure S17. Deconvolution of the ''B MAS NMR spectra for the CsAIB glasses: (a) as-prepared glasses

without aging; (b) as-prepared glasses with aging for 7 days; (c) compressed glasses without aging; (d)

compressed glasses with aging for 7 days.
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Figure S18. Deconvolution of the 2’Al MAS NMR spectra for the CsAIB glasses: (a) as-prepared glasses

without aging; (b) as-prepared glasses with aging for 7 days; (c) compressed glasses without aging; (d)

compressed glasses with aging for 7 days.
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Figure S19. ''B triple quantum (3Q) MAS NMR data for the as-made CsAIB glass without aging. (a) Two-

dimensional contour plot, showing trigonal and tetrahedral resonances. (b) Gaussian deconvolution of the

isotropic projection of the ''B 3QMAS NMR spectrum for the B™ resonances.
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Figure S20. Deconvolution of the '**Cs MAS NMR spectra for the CsAIB glasses: (a) as-prepared glasses

without aging; (b) as-prepared glasses with aging for 7 days; (c) compressed glasses without aging; (d)

compressed glasses with aging for 7 days.
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